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Abstract: In this paper, the stability of magnesium-doped hydroxyapatite/chitosan (MHC) suspen-
sion obtained with the sol-gel approach was evaluated using nondestructive ultrasound measure-
ments. The MHC coatings obtained by the spin-coating technique were characterized before and
after immersion for 7 and 14 days, respectively, in Dulbecco’s modified eagle medium (DMEM) by
scanning electron microscopy, equipped with an EDAX detector. Also, the functional groups present
on the MHC coatings surface were analyzed with the aid of attenuated total reflection (ATR) Fourier
transform infrared (FTIR) spectroscopy. The surface microstructure was evaluated using two com-
mentary techniques, namely atomic force microscopy (AFM) and metallographic microscopy (MM).
The influence of immersion in DMEM on the biological properties was studied with in vitro studies
using primary osteoblast and HCT-8 cell lines. Our results revealed that both surface morphology
and chemical composition of the MHC coatings allow rapid development of a new apatite layer
on their surface after immersion in DMEM. Preliminary in vitro biological studies underlined the
noncytotoxic effect of the studied samples on the proliferation of primary osteoblast and HCT-8
cell lines, which makes them a promising candidate for applications in fields such as orthopedics
or dentistry. The antifungal assay of the MHC coatings was assessed using Candida albicans ATCC
10231 and their results showed a good inhibitory effect. The coatings made on the basis of the MHC
composite could contribute to increasing the degree of success of implants by decreasing the risk of
infections and postoperative inflammation.

Keywords: DMEM,; surface; chemical composition; biocompatibility; magnesium-doped hydroxyap-
atite

1. Introduction

In recent years, a constant decrease in the efficiency of usual antibacterial agents has
been noticed. Thus, the treatment of infectious diseases has become a challenge for the med-
ical community [1]. One of the most important directions of medical research is represented
by the development of new antimicrobial agents and new strategies highly efficient in “the
fight” against bacterial resistance. The antibacterial properties of magnesium, such as the
ability to alter bacterial adherence and biofilm formation, have been reported in previous
studies [2-4]. Magnesium salt solutions have been used since 1915 as an antimicrobial
agent for cleaning wounds [5].

On the other hand, in living organisms, magnesium ions play an essential role, being
involved in numerous enzymatic processes [5-7]. For example, the development of bacterial
biofilm on the prostheses surface after an implantation represents an important health
problem, which leads to significant additional costs and a temporary decrease in the
patient’s quality of life [8]. Weak osteointegration, mechanical stability and degradation
rate are some of the most relevant limitations of using inert metal implants [8,9]. Therefore,
in this context, the use of a bioactive coating for metallic implants could represent an
efficient approach that would lead to a global increase in an implant’s properties [9].
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One of the most often used biomaterials for repairing (filling) bone defects/covering
implants is hydroxyapatite (HAp), mainly due to its very good osteoconductivity and
osteoinductivity. At the same time, HAp represents the principal inorganic part of teeth
and bone tissue. Previous studies highlighted that the HAp structure possesses the ability to
easily incorporate various types of ions (magnesium, europium, samarium, silver, cerium,
etc.) [10]. The presence of foreign ions in the HAp structure gives it superior biological and
physicochemical properties, which makes doped HAp suitable for various applications,
including in the biomedical field [11-15].

In their work, S. Banerjee et al. proved that the impregnation of porous hydroxy-
apatite with Ag, Au and Cu metallic ions leads to the obtaining of biomaterials with strong
antimicrobial properties [12]. More than that, the incorporation in the HAp structure of ions
that are found naturally (as trace elements) in natural bone may induce an enhancement
of structural, compositional and biological properties and even of the mechanical ones of
Hap [13]. Other studies performed by R. Ahmadi et al. showed that covering the surface of
Ti6Al4V substrate with HAp/TiO; / Ag nanocomposite coating leads to enhanced corrosion
resistance, good antimicrobial activity and good biocompatibility with the MG63 cell
line [14]. Furthermore, T. Bazin et al. in their work, highlighted the biocompatibility of
copper-doped hydroxyapatite with MC3T3-E1 cell line attachment and growth [16].

At the same time, it is well known that postoperative implant-related infections are
one of the most commonly encountered problems that can be the cause of implant fail-
ure [17]. The most common microorganism involved in implant-related infections is the
fungal strain, Candida albicans (C. albicans). Studies have shown that the adherence and
development of fungal cells on an implant’s surface can be prevented by using antimicro-
bial layers [18-22]. Previously, the antifungal activity of titanium implants covered with
chitosan was highlighted by Hallmann L. et al. [23]. Moreover, the study conducted by
Iconaru S.L. et al. [24] showed that magnesium-doped hydroxyapatite in a chitosan matrix
composite coating possesses good antifungal activity against C. albicans. Thus, it is impor-
tant that the covering layers of implants possess good antimicrobial properties that could
counter microbial adhesion.

