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Abstract: Silver doped hydroxyapatite [AgHAp, Cajg_xAg(PO4)s(OH),], due to its antimicrobial
properties, is an advantageous material to be used for various coatings. The AgHAp thin films with
xag = 0.05 and xag = 0.1 were achieved using the spin-coating method. The resulting samples were
examined by X-ray diffraction (XRD), scanning electron microscopy (SEM), atomic force microscopy
(AFM), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS). XRD analysis revealed that the particles of both samples are ellipsoidal. Also, in
agreement with the results obtained by XRD measurements, the results of the SEM studies have shown
that the particles shape is ellipsoidal. Optical properties of silver doped hydroxyapatite thin films
deposited on Si substrate were investigated through Fourier transform infrared spectroscopy (FTIR)
and Raman spectroscopy. The results obtained by the two complementary techniques highlighted
that the molecular structure of the studied samples is not influenced by the increase of the silver
concentration in the samples. Our studies revealed that the surface morphology of the obtained
samples consist of uniform and continuous layers. The biocompatibility of the obtained thin films
was also evaluated with the aid of human osteosarcoma MG63 (ATCC CRL 1427) cell line. Moreover,
the in vitro antifungal activity against Candida albicans fungal strain of the AgHAp thin films was
studied and the obtained results revealed their antifungal effect. The results of the biological assays
showed that the AgHAp thin films are a very promising material for biomedical applications.

Keywords: silver; hydroxyapatite; thin films; biocompatibility; surface morphology

1. Introduction

Hydroxyapatite (HAp) is one of the most extensively studied materials for biomedical
applications due to its extraordinarily properties such as biocompatibility, bioactivity, and
osteoconductivity. The HAp properties are derived mostly from the structural and chem-
ical similarities that this material shares with the mineral component of the mammalian
bone [1-3]. Synthetic hydroxyapatite is one of the most common materials used for im-
plantable devices as a coating on metallic prostheses to improve the biological response of
the host’s surrounding tissue [4-6]. Previous studies have revealed that the use of HAp
as coating could facilitate the fixation of the implant, as well as the bonding between the
host bone and the implant, and that it could also improve and sometimes even accelerate
bone growth from the bone/implant interface [4-8]. During recent years, due to a rapid
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emergence of drug-resistant microorganisms and to an increase of implant-associated infec-
tions, recent advances in the field of novel antimicrobial materials with high biocompatible
properties have been in demand from the medical community [4-9]. In general, when a
post-implant infection occurs, it is due to the formation of microbial biofilms (which occur
as a result of the rapid development and proliferation of infectious agents) [4-10]. Usually,
these microbial biofilms are very difficult to treat with conventional antibiotics. In these
cases, implant removal and replacement is the only method to eliminate severe infections,
which could even lead to patient’s death. This could exert both physical and financial
stress on the patients, and therefore materials with both antibacterial and biocompatible
properties are highly desired [10-16]. Studies have shown that silver (Ag) has been one
of the best agents to control bacterial adhesion and prevent biofilm formation. Silver has
been known since ancient times for its broad antibacterial spectrum and oligodynamic
bactericidal activity in different biomedical fields, and has been intensively studied due
to its antimicrobial properties [10-18]. Also, silver is effective against a wide range of
drug-resistant microorganisms and has been approved for use in various medical devices
for over 20 years [19-21]. Recent studies have emphasized that using a doped HAp coating
could help improve its osteoconductivity (depending on the dopant ion) and could confer
other improvements to the conventional HAp coating such as antimicrobial and osteogenic
properties [17-22]. Previous studies reported obtaining silver-doped hydroxyapatite and
have demonstrated its antimicrobial properties [16-22]. Besides, a high concentration of
Ag can be toxic and lead to severe disease if not properly quantified in the hydroxyapatite
structure (and if there is no Ag* ions controlled release) [23,24]. High concentrations of
silver are responsible for affections such as leukopenia and liver and kidney damage. Also,
long-time exposure to silver in human blood that exceeds the threshold limit can cause
argyria in the human body [25]. In this context, the optimization of silver concentration in
the HAp lattice is of critical importance to be able to guarantee the obtaining of Ag/HAp
optimal antimicrobial activity of the samples without exhibiting any cytotoxicity. Therefore,
studies regarding the development of silver doped antimicrobial coatings for biomedical
applications that could be used to reduce the apparition of implant-related post-operatory
infections and that also exhibits biocompatible properties are of great concern to the sci-
entific community worldwide. In their studies, Qing et al. [26,27] reported that silver
nanoparticles could influence bone origin and affect the development of morphological
characteristics in various injuries, demonstrating an osteogenic potential towards human
urine derived stem cells. In addition, the studies reported by Mahmood et al. [28] demon-
strated that silver nanoparticles have the potential to significantly enhance the osteoblast
lineage in MC3T3-E1 cell differentiation and mineralization in vitro.

