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Abstract: A simple dip coating procedure was used to prepare the magnesium doped hydroxyapatite
coatings. An adapted co-precipitation method was used in order to obtain a Ca25−xMgx(PO4)6(OH)2,
25MgHAp (xMg = 0.25) suspension for preparing the coatings. The stabilities of 25MgHAp suspensions
were evaluated using ultrasound measurements, zeta potential (ZP), and dynamic light scattering
(DLS). Using transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
information at nanometric resolution regarding the shape and distribution of the 25MgHAp particles
in suspension was obtained. The surfaces of obtained layers were evaluated using SEM and
atomic force microscopy (AFM) analysis. The antimicrobial evaluation of 25MgHAp suspensions
and coatings on various bacterial strains and fungus were realized. The present study presents
important results regarding the physico-chemical and antimicrobial studies of the magnesium doped
hydroxyapatite suspensions, as well as the coatings. The studies have shown that magnesium
doped hydroxyapatite suspensions prepared with xMg = 0.25 presented a good stability and relevant
antimicrobial properties. The coatings made using 25MgHAp suspension were homogeneous and
showed remarkable antimicrobial properties. Also, it was observed that the layer realized has
antimicrobial properties very close to those of the suspension. Both samples of the 25MgHAp
suspensions and coatings have very good biocompatible properties.

Keywords: magnesium; hydroxyapatite; ultrasound measurement; dip coating procedure; antimicrobial
activity; cell viability

1. Introduction

During recent years, constant efforts have been made in developing bioceramic materials and
enhancing their mechanical and biological properties for use in biomedical applications [1–5]. Due to
their properties, bioceramic materials are usually used for developing bone substitutes both in medical
and dental applications. The primary uses of calcium phosphate ceramics and calcium phosphate-based
composites in dental and medical applications consists in the repair of periodontal defects and dental
bone repair as well as in the augmentation of alveolar ridge, dental implants, ear implants, tissue
engineering for dental bone grafts, spine fusion and adjuvant to uncoated implants [3–6]. The need for
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developing materials that could serve as bone substitutes is strongly argued by the global context in
which various bone defects or degenerative bone conditions as well as tumoral resections requiring
reconstruction procedures are increasing, and by the facts that more than 500,000 and 1 million
bone graft procedures are performed every year in the USA alone and worldwide, respectively [7,8].
Even though noticeable progresses were made in the materials science field, currently, there has not
yet been developed a bone substitute that has all the characteristics and properties of an autologous
bone and that can be used in vivo with no inflammatory response [6,9,10]. Therefore, at a global
scale, there is an ongoing effort in the research area of developing new materials with properties
capable of being used in various orthopedic and dental clinical applications. The ongoing studies
are focused on developing bone substitutes by tailoring materials having the physico-chemical and
structural properties of the natural bone [11]. The development of these types of materials with
improved biocompatible and osteoconductive properties will help the process of the bone tissue
natural healing [12]. One of the most studied materials for being used as bone grafts are the synthetic
calcium phosphate materials. The first successful medical use of calcium phosphates was reported by
Albee in 1920 [13], and the first uses of these types of ceramics in dental applications was reported
in 1975 by Nery et al. [14]. From the different forms of calcium phosphates, hydroxyapatite, having
the general formula (Ca10(PO4)6(OH)2), has been the most investigated phase and was extensively
researched due to its outstanding biological properties and to its biological response to the physiological
environment [15]. Even though hydroxyapatite (HAp) has been extensively used in medical and
dental applications because of its resemblance in the chemical composition to the bone mineral
matrix [6,12], there are still important differences between the properties exhibited by the natural
apatite crystals from the bone mineral and the synthetic conventional hydroxyapatite developed in
the laboratory [6,12]. Therefore, research has been conducted in order to enhance the properties of
the HAp such as osteoconductivity, osteointegration, mechanical properties, implant efficiency and
antimicrobial properties [16,17]. Over the years, several ions such as F−, Cl−, Na+, K+, Mg2+, Sr2+,
Ba2+, Al3+, Mn2+, Cu2+, Zn2+, Ag+, Ce3+, Eu3+, and Sm3+ were used as anion and cation substituents
to improve the properties of HAp [18–26]. Among the various metal ions that could be used as dopants
in the HAp structure, the most studied ones were Ag+, Sr2+, Zn2+, Mg2+, and Cu2+ for their capacity
of conferring HAp-elevated biological properties such as osteoconductivity, angiogenity, osteogenicity,
and antimicrobial properties as well as improved mechanical properties. However, there are some
ions that are known for their role in the biological properties, mostly antimicrobial properties, and
for their importance in the biological interactions between a “foreign body “such as an implant and
the surrounding tissue. In particular, magnesium is considered to be an excellent choice of an ionic
substitutions due to the fact that it has been reported to be the fourth most abundant element in
the human body, with a ration between 0.44 and 1.23 wt% and having been found in the bones in a
proportion of 0.72 wt% [25,26]. Moreover, magnesium is an essential element found in every living
thing and that is necessary for the functionality of all living organisms. More than 100 enzymes are
conditioned by the presence of magnesium ions for the catalytic reactions. Furthermore, the absence of
magnesium generally induces skeletal affections, a decrease in the osteoblast and osteoclast activities,
and is responsible for the apparition of diseases like osteopenia and bone fragility [3,27–30]. Nowadays,
there is a great need on the market for the materials that are effective in the replacement or restoration
of traumatized damaged or defective bone. The development of such materials is a major clinical
and socioeconomic need. In previous decades, various natural and synthetic materials have been
proposed for orthopedic application. One of the most studied materials for its exceptional properties
was synthetic hydroxyapatite (HAp) [31]. HAp has been explored as substitute in bone grafts due to
its close chemical similarity with the inorganic phase of the human bone. Even though it has been
extensively used in biomedical applications for artificial bone reconstruction or replacement, most of
the time, such constructions of HAp alone failed to serve as efficiently as the natural bone due to its
low mechanical strength (brittleness) and inappropriate degradation rate [32]. Therefore, elements
with significant biological properties have been chosen as dopants in order to obtain an improved
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material based on hydroxyapatite with better mechanical, structural, and biological properties. In this
context, ions such as Si, Ag, Mg, Zn, Co, Sr, etc. were investigated to develop new biocomposites based
on doped hydroxyapatite. Among them, magnesium is one the most abundant minor element found
in biological apatites, and one of the key roles of Mg in the development of bone tissue is related to the
adhesion and growth of the osteoblastic cells. Therefore, some studies have reported that doping HAp
with magnesium ions will influence the mineral metabolism and will have a great influence also in
the dissolution rate of crystals and the biodegradation of the materials [31]. It was also reported [33]
that the presence of magnesium from the magnesium doped hydroxyapatite significantly reduces the
particle size of the powder compared to normal HAp and greatly improved its mechanical strength [33].
According to the studies conducted by Boanini et al. [34], the results have emphasized that a superior
osteoblast proliferation, differentiation, and spreading of the octacalcium phosphate (OCP) doped with
0.6 wt% Mg compared to the control, and even a small concentration of 0.6 wt% Mg, is sufficient to
influence the osteoblast behavior.

