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Abstract: The main objective of this paper is to develop silver-doped hydroxyapatite suspensions
(HApAg) with different concentrations of silver (xag = 0.05 and xag = 0.2) in order to obtain
uniform and homogenous layers by spin-coating procedure. The colloidal properties of HApAg
suspensions are evaluated by dynamic light scattering (DLS) analysis, (-potential (ZP), and ultrasound
measurements. The ultrasound studies show that the HApAg20 sample revealed better stability than
the HApAg5 sample. The structural and morphological analysis on suspensions and thin layers is also
conducted. It is observed that the particles of the two samples have a similar shape and are uniform.
The layers obtained present a homogeneous appearance of the surface without evidence of cracks or
interruption of the coatings. The in vitro antifungal studies conducted on the two thin layers at two
different time intervals (24 and 48 h) show that both HApAg5 (xag = 0.05) and HApAg20 (xag = 0.05)
nanoparticles suspensions and composite layers inhibit the development of colony forming units
(CFU) even after 24 h of incubation comparative to the control, represented by the Candida albicans
(C. albicans) culture in a proper medium. The fungicidal effect was evident after 48 h of incubation in
the case of both HApAg20 nanoparticles suspensions and composite layers.
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1. Introduction

In the last years, despite the great progress made in the medical field, due to the emergence of
bacterial strains resistant to antibiotics, bacterial infections are still a serious threat and have a great
influence on the morbidity, mortality, and medical costs of patients [1-3]. The risks of developing
life-threatening bacterial infection are considered to be increased mostly in the implant-related medical
field. The microorganisms that are found in the implanted biomaterials usually lead to post-implantation
infections in the human body, which most often requires the removal of prosthesis in order to save the
patient’s life [4—6]. Infections caused by multi-resistant Gram-positive and Gram-negative organisms
are usually treated by traditional systematic drug administration, in which drugs are absorbed into
the bloodstream. These common practices have numerous drawbacks, the most important being the
possible toxicity and also the low drug penetration into the target tissue. Nevertheless, in implant
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surgery, the antimicrobial effects of the surgical site is also of outmost importance for the prevention of
bacterial infection development. In this case, the administration of an antimicrobial agent at precisely
the surgical site is an alternative therapeutic approach [6-9]. Regularly, both in orthopedics as well as
in dentistry, the fixation of the implants with the surrounding tissue is directly related to the contact
of the implant with the surrounding tissue. Implant failure is usually associated with the apparition
of infection, which perturbs the natural healing process, making the implant loose as a result of
the development of microbial colonies and biofilms on the implant’s surface [10-13]. During the
years, the mechanisms of the development of microbial colonization of the medical prosthesis at
the time of implantation were attributed to the manipulation of tissue and implantation device and
also to contaminated sterile implants [12]. It has been reported that from 1033 cases of total hip
and total knee prosthetic arthroplasty, the majority of the implant-related infections were caused
by aerobic cocci, most commonly Staphylococcus aureus (S. aureus), (23%) and coagulase-negative
staphylococci (25%) [12]. Moreover, other important microbial strains involved in the development
of post-operatory implant-related infections are the C. albicans species [14]. Moreover, C. albicans is
a common opportunistic fungal microbial strain that has the ability to colonize both human mucosal and
biomaterial surfaces and its well-known for its capability of easily developing microbial biofilms, which
are resistant to conventionally antimicrobial drugs [14]. In this context, the antimicrobial activity of the
implant prosthesis has become an additional necessary prevention measure, in implant related medical
interventions [13,15,16]. Nowadays, due to its extraordinary biocompatibility and osteoconductive
properties, one of the most used biomaterials in bone tissue engineering is hydroxyapatite (HAp)
even though on its own it exhibits no antimicrobial activity [17]. On the other hand, one of the
oldest materials, well-known for its outstanding antimicrobial activity, is silver and silver ions. Silver
and silver-based materials have been used since ancient times for wound disinfection and also in
the treatment of microbial infections [18,19]. Recent studies have reported that silver ions could be
successfully incorporated in the HAp structure [20-22], but there is scarce information regarding
silver ion release in long-term studies and also regarding the development of stable materials for
use as coatings for various medical devices [23]. Furthermore, studies have shown that, even in low
concentrations, Ag™ ions that are released from the silver doped hydroxyapatite (HAp/Ag) can ensure
antibacterial effect, but when present in high concentrations they could become toxic [24,25]. Therefore,
one of the biggest issues addressed today at a global scale is the obtaining of stable materials with
both biocompatible and antimicrobial properties that could be used in the development of coatings for
medical devices. During the years, hydroxyapatite-coated implants incorporated with antimicrobial
agents were proposed as a solution for the prevention or treatment of implant-related infections, due to
the fact that they could release antimicrobial agents to specific regions [25]. Therefore, this study
focuses on the development of biocompatible stable solutions of silver-doped hydroxyapatite with
antifungal properties for the preparation of coatings for biomedical devices.