In this context, this study aimed to evidence that silver doped hydroxyapatite thin films
[AgHAD, Cajg-xAg(PO4)s(OH)2] with xa¢ = 0.05 (0.05 AgHAp) and xag = 0.1 (0.1 AgHAp)
obtained by spin-coating technique are a promising material to be used in various medical
applications. Both AgHAp samples were analyzed by various techniques such as X-ray
diffraction (XRD), scanning electron microscopy (SEM), atomic force microscopy (AFM),
Fourier transforms infrared spectroscopy (FTIR), Raman spectroscopy, and X-ray photo-
electron spectroscopy (XPS). Moreover, the biocompatibility of the obtained thin films was
evaluated using human osteosarcoma MG63 (ATCC CRL1427) cell line. in vitro antifungal
activity of the thin films was also evaluated using Candida albicans ATCC 10231 fungal
strain. This study’s novelty mainly consists in the development of AgHAp thin films on Si
substrate and their complex characterization from both a physico-chemical and biological
point of view. Also, the results of morphological studies conducted on the thin films were
reported for the first time. Furthermore, we report for the first time information regarding
the attachment and proliferation of MG63 cells on HAp and AgHAp thin film’s surface by
AFM studies.
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2. Materials and Methods
2.1. Materials

All of the necessary reagents for the synthesis including ammonium dihydrogen
phosphate [(NHy4),HPOy], calcium nitrate [Ca(NO3);-4H,0], and silver nitrate AgNO3
were purchased from Alpha Aesare (Kandel, Germany). All of the reagents were used
without prior purification [29].

2.2. Silver Doped Hydroxyapatite Thin Films Using Spin-Coating Technique

The silver doped hydroxyapatite [AgHAp, Cajg_xAgx(PO4)s(OH);] suspension, with
xag = 0; 0.05 and 0.1, was prepared by coprecipitation using AgNO3, (NH4),HPO, and
Ca(NOs3),-4H,0 in agreement with previous research [29]. The [Ca+Ag]/P molar ratio
was 1.67. The final volume of [Ca+Ag]-containing solution (AgNO3 and Ca(NOs),-4H,0
dissolved in water) was 300 mL. The final volume of P-containing solution ((NH4), HPO4
was dissolved in deionized water) was 300mL, too. The solution containing Ca and Ag
was stirred at 100 °C for 30 min. After that, the P-containing solution was added into
the [Ca+Ag]-containing solution and stirred for 2 h. The pH value was adjusted at 10 by
adding NHj3. The final solution was centrifuged and redispersed in deionized water for
five times. The final suspension was aged at 40 °C for 12 h. The coatings on Si substrate
were realized by spin-coated method. For this purpose, 0.3 mL of AgHAp (xag = 0; 0.05
and 0.1) suspension was deposited on Si substrate at 3500 rpm. The time of deposition was
equal to 10 s. The procedure of obtaining the AgHAp coatings was repeated three times.
Each layer was treated in air at room temperature, for 2 h. After the final treatment at room
temperature, the coatings were calcined in an oven at 600 °C for 2 h (heating rate 2 °C/min)
in order to acquire the final AgHAp films.

2.3. Characterization Methods

The crystalline structure of the AgHAp thin films was examined by X-ray diffraction
(XRD). The AgHAp thin film was measured in grazing incidence (GIXRD) geometry,
with a Rigaku SmartLab 3 kW equipment (Rigaku, Tokyo, Japan), using CuK,, radiation
(A = 15418 A) and an incidence angle of 0.5° [30]. The patterns were acquired in the 20
range 15-70°, with a step size of 0.02°, and a dwell time of 8.5 s.

SCIENCE SES 2002 system and a monochromatic source of the X-ray radiation Al
Ky (hv =1486.6 eV) were used to collect X-ray photoelectron spectroscopy (XPS, Scienta
Omicron, Taunusstein, Germany) data. All samples were recorded to have the carbon
(C1s) peak for sp2 carbon at a binding energy of 284.8 eV. All XPS data were processed
using the Casa XPS 2.3.14 software (version: 2.3.14) [31].

