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Abstract: Hydroxyapatite Ca10(PO4)6(OH)2 (HAp) is an important bioactive material for bone
tissue reconstruction, due to its highly thermodynamic stability at a physiological pH without
bio-resorption. In the present study, the Ag:HAp and the corresponding Ag:HAp + D3 thin films
(~200 nm) coating were obtained by vacuum deposition method on Ti substrate. The obtained
samples were exposed to different UV irradiation times, in order to investigate the UV light action
upon thin films, before considering this method for the thin film’s decontamination. The effects of
UV irradiation upon Ag:Hap + D3 are presented for the first time in the literature, marking a turning
point for understanding the effect of UV light on composite biomaterial thin films. The UV irradiation
induced an increase in the initial stages of surface roughness of Ag:HAp thin film, correlated with
the modifications of XPS and FTIR signals. The characteristics of thin films measured by AFM (RMS)
analysis corroborated with XPS and FTIR investigation highlighted a process of recovery of the thin
film’s properties (e.g., RMS), suggesting a possible adaptation to UV irradiation. This process has been
a stage to a more complicated UVA rapid degradation process. The antifungal assays demonstrated
that all the investigated samples exhibited antifungal properties. Moreover, the cytotoxicity assays
revealed that the HeLa cells morphology did not show any alterations after 24 h of incubation with
the Ag:HAp and Ag:HAp + D3 thin films.
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1. Introduction

Hydroxyapatite Ca10(PO4)6(OH)2, and (HAp), is an important compound with re-
markable biological properties, mainly used in the biomedical field, as a bioactive material
for bone tissue reconstruction, due to its highly thermodynamically stability at a phys-
iological pH (i.e., 7.4), but without bio-resorption [1]. Due to its good biocompatibility
HAp has been used on dental and orthopedic implants to promote the growth of natural
bone into prosthetic devices [2,3]. The advantage of using HAp as bio implant coating
is related to its capability to connect structurally and functionally with the human bone,
increasing the osteo-inductivity of medical devices [4]. However, these biomaterials can be
also used for the decontamination of polluted water [5,6]. An important effort was dedi-
cated to the deposition of HAp on corrosion resistant alloys, where the relative thickness of
HAp films in the range 10~200 µm have risen different problems as exfoliation, interior
cracking of the coating layer or the difficulty of deposition on porous materials, such as
semiconductors (e.g., Si (100)) for bio-electronic hybrid-layered structures. In order to
improve the biological properties of hydroxyapatite-based biomaterials they are enriched
with various ions/compounds [6–11]. Silver provides advantageous biochemical inertness
and presents a broad spectrum of antibacterial activity [12,13]. Thus, the silver doped HAp
(AgHAp) exhibits a dual property, i.e., bacterial inhibition and the enhancement of implant
osteo-conductivity [14].

One of the most known fat-soluble vitamin is vitamin D which is generally found
in products of animal origin [15]. Also, vitamin D plays a key role in regulating the
concentration of calcium and phosphorus in the blood [15,16]. Moreover, it has an essential
role in bone metabolism participating in various processes such as osteoblast differentiation,
proliferation, and apoptosis [15,16]. Previous studies have reported that vitamin D possess
antioxidant and anti-inflammatory properties and it is also involved in T cell-mediated
immunity [17,18]. According to the in vitro study reported by Ambrożewicz, E., et al. [18]
the presence of various vitamins (D, K) in the HAp matrix could reduce the side effects of
biomaterials on osteoblasts growth [18]. The ultraviolet radiation is generally used as a
surface decontamination method, but it has ben also proposed for the first time to be used
for modifying the HAp surfaces in order to improve the in vitro response of osteoblast-like
cells [19].

In the present study, the Ag:HAp and Ag:HAp + D3 thin films (~200 nm) coating were
obtained by the classical vacuum deposition method on Ti substrate. The different samples
were exposed to different UV irradiation times, in order to understand the action of UV
light upon thin films, as a possible biological effect following the UV decontamination. The
effect of UV irradiance upon Ag:Hap + D3 marks a turning point in understanding the
effect of UV light on composite thin films and is reported for the first time in this study. We
present the composition, morphology, structure of composite films, as well as the biological
effect on different cell cultures. From this point of view our study opens an avenue towards
understanding the behavior of Ag:HAp thin films in UVA light.

2. Materials and Methods
2.1. Sample Preparation

The first stage in the preparation of Ag doped HAp powder consisted in the synthesis
from: Ammonium dihydrogen phosphate: (NH4)2HPO4, calcium nitrate: Ca(NO3)2·4H2O,
and silver nitrate: AgNO3 all of them commercially available (Alpha Aesare). The method
used for preparation was co-precipitation [8], where the characteristics of mixed solution
where Ca/P molar ratio: 1.67, and Ag:HAp (Ca1−x Agx(PO4)6(OH)2 with xAg = 0.5. The
Ca and Ag containing solution was stirred at 100 ◦C for 30 min. The pH of phosphorus
containing solution was adjusted at pH = 10 with NH3 and then stirred for 2 h. The
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phosphorus containing solution was added drop-by-drop to Ca + Ag solution and stirred
again for 2 h, and after the chemical reaction, the deposited mixture was washed in
deionized water (DIW) and dried at 100 ◦C for 72 h. For the preparation of the Ag:Hap +
D3 powders, a certain quantity of Ag:HAp was completely mixed with D3 powder from
commercial tablets, namely 5.24 g Ag:HAp with 16 tablets of commercially available D3
vitamin (C27H44O) where the D3 concentration was: x (D3)= 0.0057%, m (D3) = 0.342 µg
(on a thin film of 200 nm thickness).

The Ag:HAp thin films were deposited on titanium substrates prepared before de-
position by cleaning in organic solvents by a particular chemical procedure cleaning (the
Ti disks were rinse with acetone several times and then left to dry at room tempera-
ture). The deposition of Ag:HAp thin films (from Ag:HAp nano-powders) of approxi-
mately 200 nm thickness was achieved by vacuum deposition at a medium pressure of
p ~ 6.5 × 10−5 torr from a tungsten (W) boat, at a maximum current intensity: I = 150 A,
evaporation time t ~ 150 s The thin film color was generally dark green and showed a good
adherence. The UV controlled irradiation had the following characteristics: λ = 365 nm,
Poptical integral = 30 W, optical power density DP = 0.066 mW/cm2.

2.2. Characterization Methods

The chemical composition of irradiated and unirradiated Ag:HAp coatings was in-
vestigated by X-ray photoelectron spectroscopy (XPS) technique. A Multimethod SPECS
surface analysis system (using an Al Kα monochromatic radiation) was used for this pur-
pose. The pressure in the analysis chamber was set at ~ 3 × 10−9 torr. The XPS spectra
was recorded using 400 recording channels with an energy window w = 20 eV and a Pass
Energy of 20 eV. The line of C 1s from 284.8 eV was used as reference. All the recorded XPS
spectra were analyzed using Spectral Data Processor v. 2.3 (SDP) software.