In this paper, silver-doped hydroxyapatite with xog = 0.05 (HApAg5) and xag = 0.2 (HApAg20)
samples, without impurities, are successfully synthesized by a sol-gel process. X-ray diffraction (XRD),
transmission electron microscopy (TEM), and scanning electron microscopy (SEM) are employed to
characterize the structure and morphology of HApAg5 and HApAg20 nanoparticles in suspensions.
The colloidal properties are evaluated by dynamic light scattering (DLS) and zeta potential (ZP)
analysis. In addition, the ultrasound measurement is used to evaluate the stability of HApAg5 and
HApAg20 suspensions. The homogeneity and morphology of the thin layers obtained by spin-coating
procedure are assessed by SEM. The antimicrobial studies are conducted on HApAg5 and HApAg20
suspensions and obtained layers.
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2. Materials and Methods

2.1. Materials

The reagents, such as silver nitrate AgNOj3, Alfa Aesar, Karlsruhe, Germany; 99.99% purity],
ammonium hydrogen phosphate [(NH,),HPOy,), Alfa Aesar, Karlsruhe, Germany; 99.99% purity],
calcium nitrate [Ca(NO3),-4H,O, Aldrich, St. Louis, MI, USA], and ethanol [C,H5OH] were used for
the obtaining of silver-doped hydroxyapatite (HApAg) nanoparticles in suspension by sol-gel method
in order to prepare the HApAg thin layers on Si substrate by spin-coating procedure.

2.2. Thin Layer of Silver-Doped Hydroxyapatite

Silver nitrate (AgNO3), calcium nitrate (Ca(NO3);,-4H,0), and ammonium hydrogen phosphate
((NH4)2,HPO4) were used to obtain the Caj-yAgx(PO4)s(OH), gel, with xpg = 0.05 and xag = 0.2. The gel
obtained after the well-controlled steps was used for the preparation of the HApAg5 and HApAg20
thin layers. In the first step, (NH4),HPO4 was dissolved in ethanol and then stirred for 2 h at 40 °C.
At the same time, Ca(NOj3),-4H,0O and (AgNO;3) were dissolved in ethanol and mixed for 2 h at 40 °C.
The solution containing P was added dropwise to the solution containing Ca and Ag and stirred
continuously. The resulting solution was stirred for 12 h at 100 °C [26]. The molar ratio [Ca + Ag]/P
was 1.67, while the pH value of the final solution was kept constant at 10. During synthesis, the pH
was kept constantly equal to 10 by addition of NHs. The resulting final gel was placed in an ultrasound
bath for 12 h. The final gel obtained was used to make HApAg layers on Si substrate by spin-coating
procedure. To achieve the HApAg5 and HApAg20 layers, 0.5 mL of the final gel was used, which was
placed, using a syringe, on the top of the Si substrate. The centrifugation time to obtain the coating
was 60 s, while the speed was 2000 rpm. Both samples were obtained under the same conditions by
coating the Si substrate repeatedly 35 times. After each coating, the samples were dried for 5 min at
60 °C. Finally, the HApAg5 (xag = 0.05) and HApAg20 (xag = 0.2) samples were heat treated at 700 °C
for 4 h to remove solvents and to obtain crystalline structure layers.