The surface morphology of the obtained coatings was analyzed by scanning electron
microscopy with the aid of a Hitachi 54500 equipment (Hitachi, Tokyo, Japan). The 3D
reconstruction of the 2D SEM micrographs was carried out with Image J software (Image]J
1.51j8, National Institutes of Health, Bethesda, MD, USA) [32].

Additional data regarding the morphology of the coatings was obtained using an
inversed trinocular metallographic microscope OX.2153-PLM (Euromex, Arnhem, The
Netherlands). The images were recorded using the 10X magnification and the 2D metallo-
graphic images obtained were represented in 3D with the aid of Image ] software (Image]
1.51j8, National Institutes of Health, Bethesda, MD, USA) [32].

Information about the surface topography of the coatings was also obtained using
atomic force microscopy (AFM, NT-MDT, Moscow, Russia) technique. For this purpose,
a NT-MDT NTEGRA Probe Nano Laboratory instrument (NT-MDT, Moscow, Russia)
was used. The instrument was operated in non-contact mode using a silicon NT-MDT
NSGO1 cantilever (NT-MDT, Moscow, Russia) coated with a 35 nm gold layer. The data
was recorded at room temperature. The AFM topography was acquired on a surface
area of 3 um x 3 pm. The AFM recorded data was processed with the aid of Gwyddion
2.59 software (Department of Nanometrology, Czech Metrology Institute, Brno, Czech
Republic) [33].
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Fourier-transform infrared spectroscopy (FTIR) measurements were achieved using
a SP 100 Perkin Elmer spectrophotometer (PerkinElmer, Waltham, MS, USA) operated
in Attenuated total reflectance mode (ATR-FTIR, PerkinElmer, Waltham, MS, USA). The
spectra were acquired in the 4000-400 cm ! spectral range with a resolution of 4 cm 1.

In order to obtain the Raman spectra, a Renishaw InVia dispersive Raman spectrometer
(excitation line of 514 nm provided by (gas-type) Spectra Physics Argon laser (20 mW)
and 1800 L/mm gratings) was used. The spectrometer was equipped with a Leica DM
microscope (Renishaw, Wotton-under-Edge, UK). The Raman spectra were collected in the

0-1200 cm ! spectral range with a resolution of 2 cm .

2.4. Biological Evaluation

Growth of human osteosarcoma MG63 (ATCC CRL1427) cells was carried out using
Dulbecco’s Modified Eagle’s Medium: F12 (DMEM:F12, Sigma—Aldrich, St. Louis, MO,
USA) supplemented with 10% Gibco Fetal Bovine Serum (FBS, Life Technologies Ltd.,
Renfrew, UK). The cells were maintained at 37 °C in a humidified atmosphere and 5% CO,.
The cells were grown in flasks with filter screw caps (TPP, Trasadingen, Switzerland) until
the monolayer confluence and sub-cultivated in complete medium in a 1:3 split ratio.

Each HAp and AgHAp thin films, which covered a 0.5 mm square of Si, was placed in
24-well plates and exposed to UV light for one hour on each side for sterilization. MG63
(ATCC CRL1427) cells were added ata 1 x 10°/well concentration in a complete medium
and maintained at 37 °C for 48 h. The morphology of the cells next to the square of the
material was checked under a visible light using an Axio Observer Inverted microscope
(Carl Zeiss, GMBH, Munich, Germany). In order to observe the morphology of the cells
grown on thin films, the cells were fixed in 70% ethanol and then stained with 50 mg/mL
propidium iodide in the dark or with a combination of 1mg/mL acridine orange and
1mg/mL mitotraker red and observed at Zeiss Axio Observer microscope equipped with
fluorescence module. Additional information regarding the attachment and proliferation
of the cells on the HAp and AgHAp thin film’s surface was obtained by AFM studies. For
this purpose, the cells were fixed in 70% ethanol and then AFM topographies of the thin
films were acquired on a surface area of 40 um x 40 um at room temperature using the
NT-MDT NTEGRA Probe Nano Laboratory instrument previously described.

For cell cycle analysis, the cells were detached with trypsin, washed in PBS, fixed
in 70% cold ethanol, and then kept overnight to —20 °C. The cells were rehydrated with
PBS, treated with RNase A (1 mg/mL) and stained with propidium iodide (100 mg/mL) at
37 °C for 1 h. The changes in cellular DNA content were measured using EPICS XL flow
cytometer (Beckman Coulter, Brea, CA, USA) and analyzed with Flow]Jo 8.8.6 software
program (Ashland, OR, USA).

