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ARTICLE INFO ABSTRACT

Keywords: Biomimetic calcium phosphate (CaP) systems mono-substituted with zinc (Zn*") and magnesium (Mg2+) ions
Antibacterial activity were prepared from a biogenic source (cuttlefish bone) by wet precipitation method. The results revealed that the
Biomimetic as-prepared powders were composed of calcium-deficient carbonated hydroxyapatite (HAp), octacalcium
ﬂycdorlll)xyapame phosphate (OCP), and amorphous calcium phosphate (ACP), while the heat-treated powders consisted of HAp,
Magnesium a-tricalcium phosphate (a-TCP), and p-tricalcium phosphate (3-TCP). In addition to Zn?* and Mg?" ions, the
Octacalcium phosphate presence of CO3, Sr** and Na * ions was detected with elemental analysis, which can be attributed to the use of
S. aureus cuttlefish bone as a natural precursor of Ca%* ions. The data obtained by XRD study demonstrated the decrease in

Zinc lattice parameters in the OCP and -TCP phases for Zn-substitution and Mg-substitution in the HAp, OCP, and
S-TCP phases. Zn%* occupies the Ca(1,3,4,6,7,8) sites in OCP and Ca(1,2,3,4) sites in f-TCP, while Mg2+ occupies
the Ca(2) sites in HAp and the Ca(4,5) sites in f-TCP. Phase transformation study under simulated physiological
conditions for 7 days showed the transformation of OCP and ACP into the thermodynamically more stable HAp.
Characterization of the zeta-potential showed positively charged populations for all prepared CaP powders, while
all samples showed high bovine serum albumin adsorption capacity. The culture of human embryonic kidney
cells showed that the prepared CaPs are non-cytotoxic and that viability of the cells increases during the culture
period. All powders obtained showed antibacterial activity towards Gram-negative Escherichia coli and low
antibacterial effect against Gram-positive Staphylococcus aureus, as determined by viability analysis during 48 h.
Inhibition zone analysis and observation of the morphology after 24 h showed no antibacterial properties.

1. Introduction

Calcium phosphate (CaP) ceramics are used as bone grafting mate-
rials because they promote rapid bone formation and healing of bone
defects. Calcium and phosphate ions have a direct influence on bone
cells and can induce cell attachment, proliferation, and differentiation
[1]. The most commonly used CaP as a bone graft material is hydroxy-
apatite (Cajo(PO4)6(OH),, HAp) because its chemical structure is the
most similar to the natural bone mineral. HAp can bond directly to the
bone and has good biocompatibility and bioactivity [2]. Numerous
studies are still focused on finding a suitable approach to improve the
biological properties of CaPs [3,4]. Biphasic, triphasic, and multiphasic

CaP systems, in which the bone graft usually contains HAp, octacalcium
phosphate (OCP), amorphous calcium phosphate (ACP), a-tricalcium
phosphates (a-TCP), and f-tricalcium phosphates (-TCP), are receiving
increasing attention. There are no major differences in the mechanical,
physical, and chemical properties of biphasic, triphasic, or multiphasic
CaP systems; however, the major difference is related to the in vivo
bioresorption behaviour as the biodegradation rate can be altered by
adjusting the weight ratio of the phase composition [5,6].

In addition to multiphase CaP systems, ionic substitutions in CaP can
result in a chemical composition similar to biological apatite, which can
further improve the biological properties. Naturally occurring apatite
contains various amounts of trace elements such as sodium (Na™, 1.0 wt
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%), potassium (KT, 0.07 wt%), magnesium (Mg2+, 0.6 wt%), strontium
(Sr®", 0.05 wt%), zinc (Zn?*, 39 ppm), silicon (SiO4~, 500 ppm) and
carbonate (CO%’, 4.8 wt%) ions [7]. Zinc is crucial for the synthesis of
alkaline phosphatase (ALP), which is released by osteoblastic cells in the
early phase of bone maturation and for creating an alkaline environment
that promotes the precipitation of inorganic phosphates [3].
Zn-substituted CaP decreases the osteoclast resorption process, increases
osteoblast activity, promotes the bone formation process, and possesses
anti-microbial and anti-inflammatory properties [8-10]. Magnesium is
especially important in the early phase of bone formation, where it acts
as a growth factor and is crucial for enzyme production, while magne-
sium deficiency leads to cessation of bone growth, bone fragility, and
osteoporosis, decreasing osteoblast activity and increases osteoclast
activity. Magnesium is quantitatively one of the most important metal
ions in bone tissue, and its concentration decreases with increasing
calcification [9,11-13].

Even though CaPs as biomaterials have shown the desired properties
for bone regeneration, the development of biofilms on the surface of the
biomaterials often leads to infections that require medical intervention
and may result in revision surgery. The current approach to address this
concern is through the usage of antibiotics, but they do not act at the
specific site of infection. A better approach is to use biomaterials that
prevent biofilm formation in order to avoid need for antibiotics [14].
Due to its antibacterial properties, zinc is considered as a promising
substitution element in the CaP lattice to control bacterial adhesion and
biofilm formation [14,15]. The use of substituents with antibacterial
properties (e.g., Zn?*, Ag™, Cu®"), can avoid the usage of antibiotics.
This is extremely important nowadays since the overuse of antibiotics,
has led to the rapid spread of antibiotic resistance [16,17].

Considering the importance of zinc and magnesium for bone devel-
opment, the aim of this study is the synthesis and characterization of
zinc and magnesium substituted multiphase CaP systems by following a
biomimetic approach. CaPs obtained from biogenic sources are better
accepted by human organism because of its physiochemical similarity to
biological apatite [18]. Natural resources comprised of calcium car-
bonate (CaCO3) such as corals, seashells, eggshells and cuttlefish bone
are receiving growing interest as they can be converted to CaP. Biogenic
sources are low-cost materials available worldwide and by using waste
materials circular economy approach is followed [18-20]. In the present
study, biogenic CaCOs (calcite), obtained from cuttlefish bone, was used
as a source of Ca>" ions to obtain CaPs that mimic the physio-chemical
properties of the natural bone mineral. In our previous studies [21,22],
CaP systems substituted with Sr>™ and SeO%~ ions have been prepared
from cuttlefish bone, a bio-waste, which is why this low-cost synthesis is
considered an environmentally friendly approach [23]. The effects of
Zn?" and Mg?" substitution on the phase content, crystal shape,
elemental distribution, lattice parameters, Ca sites occupancy, thermal
stability, zeta potential, protein adsorption and cell proliferation have
been investigated. To determine the bioactivity, phase transformation
was monitored after 7 days of incubation in simulated body fluid at
37 °C. In addition, antibacterial activity against Gram-positive Staphy-
lococcus aureus (S. aureus) and Gram-negative Escherichia coli (E. coli),
representative bacteria in clinical bone infections, has been evaluated.