Chitosan (a natural polysaccharide) is one of the most renewable biomaterials with
superior biological properties, such as biocompatibility, non-toxicity, biodegradability,
antitumor and antimicrobial activity, etc. [25]. Due to these unique characteristics, chitosan
has been used in various applications in the medical field, which include wound dressing,
drug delivery, dentistry, etc. [25]. If we take into consideration all these aspects, we can
say that the development of biomaterials based on hydroxyapatite doped with magnesium
in a chitosan matrix is of interest for applications in the medical field. At the same time,
there were reported studies that showed that cell culture media (Roswell Park Memorial
Institute Medium (RPMI), Dulbecco’s modified eagle medium (DMEM), etc.) could be used
to obtain gold nanoparticles with controlled size and shape [26]. More than that, in order
to evaluate the degradation behavior, in their work, Bo Li and collaborators [27] immersed
different types of layers (based on MgO, HAp and Mg(OH),) in saline solution for several
time intervals (up to 90 days). Their findings highlighted the fact that degradation is the
main cause of the thinning of the layers and that this is influenced by their composition [27].
In the meantime, they showed that after 90 days of immersion in saline solution on the
coating’s surface, the presence of cracks on the layer’s surface was noticed [27].

The aim of this study was to evaluate for the first time the influence of DMEM
(Dulbecco’s Modified Eagle Medium) on the surface morphology, chemical composition
and biological properties of magnesium-doped hydroxyapatite/chitosan (MHC) composite
thin films. The MHC suspensions were obtained using the sol-gel method. Then, the MHC
suspension was used for the immersion of the Si substrate in order to obtain the MHC
composite thin films. The nondestructive ultrasound measurements were used in order
to evaluate the MHC suspension stability. The morphology and chemical composition of
both the MHC suspension and composite thin films were studied using scanning electron
microscopy (SEM). Furthermore, the modification of the surface microstructure of the MHC
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composite thin films was evaluated with the aid of atomic force microscopy (AFM) and
metallographic microscopy (MM). The presence of the typical vibrational bands in the
MHC samples was investigated with the aid of attenuated total reflection (ATR) Fourier
transform infrared (FTIR) spectroscopy. The cytotoxicity of the MHC composite thin films
was investigated using primary osteoblast and HCT-8 cell lines. The preliminary results of
the in vitro biological assay underlined that the MHC samples analyzed after 24 and 72 h
of incubation exhibited no toxic effect against the osteoblast and HCT-8 cell lines. Also, the
antifungal assay of the MHC coatings was assessed using the Candida albicans ATCC 10231
fungal strain.

2. Materials and Methods
2.1. Materials

For the obtaining of the magnesium-doped hydroxyapatite/chitosan (MHC, Cajg_y
Mg« (PO4)s(OH),, with x\jg = 0.07) suspension, the sol-gel method was involved and
the following precursors were used: magnesium nitrate hexahydrate (Mg(NOs3),-6H,O;
Alpha Aesar, Kandel, Germany); chitosan (C¢H11NOy; Sigma Aldrich, St. Louis, MO,
USA) calcium nitrate tetrahydrate, (Ca(NO3);-4H,0O; Sigma Aldrich, St. Louis, MO, USA);
diammonium hydrogen phosphate ((NH4), HPOy; Sigma Aldrich, St. Louis, MO, USA).
More than that, ammonium hydroxide (NH4OH, 25% NHj3 in H,O (T)), ethanol absolute
(CoH50H) purchased from Sigma Aldrich (St. Louis, MO, USA) and bidistilled water were
utilized for the obtaining of the MHC sample.

2.2. Synthesis of Magnesium-Doped Hydroxyapatite/Chitosan (MHC) Suspension

The synthesis of magnesium-doped hydroxyapatite/chitosan (MHC) was previously
described [28]. Briefly, the sol-gel synthesis of the MHC suspension was made by keeping
constant the Ca/P molar ratio at 1.67 and the pH value at 11. The sol-gel was made at
100 °C, under continuous stirring for 4 h. The obtained magnesium-doped hydroxyapatite
suspension was centrifuged and added slowly into a chitosan solution (2%). In the end,
the MHC gel was mixed for 6 h in an ultrasound bath and then used to obtain the MHC
composite thin films.

2.3. Development of MHC Composite Thin Films

The deposition of the MHC composite thin films on the Si substrate (Siegert Wafer
GmbH, Aachen, Germany) was made using the spin-coating method. Prior to the depo-
sition process, the substrate was washed with acetone. Thus, the MHC composite thin
films were obtained by dropping 0.5 mL of the MHC suspension on the Si substrate surface
with the aid of a syringe. The deposition conditions were described in detail in our previ-
ous studies [28,29]. The MHC deposition process on the Si substrate was repeated three
consecutive times. Finally, the MHC composite thin films were treated at 500 °C for 2 h.

The obtained MHC composite thin films were immersed in DMEM (Sigma Aldrich,
St. Louis, MO, USA) for 7 and 14 days at 37 &£ 0.5 °C in an incubator (GFL 4010, GFL
Gesellschaft fiir Labortechnik mbH, Burgwedel, Germany). DMEM was renewed daily. At
the end of each immersion period, the sample was washed with bidistilled water and then
kept in a desiccator.

The MHC composite thin films obtained after 7 days of immersion in DMEM were re-
ferred to as MHC_7D and the samples immersed for 14 days were referred to as MHC_14D.

