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Abstract: It is known that iron is found as a trace element in bone tissue, the main inorganic
constituent of which is hydroxyapatite. Therefore, iron-doped hydroxyapatite (HApFe) materials
could be new alternatives for many biomedical applications. A facile dip coating process was used to
elaborate the iron-doped hydroxyapatite (HApFe) nanocomposite coatings. The HApFe suspension
used to prepare the coatings was achieved using a co-precipitation method, which was adapted in
the laboratory. The quality of the HApFe suspension was assessed through dynamic light scattering
(DLS), ultrasonic measurements, and zeta potential values. The hydroxyapatite XRD patterns
were observed in the HApFe nanocomposite with no significant shifting of peak positions, thus
suggesting that the incorporation of iron did not significantly modify the hydroxyapatite structure.
The morphology of the HApFe nanoparticles was evaluated using transmission electron microscopy
(TEM). Scanning electron microscopy (SEM) was used in order to investigate the morphologies
of HApFe particles and coatings, while their chemical compositions were assessed using energy-
dispersive X-ray spectroscopy (EDS). The SEM results suggested that the HApFe consists mainly of
spherical nanometric particles and that the surfaces of the coatings are continuous and homogeneous.
Additionally, the EDS spectra highlighted the purity of the samples and confirmed the presence
of calcium, phosphorous, and iron in the analyzed sample. The in vitro cytotoxicity of the HApFe
suspensions and coatings was evidenced using osteoblast cells. The MTT assay showed that both the
HApFe suspensions and coatings exhibited biocompatible properties.

Keywords: iron; hydroxyapatite; ultrasound measurement; suspension; coatings; cell viability

1. Introduction

Advances in nanotechnology have allowed the development of new nanometer-sized
materials, which due to their superior properties can be used in the field of biomedicine [1].
Recently, studies have shown that superparamagnetic nanoparticles (magnetite (Fe3O4) or
maghemite (γ-Fe2O3)) can be successfully used in applications such as medical imaging
(MRI) [2], drug delivery [3], and cancer therapy [4]. The use of these new types of materials
as drug delivery systems has many benefits and advantages (better pharmacokinetics,
diminished side effects, etc.) [5–7].

At the same time, small amounts (traces) of iron are found in bone tissue, and studies
have shown that iron can accelerate tissue regeneration [8]. On the other hand, one of the
most investigated synthetic bioceramic materials with applications in tissue engineering
and biomedical field is hydroxyapatite (HAp, [Ca10(PO4)6(OH)2]) [9]. Hydroxyapatite
is the main inorganic constituent in bones and teeth. Moreover, its excellent biological
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properties (biocompatibility, bioactivity, osteoconductivity, etc.), together with its physico-
chemical properties, make it suitable for applications in many fields [10–14]. Due to its
flexible and unique structure, HAp allows a large number of substitutions with various
ions (e.g., Fe, Ag, Zn, etc.) [11,14–16]. Previous studies have shown that these substitutions
improve the physico-chemical and biological properties of pure HAp [11,15,16].

Currently, the accumulation of iron in bone tissue is not fully understood, but there
are studies that have shown that iron deficiency can lead to inhibition of osteoblast cell
mineralization (in vitro tests) [15,17]. However, as the use of iron oxide nanoparticles
in biomedical applications is not possible due to the rapid aggregation of nanoparticles
under physiological conditions, the development of magnetic hydroxyapatite (iron or iron
oxide–hydroxyapatite, HApFe) nanobiocomposites is of real interest [18,19]. Therefore, the
presence of HAp on the surfaces of iron oxide nanoparticles improves both their stability
and biocompatibility. Moreover, the presence of HAp facilitates the adhesion of various
therapeutic molecules on the surfaces of nanocomposites [18,20]. Ajeesh et al. [21] pointed
out in their study that HApFe nanocomposites exhibit improved radiopacity compared to
HAp. Additionally, Panseri et al. [15] and Pareta et al. [22] highlighted an improvement in
osteoblast cell proliferation in the presence of nanobiocomposites. The bioactivity of HAp
is improved by the presence of iron in the HAp structure, which was proven by the in vitro
studies conducted by Chandra et al. [20]. Additionally, the in vivo studies conducted on
the magnetic HAp scaffolds showed that the bone formation and biocompatibility were
not affected in the short term by their magnetization [23]. Furthermore, magnetic HAp
scaffolds have been proven to be promising materials that could promote rapid formation
of mature bone [24]. The iron concentration plays an important role in the properties
of magnetic HAp. It have been observed that with increasing Fe3+ concentration, the
crystallite size and crystallinity decrease, the morphology of the particles change from
spherical to rods, and the magnetic properties change from diamagnetic (for HAp) to
superparamagnetic (for the iron-substituted HAp) [20,25]. It was also observed that the
drug release profile varies depending on the Fe content of the sample, with studies showing
that 100% drug release was achieved after 6 h in the case of HAp, while 100% drug release
was obtained after 9, 12, and 18 h for Fe-substituted hydroxyapatite samples of varying Fe
content (the shortest time being obtained for samples with an increased Fe content loaded
with 5 Fluorouracil) [20].