2. Materials and methods
2.1. Synthesis of substituted calcium phosphates

Non-substituted, Zn-substituted and Mg-substituted CaP powders
were prepared by wet precipitation method under mild conditions.
CaCOs obtained from cuttlefish bone was used as a precursor of Ca?"
ions, prepared as described in our previous papers [21,22]. In addition,
an appropriate amount of zinc nitrate hexahydrate (Zn(NO3)y - 6H20;
Honeywel) or magnesium chloride hexahydrate (MgCly - 6H20, KEMIG)
and CaCO3 were dissolved/resuspended in acetic acid aqueous solution
(pH = 4.60, 40 °C). The selected molar ratios of Zn/(Ca + Zn) and
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Mg/(Ca + Mg) were 0, 0.01, and 0.05, and the samples were designated
as CaP_0, CaP_Znl, CaP_Zn5, and CaP_0, CaP_Mgl, CaP_Mg5, respec-
tively. The numbers in sample labels (0,1 and 5) are the nominal Zn or
Mg mol.% values expected to be substituted into hydroxyapatite (in
place of Ca). According to the literature [24-26] and preliminary
studies, in the selected range of M/(Ca + M) molar ratios, no secondary
phases characteristic for zinc and magnesium (other than CaPs) were
expected.

Ammonium dihydrogen phosphate (NH4H2PO4; Lachner) was added
into the solution to gain a molar ratio (Ca + Zn)/P and (Ca + Mg)/P of
1.67 (stoichiometric HAp). Stirring was continued at 60 °C for 3 days,
followed by overnight aging at room temperature (T = 24.0 + 0.3 °C).
The as-prepared CaP particles were separated from supernatant by
filtration without washing. Part of each sample was heat-treated at
1200 °C for 2 h.

2.2. Powder characterization

The final pH of non-substituted, Zn-substituted and Mg-substituted
CaP suspensions was measured on Schott CG 842 pH-meter using
BlueLine 14 electrode with the precision of 0.01 at room temperature (T
=24 +0.3°0).

Fourier transform infrared spectra (FTIR) of as-prepared powders

was recorded by attenuated total reflectance (ATR) spectrometer for
solids with diamond crystal (Bruker Vertex 70) at 20.0 °C, over the
spectral range of 4000-400 cm ™!, with 32 scans and a resolution of 4
em L.
The powder morphology for all as-prepared powders was analyzed
by scanning electron microscopy (SEM, TESCAN VEGA3 Easyprobe) at
an electron beam energy of 13 keV. EDS analysis was performed at an
electron beam energy of 20 kV, to investigate the elemental composition
of the surface of the CaP_Zn5 and CaP_Mg5 powders. Prior to analysis,
dried crystals were coated with a gold and palladium plasma for 60 s.

Elemental analysis was performed by inductively coupled plasma
mass spectrometry (ICP-MS, PerkinElmer SCIEXT ELANR DRC-e,
Concord, Canada) according to the manufacturer’s protocol. The accu-
racy of ICP-MS was verified with standard reference materials (ICP-MS
Complete Standard-V-ICPMS-71A, Inorganic Ventures, USA) and the
results for all relevant elements were within the certified concentration
range. 100 mg of each sample was dissolved in 1 ml of aqueous HNO3
solution (Ultra-Pure, Sigma Aldrich) and the solution volume was
increased to 10 ml with ultrapure water. The carbon content in the as-
prepared powders was determined with a total organic carbon
analyzer (TOC) using the Shimadzu TOC V-Series. Samples were dis-
solved in an aqueous HySO4 solution (Sigma Aldrich), from which dis-
solved CO3 had previously been removed.

The as-prepared and heat-treated powders were mixed with 5 wt%
polycrystalline silicon standard (NIST SRN 640e, Sigma Aldrich) and
phase analysis was performed on a Shimadzu XRD-6000 diffractometer
with Cu K, (1.5406 10\) radiation operated at 40 kV and 30 mA. The
analysis was performed in the range of diffraction angels between 3° and
60° for as-prepared samples, and between 20° and 70° for the heat-
treated samples, with a 26 step of 0.02° and an exposure time of 10s.

2.3. Rietveld refinement studies

The software DIFFRAC.SUITE TOPAS V.5.0. with the fundamental
parameter approach was employed for Rietveld refinements, as
described in our previous work [21,22]. The structural parameters of
hydroxyapatite determined by Veselinovi¢ et al. [27], octacalcium
phosphate by Espanol et al. [28], p-tricalcium phosphate by Yashima
et al. [29] and a-tricalcium phosphate by Mathew et al. [30] were used
as initial values for the refinements. The refined parameters were the
scale factor, specimen displacement, bond length, mean crystallite size
(Lvol-IB; the volume averaged column height), lattice parameters and
occupancy factors. The P, O and H sites were kept fixed for all
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refinements, resulting in improved refinement of Ca sites occupancy.
The weighted profile (Ryp) and expected (Rexp) R-factor were used to
assess the goodness-of-fit of the Rietveld refinement. The results with
Rwp < 10% and Rexp < 3% were considered acceptable.

2.4. Protein adsorption assay of substituted CaP powders against BSA

Protein adsorption of bovine serum albumin (BSA, Sigma Aldrich,
>96%) to the prepared CaP powders was performed according to the
protocol described by Shi et al. [31]. In brief, 10 mg of the synthesized
CaP powders (n = 3) were dispersed in 1 ml of 250 pg/ml protein so-
lution and incubated at 37°C for 4 h. After incubation, 25 pl protein
supernatant was transferred to a 96-well cell culture plate containing a
200 pl BCA working agent. The plate was mixed on a plate shaker for 30
s and kept at 37 °C for 30 min. Analysis was performed using a
micro-plate reader (GlowMax-Multi, Promega) at 560 nm. Results were
expressed as a percentage (%) of adsorbed protein relative to control
(250 pg/ml, protein/PBS).

2.5. Zeta-potential measurement

Zeta-potential (Zetasizer Ultra, Malvern Pananalytical, UK) of the
obtained pure CaP, Zn- and Mg-substituted CaP particles were deter-
mined in phosphate buffer solutions (PBS) with different pH values.
Powdered products were suspended in PBS and dispersed using a
Sonopuls HD3200 (Bandelin, Germany) ultrasonic homogenizer and a
MS 73 sonotrode. Suspension concentration was 0.1 mg/mL. Measure-
ments were performed in a thermostated sample cell (DTS1070) with a
total of 11 runs per sample, and the average values were reported. Prior
to measurement, all CaP samples were equilibrated at 25.0 &+ 0.1 °C for
60 s. ZS Xplorer software was used for method set-up and data
evaluation.

2.6. Phase transformation

As-prepared CaP_0, CaP_Zn5 and CaP_Mg5 powders were incubated
in static simulated body fluid (SBF) to determine phase transformation
at 37 °C. The SBF solution was prepared as previously described by
Bohner and Lemaitre [32]. 100 mg of each powdered samples were
immersed in 10 ml of SBF at 37 °C for 7 days. After incubation, the
samples were washed in demineralized water and dried at room tem-
perature (T = 24.0 + 0.3 °C). Phase analysis of the powders after in-
cubation was determined by XRD analysis and Rietveld refinement
studies.