Atomic force microscopy (AFM) was used to study the surface morphology of the
coatings. An NT-MDT NTEGRA Probe Nano Laboratory instrument (NT-MDT, Moscow,
Russia) operated in non-contact mode was used to obtain the surface topographies of the
coatings. Moreover, a silicon NT-MDT NSG01 cantilever coated with a 35 nm gold layer
was used during the measurements. The AFM topographies were obtained on a surface
area of 5 × 5 µm2 and the root means square (RMS) was determined to evaluate for the
surface roughness.

Using a Hitachi S4500 (Hitachi, Tokyo, Japan) scanning electron microscope equipped
with an energy dispersive x-ray (EDX) detection system the surface morphology and
chemical composition of the samples were investigated. The SEM images were acquired in
SE mode.

Spectroscopic information regarding the samples was obtained by Fourier trans-
form infrared spectroscopy–attenuated total reflection (FTIR-ATR) spectroscopy (Perkin
Elmer SP-100, Waltham, MA, USA). Therefore, the spectra were recorded in the range
500–4000 cm−1 using a Perkin Elmer SP-100 spectrometer (Waltham, MA, USA). The reso-
lution of the FTIR-ATR spectra was 4 cm−1.

A Leica confocal scanning laser microscope (CSLM) TCS-SP (Wetzlar, Germany),
equipped with a 40× HCX PL APO NA 0.75 dry objective (Leica Microsystems CMS,
Germany), and an Ar ion laser with a laser line at 488 nm was used in both fluorescence
and reflection modes.

2.3. Antifungal Activity Evaluation

The antifungal activity of the non-irradiated and irradiated Ag:HAp/Ti and Ag:Hap +
D3/Ti thin films, for various time intervals was assessed using a Candida albicans ATCC
10,231 reference fungal strain (ATCC, Old Town Manassas, VA, USA). The antifungal
properties were determined with the aid of fungal suspensions of a known fungal density
(~1.5 × 106 colony forming units (CFU)/mL), obtained from 15 to 18 h fungal cultures. The
samples were incubated at 37 ◦C for 72 h with the fungal suspensions in order to evaluate
the temporal dynamics of the fungal cells’ development, after 24, 48, and 72 h. The experi-
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ments were performed in triplicate and the results were expressed as mean ± standard
deviation (SD). CLSM imaging was performed to assess the fungal biofilm development
on the surface of non-irradiated and irradiated Ag:HAp/Ti and Ag:HAp+D3/Ti thin film,
after 24 h of incubation, by visualization of the adherent fungal cells on the substrates. For
the CLSM investigations, the thin films incubated for 24 h with C. albicans fungal culture
were washed using sterile saline buffer solution (PBS), in order to remove the unattached
fungal cells. The fungal cells were fixed with cold methanol and stained in the dark using
propidium iodide (PI) at room temperature. The samples were visualized immediately
after staining and the images were recorded both in reflection and fluorescence modes
using CSLM.

2.4. Biocompatibility Assays

The cytotoxicity of the thin films was investigated using a HeLa cell line. The in vitro
assays regarding the influence of non-irradiated and irradiated Ag:HAp/Ti and Ag:Hap +
D3/Ti thin films on the adherence of human cells were conducted after 24 h of incubation.
For the cytotoxicity assays, the HeLa cells were grown in Dulbecco’s modified Eagle’s
medium at 37 ◦C, 5% CO2 and humid atmosphere. After incubation, the cells were fixed
in 70% ethanol, stained with PI and visualized using a Zeiss Observer D1 microscope
(λ = 546 nm). A duplicate of each sample was subjected to Trypan blue cell counting.
Additional cytotoxicity studies of the Ag:HAp/Ti and Ag:Hap + D3/Ti thin films before
and after UV irradiation were performed using human fetal osteoblasts (hFOB 1.19) from
the American Type Culture Collection (ATCC). For this purpose, the cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) and incubated at with 5% CO2 at 37 ◦C.
The obtained cultures were incubated for 24 h with the samples at 37 ◦C in an atmosphere
with 5% CO2. After 24 h of incubation with the samples the cells were visualized under an
inverted microscope. Furthermore, the cell viability of the hFOB 1.19 cells incubated with
Ag:HAp/Ti and Ag:HAp+D3/Ti thin films before and after UV irradiation was assessed
by MTT (3-4,5-dimethylthiazol 2,5-diphenyltetrazolium bromide) assay, in agreement
with previous studies [6]. The experiments were performed 3 times and the results were
presented as mean ± SD.

3. Results

X-ray Photoelectron Spectroscopy analysis was used to investigate the principal lines
of constituent elements (Ca, P, Ag, O, C) of Ag:HAp/Ti sample before and after UV
irradiation with a quantitative analysis of concentration ratio. The XPS spectra of Ca2p,
P2p and Ag3d lines measured from the Ag:HAp/Ti thin films in the initial stage of the
sample are as follows, with the observation that the calculated value of the modified
Auger parameter using Ag3d and Ag M4N45N45 is 726.4 eV, which clearly indicates the
presence of a metallic state. The XPS general spectrum of the Ag:HAp/Ti coating in the
initial stage and the high spectra of constituent elements are presented in Figure 1a–f. For
light elements, namely oxygen (Figure 1e) and carbon (Figure 1f) the XPS analysis is more
extended due to the presence of different chemical bonds. The O1s signal and C1s signal
are present in the initial HAp:Ag/Ti films and can be observed in Figure 1e,f, i.e., for O1s
(peak at binding energy (BE) of 531.13 eV was assigned to O in HAp; peak at binding
energy (BE) of 532.18 eV was associated to C bonds while the peak at BE of 533.30 eV
was assigned to OH and H2O traces); for C1s (peak at BE of 284.80 eV was associated to
C–C and C–H bonds used as reference lines for other spectra; peak at BE of 286.54 eV was
assigned to simple O bond; the peak at BE of 289.02 eV was associated to triple O bonds, or
COOR type compounds).
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Figure 1. XPS survey (a), Ca2p (b), P2p(c), Ag3d (d), O1s (e) and C1s (f) of Ag:HAp/Ti thin film (as
deposited) before UV irradiation.