HApFe nanocomposites can be synthesized using various techniques, including co-
precipitation [26], hydrothermal methods [27], spray–drying [28], and high-energy ball
milling [29]. An important problem that arises when hydroxyapatite is used as a coating
for implants is that of implant failure, which is mainly due to the low stability of HAp
under physiological environments [30–32]. Therefore, the presence of iron or iron oxide
can increase the stability of hydroxyapatite layers [16,31]. Thus, the applicability of these
new materials with superior properties could be extended. On the other hand, other
studies [20] have demonstrated that after the immersion of HApFe in simulated body fluid
(SBF) for 3 weeks, the best bone-bonding ability (quantified by the presence of an apatite
layer on the pellets surfaces) was obtained for Fe-doped hydroxyapatite as compared to
HAp. In previous studies, the blood compatibility of magnetic HAp samples has been
proven [20,33,34].

Studies conducted on HApFe obtained using the neutralization method revealed that
concomitant addition of Fe2+ and Fe3+ ions under specific synthesis conditions resulted
in materials with close (Fe + Ca)/P ratio values to the theoretical (Ca/P = 1.67) [35].
The same studies [35] reported superparamagnetic properties for HApFe samples with
a small content of Fe3O4. In this context, the novelty of our study is in presenting for
the first time information regarding the stability and homogeneity of HApFe suspensions
obtained via the correlation of dynamic light scattering (DLS), ultrasonic, and zeta potential
measurements. Additionally, we provide new information regarding the cytotoxicity
of iron-doped hydroxyapatite solutions and coatings using osteoblast cells. Through
this study, we aim to contribute to the better understanding of the stability, structure,
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morphology, chemical composition, and cytotoxicity of the synthesized samples (HApFe
solutions and coatings).

The aim of this study is to highlight the stability of the iron-substituted hydroxyapatite
suspensions used in the creation of thin layers, which could be used in various medical
applications. The crystal structure of the HApFe nanocomposite powder obtained from the
suspension, the morphology of the nanoparticles in suspension, and the coating surface
are also assessed. The morphology of the HApFe particles is investigated using scanning
electron microscopy and transmission electron microscopy. The presence of Fe, Ca, P, and O
are highlighted using EDS studies. The in vitro cytotoxicity of the HApFe suspensions and
coatings is shown using osteoblast cells. The MTT assay highlights that both the HApFe
suspensions and coatings exhibit excellent biocompatible properties.

2. Materials and Methods
2.1. Materials

Iron-doped hydroxyapatite (HApFe) was produced using Ca(NO3)2·4H2O (calcium
nitrate tetrahydrate; Sigma Aldrich, St. Louis, MO, USA, ≥99.0%), Fe(NO3)3·9H2O (Iron(III)
nitrate nonahydrate; Merck, Kenilworth, NJ, USA, ≥99.95%), (NH4)2HPO4 (ammonium
hydrogen phosphate; Sigma Aldrich, St. Louis, MO, USA, ≥99.0%), ammonium hydroxide
(NH4OH) (Thermo Fisher Scientific, Waltham, MA, USA), and de-ionized water.

2.2. Iron-Doped Hydroxyapatite (HApFe) Suspensions

In order to obtained the iron-doped hydroxyapatite (HApFe), 0.16 M of Ca(NO3)2·4H2O
aqueous solution and 0.05 M of Fe(NO3)3·9H2O aqueous solution were coprecipitated in
0.1 M of (NH4)2HPO4 aqueous solution under continuous stirring for 4 h at 100 ◦C. The pH
was monitored during the synthesis and adjusted to 10 by adding ammonium hydroxide
solution (1:1) drop-by-drop. The resulting suspension was filtered and washed 5 times
and redispersed in de-ionized water (100 mL). The HApFe suspension was continuously
stirred for 12 h at 40 ◦C. The resulting HApFe suspension was analyzed using different
techniques.

2.3. Thin Layer of HApFe

The dip coating process [36], a facile and economical technique, was used in order to
prepare the HApFe coatings. The substrate material used in this study was the Si. Through
this process, the HApFe suspension was used to obtain the coatings. The Si substrate was
washed with ethanol. Four successive layers of HApFe were deposited in the same way.
Each layer was dried at 80 ◦C for 4 h. The resulting coating was heat-treated at 300 ◦C for
1 h. A rate of 5 ◦C/min was set for cooling.

2.4. Characterization Methods

An SZ-100 Nanoparticle Analyzer from Horiba-Jobin Yvon (Horiba, Ltd., Kyoto, Japan)
was used for both particle size analysis and zeta potential measurements (ZP). Particle size
analysis was effectuated by dynamic light scattering (DLS). The sample measurements
were taken at 25 ± 1 ◦C. To dilute the suspensions before analysis, the distilled water was
used (0.4 mg Fe/mL).