2.7. Biological evaluation

2.7.1. Preparation of extracts of CaP powders

The human embryonic kidney 293 cells (HEK 293, Sigma Aldrich)
were used to determine the biocompatibility of as-prepared powders
(CaP_0, CaP_1 Mg, CaP_5 Mg, CaP_1Zn, and CaP_5Zn). CaP powders
were sterilized for 15 min under UV light and incubated for 24 h at 4 °C
with Dulbecco’s modified Eagle’s culture medium (DMEM) - high
glucose (Sigma-Aldrich) supplemented with 10% fetal bovine serum
(Capricorn Scientific) and 1% penicillin/streptomycin (Lonza) at a
concentration of 10 mg/mL. After incubation, the powders were
centrifuged (300xg) for 5 min in order to spin them down, while the
supernatant was used for cell feeding.

2.7.2. Cell culture

HEK 293 cells were thawed from liquid nitrogen and seeded into a
75 cm? flask in the medium until confluence. After reaching confluence,
cells were trypsinized with Tripsin/EDTA (Sigma-Aldrich) to obtain a
cell suspension. The concentration of 5 x 10° cells/200 pl of the medium
was seeded in each well (96-well plate, Sarsted) and incubated for 24 h
in humidified atmosphere of 5% CO; at 37 °C. The following day, the
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medium from each well was replaced with the supernatant of CaP
powders and kept under cell culture conditions for 1 and 3 days in. The
medium from the control cells was replaced with fresh cell culture
medium, respectively.

2.7.3. Cytotoxicity evaluation by MTT assay

Viability of HEK-293 cells was determined using the MTT (3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) assay (Sigma-
Aldrich), after 1 and 3 days of the incubation. After the designated time
points, the medium/extracts were removed and 40 pl of MTT solution
was added to each well. After 3 h at 37 °C, 170 pl of dimethyl sulfoxide
(DMSO, Sigma-Aldrich) was added to each well. Once the formazan
crystals had dissolved, the solution was set for colorimetric detection at
560 nm using a microplate reader (GlowMax-Multi, Promega). All ex-
periments were performed in triplicates. The percentage of cell viability
was calculated from the absorbance values in reference to the untreated
cells (control).

2.7.4. Quantitative detection of live cells (%) by live dead cell assay

After the designated time points, the culture medium/extracts were
removed while the cells from each well were collected by trypsinization
and placed in Eppendorf tubes. Cells were washed with PBS (Gibco) and
then incubated with 200 pl of x 1000 diluted live/dead assay staining
solution (Abcam). After 10 min of incubation in the dark, the cell sus-
pension from each tube was transferred into each well. The black opaque
96-well plates (Corning) were used. The green fluorescence of the live
cells was detected on a microplate reader (GlowMax-Multi, Promega)
using a fluorescence filter (excitation 490 nm, emission 510-570 nm).
All experiments were performed in triplicates. The percentage of live
cells was calculated from the fluorescence readings in reference to the
untreated cells.

2.8. Antibacterial activity

The antibacterial efficacy of the tested material was determined by
widely used agar diffusion also known as the Kirby-Bauer test, and the
viable cell assay. As the model organisms, the bacteria Staphylococcus
aureus (S. aureus), strain ATCC 25923, and the Escherichia coli (E. coli),
strain DSM 498, were used. Prior to each experiment, the pure cultures
of bacteria were revitalized by growing them for 24 h at 37°C on LB agar
plates (the composition was tryptone 10 g, yeast extract 5 g, NaCl 5 g,
agar 15 g, 1 L of deionized water). Otherwise, the bacteria were kept as
axenic cultures in a cryo-storage system, the Microbank® (Pro-Lab Di-
agnostics, Round Rock, USA).

2.8.1. Agar disc diffusion assay

This test was performed according to the standardized methodology
for antibiotic testing (EUCAST). First, bacterial suspensions of ~3 x 108
cells per ml (0.5 McFarland) in sterile saline (0.9% NaCl) were prepared.
Next, bacteria were smeared all over the LB agar plate as to grow the so-
called bacterial lawn. This was done by using a sterile swab stick. Next,
and prior to incubation, the material samples were placed onto the agar
surface. The samples were in the form of 14 mm diameter discs, made by
cold pressing (250 MPa) of CaP powders. After the incubation for 24 h at
37°C, the agar plates were checked for clear zones of no growth around
the discs. If the sample is releasing an antibacterial compound, it either
kills or stops the bacteria growing in a circular zone around the sample.
The zone is larger if the antibacterial compound is more effective. The
zones around all the samples were measured and samples were
compared for their antibacterial efficacy.

2.8.2. Surface morphology after diffusion assay

In order to examine what happened with bacteria during 24 of
contact with the samples, the discs from the agar-diffusion assay after
the incubation were subjected to SEM analysis of surface morphology at
TESCAN Vega3 EasyProbe at electron beam energy of 7 keV. The discs
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Table 1
Results of ICP-MS and TOC analysis.

Ceramics International 49 (2023) 11005-11017

Minor substituents (mol%)

Ca + M/P (mol/mol) M/Ca + M (mol/mol)

Zn co% Na Mg Sr solution powder solution powder
CaP_0 0.00 8.16 3.66 0.28 0.48 1.60 1.69 0.003 0.003
CaP _Znl 1.12 7.20 3.47 0.54 0.46 1.60 1.70 0.012 0.011
CaP _Zn5 5.90 3.86 4.54 1.10 0.57 1.57 1.40 0.063 0.059
CaP Mgl 0.00 5.06 4.33 1.52 0.56 1.59 1.59 0.016 0.015
CaP _Mg5 0.00 3.82 3.82 5.16 0.57 1.60 1.60 0.054 0.052

were prepared for the scanning by dehydration, as follows: the round
samples were carefully lifted off the agar surface and aseptically placed
into a sterile 30 mm Petri dish so that the side in contact with the
inoculated agar was facing up. Next, fixation of cells was done by
pouring paraformaldehyde (Sigma Aldrich) solution (2%) in PBS (Sigma
Aldrich) into the Petri dish and allowed to settle for 24 h at 4 °C. The
samples were then washed with sterile PBS and dehydrated in a series of
ethanol (Sigma Aldrich) solutions as follows; 30%/2 min, 50%/2 min,
70%/5 min, 96%/5 min, 99.9%/5 min, 99.9%/5 min. Finally, dehy-
drated samples were dried at 50 °C for 30 min. For presentation, the
bacteria and sample substrate were false-colored in Adobe Photoshop CC
2018.

2.8.3. Viable cell assay

Final step was to determine the antibacterial efficacy of the material
samples by the viable cell assay. A bacterial suspension of ~10° bacterial
cells per ml of S. aureus or E. coli in 0.9% NaCl saline was distributed to a
series of plastic vials. To each vial, a 0.25 g of the powdered sample was
added and vials were incubated at room temperature on a rotating
shaker (Stuart) at 4 rpm for 3 days. After 3, 6, 24, 48 and 72 h, an aliquot
of 100 pl was taken from the vial, serially diluted, plated on LB agar and
incubated at 37 °C for 24 h. The grown colonies were counted and the
number of cells was expressed as CFU ml . Finally, the amount of viable
bacterial cells in the suspension after the specified contact time with the
different powdered samples was compared.

2.9. Statistical analysis

Quantitative results are expressed as mean + SEM (standard error of
the mean). Statistical analysis was performed using a one-way ANOVA
test considering the p-value <0.05 statistically significant.