2.4. Physico-Chemical Characterizations

The stability of the MHC suspension was evaluated using ultrasonic measurements.
Therefore, the ultrasound measurements were made in agreement with the protocol re-
ported by Predoi D. et al. [28].

The MHC suspension and thin film morphology and chemical composition studies
were conducted using a Hitachi 54500 scanning electron microscope (Hitachi, Tokyo, Japan)
equipped with an energy dispersive X-ray (EDX) detection system. The 3D SEM, AFM and
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metallographic images were achieved using Image J software (Image J 1.51j8) [30]. A drop
of MHC suspension was put on a double-sided carbon tape and dried in a vacuum prior
to SEM examination. The MHC thin films (before and after immersion in DMEM) were
analyzed without being previously covered with gold.

The surface topography of the MHC composite thin films before and after immersion
in DMEM was evaluated using AFM studies with an NT-MDT NTEGRA Probe Nano
Laboratory instrument (NT-MDT, Moscow, Russia) operated in semi-contact mode. The
typical AFM images of the MHC composite thin films were recorded for a surface area of
10 x 10 pm?. The Rrms (roughness parameter) was estimated for the MHC composite thin
films (before and after exposure to DMEM) from three zones and presented as the mean +
standard deviation. The AFM data were processed with the aid of Gwidion 2.59 software
(Department of Nanometrology, Czech Metrology Institute, Brno, Czech Republic) [31].

Information about the surface morphology of the MHC composite thin films was
obtained with the help of an inversed trinocular metallographic microscope OX.2153-PLM,
(Euromex, Arnhem, The Netherlands). The MHC images were recorded using the 50 x
magnification of the metallographic microscope.

The molecular structure features of the MHC suspension and thin films were evaluated
by conducting FTIR-ATR studies. Thus, a Jasco FTIR-6600 spectrometer (Easton, MD, USA)
operated in ATR mode was used. The FTIR-ATR spectra of the MHC samples were recorded
in the 4504000 cm ! spectral range, in air.

2.5. Cytotoxicity Assay

The cytotoxicity of the MHC samples was investigated using a primary osteoblast
culture (hFOB 1.19) prepared according to the protocol of Gallagher et al. [32] and also
the human ileocecal adenocarcinoma (HCT-8) cell line. The cytotoxicity assays were
performed as previously described in [33]. All the biological investigations were carried
out in triplicate. The statistical analysis was carried out using the t-test and analysis of
variance (ANOVA). The difference established between the samples was appreciated to be
significant at p < 0.05.

2.6. In Vitro Antifungal Assay

The antifungal properties of the MHC samples were investigated in vitro using the
Candida albicans ATCC 10231 fungal strain. The experiments were performed as previously
described in [24] and the antifungal properties of the composite layers were determined
after 24, 48 and 72 h of incubation with the fungal suspensions. All the experiments were
carried out in triplicate and the results were presented as the mean 4 SD.

3. Results

In order to achieve uniform coatings using the sol-gel method, an important role
is played by the stability of the suspension. The stability of the MHC suspension was
evaluated using ultrasonic measurements. The stability evaluation was carried out by
investigating the standard suspension resulting from the synthesis process. Double-distilled
water was chosen as the reference fluid for evaluating the stability of the MHC suspension.

A volume of 100 mL of the MHC suspension sample was stirred for 30 min at
1000 rot/min in a special cubic container. The container coaxially opposed ultrasonic
transducers, each with a central frequency of 25 MHz. Immediately after stopping the
stirring, the ultrasonic signals transmitted formed one transducer to the other, which were
recorded every 5 s, for a total duration of 5000 s. The amplitudes of the transmitted signals
were determined as ratios to the amplitudes in double-distilled water under identical
conditions, which were taken as the reference liquid.

Figure 1 shows the relative amplitudes of the tested sample. The relative amplitudes
increased slowly during the testing period.
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Figure 1. Evolution in time of the ultrasonic signal relative amplitudes through the MHC suspension.

The ultrasonic signals transmitted through the sample were transformed into their
frequency spectra, superposed for all the 1000 recorded signals (Figure 2a). The maximum
of all amplitudes was the central frequency of the transducers (25 MHz), which is a general
remark. The evolution of the spectral amplitudes was extremely slow and very close to
the pattern of the reference liquid (double-distilled water). The spectrum of the spectral
amplitude depending on the frequency for the etalon sample (double-distilled water)
practically overlapped with the measured spectra associated with the analyzed sample
in the range of 23-36 MHz. However, for frequencies below the central frequency, all the
spectral amplitudes of the suspension were higher than for the reference liquid. Between
15-36 MHz, the spectral amplitude of the etalon sample had slightly lower values than the
spectral amplitudes corresponding to the MHC suspension. This behavior indicates that
the MHC nanoparticles in suspension provided a better transmission for this frequency
range. These spectra were averaged over the 1000 time records and the attenuation of
signals could thus be obtained (Figure 2b). It can be seen that the attenuation was lower
than that of water over a wide range of frequencies. At the frequency of 28 MHz, a slightly
higher attenuation was observed for the sample analyzed compared to the etalon sample
(double-distilled water). The attenuation in this sample was very close to the attenuation in
the reference liquid for frequencies above the central frequency, but much smaller as the
frequency decreased from the central frequency toward 15 MHz. This fact confirms that
the metallic nanoparticles resonate in this frequency range.