Ultrasound measurements were conducted on a concentrated suspension obtained
using the preparation process according to Prodan et al. [37]. Double-distilled water, being
the most stable suspension, was considered the standard, which was prepared under the
same experimental conditions. The stability of the analyzed suspension was related to that
of the double-distilled water. Double-distilled water was the fluid used as the reference in
evaluating the stability of the HApFe suspension. The information on the stability of the
HApFe suspension is given using the evolution of the signals over time and attenuation vs.
time. An exact determination of the ultrasonic velocity in the HApFe suspension for each
signal was made by determining the delays between the first three echoes recorded for the
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sample and the double-distilled water. The parameter “s” was calculated according to the
formula s = 1

Am

∣∣∣ dA
dt

∣∣∣, where Am represents the average amplitude of the signals.
X-ray diffraction (XRD) pattern data for the HApFe powder were recorded at room

temperature using a Bruker D8 Advance diffractometer with nickel-filtered Cu Kα

(λ = 1.5418 Å) radiation (Billerica, MA, USA). The scanning range was 20◦–60◦ in 2θ with a
step of 0.02◦ and a time per step of 0.4 s. In order to evaluate the crystal structure of the
HApFe nanocomposite, the suspension was centrifuged. The resulting HApFe powder was
dried for 12 h in an oven at 300 ◦C. The average crystal size of the HApFe nanocomposite
powder and coating were calculated using the well-known Scherrer relationship [38]:

Γ = (0.94·λ)/(Dcosθ) (1)

where Γ is the full-width at half-maximum (FWHM), λ is the X-ray wavelength, D is the
crystal size, and θ is the Bragg angle.

The morphology and particle size of the HApFe nanocomposite suspension were
investigated using transmission electron microscopy (TEM) utilizing a CM 20 instrument
(Philips FEI, Eindhoven, The Netherlands), which was equipped with a Lab6 instrument
(works at 200 kV). The TEM analyses were conducted by dispersing the particle suspension
in double-distilled water, after which a drop from the dispersion was dropped on the
copper grid and dried under an infrared lamp before being examined. Here, 700 particles
were measured to calculate the average particle size.

Scanning electron microscopy (SEM) was used to investigate the morphologies of
HApFe and derived coatings with the aid of a Hitachi S4500 instrument (Hitachi, Tokyo,
Japan). The quantitative elemental composition and elemental distribution maps were
assessed with an EDAX (Ametek EDAX Inc., Mahwah, NJ, USA) using energy-dispersive
X-ray spectroscopy (EDS). Before being studied using scanning electron microscopy (SEM),
a drop of the colloidal suspension of the HA

pFe was placed on a double-sided adhesive carbon tape on the microscope support. It was
then dried in a vacuum and subsequently placed on the microscope for investigation. The SEM
micrographs (high-resolution) of HApFe samples were recorded at a magnification of ×100,000
and 30 kV. EDS spectra were recorded using a collecting time of 180 s per measurement. Here,
700 particles were measured to calculate the average particle size (DSEM). The thickness of
the HApFe coatings was evaluated using field-emission scanning electron microscopy. The
three-dimensional (3D) surface graphics of SEM images were obtained [39] using Image J
software (ImageJ 1.51j8, National Institutes of Health, Bethesda, MD, USA).

Atomic force microscopy (AFM) was used to examine the HApFe coating surface
morphology and roughness using a NT-MDT NTEGRA Probe Nano Laboratory instrument
(NT-MDT, Moscow, Russia). The topography of the HApFe coating surface was obtained
in non-contact mode with the aid of a silicon NT-MDT NSG01 cantilever coated with a
35 nm gold layer. The AFM topography was captured on a surface area of 10 × 10 µm2,
and the root mean square roughness (RRMS) was also calculated. The AFM analysis were
performed at 25 ± 1 ◦C and the data analysis was performed using Gwyddion 2.55 software
(Department of Nanometrology, Czech Metrology Institute, Brno, Czech Republic) [40].

2.5. Cell Viability Assay

The biocompatibility of both the iron-doped hydroxyapatite (HApFe) suspension and
nanocomposite coatings was assessed using primary human osteoblast cells obtained from
the upper part of a patient’s femur. The osteoblast cultures were designed according to
the protocol previously reported in [41]. The cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with fetal bovine serum, DMEM sodium pyruvate,
glutamine, and an antibiotic mix and incubated at 37 ◦C in a CO2 atmosphere. After
obtaining the osteoblast culture, the cells were treated with trypsin, seeded at a density of
105 cells/mL in Petri dish, and incubated with the HApFe suspensions and coatings for
different time intervals (24, 48, and 72 h). The coatings were sterilized and then placed
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in Petri dishes for osteoblast cell implantation at a set density of 1 × 105 cells/cm2. The
cells were cultured on the surfaces of the HApFe coatings in “as-prepared” condition.
The cultures were evaluated for cell viability at 24, 48, and 72 h (MTT assay). In contrast,
osteoblast cells were seeded at the same density of 105 cells/mL in Petri dish and incubated
with the iron-doped hydroxyapatite suspensions for the same time intervals. The control
cell culture was grown on a polystyrene Petri dish. The cell viability was determined using
the standard colorimetric assay MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) reduction test. The absorbance was quantified by measuring the wavelength
at 595 nm using a TECAN spectrophotometer. In order to quantify the data, the value of
the absorbance obtained for the control cell culture (culture grown on polystyrene Petri
dish) was set as 100% viability and the other absorbance values were transformed to a %
of viability in relation to the control sample. The cell adhesion on the surface of HApFe
nanocomposite coatings was also assessed by AFM studies. For this purpose, after 24, 48,
and 72 h of incubation of the coatings with the cell culture, the coatings were removed
from the culture medium, washed with saline solution, and fixed with cold methanol. The
cells were then post-fixed using osmium tetroxide and tannic acid.