2.3. Characterization Methods

The X-ray diffraction analysis of the HApAg5 and HApAg20 samples were registered using
a Bruker D8 Advance diffractometer, with nickel filtered CuKa (A = 1.5418 A) radiation, and a high
efficiency one-dimensional detector (Lynx Eye type). The diffraction patterns were recorded in the 26
range 10°-80°, with a step of 0.02° and 34 s measuring time per step.

The resulting HApAg5 and HApAg20 suspensions samples used to obtain the thin layers
by spin-coating procedure on Si substrate were investigated by DLS analysis and (-potential (ZP)
measurements. Dynamic light scattering (DLS) and (-potential were effectuated at 25 + 1 °C using
SZ-100 Nanoparticle Analyzer (Horiba-SAS France, Longjumeau, France). All the samples were diluted
in water 10 times before DLS and (-potential measurements. Three determinations were registered for
each sample and the final value was established by mediating the three measurements.

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

The morphology of the samples was investigated by SEM using a HITACHI 54500 microscope
(Hitachi, Ltd., Tokyo, Japan). The 3D surface plots of the SEM images were obtained using Image J
software (Image] 1.51j8, National Institutes of Health, Bethesda, MD, USA) [27].

For non-destructive ultrasound studies, a measurement system consisting of a thermo-controlled
vessel, a pulser-receiver, an oscilloscope, and an H5K ultrasonic transducer (produced by General-Electric,
Krautkramer, Germany), was used with 5 MHz central frequency and a very short pulse. The pulser-receiver
device operates in the present work as a pulser-receiver mode on a single transducer that fulfills both
roles. The device emits a short pulse (Dirac signal) of high voltage (300 V). The transducer produces
a resonance signal and then receives the echoes from the measured liquid. The device amplifies these
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signals (adjustable amplification up to 100 dB) and applies them to the output terminal, which connects to
the input of the oscilloscope. Bi-distilled water was used as the standard liquid. To reduce the electrical
noise, the signals are mediated, in our case a signal is displayed after mediation of 32 acquired signals.
For each fluid, the temperature of the respective liquid is measured with an accuracy of 0.1 °C before
the ultrasonic analysis. With three signals available from the reference liquid (bi-distilled water) and
from the suspension based on silver doped hydroxyapatite (HApAg) analyzed, the elaborated program
determines the time difference between the equivalent signals of the two liquids. Having three pairs of
signals, an average will be made for the three-time differences. The time difference is used to calculate the
speed of the ultrasonic waves through the analyzed liquid, thereby knowing precisely the speed of these
waves through the reference liquid (bi-distilled water) and the distance traveled by the ultrasonic waves.
This distance can be measured using two successive echoes through bi-distilled water, in which case the
accuracy reaches 0.01 mm.

2.4. In Vitro Antifungal Assays

The antifungal properties of the HApAg5 and HApAg20 suspensions and thin layers were
determined using a common reference strain of fungi, Candida albicans from the American Type Culture
Collection (ATCC, Old Town Manassas, Virginia, USA), Candida albicans ATCC 10231. The assessment
of the antifungal properties of the samples were performed using fungal suspensions of a known
density (~1.5 x 10°-10° colony forming units (CFU)/mL), obtained from 15 to 18 h fungal cultures
as reported in Iconaru et al. [28]. The fungal biofilm development on the surface HApAg5 and
HApAg?20 thin layers was qualitatively investigated by scanning electron microscopy (SEM). For the
SEM visualization, the HApAg5 and HApAg20 thin layers were incubated for 24 and 48 h with the
C. albicans ATCC 10231 culture medium, removed from the medium after 24 and 48 h, and then washed
with sterile saline solution. After being washed with sterile saline solution, the adherent fungal cells
were fixed using cold methanol and prepared for scanning electron microcopy (SEM) visualization.
The antifungal activity of HApAg5 and HApAg20 suspensions and thin layers was also evaluated by
a quantitative assay. The quantitative assays of the antifungal properties of HApAg5 and HApAg20
suspensions and thin layers after 24 and 48 h was performed using an adapted method (E2149-10;
ASTM International) [29,30] previously described in Predoi et al. [31]. The experiments were done in
triplicate and the results were presented as mean +SD.