The Ag:HAp + D3 coatings were also studied before and after UV irradiation at
140 min, 410 min and 760 min. The general XPS scan spectra of the Ag:HAp + D3 coating
before UV irradiation and XPS narrow scan spectra of Ca2p, P2p, O1s, Ag3d and C1s are
presented in Figure 2. In the case of Ca2p and P2p deconvolution there are no differences
between the Ag:HAp and Ag:HAp + D3 coatings before irradiation. The XPS spectral peaks
for Ca2p1/3 were composed into one component at around 351.09 eV while the peaks for
Ca2p3/2 was located at around 347.55 eV. In agreement with previous studies [20], the
peak located at around 347.55 eV could show that calcium atoms were bound to a PO4

3
(phosphate group). The high-resolution P 2p region of Ag:HAp and Ag:HAp + D3 coatings
was deconvoluted into two components at BEs around 133.18 and 134.08 eV, values that are
appropriate to the binding energies specific to hydroxyapatite [21,22]. The high resolution
XPS spectra of the Ag 3d region of Ag:HAp and Ag:HAp + D3 coatings before irradiation
is revealed by Figure 1d and Figure 4f. The Ag3d spectrum exhibits a doublet with an
Ag3d5/2 and Ag3d3/2 component located at BEs of 368.08 and 374.09 eV assigned to silver
ions in Ag2+ and Ag–O, in accordance with values from former literature [23–25].

A slight difference in the O1s and C1s deconvolution of Ag:HAp + 3D sample
(Figure 2d) compared to Ag:HAp sample (Figure 1e) was observed. The high-resolution
O1s region of sample Ag:HAp was deconvoluted into three peaks at BEs of 531.18, 532.20
and 533.20 eV while the high resolution O1s region of sample Ag:HAp + D was deconvo-
luted into two peaks at BEs of 531.20 and 532.36 eV. The binding energy at around 531.2 and
533.2 eV were assigned to the O in hydroxyapatite and –OH groups, respectively [20]. The
peak at BE of 532.2 eV could correspond to simple C–O bonds [21,22]. The high-resolution
C 1s region of sample Ag:HAp was deconvoluted into three peaks while high resolution
C 1s region of sample Ag:Hap + D3 was deconvoluted into four peaks. The peaks at BE
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of 284.80, 286.54, and 289.01 eV were presented in the high-resolution C1s region of both
samples (Ag:HAp and Ag:HAp + D3). The peak at BE of 288.07 eV (Figure 3f) that appears
in the high resolution C1s region of sample Ag:HAp + D3 could be assigned to double
bonds with O e.g., C=O or O–C–O, respectively [23].
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Figure 2. XPS survey (a), Ca2p (b), P2p(c), O1s (d), Ag3d (e) and C1s (f), of Ag:Hap + D3 coatings
before UV irradiation.

It is worth to mention that during UV irradiance no notable difference in the general
aspect of XPS spectra (Figures 3–6) has occurred, as suggested by the general aspect of
the line observed The evolution of Ca2p, Ag3d, P2p, O1s signal arisen from Ag:HAp/Ti
coating during UV irradiance at 140, 230, 410, and 760 min were presented in Figure 3a–d.
The evolution of C 1s signal arisen from HAp:Ag/Ti coating during UV irradiance was
shown in Figure 3e (UV irradiance at 140, 230, and 410 min) and Figure 3f (UV irradiance
at 760 min).

A small difference in the general aspect of the base line can be observed in Figure 2d for
O1s signal, while for C1s signal a small difference in spectra was observed at deconvolution,
that appeared after tirad = 140 min, a difference related to a signal arisen from a double O
bond, as can be observed in Figure 3e.
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In Figure 3f it is presented the XPS spectrum of C1s signal arisen after a final UV
irradiation of t = 760 min. In the C1s spectrum, the peak located at BE of 284.8 eV was
related to C–C and C–H bonds, the peak located at BE of 286.35 eV was assigned to simple
O bonds (C–O), while the peaks located at BEs of 287.96 eV and 289.06 eV were attributed
to double bonds with O e.g., C=O or O–C–O, and triple O bonds. o As can be observed
there is an increase in the intensity signal from simple C–O bonds and also a slight increase
in the intensity of double and triple Carbon-Oxygen bonds, these bonds are more intense
in the structure of Ag:HAp/Ti thin film after irradiation.
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Figure 3. Evolution of Ca2p (a), Ag3d (b), P2p (c), O1s (d) signal arisen from Ag:HAp/Ti thin film during UV irradiance at
140 min, 230 min, 410 min, and 760 min. Evolution of C1s signal arisen from HAp:Ag/Ti thin film during UV irradiance at
140 min, 230 min, 410 min (e) and 760 min (f).

Figures 4–6 show the general XPS scan spectra and XPS narrow scan spectra of the
constituent elements of the Ag: HAp + D3 coating after UV irradiation at 140 min, 410 min
and 760 min. As it can be seen in Figures 4–6, after UV irradiation of the Ag: HAp + D3
sample at 140, 410 and 760 min no changes were observed. The appearance of the general
spectrum, as well as the XPS spectra of the constituent elements (C1s, O1s, Ca2p, P2p, and
Ag3d) did not show significant changes following UV irradiation.

Unlike the Ag: HAp coating, in the case of Ag: HAp + D3 coating after UV irradiation,
the high resolution XPS spectrum of P2p after deconvolution showed two components
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at BEs around 133.10 and 133.96 eV. The high resolution XPS spectrum of O1s (for Ag:
HAp + D3 coating after UV irradiation) was deconvolved into two components at BEs
around 531.28 and 532.86 eV that could be assigned to the O in hydroxyapatite [26] and
simple C–O bonds [27,28]. The high-resolution XPS spectrum of C1s was deconvolved
into four components and showed no significant changes after irradiation (even at 760 min
UV irradiation). The four maxima resulting from the deconvolution were located at BEs
around 284.80, 286.54, 288.07, and 289.59 eV in agreement with previous studies [29].
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Figure 6. XPS survey (a) and XPS narrow scan spectra of C1s (b), O1s (c), Ca2p (d), P2p (e) and Ag3d (f) of Ag:Hap + D3
coating after UV irradiation at 760 min.

Our results revealed that the oxygen content increases with the UV irradiation time
for both studied coatings. The evolution of molar concentration ratio of oxygen on the
unirradiated and irradiated Ag:HAp and Ag:Hap + D3 coatings are presented in Figure 7.
Our results regarding the evolution of molar concentration ratio of oxygen on the UV
irradiated Ag:HAp and Ag:Hap + D3 coatings are in good agreement with the anterior
studies [30–34]. In previous studies regarding the surface changes and radical formation
on hydroxyapatite by UV irradiation for inducing photocatalytic activation [30] it has been
shown that an important role in increasing the oxygen content after irradiation is played by
the presence of a thin layer of titanium oxide on the surface of titanium. Moreover, recent
data presented in the literature [35,36] highlighted that the thickness of titanium oxide
layer depends on the fluidizing temperature (of the raw titanium powders) used for the
obtaining of the Ti substrate.
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Ag:HAp and Ag:Hap + D3 coatings.