For the in vitro experiments, three independent experiments were performed, each
with three replicates. The data are presented as means ± standard deviation (SD). Further-
more, paired and two-sample t-tests were used to perform the statistical analysis. Values of
p ≤ 0.05 were considered as statistically significant.

3. Results

In order to achieve uniform coatings using the dip coating process, the suspensions
must be stable. As a result, one of our concerns was to achieve a stable HApFe suspension
with biocompatible properties that could be used in various biomedical and industrial
applications. The quality of the suspension used to make the coatings was analyzed
using dynamic light scattering (DLS), ultrasonic measurements, and zeta potential values.
Testing of the homogeneity of the HApFe suspension was necessary both to assess the
deposits and for biological studies regarding the biocompatibility of the solution and the
obtained coatings. The three techniques mentioned above are non-invasive and provide
important information on the quality of the analyzed suspension. The advantages of the
DLS technique are that the measurements are very fast and require small amounts of
product to study the quality of the HApFe suspension. DLS measurements were performed
on the HApFe suspension diluted 20 times. Reliable estimates of the quality of the HApFe
suspension were obtained from DLS studies. The results of DLS studies on the particle size
and distribution of the HApFe and the respective nanoparticles are presented in Figure 1.
Figure 1a reveals DLS data weighted by numbers, while DLS data weighted by volume
are presented in Figure 1b. The particle size analysis of the HApFe suspension showed a
monomodal distribution. The average particle size of the HApFe was 57.09 nm when the
DLS data were weighted by numbers (Figure 1a). The average particle size of the HApFe
was 64.62 nm when the DLS data were weighted by volume (Figure 1b).

Figure 1. Dynamic light scattering (DLS) measurements of the size dispersion of the HApFe, showing
data weighted by the number (a) and volume (b) of particles, respectively.
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The value obtained for the zeta-potential (ZP) following the measurements was –39.9 mV.
The behavior of the signals over time after sending the ultrasonic pulses through the HApFe
suspension is presented in Figure 2a. Following the calculations, the ultrasonic velocity in
the HApFe suspension was c = 1531.26 m/s, while in the double-distilled water the value
of the ultrasound speed was c0 = 1496.19 m/s. Both for the HApFe suspension and for the
reference fluid, the measurements were performed at 24.8 ◦C. As can be seen, the ultrasound
velocity through the sample and through the reference fluid shows negligible variation
during the experiment. Figure 2b shows the maximum amplitudes of the transmitted
signals vs. recording moments. The constant amplitudes of all three recorded signals are
clearly shown in Figure 2b. Following the analysis of the signals, it was found that the first
echo measured gave the highest accuracy. The slope of the maximum amplitude of the
transmitted signal vs. recording moments in the case of the first echo was s = 3 × 10−6

(1/s). For double-distilled water (considered as reference) s = 0, the value of the parameter
“s” calculated for the first echo revealed the good stability of the HApFe suspension. The
stability of the HApFe suspension was also highlighted in the frequency spectrum of the
first transmitted echo relative to the reference fluid (Figure 2c). After recording 950 signals
over 5000 s, a very good overlap was observed, showing the remarkable stability of the
HApFe suspension. The 4 MHz maximum output is a feature of transducers. Spectral
amplitudes of relative variation vs. time during the experiment provided information on
the stability of the HApFe suspension. Figure 2d shows the spectral amplitudes of relative
variation vs. time for the first echo. The initial highest amplitude ratio of 0.93 was observed
at 2 MHz, while the lowest amplitude ratio equal to 0.79 was observed at 8 MHz. Knowing
these relative amplitudes, we were able to compute the attenuation of the signals. The
averaged attenuation of the first echo across the whole experiment showed increasing
values for higher frequencies (Figure 2e) compared to the same dependency on frequency
for the reference fluid. The attenuation was considerably higher (2.8–11 nepper/m) for
the sample compared to the reference fluid (0.3–1.3 nepper/m for). The attenuation for
each spectral component can also depend strongly on the moment during the experiment,
as was shown by the authors for other samples [42,43]. For this case (Figure 2f), there is
a weak variation for each spectral amplitude. The amplitudes at lower frequencies (e.g.,
2 MHz) are constant or slowly increase over time. On the contrary, at higher frequencies
(e.g., 8 MHz), slowly decreasing amplitudes can be observed, being more sensitive to the
agglomerations of particles that gradually form during slow sedimentation.

The HApFe suspension proved to be one of the most stable suspensions of those tested
in recent years [42,43]. The stability parameter can be determined much faster than 5000 s
for this particular suspension. In less than 1 min, the stability parameter reached a stable
small value, proving the perfect stability of the suspension.