3. Results and Discussions

In order to evaluate the crystalline structure of the analyzed samples, XRD studies were performed
on the powders obtained after the centrifugation of the HApAg5 and HApAg20 suspensions and
drying of the resulting precipitate at 80 °C. The XRD pattern of the as synthesized HApAg5 and
HApAg20 samples by sol-gel process and the standard model of HAp (JCPDScardNo.09-0432) are
presented in Figure 1. As can be seen in Figure XRD, the main ten peaks of HApAg5 and HApAg20
samples that were identified at 25.88, 31.80, 32.2, 32.92, 34.5, 39.82, 46.70, 49.49, 53.12, and 64.10 can be
assigned to the at (002), (211), (112), (300), (202), (310), (222), (213), (004), and (323) lattice planes of
hexagonal HAp.

The crystalline size, Dxrp, of the synthesized HApAg5 and HApAg20 samples was estimated
from the XRD pattern using the Debye-Scherrer formula [32,33]:

Dxgrp = 0.9A/Bcosbpq (1)

where, Dxgrp is the crystallite size, A is the wavelength of the monochromatic X-ray beam, B is the
full width at half maximum (FWHM) of the peak at the maximum intensity, and 0. is the peak
diffraction angle that satisfies Bragg’s law for the (hkl) plane. To calculate the crystallite size, the (002)
reflection peak from the XRD pattern was used. The Dxgrp was estimated to have a mean value of
20.1 + 2.7 nm for HApAg5 and 19.1 + 1.3 nm for HApAg20.
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Figure 1. XRD pattern of the HApAg5 and HApAg20 samples and the standard pattern of the HAp
(JCPDScardNo.09-0432).

In the XRD pattern of HApAg5 and HApAg20 samples no additional peaks could be observed
that could be attributed to impurities. The lack of additional maximums shows that following the
synthesis process, there are pure samples, without impurities. As established after XRD analysis, these
samples were well crystallized and could be defined as Hap, seeing that all of the diffraction peaks
coincide well with the standard HAp pattern.

The homogeneity and morphology of the HAp, HApAg5, and HApAg?20 particles in suspension
were evaluated by TEM and SEM. From the TEM and SEM images presented in Figure 2a—f, it was
observed that the particles of the two samples have a similar shape and are uniform. The TEM and SEM
investigations revealed that for the HApAg samples with xag = 0, xag = 0.05 and xag = 0.2 samples,
the particles are ellipsoidal in shape and are of the order of nanometers. The results of the two analyzes
showed that the Ag+ doping has little influence on the shape and size of the nanoparticles. The average
particle size for the HApAg5 sample deduced from the TEM was of 22.9 + 3.5 nm, while for the
HApAg20 sample it was 21 + 1.7 nm. The size distribution from TEM images was obtained by counting
approximately 700 particles. From the SEM studies, an average size equal to 22.3 + 4.2 nm for the
HApAg5 sample and 22.7 + 3.2 nm for the HApAg20 sample was deduced. The results obtained from
the TEM and SEM studies are in agreement with those obtained from the XRD studies.

