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Abstract: Orthopedic bone graft infections are major complications in today’s medicine, and the
demand for antibacterial treatments is expanding because of the spread of antibiotic resistance.
Various compositions of hydroxyapatite (HAp) in which Calcium (Ca?*) ions are substituted with
Cerium (Ce®*) and Magnesium (Mg?*) are herein proposed as biomaterials for hard tissue implants.
This approach gained popularity in recent years and, in the pursuit of mimicking the natural bone
mineral’s composition, over 70 elements of the Periodic Table were already reported as substituents
into HAp structure. The current study aimed to create materials based on HAp, Hap-Ce, and Hap-Mg
using hydrothermal maturation in the microwave field. This route has been considered a novel,
promising, and effective way to obtain monodisperse, fine nanoparticles while easily controlling
the synthesis parameters. The synthesized HAp powders were characterized morphologically
and structurally by XRD diffraction, Dynamic light scattering, zeta potential, FTIR spectrometry,
and SEM analysis. Proliferation and morphological analysis on osteoblast cell cultures were used
to demonstrate the cytocompatibility of the produced biomaterials. The antimicrobial effect was
highlighted in the synthesized samples, especially for hydroxyapatite substituted with cerium.
Therefore, the samples of HAp substituted with cerium or magnesium are proposed as biomaterials
with enhanced osseointegration, also having the capacity to reduce device-associated infections.

Keywords: hydroxyapatite; magnesium; cerium; bone regeneration

1. Introduction

The main components of a mineralized bone matrix include a calcium phosphate crystal,
hydroxyapatite, and various organic materials [1]. Hydroxyapatite (HAp, Ca;9(PO4)s(OH),)
is among the most promising crystalline calcium phosphate considered to be biomaterial
due to its chemical resemblance to the inorganic part of human hard tissues such as bone
and teeth [2—4]. Stoichiometric and pure HAp crystallizes in the monoclinic system, and
it most often crystallizes in the hexagonal system at over 250 °C and thermally decom-
poses at temperatures between 800 and 1200 °C [5,6]. Bone hydroxyapatite has a small
dimensional structure, about 25 nm wide, 50 nm long, and 10 nm high [7]. Due to their
quicker growth and development, small microcrystals are favorable for bone regeneration
and repair when rapid mineralization is needed, as well as for postnatal and embryonic
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bone development. In addition, these tiny nanoscale crystals have a high surface area-to-
volume ratio and are quickly dispersed by the fluid around them in response to particular
circumstances. In the course of homeostatic bone remodeling, the particular crystalline
shape of bone hydroxyapatite may promote effective bone demineralization and resorption
by osteoclasts [8-10].

Hap and other calcium phosphates have long been investigated as biological agents for
the treatment and diagnosis of bone diseases due to their qualities such as biocompatibility,
osteoconductivity, similarity to the bone mineral phase, and osteogenic activity that ensure
a high affinity of these materials for bone tissues [11-13]. This affinity is being studied
intensively to develop specific delivery systems of biologically active molecules for bone
metastases, osteosarcoma, and other bone diseases [14], enabling theranostic applications.
In addition, by functionalizing the hydroxyapatite surface with some specific molecules,
more accurate delivery to bone tissues is possible [15-18].

The use of metal ions can be an appropriate alternative for improving HAp because
they have high stability and broad antibacterial spectra [19,20]. Magnesium represents
a very innovative option for the development of antibacterial bone grafts, as it shows
powerful antibacterial activity in certain doses and is highly biocompatible [21-23]. The
introduction of magnesium into the synthesis reduced bacterial development and biofilm
formation in hydroxyapatite-based bone substitutes [13,14]. Moreover, the materials in
their composition, magnesium ions, are beneficial for bone regeneration mechanisms,
as this compound hastens the healing of bone defects by improving the differentiation
and proliferation of osteoblasts [24]. Due to its mechanical and osteopromoting qualities,
magnesium (Mg)-based biomaterials have been employed as orthopedic implants for a
very long time [25-27]. Additionally, their benefits over comparable standard products
have been thoroughly studied, with Mg-based alloys, bioceramics [28], bioglass [29], and
polymer composites [30], all demonstrating unique superiority in hastening bone forma-
tion and fracture healing [31]. Mg-based bioceramics may provide various advantages
as biodegradable bone graft alternatives since they can progressively break down and be
replaced by fresh bone [32]. Magnesium incorporation for Mg-based polymeric materials
not only overcomes acid degradation products but also enhances osteopromoting activ-
ity [33]. According to earlier research, magnesium ions (Mg2+) have an impact on the
pace at which calcium phosphate crystallizes off the surface of bones and the subsequent
development of hydroxyapatite [34-36]. Additionally, the usage of degradable magnesium
metals and alloys produces osteogenic differentiation and osteoblast development, which is
induced by Mg?* and promotes bone regeneration [37]. On the other hand, Mg?* shortage
(about 0.04-10%) inhibits bone formation by reducing osteoblasts and bone volume and
increasing osteoclastic bone resorption as a result of increased proinflammatory cytokine
release [38,39].

Cerium, a different metal ion with antibacterial properties, can reduce cytokine levels,
decrease inflammation, and give cellular protection in vitro and in vivo, which implies that
it may have anti-inflammatory effects on designed tissues. Among the various calcium
cationic substitution ions in the hydroxyapatite structure, the Ce ion substitution has
been actively investigated [40,41], with HAp-Ce(Ill) being reported to exhibit silver-like
bacteriostatic properties [42—44]. Recently, cerium has also been found to have multi-
enzymatic properties that make it attractive for biological applications. The biological
effects of cerium oxide have been studied, and it has been demonstrated that by directly
altering the levels of oxygen in intracellular settings, it is capable of inducing angiogenesis.
But it can induce local inflammatory reactions when using a high concentration (over
3.5% CeOy) [45,46]. Since the electronegativity and radius of Ce?* are 1.06 and 0.107 nm,
respectively, close to those of Ca®* ion (1.01 and 0.100 nm), it can displace Ca** and
penetrate the HAp network to form Ce®" substituted HAp (Ce-HAp), that may result in
increased solubility, which may, enhance the antibacterial effect and biodegradability [47].
Compared to other metal ions, Ce>* ions have shown great results as antibacterial agents
used in medicine for a long time due to their wide range of antibacterial activity (Escherichia
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coli, Salmonella typhimurium, Bacillus subtilis, and Enterococcus faecalis) [48]. Cerium-based
biomaterials represent a new element in research due to the low level of Ce®" ions that
do not harm human cells, as well as due to a long-lasting biocide and excellent thermal
stability [49].

To increase and improve the range of possible uses for functional nanomaterials, it is
crucial to create quick, easy, and environmentally friendly synthetic methodologies [50]. In
the present work, hydroxyapatite substituted with cerium and magnesium was obtained
through an unconventional, microwave-assisted hydrothermal method. This route has
been recently considered a novel, promising, and effective way to obtain monodisperse,
fine nanoparticles while easily controlling the synthesis parameters (e.g., initial pressure in
the autoclave, the maximum temperature, and heating rate, time). In comparison with the
traditional hydrothermal method, the microwave-assisted improved version has several
advantages, with great impact on the final material’s properties: (i) homogenous heating
in the entire volume of the reaction mixture, without temperature gradients leading to
non-homogeneity in particle size and morphology; (ii) rapid heating, due to the microwave
irradiation of the polar molecules normally used in the chemical reactions (water, alcohol);
(iii) reduced reaction time and energy consumption. As a result, the obtained HA powders
have reduced particle size, increased purity, and a narrower size distribution compared
with other methods [51,52].

2. Materials and Methods
2.1. Reagents and Chemicals

The chemicals used to accomplish the experiments are as follows: (NH4),HPO4 (98%)
from Sigma-Aldrich, Ca(NOg3),*4H,0 (99%), NH,OH (25% solution), Ce(NO3)3*6H,0
(99%), Mg(NO3)2*6Hp0 (99%) from Fluka—Honeywell Research Chemicals, and ultrapure
water.

2.2. Pristine Hydroxyapatite Synthesis

The synthesis of hydroxyapatite was carried out by co-precipitation followed by
hydrothermal maturation in a microwave field using the synthWAVE equipment (Milestone
Srl, Sorisole, Bergamo, Italy). The operating principle of the equipment is as follows: the
reagents are poured into the vials on a rotating support, which will be closed tightly using
Teflon caps. The second step is the automatic lowering of the mechanical stirrer. The vials
are positioned in a liquid capable of absorbing microwaves (usually water), thus allowing
the transfer of energy and heat to the samples. The chamber containing the samples is
automatically clamped and pressurized using nitrogen to prevent the boiling of the solvents.
At the end of the reaction, an integrated cooling device rapidly lowers the temperature in
the chamber where the vials are located. The benefits of the method are the ease of the
method and the short synthesis time, the reproduction of the conditions developed in the
small-scale reactions, and the modification of the parameters easily.

Calcium nitrate tetrahydrate and diammonium phosphate acid powders, correspond-
ing to a Ca/P ratio of 1.67 (specific to HAp), were solubilized in distilled water under
magnetic stirring. The phosphate precursor was added dropwise over the Ca(NO3),*4H;0,
maintaining magnetic stirring. Since the conditions for obtaining hydroxyapatite involve
an alkaline medium, the pH of the reaction mixture was monitored and adapted to the
range of 10-10.5 by dropping ammonium hydroxide solution 25 wt.%. After reaching this
value, the mixture was poured into the containers of microwave-assisted equipment and
subjected to hydrothermal maturation. To study the effect of this treatment on the obtained
materials, the temperature was varied as a reaction parameter. Thus, a previously obtained
mixture was subjected to treatment at 150 °C, respectively another at 250 °C, at an initial
pressure of 2 bars for 30 min in both cases.

After this step, the hydroxyapatite was separated by filtration and washed with
distilled water until a neutral pH was fulfilled. Finally, the resulting precipitates were dried
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in an oven at 60 °C for 24 h, and the resulting materials were further referenced according to
the varied synthesis parameter (temperature), as follows: HAp_150, respectively HAp_250.

2.3. Substituted Hydroxyapatite Synthesis

In the case of the synthesis of hydroxyapatite substituted with cerium (Ce3*) or mag-
nesium (Mg?*) ions, the process is similar to the one mentioned above for obtaining HAp.
The new factor involved in this process is represented by the addition of the substituents
precursors—Ce(NO3)3*6H, O or Mg(NO3),*6H;0, corresponding to different CaZ* substitu-
tion molar ratio (1, 3, and 5%) in the initial mixture of reaction, along with Ca(NO3),*4H,0.

Each time, two solutions were prepared, the first resulting from the mixture of
Ca(NO3),*4H,0 with 200 mL of distilled water and the stoichiometric amount of Ce/Mg
precursor, and the second solution from the mixture of diammonium acid phosphate
(NH4),HPO,4 with 200 mL of distilled water. The next step consisted in dropping the
second solution over the first solution under magnetic stirring, and the mixture thus ob-
tained was subjected to hydrothermal maturation in the microwave field. In this case, the
temperature of 150 °C was chosen based on the characterization results of pristine HAp
(although HAp_150 presented a considerably reduced crystallinity, the average crystallite
size proved to be lower, an advantage in the case of bone regeneration materials).

The obtained precipitate was filtered, washed with distilled water to reduce the pH
of 10 to a physiological one of 7-7.5, and then was left to dry in an oven at 60 °C for 24 h.
The resulting materials are further referenced according to the varied synthesis parameters
(substituent and concentration), as follows: HAp_Ce_1%, HAp_Ce_3%, HAp_Ce_5%,
HAp_Mg 1%, HAp_Mg_ 3%, HAp_Mg_5%.