3. Results and discussion

Biological calcium phosphate is non-stoichiometric calcium deficient
HAp with foreign ions (Mg2?*, Zn?*, sr?*, Na*, HPOZ , CO%")
substituted in its structure. The physicochemical properties of synthetic
biomaterials could be improved by mimicking the phases and chemical
composition of biological minerals. Bioceramics partially or completely
derived from biogenic sources (seashells, corals, cuttlefish bone, egg-
shells) are better accepted in vivo as they have similar properties to the
natural bone apatite [17,33]. The advantages of using a biogenic source
were indicated in the study by Kim et al. [34], where better biocom-
patibility in vitro and more defined bone regeneration in vivo of HAp
synthesized from cuttlefish bone were observed, compared to commer-
cial HAp. However, the physicochemical properties of used HAp pow-
ders were not analyzed, to give more insights into the chemical
composition.

3.1. The chemical composition of as-prepared powders

The chemical composition of the as-prepared powders was deter-
mined by ICP-MS and TOC analysis. In Table 1, the mol% substitution of
Ca2" jons by Sr**, Mg, Zn?" and Na*, and PO3~ by CO%~ ions in
prepared CaPs was presented. Sr?*, Mg?*, Na* and CO%~ ions, which are

typical substitution ions for bone mineral, were detected in all as-
prepared powders obtained from cuttlefish bone. The ICP-MS analysis
of the cuttlefish bone (CaCOs3) has shown that the concentration of Ca?t
ions in precursor was 277.91, Sr®* ions 3.01, Mg2+ ions 0.67, Na™ ions
51.12 and Zn?* ions 0.01 mg/L. As a result of the presence of trace el-
ements in cuttlefish bone, the ICP-MS analysis showed that the CaP_0
powder contains 0.48 mol% Sr>*, 0.28 mol% Mg?*, 3.66 mol% Na™ and
8.16 mol% CO%~ ions, while Zn?' ions were not detected. The substi-
tution of Na™ ions in the CaP lattice requires charge compensation de-
fects to maintain the neutrality of the unit cell, while surrounding ions
may undergo structural relaxation due to the ion radius difference [35].
Charge compensation can occur with simultaneous substitution of Na™
at Ca%* sites, while PO?( ions are substituted with CO%’ and/or HPO?{
ions [36]. Therefore, the presence of the Na™ ions within the CaP system
can lead to compensatory substitutions that can affect CaP formation as
discussed later.

Due to the presence of magnesium in the non-substituted CaP_0
system, the content in all samples is higher than the nominal content,
which is 0, 1 and 5 mol% for CaP_0, CaP_Mgl and CaP_Mg5, respec-
tively. Although the non-substituted CaP_0 system does not contain Zn?*
ions, its content in the CaP_Zn1 and CaP_Zn5 powders is higher than the
nominal one. Alternatively, it could simply mean that the CaCO3 ob-
tained from cuttlefish bone contains various trace elements (Na*, Mg?*
and Sr2+), which result in a lower Ca content in the calcite. This leads to
alower amount of Ca?* ions added in the reaction solution and therefore
higher experimental degree of substitution (mol%) of Zn>" ions. The
biogenic precursor of Ca2* ions is considered as a source of foreign ions
in the obtained CaP, and the content of calcium, magnesium and zinc in
the initial solution was corrected and the “real” molar ratios in the so-
lution were calculated and compared with the corresponding ratios of
the as-prepared powders. Due to the presence of foreign ions in the
biogenic precursor and consequently in the initial solution, the real (Ca
-+ M)/P ratio in the starting reaction mixture is lower than the value of
1.67 required for precipitation of stoichiometric HAp. The Zn/(Ca + Zn)
and Mg/(Ca + Mg) ratios of the as-prepared powders are close to those
of the initial solution, suggesting quantitative incorporation of magne-
sium and zinc into the precipitated phase.

The content of CO3™ ions (Table 1) in prepared samples decreases
along with the increase of Zn** and Mg?t substitution degree. The
weight percentage of CO3~ ions in natural bone tissue is in the range of
4-8 wt% and depends on bone maturation [37]. According to Landi et al.
[37], the use of CaCOs3 based biogenic sources (cuttlefish bone, seashells,
eggshells) increases CO3-substitution in CaPs. In addition, substitution
of Ca®" by Na™' ion (present in biogenic sources) stimulates the B-type
substitution as a result of charge balance according to the Cajo.,Na,[(-
P04)6.,(CO3),1(OH) formula [38]. Together with the Mg%*, zn*, cO%~
and Na™ ions, the constant molar ratio of Sr>* is determined in all ob-
tained CaP samples prepared from biogenic source, as the aragonite
structure of cuttlefish bone is stabilized with Sr*" ions [39,40]. It has
been suggested that single substituted CaPs exhibited better in vitro and
in vivo properties than non-substituted systems. However,
single-substituted CaP bioceramics do not provide the multiple functions
required for clinical applications. Therefore, it can be assumed that a
multi-substituted CaP system can lead to a multi-functional biomaterial
that exhibits the beneficial effects of the individual substituents, e.g.
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Fig. 1. XRD data of (a) the prepared CaP powders and (b) weight percentage of
the precipitated phases obtained by Rietveld refinement analysis. The standard
ICDD card data of hydroxyapatite (red), octacalcium phosphate (blue) and
silicon (black, standard) are given below the XRD data. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

enhancement of osteogenesis, antibacterial and anticancer efficacy [3].
Obtained results indicate that by using biogenic source (cuttlefish bone)
multi-substituted CaPs is formed with similar element content as natural
bone mineral.

3.2. XRD patterns of as-prepared powders and Rietveld refinements

The XRD patterns of as-prepared powders are shown in Fig. 1a. XRD
peaks showed a good match to the line patterns for crystalline HAp
(ICDD 09-0432) and OCP (ICDD 79-043). Polycrystalline silicon was
used as an internal standard for qualitative phase analysis obtained by
Rietveld refinement studies by using DIFFRAC.SUITE TOPAS V.5.0.
software. The exception is the CaP_Mg5 powder in which instead of OCP
phase the presence of Mg-substituted p-tricalcium phosphate (CagMg
(HPO4)(P0O4)g) named whitlockite (Wtc, ICDD 70-2064) was detected, a
phase that accounts for 25-35 wt% of the inorganic content of natural
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Fig. 2. (a) Rietveld analysis pattern of powder diffraction data for as-prepared
Zn-substituted and Mg-substituted CaP powders. The open circles (blue) are
experimental data and the solid lines (red) are calculated intensities. The dif-
ference between the experimental and calculated intensities is plotted below
the profile. (b) Unit-cell parameters of HAp and (c) OCP phases obtained by
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below the XRD data. The crystallite size of HAp (d) and OCP (e) substituted
with Zn®* and Mg®*" ions determined by Rietveld refinement study. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

mineral tissue [41]. No additional peaks characteristic for zinc or
magnesium compounds are observed for substituted CaP systems. The
weight percentage (Fig. 1b) of HAp, OCP, Wtc, and amorphous calcium
phosphate (ACP) phase, determined by Rietveld refinement analysis of
the XRD patterns, is shown in Fig. 2a. The results indicate a significant
amount of ACP in all prepared powders, ranging between 15 and 36%,
as previously observed in our studies when the wet precipitation method
was used [21,22].