Important information regarding determining the hydrodynamic diameter of the nanoparticles
but also the size distribution profile of the particle in suspension were evaluated by dynamic light
scattering (DLS) analysis. The size distribution profiles of HApAg5 and HApAg20 nanoparticles in
suspension are presented in Figure 3. The size distributions evaluated by DLS showed two peaks for
the HApAg5 suspension suggesting that the sample present two populations (Figure 3a). The HApAg5
sample presents a bi-modal particle distribution with two population of particles in suspension of
hydrodynamic diameter of 26.84 + 2 nm and 57.36 + 2 nm, respectively. The size distribution obtained by
DLS presented a single peak for the HApAg20 sample, suggesting that the sample was mono-dispersed
(Figure 3b). The hydrodynamic diameter of HApAg20 sample was estimated at 22.52 + 1 nm. As can
be seen, increasing the silver concentration decreases the hydrodynamic radius of particles, suggesting
that the silver concentration is responsible for this effect. It is well-known that the stability estimation
of the colloidal suspensions can be achieved using the zeta potential analysis. The zeta potential can
play an important role in providing information regarding the behavior of suspensions. As shown
in Figure 3c,d, the increase of silver concentration in silver doped hydroxyapatite suspensions from
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5 wt% (HApAg5) to 20 wt% (HApAg20) causes the increase of the zeta potential of silver doped
hydroxyapatite suspensions from —15.85 mV to —29.12 mV and leads to the increase of stability.

2 pym ‘ 2 um

Figure 2. TEM micrographies and SEM images and of the HApAg samples with xpg =0 (a,d), xag = 0.05
(b,e) and xpg = 0.2 (¢ f).
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Figure 3. Size distribution of HApAg5 (a) and HApAg?20 (b) suspensions measured by a dynamic light
scattering method. Zeta potential for the HApAg5 (c) and HApAg20 (d) suspensions.

For a more accurate estimation of the stability of the solutions used in making coatings, ultrasound
measurements were performed, as they provide us with information on the concentrated solutions
made of nanoparticles in suspension.

The velocity of the ultrasonic waves through the analyzed liquid is a feature of it and can serve
to characterize the possible deviations from the concentration in the case of the preparation of other
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samples of the same type. The frequency spectrum of each echo through the analyzed liquid can
be measured and normalized to the echo obtained through the reference fluid. Thus, maxima are
obtained in the range of interest (in the range 0.5-7.5 MHz) for the 5 MHz transducer, which represent
resonances of the suspended particles. The first three echoes for the reference liquid (bi-distilled
water), HApAg5 and HApAg20 samples at 5 MHz, are shown in Figure 4. The spectral amplitudes
of HApAg5 and HApAg?20 relative to those of the reference liquid are shown in Figure 5. Following
these measurements, an analysis could be made according to the frequency of the signals acquired for
the two analyzed samples. The elastic properties of the nanoparticles in suspension were highlighted
by the ratio of the spectral amplitudes at each of the analyzed frequencies in the central frequency
band on the translator frequency. For the two samples analyzed, three resonance frequencies at 1.1,
5.1, and 6.9 MHz were highlighted (Figure 5). The amplitude ratio to the reference fluid in the case
of HApAg5 sample is more than three times at 1.1 MHz reaching 5.5 to 5.1 MHz and below four at
6.9 MHz (Figure 5a). This increase is due to the presence of silver doped hydroxyapatite nanoparticles
suspended in bi-distilled water. In the case of the HApAg20 sample, at the same frequencies of 1.1,
5.1, and 6.9 MHz, the relative amplitudes increased to 4.7, 7.5, and 10 (Figure 5b). An increase in
resonance maxima in the HApAg20 sample compared to HApAg5 may be due to an increase in the
silver concentration in the sample from xag = 0.05 to xpg = 0.2. The speed of the ultrasound waves
through the two samples was also measured. The average speed on the three echoes in the HApAg5
suspension was equal to 1486.78 + 1.03 m/s. In the HApAg20 suspension the mediated velocity
was equal to 1484.12 + 1.55 m/s while in the reference fluid it was equal to 1492.07 m/s. A decrease
of the mediated speed for HApAg5 and HApAg20 samples is given by the porosity, density, and
compressibility of the silver-doped hydroxyapatite nanoparticles. As it can be seen, the concentration
of silver plays a very important role in the speed of ultrasonic waves. Based on the measured data and
taking into account the density of the liquid (with suspended particles), it was possible to determine the
elastic compressibility constant (K) for both the analyzed samples (HApAg5 and HApAg20) as well as
for the reference fluid. For the HApAg5 sample, a value identical to that of water (2.226 MPa) was
obtained, while for the HApAg20 sample the value of the elastic compressibility constant was equal to
2.593 MPa.