2.4. Morphological and Structural Characterization
2.4.1. X-ray Diffraction

In order to determine the individual crystalline phases that made up the produced
powders, the X-ray diffraction technique was used for analysis. In order to complete
this, a PANalytical Empyrean diffractometer from Malvern PANalytical in Bruno, The
Netherlands, was employed. It was outfitted with a hybrid monochromator (2xGe 220)
on the incident side and a parallel plate collimator set on a PIXcel 3D detector on the
diffracted side. At room temperature, with an incidence angle of 0.5° for Bragg angle
values of 2 between 10° and 80°, an acquisition period of 255 s, a step of 0.01414°, and
Cu K radiation with an angle of incidence of 1.5406° (40 mA and 45 kV), X-ray diffraction
measurements analysis were accomplished. In order to ascertain the average crystallite size,
unit cell parameters, and crystallinity of the examined powders, the diffractograms were
further submitted to Rietveld refinement using the HighScore Plus program (version 3.0e,
PANalytical B.V. Almelo, The Netherlands). The diffractogram fits were deemed acceptable
if the goodness of fit was lower than 4.

2.4.2. Dynamic Light Scattering (DLS) and Zeta Potential

Each series of hydroxyapatite nanoparticles synthesized using different parameters of
microwave-assisted hydrothermal treatment and/or substituted with cerium and magne-
sium ions at different concentrations was characterized by dynamic light scattering (DLS)
technique and zeta potential in order to establish the hydrodynamic diameter and surface
charges. The measurements were made using the DelsaMax Pro light scattering analyzer
(Backman Coulter, Brea, CA, USA), having as a component a laser with a wavelength of
532 nm. The powders were distributed in ultrapure water at a concentration of 0.33 mg/mL
at room temperature. To achieve a homogeneous dispersion, all samples were subjected to
ultrasound for 10 min using an ultrasound bath.

2.4.3. Scanning Electron Microscopy (SEM)

The QUANTA INSPECT F50 scanning electron microscope (Thermo Fisher, Eindhoven,
The Netherlands) was used for the scanning electron microscopy (SEM). It is equipped
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with an energy-dispersive X-ray spectrometer (EDS) with a resolution at MnK of 133 eV
and a field emission electron gun (FEG) with a resolution of 1.2 nm. The powdery samples
were set on slide supports with the use of carbon tape in order to analyze the shape and
size; they were then placed into the microscope analysis chamber, where the images were
captured by recording the ensuing secondary electrons.

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

Thermo Nicolet’s Nicolet 6700 (Thermo Fisher Scientific, Waltham, MA, USA) FT-IR
spectrometer’s ZnSe crystal was used to evaluate a small sample of powder in order to
look into the functional groups that are typical of the produced nanoparticles. The analysis
was completed at room temperature using 32 scans of the material at a resolution of 4 cm ™!
between 4000 and 1000 cm~!. 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).

2.5. In Vitro Interactions with Osteoblast Cells

In full Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal bovine
serum, mouse osteoblasts MC3T3-E1 were cultured at 37 °C in a humidified environment
with 5% CO,. At a cell density of 5 x 104 cells per cm?, the cells were planted in 96-well
plates and allowed to adhere for the night. These were then sterilized under UV irradiation
and incubated with 25, 100, and 250 g/mL HAap samples over the following 24 or 72 h.
All in vitro tests were conducted using untreated cells as a control.

2.5.1. Cell Viability Assay

The cellular proliferation was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; Sigma-Aldrich, Saint Louis, MO, USA) assay based
on the succinate dehydrogenase mitochondrial activity in the viable cells. After 24 and 72
h of incubation, the culture medium was removed, and the cells were incubated with 1
mg/mL MTT for 2 h in the incubator at 37 °C. The purple formazan crystals formed in the
viable cells were dissolved with 2-propanol (Sigma-Aldrich, Saint Louis, MO, USA), and
the absorbance was measured at 595 nm using FlexStation 3 multi-mode microplate reader
from Molecular Devices (San Jose, CA, USA).

2.5.2. Griess Assay

Nitric oxide (NO) content in the culture medium that had been previously collected
after 24 and 72 h of incubation was measured using the Griess reagent, a stoichiometric
solution (v/v) of 0.1% naphthyl ethylenediamine dihydrochloride and 1% sulphanilamide
in 5% H3PO4. Enhanced NO levels are associated with cytotoxic effects because they
are directly linked to inflammatory and apoptotic processes. The FlexStation 3 multi-
mode microplate reader was used to quantify the absorbance of the solutions as they were
acquired at 550 nm. The NaNO, standard curve was used to compute the NO concentration.

2.5.3. Fluorescence Microscopy

Following each incubation period, the osteoblasts were permeabilized for an hour
using 0.1% Triton X-100/2% bovine serum albumin (BSA) and fixed with 4% paraformalde-
hyde for 20 min. The nuclei were counterstained with 2 g/mL DAPI (4',6-diamino-2-
phenylindole) after the actin filaments had been stained with 10 g/mL phalloidin-FITC
(fluorescein isothiocyanate). The Olympus IX71 inverted fluorescent microscope (Olympus,
Tokyo, Japan) was used to study the cells.

2.6. Microbiological Evaluation

The ATCC strains used for this study are Staphylococcus aureus, Enterococcus faecalis
(Gram-positive), Escherichia coli, and Pseudomonas aeruginosa) (Gram-negative), and yeast
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(Candida albicans) were obtained from the strain collection of the Microbiology laboratory,
Faculty of Biology, University of Bucharest.

2.6.1. MIC (Minimum Inhibitory Concentration) Method

A quantitative approach based on serial binary microdilutions in a liquid medium
(simple broth), uniformly distributed in 96-well plates, was utilized to calculate the MIC.
An amount of the bioactive chemical or nanosystem equal to a concentration of 5 mg/mL
was applied to the first well of each row. A micropipette was then used to make 10 binary
dilutions, starting with well 1 (concentration of 5 mg/mL) and ending with well 10 (where
the ultimate concentration will be 0.009765625 mg/L). Wells 11 and 12 were then used as
positive control (medium containing bacteria) and negative control (medium devoid of
bacteria), respectively. A total of 15 L of 0.5 McFarland density microbial suspension were
then added to each well following the microdilutions. The seeded plates were incubated
for 24 h at 37° Celsius, and following incubation, the MIC value for each compound or
nanosystem was determined macroscopically as the point at which microbial growth or the
emergence of turbidity in the environment was no longer visible [53].

2.6.2. Development of Monospecific Biofilms

A quantitative approach based on the execution of binary serial microdilutions in a
liquid medium (simple broth) dispersed sterile in 96-well plates was used to determine
the impact of the acquired biomaterials on the development of biofilms. An amount of the
bioactive chemical or nanosystem equal to a concentration of 5 mg/mL was applied to the
first well of each row. Later, 12 binary dilutions were performed using a micropipette, com-
mencing with well 1 (concentration 5 mg/mL) and ending with well 10 (final concentration
0.009765625 mg/mL). A total of 15 L of 0.5 McFarland density microbial suspension were
then added to each well following the microdilutions. The seeded plates were incubated
for 24 h at 37 degrees Celsius. Following incubation, the biofilms were thoroughly washed
three times with sterile physiological water (AFS) and fixed for 5 min with cold methanol.

The dry plates were dyed with 1% crystal violet solution for 20 min after the methanol
had been removed. With a 100x magnification, an inverted microscope was used to
examine the dyed biofilms. Instead, after staining, the excess dye was removed with tap
water, and the dye present in the cells of the biofilm that had grown on the well’s walls was
then soluble in a solution of 33% acetic acid. In order to understand the data based on the
spectrophotometric reading of the colored suspension’s absorbance at 490 nm, suspensions
were prepared in this manner.

3. Results
3.1. X-ray Diffraction

Figure 1a shows the X-ray diffractograms for the hydroxyapatite powders synthesized
using different microwave-assisted hydrothermal treatment parameters. As can be seen,
the only crystalline phase identified is hydroxyapatite in the hexagonal crystallization
system P63/m, according to ICSD file 01-073-8419. However, increasing the temperature
leads to an increase in the crystallinity of the samples, shown by the high intensity of the
corresponding diffraction peaks. Figure 1b shows the X-ray diffractograms for cerium
ion-substituted hydroxyapatite powders at 1, 3, and 5% concentrations. As can be seen,
boosting the concentration of the substituent leads to a decrease in the intensity of the
diffraction peaks and, implicitly, in the crystallinity of the sample. However, the only
crystalline phase identified is hydroxyapatite, which confirms the success of the substitution
reaction by the absence of the formation of other phases, such as cerium oxide or cerium
phosphate. In the case of substitution with magnesium ions at concentrations of 1, 3, and
5%, the diffractograms show different behavior compared to the case of substitution with
cerium (Figure 1c, Table 1). On the one hand, 1 and 3% concentrations do not produce
considerable differences in the powders’ crystallinity but reduce the crystallite’s average
size. However, in the case of the 5% substituted hydroxyapatite sample, the appearance
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of new diffraction maxima attributed to the magnesium whitlockite crystalline phase, a
mixed calcium and magnesium phosphate with the chemical formula CagMg(HPO4)(PO4)e
(ICSD 04-008)-8604). In this case, the average crystallite size attributed to hydroxyapatite
decreases insignificantly; the expansion in the degree of crystallinity is associated with the
large crystallite size related to whitlockite. Despite the development of a new phase, the
applicability of magnesium ion-substituted hydroxyapatite powder at a concentration of
5% in the medical field is justified by the abundance of this phase in natural bone [54,55].
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Figure 1. X-ray diffractogram for hydroxyapatite powders synthesized at different parameters
of microwave-assisted hydrothermal treatment (a) and hydroxyapatite powders substituted with
cerium (b) and magnesium (c) ions at concentrations of 1, 3, and 5% (*—HAp, e—Whitlockite).

The results obtained from Rietveld refinement (Table 1) confirm the increase in crys-
tallinity of the sample with increasing temperature. Moreover, the high crystallinity of
the sample treated at the temperature of 250 °C is due to the increase in crystallite size,
a natural process encountered in this type of synthesis. Specifically, with the increase in
pressure, temperature, or reaction time, the size of the crystallites and, implicitly, of the
nanoparticles increases proportionally. The results of the Rietveld refinement confirm the
previous observations, namely the reduction of the crystallinity of the powders concomitant
with the decrease of the crystallite size, are presented in Table 1.
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Table 1. Unit cell parameters, average crystallite size, and crystallinity of hydroxyapatite powders
substituted with cerium and magnesium ions at concentrations of 1, 3, and 5% according to Rietveld

refinement.
Unit Cell Parameters Average s
Sample . . - Crystallite Size Crystallinity
a[A] b [A] clAl] «[°] Bl y[°] [nm] [%]
HAp_150 9.431 9.431 6.880 90 90 120 18.65 27.45
HAp_250 9.425 9.425 6.880 90 90 120 46.13 40.49
HAp_Ce_1% 9.444 9.444 6.877 90 90 120 16.15 22.99
HAp_Ce_3% 9.449 9.449 6.873 90 90 120 12.16 21.13
HAp_Ce_5% 9.455 9.455 6.865 90 90 120 10.42 18.31
HAp_Mg_1% 9.446 9.446 6.878 90 90 120 12.81 25.50
HAp_Mg_3% 9.446 9.446 6.876 90 90 120 12.79 26.54
HAp_Mg_5%

* 513?50 9.450 9.450 6.878 90 90 120 12.23
Whitlockit 3099

° 49.9% 10.419 10.419 37.292 90 90 120 49.54

3.2. Dynamic Light Scattering (DLS) and Zeta Potential

Figure 2 shows the hydrodynamic diameter values of hydroxyapatite nanoparticles
treated at two distinct temperatures (150 °C and 250 °C). In this context, the hydrodynamic
diameter is lower for the sample treated at 250 °C, which may be due to larger particle size
and, consequently, a reduced surface reactivity that would lead to particle agglomeration.
The results are confirmed by the zeta potential values (Figure 2), where more negative
values are recorded for this sample, so increased stability prevents particle aggregation.
Additionally, the results follow the hypothesis behind the hydrothermal treatment of the
nanoparticles, as higher temperatures are expected to generate particle growth. However,
the differences between the two samples in terms of stability are not significant.