The averaged stability parameter S = %, indicated by the slope of the interpolation
line in Figure 1, after the initial 300 s, is S = 2.29 x 10~ (1/s), represents good stability. In
general, the attenuation at every frequency slowly diminished in time (Figure 2c) after a
more rapid evolution during the first 100 s. In the first 100 s, a rapid decrease in attenuation
was observed up to the frequency of 25 MHz. This behavior could be due to the precipitation
of larger particles (formed after aggregation). After this rapid decrease that occurred in the
first 100 s, it was observed that in the time interval 100-5000 s, the decrease was very slow,
practically imperceptible. For the frequency range 15-22 MHz, the attenuation was negative
and decreased in time, influenced by the increasing relative concentration of the MHC
nanoparticles in suspension during the sedimentation process. For the higher frequencies
(25, 28, 32, 35 MHz) the attenuation was positive. The lowest attenuations are explained by
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the presence of larger MHC nanoparticles in suspension, which then settled down and the
smaller nanoparticle absorbed a higher amount of ultrasonic energy but slowly decreasing
in time. This behavior (between 100-5000s) is due to uniform particles with sizes within a
narrow range that remained in suspension throughout the experiment. Following these
studies, we could say that the suspension presented two populations. Thus, we can talk
about a small population of aggregated nanoparticles that tended to precipitate and a
population of nanoparticles that was the majority and that remained stable throughout the
experiment.
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Figure 2. Frequency spectra of all recorded signals and of the reference liquid and the tested
suspension (a); attenuation of ultrasonic signals vs. frequency for this suspension (b); attenuation of
ultrasonic signals vs. time for this suspension (c).

The stability was evaluated both for the standard solution (double-distilled water)
and for the MHC suspension. The responses for the MHC suspension were evaluated by
comparison with double-distilled water (known to be the most stable suspension). The
obtained values for the stability parameter clearly highlighted the stability of the MHC
suspension in relation to double-distilled water.

The 2D and 3D SEM images of the MHC suspensions are presented in Figure 3a,b.
The results of the SEM studies conducted on the MHC suspensions underline that the sus-
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pensions contained agglomerated nanoparticles with an ellipsoidal morphology (Figure 3a,b).
The mean particle size (Figure 3c) estimated by the SEM studies indicated the presence
of particles with an average size of approximately 18 nm. The presence of nanoparticles
with an average size of approximately 21 nm was also noticed. These results are in good
agreement with the results obtained by the ultrasound measurements (the results that
suggested the presence of two populations of particles). It is assumed that the larger
particles are the effect of an agglomeration of smaller particles.

(d)

o

Intensity (a.u.)

Figure 3. 2D (a) and 3D (b) SEM images of MHC suspensions. Particle size distribution (c), EDX (d)
and elemental mapping (e) of MHC suspensions.

The chemical composition of the MHC suspension was evaluated by EDX analysis
(Figure 3d). The EDS analysis showed that the MHC suspension was composed of abundant
concentrations of calcium (Ca), phosphorus (P) and oxygen (O). Carbon (C), nitrogen (N)
and magnesium (Mg) were also observed in quantities that highlight a good process of
obtaining the suspensions used for the preparation of the layers. No additional maxima
could be noticed in the EDX spectra of the MHC suspension, a fact that proves the purity of
the analyzed suspension. Furthermore, the elemental distribution map results (Figure 3e)
revealed the uniform distribution of the constituent elements. Each chemical element (N,
Ca, P, O and Mg) was well distributed in the sample, which shows that the samples were
homogeneous.

Figure 4a—j shows the surface morphology of the MHC composite thin films (2D SEM
images and their 3D representation) together with that of the EDX spectra, obtained before
and after exposure to DMEM solution for 7 and 14 days. In both the 2D and 3D SEM
images, it can be noticed that the surface of the MHC composite thin films was smooth
and continuous without noticing the presence of surface defects. In the case of MHC_7D,
after 7 days of DMEM solution, the presence of various nanoparticles on the thin film
surface could be noticed, which indicates the formation of a new apatitic layer through
biomimetic mineralization. Moreover, on the surface of the MHC_7D sample, the absence of
cracks or other surface defects could be noticed. The 2D and 3D SEM images (Figure 4d—e)
showed that after 7 days, the formation of the new apatite layer was not uniform on the
MHC surface. Also, it could be observed that the new layer consisted mainly of spherical
clustered regions (grains). The formation of a new and continuous apatitic coating on the
MHC surface was noticed after 14 days of immersion in DMEM solution (Figure 4g,h).
Therefore, the smooth surface of the as-deposited MHC thin films was covered by a new
apatitic layer.



Coatings 2023, 13, 409

8 of 20

Intensity (a.u.)

Intensity (a.u.)

Figure 4. 2D and 3D SEM images of MHC (a,b), MHC_7D (d,e) and MHC_14D (g,h) composite thin
films. The EDX spectra obtained for MHC (c), MHC_7D (f) and MHC_14D (i) samples. The EDX
mapping of MHC_14D composite thin films (j).