Therefore, the use of magnesium ions as dopants for hydroxyapatite would constitute the
development of a new material with significantly increased biological (osteogenic, osteoconductive,
and antimicrobial) and mechanical properties, having explicit influences on the mineral metabolism,
on the dissolution rate of the crystals, and also on the biodegradation process [28,29]. Additionally,
due to the fact that magnesium has been reported to exhibit antimicrobial properties as well as enhanced
osteogenic and angiogenetic properties, the use of magnesium doped hydroxyapatite has been also
expanded to the obtaining of biological coatings for dental and orthopedic implants [16,30].

In our previous studies, we reported the stabilities of suspensions based on magnesium doped
hydroxyapatite (MgHAp, xMg = 0.1), magnesium doped hydroxyapatite in the presence of thyme
essential oil, and MgHAp nanoparticle suspensions in conjunction with a dextran and thyme
solution [30]. We found that the results achieved in the case of the MgHAp nanoparticle suspensions
in conjunction with a dextran and thyme suspensions showed that the suspension presented better
antimicrobial properties than the anterior reported studies on 10MgHAp (xMg = 0.1) solutions tested
on the same microbial strains at the same time intervals [24]. The increase of antimicrobial activity for
MgHAp-based samples in conjunction with a dextran and thyme solution was attributed to both the
essential oil and the solution stability increase [30].

In the present study, we aimed to highlight the stability of solutions of magnesium doped
hydroxyapatite, Ca25−xMgx(PO4)6(OH)2, 25MgHAp, when xMg = 0.25, and to show the homogeneity
of the obtained coatings. An evaluation of the antimicrobial properties of the solutions and coatings
made was also carried out for the obtained samples when xMg = 0.25.

2. Materials and Methods

2.1. Materials

Ca25−xMgx(PO4)6(OH)2 was synthesized using Ca(NO3)2·4H2O (calcium nitrate tetrahydrate-
Sigma Aldrich, St. Louis, MO, USA, ≥ 99.0%), (NH4)2HPO4 (ammonium hydrogen phosphate from
Sigma Aldrich, St. Louis, MO, USA,≥ 99.0%), Mg(NO3)2·6H2O (magnesium nitrate hexahydrate, Alpha
Aesare, Germany, 99.97% purity), and NH4OH (ammonium hydroxide, Sigma Aldrich, St. Louis, MO,
USA, 25% NH3 in H2O). Ethanol absolute and double-distilled water were also used for the synthesis.

2.2. Magnesium Doped Hydroxyapatite (25MgHAp) Suspensions

In order to obtain Ca25−xMgx(PO4)6(OH)2, an adapted co-precipitation method [35] was used.
The synthesis of Ca25−xMgx(PO4)6(OH)2 was performed at room temperature. The magnesium amount
was xMg = 0.25. In agreement with the previously reported studies [19,36], the molar ratios of Ca/P
and (Ca + Zn)/P were equal to 1.67. In order to have the most accurate information regarding the
influence of the magnesium quantity both on the stability of the suspension and on the homogeneity
of the layers obtained from the suspension obtained, the synthesis conditions presented in one of our
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previous studies were respected [24]. The final suspension obtained was called 25MgHA and stirred
for 24 h at 100 ◦C before making the coatings. The 25MgHAp suspension was analyzed using different
techniques after stirring at 100 ◦C for 24 h.

2.3. Thin Layer of 25MgHAp

The 25MgHAp coatings were prepared by dip coating process according to the procedure described
previously [37]. Deionized water was used to wash the glass substrate before coating. Three layers of
25MgHAp were deposited on the glass substrate in order to evaluate the homogeneity and uniformity
of the deposition as well as the uniform distribution of the constituent elements. Each layer was dried
at 80 ◦C for 4 h. Finally, a thermal treatment was performed at 500 ◦C for 1 h. Cooling was done at a
rate of 5 ◦C/min.

2.4. Characterization Methods

Ultrasound measurements were performed in agreement with previous studies [38]. For the
relevance of the stability of the analyzed suspension, a comparison was made with the properties of
double-distilled water. As double-distilled water is the most stable suspension, it was considered a
standard suspension, under the same experimental conditions.

Dynamic light scattering (DLS) and zeta potential (ZP) measurements were realized using a SZ-100
Nanoparticle Analyzer from Horiba-Jobin Yvon (Horiba, Ltd., Kyoto, Japan). The measurements were
made at 25 ± 1 ◦C. The distilled water was used to dilute the suspensions before analysis. Ultrasound
measurements were performed on concentrated solutions obtained from the preparation process.

Using a CM 20 (Philips- FEI, Hillsboro, OR, USA) transmission electron microscope equipped
with a Lab6 filament operating at 200 kV, the samples were investigated using transmission electron
microscopy measurements.

A Multimethod SPECS surface analysis system was used to perform X-ray photoelectron
spectroscopy measurements (XPS) with monochromatic Al Ka radiation (hv = 1486.6 eV). In the
analysis chamber, the vacuum was p ~3 × 10−9 torr. For the achievement of XPS spectra, an energy
window w = 20 eV with resolution R = 20 eV and 400 recording channels was used. For 25MgHAp
coatings, the monochromatic X-ray source (Specs XR-50 M, SPECS Surface Nano Analysis GmbH,
Berlin, Germany) was used in the FOCUS mode in order to acquire an X-radiation with a FWHM (Full
Width at Half maximum) less than 0.25 eV. The achieved XPS spectra were analyzed and processed
using Spectral Data Processor v2.3 (SDP) [39].