2500

2000

1500

1000

Hydrodynamic diameter [nm]

wn

=3

=)
Il

HAp_150

Zeta potential [mV)]

-10 : ' .
HAp_250 HAp_150 HAp_250

Figure 2. Hydrodynamic diameter and zeta potential values for hydroxyapatite treated at 150 and
250 °C.

Figure 3 shows the hydrodynamic diameter values of hydroxyapatite nanoparticles
substituted with cerium and magnesium ions at concentrations of 1, 3, and 5%. Thus, the
high degree of agglomeration can be observed in the case of all the samples, a fact also
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confirmed by the low values of the zeta potential (Figure 3). Furthermore, in both types
of substitutions, increasing concentrations lead to the increase of the zeta potential values,
i.e., from negative values to positive values. However, the substitution with cerium ions at
the concentration of 1% seems to increase the stability of the hydroxyapatite nanoparticles,
also shown by the hydrodynamic diameter values. Further increasing the substitution
concentration leads to a decrease in nanoparticle stability, as the zeta potential values
are close to 0 mV with no significant differences between the 3% and 5% concentrations,
and in nanoparticle size, as compared to the HAp_150 sample. However, the presence
of whitlockite at the level of the hydroxyapatite sample substituted with 5% magnesium
leads to a considerable decrease in the hydrodynamic diameter compared to the samples
substituted with 1 and 3%, which also denotes a growth in particle size, therefore a decrease
in surface reactivity, with the formation of this phase. This could be explained by the defects
occurring in the unit cell of hydroxyapatite due to the introduction of magnesium ions.
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Figure 3. Hydrodynamic diameter and zeta potential values for hydroxyapatite treated at 150 °C and
substituted with cerium and magnesium ions at concentrations of 1, 3, and 5%.

3.3. Scanning Electron Microscopy (SEM)

Figure 4A shows the SEM micrographs obtained for the unsubstituted HAp powder
obtained at 150 °C and the dimensional distribution of the particles (Figure 5A,B). In this
case, the micrographs obtained show the rod-like morphology characteristic of hydrox-
yapatite, similar to the physiological one found in the structure of hard tissue. From a
dimensional point of view, this falls into the field of nanomaterials, the rods having a
diameter between 15 and 45 nm, the average size being 28.23 nm. The morphology of the
hydroxyapatite powder is preserved with the increase of the heat treatment temperature;
thus, in Figure 4B, better-contoured rods can be observed than in the previous case, with
slightly increased dimensions for the HAp_250 sample. Thus, an increase in the average
diameter to 37.29 nm (Figure 5D) is observed for the hydroxyapatite treated at 250 °C,
with the increase in temperature. Regarding the length distribution, in this case, values
between 80 and 320 nm can be observed, with an average size of 190 nm (Figure 5C). This
dimensional increase is in good correlation with the X-ray diffraction results regarding the
crystallite size.
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Figure 4. SEM micrographs recorded for HAp_150 (A), HAp_250 (B), HAp_Ce_1% (C),
HAp_Ce_3% (D), HAp_Ce_5% (E), HAp_Mg_1% (F), HAp_Mg_3% (G), HAp_Mg_5% (H).

Following the morphological evaluation, it is observed that the cerium substitution
does not substantially change the appearance of the hydroxyapatite. Thus, all three concen-
trations (1%, 3%, 5%) maintain the rod-like structure with nanometric dimensions found
in the case of unsubstituted powders. In this sense, their large specific surface area may
conduct the formation of agglomerates that can be observed, especially in the case of the
three samples of hydroxyapatite substituted with cerium (Figure 4C-E). Analyzing the
histograms made for the three cerium-doped hydroxyapatite samples (Figure 5E-]), it
can be seen that the diameter of the rods is between 10 and 80 nm and increases with
increasing cerium concentration. Considering the distribution by length, a dimensional
inhomogeneity can be observed, with values between 50 and 450 nm.
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Figure 5. Dimensional distribution for HAp_150, HAp_250, HAp_Ce_1%, HAp_Ce_3%,
HAp_Ce_5%, HAp_Mg_1%, HAp_Mg_3%, HAp_Mg_5% by length (A,CE,G,1 K,M,0) and by diam-
eter (B,D,F,HJ,LN,P).

The magnesium-substituted hydroxyapatite samples were also subjected to SEM
analysis, the results being shown in Figure 4F-H. The three magnesium concentrations (1%,
3%, 5%) influence the hydroxyapatite morphology compared to the cerium-substituted
samples. In the case of the HAp_Mg 1% sample, the rod-type architecture is preserved,
but with the increase in magnesium concentration, small irregular platelets begin to appear
(average diameter of 114.07 nm and average thickness of 24.54 nm), interconnected with
the characteristic rods of hydroxyapatite. The sample with the highest concentration of
magnesium (5%) shows the highest proportion of such platelets and a very low presence
of rods.

Also, all three samples present dimensional characteristics within the nanometric
range, with a high tendency to agglomerate. It can be seen for the samples with magnesium
concentrations of 1% and 3% that both the diameter and the length increased with increasing
concentration.

Analyzing the hydroxyapatite powder with the highest proportion of cerium, the pres-
ence of the substituent element is observed, uniformly distributed alongside the element’s
characteristic of hydroxyapatite (Figure 6).
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Figure 6. Elemental mapping recorded for HAp_Ce_5%.

A similar behavior is also observed analyzing the hydroxyapatite powder with the
highest proportion of magnesium, where the presence of the substituent element uniformly
distributed alongside the elements characteristic of hydroxyapatite is observed (Figure 7).

Figure 7. Elemental mapping recorded for HAp_Mg_5%.

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

The FT-IR spectra of HAp_Ce (1%, 3%, 5%) and HAp_150 powders show bands
corresponding to the vibrational modes of the different functional groups that were found
in the sample. Thus, the cerium-substituted hydroxyapatite samples are similar in terms of
molecular structure to the plain hydroxyapatite sample. However, a difference is observed
by the presence of the O-H group at the wave number of about 3380 cm~! found in the
cerium samples, attributed to water molecules adsorbed on the surface. The vibrational
band at wave number 1022 cm ™! is characteristic of the PO,3~ group, characteristic of
hydroxyapatite. Also, in the case of samples substituted with cerium, the debut of the band
at approximately 1638 cm ™! confirms the carbonation of the samples, being attributed
to the CO32~ group, a process that occurs when the powders come into contact with the
atmosphere (Figure 8a).

Also, the FI-IR results obtained for the HAp_150, and HAp_Mg (1%, 3%, 5%) samples,
show the similarity between the spectra for magnesium-substituted hydroxyapatite and
simple hydroxyapatite can be observed. Its carbonated nature is also observed compared
to the other samples. At the wave number from approximately 1022 cm ™!, the imprint of
hydroxyapatite is observed through the PO4% group (Figure 8b).
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Figure 8. FI-IR spectra recorded for HAp_150, HAp_Ce_1%, HAp_Ce_3%, HAp_Ce_5% (a) and
Hap_150, HAp_Mg_1%, HAp_Mg_3%, HAp_Mg_ 5% (b).

3.5. Biological Evaluation of HAp Samples

MC3T3-E1 osteoblast cells were used to analyze the biological behavior of hydrox-
yapatite samples with cerium and magnesium ions by both quantitative (MTT viability
and NO cytotoxicity assays) and qualitative (fluorescence microscopy) evaluation. The
metabolic activity of osteoblasts incubated with HAp samples was evaluated and was
comparable with the levels obtained for control as revealed by MTT assay (Figure 9a,b),
proving that all types of tested samples can represent biocompatible substrates for normal
osteoblastic cell proliferation. Also, no statistically significant changes were observed
compared to the control for both time intervals (24 h and 72 h), confirming the absence of
cytotoxicity of HAp-based suspensions after three days of incubation. Furthermore, the
levels of NO release after the HAp exposure were not significantly different compared to
the control (Figure 9¢,d), confirming the good biocompatibility in the presence of these
samples. However, a slight increase of 15% above the control level was noticed in the case of
HAp_150 after 72 h. This change could be explained by its higher crystallite size (46.13 nm)
compared to the other samples, which have a size lower than 20 nm. This characteristic
could influence the release of different intracellular molecules, including the NO, to the
culture medium, by affecting cell permeability.

Fluorescence microscopy experiments, which allowed the cytoskeleton and nuclei
visualization, have offered additional details on the biological effects of HAp-based sam-
ples. The fluorescent micrographs in Figures 10-12 demonstrate that MC3T3 cells had
uniform spreading and good adherence after being cultured for 24 and 72 h with the
investigated substances. The cells also had a typical osteoblast-like phenotype and normal
cell shape. (flattened structure, multiple cytoskeleton extensions, elongated actin filaments,
and prominent central nuclei).



J. Funct. Biomater. 2023, 14, 378 14 of 29
 Control B HAp_150 HAp_250 24 hours = Control = HAp_150 HAp_250 72 hours
mHAp_Ca_1% mHAp_Ca_3% HAp_Ca_5% B HAp_Ca_1% ®HAp_Ca_3% HAp_Ca_5%

Nitric oxide release (% of control)

mHAp_Mg_1% mHAp_Mg_3% m HAp_Mg_ 5%

120

B HAp_Ca_1% mHAp_Ca_3% HAp_Ca_5%
EHAp_Mg_1% mHAp_Mg_3% mHAp_Mg 5%

125

0 ‘

25 pg/mL 100 pg/mL 250 pg/mL

(©)

g

~
v

5
=}

N
«

Nitric oxide release (% of control)

mHAp_Mg_1% mHAp_Mg_3% mHAp_Mg_5%

120

3 3

£ 100 L I uE 1 I :[ 5 100 I I I I I I

e ]

=} 80 d 80

5 5

;}_‘\" 60 § 60

> >

E 40 £ a0

§ $

g o g o

25 pg/mL 100 pg/mL 250 pug/mL 25 pg/mL 100 pg/mL 250 pg/mL
(a) (b)
® Control B HAp_150 HAp_250 24 hours u Control ®HAp_150 HAp_250 72 hours

mHAp_Ca_1% mHAp_Ca_3% = HAp_Ca_5%
®mHAp_Mg_1% mHAp_Mg_3% mHAp_Mg_ 5%

125

*
* *
0 ‘

25 pg/mL 100 pg/mL 250 pg/mL

(d)

1

8

~
«n

v
=}

e}
vl

Figure 9. Viability level (a,b) and nitric oxide release (c,d) of MC3T3-E1 osteoblasts cultured in the
presence of different concentrations (25, 100, and 250 ug/mL) of HAp samples for 24 h and 72 h.
Results are calculated as means + SD (n = 3) and represented relative to control (cells that were
not incubated with HAp samples); the statistical analysis: two-tailed Student’s test * p < 0.05 were
considered as statistically significant.
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Figure 10. Fluorescence micrographs of MC3T3-E1 osteoblasts cultured for 24 h and 72 h in the
presence of different concentrations (25 and 100 pg/mL) of HAp_150 and HAp_250 samples. The
actin cytoskeleton is stained with phalloidin-FITC (green) and nuclei with DAPI (blue). All images
were captured with a 10x objective.
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Figure 11. Fluorescence micrographs of MC3T3-E1 osteoblasts cultured for 24 h and 72 h in the
presence of different concentrations (25 and 100 pg/mL) of HAp_Ce_1%, HAp_Ce_3%, HAp_Ce_5%
samples. The actin cytoskeleton is stained with phalloidin-FITC (green) and nuclei with DAPI (blue).
All images were captured with a 10x objective.
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Figure 12. Fluorescence micrographs of MC3T3-E1 osteoblasts cultured for 24 h and 72 h in the pres-
ence of different concentrations (25 and 100 nug/mL) of HAp_Mg_ 1%, HAp_Mg_3%, HAp_Mg 5%
samples. The Actin cytoskeleton is stained with phalloidin-FITC (green) and nuclei with DAPI (blue).

All images were captured with a 10x objective.
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3.6. Microbiological Evaluation
3.6.1. MIC (Minimum Inhibitory Concentration) Method

The minimum inhibitory concentration was evaluated after 24h. The concentration
where the MIC was observed is presented in Figure 13. As observed, the MIC values range
from 0.1-2.5 mg/mL for bacteria strains and 5 mg/mL for C. albicans.