ACP phase is a hydrated, thermodynamically unstable, transient
phase that commonly precipitates during the formation of more stable
CaPs in aqueous media. ACP is considered to be a precursor phase in
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Fig. 3. (a) FTIR spectra of substituted CaP powders. (b) SEM micrographs of as-prepared CaP powders (scale bar: 5 pm). (¢) EDX and (d) elemental mapping of the

CaP_Zn5 and CaP_Mg5 samples (scale bar: 10 pm).

OCP formation. OCP is often found as an intermediate phase in the
formation of thermodynamically more stable HAp. The final pH values
of the prepared substituted suspensions between 8.7 and 9.2 favour
precipitation of calcium-deficient HAp and ACP. OCP phase is more
likely to be formed at the pH range 5.5-7 [42]. The presence of OCP
phase in substituted CaPs at the pH value higher than 7.0 suggest that
foreign ions influence the phase transformation of CaPs from amorphous
to crystalline phases. Sugiura and Makita [43] investigated the role of
Na™ concentration in OCP formation from dicalcium phosphate dihy-
drate. With increasing Na* concentration in the solutions, the formation
of OCP through hydrolysis was enhanced, while the formation of HAp
was inhibited. Although not fully proven and confirmed, the generally
accepted theory of the in vivo HAp formation mechanism is that ACP
phase is first formed, which than converts to OCP phase and further
hydrolyzes to a thermodynamically stable HAp phase [44,45]. In the
literature, most of the studies are focused on the synthesis and properties
of Mg?" and Zn?" substitutions in the single-phase system composed of
HAp [17]. In this study, a multi-phase system of HAp, OCP and ACP was
obtained, which resembles the phases found in natural bone mineral.
HAp is still considered the most promising CaP for bone graft develop-
ment. However, better biological properties of OCP in vivo compared to
HAp were confirmed by many studies [44]. The in vivo studies by Suzuki
et al. [46] suggested that the hydrolysis of OCP to apatite after im-
plantation stimulates the differentiation of osteoblastic cells. The con-
version occurs through the consumption of Ca?' ions from the

surrounding solution and the release of PO3~ ions in the solution. It is
suggested that the co-expression of bone characteristic genes may be
related to the PO}~ ions release during the conversion. Further in vivo
studies by Suzuki’s research group lead to the conclusion that biphase
mixtures of OCP and ACP may further enhance osteogenic properties in
vivo [47].

The lattice parameters of the HAp and OCP phases in the prepared
powders, determined by Rietveld refinement of the XRD data, are shown
in Fig. 2b and c, respectively. The lattice parameter a of the HAp phase in
both Zn-substituted systems increased to similar value while the lattice
parameter ¢ decreased with increasing Zn content. Numerous studies
have observed a decrease in cell parameters along with a simultaneous
increase in the Zn dopant content as a result of substitution of Ca>" ions.
However, Friederichs et al. [8] observed a new position of the Zn?" ion
in the HAp lattice at the hexagonal axis 2b site, which led to an increase
in the c axis and cell volume, while Miyaji et al. [48] explained the in-
crease in cell parameters together with the Zn-dopand content by the
substitution of OH" groups by H>O molecules.

The lattice parameters a and ¢ of OCP decreased and the lattice
parameter b increased with increasing Zn content. Decrease in the lattice
parameters of the OCP phase might indicate that smaller Zn?* (0.074
nm) ions have replaced Ca®* (0.100 nm) ion at one of the crystallo-
graphic sites [9,49]. The lattice parameters a = b, and c of the HAp
decrease with an increase of Mg?" content. The lattice parameter a of the
OCP phase in the CaP _Mg1 decreased, but b and ¢ increased compared to
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the CaP_0 values. According to Matsunaga [9] and Aina et al. [50]
substitution with Mg2+ (0.072 nm) ions leads to a decrease in cell pa-
rameters due to the smaller ionic radius compared to Ca2" ions. Ob-
tained results are in agreement with the findings of Ren et al. [51] who
reported that the maximum amount of Mg-substitution in the HAp
structure is between 5 and 7 mol%, while, as reported by Suchanek et al.
[52], a large amount of Mg2+ ions can stabilize the Wtc lattice. Further,
Rietveld refinement allowed to conduct a quantitative identification of
the HAp and OCP crystallite size in the obtained powders (Fig. 2d and e).
In the prepared powders crystallite size for HAp is in the range of 10-20
nm, while for the OCP phase in the range of 28-42 nm. In both crys-
talline phases decrease of crystallite size is evident for substitution with
Mg?* and Zn?" ions except for the 5 mol% Zn-substitution in HAp,
where an increase in crystallite size was observed.

The difference in ionic radius of the substituted cations leads to
distortion of the CaP lattice and consequently to a decrease in crystal-
linity and stability, and an increase in solubility [9,53]. As explained by
Matsunaga [9], incorporation of Zn?* and Mg?* ions in HAp is limited,
while the OCP structure is more resistant to impurities and can incor-
porate more foreign ions into its structure. The HAp structure exhibits a
hexagonal structure and the P63 space group with two crystallographic
sites for Ca atoms. The OCP structure is similar to those of HAp as it has
almost the same positions of Ca atoms in the region of x =0- " and x =
% — 1, which is why this region is called “apatite”, between which the
“hydrated“ layer is located. The triclinic crystal structure of OCP, with
the space group P1, has eight crystallographic Ca sites. The Ca3 and Ca4
sites are located in the hydrated layer of OCP, while the remaining Ca
sites are located in the apatite layer [9].

Refinements indicated that Zn-substitution in the HAp structure did
not occur at either Cal or Ca2 crystallographic site (data not shown). In
the OCP phase, the Zn®* ion occupied the Ca3, Ca4, Ca6, and Ca7 sites in
CaP_Znl, and the Ca4, Ca6, Ca7, and Ca8 sites in CaP_Zn5, respectively
(Supplementary material, Table S1). The Mg?" ion occupies the Ca2 site,
and its occupancy increases along with the degree of Mg-substitution in
the HAp phase (Supplementary material, Table S2). The occupation sites
in the OCP structure could not be determined in CaP_Mg1 due to a small
amount of precipitated OCP, while OCP was not detected at higher
substitution levels. Previous theoretical and experimental studies by
Matsunaga [9] and Bigi et al. [54] confirmed that smaller-sized ions
(Zn?* and Mg?*) prefer the spatially smaller Ca2 site rather than the Cal
site [9]. Our results are not in agreement with the findings of Ren et al.
[55], who reported that Mg?" is more difficult to incorporate into the
apatite structure than Zn>* ion.

Due to the lower coordination numbers and the smaller average bond
length, the Ca5 and Cab6 sites are more favourable for the substitution of
smaller-sized ions in the OCP structure. According to Matsunaga [9],
ions of smaller size occupy Ca3, Ca5, Ca6 and Ca8 sites in the OCP
structure. Thus, the main difference with the Matsunaga’s study is the
occupation of the Ca7 site. The results of the present study indicate that
the Ca7 site has the shortest binding with oxygen and is therefore suit-
able for substitution. It could be hypothesised that the remaining portion
of Zn?* and Mg?" ions, that are not substituted at the Ca crystallographic
sites, are located in vacancies, adsorbed on the crystal surface, or
remained in the ACP phase [9,56,57].