The concentration of Mg2+ ions released from the 25MgHAp coatings at different time intervals
was measured using a laser ablation-inductively coupled plasma-mass spectrometer with an elemental
XR Thermo Specific instrument (Waltham, MA, USA). For this purpose, the 25MgHAp coatings were
incubated in deionized H2O and the content of magnesium ions was assessed after 1, 4, 7, and 14 days.

The 25MgHAp suspension morphology and derived coatings were examined using scanning
electron microscopy (SEM) with the help of Hitachi S4500 equipment (Hitachi, Tokyo, Japan).
The elemental distribution maps and quantitative composition were evaluated with an EDAX (Ametek
EDAX Inc Mahwah, NJ, USA) using energy-dispersive X-ray spectroscopy (EDS). Moreover, using
ImageJ software (ImageJ 1.51j8, National Institutes of Health, Bethesda, MD, USA), the 3D surface
graphics of SEM images could be obtained [40].

The surface morphology of the thin films was characterized by atomic force microscopy
(AFM) using a NT-MDT NTEGRA Probe Nano Laboratory instrument (NT-MDT, Moscow, Russia).
The topography of the thin film surface was obtained in non-contact mode using a silicon NT-MDT
NSG01 cantilever coated with a 35 nm gold layer. Furthermore, the AFM topography was captured
on a surface area of 2.5 × 2.5 µm2, and the root mean square roughness (RRMS) was also calculated.
The measurements were performed at room temperature.

Furthermore, the surfaces of the 25MgHAp coatings were also investigated by optical microscopy
using a binocular optical microscope with an attached camera from Micros Austria (Micros Austria, Wien,
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Austria). The images were recorded using the 40×magnification of the microscope. Complementary
information regarding the surface morphology of the 25MgHAp coatings were acquired using an
inversed trinocular metallographic microscope OX.2153-PLM, (Euromex, Arnhem, The Netherlands).

The adhesion of the 25MgHAp coatings to the glass substrate was also investigated by tape-pull
test using a 3M Performance Flatback Tape 2525 tape with a peel adhesion of 7.5 N/cm.

The qualitative assays of the antimicrobial activity of HAp and 25MgHAp suspensions were
carried out as previously described by Predoi et al. [12]. 0.5 McFarland standardized suspensions
were inoculated on Muller Hinton agar (MHA). Afterwards, a volume of 5 µL of HAp and 25MgHAp
was placed directly, aseptically, and distinctively on the inoculated MHA plates. The plates were then
incubated at 37 ◦C for 48 h and the inhibition zones formed were measured in mm.

The antimicrobial activities of the 25MgHAp suspensions and thin films were assessed against
one of the most common and studied microbial strains such as Gram-positive reference strains
Staphylococcus aureus ATCC 25923, Gram-negative reference strains Escherichia coli ATCC 25922, and the
reference fungal strain Candida albicans ATCC 90029. For this purpose, standard inoculums of each
microbial strains of 5× 106 CFU/mL (colony forming units per milliliter) were prepared. Both 25MgHAp
suspensions and 25MgHAp thin films were exposed to 1.5 mL of 5 × 106 CFU/mL microbial suspension
in phosphate-buffered saline (PBS) in a Petri dish. Afterwards, the suspension was collected at different
time intervals (8, 16, 24, and 48 h) and incubated on agar medium for 24 h at 37 ◦C. Finally, the number
of CFU/mL was determined for each of the contacts. The experiments were performed in triplicate and
the results were presented as mean ± standard deviation (SD).

Cell proliferation and viability were evaluated using the MTT (3-4,5-Dimethylthiazol 2,5-
diphenyltetrazolium bromide) assay in agreement with previous studies [41]. The in vitro cytotoxicity
assessment was carried out using human fetal osteoblasts (hFOB 1.19) from the American Type Culture
Collection (ATCC). The absorbance was quantified by measuring the wavelength at 595 nm using a
TECAN spectrophotometer (Tecan GENios, Grödic, Germany). The absorbance from the wells of cells
cultured in the absence of substrate, coatings, and dispersions was used as the 100% viability value.

2.5. Statistical Analysis

All in vitro experiments were performed in triplicate. The results of the in vitro experiments
were exhibited as mean values ± standard deviation (SD). Furthermore, other results of the data were
presented as mean values ± standard deviation (SD). For the data analysis, the Student t-test was used.

3. Results and Discussion

In the current context, when looking for solutions to improve the quality of life, one of our
concerns is the study of the stability of suspensions based on hydroxyapatite doped with different
ions that could be used in different applications both in the medical field and in medical food such as
would be the development of biocompatible coatings. A complex analysis of the 25MgHAp suspension
stability was performed using various techniques such as ultrasound measurements (UM) and zeta
potential (ζ potential). Despite the fact that ζ potential is a dedicated method for studying the stability
of solutions, the information is obtained by dilution of the concentrated suspensions. For this reason,
we have tried to develop a new method for characterizing the stability of the obtained suspensions in
concentrated form without having to dilute them.

For a better accuracy of the information regarding the stability of the suspension used in the
making of coatings, ultrasonic measurements were made on the concentrated suspension obtained
after the preparation process. The digital signals were recorded on the digital oscilloscope at a very
precise interval of 5.00 s (Figure 1). As can be seen, we can obtain information both regarding the
stability of the suspension and regarding the attenuation vs. time by analyzing the evolution of the
signals over time.
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was c0 = 1496.19 m/s, while the velocity in the analyzed sample was c = 1496.84 m/s and the 
temperature at which the experiment was performed was 24.8 °C. The ultrasound velocity in the 
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asymptotically to those in the reference fluid (A/Aref→1). 

Figure 1. Recorded signals at 5 s recording interval. The increasing amplitudes of the first echo is
visible in colors, whereas the second and third echo are significantly weaker (in black).