More than that, the EDX analysis conducted on the MHC (Figure 4c), MHC_7D
(Figure 4f) and MHC_14D (Figure 4i) composite thin films indicated the presence of calcium
(Ca), phosphorus (P), magnesium (Mg), oxygen (O), carbon (C) and nitrogen (N) on the
surface of the biomineralized layers. On the other hand, an increase of Ca and P in the
case of the MHC_14D samples was observed compared to the MHC_7D samples. No other
maxima could be observed in any of the EDS spectra, which suggests the purity of the
studied thin films.

The elemental distribution maps obtained for the MHC_14D composite thin films are
depicted in Figure 4j. It could be noticed that the signals characteristic to the main chemical
elements (Ca, C, P, O, Mg and N) that are found in the surface composition of the new
biomineralized coating were evenly distributed. This feature indicates the homogeneity
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of the composition across the MHC_14D thin film surface. Therefore, our results are in
accordance with the results of the previous studies [34-39].

The surface topography of the MHC thin films before and after immersion in DMEM
was evaluated by AFM measurements. The 2D images together with the 3D image are
presented in Figure 5.

3.312um 330

3.265 pm

4.78 pm

3.74 ym 42

1

3.16 ym 28

1.97 pm

Figure 5. 2D and 3D AFM images of MHC (a,d), MHC_7D (b,e) and MHC_14D (c,f) composite thin
films.

The Rryis roughness parameter values were 3.931 nm (MHC), 143.6 nm (MHC_7D)
and 124.3 nm (MHC_14D). These results suggest that the surface roughness increased
significantly after immersion in DMEM. For the MHC thin films, the AFM topographies
obtained before their immersion in DMEM showed the presence of a continuous layer on
the substrate surface and, at the same time, the fact that they were smooth.

After immersion for 7 and 14 days, a modification of the surface morphology was
noted, most probably due to the formation of the new apatite-like layer. Even under these
conditions, the presence of cracks or other defects on the surface of the MHC layers was
not distinguished.

Preliminary data regarding the surface features were obtained by metallographic
microscopy (MM). In Figure 6, the typical MM images recorded for the MHC (a,b), MHC_7D
(c,d) and MHC_14D (e,f) composite thin films are shown. The formation of the apatitic layer
after 7 days of immersion and their homogeneous spread on the MHC coatings can be seen
in Figure 6¢—f. The MM data support the results obtained by SEM and AFM assessments.
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Figure 6. 2D and 3D metallographic microscopy images of MHC (a,b), MHC_7D (c,d) and MHC_14D
(e,f) composite thin films.

Figure 7a—c reveals the ATR-FTIR spectra obtained on the MHC, MHC_7D and

MHC_14D composite thin films.

Transmitance (a.u.)

602

1095

(b)

T T T T T 1
1500 2000 2500 3000 3500 4000

Wavenumber (1/cm)

T 1
500 1000

Figure 7. Typical FTIR spectra of MHC (a), MHC_7D (b) and MHC_14D (c) composite thin films.

In the case of the MHC sample, in the ATR-FTIR spectra the presence of bands specific

to hydroxyapatite and chitosan structure [40] could be observed. The maxima found at
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562 cm ! belonged to v4 vibration of phosphate (PO,3~). Other peaks specific to the Hap
structure could be noticed at 602, 962 and 1095 cm ™1, all being assigned to the presence of
phosphate (PO,>~) groups [40,41]. According to studies reported by Predoi D. et al. [40],
the peaks from the 1500~1300 cm ! can be assigned to C-H and C-O vibration, indicating
the chitosan presence in the MHC sample.

The immersion in DMEM solution of the MHC sample induced the appearance of the
broad carbonate vibrational bands in the ATR-FTIR spectra in the 1300-1650 cm ™! spectral
range [41]. The presence of carbonate groups vibration together with the phosphate
vibration peaks indicated that the apatitic compounds with embedded carbonates were
deposited on the MHC surface. The slight decrease in the peak intensity noticed in the
case of the MHC_7D suggests a low crystallinity degree of the newly formed apatitic
layer [38,41].

The results of the SEM studies reported by Sutha S. et al. [42] on Mg-doped hydrox-
yapatite/chitosan coatings highlighted that, after 21 days of immersion in SBF solution,
the presence of a white precipitate was observed on the surface of the analyzed samples,
which indicates the formation of a new apatite layer. At the same time, the presence of
carbonate, phosphate and hydroxyl functional groups in the FTIR spectra obtained for
the graphite-based calcium phosphate/chitosan coatings after immersion in SBF solution
for 8 weeks was noted by Zhang ]J. et al. [43]. Taking into account all these aspects and
the results of our studies, we can say that after immersion in the DMEM, the layers based
on magnesium-doped hydroxyapatite/chitosan possessed improved properties that are
comparable to those of the layers immersed in SBE.