Minimum inhibitory concentration
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Figure 13. Minimum Inhibitory Concentration for hydroxyapatite samples. Results are calculated
as means £ SD (n = 3); the statistical analysis: two-tailed Student’s test * p < 0.05, ** p < 0.01,
*** p < 0.001 were considered as statistically significant (for each strain).

3.6.2. Development of Monospecific Biofilms

After 24 h, the developed monospecific biofilms were evaluated by optic microscopy
(Figure 14); it was observed that the hydroxyapatite substituted with cerium inhibited
bacteria better than samples unsubstituted and hydroxyapatite substituted with magne-
sium. Figure 14 below reveals that the biofilms develop differently in the presence of HAp
powders, depending on their concentrations; usually, concentrations above 2.5 mg/mL
reveal a significant inhibition, as shown in the microscopy images.

OD 492nm (Abs) results confirmed that hydroxyapatite samples could interfere with
E. faecalis, E. coli., S. aureus, P. aeruginosa, and C. albicans biofilm formation. (Figure 15a—). The
hydroxyapatite substituted with cerium showed improved bacteria inhibition, as compared
with hydroxyapatite substituted with magnesium. For the Gram-negative bacteria such as
E. coli and P. aeruginosa, the samples showed a limited effect (Figure 15d,e).
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Figure 14. Optical microscopy for hydroxyapatite samples for E. faecalis, E. coli, C. albicans.
A-HAp_150, B-HAp_250, C-HAp_Mg_1%, D-HAp_Mg_3%, E-HAp_Mg_5%, F-HAp_Ce_1%, G-
HAp_Ce_3%, H-HAp_Ce_5%, C1-Concentration 1 (5 mg/mL), C2-Concentration 2 (2.5 mg/mL),
C3-Concentration 3 (0.62 mg/mL), C4-Concentration 4 (0.15 mg/mL).
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Figure 15. Development of monospecific biofilm of (a) S. aureus, (b) E. faecalis, (c) C. albicans, (d) E. coli,
(e) Ps. aeruginosa.

4. Discussion
4.1. X-ray Diffraction

HAp-based biomaterials can be easily designed using the microwave-assisted hy-
drothermal process since modifying different nanoparticle features, such as dimension, is
simple. Additionally, this adaptable method can increase the bioactivity and biofunctional-
ity of HAp by substituting it with different inorganic ions [56]. Figure 1 depicts the phases
of pure hydroxyapatite (HAp), Ce(Ill)-substituted hydroxyapatite, and Mg-substituted
hydroxyapatite formed by microwave-assisted hydrothermal, respectively. The calcium
phosphate in Figure 1’s XRD image can be seen as a single phase with all relevant diffrac-
tion peaks. For cerium-substituted samples, a recent study showed that compared to pure
hydroxyapatite, all Ce(IlI)-substituted hydroxyapatite samples may exhibit a drop in X-ray
peak intensities with increasing ion doping concentration levels [57]. In our situation,
a similar decrease in diffraction peak strength was seen when the cerium concentration
increased. However, the sole crystalline phase found is hydroxyapatite, indicating that the
substitution reaction was successful because no additional phases, such as cerium oxide
or cerium phosphate, were formed. In the case of substitution with magnesium ions at
concentrations of 1, 3, and 5%, the diffractograms show different behavior compared to
substituting with cerium (Figure 1c, Table 1). On the one hand, 1 and 3% concentrations
decrease the average size of the crystallites while making little to no effect on the powders’
crystallinity. The occurrence of new diffraction maxima in the 5% magnesium substituted
hydroxyapatite sample was attributed to the mixed calcium and magnesium phosphate
crystal phase known as magnesium whitlockite. Additionally, Table 1 shows that for both
cerium and magnesium, the crystallite size decreases as concentration increases. The main
difference appears for the sample with 5% magnesium; the crystallite size has been in-
creased due to the formation of whitlockite. Additionally, it can be seen that the crystallite
size increases due to the higher temperature for the HAp produced at 250 °C. Whitlockite,
or magnesium whitlockite, is a calcium orthophosphate crystal in which calcium and mag-
nesium are partially substituted under biological conditions. The difference is observed
in X-ray or electron diffraction patterns and occurs in extra- or intra-tissular places under
normal or pathological settings, primarily in tissues of non-epithelial origin [58,59]. By
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using X-ray diffraction, a recent study examined a variety of pathological calcifications and
found that whitlockite and apatite appeared to be present often [60].

4.2. Dynamic Light Scattering (DLS) and Zeta Potential

Through measurements of the hydrodynamic diameter and zeta potential, the stability
of pure HAp, Ce(IlI)-substituted hydroxyapatite, and Mg-substituted HAp was evaluated.
The Rayleigh scattering from suspended nanoparticles moving with Brownian motion is
the foundation of the dynamic light scattering (DLS) method. By shining a laser source on
the sample, we can observe the particle diffusion velocity and calculate the hydrodynamic
diameter of the nanoparticles [61].

From the DLS analysis, it was concluded that the hydrodynamic diameter is lower for
the sample synthesized at 250 °C temperature because of larger particle size and reduced
surface reactivity; the zeta potential also confirmed the increased stability for this sample.

For the samples of hydroxyapatite substituted with cerium and magnesium, it can
be observed a high degree of agglomeration, while also having a low zeta potential. The
most important difference is observed in the hydroxyapatite sample substituted with
5% magnesium which has a decrease in the hydrodynamic diameter, showing an increase
in particle size.

4.3. Scanning Electron Microscopy (SEM)

From the SEM micrographs in Figure 4, it can be seen that the HAp powder sample
has a rod-shaped form with width and length comparable to those of hard tissue (tens and
hundreds of nanometers, respectively). It can be shown that the nanoparticles, in the case
of HAp_250, have larger diameters, with the dimension expanding as the heat temperature
rises. The X-ray diffraction results regarding the crystallite size are well correlated with
this dimensional increase. Figure 5A,B depicts the dimensions distribution of the particles,
while Figure 4A displays the SEM micrographs for the unsubstituted HAp powder obtained
at 150 °C. The acquired micrographs, in this instance, exhibit the rod-like morphology that
characterizes hydroxyapatite and is comparable to the physiological one observed in the
composition of hard tissue. This is a type of nanomaterial from a dimensional perspective,
with rods that range in diameter from 15 to 45 nm and have an average size of 28.23 nm. Be-
cause the morphology of the hydroxyapatite powder is conserved while the heat treatment
temperature is raised, better-contoured rods with slightly larger diameters for the HAp_250
sample can be seen in Figure 4B. As a result, for the hydroxyapatite treated at 250 °C, an
increase in the temperature causes the average diameter to grow to 37.29 nm (Figure 5D).
In this instance, values between 80 and 320 nm with an average size of 190 nm can be seen
in the length distribution (Figure 5C). The results of the X-ray diffraction regarding the
crystallite size are well correlated with this dimensional increase. Following morphological
analysis, it is found that the cerium substitution has little effect on the hydroxyapatite’s
appearance. As a result, the rod-like structure with nanometric dimensions present in
the case of unsubstituted powders is maintained at all three concentrations (1%, 3%, and
5%). In this way, their huge specific surface area causes the development of observable
agglomerates. Similar findings were recently published in a study using hydroxyapatite
doped with Ce(Ill) and Ce(IV), where it was revealed that the dimension varies depend-
ing on the concentration [57,62]. The findings of the SEM examination performed on the
magnesium-substituted hydroxyapatite samples are depicted in Figure 4F-H). Compara-
tively to the cerium-substituted samples, the three magnesium concentrations (1%, 3%, and
5%) impacted the hydroxyapatite morphology. The rod-type architecture is still present in
the HAp_Mg 1% sample, but as the magnesium concentration rises, little irregular platelets
with an average diameter of 114.07 nm and an average thickness of 24.54 nm start to emerge
being interconnected with the characteristic rods of hydroxyapatite. The sample with the
highest magnesium content (5%) exhibits the largest percentage of these platelets and the
least number of rods. Whitlockite synthesis was explained by Macha et al. [63], and the
addition of magnesium to hydroxyapatite was observed to alter particle size in a study
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presented by Nigar et al., intriguingly, at a higher temperature (i.e., 350 °C) in this system,
a tubular morphology of HA and rhombohedral-shaped Mg-WH particles were seen [64].

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

When the hydroxyapatite powders with the largest amounts of cerium and magnesium
are analyzed, the substituent elements are present and consistently distributed with the
hydroxyapatite-specific elements.

Unsubstituted hydroxyapatite (HAp_150 and HAp_250) IR spectra exhibit absorption
maxima that are unique to hydroxyapatite, including stretching vibrations from structural
hydroxyl groups (~3530 cm '), v3 asymmetric stretching of the POZ* (~1110, ~1080, and
~1050 cm~!) and PO?L_ v1 stretching (~990 and ~880 cm ') [65,66]. The overlapping stretch
of OH (hydroxyl groups) bound in HAp may be the cause of the weaker peak at ~3500 cm 1.
The presence of the O-H group at about 3380 cm~! in the cerium samples is attributed to
water molecules adsorbed on the surface, distinguishing the hydroxyapatite substituted
with cerium. The emergence of the band at roughly 1638 cm~!, which is attributed to the
CO? group and indicates the carbonation of the samples in both the cerium-substituted
samples as well, is a process that takes place when the powders come into contact with
the atmosphere. The decrease in HAp crystallinity is related to the increase of Ce>* ion
concentration, which reduced band intensity [67]. The XRD study provided additional
support for these conclusions. In comparison to the other samples, its carbonated character
is also observed. The imprint of hydroxyapatite is visible through the POi_ group at a
wave number of about 1022 cm ™! [68]. In an investigation based on the investigation of
magnesium incorporated in hydroxyapatite, a peak at 3698 cm ! was found to match
the stretching mode of hydroxyl groups that manifests when associated with magnesium,
showing the existence of Mg?* in the apatite structure [69].

4.5. Biological Behavior Evaluation on Osteoblast Cells

Due to its osteoconductivity and osteoinductivity, hydroxyapatite (HA), which has
a composition and structure highly very much alike to those of natural bone minerals,
has been regarded as the best material to construct bone tissue engineering scaffolds [70].
According to research by Vieria et al. on the effects of hydroxyapatite-containing cerium
on fibroblast, none of the tested samples had viability levels consistent with a cytotoxic
effect [40]. A study using MG-63 osteoblast cell lines obtained from human osteosarcoma
provided similar results as well [71]. MC3T3 cells were used to perform the MTT assay
on the samples obtained in our study. The samples were evaluated at 24 and 72 h, and
it was found that at neither time point did they have any harmful effects on the cells
supporting the normal development and proliferation of osteoblastic cells, the metabolic
activity being comparable with control. Also, the samples did not produce NO release;
their level was kept close to the control values for all tested samples. In the instance of
the magnesium-substituted hydroxyapatite and cerium-substituted hydroxyapatite, the
metabolic activity of each HAp powder was compared with the control, and the MTT assay
(Figure 9a,b) demonstrated that all recommended samples are appropriate substrates for
normal osteoblastic cell growth and proliferation. MC3T3-E1 cells showed good adherence
and homogeneous spreading onto the substrate when treated with HAp-based coatings for
24 h. The cells also had a typical osteoblast-like phenotype and normal cell shape according
to fluorescence micrographs (Figures 10-12).

A recent study observed that, according to the hypothesized osteoprotective action of
Mg, certain proteins involved in osteogenesis were much more regulated in the presence
of Mg discs than in Ti-disc. Due to its propensity for biodegradation and outstanding
biocompatibility, magnesium is a promising metal for biodegradable implant applications.
Compared to Ti metal discs, the overall effect of decomposing Mg on osteoblast is noticeably
bigger and more complex [72-74]. In the case of cerium, recent research has shown that
hydroxyapatite substituted with cerium and Fe3O4 may become toxic due to Ce and Fe
release at higher concentrations [75]. In our study, the samples with all three cerium
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concentrations (1%, 3%, 5%) did not show any toxic effect on the cells. In a recent study
based on hydroxyapatite substituted with cerium, cellular viability was also maintained
for a concentration of 10% cerium [57].