The resulting patterns for the HApFe nanocomposite powder and coating, as well as
the reference peaks for pure hydroxyapatite (HAp) and maghemite (γ-Fe2O3), are shown
in Figure 3. The peaks observed at 2θ angles in the XRD spectrum for the HApFe nanocom-
posite powder and coating correspond to the pure HAp (JCPD reference card 9-432). The
peaks of γ-Fe2O3 (JCPD reference card 39-1346) are also presented in Figure 3a,b. In the
present research, the values of calculated lattice constants of a = b and c are 9.401 Å and
6.869 Å for powder and 9.398 and 6.867 Å for coatings. We can observe that the substitution
of Fe ions for Ca sites in the HAp lattice causes a slight change in the lattice parameters
“a” and “c” of the HApFe nanocomposite powder and coating samples compared to the
lattice parameters of pure HAp (a = b = 9.4166 Å and c = 6.8745 Å). The lattice parameters
of the HApFe nanocomposite powder and coating confirm the formation of iron-doped
hydroxyapatite, as seen in the XRD profile and according to the literature [15,35,44–46].
The peaks associated with (002), (210), (211), (300), and (202) reflection planes were used
in order to calculate the average crystal sizes of both samples. The values of the crystal
sizes obtained for the analyzed samples (HApFe nanocomposite powder and coating) were
23.4 ± 0.5 nm and 18.7 ± 1 nm, respectively. In Figure 3, it can be seen that there is no
individual peak that matches the γ-Fe2O3 peak, which shows that Fe2+/Fe3+ was substi-
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tuted in HAp. The width of the peaks indicates that after the substitution of Ca2+ ions with
Fe2+/Fe3+, the HApFe composite is more amorphous.

Figure 2. (a) Recorded signals at 5 s recording interval. The constant peak amplitudes of the first echo are shown in color,
whereas the second and third echo are significantly weaker (shown in black). (b) Relative amplitudes of evolution vs.
the recording moments. (c) Frequency spectrum of the first transmitted echo. Reference fluid (�). (d) Relative spectral
amplitude (A/Aref) vs. frequency. (e) Attenuation vs. frequency for the first transmitted echo. (f) Attenuation vs. time for
the spectral components of the first echo.

a) 

20 30 40 

2 e (') 
50 

b) 

60 20 30 40 

y-Fe,O,; JCPD: 39-1346 

HAp; JCPD: 09-9432 

50 
2 8 (0) 

60 

y-Fe,O,; JCPD: 39-1346 

HAp; JCPD: 09-9432 

Figure 3. The XRD patterns of iron-doped hydroxyapatite (HApFe) (blue) powder (a) and coatings (b) and reference
patterns for (black) HAp PDF #09-9434 and (red) Fe2O3 PDF # 39-1346.
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The presence of iron in the HAp structure led to a decrease in the length of HAp parti-
cles. It can be seen that HApFe nanoparticles have an almost spherical shape (Figure 4a).
The presence of iron in the HAp structure led to a decrease in the length of HAp parti-
cles. Thus, if in the case of pure HAp there are particles with an acicular or ellipsoidal
shape [47–49], the nanoparticles will have an almost spherical shape. The average par-
ticle size (DTEM) deduced from the particle size distribution of HApFe (Figure 4b) was
24 ± 1 nm. Information about the morphology and particle size are presented in Figure 4.
It can be seen that HApFe nanoparticles have an almost spherical shape (Figure 4a). The ex-
istence of independent iron oxide particles was not noticed, which suggests that there was
no free iron in the system. The TEM results are in good accordance with the XRD studies.

Figure 4. The TEM image of iron-doped hydroxyapatite (a) and the particle size distribution (b).

The HApFe particles and coatings were investigated regarding their morphologies
and chemical compositions using scanning electron microscopy. The micrographs obtained
using scanning electron microscopy, along with the EDS spectra and elemental distribution
maps on HApFe particles and derived coatings, are presented in Figures 5 and 6. In the
SEM images of HApFe particles, it can be observed that the sample consists of particles with
nanometric dimensions (DSEM is 25 ± 2 nm) and an almost spherical morphology (Figure 5).
On the other hand, SEM studies have shown that HApFe coatings are homogeneous and
continuous and contain no cracks on their surfaces (Figure 6).

The elemental composition and elemental distribution maps of HApFe particles and
coatings were also assessed and are presented in Figures 5 and 6.

The chemical composition and elemental distribution maps of HApFe particles are
presented in Figure 5d–h. In the EDS spectrum (Figure 5d), the presence of the main
constituent chemical elements can be observed, namely calcium (Ca), phosphorus (P),
oxygen (O), and iron (Fe). In Figure 5e–h, one can observe see the main constituent elements
(Ca, P, O, and Fe) are uniformly distributed in the sample, proving their homogeneity
and purity.

In the EDS spectra presented in Figure 6, it can be observed that in addition to the
chemical elements mentioned above, in the case of HApFe coatings, the EDS spectrum
highlights the presence of Si (from the substrate). The thickness of the HApFe coatings was
around 150 nm. Additionally, Figure 6 shows that the HApFe coatings are homogeneous
and pure. Moreover, the elemental distribution maps obtained on the HApFe coatings
also highlight the presence of the main constituent elements (Ca, P, O, and Fe) and their
uniform distribution on the surface, as well as the purity of the coatings (Figure 6).
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Figure 5. SEM micrographs of particle size distribution (a,b), SEM micrographs of elemental distribution
(c), EDS spectra (d), and elemental distribution maps for Ca (e), P (f), O (g), and Fe (h) of HApFe particles.

Figure 6. SEM micrographs of elemental distribution, EDS spectra, and elemental distribution maps
of HApFe coatings.
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Therefore, we can say that the SEM studies revealed that the purity of the samples
was preserved in both the suspension and HApFe coatings. It can also be observed that
the maxima associated with the main chemical elements constituting the EDS spectra were
slightly more intense in the case of HApFe coatings compared to the HApFe suspension.
The results obtained using SEM studies are in good agreement with the results obtained
using XRD and TEM studies.