Another very important measured parameter was the attenuation. The attenuation measured
in the reference fluid was equal to 3.35198 Np/m, while for the HApAg5 and HApAg20 samples it
was 7.28932 Np/m and 6.8176 Np/m, respectively. It is observed that the attenuation of the signal
amplitude decreases in the case of the HApAg20 sample compared to HApAg5, which shows that
the attenuation is closely related to the particle size, porosity, and concentration of nanoparticles
in the analyzed suspension as well as their stability. The stability of the measured samples can be
correlated with the value of the attenuation and is good for an attenuation close to that of the water.
Following these studies, we can say that the HApAg20 sample shows better stability than the HApAg5
sample. This behavior could be due to the size of the particles in suspension, which are smaller for the
HApAg20 sample (Dxgp = 19.1 + 0.8 nm) than for the HApAg5 sample (Dxrp = 20.1 + 1.3 nm).

The surface morphology of the HApAg5 and HApAg20 composite layers was investigated using
SEM analysis. SEM micrographs of the composite coatings images are presented in Figure 6a,b.
The results of the SEM investigations revealed a homogenous aspect of the surface of both investigated
samples. There was no evidence of fissures or discontinuities of the coatings on the surface areas
presented in the SEM images. Moreover, even though the SEM analysis revealed that both HApAg5
and HApAg20 composite layers presented a homogeneous structure, it can be observed that there is
a difference in the morphology of the two samples. The SEM micrograph of the HApAg5 composite
layers exhibits smaller grains and a denser structure compared to that of the HApAg20 composite
layers. These differences are due to the fact that the concentration of silver ions in the HAp matrix has
a small impact on the particle size. Furthermore, the SEM micrographs also revealed that the coatings
are composed of round rod-like shaped particles having nanometric sizes.
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In the medical field, Candida albicans is defined as an opportunistic fungus, due to the fact that it
usually affects disease-immunocompromised patients or people whose natural flora have been altered
from various reasons, and it is also classified as being the most prevalent cause of fungal infections.
In recent years, despite the progress made in the pharmacology field, and the development of potent
antibiotics and other antimicrobial means, infections caused by the microorganism are still a major
cause in morbidity and mortality everywhere, due to the apparition of multidrug-resistant microbial
strains and biofilm associated infections [34,35]. Therefore, in this study the HApAg5 and HApAg20
composite layers were investigated for their efficiency against the development of C. albicans ATCC
10231 fungal cells on their surfaces, as well as for their capability of preventing biofilm formation.
The antifungal activity of HApAg5 and HApAg20 nanoparticles suspensions and composite layers
was investigated using the reference fungal strain C. albicans ATCC 10231. The results of the in vitro
antifungal assays were presented in Figure 7. The in vitro antifungal studies were conducted at
two different time intervals (24 and 48 h) using an adapted method for testing the antimicrobial
activity under dynamic contact conditions. The quantitative assays highlighted that both HApAg5
and HApAg20 nanoparticles suspensions and composite layers inhibited the development of colony
forming units (CFU) even after 24 h of incubation comparative to the control, represented by the
C. albicans culture in a proper medium.
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Figure 4. The first three echoes for the reference liquid (a) HApAg5 (b), HApAg20 (c), at 5 MHz
grouped (top) and separated in the following three windows of the figure.
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Figure 5. Spectral amplitudes of HApAg5 (a) and HApAg20 (b) relative to those of the reference liquid,
for the first echo.