Time delays between the first three echoes that were recorded in the analyzed suspension and
those recorded in the reference fluid allowed a precise determination of the velocity of ultrasounds
through the sample for each signal that was recorded. The result for the velocity in the reference
fluid was c0 = 1496.19 m/s, while the velocity in the analyzed sample was c = 1496.84 m/s and the
temperature at which the experiment was performed was 24.8 ◦C. The ultrasound velocity in the
sample is very close to the velocity in pure water and has a negligible variation during the experiment.
Thus, it cannot be used to characterize the evolution in time of the sample’s properties.

A more significant variation is determined by the maximum amplitudes of transmitted signals vs.
recording moments (Figure 2). There is a very slow variation of the amplitudes for t < 500 s which
will be used for further processing, followed by a more pronounced variation of the amplitudes up to
1000 s. Between recording moments 1000 and 1700 s, as the apparent surface of sedimentation passes
in front of the coaxial transducers, a rapid variation of amplitudes occurs. An unusual increase of
the second echo amplitude above the amplitude of the first echo is specific to this sample. After this
passage, it follows a long sedimentation period (t > 1600 s), in which the echoes amplitudes tend
asymptotically to those in the reference fluid (A/Aref→1).

In order to evaluate the stability of the suspension, the first period (t < 100 s) has the greatest
relevance. The amplitude of the first echo was measured with very good accuracy. It was observed that,
during this period, the amplitude of the first echo shows a slow decrease. The parameter that gives us
clear information on the stability of the suspension is closely related to the slope of the amplitude of
the first echo vs. time.

The value of the stability parameter was s = 1
Am

∣∣∣ dA
dt

∣∣∣ = 0.019 s−1 with Am the averaged amplitude
of the signals. The value obtained for the stability parameter shows a good stability of 25MgHAp
suspension. Another characteristic of the suspension is the frequency spectrum of the first transmitted
echo (Figure 3). The lowest curves correspond to the first period of sedimentation and the upper ones
correspond to the asymptotic sedimentation of the suspension fluid, during which the amplitudes
increase. The peaks of amplitudes are at 4 MHz, which is a characteristic of the transducers. Combined
information of the previous two figures leads to the spectral amplitudes variation during the experiment.
On Figure 4 is shown the initial highest amplitude ratio of 0.95 for the frequency of 2 MHz and the
lowest of 0.7 at 8MHz. All values are relative to those of the reference fluid in the same conditions.
Before t = 1050 s, the amplitudes at all selected frequencies are slowly decreasing. After the separation
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surface descends in front of the transducers, these amplitudes tend to 1, which is normal for a
complete sedimentation.Coatings 2019, 9, x FOR PEER REVIEW 7 of 24 
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As proved in Figure 5, the attenuation calculated for each spectral component depends on the
moment during the experiment. The attenuation of bidistilled water used as reference fluid for each
spectral component was also presented in Figure 5. The bidistilled water used as the reference fluid
comportment was represented in dashed lines with the same colors legend. A specific feature of the
25MgHAp suspension is the attenuation equal to 13.5 nepper/m for the 8 MHz component in the first
moments of recording a first echo. For the 25MgHAp suspension, the lowest attenuation of 2 nepper/m
was obtained for the 2 MHz spectral component.Coatings 2019, 9, x FOR PEER REVIEW 9 of 24 
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Figure 6 shows the attenuation dependency of frequency for both the 25MgHAp suspension
and the reference fluid. As can be seen in the case of the analyzed suspension, the attenuation is
considerably higher (1–7 nepper/m) compared with the reference fluid (0.3–1.3 nepper/m).
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The attenuation is increasing in time (t < 1050 s) for all spectral components of the signal,
expressing an increasing concentration of the suspension. The attenuation decreases progressively,
as the suspension is settling and the separation surface passes in front of the transducers.

Following these studies, it was found that, for the 25MgHAp suspension, the attenuation
coefficients tend towards stable values during the long period of asymptotic sedimentation (after 1700 s
in this case). The stable values at which the attenuation coefficients of the 25MgHAp suspension
correspond to the values obtained for bidistilled water used as the reference fluid. The complete
process lasted more than 2000 s before a final stable state was reached. The present studies confirm
that the first transmitted echo (recorded in the first 500 s) provides sufficient information for a rigorous
and complete characterization from the ultrasonic point of view of the 25MgHAp suspension in terms
of stability, total, and spectral attenuation.

In order to evaluate the particle distributions and physical stabilities of the nanosuspensions,
the DLS and ζ potential studies were conducted (Figure 7). In order to highlight the particle distribution
in the suspension used for coating, DLS studies were performed. Figure 7a revealed dynamic light
scattering data by volume of 25MgHAp particles obtained from the prepared suspension. The intensity
distribution was converted to volume distribution by using scattering theories of Mie. The volume
distribution profiles revealed a single peak, which shows that the aggregates of the nanoparticles in
the analyzed suspension were negligible. The sizes of 25MgHAp particles coming from suspension
vary in the range 10–90 nm, with a mean value of hydrodynamic diameter, Dh, equal to 22 nm.
On the other hand, determination of ζ potential is a significant technique for characterizing the
suspensions, allowing us to understand the physical stability of the nanosuspensions. In this context,
the stabilities of the 25MgHAp suspensions were also analyzed using ζ potential determination. The ζ

potential distribution achieved for the 25MgHAp suspension was presented in Figure 7b. The value
obtained for the ζ potential following the measurements was −32.9 ± 3.4 mV, indicating a good
stability of the 25MgHAp suspension. According to J.P. Kadu et al. [42], when for the ζ potential we
have values greater than 30 mV and less than −30 mV, we can talk about good stability. Moreover,
Mohapatra et al. [43] showed that a confirmation of the particle agglomeration in the suspension
is confirmed when the ζ potential has negative values less than −28 mV and positive values less
than 28 mV. On the other hand, E. Joseph and G. Singhvi [44] showed that suspensions with values
of ζ potential greater than 30 mV or less than −30 mV have high stability degrees while, when the
suspensions for which the ζ potential has a value of less than +25 mV or greater than −25 mV, they will
eventually agglomerate due to interparticle interactions, including van der Waals forces and hydrogen
bonding. Besides, in our anterior study [24], we certified with ultrasound measurements that a value of
−17 ± 3.4 mV of ζ-potential obtained for 10MgHAp in water indicates that the suspension is unstable.
Moreover, in recent studies on “Dextran-thyme coated magnesium doped hydroxyapatite layers on
glass substrate” [30], ultrasound measurements confirmed that, for a value of −37 mV of the ζ-potential,
the suspension has a good stability.