In vitro antifungal activity of the thin films was also evaluated using Candida albicans
ATCC 10231 fungal strain. The in vitro antifungal assays were performed as previously
described in [34] and the antifungal activity of the thin films was assessed after 48 h
of incubation with the fungal suspensions. The qualitative antifungal evaluation was
carried out with the aid of scanning electron microscopy (SEM) and confocal laser scanning
microscopy (CLSM, Leica, Wetzlar, Germany). The detail of the experimental procedure
was also detailed in [34]. The experiments were carried out in triplicate and the results
were presented as mean £ SD.

3. Results

The X-ray diffraction method was used to establish the average particle size of HAp
and AgHAp thin films (xaog = 0, xag = 0.05 and xag = 0.1). Figure 1 shows the XRD patterns
of the HAp, 0.05 AgHAp and 0.1 AgHAp thin films. In this study, the Joint Committee
on Powder Diffraction Standards (JCPDS) file for pure HAp (PDF No. 09-0432) was used
as reference. The Debye-Scherrer formula [35-38] allowed the calculation of the average
particle size. The diffraction peaks corresponding to planes (300) and (002) of AgHAp thin
films (xag = 0, xag = 0.05 and xag = 0.1) were used to determine the particle size and lattice
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constants (Table 1). As shown in Table 1, the particle size increased along with the a-axis of
its crystal plane, which shows that the particles have an ellipsoidal shape for both samples
studied.

== JCPDS No. 9-432
— HAp

= 0.05AgHAp
—_— 0.1AgHApP

Intensity (a.u.)

2Theta (Degrees)
Figure 1. XRD patterns of the HAp in red, 0.05 AgHAp in blue, 0.1 AgHAp in black and of pure
hydroxyapatite (JCPDS no. 9-0432) in pink.

Table 1. Lattice constant and crystalline sizes calculated from the XRD patterns of the HAp, 0.05
AgHAp and 0.1 AgHAp thin films.

Lattice Constant Crystalline Size
Sample
a(A) c(A) d300 (A) dgpz2 (A)
HAp (JCPDS card No. 09-432) 9416 6.874 - -
HAp 9.418 6. 878 17.98 24.87
0.05 AgHAp 9.421 6.883 16.34 2291
0.1 AgHAp 9.421 6.883 15.15 21.31

The qualitative evaluation of the surface components and composition of the 0.05
AgHADp thin film, was performed using the XPS technique. The survey XPS narrow scan
spectra of the 0.05 AgHAp thin film is presented in Figure 2A. Figure 2B depicts the spectra
of Ag element for the 0.05 AgHAp thin film. In the XPS general spectrum of 0.05 AgHAp
thin film the peaks corresponding to the binding energy (BE) of the constituent elements:
Ca (2p, 347.3 eV), O (1s,532.1 eV), P (2p, 133.09 eV), and Ag (3d, 368.09 eV) were observed.
The peak of Ag (Ag(3ds,,) was identified at BE of 368.4 eV and peak of Ag(3ds,,) was
observed at BE of 374.3 eV in good agreement with previous studies [39,40]. The high
resolution XPS spectra of Ag element was presented in Figure 2B.

The surface morphology of HAp, 0.05 AgHAp and 0.1 AgHAp coatings was inves-
tigated using three different techniques scanning electron microscopy, metallographic
microscopy, and atomic force microscopy. The images obtained by SEM studies are de-
picted in Figure 3a—f. The results obtained by SEM revealed that all of the investigated
coatings presented a homogenous and uniform surface without any noticeable cracks or
unevenness. Moreover, the SEM data also highlighted that the particles have nanometric
dimensions and an ellipsoidal shape. In addition, the SEM micrographs also suggested
that the coatings present a uniform morphology and are composed of nanometric particles
conglomerates. Those findings are in agreement with the XRD results. Furthermore, the 3D
representation of the SEM micrographs also emphasized that the coatings have the aspect
of uniform layers with no visible fissures, cracks, or other impurities.
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Figure 2. XPS general spectrum of 0.05 AgHAp thin film (A). The high resolution XPS spectra of Ag
(3d) XPS peak of 0.05 AgHAp thin film (B).

(d)

Figure 3. 2D SEM micrographs of HAp (a), 0.05 AgHAp (c), 0.1 AgHAp (e) coatings and 3D
representation of SEM micrographs of HAp (b), 0.05 AgHAp (d), and 0.1 AgHAp (f) coatings.



Coatings 2022, 12, 341

7 of 18

Studies regarding the surface morphology of the HAp, 0.05 AgHAp, and 0.1 AgHAp
coatings were also perfomed using metallographic microscopy. The 2D metallographic
microscopy images of HAp, 0.05 AgHAp and 0.1 AgHAp coatings and their 3D recon-
struction are presented in Figure 4a—f. In good agreement with the SEM studies, the
metallographic microscopy images highlighted that the obtained coatings were uniformly
deposited and did not present any cracks or fissures or any other impurities on their sur-
face. More than that, the images showed that the coatings are comprised of nanometric
particle conglomerates.