Even if the main changes in the position of the XPS line are related to the carbon bonds,
the XPS technique allowed us to evaluate the influence of UV irradiation on the coatings.
In the XPS analysis, it was possible to highlight even the small differences of the C signal at
these levels of UV irradiation.
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The general aspect of Ag:HAp/Ti thin films were highlighted by different AFM images,
and the characteristics of film roughness was measured by the RMS factor. The initial aspect
of the surface is presented in Figure 8a and as can be observed there exist a conglomerate of
small spheres with a random distribution, with an RMS factor of 243.2 nm. The AFM image
(Figure 8b) after an UV irradiance of t = 140 min indicates a distribution with a highly
disoriented aspect and with an increase tendency of roughness (RMS: 272.3 nm). The AFM
image (Figure 8c) after an UV irradiance of t = 230 min indicates a highly increased level of
conglomerate distribution with a modified aspect sphere base element, expressed by an
accentuated measured roughness (RMS: 525.8 nm).
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The AFM image (Figure 8d) after an UV irradiance of t = 410 min indicates the pres-
ence of sphere conglomerates more gathered, with a general aspect as in the initial stage
of the Ag:HAp sample, a situation illustrated by the value of measured roughness (RMS:
241.3 nm). As a general remark, the AFM measurements are sensitive to UV irradiation
effects and put into evidence the modifications of roughness characteristics. It is important
to mention the presence of an effect of partly recovery of the mechanical surface charac-
teristics in a moment of UV irradiance (i.e., aspect of Figure 8d), that can be viewed as an
adaptation of the thin film of Ag:HAp/Ti to UV irradiation, probably as a prelude of a
rapid degradation effect, a general effect present in various devices (e.g., rapid degradation
in laser diodes [37]), a process known in biology as the momentary recovery of a patient
before his death. It is worth to mention that the AFM measurements were located on the
same area of the same irradiated sample at different irradiation levels. The sample was
irradiated forward in order to put into evidence the effect upon Ag:HAp/Ti thin film, and
it was remarked that after a cumulative time of t = 660 min the surface roughness suffered a
decrease to RMS = 198 nm. The final irradiation at a cumulative time of t = 760 min showed
an effect of surface polishing with a decrease of RMS = 185.8, in a general tendency of
ordering the surface aspect with a smoother characteristic, as can be observed in Figure 8e.
It is worth to mention that the expected effect of rapid degradation was not evidenced at
this gradual and cumulative UVA irradiation level.

Figure 9 shows the initial appearance of the Ag:Hap + D3 thin film surface on Ti
substrate before (Figure 9a) and after irradiation (Figure 9b). The general appearance of
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the Ag:HAp + D3 thin film prior to UV irradiation showed nano-spheres that are evenly
distributed on the surface, with an RMS factor equal with 188.7 nm (Figure 9a). After
UV irradiation of the surface of Ag:HAp + D3 thin film on Ti substrate, RMS was equal
to 163.5 nm (Figure 9b). As in the case of Ag:HAp samples, in the case of Ag:Hap + D3
samples, a smoothing effect of the surface and a decrease of RMS were observed as a result
of UV irradiation of the surface. As a result, we could say that the samples containing D3
present a smoother and more orderly surface as a result of UV irradiation.

Coatings 2020, 10, x FOR PEER REVIEW 11 of 24 

 

163.5 nm (Figure 9b). As in the case of Ag:HAp samples, in the case of Ag:Hap + D3 sam-
ples, a smoothing effect of the surface and a decrease of RMS were observed as a result of 
UV irradiation of the surface. As a result, we could say that the samples containing D3 
present a smoother and more orderly surface as a result of UV irradiation. 

 
Figure 9. (a) Ag:Hap + D3 thin film on Ti substrate before UV irradiation; (b)Ag:HAp+D3 thin film on UV irradiance after 
UV irradiation of t = 230 min. 

The evolution of surface roughness as it was presented from AFM measurements has 
evidenced a process of increasing the surface order after UV irradiation that was con-
sistent also in the XPS signals of the other elements (C, O, P). 

The IR characteristics of initial sample of Ag:HAp/Ti are presented in Figure 10a 
where the spectral characteristics indicates the presence of various vibrational modes cor-
responding to phosphates and hydroxyl groups. Phosphate PO43- groups in the apatite 
environment correspond to 563, 603, 634, 960, and 1000 ÷ 1100) cm−1 and the hydroxyl 
group –OH the peaks noticed at 631 and 3569 cm−1 [38–41]. The broad bands (1600–1700) 
cm−1 and (3200–3600) cm−1 correspond to H–O–H bands of lattice water with a band at 
3445 cm−1 related to the presence of organized water in the structure of HAp. As it was 
stated [38] these large bands attributed to adsorbed water are diminished in Ag:HAp/Ti 
as compared to HAp where the changes are related probably to the substitution of Ag+ 
from Ca2+ into the lattice of HAp. The mark of Ag signal in Ag:HAp/Ti signals can be 
observed also in the peak of hydrogen phosphate group HPO42− at 875 cm−1 and in the 
small band of CO2− at 1384 cm−1 where in the spectrum was present the signal related to 
an atomic ratio Ag/Ca + Ag [9]. It was stated [42] that the vibration band at 876 cm−1 related 
to CO32− becomes sharper in Ag−:HAp spectrum and the corresponding bands of 1415 and 
1482 cm−1 are shifted in Ag:HAp compared to HAp a fact that is viewed also that a mark 
of Ag doping. In the Ag:HAp/Ti spectrum there exists a large band (1750–2600) cm−1, also 
cited in the literature [42] especially in the region (2250–2500) cm−1 that probably is related 
to Ag signal. After an UV irradiance of t = 140 min (Figure 10b) the signal intensity in the 
region (1350–1750)·cm−1 is increased, as well as the increased signal intensity in (1750–
2600) cm−1 band probably related to the presence of Ag in apatite. As it was observed from 
the XPS signal and AFM analysis, the roughness of the Ag:HAp thin film is increasing 
suggesting a possible migration of Ag from the surface, a process that corresponds to 
changes in the broad bands attributed to adsorbed water, partly to changes in Ag signal 
related to the migration of Ag from Ca2+ site in the lattice of HAp. After an UV irradiance 
of t = 230 min (Figure 10c) a more pronounced increase in intensity signal in (1750–2600) 
cm−1 band region and a pronounced modification of intensity in (3200–3600) cm−1 region 
were noticed. These UV modifications showed that the process continued with broad 
bands modifications (e.g., adsorbed water band) and these changes occurred under the 
influence of irradiation, activate the antifungal properties of samples. After an UV irradi-
ance of t = 410 min (Figure 10d) an intense signal was recovered in the broad band of 
(1750–2600) cm−1 and (3200–3600) cm−1 region. The effect of final UV irradiance on 
Ag:HAp/Ti thin film after an irradiance time of t = 760 min can be observed Figure 10e. 
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The evolution of surface roughness as it was presented from AFM measurements has
evidenced a process of increasing the surface order after UV irradiation that was consistent
also in the XPS signals of the other elements (C, O, P).