By the results obtained in the present study, we have shown that by increasing the amount of
magnesium in the sample xMg = 0.25, the suspension stability has increased compared to previous
results [24] when the amount of magnesium in the sample was xMg = 0.1. The studies performed
using ultrasound measurements (on concentrated samples) have confirmed that the stability of the
suspensions improved when the amount of magnesium increased from xMg = 0.1 to xMg = 0.25 by
decreasing the stability parameter from 0.087 to 0.019 s−1.

The morphology of the 25MgHAp particles in suspension were estimated using TEM and SEM
analysis. From the TEM and SEM images realized on the 25MgHAp suspension shown in Figure 8,
it was noticed that the particles have a uniform shape. The TEM and SEM examination revealed that
the 25MgHAp particles in suspension appear as regular spherical structures at the nanometer scale.
The average particle size obtained for the 25MgHAp sample was 12.7 ± 2.5 nm from TEM, while from
SEM measurements, it was about 15.3 ± 3.4 nm (Figure 8). The TEM results were in good concordance
with those obtained from the SEM studies.
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Figure 8. TEM (a) and SEM (b) images of 25MgHAp particles in suspension.

To confirm the homogeneity of the coating, four complementary methods of analysis were used.
The mapping analysis of the 25MgHAp coatings obtained using the dip coating method showed a
homogeneous surface (Figure 9a). Figure 9b–e clearly exhibited the presence of Ca, P, Mg, and O
elements. On the other hand, from the mapping images, it was observed that all the constituent
elements were uniformly distributed on the surface of the 25MgHAp coatings. The superposition of all
constituent elements of the surface of the 25MgHAp coatings was also presented in Figure 9f. In order
to evaluate the elemental composition of the 25MgHAp coatings, energy dispersive X-ray spectroscopy
(EDS) was performed. In the EDS spectra that were identified, only the constituent elements of the
magnesium doped hydroxyapatite (O, Ca, P, and Mg) were observed. The presence of Si in the EDS
spectrum was due to the substrate. The result of the EDS analysis attests a good purity of the coatings.
The EDS spectra of the 25MgHAp coating surface is presented in Figure 9h.

Furthermore, the 2D conventional SEM and EDX mapping images were transformed into 3D
surface maps using ImageJ software (ImageJ 1.51j8, National Institutes of Health, Bethesda, MD,
USA) [40] and the 3D representations are depicted in Figure 10. The 3D representations of the SEM
surface topographies suggested the presence of a uniform layer with no fissures or other imperfections.
In addition, the 3D surface maps of the elemental cartographic analysis highlighted that the main
constituents of the magnesium doped hydroxyapatite, O, Ca, P, and Mg, were homogenous and
uniformly distributed in the analyzed sample.
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Complementary information regarding the magnesium ions released from the 25MgHAp coatings
were obtained by incubating the 25MgHAp coatings in deionized water and measuring the Mg2+ ions
concentration of the solution after 1 day, 4 days, 7 days, and 14 days by inductively coupled plasma
mass spectrometry. The results of the Inductively Coupled Plasma Spectrometry (ICP) studies revealed
that after 1 day in the solution in which the 25MgHAp coating was immersed, the concentration
of Mg2+ was 5.2 ± 0.8 mg/L. After 4 days, its concentration had a value of 15.4 ± 1 mg/L, and after
7 days, the magnesium ions reached a concentration of 18.24 mg/L. Furthermore, after 14 days,
the concentration of Mg2+ ions released from the 25MgHAp coatings had a value of 18.84 mg/L.
These results suggested that the release of magnesium ions from the 25MgHAp coatings increased
progressively in the first 7 days and then in the next 7 days had a slow increase.

Moreover, the thickness of the 25MgHAp layers was assessed using SEM analysis. The SEM
analysis of the transversal cross section of the investigated layers indicated a thickness equal to
56.04 ± 2.4 nm. The results are depicted in Figure 11.
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Figure 11. SEM images of the transversal cross section of 25MgHAp coatings.

Furthermore, the adhesion of the 25MgHAp coatings to the glass substrate was investigated using
the tape-pull test. The tape-pull test is one of the simplest and most widely used method to evaluate a
coating’s adhesion. In the case of the 25MgHAp coatings deposited on glass substrate, the scotch tape
came off relatively clean with very little material stuck to it, and the analysis of the substrate surface
suggested that not much of the 25MgHAp coating was actually removed. These results indicated a
good adhesion of the thin layer to the substrate.

The surface morphology of the 25MgHAp thin films was also investigated using AFM analysis.
The AFM topography of the 25MgHAp coatings surface is presented in Figure 12. The AFM 2D
micrograph and the 3D representation of the 25MgHAp coatings surface emphasized that the 25MgHAp
coatings surface has the morphology of a uniformly deposited layer. Moreover, the AFM topography
also suggested that the thin film do not present any cracks or fissures and consist of nanoaggregates.
In addition, the AFM results evidenced that the surface topography of the 25MgHAp coatings
was also homogenous with a roughness (RRMS) value of 47.34 nm. The results obtained by AFM
investigations are in agreement with the SEM studies, which also revealed that the coatings are uniform
and homogenous.
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Figure 12. Atomic force microscopy (AFM) topography image of the 25MgHAp thin film surface
presented in 2D (a) and 3D representation of the surface topography of 25MgHAp thin film (b).