The cytotoxicity of MHC, MHC_7D and MHC_14D was assessed using primary human
osteoblast cells, hRFOB 1.19, obtained from the upper part of a patient’s femur following
the protocol described by Gallagher et al. [32]. The results of the MTT assay, which shows
the hFOB 1.19 cell viability after being incubated for 24 h with the MHC, MHC_7D and
MHC_14D layers, are depicted in Figure 8. In addition, a free hFOB 1.19 cell culture was
also grown and used as a control. The experiments were performed in triplicate and the
obtained data were presented as the mean + SD. More than that, a statistical analysis
was performed using a t-test and all the p calculated values were p < 0.05. The results of
the in vitro assay depicted that all the tested MHC composite layers presented very good
biocompatibility compared with the control cell culture after 24 h of incubation. More than
that, the results of the MTT cell viability assay highlighted that after 24 h of incubation, the
osteoblast cell viability was above 96%. Moreover, the MTT studies emphasized that the
MHC composite layers immersed in DMEM for 7 and 14 days showed an increase in cell
viability compared to both the control cell culture and MHC composite layers. Furthermore,
the cell viability of the hFOB 1.19 cells was also investigated after 72 h of incubation with
the MHC, MHC_7D and MHC_14D composite layers. The results obtained for the cell
viability of the hFOB 1.19 cells after 72 h of incubation revealed that the composite layers
exhibited strong biocompatibility properties and that they promoted the hFOB 1.19 cell
proliferation and adhesion. The cell viability of the cells after 72 h of incubation had higher
values in the case of the cells incubated with the composite layers than the value obtained
for control cells. More than that, the cell viability increase was influenced by the time that
the MHC composite layers were immersed in DMEM. Therefore, the results showed that
immersion in DMEM conferred the layers better surface properties that were responsible
for the promotion of hFOB 1.19 cell proliferation and adhesion. These results are in good
agreement with previously reported studies regarding the biocompatibility and cytotoxicity
of magnesium-doped hydroxyapatite-based materials [29,40,44-49].
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Figure 8. MTT assay of the viability of primary human osteoblast cells (hFOB 1.19) incubated with
MHC, MHC_7D and MHC_14D for 24 and 72 h. The results are represented as the mean =+ standard
error. The data were statistically analyzed using paired and two-sample t-tests for means, with
p < 0.05 accepted as statistically significant.

In order to acquire additional information regarding the influence of DMEM on the
biological properties of the MHC composite layers, fluorescence micrographs of the hFOB
1.19 cells after 24 h of incubation with MHC, MHC_7D and MHC_14D are presented
in Figure 9. The images depicted in Figure 9 highlight that the MHC, MHC_7D and
MHC_14D composite layers analyzed after 24 h of incubation exhibited no toxic effect
against the osteoblast cells. More than that, the fluorescence micrographs emphasized that
the morphology of the hFOB 1.19 cells suffered no significant changes. More than that, the
fluorescence images show that the cells started to connect to each other and to achieve an
early-stage extra-cellular matrix even after 24 h of incubation. This was observed for all the
tested composite layers.

Figure 9. Fluorescence micrographs of osteoblasts cells after incubation with MHC (b,f), MHC_7D
(c,g) and MHC_14D (d,h) for 24 h (a—d) and 72 h (e-h); (a,e)—control cells.
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In addition, for the MHC composite layers previously immersed in DMEM for 7 and
14 days, the fluorescence images emphasized that the cells were also prone to adhere and
spread on top of each other, converging slowly to well-flattened confluent layers of cells
that will eventually cover the entire surface. More than that, the optical visualization
emphasized that after 72 h of incubation, the cell spread across the entire surface of the
composite layers. Furthermore, after 72 h of incubation, the fluorescence micrographs
showed that the osteoblast cells were organized in confluent layers spread out on the
surface of the composite layers. These phenomena could be attributed to the changes in the
surface morphology of the MHC due to the immersion in DMEM [50,51]. Bodhak et al. [50],
in their study on the “Role of surface charge and wettability on early-stage mineralization
and bone cell-materials interactions of polarized hydroxyapatite”, demonstrated that, by
increasing the surface charge also, they got an increase of the wettability and surface
energy of polarized HAp surfaces for both SBF and DMEM. Moreover, their studies also
revealed that the increase of the surface energy due to immersion in the medium led
to a better hFOB cell attachment and more adhesion contacts between the cells and the
surface. In addition, Clupper et al. [51], in their preliminary study regarding the “in vitro
bioactivity of S520 glass fibers and initial assessment of osteoblast attachment”, showed
that an osteoblast culture on S520 fiber surface immersed in SBF and DMEM was promising,
showing proliferation, nodule formation and mineralization.