The IR characteristics of initial sample of Ag:HAp/Ti are presented in Figure 10a
where the spectral characteristics indicates the presence of various vibrational modes
corresponding to phosphates and hydroxyl groups. Phosphate PO4

3− groups in the apatite
environment correspond to 563, 603, 634, 960, and 1000 ÷ 1100) cm−1 and the hydroxyl
group –OH the peaks noticed at 631 and 3569 cm−1 [38–41]. The broad bands (1600–
1700) cm−1 and (3200–3600) cm−1 correspond to H–O–H bands of lattice water with a band
at 3445 cm−1 related to the presence of organized water in the structure of HAp. As it was
stated [38] these large bands attributed to adsorbed water are diminished in Ag:HAp/Ti
as compared to HAp where the changes are related probably to the substitution of Ag+

from Ca2+ into the lattice of HAp. The mark of Ag signal in Ag:HAp/Ti signals can be
observed also in the peak of hydrogen phosphate group HPO4

2− at 875 cm−1 and in the
small band of CO2− at 1384 cm−1 where in the spectrum was present the signal related
to an atomic ratio Ag/Ca + Ag [9]. It was stated [42] that the vibration band at 876 cm−1

related to CO3
2− becomes sharper in Ag−:HAp spectrum and the corresponding bands

of 1415 and 1482 cm−1 are shifted in Ag:HAp compared to HAp a fact that is viewed
also that a mark of Ag doping. In the Ag:HAp/Ti spectrum there exists a large band
(1750–2600) cm−1, also cited in the literature [42] especially in the region (2250–2500) cm−1

that probably is related to Ag signal. After an UV irradiance of t = 140 min (Figure 10b)
the signal intensity in the region (1350–1750) cm−1 is increased, as well as the increased
signal intensity in (1750–2600) cm−1 band probably related to the presence of Ag in apatite.
As it was observed from the XPS signal and AFM analysis, the roughness of the Ag:HAp
thin film is increasing suggesting a possible migration of Ag from the surface, a process
that corresponds to changes in the broad bands attributed to adsorbed water, partly to
changes in Ag signal related to the migration of Ag from Ca2+ site in the lattice of HAp.
After an UV irradiance of t = 230 min (Figure 10c) a more pronounced increase in intensity
signal in (1750–2600) cm−1 band region and a pronounced modification of intensity in
(3200–3600) cm−1 region were noticed. These UV modifications showed that the process
continued with broad bands modifications (e.g., adsorbed water band) and these changes
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occurred under the influence of irradiation, activate the antifungal properties of samples.
After an UV irradiance of t = 410 min (Figure 10d) an intense signal was recovered in
the broad band of (1750–2600) cm−1 and (3200–3600) cm−1 region. The effect of final UV
irradiance on Ag:HAp/Ti thin film after an irradiance time of t = 760 min can be observed
Figure 10e. As it is noticed the IR spectra look completely different after UV irradiation.
The phosphate and hydroxyl groups and bending band O–P–O have a sharper aspect
under 1000 cm−1, the broad band of (1400–1750) cm−1 has a valley–top aspect and a less
intense signal in the region (1750–2600) cm−1 assigned to a band probably related to Ag.
However, the general aspect of the signal is the same. The Ag signal has shown slight
modifications in (1400–1800) cm−1 band that is active during UV irradiation and finally at
t = 760 min it suffered an extinction, a mark as the initial major properties of Ag:HAp/Ti
were irremediably affected by UV irradiation. The most pronounced modification is the
signal decrease, closed to extinction in the region (3200–3600) cm−1 a band related to
H–O–H bonds of lattice water. A possible conclusion is that in the irradiated thin film, Ag
replaced water in the matrix of apatite, the new composition being suggested by the AFM
and XPS measurements in the sensitive line of C1s. The degradation of Ag:HAp/Tithin
films is complete in a process of rapid degradation under UV irradiation.
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Figure 10. (a) Spectrum of Ag:HAp thin film on Ti substrate before UV irradiation; (b) spectrum of Ag:HAp thin film on
Ti substrate after UV irradiation of t = 140 min; (c)spectrum of Ag:HAp thin film on Ti substrate after UV irradiation of
t = 230 min; (d) spectrum of Ag:HAp thin film on Ti substrate after UV irradiation of t = 410 min.; (e) spectrum of Ag:HAp
thin film on Ti substrate after UV irradiation of t = 760 min.

The FT-IR spectra of the Ag:HAp + D3 coating before (a) and after UV irradiation
at 140 (b), 230 (c), and 760 min (d) were presented in Figure 11. Main specific bands
of pure hydroxyapatite were identified for Ag:HAp + D coating before and after UV
irradiation with some variations in absorption bands of PO4

3−. The bands in the range
of 562–564 cm−1 were assigned to O–P–O bending (ν4). The presence of PO4

3− group
was also noticed at 663 cm−1 and 636 cm−1. On the other hand, the bands in the range
of 1000–2000 cm−1 indicating the presence of peaks assigned to ν(C–O–C) and ν(C=O) at
around 1149 cm−1 and 1630 cm−1 of Vitamin D3 [43]. Moreover, the peaks in the range
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of 1700–3000 cm−1 were assigned to ν(CH2) bands of Vitamin D3 [44]. The bands in the
range of 3000–3600 cm−1 could be attributed to adsorbed water molecules and to the O–H
stretching. It is observed a decrease in signal intensity in (500–2600) cm−1 region. It should
be noted that an increase in the intensity signal in (3200–3600) cm−1 region was observed
when the time of UV irradiation increase.

Coatings 2020, 10, x FOR PEER REVIEW 13 of 24 

 

the intensity signal in (3200–3600) cm−1 region was observed when the time of UV irradi-
ation increase. 

 
Figure 11. (a) Spectrum of Ag:HAp + D3 thin film on Ti substrate before UV irradiation; (b) spectrum of Ag:HAp + D3 
thin film on Ti substrate after UV irradiance of t = 140 min; spectrum of Ag:HAp + D3 thin film on Ti substrate after UV 
irradiance of t = 230 min; spectrum of Ag:HAp + D3 thin film on Ti substrate after UV irradiance of t = 760 min;. 

The general view of Ag:HAp/Ti thin film is observed in the SEM image from Figure 
12a. As it can be observed, the film presents a corrugated aspect, partly due to the depo-
sition method, with a good adherence on the substrate (Ti). The morphology of the 
Ag:HAp/Ti thin film surface changes with increasing the UV irradiation time. A better 
structure of the Ag:HAp/Ti thin film surface was observed as the UV irradiation time in-
creased from 140 min (Figure 12d) to 410 min (Figure 12h). Moreover, in the case of the 
irradiated sample for 760 min (Figure 12i), particles agglomerated at the nanometric scale 
can be observed on the Ag:HAp/Ti thin film surface. The EDS mapping of Ag:HAp/Ti thin 
film before UV irradiation presented in Figure 12b,c,e,f showed that the constituent ele-
ments (Ca, P, Ag, O, and Ti) of the thin films are uniformly distributed. 