Figure 6. SEM images of the HApAg20 (a) and HApAg5 (b) composite layers.
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Figure 7. Antifungal activity of HApAg5 and HApAg20 nanoparticles suspension and composite
layers against fungal strain C. albicans ATCC 10231.
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The results of the in vitro antifungal assay highlighted that the inhibitory effect against the
development of C. albicans CFU was more pronounced in the case of HApAg5 and HApAg20
nanoparticles suspensions that in the case of HApAg5 and HApAg20 composite layers. Furthermore,
it can be seen that the inhibitory effect of the samples against the development of C. albicans CFU was
strongly influenced by the incubation time. In the case of both HApAg20 nanoparticle suspensions and
composite layers, after 48 h of incubation, the C. albicans cells development had values significantly
smaller related to the ones of the control, suggesting a fungicidal effect. This behavior has been
attributed to the presence of silver ions in the suspensions and composite layers and to their controlled
released in time. A significant inhibitory effect against the development of C. albicans was also noticed
after 24 h of incubation for all the investigated samples. In addition, the results of the antifungal assays
have also emphasized that the HApAg nanoparticle suspensions exhibited a better antifungal activity
against C. albicans cells regardless of the incubation time.

The results obtained in this study are in accord with previously reported studies regarding
the potential antimicrobial properties of materials and composite layers based on hydroxyapatite
enhanced with various antimicrobial agents, such as metal ions, that are known to possess antimicrobial
properties [36-38]. Despite the progress made in the biomedical filed, several studies have reported
that the development of implant-related infection is still of great concern and that C. albicans can
easily colonize and aggregate on prostheses and implants [39-41]. In this context, studies regarding
the development, adhesion, and biofilm formation of fungal cells on the surfaces of materials that
are currently envisaged for the development of implantable devices that could lead to preventing or
treating microbial infections are of great interest for the medical field.

The adherence of C. albicans fungal cells after 24 and 48 h of incubation on the surface of the
HApAg5 and HApAg20 composite layers was studied using scanning electron microscopy (SEM).
The result of the SEM visualization of the HApAg5 and HApAg20 composite layers exposed to
C. albicans microbial culture for 24 and 48 h are presented in Figure 8a—d.

24 h 48h

Figure 8. SEM images of Candida albicans ATCC 10231 cell development on HApAg5 composite layers
after 24 and 48 h (a,b) and SEM images of Candida albicans ATCC 10231 cell development on HApAg20
composite layers after 24 and 48 h of incubation (c,d).

The results of the SEM investigations revealed that the morphology of the investigated cells were
characteristic to C. albicans, exhibiting an ovaloid shape and having sizes ranging from 2.68 to 4.05 pum,
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dimensions specific to C. albicans fungal cells. Furthermore, the qualitative SEM investigations revealed
that both tested HApAg thin layers significantly inhibited the fungal cells development even after 24 h
(Figure 8a,c). Moreover, the images demonstrated that both HApAg5 and HApAg20 composite layers
prevented the biofilm formation on their surfaces for both tested time intervals (Figure 8). In addition,
the SEM images clearly emphasized that after 48 h of incubation (Figure 8d), the HApAg20 composite
layers have completely eradicated the C. albicans fungal cells. A very strong inhibitory effect against
the development and proliferation of C. albicans fungal cells was also observed in the case of HApAg5
composite layers after 48 h of incubation. The results of the SEM visualization are in agreement with
the quantitative antifungal assays and highlighted that even though both HApAg composite layers
exhibited strong antifungal activity, excellent results were obtained in the case of HApAg20 composite
layers which managed to completely eliminate the C. albicans fungal cells.