A supplementary biocompatibility analysis of the MHC, MHC_7D and MHC_14D
composite layers was also performed using the HCT-8 cellular line. The cell viability of
the HCT-8 cells after being incubated with MHC, MHC_7D and MHC_14D was assessed
after 24 and 72 h of exposure. The data obtained from the MTT assays are depicted in
Figure 10. A free HCT-8 cell culture was grown and used as a control. The experiments
were performed in triplicate and the obtained data are presented as the mean & SD. More
than that, a statistical analysis was performed using a t-test and all the p calculated values
were p < 0.05. The results of the MTT assays emphasize that the MHC, MHC_7D and
MHC_14D composite layers did not present any toxicity against the investigated cells after
24 and 72 h of exposure. More than that, the results emphasize that after 72 h of incubation,
the cell viability of the HCT-8 cells incubated with the MHC, MHC_7D and MHC_14D
composite layers surpassed the cell viability of the control cells. These results are in good
agreement with the results obtained on hFOB 1.19 cells and reveal, on the one hand, that
the MHC, MHC_7D and MHC_14D composite layers present very good biocompatibility
and, on the other hand, that after 72 h, due to their enhanced biological properties, they
help to promote the adhesion and proliferation of the HCT-8 cells on their surface.
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Figure 10. MTT assay of the viability of HCT-8 cells incubated with MHC, MHC_7D and MHC_14D
for 24 and 72 h. The results are represented as the mean + standard error. The data were statistically
analyzed using paired and two-sample t-tests for means, with p < 0.05 accepted as statistically
significant.
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To evaluate the effects of the MHC, MHC_7D and MHC_14D composite layers on
the HCT-8 cell morphology, the appearance of the incubated versus the control HCT-8
cells was studied using fluorescence microscopy. The results are depicted in Figure 11a-h.
The fluorescence micrographs emphasize that the composite layers exhibited very good
biocompatibility towards the investigated cells after 24 and 72 h of incubation compared
to the control cells. The fluorescence microscopy images highlight that the control cells
appeared as a crowded and disorganized monolayer Figure 11a,e [52-54]. However, after 24
and 72 h of incubation with MHC, MHC_7D and MHC_14D composite layers, the images
highlight that the cell density was considerably increased, as confirmed by the MTT analysis
and that the cells adhered to the surface of the forming confluent layers, uniformly spread
across the entire surface of the composite layers. Therefore, these observations demonstrate
that the MHC, MHC_7D and MHC_14D composite layers promoted the proliferation and
adhesion of HCT-8 cells.

Figure 11. Fluorescence micrographs of HCT-8 cells after incubation with MHC (b,f), MHC_7D (c,g)
and MHC_14D (d,h) for 24 h (a—d) and 72 h(e-h); (a,e)—control cells.

The results of the fluorescence microscopy studies are in agreement with the MTT
assays and demonstrate that the MHC, MHC_7D and MHC_14D composite layers did not
exhibit any toxic effects on the HCT-8 cell but, on the contrary, they were suitable surfaces
for their proliferation and adhesion. More than that, the studies also confirmed that the
immersion of the composite layers as well as the immersion period conferred the layers
enhanced biological properties that were responsible for the proliferation and attachment
of the cells.

In recent years, due to a considerable increase in the aging population and because of
the weak medical advances made in the management of immunocompromised patients,
the incidence of fungal infections has increased dramatically [55-57]. Due to the fact that C.
albicans is a commensal organism that inhabits multiple sites in humans and could become
pathogenic, C. albicans is the most predominant cause of fungal infections in humans [55-60].
Therefore, in this context, our study also involved the evaluation of the antifungal properties
of the MHC, MHC_7D and MHC_14D composite layers. The antifungal properties of the
composite layers were determined against C. albicans ATTCC 10231 fungal strains. For this
purpose, the layers were put into contact with the fungal suspensions and their activity
was assessed after 24, 48 and 72 h. The results of the antifungal assays are presented in
Figure 12.



Coatings 2023, 13, 409

15 of 20

Candida albicans ATCC 10231 W MHC_14D ®MHC_7D = MHC m Control

1
i
] -
24 a8

72 Time [h]

Log CFU/mL
o =N w = w (2] ~ 2] (Vo]

Figure 12. The graphical representation of CFU/mL of MHC, MHC_7D and MHC_14D composite
layers after 24, 48 and 72 h of exposure to Candida albicans ATCC 10231.

The results of the in vitro antifungal assays demonstrate that all the investigated
composite layers exhibited a good inhibitory effect, even after 24 h of incubation, against
the development of the fungal cells. Moreover, the data also highlight that the antifungal
properties of the MHC, MHC_7D and MHC_14D composite layers were influenced by
both incubation time and investigated samples. Therefore, the greater inhibitory effect of
the fungal cells was observed after 72 h of incubation for all the investigated samples but,
more than that, the greatest antifungal activity was determined to be for the MHC_14D
composite layers, which could allow the conclusion that the DMEM immersion time
also had an influence on the antifungal properties of the composite layers. The results
obtained in this study are in good agreement with previously reported data regarding
the antimicrobial activity of composite materials and coatings based on hydroxyapatite
with magnesium and chitosan [24,28,29,61-63]. The antifungal properties exhibited by
the composite’s layers are attributed both to the constituent elements of the suspensions
used in the preparation of the layers as well as to the synergies that appeared between the
substrate and layers and between the constituent elements of the composite layers [2,28].
In our case, the antifungal activity of the MHC, MHC_7D and MHC_14D composite layers
could be attributed to the presence of magnesium ions as well as chitosan. Chitosan
is a natural, biodegradable, linear polysaccharide, which has been reported as being
non-toxic and exhibiting broad-spectrum antimicrobial activity against Gram-positive
bacteria, Gram-negative bacteria and fungi [64—67]. Even though the exact nature of the
mechanisms involved in the antimicrobial activity of the nanoparticles and coatings is not
yet fully understood, there are three mechanisms proposed in the case of chitosan. The first
mechanism of action is based on the fact that chitosan targets the plasma membrane, which
increases the membrane permeability, causing the leakage of the cellular contents that
eventually leads to cell death. The second proposed mechanism is that chitosan binds itself
to trace elements and interrupts the normal flow of the nutrients necessary for the growth of
fungal cells. The third mechanism implies that chitosan could penetrate the wall-cell fungi
and inhibit the synthesis of mRNA by binding to the DNA [64,67-69]. Furthermore, the
results of the antifungal assays emphasize that the changes induced by both the immersion
as well as the immersion time of the MHC composite layers in DMEM influenced the
inhibitory effects of the composite layers against the development of C. albicans fungal
cells. These results strengthen the conclusion that immersion in DMEM conferred the
MHC composite layers enhanced biological properties. The results of the biological assays
depict that immersion in DMEM for 7 and 14 days of the MHC composite layers resulted
in novel composite layers with both enhanced biocompatible properties and antifungal
activity. More than that, the results also highlight that the immersion time influenced both
the physicochemical as well as the biological properties of the MHC composite layers.
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The results of this study could be perceived as ground breaking information in the future
development of novel biocompatible coatings with antifungal properties for biomedical
applications.