Figure 13 showed the SEM microstructure information of the D3 in silver doped hy-
droxyapatite (Ag:HAp + D3) thin film on Ti substrate before (Figure 13a) and after UV 
irradiation (Figure 13b). The surface of the Ag:HAp + D3 thin film is multi-layered. The 
agglomerated nanometric particles were observed on the surface of the Ag:Hap + D3 thin 
film before and after UV irradiation. After UV irradiation for 230 min (Figure 13b) it is 
observed that the surface of the layer is better structured, the agglomerated nanometric 
particles being clearly observed. The behavior of the Ag:HAp + D3 sample after UV irra-
diation at 230 min is similar to that of the irradiated Ag:HAp sample for 760 min. 

Figure 11. (a) Spectrum of Ag:HAp + D3 thin film on Ti substrate before UV irradiation; (b) spectrum of Ag:HAp + D3
thin film on Ti substrate after UV irradiance of t = 140 min; (c) spectrum of Ag:HAp + D3 thin film on Ti substrate after UV
irradiance of t = 230 min; (d) spectrum of Ag:HAp + D3 thin film on Ti substrate after UV irradiance of t = 760 min.

The general view of Ag:HAp/Ti thin film is observed in the SEM image from Figure 12a.
As it can be observed, the film presents a corrugated aspect, partly due to the deposition
method, with a good adherence on the substrate (Ti). The morphology of the Ag:HAp/Ti
thin film surface changes with increasing the UV irradiation time. A better structure of
the Ag:HAp/Ti thin film surface was observed as the UV irradiation time increased from
140 min (Figure 12d) to 410 min (Figure 12h). Moreover, in the case of the irradiated sample
for 760 min (Figure 12i), particles agglomerated at the nanometric scale can be observed on
the Ag:HAp/Ti thin film surface. The EDS mapping of Ag:HAp/Ti thin film before UV
irradiation presented in Figure 12b,c,e,f showed that the constituent elements (Ca, P, Ag, O,
and Ti) of the thin films are uniformly distributed.

Figure 13 showed the SEM microstructure information of the D3 in silver doped
hydroxyapatite (Ag:HAp + D3) thin film on Ti substrate before (Figure 13a) and after UV
irradiation (Figure 13b). The surface of the Ag:HAp + D3 thin film is multi-layered. The
agglomerated nanometric particles were observed on the surface of the Ag:Hap + D3 thin
film before and after UV irradiation. After UV irradiation for 230 min (Figure 13b) it is
observed that the surface of the layer is better structured, the agglomerated nanometric
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particles being clearly observed. The behavior of the Ag:HAp + D3 sample after UV
irradiation at 230 min is similar to that of the irradiated Ag:HAp sample for 760 min.
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As revealed by the results of XPS, FTIR, AFM, and SEM studies conducted on the
unirradiated and UV irradiated Ag:HAp/Ti and Ag:Hap + D3/Ti coatings, the morphology,
chemical composition and roughness of the surface are influenced by the time of exposure
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to UV radiation. Our results are in good agreement with the previous studies reported in
the literature [31–34].

The effect of the UV irradiation on the antifungal effects of the Ag:HAp/Ti thin films
and Ag:HAp + D3/Ti thin films was evaluated using a C. albicans ATCC 10,231 reference
strain. C. albicans is known to be one of the most important opportunistic fungal strains,
generally causing both hospital- and community-acquired infections, more frequently in
immunosuppressed individuals [45]. In the last several years due to the emergence of
multidrug resistant microorganisms, which is one of the major factors responsible for the
increase of morbidity and mortality, the development of novel antimicrobial agents has
been a focus of researchers worldwide [45,46]. In this context the present study focuses on
the development of Ag:HAp/Ti and Ag:HAp + D3/Ti thin films and the assessment of the
influence of UV irradiation on the antifungal properties of the Ag:HAp/Ti s and Ag:HAp
+ D3/Ti thin films. The temporal dynamics of the fungal cells development after being
incubated with the non-irradiated and irradiated Ag:HAp/Ti thin and Ag:HAp+D3/Ti
thin films was performed after 24, 48 and 72 h. The results of the antifungal assay are
depicted in Figure 14.
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The results of the antifungal studies are in agreement with previous reported studies
regarding the antimicrobial activity of silver based composites and silver based composites
thin films [9,14,47–49] and emphasized that the antifungal effect of the Ag:HAp/Ti thin
films is time dependent and it is also influenced by the UV radiation time. The antifungal
assays demonstrated that all the investigated samples exhibited antifungal properties. The
logCFU/mL values recorded for the fungal growth in the presence of the samples were
lower than those obtained for the controls. The results suggested that an almost complete
eradication of the C. albicans fungal cells was observed after 72 h of incubation for all the
tested samples. Nonetheless the strongest antifungal activity after 24 h of incubation with
the fungal suspension was exhibited in the case of Ag:HAp + D3/Ti-410 and Ag:HAp +
D3/Ti-760 irradiated thin films. The results also suggested that the addition of D3 vitamin
had a noticeable effect on the antifungal activity of the Ag:HAp/Ti thin films. The non-
irradiated Ag:HAp/Ti inhibited the fungal development from a value of 0.09 logCFU/mL
at 24 h of incubation until a value of 0.05 logCFU/mL after 72 h of incubation. Meanwhile
the Ag:HAp + D3/Ti thin films managed to inhibit the C. albicans fungal development
from a value of 0.06 logCFU/mL after 24 h of incubation to 0.03 LogCFU/mL after 72 h of
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incubation. Moreover, the best inhibitory effect was observed in the case of the Ag:HAp
+ D3/Ti-760 irradiated thin film, thus emphasizing that the addition of D3 and also the
UV irradiation have enhanced the antifungal activity of the thin films. This effect could be
attributed to the fact that usually, the synthesis of vitamin D in nature is strictly correlated
with the presence of UV radiation [50,51]. The quantitative assay’s results also suggested
that for the Ag:HAp + D3/Ti-230 almost a complete eradication of the fungal cells after
72 h of incubation was achieved.

The development and adhesion of C. albicans cells on the surface of Ag:HAp/Ti and
Ag:HAp + D3/Ti thin films after 24 h of incubation was also examined using the CLSM
technique. The results of the CLSM investigations are depicted in Figure 15. The 2D
CLSM images emphasized that all the samples considerably inhibited the development of
C. albicans fungal cells compared to the Ti disc used as control. Moreover, CLSM images
also revealed that the thin films did not allowed the fungal cells to proliferate and develop
fungal biofilms.
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Figure 15. 2D confocal laser scanning microscopy (CLSM) images of Candida albicans ATCC 10,231 adhesion on Ti discs
(fluorescence channel in red and reflection channel in green pseudocolours) (a), Ag:HAp/Ti (b), Ag:HAp/Ti-140 (c),
Ag:HAp/Ti-230 (d), Ag:HAp/Ti-410 (e), Ag:HAp/Ti-760 (f), Ag:HAp + D3/Ti (g), Ag:HAp+D3/Ti-230 (h) after 24 h
of incubation.