4.6. Microbiological Evaluation

In order to create implants that are more resistant to bacterial colonization, advances
have been made in the field of implant surface engineering, with implant-associated
bone and joint infection (BJI) being a rare but devastating side effect of arthroplasty and
orthopedic trauma. The number of implant-associated infections is rising due to the
expanding number of implant devices, despite technical and medical efforts to prevent
such illnesses [76].

The development of antimicrobial protection against the adhesion and growth of
microbial biofilms was one of the anticipated uses of the created bioactive coatings. After
forming on the surface of a prosthetic device or implant, biofilms are exceedingly difficult,
if not impossible, to treat due to their strong resistance to antibiotics and host immunity;
the damaged implant is typically removed as a result [77]. As a result, it is still difficult for
materials science and many medical disciplines to prevent biofilm growth on the implant
surface.

The development of new materials with enhanced resistance to microbial colonization
or bioactive implant coatings capable of delivering an antimicrobial effect close to the im-
planted material by first encapsulating and then locally releasing conventional antibiotics
or other antimicrobial agents are two research directions that are currently being pur-
sued [78-81]. Along with their inherent bioactivity, HAp-based coatings have a remarkable
ability for immobilizing or encasing antimicrobial agents. Inorganic structures, including
bismuth, cerium, copper, magnesium ions, silver ions, and nanoparticles, and zinc ions and
nanoparticles have been found to have enhanced anti-pathogenic properties [82].

In the case of hydroxyapatite substituted with cerium, recently, it was reported in a
study that after a 24 h incubation period, the cerium substituted hydroxyapatite’s antibac-
terial activity against the pathogens E. coli 714 and S. aureus ATCC 6538 was investigated.
The antibacterial activity of pure hydroxyapatite (xCe = 0), which served as the standard,
is compared to the antimicrobial activity of cerium-substituted hydroxyapatite. A prior
study found that pure HAp had no bactericidal activity against E. coli 714 and S. aureus
ATCC 6538 [83]. According to the study results, E. coli 714 bacterial strain survival rates
decline as Ce concentrations in hydroxyapatite rise. When the amount of Ce in the hydrox-
yapatite increases, the S. aureus ATCC 6538 bacterial strain’s survival rate declines [84].
Recently, it has been proposed that E. faecalis’ capacity to develop biofilms plays a signifi-
cant role in the pathophysiology of enterococci infections [85]. E. faecalis forms a multilayer,
antibiotic-resistant biofilm by secreting a protective extracellular matrix that adheres to
both biotic and abiotic surfaces. This intrinsic antibiotic resistance represents an important
challenge to treating enterococci infections [86]. In accordance with a recent study based on
hydroxyapatite substituted with rare earth elements, both HAp and Nd-Ce/HAp exhibited
an inhibitory zone against all of the bacteria test species. The synthesized hydroxyapatite
without substitution and HAp with neodymium and cerium displayed antibacterial and
antifungal activities. Regarding S. aureus, S. mutans, and S. epidermidis, the inhibitory
zone was nearly within reach for both HAp and Nd-Ce/HAp. Nd-Ce/HAp has a larger
inhibition zone for E. coli than HAp, which showed a larger inhibition zone for fungi.
Commercial HAp did not affect Gram-positive or Gram-negative bacteria. Surprisingly, the
method used to synthesize hydroxyapatite has a significant influence on how effective it is
against bacteria. For example, HAp samples made using the microwave-assisted combus-
tion method demonstrated superior resistance to both Gram-positive and Gram-negative
bacteria [73].

The antibacterial qualities of magnesium have been connected to several mechanisms
that are related to those shown in the case of other metallic ions. According to the literature,
nanoparticles harm human organisms through indirect DNA damage, oxidative stress,
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and inflammation. Additionally, the generation of reactive oxygen species (ROS), which
may conduct oxidative DNA damage, protein denaturation, and lipid peroxidation, has
been linked to the toxicity of metal oxide nanoparticles. Reactive oxygen species (ROS)
generation has also been linked to the toxicity of magnesium oxide nanoparticles, as it
has been for other metal oxide nanoparticles. It has also been demonstrated that MgO
nanoparticles produce large quantities of magnesium ions; however, these ions do not
exhibit appreciable toxicity. The harmful effects of MgONPs have been studied by many
researchers utilizing fish as model organisms [86-90].

Studies on the effects of magnesium addition to hydroxyapatite highlighted that
MgHAp suspensions, compared to both the control and HAp suspensions, demonstrated
good antibacterial activities even after 24 h in the case of Gram-negative P. aeruginosa and
Gram-positive S. aureus bacterial strains. The results of the antimicrobial assays showed that
HAp suspensions tended to make it easier for all of the microbial cells under investigation to
form biofilms at all of the examined concentrations and time intervals. These findings show
that when magnesium is combined with hydroxyapatite, it gives the MgHAp solutions
their antibacterial properties. A recent study showed that P. aeruginosa’s ability to produce
biofilms was also decreased by the MgHAp solution at all concentrations tested, covering
from 5 to 0.009 mg/mL; however, for the S. aureus bacterial strain, the inhibition was first
noted at 2.5 mg/mL. In contrast, P. aeruginosa and S. aureus bacterial strains were more
likely to produce biofilms when exposed to the HAp solutions than when not exposed,
even after 24 h of incubation. For doses ranging from 5 to 1.25 mg/mL of the MgHAp
suspensions, a mild suppression of biofilm development was also seen after 24 h in the
instance of the fungus C. albicans. More than that, HAp suspensions had a stimulating
effect on the E. faecalis and E. coli biofilm development [89].

In a further study, the antibacterial effectiveness of the HAp/MgO spherical granules
was assessed in terms of planktonic development and early bacterial adherence against
three of the most significant bacteria reported in orthopedic illnesses. It was demonstrated
that HAp/MgO composites sintered at 900 and 1100 °C were able to significantly limit
bacterial growth for all strains tested in contrast to pure HAp spherical granules. The
outcomes are consistent with earlier research showing that MgO can inhibit Gram-positive
and Gram-negative bacteria [91,92] and that the antibacterial impact relies on MgO concen-
tration. Furthermore, it was clear that S. aureus growth was more positively impacted by the
HAp/MgO composite’s antibacterial action than E. coli growth was. This outcome is con-
sistent with other research that found MgO to have stronger antibacterial activity against
S. aureus than E. coli. Other research, however, demonstrates the reverse result [93]. Their
different cell walls, in terms of chemical composition, structure, and thickness, can be asso-
ciated with differences in antibacterial action toward S. aureus and E. coli. Gram-positive
S. aureus bacteria have thick peptidoglycan coatings on their cell walls. Gram-negative
bacteria, like E. coli, have more complex cell walls with a lipopolysaccharide outer mem-
brane and a weaker peptidoglycan layer, which may give them some resistance to outside
dangers [42,94].

In our study, hydroxyapatite samples” ability to interact with monospecific bacterial
biofilm formation was evaluated against E. faecalis, E. coli. S. aureus, Ps. aeruginosa and C.
albicans. For the samples with cerium, it can be observed that they exhibited an excellent
antibacterial effect for S. aureus for the concentration of 5 mg/mL, 2.5 mg/mL, 0.62 mg/mL,
and 0.15 mg/mL, the hydroxyapatite sample substituted with 5% cerium having the most
intense effect, the similar effect is also observed for E. faecalis and C. albicans. However,
in the case of E. coli, the hydroxyapatite samples substituted with cerium showed a less
antibacterial effect, with little modification that appeared for the sample with 5% cerium.
In the case of P. aeruginosa, the samples of hydroxyapatite substituted with cerium (1%, 3%,
5%) inhibited the biofilm formation for all concentrations.

In the case of samples of hydroxyapatite substituted with magnesium for S. aureus,
they inhibited the biofilm formation for the concentration of 5 mg/mL and 2.5 mg/mL for
1%, 3%, 5% magnesium concentration and for the 0.62 mg/mL and 0.15 mg/mL suspension
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only the sample with 5% magnesium showed an inhibitory effect. In the case of E. faecalis,
samples substituted with magnesium (1%, 3%, 5%) inhibited the antibacterial activity only
for 5 mg/mL and 2.5 mg/mL suspension. For C. albicans fungal strain, all three samples of
hydroxyapatite substituted with magnesium showed an inhibitory effect for the suspension
of 5 mg/mL, 2.5 mg/mL, and 0.62 mg/mL. In the case of E. coli, the only inhibition of
bacteria can be observed for the sample of hydroxyapatite substituted with magnesium
3% for the suspension of 5 mg/mL and 2.5 mg/mL. As for Ps. aeruginosa, the inhibitory
effect of bacteria was shown for the suspension of 5 mg/mL for the samples with 1%,
3%, and 5% magnesium concentration, 2.5 mg/mL for the sample with 1% magnesium
concentration and for the suspension of 0.62 mg/mL and 0.15 mg/mL all the three samples
(1%, 3%, 5% magnesium) shown bacteria inhibitory effect. It can be concluded that the
samples of hydroxyapatite substituted with magnesium have a better inhibitory effect for
Gram-positive bacteria and C. albicans fungal strain.

5. Conclusions

The present research pursued the synthesis through the microwave-assisted hydrother-
mal method and complex characterization of hydroxyapatite substituted with Ce*>* or Mg?*
powders. Following the analysis results, in all cases, hydroxyapatite was observed as the
only crystalline phase, except hydroxyapatite with 5% Mg, for which were also observed
the diffraction maxima attributed to the magnesium whitlockite crystalline phase. The size
of cerium-substituted hydroxyapatite nanoparticles increased with the Ce®* concentration,
while in the case of samples substituted with magnesium, a change in the morphology was
observed as the Mg?* concentration increased, acquiring a platelet shape at 5% substitution.
Based on the elemental mapping from the EDS analysis, the homogenous presence of the
two substituents was confirmed. The FI-IR analysis confirmed the presence of specific
groups for the carbonated hydroxyapatite without substantial changes following the addi-
tion of the two substituents. At the same time, the values of the hydrodynamic diameter of
the hydroxyapatite nanoparticles substituted with cerium and magnesium ions obtained
from the DLS analysis showed a high degree of agglomeration that can be observed in the
case of all the samples. However, for hydroxyapatite substituted with 5% magnesium, a
decrease in hydrodynamic diameter was observed due to the presence of whitlockite. From
the biological evaluation, it was confirmed that the obtained hydroxyapatite samples do not
produce cytotoxicity, and from the antimicrobial analysis, it was confirmed that the samples
inhibit bacteria on S. aureus, E. faecalis, and C. albicans strains. According to microbiological
assays, it was highlighted that the obtained samples had an increased antimicrobial effect
for Gram-positive bacteria and C. albicans and that the cerium-substituted samples may
inhibit the biofilm formation better.

Author Contributions: Conceptualization, I.A.N.; Formal analysis, AM.H., C.C. (Carmen Curutiu),
LM.D. and M.S,; Funding acquisition, A.-M.G., and E.A; Investigation, A.C.B., C.C. (Cristina Chircov),
AM.H., C.C. (Carmen Curutiu), L.M.D. and M.S.; Methodology, A.-C.B., and I.A.N.; Supervision,
A.-M.G,, and E.A; Visualization, A.C.B. and C.C. (Cristina Chircov); Writing—original draft, A.-C.B.;
Writing—review and editing, I.A.N. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Acknowledgments: A.C.B. acknowledges the support offered by the grant POCU/993/6/13-153178,
co-financed by the European Social Fund within the Sectorial Operational Program Human Capital
2014-2020. M.S.S. acknowledges the support of the UEFISCDI within project no. 81TE /2022 (PN-
II-P1-1_1-TE-2021-1375-TRANS-NANO-BIO). I.A.N. acknowledges the help of the European Social
Fund from the Sectoral Operational Program Human Capital 2014-2020 through the Financial
Agreement with the title “Training of students and postdoctoral researchers in order to acquire
applied research skills—SMART,” Contract no. 13530/16.06.2022—SMIS code: 153734.