The surface topography of the HApFe coatings was examined using AFM analysis.
Figure 7a,b shows the two-dimensional (2D) AFM topography of the HApFe coatings’
surfaces over an area of 10 × 10 µm2 and the three dimensional (3D) representation of the
coatings’ surfaces obtained using Image J software [39]. The 2D topography of the surface
morphology of HApFe coatings showed that that the HApFe coatings had a uniform
morphology and did not show any cracks. Furthermore, no evidence of fissures or other
defects were detected on the HApFe coatings’ surfaces. Moreover, the 3D representation of
the AFM image of the HApFe coatings’ surfaces exhibited the morphology of a homogenous
and uniformly deposited layer with aggregates of nanometric size. The results of the
AFM topography also revealed that the HApFe coatings had a roughness (RRMS) value of
120.83 nm.

Figure 7. Topographical images of HApFe coatings (a) obtained using AFM and 3D representations of the topographical
images of HApFe coatings (b).

The biocompatibility of the iron-doped hydroxyapatite (HApFe) suspensions and
nanocomposite coatings was assessed by in vitro assay using osteoblast cells. The in vitro
toxicity of the HApFe suspensions and coatings was investigated at different time in-
tervals. A free culture grown at the tested time intervals was used as control. Further-
more, the cell viability of osteoblast cells was also investigated in the presence of Si
discs used to obtain HApFe coatings. The results of the MTT (3-(4,5-Dimethylthiazol-
2-yl)-2,5-Diphenyltetrazolium Bromide) assay regarding the cell viability of osteoblast
cells incubated with the HApFe suspension and coatings are depicted in Figure 8. The
MTT colorimetric standard assay is a laboratory test that measures changes in color in
order to determine cellular proliferation. Yellow MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, a tetrazole) is reduced to purple formazan in the mitochon-
dria of living cells. A solubilization solution (isopropanol) is added to dissolve the insoluble
purple formazan product into a colored solution. The absorbance of this colored solution
can be quantified by measuring it at a certain wavelength using a spectrophotometer. This
reduction takes place only when mitochondrial reductase enzymes are active, and therefore
conversion is directly related to the number of viable cells.
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Figure 8. MTT assay of the viability of osteoblast cells incubated with Si discs and HApFe suspensions and coatings for
24, 48, and 72 h. Control is represented by an osteoblast cell culture grown on polystyrene Petri dish. The results are
presented as means ± standard error. The data were statistically analyzed using paired and two-sample t-tests for means,
with p ≤ 0.05 accepted as statistically significant (* p ≤ 0.005; ** p ≤ 0.05).

The results of the MTT analysis highlighted that both HApFe suspensions and coatings
showed good cell viability, having values above 80%. In addition, the results of the cell
viability assay demonstrated that there was no noticeable difference in the cell viability of
the cells incubated with the HApFe suspensions and coatings. However, a slight increase
in cell viability was observed in the case of HApFe suspensions compared to the HApFe
coatings for all tested time periods compared to the control cells. The results of the MTT
assay also showed that the Si discs reduced the cell viability of the osteoblast cells to under
80%. Moreover, the results also emphasized that the cell viability of the osteoblast cells was
dependent not only on the samples, but also on the incubation time period.

The adhesion and proliferation of osteoblast cells on the surfaces of HApFe coatings
was studied using AFM. AFM studies also provided information on cell morphology and
spreading. For this purpose, the surfaces of HApFe coatings incubated with osteoblast
cells for 24, 48, and 72 h were investigated using AFM topography [50]. In addition, the
adhesion and proliferation of the osteoblast cells on the Si discs used in the development
of HApFe coatings was also investigated using AFM after 24, 48, and 72 h of incubation.
The results for the AFM surface topography of the Si discs and HApFe coatings incubated
with osteoblast cells for 24, 48, and 72 h are presented in Figure 9a–l. By analyzing the
results of the 2D AFM surface topography of the HApFe coatings incubated with osteoblast
cells for 72 h (Figure 9k), it was observed that the cells adhered to the surfaces. Moreover,
the results of the AFM studies showed that the cell adherence on the surfaces of HApFe
coatings was better than on the surfaces of Si discs. In addition, the AFM topographies also
emphasized that the cells adhered and proliferate better on the surfaces of HApFe coatings
compared to the surfaces of Si discs for all the incubation time intervals. Furthermore, the
data also suggested that the cellular viability was maintained after 72 h of incubation on
the HApFe coatings, thus indicating that the surfaces of the HApFe coatings did not exert
any cytotoxic effects on the osteoblast cell adhesion and proliferation. In addition, the 2D
AFM image and the 3D representation of the AFM image of the HApFe coatings incubated
with osteoblast cells for 24, 48, and 72 h emphasized that the HApFe coatings promoted
the development of the osteoblast cells and provided a good adhesive surface compared to
the Si discs.
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Figure 9. The 2D and 3D representations of the AFM surface topography of osteoblast cell development on Si after 24 h
(a,b), 48 h (e,f), and 72 h (i,j) of incubation and on HApFe coatings after 24 h (c,d), 48 h (g,h), and 72 h (k,l) of incubation,
collected across an area of 10 × 10 µm2.