Figure 4. 2D Metallographic images (taken using 10x magnification) of HAp (a), 0.05 AgHAp
(c), and 0.1 AgHAp (e) coatings, and 3D representation of the metallographic images of HAp (b),
0.05 AgHAp (d), and 0.1 AgHAp (f) coatings.

Complementary studies regarding the morphology of the HAp, 0.05 AgHAp and 0.1
AgHAp coating’s surface was performed using AFM technique. AFM 2D topographies of
the HAp, 0.05 AgHAp, and 0.1 AgHAp coating’s surface as well as their 3D representation
are depicted in Figure 5a—f. The AFM topographies recorded on a surface of 3 um x 3 um
suggested that the coatings are continuous and uniform. Moreover, both 2D AFM to-
pographies and their 3D representation emphasized that the coatings have the aspect of
a homogenous and uniformly deposited layer with no visible fissures, cracks, or other



Coatings 2022, 12, 341

8 of 18

impurities on their surface. In addition, the roughness parameters of the HAp, 0.05 AgHAp
and 0.1 AgHAp coatings were also calculated. The root mean square roughness (Rrps)
values obtained for the analyzed samples are presented in Table 2. The results obtained for
the Rrvs roughness parameter confirmed the visual investigations and highlighted that
the surface of HAp, 0.05 AgHAp, and 0.1 AgHAp coatings presented a homogenous and
uniform morphology (with a diminished roughness). Moreover, the results obtained by
AFM studies are in good agreement with the results obtained by other complementary
methods, such as SEM and metallographic microscopy.

3282 nm (b)
3281

3282 nm
3277 nm

3280
3279

3278
3608 nm (d)
3607
3606 3608 nm

3605 3603 nm

3603
3434
3433
3432
3431

3430
3429

3434 nm
3437 nm

Figure 5. 2D AFM topography of HAp (a), 0.05 AgHAp (c), and 0.1 AgHAp (e) coatings and 3D
representation of the 2D AFM topographies of HAp (b), 0.05 AgHAp (d), and 0.1 AgHAp (f) coatings.

Table 2. Root mean square roughness (Rrys) value for HAp, 0.05 AgHAp, and 0.1 AgHAp coatings.

Sample RrMs
HAp 7.92 nm
0.05 AgHAp 6.26 nm
0.1 AgHAp 6.20 nm

Optical properties of silver doped hydroxyapatite (xag = 0; 0.05 and 0.1) thin films
deposited on Si substrate were studied with the aid of two complementary techniques,
namely Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy. The
results of the Fourier transform infrared spectroscopy (FTIR) studies are presented in
Figure 6. In the following, we will discuss the FTIR spectra obtained on pure hydroxyapatite
films, since the other two FTIR spectra (obtained for xsg = 0.05 and 0.1 thin films) are similar
to this one. Therefore, as shown in Figure 6, our studies highlighted the presence of the
main functional groups characteristic to the hydroxyapatite structure (phosphate and
hydroxyl groups, respectively) in all of the analyzed samples. The vibrational bands,
which are characteristic to the phosphate groups (PO43~) from the hydroxyapatite structure
could be noticed at about 474 cm~! (vy), 564 cm ™1 (v4), 604 cm ™! (v4), 961 em~! (v1), and
1032-1094 cm~! (v3) [41-43]. The FTIR maxima present at around 635 cm ™! belongs to
the structural OH groups (stretching and vibrational modes). Moreover, the broad bands
that are observed in 3200-3600 cm ! spectral region are specific to the H-O-H bands of
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water lattice, while the vibrational band from 1632 cm ! is characteristic to the adsorbed
water [41-43]. The FTIR maxima observed at about 1453 and 1407 cm ™! could be attributed
to CO32~ groups presented in the analyzed thin films. Also, the peak at around 874 cm !
is characteristic to HPO,42~ [41]. In the obtained FTIR spectra, it can be seen that after silver
doping of pure hydroxyapatite, its structure does not undergo significant changes.

Intensity (a.u.)

1032

-——605

565

6048
AT5
565 _
~

835
961

474
874

T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm ")

Figure 6. 3D representation of the FTIR spectra of silver doped hydroxyapatite thin films (xag = 0;
0.05 and 0.1).