Conflicts of Interest: The authors declare no conflict of interest.



J. Funct. Biomater. 2023, 14, 378 26 of 29

References

1. Florencio-Silva, R.; Sasso, G.R.; Sasso-Cerri, E.; Simoes, M.].; Cerri, P.S. Biology of Bone Tissue: Structure, Function, and Factors
That Influence Bone Cells. BioMed Res. Int. 2015, 2015, 421746. [CrossRef] [PubMed]

2. DileepKumar, V.G.; Sridhar, M.S.; Aramwit, P.; Krut’ko, V.K.; Musskaya, O.N.; Glazov, L.E.; Reddy, N. A review on the synthesis
and properties of hydroxyapatite for biomedical applications. J. Biomater. Sci. Polym. Ed. 2022, 33, 229-261. [CrossRef] [PubMed]

3.  Talpeanu, D.; Lungu, M.V PATroi, D.; Marinescu, V.E.; Cojocaru, A. Study on porous hydroxyapatite based ceramic materials as
bone substitutes for cranioplasty. Rev. Romdnd De Mater./Rom. ]. Mater. 2021, 51, 178-185.

4. Ullah, I; Hussain, Z.; Zhang, Y.; Liu, X.; Ullah, S.; Zhang, Y.; Zheng, P.; Gao, T,; Liu, Y.; Zhang, Z.; et al. Inorganic nanomaterial-
reinforced hydrogel membrane as an artificial periosteum. Appl. Mater. Today 2022, 28, 101532. [CrossRef]

5. Razak, A.; Isa, N.M.; Adzila, S. Synthesis of calcium phosphate extracted from eggshell waste through precipitation method.
Biointerface Res. Appl. Chem 2021, 11, 15058-15067.

6. Forero-Sossa, P.A.; Salazar-Martinez, J.D.; Giraldo-Betancur, A.L.; Segura-Giraldo, B.; Restrepo-Parra, E. Temperature effect
in physicochemical and bioactive behavior of biogenic hydroxyapatite obtained from porcine bones. Sci. Rep. 2021, 11, 11069.
[CrossRef]

7. Zaman, S.U,; Irfan, M; Irfan, M.; Zaman, M.K.U.; Muhammad, N. Overview of hydroxyapatite; composition, structure, synthesis
methods and its biomedical uses. Biomed. Lett. 2020, 6, 84-99.

8.  Palmer, L.C.; Newcomb, C.J.; Kaltz, S.R.; Spoerke, E.D.; Stupp, S.I. Biomimetic Systems for Hydroxyapatite Mineralization
Inspired By Bone and Enamel. Chem. Rev. 2008, 108, 4754—4783. [CrossRef]

9. Von Euw, S.; Wang, Y.; Laurent, G.; Drouet, C.; Babonneau, F.; Nassif, N.; Azais, T. Bone mineral: New insights into its chemical
composition. Sci. Rep. 2019, 9, 8456. [CrossRef]

10. Neacsu, I.A.; Matei, L.; Birca, A.C.; Nicoara, A.L; Ene, V.L.; Dragu, L.D.; Ficai, A.; Bleotu, C.; Andronescu, E. Curcumin-
hydroxyapatite systems used for bone cancer treatment. Rev. Romana De Mater. Rom. . Mater. 2021, 51, 505-513.

11.  Ojo, O.A,; Olayide, LI; Akalabu, M.C.; Ajiboye, B.O.; Ojo, A.B.; Oyinloye, B.E.; Ramalingam, M. Nanoparticles and their
biomedical applications. Biointerface Res. Appl. Chem. 2021, 11, 8431-8445.

12.  Ucar, S.; Bjerney, S.H.; Bassett, D.C.; Strand, B.L.; Sikorski, P.; Andreassen, J.-P. Formation of Hydroxyapatite via Transformation
of Amorphous Calcium Phosphate in the Presence of Alginate Additives. Cryst. Growth Des. 2019, 19, 7077-7087. [CrossRef]

13. Oni, O.P; Hu, Y,; Tang, S.; Yan, H.; Zeng, H.; Wang, H.; Ma, L.; Yang, C.; Ran, ]. Syntheses and applications of mesoporous
hydroxyapatite: A review. Mater. Chem. Front. 2023, 7, 9-43. [CrossRef]

14. Zhang, Q.; Qiang, L.; Liu, Y.; Fan, M,; Si, X.; Zheng, P. Biomaterial-assisted tumor therapy: A brief review of hydroxyapatite
nanoparticles and its composites used in bone tumors therapy. Front. Bioeng. Biotechnol. 2023, 11, 1167474. [CrossRef]

15. Kelly, R.R;; Sidles, S.J.; LaRue, A.C. Effects of Neurological Disorders on Bone Health. Front. Psychol. 2020, 11, 612366. [CrossRef]

16. Bhat, S.; Uthappa, U.T.; Altalhi, T.; Jung, H.Y.; Kurkuri, M.D. Functionalized Porous Hydroxyapatite Scaffolds for Tissue
Engineering Applications: A Focused Review. ACS Biomater. Sci. Eng. 2022, 8, 4039-4076. [CrossRef] [PubMed]

17. Boyapati, P.C.S,; Srinivas, K.; Akhil, S.; Bollikolla, H.B.; Chandu, B. A Comprehensive Review on Novel Graphene-Hydroxyapatite
Nanocomposites For Potential Bioimplant Applications. ChemistrySelect 2023, 8, €202204585. [CrossRef]

18.  Kumar Yadav, M.; Hiren Shukla, R.; Prashanth, K.G. A comprehensive review on development of waste derived hydroxyapatite
(HAp) for tissue engineering application. Mater. Today Proc. 2023. [CrossRef]

19. Lertcumfu, N.; Jarupoom, P.; Pengpat, K.; Tunkasiri, T.; Rujijanagul, G. Effect of Metal Oxide Nanoparticles Addition on Physical
Properties of Hydroxyapatite. Adv. Mater. Res. 2012, 506, 234-237. [CrossRef]

20. He, M,; Chen, L.; Yin, M,; Xu, S.; Liang, Z. Review on magnesium and magnesium-based alloys as biomaterials for bone
immobilization. |. Mater. Res. Technol. 2023, 23, 4396—4419. [CrossRef]

21. Melinescu, A.; Ionita, G.; Trusca, R.; Preda, M. Ceramic porous materials obtained by the geopolymer route. Rev. Romana De
Mater.-Rom. |. Mater. 2020, 50, 146-150.

22.  Venkatraman, S.K.; Swamiappan, S. Review on calcium- and magnesium-based silicates for bone tissue engineering applications.
J. Biomed. Mater. Res. Part A 2020, 108, 1545-1562. [CrossRef] [PubMed]

23. Ballouze, R.; Marahat, M.H.; Mohamad, S.; Saidin, N.A; Kasim, S.R.; Ooi, J.P. Biocompatible magnesium-doped biphasic calcium
phosphate for bone regeneration. J. Biomed. Mater. Res. Part B Appl. Biomater. 2021, 109, 1426-1435. [CrossRef] [PubMed]

24. Hung, C.C; Chaya, A.; Liu, K,; Verdelis, K.; Sfeir, C. The role of magnesium ions in bone regeneration involves the canonical Wnt
signaling pathway. Acta Biomater. 2019, 98, 246-255. [CrossRef] [PubMed]

25. Sezer, N.; Evis, Z.; Kayhan, S.M.; Tahmasebifar, A.; Kog, M. Review of magnesium-based biomaterials and their applications. J.
Magnes. Alloys 2018, 6, 23—-43. [CrossRef]

26. Antoniac, I.; Miculescu, M.; Manescu Paltanea, V.; Stere, A.; Quan, P.H.; Paltanea, G.; Robu, A.; Earar, K. Magnesium-Based
Alloys Used in Orthopedic Surgery. Materials 2022, 15, 1148. [CrossRef]

27. Blaskovié, M.; Butorac Prpi¢, I.; Blaskovi¢, D.; Rider, P.; Tomas, M.; Candrli¢, S.; Botond Hangyasi, D.; Candrli¢, M.; Perié
Katarevi¢, Z. Guided Bone Regeneration Using a Novel Magnesium Membrane: A Literature Review and a Report of Two Cases
in Humans. J. Funct. Biomater. 2023, 14, 307. [CrossRef]

28. Nabiyouni, M.; Briickner, T.; Zhou, H.; Gbureck, U.; Bhaduri, S.B. Magnesium-based bioceramics in orthopedic applications. Acta

Biomater. 2018, 66, 23—-43. [CrossRef]


https://doi.org/10.1155/2015/421746
https://www.ncbi.nlm.nih.gov/pubmed/26247020
https://doi.org/10.1080/09205063.2021.1980985
https://www.ncbi.nlm.nih.gov/pubmed/34521315
https://doi.org/10.1016/j.apmt.2022.101532
https://doi.org/10.1038/s41598-021-89776-2
https://doi.org/10.1021/cr8004422
https://doi.org/10.1038/s41598-019-44620-6
https://doi.org/10.1021/acs.cgd.9b00887
https://doi.org/10.1039/D2QM00686C
https://doi.org/10.3389/fbioe.2023.1167474
https://doi.org/10.3389/fpsyg.2020.612366
https://doi.org/10.1021/acsbiomaterials.1c00438
https://www.ncbi.nlm.nih.gov/pubmed/34499471
https://doi.org/10.1002/slct.202204585
https://doi.org/10.1016/j.matpr.2023.04.669
https://doi.org/10.4028/www.scientific.net/AMR.506.234
https://doi.org/10.1016/j.jmrt.2023.02.037
https://doi.org/10.1002/jbm.a.36925
https://www.ncbi.nlm.nih.gov/pubmed/32170908
https://doi.org/10.1002/jbm.b.34802
https://www.ncbi.nlm.nih.gov/pubmed/33484103
https://doi.org/10.1016/j.actbio.2019.06.001
https://www.ncbi.nlm.nih.gov/pubmed/31181262
https://doi.org/10.1016/j.jma.2018.02.003
https://doi.org/10.3390/ma15031148
https://doi.org/10.3390/jfb14060307
https://doi.org/10.1016/j.actbio.2017.11.033

J. Funct. Biomater. 2023, 14, 378 27 of 29

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Esfahanizadeh, N.; Montazeri, M.; Nourani, M.R.; Harandi, M. Use of bioactive glass doped with magnesium or strontium for
bone regeneration: A rabbit critical-size calvarial defects study. Dent. Res. ]. 2022, 19, 18. [CrossRef]

Fu, Z.; Cui, ].; Zhao, B.; Shen, S.G.F,; Lin, K. An overview of polyester/hydroxyapatite composites for bone tissue repairing. J.
Orthop. Transl. 2021, 28, 118-130. [CrossRef]

Zhu, Y.; Liu, W.; Ngai, T. Polymer coatings on magnesium-based implants for orthopedic applications. J. Polym. Sci. 2022, 60,
32-51. [CrossRef]

Zhou, H; Liang, B.; Jiang, H.; Deng, Z.; Yu, K. Magnesium-based biomaterials as emerging agents for bone repair and regeneration:
From mechanism to application. J. Magnes. Alloys 2021, 9, 779-804. [CrossRef]

Tiomno, O.; Coelho, F; Pellizaro, T.; Chanfrau, R.; Capote, T.; Basmaji, P.; Veranes Pantoja, Y.; Carlos, G. Preparation of Scaffolds
of Amorphous Calcium Phosphate and Bacterial Cellulose for Use in Tissue Regeneration by Freeze-Drying Process. Biointerface
Res. Appl. Chem. 2021, 11, 7357-7367. [CrossRef]

Mammoli, F,; Castiglioni, S.; Parenti, S.; Cappadone, C.; Farruggia, G.; Iotti, S.; Davalli, P.; Maier, ].A.M.; Grande, A.; Frassineti, C.
Magnesium Is a Key Regulator of the Balance between Osteoclast and Osteoblast Differentiation in the Presence of Vitamin Ds.
Int. ]. Mol. Sci. 2019, 20, 385. [CrossRef] [PubMed]

Francisco, E.M.; Zoccolotti, ].D.; Tiomnova, O.T.; Tolaba, A.G.; Chanfrau, J.E.R.; Jorge, ]. H.; Basmaji, P.; Guastaldi, A.C. Sterilization
of scaffolds of calcium phosphates and bacterial cellulose for their use in tissue regeneration. Biointerface Res. Appl. Chem. 2021,
11, 10089-10098.