4. Discussion

In order to use the iron-doped HAp prepared using a co-precipitation protocol for the
drug delivery system (DDS), the size and shape of the HApFe nanoparticles play important
roles. Moreover, the stability of the suspensions is also very important. Despite the fact
that the DLS technique can be used at different temperatures and concentrations, it does
not allow the analysis of the concentrated suspension. By determining the ζ potential (ZP),
we can gain information on the stability of the HApFe suspensions. The obtained value
highlights the good stability [51]. Additionally, the value obtained for the ζ potential of
the diluted suspension shows that the suspended particles were not agglomerated [52].
The results obtained regarding the ZP of the HApFe suspension were in good agreement
with previous studies by Joseph and Singhvi [53], which proved that suspensions with ZP
values of less than –30 mV or greater than 30 mV have high degrees of stability. Moreover,
Shnoudeh et al. [54] showed that the magnitude of the ZP allows prediction of the colloidal
stability. Previous studies [54] established that the ζ potential values of nanoparticles with
values >25 mV or <−25 mV usually have high degrees of stability.

The new method based on ultrasonic measurements of the suspension obtained from
the synthesis process allowed evaluation with better accuracy. The accuracy of the infor-
mation comes from the fact that unlike the known techniques, this new technique that we
developed allows us to evaluate the suspensions used in making the coatings in their con-
centrated forms. As with the coatings, the HApFe suspension analyzed using ultrasound
measurements was stirred for 5 min before being analyzed. Measurements were made
immediately after the suspension was stirred. Ultrasound measurement (US) revealed that
the HApFe suspension showed very good stability compared to the reference fluid, which
was double-distilled water. Our XRD patterns of iron-doped hydroxyapatite (HApFe) were
in agreement with previous results regarding iron-doped hydroxyapatite [44–46]. As can
be seen in Figure 3, the position of the peaks corresponds to the structure of hydroxyapatite.
This behavior suggests that the structure of hydroxyapatite did not change after incorpo-
rating Fe2+/Fe3+. This result is in agreement with previous studies [55–58]. Our results are
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in good agreement with the previous studies reported in the literature [57,59,60] regarding
the morphology and chemical composition of iron-doped hydroxyapatite obtained using
various techniques. The XRD results are in good agreement with the TEM and SEM studies.
Determining the particle size and the size distribution as accurately as possible plays an
important role in the characterization of nanomaterials. The different characterization
techniques have contributed to highlighting specific properties for future applications
in the medical field. The difference between the values obtained is due to the technique
used. The slight difference between the average size values obtained may be due to the
calculation of the size. In measuring the size distribution of TEM and SEM images, some
differences may occur in the XRD results due to the ability of image processing algorithms
to separate particles that are in contact with each other. Although TEM is considered the
gold standard technique for determining the size of nanoparticles, it is, however, limited
because it give little information about the shell around a nanoparticle’s core. XRD and
SEM also provide information on the metal cores of nanoparticles only. Following the
XRD and SEM studies, information was provided on the particle core, because after drying
the coating the metal core was destroyed. Dynamic light scattering (DLS) results include
both the metal core and the surface coating molecules and a sphere of hydration around
the nanoparticles, compared to usually only the metal core being reported in traditional
TEM size measurements [61]. This explains the high values obtained for the hydrody-
namic diameter of the nanoparticles (a diameter that includes both the particle core and
the surface coating) using DLS analysis. The TEM studies have shown that the shape
of HApFe nanoparticles (almost spherical) is due to the doping of hydroxyapatite with
iron ions. The TEM results obtained in this study are in agreement with our previous
studies, which have shown that both the dopant and the method influence the size and
shape of nanoparticles [47–49]. In studies on the synthesis and antimicrobial activity of
silver-doped hydroxyapatite nanoparticles, the results suggested that doping with Ag+

had little influence on the size of HAp nanoparticles [47]. On the other hand, in studies
evaluating the antibacterial activity of zinc-doped hydroxyapatite colloids and dispersion
stability using ultrasounds, the particles had a slightly elongated shape [49]. Moreover, the
studies on removal of zinc ions using hydroxyapatite and on the ultrasound behavior of
aqueous media revealed almost spherical particles [48].

The MTT assay highlighted that both samples had very good biocompatibility. The
cell viability of the osteoblast cells incubated with HApFe suspensions and coatings was
above 80% in the first 24 h and increased with incubation time. In addition, the results of
the MTT assay also highlighted that the HApFe coatings presented better biocompatible
properties than the Si discs. The results suggested that the HApFe samples had significant
biocompatible properties, which were in good agreement with previous studies regarding
the hydroxyapatite properties facilitating the attachment and growth of osteoblast cells [62].
The slight decrease of cell viability compared with the control (100%) could be attributed
to the cells’ adaptation to the interactions with the samples. The osteoblast cell viability
values were significantly lower (p < 0.005 and p < 0.05, respectively) on Si than on HApFe
coatings for all the studied time intervals. These results demonstrated that the HApFe
coatings promote the proliferation of osteoblast cells.

The results of the MTT in vitro assay highlighted that there is a correlation between
the incubation time and the cell viability of the samples, both in the case of HApFe
suspensions and coatings. The cell viability of the osteoblast cells incubated with the HApFe
suspensions and coatings exhibited a slight increase with the incubation time. Moreover,
the MTT suggested that the suspensions exhibited better biocompatible properties than the
coatings for all tested incubation periods. The results obtained in the present study are in
good agreement with previously reported studies regarding the toxicity of hydroxyapatite
suspensions and coatings on different cell types [63,64].