As is known, magnesium actively participates in acid-base processes, being present
in the biological environment, making a special contribution to bone calcification and
decalcification. Moreover, by incorporating Mg?* ions into HAp/chitosan, an improvement
in the biological properties was found. MHC composite thin films can be a serious candidate
for applications in bone implants (orthopedic and dental). Taking into account the fact
that half of the physiological magnesium is found in bone tissue, having an important
functional role in stimulating the growth of new tissue, MHC composite thin films could
also have an important role in stimulating the growth of bone tissue after an implant. The
present study is in agreement with the recent concerns regarding the use of Mg?* ions
as an additive in the construction of bone biomaterials [70,71]. On the other hand, the
presence of chitosan in the studied composite material brought added value as a result
of its antibacterial, cicatrizing and anti-inflammatory properties. The studies presented
in this paper can contribute to the research carried out for decades [72-74] regarding the
controlled ionic substitutions of hydroxyapatites. Through controlled ionic substitutions,
HAp will have a composition closer to that of natural bone by increasing bioactivity and
bone formation capacity. Considering the fact that Bigi et al. [75] demonstrated in 1992 that
Mg?* can promote the formation of new bone mineral nuclei that are very active in the
newly formed bone tissue, the present study can actively contribute to the realization of
implantable surfaces covered with MHC composite. On the other hand, Boanini et al. [76]
showed that Mg?* ions are regulators of osteoblast cells with effective potential also in the
case of osteoporotic bones. Therefore, the use of MHC suspension with good stability allows
us to obtain MHC composite layers with improved morphological, structural and biological
properties. Thus, the coatings made using this composite will have major contributions
to the success of the implants because, in addition to very good biocompatibility and
the major contribution to bone regeneration, this biocomposite has anti-inflammatory,
antimicrobial and cicatrizing properties that reduce the risk of postoperative infection and
implant rejection.

Last but not least, we could say that, as a result of their complex properties, the
MHC layers open favorable perspectives for the development of high-performance medical
devices with complex biological properties (increased bioactivity, osteointegrability, anti-
inflammatory, antimicrobial and cicatrizing), thus preventing postoperative complications.

These preliminary results are of the utmost importance for future advances in tailoring
wettability and charge polarity of various surfaces in order to promote a faster apatite nucle-
ation and a better bone cell ingrowth process, which could be the basis of the development
of novel materials for implant coatings that can stimulate faster healing.

4. Conclusions

The aim of this study was to evaluate for the first time the influence of DMEM (Dul-
becco’s Modified Eagle Medium) on the surface morphology and chemical composition
of magnesium-doped hydroxyapatite/chitosan (MHC) composite thin films. The sol-gel
method was used for the development of the MHC suspensions. The MHC composite thin
films were obtained using the spin-coating method. The MHC suspension stability was
studied by performing ultrasound measurements. The results of the SEM and EDX mea-
surements conducted on the MHC composite thin films reveal the formation of an apatitic
layer on the samples surface. Furthermore, the modification of the surface microstructure of
the MHC composite thin films was evaluated and with the aid of atomic force microscopy
(AFM) and metallographic microscopy (MM). The ATR-FTIR data underline the presence of
the typical vibrational bands on the surface of MHC samples. The cytotoxicity of the MHC
composite thin films was investigated using primary osteoblast and HCT-8 cell culture.
The preliminary data obtained after the in vitro biological assay prove the non-toxic effect
of the MHC samples against the osteoblast and HCT-8 cells. The good antifungal activity of
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the MHC composite coatings was also proved by in vitro assays using the Candida albicans
ATCC 10231 fungal strain. Therefore, MHC could be suitable candidates for covering
implants, giving them improved biological properties, which would ultimately lead to a
decrease in the number of implant replacement surgeries, thus improving the quality of life
of patients.
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