Raman spectroscopy studies added complementary information regarding the molec-
ular structure of the obtained thin films. Therefore, we performed Raman spectroscopy
studies on thin layers of silver doped hydroxyapatite. The results are shown in the Figure 7.
As mentioned above, we will only discuss the results obtained in the case of pure hydrox-
yapatite layers, which are similar to those obtained for AgHAp layers. Thus, in Figure 7,
the presence of specific maxima of both phosphate and hydroxyl groups from the HAp
structure can be noticed.

Therefore, in the obtained Raman spectra the presence of the phosphate group is
highlighted by the vibrational bands at around 445 and 432 cm ™! that could be attributed
to (PO4%7) v, bending mode. The intense band at around 961 cm 1 is characteristic to
(PO437) v1 bending mode from the hydroxyapatite structure. The peaks at around 615, 591
and 575 cm ™! could be attributed to (PO43~) v, vibration mode [41,44]. Also, the maxima
that are observed at around 1027, 1046, and 1072 cm ™! are characteristic to the (PO4>~)
v3 stretching mode from the HAp structure [41,44,45]. The sharp vibrational band from
632 cm ! is characteristic to (OH ™) groups present in the HAp samples [41,44]. Thus, the
results obtained from both FTIR and Raman spectroscopy studies are in good agreement,
both highlighting the purity of the analyzed thin films and the weak influence that dopant
(silver) has on the molecular structure of hydroxyapatite.

Implant osseointegration after surgery or infection around the implant are reasons
for implantation failure [46]. Thus, it is necessary to develop biocompatible materials
to improve osseointegration. In this context, our experimental approach consisted in
developing AgHAp thin films on Si substrate to enable biocompatibility with osteoblast
cells. We observed that MG63 (ATCC CRL1427) cells grown in the presence of AgHAp
thin films do not change their morphology (Figure 8). Also, MG63 (ATCC CRL1427) cells
seeded on the covered discs were allowed to grow for 48 h without affecting morphology,
even in the case of 0.1 AgHAp sample (Figures 9 and 10). This supports the idea that the
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film-coated material is biocompatible, allowing for cell multiplication and tissue recovery
with osseointegration of the implant into the surrounding bone. The biocompatibility
properties are due to HAp, being well-known as osteoconductive, having the ability to
simulate the mineral properties of bones [47,48].

s IL/\\*

Raman intensity (a.u.)

0 200 400 600 800 1000
Raman shift (1/cm)

Figure 7. Raman spectra obtained on silver doped hydroxyapatite thin films (xa¢ = 0; 0.05 and 0.1).

Figure 8. The morphology of MG63 (ATCC CRL1427) cells grown in the presence of the thin films (vis-
ible, 200x); control MG63 (ATCC CRL1427) cells (a), HAp (b), 0.05 AgHAp (c), and 0.1 AgHAp (d).

As shown in Figure 11, there were no noticeable changes in the percentage of cells in

the different cell cycle phases, which supports the results observed by microscopy regarding
biocompatibility.
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Figure 9. The morphology of MG63 (ATCC CRL1427) cells grown onto HAp (a) and 0.05 AgHAp (b),
and 0.1 AgHAp (c) thin films (red filter, PI staining, 200 x ).

Figure 10. The morphology of MG63 (ATCC CRL1427) cells grown onto HAp (a—c),
0.05 AgHAp (d—f), and 0.1 AgHAp (g-i) (red filter—mitotracker red staining, green filter—acridine
orange, 200x).

Additional information about the biocompatibility of the thin films was gathered by
AFM studies. For this purpose, the AFM topographies of the thin films’ surfaces were
acquired at room temperature in normal atmospheric conditions on a surface of 40 um
x 40 pum. The results of the AFM studies are depicted in Figure 12a—f. The 2D AFM
images highlighted that on the surface of the investigated thin films, typical patterns of
cellular morphology of MG63 (ATCC CRL1427) cells having typical spindle-like shapes
were found [49,50]. More than that, the data also suggested that the MG63 (ATCC CRL1427)
cells had a good adherence to the samples and proliferated on the surfaces of the HAp,
0.05 AgHAp and 0.1 AgHAp thin films. Furthermore, both the 2D AFM topographies as
well as their 3D representations emphasized that the MG63 (ATCC CRL1427) cells were
very well spread out and that they formed a monolayer that completely covered the HAp
and AgHAp coatings.
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Figure 11. Cell cycle analysis with PI using flow cytometry: uniparametric DNA histograms of
propidium iodide intensity (FL3). 0.05 AgHAp (a), 0.1 AgHAp (b) HAp (c), and MG63 (ATCC
CRL1427) (d).
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Figure 12. 2D AFM topography of MG63 (ATCC CRL1427) cells grown onto HAp (a), 0.05 AgHAp (c),
0.1 AgHAp (e) coatings and 3D representation of the 2D AFM topographies MG63 (ATCC CRL1427)
cells grown onto HAp (b), 0.05 AgHAp (d), and 0.1 AgHAp (f) coatings.