Furthermore, the surface morphology of the 25MgHAp coating was studied using optical and
metallographic microscopy. The images acquired with the optical microscope of the surface morphology
of the 25MgHAp coatings are presented in Figure 13a. The optical images of the surface of the 25MgHAp
coatings revealed that the coatings deposited by dip coating process are uniform with no visible
fissures, cracks or other visible discontinuities. Moreover, a 3D representation of the optical image of
25MgHAp coating’s surface was obtained using ImageJ software (ImageJ 1.51j8, National Institutes of
Health, Bethesda, MD, USA) [36]. The 3D representation of the optical image of 25MgHAp coating is
depicted in Figure 13b.
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Complementary information regarding the surface morphology of the 25MgHAp coatings were
also obtained using metallographic microscope. The image of the 25MgHAp coating’s surface obtained
using the metallographic microscope is depicted in Figure 13a. As well as the optical microcopy
studies, the metallographic investigations revealed that the surface of 25MgHAp coatings has a
uniform morphology and do not present any fissures or cracks. In addition, a 3D representation of the
25MgHAp coating surface was also obtained with ImageJ software (ImageJ 1.51j8, National Institutes
of Health, Bethesda, MD, USA) [40]. The 3D representation of the metallographic microscope image of
the 25MgHAp coating surface presented in Figure 14b emphasized and confirmed that the 25MgHAp
coatings are homogenous and continuous with no cracks or fissures. Following the studies performed
using four methods of analysis such as SEM, AFM, optical microscopy, and metallographic microscopy,
we can say that the coatings obtained are homogeneous and do not show cracks.
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Figure 14. Metallographic microcopy image of the 25MgHAp coating surface (a) and 3D representation
of the surface of the 25MgHAp coatings (b).

Furthermore, the roughness parameters Ra of the coating surfaces were also calculated using
AFM, SEM, optical microscopy, and metallographic microscopy images of the surface coatings. Ra is
one of the most commonly used parameters in industry to characterize the roughness of a surface.
Ra represents the average of a set of individual measurements of the peaks and valleys of a surface.
The arithmetic average of the absolute values of the profile height deviations from the mean line of
the 25MgHAp coating surface images was determined using optical analysis of the images using
ImageJ software [40]. The numerical values of the Ra roughness parameters determined from different
25MgHAp surface images are presented in Table 1. The results highlighted that that the Ra roughness
parameter calculated from AFM, SEM, optical microscopy, and metallographic microscopy images of
the 25MgHAp surface coatings had similar values and were in accordance with the visual analysis of
the coating’s surface from the optical and metallographic images.

Table 1. Ra roughness parameters of 25MgHAp coatings.

Image Ra (nm)

AFM 119 ± 2.4 nm

SEM 121 ± 4.6 nm

Optical microscopy 183 ± 6.8 nm

Metallographic microscopy 133 ± 8.2 nm

Figure 15 showed the high resolution Mg 1s and Mg 2p XPS spectra of 25MgHAp coatings.
In Figure 14a, the high resolution Mg 2p XPS spectra of 25MgHAp coatings were presented. The metallic
component at the binding energy (BE) around 1303 eV was not observed. The binding energy of Mg
2p is slightly higher than that of the oxide. The peak at 1305 eV could indicate the bonds of Mg2+

with the PO4
2− group. The Mg 2p XPS spectra revealed a single peak at around 50.32 eV (Figure 15).

A peak associated with metallic magnesium around 49 eV was not observed [45]. In agreement with
S. Ardizzone et al. [46], the BE of Mg 2p ranges between 49.9 and 50.2 eV. Thus, the peak at 50.34 eV may
indicate the bonds of Mg2+ with the PO4

2− group. In the sample studied, the Ca2+ was substituted by
Mg2+. The low intensity of this region reflects the low level of oxygen contamination of the 25MgHAp
coatings [47].

Recently, due to the emergence of various drug resistant microbial strains, the focus of the
research communities has been towards developing new antimicrobial agents. Among the resistant
microbial strains, the most prominent are Gram-positive and Gram-negative bacterial strains such as
Staphylococcus aureus and Escherichia coli which have developed resistance to a wide range of antibiotics
used as conventional antimicrobial treatments. Therefore, in surgery, it is very important to have
a sterile environment around the implant. One of the most studied materials for its outstanding
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biocompatible properties that was envisaged by the researchers for being used in the development
of new antimicrobial agents was HAp doped with different antibiotics or antimicrobial components.
These modifications were expected to facilitate its use in bone substitutions and in the case of infected
bone defects.Coatings 2019, 9, x FOR PEER REVIEW 16 of 24 
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spectra of 25MgHAp coatings.