It is well known that colloidal systems have a biological significance, especially since we know
that all vital processes are colloidal in nature. The colloids category includes: blood, cell membranes,
nerve fibers, and so forth. We know that, like any heterogeneous system, colloidal solutions are subject
to phenomena of instability (sedimentation, flocculation, coacervation, coagulation) in the presence of
electrolytes, non-electrolytes, and other macromolecules or insolvents. Furthermore, the pharmacological
action of a drug substance may be influenced by the colloidal state. Thus, antiseptic action, as well as
tolerability, are higher when we talk about stable colloidal systems. Thus, in this research, we highlighted
the stability of the gels prepared both by ultrasound measurements and zeta potential measurements.
Both the studies performed by ultrasound and zeta potential measurements showed that the stability of
the obtained gels was better when the concentration of silver was increased. In addition to the silver
concentration in the sample, the synthesis parameters also played an important role. Thus, by placing in
an ultrasonic bath the final gel for 12 h, its stability increased. The results presented in this study were
sustained by previously reported studies [36-38], which state that hydroxyapatite could be enriched with
various metal ions in order to exhibit antimicrobial properties. Nonetheless, this study emphasizes for
the first time the obtaining of stable AgHAp solutions with antimicrobial properties, using an adapted
synthesis method, for the development of new and improved coatings on the basis of silver-doped
hydroxyapatite. The results presented in this study are of great interest and establish that the antimicrobial
properties of AgHAp coatings are strongly influenced by both the silver ion concentrations and the
solution stability. The results of the antifungal in vitro assays obtained for the investigated samples
are in good agreement with previously studies of the authors [21,22,42—44], having reported excellent
antimicrobial properties of thin layers obtained from silver-doped hydroxyapatite powders or suspensions.
Moreover, the results are also in good agreement with other existing studies that proved that, composite
layers based on hydroxyapatite and silver ions are a promising tool for creating an antifungal agent for
biomedical applications. In addition to previously reported studies, the results of this paper emphasize the
obtaining of AgHap coatings from the stable suspension of AgHAp synthesized by an adapted method.
In addition to that, in the present study, the results highlighted that the antifungal properties of the AgHAp
coatings obtained from stable AgHAp solutions with different silver ions concentrations were greatly
influenced by the silver ion concentration and the time of incubation with the microbial cultures. Therefore,
the best results were achieved in the case of AgHAp20 layers after 48 h of incubation with C. albicans fungal
cells. These results have demonstrated that the fungicidal effect of AgHAp layers in the case of C. albicans
strain was observed after 48 h of incubation even though a strong inhibitory effect on its development
was noticed only after 24 h of incubation. The results clearly suggest that the AgHAp20 layers were more
efficient in suppressing the development of C. albicans ATCC 10231 fungal cells. Furthermore, following the
antifungal results, it has been observed that both AgHAp layers completely inhibited the biofilm formation
of the C. albicans ATCC 10231.

4. Conclusions

The HApAg5 and HApAg20 composite layers were obtained by spin-coating procedure using
silver-doped hydroxyapatite suspensions with xags = 0.05 and xag = 0.2 synthesized by sol-gel.
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The structural and morphological properties of the HApAg5 and HAp20 particle suspensions were
evaluated by XRD, SEM, and TEM analysis. The colloidal properties of the suspensions were evaluated
by DLS and ZP analysis and their stability was investigated using ultrasound measurements. From the
XRD results, the estimated Dxgp was 20.1 + 2.7 nm for HApAg5 and 19.1 + 1.3 nm for HApAg20.
Moreover, the DLS analysis revealed a hydrodynamic diameter of 26.84 + 2 nm in the case of HApAg5
and 57.36 + 2 nm in the case of HApAg20. The stability of the HApAg5 and HApAg20 was also
evidenced by the ZP studies and the ultrasonic measurements. Furthermore, SEM investigations of
the HApAg5 and HApAg20 composite layers revealed a homogenous aspect of the surface of the
samples that presented no fissures or discontinuities. The antimicrobial assays demonstrated that both
HApAg5 and HApAg20 suspensions and composite layers exhibited a very good antifungal activity
against Candida albicans ATCC 10231 cell development. Moreover, the results emphasize that HApAg5
and HApAg20 composite layers had a significant contribution in preventing the biofilm formation on
their surfaces after 24 and 48 h of incubation. Furthermore, the antifungal results reveal that AgHAp20
composite layers exhibited a fungicidal effect on the C. albicans ATCC 10231 cell development after 48 h
of incubation, making them better antifungal agents than AgHAp5 composite layers. Considering the
fact that the majority of hospital and implant related infections are attributed to the C. albicans species,
these results could have a great contribution to the development of novel composite coatings with
antifungal properties.
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