In recent years, a very important factor to be considered in the success of an implant
was attributed to the interaction of surrounding tissues and cells with the surface of the
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implant and the coatings materials. These issues have raised a lot of attention in both the
clinical and experimental settings in the tissue-engineering field. Studies have reported
that the surfaces of an implant can directly have a great influence on the surrounding
tissue reaction (response), and can considerably affect the quantity and quality of the newly
formed tissue. In this context, current treatment plans in implantology involves the use of
a biocompatible surface [51] since the surface of the implant plays an important role in the
bone response and implant attachment onto the host tissue [52,53].

In a study conducted by Tsukamoto et al. [54], which aims to clarify local and systemic
adverse effects of AgHAp coated implants, concentrations of silver in serum and different
organs (kidneys, brain, liver and spleen) were evaluated in the acute phase and subacute
phase after AgHAp coated titanium rods implantation in rat tibiae. If the silver concen-
tration was increased in serum in the first four days and then decreased, its concentration
was increased in the tissues after 28 days of 50% AgHAp coated implants. If silver toxicity
depends on the dose, most silver would be gradually excreted. As it can be noticed, the
results obtained in our study revealed that silver concentration slightly influences the cell
morphology and viability. These results could be attributed to the fact that the presence of
silver ions concentration from the samples also influences the morphology of the particles
from the thin film, as it was found from XRD results (the average particle size slightly
decreased with the increase of silver concentration). More than that, the good biocompati-
bility of the samples could be attributed both to HAp and to the fact that silver is found in
small quantity in the thin films (xag = 0.05 and 0.1).

Taking into account on the one hand the results of physico-chemical studies, and on
the other hand the results of biological tests, we can conclude that AgHAp thin films could
be used as coatings of metal implants (e.g., in stomatology, articulating, hip and shoulder
prostheses, etc.). The use of such layers could reduce the risk of post-surgery infection
occurrence and could significantly improve the adhesion and proliferation of cells on the
implant surface, which would lead to a decrease in orthopedic implant failure. However,
future complex studies on AgHAp layers (with various silver concentrations) deposited on
surgical titanium (e.g., Ti-6Al-4V alloys) are necessary for a comprehensive understanding
of the implant-surrounding tissue interaction.

Nowadays, due to the large spread and constant apparition of multidrug resistant
microbial strains, much attention was dedicated to novel antimicrobial materials that could
be used in the medical field. In this context, our study also envisaged the antifungal activity
of the prepared thin films. For this purpose, one of the most spread fungal strain, Candida
albicans ATCC 10231 was used for the antifungal assays. The antifungal properties of the
HAp, 0.05 AgHAp, and 0.1 AgHAp were assessed after an incubation period of 48 h. The
efficiency of the thin films against the Candida albicans fungal cells was studied in vitro by
both qualitative and quantitative methods. The qualitative evaluation of the C. albicans
cell’s attachment, proliferation and development on the surface of the HAp, 0.05 AgHAp
and 0.1 AgHAp thin films was carried out by direct visualization through SEM and CLSM.
The results of the SEM studies regarding the adherence and proliferation of the C. albicans
fungal cells after 48 h of incubation on the surface of HAp, 0.05 AgHAp and 0.1 AgHAp
thin films are depicted in Figure 13a—f.

The results of SEM visual observation emphasized that in the case of HAp coatings,
the adherence of the fungal cells onto their surface was obviously promoted (in addition
to their proliferation). More than that, both the 2D SEM images as well as their 3D repre-
sentation suggested that the HAp thin films promoted the adherence of the fungal cells
and allowed their agglomeration and the formation of fungal biofilm. These results are in
good agreement with our previously reported studies regarding the lack of antimicrobial
properties of hydroxyapatite [55-57]. The SEM results revealed that both 0.05 AgHAp
and 0.1 AgHAp thin films exhibited a strong antifungal activity against C. albicans fungal
strain. The data showed that after 48 h of incubation, the fungal cells adhered on the
surface of 0.05 AgHAp were scarce and isolated and did not show any signs of biofilm
formation. More than that, the SEM visualization also highlighted that in the case of
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the 0.1 AgHAp thin films, the fungal cells attached on the surface are almost completely
eliminated, therefore proving a strong antifungal effect. On the other hand, the results of
the SEM visualization also suggested that the antifungal effect of the thin films is correlated
with the silver concentration.