The antimicrobial activities of the HAp and 25MgHAp suspensions have been assessed by
determining the mean zone of inhibition produced by the samples after 48 h of incubation with
the microbial cultures. The results have emphasized that the HAp suspensions did not show
any antimicrobial activity after 48 h of incubation in the presence of microbial cells against
Gram-positive Staphylococcus aureus ATCC 25923, Gram-negative Escherichia coli ATCC 25922, and
fungal Candida albicans ATCC 90029. The results are depicted in Figure 16. Furthermore, the results of
the qualitative antimicrobial assay have shown that the 25MgHAp suspensions presented significant
antimicrobial properties against the tested microbial strains. The results evidenced that the 25MgHAp
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In the present study, the antimicrobial efficiencies of 25MgHAp and HAp suspensions
as well as 25MgHAp and HAp coatings against the development of microbial cells against
Gram-positive Staphylococcus aureus ATCC 25923, Gram-negative Escherichia coli ATCC 25922, and fungal
Candida albicans ATCC 90029 were investigated. The antimicrobial activities of the samples against the
tested microbial strains were tested at various time intervals. The results of the antimicrobial assays
regarding the inhibitory effect against the development of CFU in the presence of the 25MgHAp and
HAp suspensions as well as 25MgHAp and HAp coatings are depicted in Figure 17a,b. The antimicrobial
assays have revealed that the best inhibitory effect was obtained in the case of Candida albicans ATCC
90029. Moreover, the effectiveness of both the 25MgHAp suspensions and 25MgHAp coatings
against Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 25922 was proved. The results
of the antimicrobial assay also evidenced that HAp suspensions did not inhibit the growth of the
tested microbial cells. Moreover, the results have emphasized that the HAp suspensions have been
a good environment for the proliferation of the Staphylococcus aureus ATCC 25923, Escherichia coli
ATCC 25922, and Candida albicans ATCC 90029 microbial strains. Additionally, the results suggested
that the 25MgHAp suspensions and coatings were more efficient against the tested bacterial strains
compared to pure hydroxyapatite samples. Furthermore, the results of the antimicrobial assays
demonstrated that the 25MgHAp suspensions exhibited fungicidal properties after 48 h of incubation
with the C. albicans ATCC 90029 fungal strains. Moreover, the data suggested that the samples
started inhibiting the CFU development for all tested strains from 8 h of incubation. These results
are in good agreement with our previous studies regarding the influence of magnesium doped
hydroxyapatite suspensions and magnesium doped hydroxyapatite enhanced with thyme essential oil
in dextran matrix solutions and composite layers on the development of microbial biofilms [24,30].
The results obtained in our previous reported studies [30] suggested that the 10MgHAp-Dex-thyme
suspensions presented strong antimicrobial properties even after 24 h in the case of Gram-negative
P. aeruginosa and Gram-positive S. aureus bacterial strains. In addition, the results presented in the study
regarding “dextran-thyme magnesium-doped hydroxyapatite composite antimicrobial coatings” [30]
emphasized that 10MgHAp-Dex-thyme layers exhibited a good antimicrobial effect against the
formation of the microbial biofilm after 24 h of incubation against Gram-negative P. aeruginosa and
Gram-positive S. aureus. Nonetheless, the results reported in the previous studies of the authors
on the antimicrobial activity of the dextran-thyme magnesium-doped hydroxyapatite composite
coatings [30] demonstrated that the antimicrobial properties were more pronounced in the case of
10MgHAp-Dex-thyme suspensions than in the case of 10MgHAp-Dex-thyme layers for all tested
time intervals compared to the control sample. In this context, the results obtained in the case of
the 25MgHAp suspensions and 25MgHAp coatings efficiency in inhibiting the development of CFU
of different microbial strains are in perfect agreement with our previous studies, and demonstrated
that the 25MgHAp suspensions proved more efficient against the development of CFU of the tested
microbial cells compared to the 25MgHAp coatings. Furthermore, in our previous studies [24,30],
we have demonstrated that HAp suspensions presented a stimulating effect on the microbial biofilm
development, therefore, the antimicrobial effect exhibited by the magnesium doped hydroxyapatite
suspensions and thin films could be attributed entirely to the magnesium presence. These results
were also confirmed in our present study, which highlighted that, after 16 h of incubation, the HAp
suspensions had facilitated the proliferation of the microbial cells. A noticeable increase in the CFU
values of the microbial strains incubated with the HAp suspensions was observed after 16 h of
incubation. In addition, the results also suggested that the HAp coatings exhibited a very small
inhibiting effect after 24 h of incubation in the case of S. aureus and C. albicans microbial cells. This limited
antimicrobial effect could be attributed to the presence of silicium ions from the glass substrate and also
to the interactions that appeared between the HAp coatings and glass substrate [48]. Although some
antimicrobial properties of simple glass were reported, there are only few existing studies regarding this
aspect and there is much to investigate in order to fully understand the mechanism involved. [48,49].
These findings are also in good agreement with the literature [30–35,49–54]. The principal mechanisms
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involved in the antimicrobial activity of magnesium-based materials have been described as similar to
the ones encountered in the case of other metallic ions. Therefore, the literature revealed that, generally,
nanoparticles are toxic to organisms by generating oxidative stress, inflammation, or by inflicting direct
or indirect DNA damage [51,52], and also by producing reactive oxygen species (ROS), which are
responsible for inducing oxidative DNA damage, protein denaturation, and lipid peroxidation [51,52].
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In addition to antimicrobial studies, special attention has been paid to the cytotoxic effects of
25MgHAp stable dispersions and coatings obtained from stable dispersions. Proliferation of human
fetal osteoblasts (hFOB 1.19) cells on 25MgHAp suspensions and coatings was determined by MTT
assay (Figure 18). The HAp suspension and HAp coatings were used as a reference (Figure 18).
An evaluation of hFOB 1.19 cell proliferation was also performed on the glass substrate before coating.
Figure 16 shows the viability of hFOB 1.19 cells on substrate, suspensions and coatings. Both the
samples in the form of suspensions and those in the form of coatings showed excellent values of
viability both at 4 days and at 7 days. As could be seen in the histogram, no major differentiation
was observed between the samples in the form of suspension and coatings. Coatings of HAp and
25MgHAp showed a higher growth tendency than the glass substrate before coating. However, in the
case of 25MgHAp samples (dispersion or coating) a better cell proliferation compared to the HAp
samples (dispersion or coating) was observed. This could be due to the presence of Mg ions in the
hydroxyapatite structure.
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Figure 18 showed that throughout the culture period, the 25MgHAp suspension and coating
samples had the highest cell viability values after 4 days, of over 75% ± 10%, while after 14 days,
their viability increased to 85% ± 7% compared to the control. The HAp-based samples in the form of
suspension and thin layer had a viability of less than 75% ± 10% after 4 days of incubation, reaching
about 82% ± 8% after 7 days, while after 14 days, the cell viability was 80% ± 8% for the layers and
85% ± 8% for the sample in the form of suspension. For the uncoated glass substrate, cell viability was
50% ± 5% after 4 days, reaching 65% ± 3% after 7 days and 70% ± 4% after 14 days. After 14 days,
the difference between the cell viability of HAp and 25MgHAp samples becomes significantly greater
than the cell viability of the uncoated substrate. This behavior shows that both HAp and 25MgHAp
samples have very good biocompatible/bioactive properties. The results are in agreement with the
studies performed to date, studies showing that hydroxyapatite facilitates the attachment and growth
of osteoblastic cells due to its high hydrophilic property [55,56].

The results obtained in our study revealed that the 25MgHAp suspension and 25MgHAp coatings
exhibited strong antimicrobial properties by effectively inhibiting the development of S. aureus ATCC
25923, E. coli ATCC 25922, and C. albicans ATCC 9002 CFU microbial strains. The data suggested that
the CFU inhibition was pronounced for all tested samples and that was correlated with the incubation
time. Nonetheless, the results have emphasized a strong inhibition of CFU/mL of all tested microbial
strains from the first 8 h of exposure to both suspensions and coatings. Furthermore, a fungicidal effect
as observed in the case of the 25MgHAp suspensions after 48 h of exposure. These findings are in
agreement with several other reported data from the literature [24,30,46–48] and demonstrated that,
due to their excellent biocompatibility combined with good antimicrobial activity, these compounds
could be successfully considered for the development of novel alternative antimicrobial agents for
being used in biomedical applications.