3.3. FTIR analysis

The FTIR spectra (Fig. 3a) of the as-prepared CaP powders show
characteristic asymmetric stretching vibrations of P-O (v3) bands at
1018 cm ™}, asymmetric bending vibrations of O-P-O (v4) at 558 and
601 cm’l, and symmetric stretching vibration of P-O (v;) at 964 em},
which can be assigned to the PO3~ group of the HAp phase. In addition,
the characteristic absorption band of an HPO3~ group at 1116 cm™! can
be assigned to the OCP or ACP phase in the prepared CaP systems
[58-63]. The TOC analysis confirmed the presence of CO3~ groups in the
prepared samples, which is manifested in the FTIR spectrum in the
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characteristic absorption bands of CO3™ in the form of out-of-plane
bending (v») at 868 cm~L, and asymmetric stretching (v3) at 1408 and
1458 cm™ . The absorption bands characteristic for co% groups indi-
cate B-type substitution of PO3~ by CO% groups [64,65]. Biological
apatite is very rich in COs-substitution, with carbonate replacing OH’
ions in the A-site (A-type substitution) and PO%’ ions in the B-site
(B-type substitution) of the apatite structure in a ratio of 1:9 [66].
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3.4. SEM analysis

SEM analysis (Fig. 3b) of the as-prepared CaP powders shows
agglomerated, platelet-shaped crystals. Hydroxyapatite obtained by the
precipitation method can crystallize in various forms, such as sphere,
rod, plate flake or flower, while OCP exhibits platelet-shaped crystals
[18]. With increasing content of Zn*" and Mg?" ions, smaller CaP
clusters are formed. Compared to Zn?" ion, Mg?" significantly inhibits
the growth and size of CaP clusters. Smaller clusters of substituted CaP
powders are in agreement with a decrease in crystallite size determined
by the Rietveld refinement method. EDX analysis was used to confirm
the atomic composition of the prepared substituted CaP powders. The
EDX spectra (Fig. 3c) confirmed the presence of calcium, phosphorus,
zinc and magnesium ions. Furthermore, EDX elemental mapping
showed an uniform distribution of the elements as shown in Fig. 3d for
the CaP_Zn5 and CaP_Mg5 powders. The EDS analysis did not detect Sr?+
and Na™ ions due to their low concentration determined by the ICP-MS
analysis.

3.5. XRD patterns of heat-treated powders

The XRD patterns of heat-treated powders are shown in Fig. 4a. The
formed crystalline phases correspond to HAp (ICDD 09-0432), p-TCP
(JCPDS No. 09-0169), and a-TCP (JCPDS No. 09-0348). The sharp peaks
confirm that the obtained CaP phases are highly crystallized. The
quantitative phase composition (Fig. 4b) of the heat-treated CaP pow-
ders determined by Rietveld refinement of the XRD data indicates the
stabilization of f-TCP phase with the increase of Zn?" and Mg?* sub-
stitution level. Stoichiometric HAp, free of ionic impurities, is a highly
stable CaP phase up to 1400 °C. At temperatures above 1200 °C, the
transformation to a f-TCP phase begins, while at 1550 °C the g-TCP
phase transforms to an a-TCP phase. In addition to the stabilizing effect
of Zn?" and Mg?* ions on the -TCP phase, CaP_0 powder is a multi-
substituted system and it is referred to as non-stoichiometric HAp with
Ca/P ratio lower that 1.67, which can be transformed to TCP phases at
lower temperatures than stoichiometric HAp [67]. As reported by Ren
et al. [51,55], smaller substituted ions in the HAp structure lead to
significant lattice strain, resulting in more defects that promote the HAp
decomposition. Numerous studies have demonstrated the stabilizing
effect of Zn?>* and Mg?" on the formation of 4-TCP after heat treatment
[13,57,68]. The obtained results are in agreement with the findings of
Bigi et al. [54,56], who reported that Zn?>* and Mg?" ions promote the
thermal conversion of HAp into -TCP, since these ions prefer structures
with available octahedral coordination sites characteristic for S-TCP.
The amount of ACP in the CaP_0_h (~5 wt%) is in agreement with the
study of Vecstaudza et al. [69] where ACP thermal behaviour was
evaluated. After the heat treatment of the pure ACP phase at 1200 °C,
the degree of the crystallinity was determined to be between 95 and
99%. In the present study, with the addition of the Mg?* and Zn?" ions,
the amount of ACP in heat-treated samples was higher compared to
sample CaP_0_h. In the study by Gross et al. [70], ACP crystallization
was shifted towards higher temperatures after the incorporation of the
Zn2" ions in its structure. Small cations (Mg?* and Zn?") have been
known to stabilize the amorphous phase and prevent the crystallization
process. However, even though the stabilization of the ACP phase by the
introduction of small cations in the structure was reported, the effect of
these ions on ACP stability at 1200 °C was not reported. Additional
studies are required to understand the effect of trace elements on ACP
stability at high temperatures.

Lattice parameters of HAp, #-TCP and a-TCP, determined by Rietveld
refinement of XRD data, indicate preferential incorporation of Zn* and
Mg ions into the §-TCP lattice. No significant difference in cell pa-
rameters of HAp and a-TCP phase was observed (data not shown). The
lattice parameters of f-TCP are shown in Fig. 4c. A gradual decrease in
the a = b and c axis structural parameters of -TCP indicates the
incorporation of Mg2+ ions at Ca(4,5) sites (Table S3 of Supplementary
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material), as previously observed by Enderle et al. [71]. No significant
change of the lattice parameters in the g-TCP structure was observed at
low Zn substitution level but decreased parameter values are evident at
higher Zn substitution level. Contrary to expectations, the Zn>* ion
preferably occupy Ca4 site, even though it is not the spatially smallest Ca
site, together with a minor occupation of Cal, Ca2 and Ca3 sites (Sup-
plementary material, Table S3). The trigonal crystal structure of 5-TCP,
with space group R3c, has five Ca sites, with the Ca4 site partially
occupied (occ. = 0.5) [72]. The Ca-O bond lengths in the g-TCP struc-
ture are Cal-O (0.255 nm), Ca2-O (0.247 nm), Ca3-O (0.260 nm),
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Ca4-0 (0.277 nm), and Ca5-0 (0.229 nm). According to the literature,
divalent cations favour substitution at sites Ca4 and Ca5, which have less
disordered coordination environment. Smaller cations preferably
occupy the Ca5 site due to its lower coordination number and bond
length. The occupation of the Ca4 site by Zn?" ions in the g-TCP struc-
ture was also observed by Gomes et al. [57]. Diverse results for the
occupation of sites (Cal,2,3) by Zn*" ions may be a result of substitution
of different ions in the CaP structure due to the use of a biogenic source.
According to Matsunaga [72], foreign ions can influence formation en-
ergies on Ca sites, resulting in different site occupancy than in
non-substituted structures.