Figure 13. 2D SEM images and 3D representation of SEM images of Candida albicans ATCC 10231 cell
development on HAp (a,b), 0.05 AgHAp (c,d), and 0.1 AgHAp (e,f) coatings after 48 h of incubation.

Furthermore, complementary information regarding the attachment and development
of C. albicans fungal cells on the surface of HAp, 0.05 AgHAp, and 0.1 AgHAp thin films
were also obtained by CLSM studies. The CLSM investigation clearly showed that the
C. albicans cells development was strongly inhibited by the presence of both AgHAp thin
films and that the 0.05 AgHAp and 0.1 AgHAp thin films did not allow fungal biofilm for-
mation on their surface. The results of the CLSM observation are presented in Figure 14a—f.

On the other hand, CLSM images determined that the HAp thin films promoted and
positively influenced the adherence and proliferation on their surface and also that allowed
the fungal cells to form biofilm on their surface. These results are in good agreement with
the ones obtained by SEM investigation and with our previously reported data [55-57].

Additional information about the antifungal activity of the HAp, 0.05 AgHAp, and
0.1 AgHAp thin films were obtained by performing in vitro quantitative antifungal as-
says. For this purpose, the thin films were incubated with fungal suspensions and their
antifungal properties were assessed by determining the colony forming units (CFU) after
48 h of incubation. The results of the quantitative in vitro antifungal assay are depicted in
Figure 15.

The results of the quantitative assays highlighted that the fungal colony forming unit
development was inhibited in the case of both 0.05 AgHAp and 0.1 AgHAp thin films. The
antifungal assay showed that there was a significant decrease in the number of colonies in
the case of both 0.05 AgHAp and 0.1 AgHAp thin films compared to the number of colonies
formed in the case of the control culture. Moreover, the data also emphasized that the
antifungal activity of 0.1 AgHAp thin films was higher than that of the 0.05 AgHAp thin
films after 48 h of incubation with the fungal suspensions. In addition, in good agreement
with the qualitative data, the quantitative assays also determined that HAp thin films
positively influenced the development of C. albicans fungal cells. The data obtained from
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the qualitative and quantitative studies demonstrated that the AgHAp thin films strongly
inhibited the C. albicans fungal strain development, making them an excellent candidate for
developing antifungal devices.

Figure 14. 2D CLSM images and 3D representation of CLSM images of Candida albicans ATCC
10231 cell development on HAp (a,b), 0.05 AgHAp (c,d), and 0.1 AgHAp (ef) coatings after 48 h
of incubation.

Candida albicans ATCC 10231 48h
10

Log CFU/mL
O P N W b U1 O N O ©
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Control 0.05AgHAp 0.1AgHAp HAp

Figure 15. The graphical representation of CFU/mL of HAp, 0.05 AgHAp, and 0.1 AgHAp thin films
after 48h of exposure to Candida albicans ATCC 10231.

Therefore, the results presented in the current study could contribute to the develop-
ment of new thin films for innovative biomedical technologies which will positively impact
the medical health system worldwide.
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4. Conclusions

In this study, we report the obtaining of silver doped hydroxyapatite coatings on Si
substrate by a spin coating method. The XRD studies on the obtained coatings showed that
particle morphology is ellipsoidal. Moreover, the XPS studies highlighted the presence of
silver in 0.05 AgHAp thin films. Furthermore, the analysis of the surface morphology of
HAp, 0.05 AgHAp, and 0.1 AgHAp coatings performed by SEM, MM, and AFM empha-
sized that the obtained coatings are homogenous and continuous with no visible fissures
or cracks on their surface. More than that, the SEM data, in agreement with the XRD
results, also revealed that the coatings are composed of elongated nanometric particles. The
results of both spectroscopic studies performed by FTIR and Raman spectroscopy revealed
the presence of the main vibrational molecular bands characteristic to the hydroxyapatite
structure (hydroxyl and phosphate groups) in all of the investigated samples. The results
of the biological evaluation highlighted that MG63 (ATCC CRL1427) cells were allowed to
grow for 48 h on the silver doped hydroxyapatite thin films without affecting the cells mor-
phology. The antifungal effect of HAp and AgHAp thin films against Candida albicans ATCC
10231 was also evidenced. Therefore, we can say that AgHAp thin films represent a very
promising biocompatible material, which could be successfully used for the development
of novel biomedical applications.
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