The visualization of the C. albicans fungal cells developed on the surface of Ag:HAp/Ti
thin films and Ag:HAp + D3/Ti before and after irradiation, evidenced that the surviving
C. albicans cells were intact having round morphology and a smooth surface characteristic
to C. albicans. Furthermore, the CLSM examination confirmed the results obtained by the
qualitative antimicrobial assay and highlighted that the antimicrobial properties of the
samples were influenced both by the irradiation time and the presence of vitamin D. More
than that, the images showed that after 24 h of incubation the stronger antifungal activity
was exhibited in the case of Ag:HAp/Ti-760 and Ag:HAp + D3/Ti-230 irradiated thin films.
Furthermore, a 3D representation of the CLSM 2D images of the surviving C. albicans fungal
cells that adhered on the surface of Ag:HAp/Ti thin films and Ag:HAp + D3/Ti before
and after irradiation was obtained using Image J software [52]. The 3D representation is
depicted in Figure 16. The images presented in Figure 16 present the spatial distribution of
C. albicans surviving cells (colored in red) along the horizontal (coverage) and the vertical
(thickness) distributions on the surface of Ag:HAp/Ti thin films and Ag:HAp + D3/Ti
before and after irradiation. The 3D CLSM images demonstrated that the development of
C. albicans cells have been significantly inhibited in the presence of the tested samples after
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24 h of incubation compared to the Ti disc used as control and that their inhibition was
strongly correlated with the irradiation time and also with the presence of vitamin D.
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Figure 16. 3D representation of the CLSM images of Candida albicans ATCC 10,231 adhesion on Ti discs
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Ag:HAp + D3/Ti (g), Ag:HAp + D3/Ti-230 (h) after 24 h of incubation.

The CLSM studies revealed that the best antifungal effect was obtained for the Ag:HAp
+ D3/Ti-230 irradiated thin film samples, and that this could be attributed to both the
addition of D3 and also to the UV irradiation. Moreover, in their studies, Matsumoto
et al., Sebag et al., and Bunce et al. in their studies showed that vitamin D3 and its
derivatives could be the key factor in exhibiting growth-inhibitory activity in normal
human keratinocytes and it is also responsible for the apoptosis of breast tumor cell lines
and HL60 cells [53–55]. Moreover, the Benassi et al. demonstrated in their study that
UVB, calcium, TGF/31, and 1,25-dihydroxyvitamin D3 (l,25-(OH)2 D3) are responsible
for the induction of keratinocytes apoptosis in vitro [56]. More than that, as well as UV
light, calcium is also known to induce apoptosis in cultured human keratinocytes [56,57].
Furthermore, calcium was also reported to cause apoptosis in other types of cells such
as thymocytes and hepatocytes [58,59]. In addition, Rubin et al. presented in their study
convincing evidence suggesting that various regulatory factors that have the ability to
control the cell cycle are also tangled in the mechanisms involved in cell death [57]. In this
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context, our results also suggest that the presence of vitamin D3 in the samples as well as
the UV irradiation of the samples had a strong influence on the antifungal properties of the
thin films.

One of the most common yeast species involved in various types of infections is
Candida albicans. One of the major problems raised by this species is its great ability to
form biofilms, probably contributing to its high resistance rates to chlorhexidine, nystatin,
amphotericin B, and fluconazole [60,61]. Thus, in order to reduce the activity of this fungus,
and consequently the biofilm formation, the Ag nanoparticles or Ag-based compounds
have been used with promising antifungal properties [60–64]. In their study Mallmann,
E.J.J. et al. [60] showed that the antifungal activity against C. albicans of silver nanoparticles
obtained by green synthesis was more pronounced than the antifungal activity of Ampho-
tericin B (a well-known antifungal drug). Also, the antifungal activity against C. albicans
yest of graphene oxide–silver nanocomposites has been demonstrated by Li C. et al. [62].
Moreover, there are studies that have proved that compounds obtained by mixing silver
nanoparticles with antifungal drugs (Nystatin and Chlorhexidine digluconate) can remove
the Candida biofilms [63]. Additionally, recent studies regarding the antibiofilm activity of
Ag-decorated hydroxyapatite nanoparticles showed that the antifungal activity depends
on solution concentration [64]. Despite the existing studies, the mechanisms responsible
for the antimicrobial properties of various compounds are still uncertain and not well
documented. Studies reported different results for various types of materials and coat-
ings and the possible antimicrobial mechanisms involved seem to be dependent on to the
physic-chemical parameters of the samples. Moreover, in the case of coatings there has
been reported a strong correlation between the antimicrobial properties exhibited by the
samples and the synergistic connection between its chemical constituents and the substrate
itself [65,66]. Our investigation suggests that the antifungal mechanism of the investigated
samples could be attributed to the generation of ROS which may degrade the fungal cells.
Furthermore, the results suggested that the Ti disk did not present antifungal properties,
therefore the antifungal properties are to be attributed entirely to the presence of silver in
the composite coatings as well as to their interaction with the substrate. In addition, the
data also revealed that the addition of vitamin D and the of UV irradiation have greatly
contributed to the antifungal properties of the samples

The antifungal assays performed revealed that the Ag:HAp/Ti and Ag:Hap + D3/Tit
thin films before and after irradiation could have a great potential to be used in medical
applications, as antifungal surfaces.

The cytotoxicity of the Ag:HAp/Ti and Ag:HAp+D3/Ti thin films before and after
UV irradiation were investigated using the remarkably durable and prolific cell line and
also the first immortal human cell line (HeLa cells [67]. The HeLa cells were incubated
for 24 h with non-irradiated and irradiated Ag:HAp/Ti and Ag:HAp + D3/Ti thin films.
The morphology of the HeLa cells after 24 h of incubation with the thin films assessed by
microscopic visualization is depicted in Figure 17.

The results of the fluorescence microscopy revealed that the HeLa cells incubated
for 24 h with the samples did not suffered any significant changes in comparison with
the number and morphology of the control cells. The maintaining of a viable status was
confirmed by the trypan blue exclusion test. These results are in agreement with previous
reported results regarding the toxicity of silver doped hydroxyapatite composites powders,
suspensions and coatings [68–70]. Furthermore, the results have emphasized that the
all the tested thin films exhibited an insignificant level of cytotoxicity against HeLa cell
development after 24 h of incubation. The study also demonstrated that the thin films
based on Ag:HAp composites enhanced with vitamin D and irradiated showed no toxic
effect against the HeLa cells.
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Figure 17. The morphology of the control HeLa cells (a) and of HeLa cells incubated with Ag:HAp/Ti (b), Ag:HAp/Ti-140
(c), Ag:HAp/Ti-230 (d),Ag:HAp/Ti-410 (e), Ag:HAp/Ti-760 (f), Ag:HAp + D3/Ti (g), Ag:HAp + D3/Ti-230 (h) after 24 h of
incubation.