3.6. Protein adsorption and zeta-potential measurements

Adsorption of BSA protein onto Zn- and Mg-substituted CaP powders
was conducted under simulated physiological conditions at pH value of
7.4 (Fig. 5a). CaP_Znl showed similar protein adsorption capacity to
non-substituted HAp, an insignificant decrease was observed for
CaP_Zn5 sample, while significantly lower protein adsorption capacity is
determined for CaP_Mg1 and CaP_Mg5 powders. However, the high BSA
adsorption capacity is evident for all obtained samples (>45%). Protein
adsorption is a crucial step during bone regeneration because proteins
are the basis for biomaterial interactions with cells and tissues [73]. The
adsorption capacity of proteins is directly related to their charge, as well
as to the surface charge of biomaterials. The pH of the solution affects
the adsorption capacity of BSA, since the isoelectric point of the protein
is about pH 4.5-5.0. In general, proteins are negatively charged at
neutral pH and positively charged at acidic conditions [72]. Only when
the isoelectric point is equal to the physiological pH, the positive and
negative charges of a protein are in equilibrium and the protein is
neutral in charge [74]. Bohme and Scheler [75] determined an effective
charge of the BSA protein of +21.1 at low pH, while at high pH an
effective charge of —17.2 was found. At the pH of the biological medium
(pH = 7.4), the effective charge is about —10. Protein adsorption ca-
pacity is generally dependent on a number of surface-related properties
(topography, particle size, wettability, surface charge, etc.), that affect
the adhesion ability of cells [73]. To elucidate the adsorption capacity of
proteins on biomaterials, in addition to protein characteristics, it is also
necessary to determine the charge of the biomaterials, which is also a
function of the pH and the ionic content of the solution. Characterization
of the surface chemistry of CaP applying zeta-potential measurements
has recently gained increasing relevance, as it directly reflects the
phenomena that occur at the interface between biomaterial and sur-
rounding tissue [76].

Characterization of zeta-potential was performed for non-substituted
CaP sample (presented in both Fig. 5b and c), and for Zn-substituted
(Fig. 5b) and Mg-substituted (Fig. 5¢) CaP powders as a function of pH
of the PBS buffer media. For the prepared CaP powders, the results
showed that: (i) all samples were positively charged, (ii) positively
charged samples are suitable for adsorption of negatively charged pro-
teins due to electrostatic interactions, (iii) the obtained zeta-potential
values expressed a downward trend with increasing buffer pH for
substituted CaP samples, and (iv) the bell-shaped profile of the posi-
tively charged particles is evident for the non-substituted CaP system. In
terms of zeta-potential values, the replacement of Ca®* with isovalent
ions, such as Mg?* and Zn?", generally should not alter the net-surface
charge. However, if the ionic radius of the foreign cation is smaller than
that of Ca?™, as is the case for Mg?>* and Zn?" ions, it may be incorpo-
rated into calcium vacancies or interstitial sites between ionic groups,
depending on the CaP preparation process. In both cases, the cationic
substitutions affect the volume of the unit cell, as described in Section
3.1., and can therefore cause a charge imbalance that is reflected in the
zeta-potential measurements. Briefly, the most-positive values of
+20.11 mV (CaP_Znl) and +19.18 mV (CaP_Mgl) were obtained in
acidic PBS solution, indicating moderate colloidal stability of these
substituted particles. However, considering bioceramics as implant
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materials, the zeta-potential values obtained under physiological con-
ditions must be considered. The small difference in zeta-potential values
obtained for Zn-substituted CaP (+9.68 mV for CaP_Zn1 and +7.84 mV
for CaP_Zn5), and for Mg-substituted CaP (+8.61 mV for CaP_Mg1l and
+7.40 for CaP_Mg5, respectively), is consistent with a minuscule dif-
ference in protein adsorption between the obtained powder samples
(Fig. 5a). Slightly positively charged Zn-containing CaPs, obtained in
simulated body fluid, were also reported by Fujii et al. [77] and Zhang
et al. [78]. For Mg-substituted HAp particles, the only zeta-potential
data available in the literature was the one measured in water, exhib-
iting negatively charged bioceramics [79]. Since BSA proteins are
negatively charged when immersed in physiological fluids, they readily
adsorb to positively charged surfaces due to attractive electrostatic
forces [78]. Thus, since the adsorption rate is accelerated when protein
and biomaterial have opposite surface charges, it can be concluded that
the obtained non-substituted and substituted CaP powders have the
desired properties for bone tissue engineering applications [73].

3.7. Invitro bioactivity and biocompatibility

The results of quantitative XRD analysis (Fig. 6a) of CaP_0, CaP_Zn5,
and CaP_Mg5 powders after incubation in SBF at 37 °C for 7 days, show
the partial transformation of ACP and OCP into the thermodynamically
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more stable phase, HAp. The content of whitlockite increased slightly
after the incubation of CaP_Mg5 powder. The transformation of CaPs
under physiological conditions plays a crucial role in the bone regen-
eration process. ACP is considered a precursor phase of bone mineral in
mammals and a transient phase of CaP deposition during the biomin-
eralization of natural bones and teeth. Under physiological conditions,
hydrolysis of PO3~ groups occurs, leading to the formation of HPO3 ~ and
OH’ ions, while the resultant phase can be described as Cag(PO4)e.
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x(HPO4)x(OH)y. Thus, the reaction would lead to the precipitation of
calcium-deficient apatite through the formation of the intermediate OCP
product. ACP in prepared materials is the desired phase because such
materials better mimic natural bone tissue. However, the presence of
ACP in prepared materials cannot be controlled, and its weight per-
centage in as-prepared powders is in the range of 14-36 wt%, while in
natural bone mineral it is in the range of 1-30 wt% [1,42,80]. In recent
years, OCP has attracted more attention as its conversion to HAp en-
hances cellular activity. Implantation of OCP based materials that con-
verted to the apatite phase results in the increase in cell proliferation and
differentiation, while this effect has not been observed after incorpora-
tion of pure HAp [46,81,82].

The biocompatibility test is of great importance because high con-
centrations of trace elements can have a toxic effect on cells. The MTT
test (Fig. 6b) and the live/dead assay (Fig. 6¢) were performed on the
obtained powder extracts. The biocompatibility is expressed through
cell viability (%) and live cells (%), respectively, calculated in reference
to untreated cells. The cell viability of CaP_1Mg, CaP_5Mg and CaP_1Zn
powders, determined by MTT assay, is significantly higher compared to
CaP_0 after 1 day of cell culture. A significant increase in cell viability is
observed for CaP_0, CaP_1Mg and CaP_1Zn after 3 days of cell culture.
Although the cell viability of CaP_0 samples increased significantly, the
cell viability is substantially lower compared to CaP_1Mg and CaP_1Zn
samples after 3 days of cell culture. The live/dead assay revealed a
pronounced increase in the number of live cells when treated with
CaP_Mgl and CaP_Zn5 extracts, and a significant decrease in the cell
number when treated with CaP_5Mg and CaP_1Zn extracts, compared to
treatment with CaP_0 extracts, after 1 day of cell culture. After 3 days of
cell culture, the percentage of live cells remarkably increased for CaP_0,
CaP_5Mg, CaP_1Zn, while there was a significant decrease observed for
CaP_5Zn. The percentage of living cells is significantly higher for the
CaP_1Zn sample compared to the other obtained CaP powders after 3
days of cell culture. It may be concluded that the observed CaP systems
are non-cytotoxic and promote proliferation of HEK 293, especially
CaP_1Zn powder.