Recently, the AFM technique was reported as a novel method for high-resolution
imaging of any surface, including those of living and fixed cells [65]. Therefore, the
adhesion of the osteoblast cells on the surface of HApFe coatings was also assessed using
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atomic force microscopy and scanning electron microscopy. The osteoblast cells were
permanently monitored to detect any possible influence of the HApFe coatings that might
modify the cell growth, viability, and proliferation.

In this context, the SEM and AFM studies of the HApFe samples demonstrated that
the surface morphology and topography were uniform and that the constituent elements
were homogeneously distributed in the samples, thus achieving a suitable support for the
development of biomedical devices. Our previous studies on silver-ion-doped hydroxyap-
atite [11,47,66] demonstrated the antimicrobial potential of these materials and highlighted
the influence of the silver concentration on the antimicrobial properties by highlighting
the minimum inhibitory concentration and active concentration of biofilms on microbial
strains such as Gram-positive Bacillus subtilis, Staphylococcus aureus 0364, and Enterococcus
faecalis ATCC 29212; Gram-negative Escherichia coli ATCC 25922, Klebsiella pneumoniae 2968,
Enterobacter cloacae 61R, and Pseudomonas aeruginosa 1397; and yeast (Candida krusei 963).
On the other hand, recent studies regarding materials based on lavender essential oil and
hydroxyapatite [67] have shown that lavender essential oil significantly improves the an-
timicrobial properties of hydroxyapatite, even at low concentrations. Furthermore, studies
on the synthesis, characterization, and antimicrobial activity of magnesium-doped hy-
droxyapatite suspensions [43] provided additional information on the stability of MgHAp
nanoparticle suspensions synthesized using an adapted chemical co-precipitation method,
which allowed us to obtain biocompatible coatings. All of these studies [11,43,47,66,67]
have helped in the understanding of some of the mechanisms of antimicrobial activity of
materials based on hydroxyapatite doped with different ions, which may contribute to the
development of new antimicrobial agents that are needed to combat the phenomena of
antibiotic resistance. On the other hand, these studies have provided important information
on the surfaces of implantable materials, contributing to the identification of alternative
solutions that can facilitate improved interactions between calcium phosphate and bone
mineral implants [11,43,47,66,67]. Previous studies have also reported the existence of
active interactions between cells and surfaces on nanostructured surfaces, even at the early
stage of adhesion. In their studies, Dalby et al. [68] reported that fibroblast cells extended
their filopodia and interacted with 95 nm islands faster than those on plane control surfaces
within 30 min, while Sato et al. [69] reported for the first time a study demonstrating that
Y-doped nanocrystalline HA coatings on titanium promoted calcium deposition by using
osteoblasts over plasma-sprayed HA coatings.

The results of the current study may contribute to the development of technologies
that could have positive effects on the interactions between biomedical materials and cells
and biomolecules. In this way, strategies can be developed for the design and manufacture
of intelligent materials with specific functionalities that could be used to treat and remedy
diseases, such as those of the skeletal system.

5. Conclusions

The present study shows that HApFe particles could be successfully synthesized to
be used in various medical applications, such as for coverings of certain implants. Iron
was incorporated into the HAp structure during the synthesis by using an adapted co-
precipitation method, which was performed at room temperature. The stability of the
HApFe nanocomposite suspension was certified by DLS and ultrasound measurements.
The peaks identified in the XRD spectrum for the HApFe nanocomposite powder and
coating were associated with pure HAp. A slight change in the lattice parameters “a”
and “c” was observed after the HAp was doped with iron ions. The average particle
size deduced from the particle size distribution of the HApFe shown in the TEM image
(DTEM = 24 ± 1 nm) was in accordance with the average size calculated from the XRD
studies (DXRD = 23.4 ± 0.5 nm) and the SEM image (DSEM = 25 ± 2 nm). TEM and SEM
analyses revealed that HApFe has an almost spherical shape. Impurities or independent
iron oxide particles were not observed following studies performed by XRD, TEM, and
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SEM analyses. The uniform distribution of the constituent elements (Ca, P, O, and Fe) in
the samples was confirmed by elemental distribution maps.

The AFM studies of the surface morphology of the HApFe coatings showed that
the morphology was uniform, without showing any cracks, fissures, or discontinuities.
The MTT in vitro cytotoxicity assays also demonstrated that both HApFe suspensions and
coatings showed good biocompatibility on osteoblast cells. Furthermore, the osteoblast cells’
proliferation and adhesion on the surface of the HApFe coatings was also demonstrated
by AFM analysis. The results of the biological assays showed that the HApFe samples
did not affect the viability and proliferation of the osteoblast cells at any of the tested time
intervals. Moreover, the in vitro studies also suggested that the HApFe coatings promoted
the proliferation and adhesion of the osteoblast cells after 72 h of incubation compared
to the Si discs. The MTT assays also highlighted that the cell viability of the osteoblast
cells incubated with HApFe coatings was significantly better than the cell viability of the Si
discs for all the tested time intervals.

Taking into account both the physico-chemical and biological properties of HApFe
coatings and suspensions, we can say that they can be used successfully in future biomedi-
cal applications (including for tissue engineering, prosthetics, etc.).
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