Hernandez-Montes, V.; Buitrago-Sierra, R.; Echeverry-Rendoén, M.; Santa-Marin, J.F. Ceria-based coatings on magnesium alloys
for biomedical applications: A literature review. RSC Adv. 2023, 13, 1422-1433. [CrossRef]

Zhang, X.; Chen, Q.; Mao, X. Magnesium Enhances Osteogenesis of BMSCs by Tuning Osteoimmunomodulation. BioMed Res. Int.
2019, 2019, 7908205. [CrossRef]

Groenendijk, I.; van Delft, M.; Versloot, P.; van Loon, L.].C.; de Groot, L.C.P.G.M. Impact of magnesium on bone health in older
adults: A systematic review and meta-analysis. Bone 2022, 154, 116233. [CrossRef]

Uppal, G.; Thakur, A.; Chauhan, A.; Bala, S. Magnesium based implants for functional bone tissue regeneration—A review. J.
Magnes. Alloys 2022, 10, 356-386. [CrossRef]

Vieira, E.; Silva, M.; Maia-Filho, A.; Ferreira, D.; Figuerédo-Silva, J.; Rovaris, K.; Fialho, A.C.; Leite-Oliveira, A.; Menezes
de Oliveira, A.L.; da Fonseca, M.G; et al. Effect of Cerium-Containing Hydroxyapatite in Bone Repair in Female Rats with
Osteoporosis Induced by Ovariectomy. Minerals 2021, 11, 377. [CrossRef]

Ally, I.; Kumar Sahi, A.; Kumari, P.,; Sakhile, K.; Sionkowska, A.; Gundu, S. A Brief Review on Cerium Oxide (CeO2NPs)-Based
Scaffolds: Recent Advances in Wound Healing Applications. Micromachines 2023, 14, 865. [CrossRef] [PubMed]

Barker, E.; Shepherd, J.; Asencio, I.O. The Use of Cerium Compounds as Antimicrobials for Biomedical Applications. Molecules
2022, 27, 2678. [CrossRef] [PubMed]

Lamkhao, S.; Phaya, M.; Jansakun, C.; Chandet, N.; Thongkorn, K.; Rujijanagul, G.; Bangrak, P.; Randorn, C. Synthesis of
Hydroxyapatite with Antibacterial Properties Using a Microwave-Assisted Combustion Method. Sci. Rep. 2019, 9, 4015.
[CrossRef] [PubMed]

Zhang, M.; Zhai, X.; Ma, T,; Huang, Y,; Jin, M.; Yang, H; Fu, H.; Zhang, S.; Sun, T; Jin, X; et al. Sequential Therapy for Bone
Regeneration by Cerium Oxide-Reinforced 3D-Printed Bioactive Glass Scaffolds. ACS Nano 2023, 17, 4433—4444. [CrossRef]
[PubMed]

Stephen Inbaraj, B.; Chen, B.-H. An overview on recent in vivo biological application of cerium oxide nanoparticles. Asian J.
Pharm. Sci. 2020, 15, 558-575. [CrossRef] [PubMed]

Rajeshkumar, S.; Naik, P. Synthesis and biomedical applications of Cerium oxide nanoparticles—A Review. Biotechnol. Rep. 2018,
17, 1-5. [CrossRef]

Qi, M,; Li, W;; Zheng, X.; Li, X;; Sun, Y.; Wang, Y.; Li, C.; Wang, L. Cerium and Its Oxidant-Based Nanomaterials for Antibacterial
Applications: A State-of-the-Art Review. Front. Mater. 2020, 7, 213. [CrossRef]

Pop, O.L.; Mesaros, A.; Vodnar, D.C.; Suharoschi, R.; Tabaran, F.; Magerusan, L.; Tédor, L.S.; Diaconeasa, Z.; Balint, A.; Ciontea,
L.; et al. Cerium Oxide Nanoparticles and Their Efficient Antibacterial Application In Vitro against Gram-Positive and Gram-
Negative Pathogens. Nanomaterials 2020, 10, 1614. [CrossRef]

Hosseini, M.; Mozafari, M. Cerium Oxide Nanoparticles: Recent Advances in Tissue Engineering. Materials 2020, 13, 3072.
[CrossRef]

Arokiasamy, P.; Al Bakri Abdullah, M.M.; Abd Rahim, S.Z.; Luhar, S.; Sandu, A.V,; Jamil, N.H.; Nabialek, M. Synthesis methods
of hydroxyapatite from natural sources: A review. Ceram. Int. 2022, 48, 14959-14979. [CrossRef]

Schmidt, R.; Prado-Gonjal, J.; Moran, E. Microwaves: Microwave Assisted Hydrothermal Synthesis of Nanoparticles; CRC Press: Boca
Raton, FL, USA, 2015; pp. 561-572.

Ebrahimi, S.; Stephen Sipaut@ Mohd Nasri, C.; Bin Arshad, S.E. Hydrothermal synthesis of hydroxyapatite powders using
Response Surface Methodology (RSM). PLoS ONE 2021, 16, €0251009. [CrossRef] [PubMed]

Jorgensen, ].H.; Ferraro, M.]. Antimicrobial susceptibility testing: A review of general principles and contemporary practices.
Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2009, 49, 1749-1755. [CrossRef] [PubMed]

Batool, S.; Liaqat, U.; Hussain, Z.; Sohail, M. Synthesis, Characterization and Process Optimization of Bone Whitlockite.
Nanomaterials 2020, 10, 1856. [CrossRef] [PubMed]


https://doi.org/10.4103/1735-3327.338781
https://doi.org/10.1016/j.jot.2021.02.005
https://doi.org/10.1002/pol.20210578
https://doi.org/10.1016/j.jma.2021.03.004
https://doi.org/10.33263/BRIAC111.73577367
https://doi.org/10.3390/ijms20020385
https://www.ncbi.nlm.nih.gov/pubmed/30658432
https://doi.org/10.1039/D2RA06312C
https://doi.org/10.1155/2019/7908205
https://doi.org/10.1016/j.bone.2021.116233
https://doi.org/10.1016/j.jma.2021.08.017
https://doi.org/10.3390/min11040377
https://doi.org/10.3390/mi14040865
https://www.ncbi.nlm.nih.gov/pubmed/37421098
https://doi.org/10.3390/molecules27092678
https://www.ncbi.nlm.nih.gov/pubmed/35566026
https://doi.org/10.1038/s41598-019-40488-8
https://www.ncbi.nlm.nih.gov/pubmed/30850662
https://doi.org/10.1021/acsnano.2c09855
https://www.ncbi.nlm.nih.gov/pubmed/36802532
https://doi.org/10.1016/j.ajps.2019.10.005
https://www.ncbi.nlm.nih.gov/pubmed/33193860
https://doi.org/10.1016/j.btre.2017.11.008
https://doi.org/10.3389/fmats.2020.00213
https://doi.org/10.3390/nano10081614
https://doi.org/10.3390/ma13143072
https://doi.org/10.1016/j.ceramint.2022.03.064
https://doi.org/10.1371/journal.pone.0251009
https://www.ncbi.nlm.nih.gov/pubmed/34014966
https://doi.org/10.1086/647952
https://www.ncbi.nlm.nih.gov/pubmed/19857164
https://doi.org/10.3390/nano10091856
https://www.ncbi.nlm.nih.gov/pubmed/32957429

J. Funct. Biomater. 2023, 14, 378 28 of 29

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Shah, F.A. Magnesium whitlockite—Omnipresent in pathological mineralisation of soft tissues but not a significant inorganic
constituent of bone. Acta Biomater. 2021, 125, 72-82. [CrossRef] [PubMed]

Castro, M.A.M.; Portela, T.O.; Correa, G.S.; Oliveira, M.M.; Rangel, ].H.G.; Rodrigues, S.F; Mercury, ].M.R. Synthesis of
hydroxyapatite by hydrothermal and microwave irradiation methods from biogenic calcium source varying pH and synthesis
time. Boletin Soc. Espafiola Cerdmica Y Vidr. 2022, 61, 35-41. [CrossRef]

Paduraru, A.V.; Musuc, A.M.; Oprea, O.C.; Trusca, R.; Iordache, F.; Vasile, B.S.; Andronescu, E. Synthesis and Characterization of
Photoluminescent Ce(III) and Ce(IV) Substituted Hydroxyapatite Nanomaterials by Co-Precipitation Method: Cytotoxicity and
Biocompatibility Evaluation. Nanomaterials 2021, 11, 1911. [CrossRef]

Jang, H.L.; Lee, HK,; Jin, K.; Ahn, H.-Y.; Lee, H.-E.; Nam, K.T. Phase transformation from hydroxyapatite to the secondary bone
mineral, whitlockite. . Mater. Chem. B 2015, 3, 1342-1349. [CrossRef]

Cheng, H.; Chabok, R.; Guan, X.; Chawla, A.; Li, Y,; Khademhosseini, A.; Jang, H.L. Synergistic interplay between the two major
bone minerals, hydroxyapatite and whitlockite nanoparticles, for osteogenic differentiation of mesenchymal stem cells. Acta
Biomater. 2018, 69, 342-351. [CrossRef]

Lagier, R.; Baud, C.A. Magnesium Whitlockite, a Calcium Phosphate Crystal of Special Interest in Pathology. Pathol. Res. Pract.
2003, 199, 329-335. [CrossRef]

McComiskey, K.P.M.; Tajber, L. Comparison of particle size methodology and assessment of nanoparticle tracking analysis (NTA)
as a tool for live monitoring of crystallisation pathways. Eur. J. Pharm. Biopharm. 2018, 130, 314-326. [CrossRef]

Singh, G.; Jolly, S.S.; Singh, R.P. Cerium substituted hydroxyapatite mesoporous nanorods: Synthesis and characterization for
drug delivery applications. Mater. Today: Proc. 2020, 28, 1460-1466. [CrossRef]

Cegla, R.-N.; Macha, I.; Ben-Nissan, B.; Grossin, D.; Heness, G.; Chung, R.-]. Comparative Study of Conversion of Coral with
Ammonium Dihydrogen Phosphate and Orthophosphoric Acid to Produce Calcium Phosphates. J. Aust. Ceram. Soc. 2014, 50,
154-161.

Nigar, F; Johnston, A.-L.; Smith, J.; Oakley, W.; Islam, T.; Felfel, R.; Grant, D.; Lester, E.; Ahmed, I. Production of Nano
Hydroxyapatite and Mg-Whitlockite from Biowaste-Derived Products via Continuous Flow Hydrothermal Synthesis: A Step
towards Circular Economy. Materials 2023, 16, 2138. [CrossRef] [PubMed]

Chanfrau, R. Evaluation of the influence of microwaves radiation on a biomaterial composed of three phases of calcium
phosphates. Biointerface Res. Appl. Chem. 2020, 10, 5141-5144. [CrossRef]

Gherasim, O.; Grumezescu, A.M.; Grumezescu, V.; Negut, I.; Dumitrescu, M.F,; Stan, M.S.; Nica, I.C.; Holban, A.M.; Socol, G.;
Andronescu, E. Bioactive Coatings Based on Hydroxyapatite, Kanamycin, and Growth Factor for Biofilm Modulation. Antibiotics
2021, 10, 160. [CrossRef] [PubMed]

Ciobanu, G.; Harja, M. Cerium-doped hydroxyapatite/collagen coatings on titanium for bone implants. Ceram. Int. 2019, 45,
2852-2857. [CrossRef]

El Makhloufy, S.; Oubouaza, R.; Ouasri, A.; Belaaouad, S. X-Ray diffraction and infrared spectroscopy data review analyses of the
Calcium phosphates. Biointerface Res. Appl. Chem. 2022, 12, 732-755.