Complementary information regarding the toxicity of the Ag:HAp/Ti and Ag:HAp
+ D3/Ti thin films before and after UV irradiation was also obtained using human fetal
osteoblasts (hFOB 1.19) cells. The coatings were incubated for 24 h with hFOB 1.19 cell
cultures and their viability assessed using the MTT assay. Usually, short term in vitro
studies that involves the cultivation of osteoblasts on different substrates are used to obtain
information about the main reaction events between implants and cell tissue, and in order
to identify and select the optimum substrates for the promotion of rapid healing and
regeneration of the host bone. The MTT results of the viability of hFOB 1.19 cells incubated
for 24 h with Ag:HAp/Ti and Ag:HAp + D3/Ti thin films before and after UV irradiation
are presented in Figure 18.
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mean ± SD. The statistical analysis was performed using a t-test: Paired two sample for 
means and all the p calculated values were p < 0.05. The results revealed that all the 
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sented a cell viability above 93% compared with the control (100%) after 24 h of incubation 
with the human fetal osteoblasts cells. In addition, for comparison purposes, the toxicity 

Figure 18. MTT assay for the viability of hFOB 1.19 cells incubated 24 h in the presence of Ti, Ag:HAp/Ti, Ag:HAp/Ti-140,
Ag:HAp/Ti-230, Ag:HAp/Ti-410, Ag:HAp/Ti-760, Ag:HAp + D3/Ti, Ag:HAp+D3/Ti-140, Ag:HAp + D3/Ti-230. Ag:HAp +
D3/Ti-410 and Ag:HAp+D3/Ti-760. The results are presented as means ± standard error of the mean of three independent
experiments. The data were statistically analyzed by using a t-Test: Paired Two Sample for Means and p values, p ≤ 0.05,
were accepted as statistically significant.
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The experiments were performed in triplicate and the results data were presented
as mean ± SD. The statistical analysis was performed using a t-test: Paired two sample
for means and all the p calculated values were p < 0.05. The results revealed that all the
Ag:HAp/Ti and Ag:HAp + D3/Ti thin films before and after UV irradiation samples pre-
sented a cell viability above 93% compared with the control (100%) after 24 h of incubation
with the human fetal osteoblasts cells. In addition, for comparison purposes, the toxicity of
an uncoated Ti disks was also assessed and the results revealed that the cell viability of the
hFOB 1.19 incubated for 24 h with the uncoated Ti disc was 75%. The MTT assays indicated
that all tested materials were cytocompatible. Furthermore, the results also emphasized
that the cells incubated with the irradiated Ag:HAp + D3/Ti samples exhibited a cell
viability above 96%. These results are in good agreement with previous reported studies
which have shown that titanium has a good biocompatibility and that combined with a
highly biocompatible coating could enhance the adhesion and proliferation of cells on its
surface. Moreover, some studies reported that Ti implant’s surface roughness could be
responsible for the osteoblast cells adhesion and proliferation [71–76].

Furthermore, the adhesion and proliferation of the hFOB 1.19 cells incubated for 24 h
with the Ag:HAp/Ti and Ag:HAp + D3/Ti thin films before and after UV irradiation
was also assessed using an inverted microscope. The morphology of the hFOB 1.19 cells
incubated for 24 h with Ag:HAp/Ti and Ag:HAp + D3/Ti thin films before and after UV
irradiation are depicted in Figure 19.Coatings 2020, 10, x FOR PEER REVIEW 21 of 25 
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Figure 19. The morphology of the control hFOB 1.19 cells (a) and of hFOB 1.19 cells incubated with
Ti (b), Ag:HAp/Ti (c), Ag:HAp/Ti-140 (d), Ag:HAp/Ti-230 (e),Ag:HAp/Ti-410 (f), Ag:HAp/Ti-760
(g), Ag:HAp + D3/Ti (h), Ag:HAp + D3/Ti-140 (i), Ag:HAp+D3/Ti-230 (j), Ag:HAp + D3/Ti-410 (k)
and Ag:HAp + D3/Ti-760 (l) after 24 h of incubation.

The images of the hFOB 1.19 cells incubated with Ag:HAp/Ti and Ag:Hap + D3/Ti
thin films before and after UV irradiation for 24 h emphasized that the hFOB 1.19 cells
exhibited a normal morphology and also revealed that the coatings did not induce any
significant changes in the hFOB 1.19 cells. The observations made by microscopic visual-
ization of the cells incubated for 24 h with the Ag:HAp/Ti and Ag:Hap + D3/Ti thin films
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before and after UV irradiation are in good agreement with the quantitative MTT results of
the in vitro assay, and evidenced that both all the investigated thin films presents a good
biocompatibility and could be suitable for being further employed in the development of
biomedical devices.

According to Ashish Yadav [77] the biological medium does not cause major corrosion
of titanium and its alloy. On the other hand, previous studies [30–32,78] reported that the
UV irradiation of the titanium or titanium alloys lead to a significant increase of the surface
hydrophilicity and biological properties. Also, a similar behavior was noticed in the case
of HAp disk [78]. Moreover, according to H. Nishikawa [30] the UV irradiation of the HAp
surface could induce the formation of active radical species.

4. Conclusions

By this study we show for the first time the influence of UV irradiation on surfaces
coated with a thin layer of silver doped hydroxyapatite (Ag:HAp) and silver doped hy-
droxyapatite and vitamin D3 (Ag:HAp + D3). Thus, the effects of UV irradiation on thin
films (Ag:HAp and Ag:HAp + D3 on Ti) that could be used as possible antimicrobial
coatings of medical devices or other medically related surfaces were highlighted. The
antifungal studies have emphasized that all the tested samples exhibited an antifungal
effect against Candida albicans ATCC 10231. Moreover, the results demonstrated that the
antifungal effect of the samples is correlated with the incubation time. Furthermore, the
stimulatory effect of the UV irradiation on the antifungal properties of the thin films was
highlighted. In addition, the results also suggested that the antifungal properties are influ-
enced by the irradiation time. The cytotoxicity assay results highlighted that all tested thin
films exhibited an insignificant level of cytotoxicity against HeLa cell development after
24 h of incubation and did not induced any relevant morphology changes in HeLa cells.
Furthermore, the cytotoxicity assays on human osteoblast hFOB 1.19 cells also revealed
that the thin films did not induced notable morphological changes after 24 h of incubation.
Moreover, the quantitative MTT assay evidenced that the hFOB 1.19 cells incubated with
Ag:HAp and Ag:HAp + D3 thin films before and after irradiation presented high cell
viability (above 92%).These findings suggest that UV irradiation could be used not only
for decontamination but also for improving the antifungal properties of silver based thin
films and, together with vitamin D enhancement, could lead to the development of novel
antifungal surfaces, suitable for various biomedical applications.
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