On the other hand, an excess of Mg could produce hydroxyl radicals (•OH) and superoxide
anions (O2

−), which could cause protein inactivation and even apoptosis [57]. However, taking into
account the preferential substitution of Mg in the Ca(II) position in the hydroxyapatite structure [58]
the risk of having a larger quantity of magnesium decreases considerably, becoming even non-existent.
All coatings manufactured as well as suspension based on HAp and MgHAp provided an excellent
environment for proliferation of primary hOB osteoblast cells. In agreement with previous studies [59],
the studies using hFOB 1.19 cells revealed that the presence of Mg in HAp structure by preferential
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substitution of Mg ions in the Ca2+ position, stabilized the cell-material interface by improving
attachment and cell growth.

The results obtained in our studies are in agreement with the existing studies regarding magnesium
doped hydroxyapatite-based materials [60–63]. The data suggested that the presence of magnesium ions
have considerably enhanced the biocompatibility of HAp. Moreover, compared to other ions that were
investigated as dopants for hydroxyapatites, magnesium presented HAp with significantly increased
biological properties as well as mechanical strength and dissolution rate [60–63]. Furthermore, in their
studies on “biomimetic Mg-substituted hydroxyapatite: from synthesis to in vivo behavior” [63],
the authors showed that both the biocompatibility and the resorption of Mg-substituted HAp
were considerably enhanced compared to stoichiometric HA by conducting in vivo tests on New
Zealand White rabbits. Similar results were obtained in the study on “osteoblastic cell response on
fluoridated hydroxyapatite coatings: the effect of magnesium incorporation” [64], which reported
that HAp and MgHAp coatings effectively enhanced the bioactivity and biocompatibility of a Ti
substrate. Furthermore, the authors of the paper “Biomimetic apatite formation on chemically treated
titanium” [65] reported in their study that magnesium doped HAp-coated surfaces promoted the
in vitro osteogenic differentiation of pre-osteoblasts and improved the implant osseointegration starting
with the early stages of bone healing compared with a pure HAp-coated surface. As could be seen,
the 25MgHAp suspension showed a much better stability than 10MgHAp suspension. The stability
parameter of the 25MgHAp suspensions was s = 0.019 s−1 compared to 0.087 s−1 for the 10MgHAp
suspensions, while for pure water, the value of s is 0. On the other hand, in our previous studies on
MgHAp nanoparticle suspensions in conjunction with a dextran and thyme suspension, the value of the
stability parameter was 1.35 × 10−5 (1/s). An increase in the stability of the 25MgHA suspensions can
lead to much more stable suspensions in the case of MgHAp nanoparticle suspensions in conjunction
with a dextran and thyme suspension, when the 25MgHAp suspensions are conjugated with the
different biopolymers and/or essential oils antimicrobial properties. On the other hand, the antimicrobial
properties of coatings obtained using 25MgHAp suspensions were much better than in the case of
10MgHAp coatings, referring to the same microbial strains. By increasing the antimicrobial properties
and the stability of the suspensions, more effective coatings can be made that will contribute to the
prevention of post-surgical infections. It is well-known that coatings with effective antimicrobial action
could reduce the risk of postoperative bone infections [66] by preventing the proliferation of bacteria
and the development of biofilm.

The 25 MgHAp suspension and coatings were studied to establish the good equilibrium between
the antimicrobial properties and cytocompatibility. Moreover, in this study it was shown that the
Mg content of the analyzed samples (suspension and coatings) can contribute both to the increase of
biocompatibility (it is not-toxic to cells) and to antimicrobial activity.

4. Conclusions

Magnesium doped hydroxyapatite coatings were prepared using a dip coating procedure using
25MgHAp suspensions obtained by an adapted co-precipitation method. The 25MgHAp suspensions
were evaluated for their stability using ultrasound measurements, zeta potential (ZP) and dynamic
light scattering (DLS) studies. The results obtained in the present study comparative with our previous
studies demonstrated that the stability of the samples is strongly influenced by the magnesium
concentration. Information regarding the morphology of the samples obtained by SEM and TEM
revealed that the 25MgHAp particles in suspension presented spherical structures and nanometric
size. On the other hand, the 25MgHAp coatings obtained by dip coating method were investigated
by SEM, EDX mapp analysis, and AFM. The results have emphasized that the coatings presented
a homogeneous surface and clearly confirmed the presence of Ca, P, Mg, and O elements in the
composition of the investigated samples. Moreover, the AFM surface topography of the coatings
revealed that the 25MgHAp coatings exhibit the morphology of a uniform deposited layer with
no cracks or fissures. Furthermore, the antimicrobial activity of both 25MgHAp suspensions and
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coatings were investigated using the reference microbial strain Staphylococcus aureus ATCC 25923,
Escherichia coli ATCC 25922 and Candida albicans ATCC 90029 at various time intervals. The results of
the antimicrobial assays suggested that all the samples started inhibiting the tested microbial strains
development from 8 h of incubation. In addition, it revealed that the 25MgHAp suspensions and
25MgHAp coatings exhibited strong antimicrobial properties by effectively inhibiting the development
of S. aureus ATCC 25923, E. coli ATCC 25922, and C. albicans ATCC 9002 CFU microbial strains and that
their antimicrobial activity was influenced by the incubation time. This work proved that Mg ions
doped in hydroxyapatite nanoparticles none affected hFOB 1.19 cell behavior. Amounts of Mg in the
suspension and coating samples revealed a good equilibrium between the antimicrobial properties and
cytocompatibility. Moreover, the presence of Mg ions in hydroxyapatite structure contributed to the
increase of biocompatibility. The results presented in the present study highlighted that the coatings
obtained from 25MgHAp suspensions by dip coating procedure have good antimicrobial properties,
which makes them ideal candidates for the development of novel antimicrobial medical devices.
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