3.8. Antibacterial activity

SEM microscopy was applied to evaluate the surface of the CaP_0,
CaP_5Mg, and CaP_5Zn powders after growth inhibition analysis toward
S. aureus and E. coli (Fig. 7a). The inhibition zones were not evident for
any of the evaluated CaP samples (data not shown). By examining the
SEM images, the S. aureus and E. coli bacteria demonstrated no apparent
difference in bacterial density population on non-substituted and Mg?*
or Zn?* substituted CaP powders. The S. aureus and E. coli density were
smaller on the CaP powders substituted with Zn?* ion; however, both
types of bacteria were present on the sample surface. Fig. 7b depicts the
antibacterial efficacy of the prepared substituted CaP powders as
determined by measuring the number of viable bacterial cells in the
suspension after 3, 6, 24, and 48 h. Suspensions of S. aureus and E. coli
bacteria without added CaP powders were used as controls. All prepared
samples caused a reduction in the number of Gram-positive S. aureus
bacterial cells compared to the control. However, no significant differ-
ence in bacterial viability was observed between the prepared CaP
samples. The antibacterial effect is much more pronounced in the Gram-
negative E. coli bacteria, as previously observed for the HAp substituted
with Sr2t and Ag ¥ jons [83]. The reduction of E. coli cell number is not
related to the change in pH, which was in the range of 8.0-8.3 after 48 h
of contact with the prepared powders. Moreover, the possibility of
bacterial cells attachment after 48 h of contact on CaP powders was
excluded by Gram staining. The decrease in bacterial cell viability of
non-substituted and Mg-substituted CaP powders may be attributed to
the direct contact of the cells with the prepared CaPs nanocrystals. The
same effect on E. coli bacterial cells was observed in our previous study
for HAp substituted with Sr>* and Ag * ions, while this effect was not
observed for S. aureus bacterial cells [83].
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Fig. 8. Schematic illustration of antibacterial properties of substituted HAp against E. coli and suppressed antibacterial activity against S. aureus. In the HAp
structure, the zinc substitution is shown on the Ca2 site and the c-axis in the 2b position between two oxygen ions [17]. Created with BioRender.com.

Surface charge is one factor that influences bacterial attachment and
further biofilm formation. Most bacterial cells possess a net negative
charge due to the high content of carboxyl, amino and phosphate
groups. A negatively charged surface of biomaterials hinders bacterial
attachment, while positively charged promotes adhesion of bacterial
cells [84]. Zeta-potential measurements revealed a positive surface
charge of all prepared CaP powders, which resulted in enhanced
attachment of bacterial cell due to the attractive electrostatic forces.

The proposed mechanism of Zn-CaP antibacterial activity is related
to the ability of Zn?" ions to form bonds with proteins present in the cell
membrane of bacteria. Binding causes a conformational change in the
cell membrane proteins leading to the release of nutrients and essential
components of the cytoplasm, resulting in severe damage of the cell
membrane and eventual cell death. Zn?* ions not only damage the cell
membrane but also inhibit the activity of several enzymes [85]. In the
present study, a pronounced antibacterial activity was observed against
Gram-negative E. coli bacteria cells, whereas the same effect was not
observed for Gram-positive S. aureus, as schematically illustrated in
Fig. 8. Contrary to expectations, the antibacterial activity of the pre-
pared Zn-substituted CaP powders was not significantly higher
compared either to the Mg-substituted CaP powders or non-substituted
CaP powder. The explanation of this behaviour may be in fact that the
antibacterial activity of Zn?* ions depends on the substitution mecha-
nism in a crystal lattice. Bhattacharjee et al. [86] observed no antibac-
terial activity when Zn?' jons were substituted in OH channels (2b
position), which can be attributed to limited leaching of Zn?* after
incorporation in the 2b position, compared to the incorporation of zinc
at Ca site. It can be assumed, that there is no sudden release of Zn?* jons
in the prepared samples and that the antibacterial effect of the
Zn-substituted CaP powders could possibly be visible after a prolonged
incubation period with bacterial cells. The position of the substituted
ions and the occupancy of Ca sites in the CaPs lattice are rarely examined
in the literature. The present study highlights the importance of
knowing the position of substituted ions in biomaterials to further un-
derstand their physicochemical and biological properties. The antibac-
terial activity of metal ions depends on (i) the concentration of metal
ions, (ii) the interactions between bacterial membrane and metal ions,
and (iii) the cell membrane structure of Gram-positive and
Gram-negative bacteria [85]. Gram-negative bacteria usually possess
just one or few peptidoglycan sheets, as opposed to Gram-positive ones
that possess very thick cell wall containing many 2D sheets of peptido-
glycan, thus possibly making them more resilient to Zn?* ions pene-
tration to the inside of the cell.

This study confirmed that by using biogenic sources as precursors of
Ca?" ions, co-substituted CaPs, with elemental content similar to that of
natural bone minerals, can be obtained [17]. Prepared multi-phase CaP

powders, co-substituted with Mg?*t, Zn?*, Sr?*, Nat and CO3~ ions, can
be used as an inorganic component in the polymer-based scaffold as
previously described in our study [87] where an increased expression of
osteogenesis-related markers and increased phosphate deposits,
compared to the scaffolds with non-substituted CaPs, were observed.
Nowadays, studies on CaP scaffolds are focused on the fabrication of the
scaffolds by additive manufacturing techniques because they allow the
formation of complex designs required for bone regeneration. Obtained
CaPs, substituted with Mg2+ and Zn%" ions, can be used for scaffold
development by ceramic stereolithography where printed
three-dimensional scaffolds undergo a sintering process at high tem-
peratures. Obtained results can give insights into CaP phases that can be
expected after the sintering of the ceramic scaffolds.

4. Conclusion

The present study has shown that a multiphase and multi-substituted
CaP system of calcium-deficient carbonated hydroxyapatite, octacal-
cium phosphate and amorphous calcium phosphate can be obtained
from a biogenic source. The obtained materials mimic the native bone
mineral in terms of phase and chemical composition. The presence of
smaller sized ions in the reaction solution, (Zn** and Mg2+) resulted in
their incorporation into different CaP phases (hydroxyapatite, octacal-
cium phosphate and p-tricalcium phosphate), which affected their
crystallinity, morphology and thermal stability. Octacalcium phosphate
and amorphous calcium phosphate transform to a hydroxyapatite phase
that is thermodynamically more stable under simulated physiological
conditions. The prepared non-substituted and mono-substituted CaP
powders are characterized by a positive surface potential, which favours
bacterial attachment. Antibacterial effect of synthesized CaP powders
against E. coli was observed, while the antibacterial effect against
S. aureus was limited. All prepared powders showed high BSA protein
adsorption capacity during 4 h incubation period. The obtained CaP
systems are non-cytotoxic and promote proliferation of HEK 293,
especially CaP_1Zn powders. Based on the presented results, it can be
concluded that the prepared substituted CaP systems could be novel
biomimetic ceramics for the fabrication of implants for bone tissue
regeneration, as they exhibit unique biological and antibacterial
properties.
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