Farzadi, A.; Bakhshi, F; Solati-Hashjin, M.; Asadi, M.; Abu Osman, N.A. Magnesium incorporated hydroxyapatite: Synthesis and
structural properties characterization. Ceram. Int. 2014, 40, 6021-6029. [CrossRef]

Bal, Z.; Kaito, T.; Korkusuz, F; Yoshikawa, H. Bone regeneration with hydroxyapatite-based biomaterials. Emergent Mater. 2020, 3,
521-544. [CrossRef]

Koski, C.; Vu, A.A,; Bose, S. Effects of chitosan-loaded hydroxyapatite on osteoblasts and osteosarcoma for chemopreventative
applications. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 115, 111041. [CrossRef]

Omidi, M.; Ahmad Agha, N.; Miiller, A.; Feyerabend, F.; Helmholz, H.; Willumeit-Romer, R.; Schliiter, H.; Luthringer-Feyerabend,
B.J.C. Investigation of the impact of magnesium versus titanium implants on protein composition in osteoblast by label free
quantificationt. Metallomics 2020, 12, 916-934. [CrossRef] [PubMed]

Al-Shahrabalee, S.Q.; Jaber, H.A. Bioinorganic Preparation of Hydroxyapatite and Rare Earth Substituted Hydroxyapatite for
Biomaterials Applications. Bioinorg. Chem. Appl. 2023, 2023, 7856300. [CrossRef] [PubMed]

Farazin, A.; Aghadavoudi, F.; Motififard, M.; Saber-Samandari, S.; Khandan, A. Nanostructure, Molecular Dynamics Simulation
and Mechanical Performance of PCL Membranes Reinforced with Antibacterial Nanoparticles. |. Appl. Comput. Mech. 2021, 7,
1907-1915. [CrossRef]

Baskaran, P.; Udduttula, A.; Uthirapathy, V. Development and characterisation of novel Ce-doped hydroxyapatite-Fe3 O4
nanocomposites and their in vitro biological evaluations for biomedical applications. IET Nanobiotechnol. 2018, 12, 138-146.
[CrossRef]

Gonzalez-Moreno, M.; Morovic, P.; Tkhilaishvili, T.; Trampuz, A. Bacteriophages for Treatment of Biofilm Infections. In Bone and
Joint Infections; Wiley: Hoboken, NJ, USA, 2021; pp. 65-80.

Wang, H.; Xiong, C.; Yu, Z.; Zhang, J.; Huang, Y.; Zhou, X. Research Progress on Antibacterial Coatings for Preventing Implant-
Related Infection in Fractures: A Literature Review. Coatings 2022, 12, 1921. [CrossRef]

Silva-Holguin, P.N.; Reyes-Lopez, S.Y. Synthesis of Hydroxyapatite-Ag Composite as Antimicrobial Agent. Dose-Response A Publ.
Int. Hormesis Soc. 2020, 18, 1559325820951342. [CrossRef]

Oshima, S.; Sato, T.; Honda, M.; Suetsugu, Y.; Ozeki, K.; Kikuchi, M. Fabrication of Gentamicin-Loaded Hydroxyapatite/Collagen
Bone-Like Nanocomposite for Anti-Infection Bone Void Fillers. Int. . Mol. Sci. 2020, 21, 551. [CrossRef]


https://doi.org/10.1016/j.actbio.2021.02.021
https://www.ncbi.nlm.nih.gov/pubmed/33610767
https://doi.org/10.1016/j.bsecv.2020.06.003
https://doi.org/10.3390/nano11081911
https://doi.org/10.1039/C4TB01793E
https://doi.org/10.1016/j.actbio.2018.01.016
https://doi.org/10.1078/0344-0338-00425
https://doi.org/10.1016/j.ejpb.2018.07.012
https://doi.org/10.1016/j.matpr.2020.04.821
https://doi.org/10.3390/ma16062138
https://www.ncbi.nlm.nih.gov/pubmed/36984019
https://doi.org/10.33263/BRIAC102.141144
https://doi.org/10.3390/antibiotics10020160
https://www.ncbi.nlm.nih.gov/pubmed/33562515
https://doi.org/10.1016/j.ceramint.2018.07.290
https://doi.org/10.1016/j.ceramint.2013.11.051
https://doi.org/10.1007/s42247-019-00063-3
https://doi.org/10.1016/j.msec.2020.111041
https://doi.org/10.1039/d0mt00028k
https://www.ncbi.nlm.nih.gov/pubmed/32352129
https://doi.org/10.1155/2023/7856300
https://www.ncbi.nlm.nih.gov/pubmed/36741962
https://doi.org/10.22055/jacm.2020.32902.2097
https://doi.org/10.1049/iet-nbt.2017.0029
https://doi.org/10.3390/coatings12121921
https://doi.org/10.1177/1559325820951342
https://doi.org/10.3390/ijms21020551

J. Funct. Biomater. 2023, 14, 378 29 of 29

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Bee, S.L.; Bustami, Y.; Ul-Hamid, A.; Lim, K.; Abdul Hamid, Z.A. Synthesis of silver nanoparticle-decorated hydroxyapatite
nanocomposite with combined bioactivity and antibacterial properties. . Mater. Sci. Mater. Med. 2021, 32, 106. [CrossRef]
Coulon, A.; Laurencin, D.; Grandjean, A.; Cau Dit Coumes, C.; Rossignol, S.; Campayo, L. Immobilization of iodine into a
hydroxyapatite structure prepared by cementation. J. Mater. Chem. A 2014, 2, 20923-20932. [CrossRef]

Surmeneva, M.; Sharonova, A.; Chernousova, S.; Prymak, O.; Loza, K.; Tkachev, M.; Shulepov, I.; Epple, M.; Surmenev, R.
Incorporation of silver nanoparticles into magnetron-sputtered calcium phosphate layers on titanium as an antibacterial coating.
Colloids Surf. B Biointerfaces 2017, 156, 104-113. [CrossRef]

Guangjian, D.A.L; Aili, Y.U,; Xiang, C.A.L; Qingshan, S.H.I.; Ouyang, Y.; Shaozao, T.A.N. Synthesis, characterization and
antimicrobial activity of zinc and cerium co-doped «-zirconium phosphate. J. Rare Earths 2012, 30, 820-825.

Carmen, C.; Popa, C.; Predoi, D. Cerium doped hydroxyapatite nanoparticles synthesized by coprecipitation method. J. Serbian
Chem. Soc. 2016, 81, 433—446. [CrossRef]

Zheng, ] X.; Li, H.; Pu, Z.Y,; Wang, H.Y.; Deng, X.B.; Liu, X.J.; Deng, Q.W.; Yu, Z.]. Bloodstream infections caused by Enterococcus
spp: A 10-year retrospective analysis at a tertiary hospital in China. . Huazhong Univ. Sci. Technol. Med. Sci. 2017, 37, 257-263.
[CrossRef] [PubMed]

Uruén, C.; Chopo-Escuin, G.; Tommassen, J.; Mainar-Jaime, R.C.; Arenas, J. Biofilms as Promoters of Bacterial Antibiotic Resistance
and Tolerance. Antibiotics 2020, 10, 3. [CrossRef]

Pokharel, P.; Dhakal, S.; Dozois, C.M. The Diversity of Escherichia coli Pathotypes and Vaccination Strategies against This
Versatile Bacterial Pathogen. Microorganisms 2023, 11, 344. [CrossRef] [PubMed]

Braz, V.S.; Melchior, K.; Moreira, C.G. Escherichia coli as a Multifaceted Pathogenic and Versatile Bacterium. Front. Cell. Infect.
Microbiol. 2020, 10, 548492. [CrossRef] [PubMed]

Predoi, D.; Iconaru, S.L.; Predoi, M.V,; Stan, G.E.; Buton, N. Synthesis, Characterization, and Antimicrobial Activity of Magnesium-
Doped Hydroxyapatite Suspensions. Nanomaterials 2019, 9, 1295. [CrossRef]

Coelho, C.C.; Aratjo, R.; Quadros, P.A.; Sousa, S.R.; Monteiro, EJ. Antibacterial bone substitute of hydroxyapatite and magnesium
oxide to prevent dental and orthopaedic infections. Mater. Sci. Eng. C 2019, 97, 529-538. [CrossRef]

Sawali, J. Quantitative evaluation of antibacterial activities of metallic oxide powders (ZnO, MgO and CaO) by conductimetric
assay. J. Microbiol. Methods 2003, 54, 177-182. [CrossRef]

Yamamoto, O.; Ohira, T.; Alvarez, K.; Fukuda, M. Antibacterial characteristics of CaCO3-MgO composites. Mater. Sci. Eng. B
2010, 173, 208-212. [CrossRef]

Chou, Y.-F;; Chiou, W.-A_; Xu, Y,; Dunn, J.C.Y.; Wu, B.M. The effect of pH on the structural evolution of accelerated biomimetic
apatite. Biomaterials 2004, 25, 5323-5331. [CrossRef] [PubMed]

Coelho, C.C.; Padrao, T.; Costa, L.; Pinto, M.T.; Costa, P.C.; Domingues, V.E; Quadros, P.A.; Monteiro, E]J.; Sousa, S.R. The
antibacterial and angiogenic effect of magnesium oxide in a hydroxyapatite bone substitute. Sci. Rep. 2020, 10, 19098. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10856-021-06590-y
https://doi.org/10.1039/C4TA03236E
https://doi.org/10.1016/j.colsurfb.2017.05.016
https://doi.org/10.2298/JSC150824007C
https://doi.org/10.1007/s11596-017-1725-9
https://www.ncbi.nlm.nih.gov/pubmed/28397040
https://doi.org/10.3390/antibiotics10010003
https://doi.org/10.3390/microorganisms11020344
https://www.ncbi.nlm.nih.gov/pubmed/36838308
https://doi.org/10.3389/fcimb.2020.548492
https://www.ncbi.nlm.nih.gov/pubmed/33409157
https://doi.org/10.3390/nano9091295
https://doi.org/10.1016/j.msec.2018.12.059
https://doi.org/10.1016/S0167-7012(03)00037-X
https://doi.org/10.1016/j.mseb.2009.12.007
https://doi.org/10.1016/j.biomaterials.2003.12.037
https://www.ncbi.nlm.nih.gov/pubmed/15110483
https://doi.org/10.1038/s41598-020-76063-9
https://www.ncbi.nlm.nih.gov/pubmed/33154428

	Introduction 
	Materials and Methods 
	Reagents and Chemicals 
	Pristine Hydroxyapatite Synthesis 
	Substituted Hydroxyapatite Synthesis 
	Morphological and Structural Characterization 
	X-ray Diffraction 
	Dynamic Light Scattering (DLS) and Zeta Potential 
	Scanning Electron Microscopy (SEM) 
	Fourier-Transform Infrared Spectroscopy (FT-IR) 

	In Vitro Interactions with Osteoblast Cells 
	Cell Viability Assay 
	Griess Assay 
	Fluorescence Microscopy 

	Microbiological Evaluation 
	MIC (Minimum Inhibitory Concentration) Method 
	Development of Monospecific Biofilms 


	Results 
	X-ray Diffraction 
	Dynamic Light Scattering (DLS) and Zeta Potential 
	Scanning Electron Microscopy (SEM) 
	Fourier-Transform Infrared Spectroscopy (FT-IR) 
	Biological Evaluation of HAp Samples 
	Microbiological Evaluation 
	MIC (Minimum Inhibitory Concentration) Method 
	Development of Monospecific Biofilms 


	Discussion 
	X-ray Diffraction 
	Dynamic Light Scattering (DLS) and Zeta Potential 
	Scanning Electron Microscopy (SEM) 
	Fourier-Transform Infrared Spectroscopy (FT-IR) 
	Biological Behavior Evaluation on Osteoblast Cells 
	Microbiological Evaluation 

	Conclusions 
	References

