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Abstract
Background Hydroxyapatites (HAp) are widely used as medical preparations for e.g., bone replacement or 
teeth implants. Incorporation of various substrates into HAp structures could enhance its biological properties, 
like biocompatibility or antimicrobial effects. Silver ions possess high antibacterial and antifungal activity and its 
application as HAp dopant might increase its clinical value.

Results New silicate-substituted hydroxyapatites (HAp) doped with silver ions were synthesized via hydrothermal 
methods. The crystal structure of HAp was investigated by using the X-ray powder diffraction. Antifungal activity of 
silver ion-doped HAp (with 0.7 mol%, 1 mol% and 2 mol% of dopants) was tested against the yeast-like reference and 
clinical strains of Candida albicans, C. glabrata, C. tropicalis, Rhodotorula rubra, R. mucilaginosa, Cryptococcus neoformans 
and C. gattii. Spectrophotometric method was used to evaluate antifungal effect of HAp in SD medium. It was shown 
that already the lowest dopant (0.7 mol% of Ag+ ions) significantly reduced fungal growth at the concentration of 
100 µg/mL. Increase in the dopant content and the concentration of HAp did not cause further growth inhibition. 
Moreover, there were some differences at the tolerance level to Ag+ ion-doped HAp among tested strains, suggesting 
strain-specific activity.

Conclusions Preformed studies confirm antimicrobial potential of hydroxyapatite doped with silver. New Ag+ ion-
HAp material could be, after further studies, considered as medical agent with antifungal properties which lower the 
risk of a surgical-related infections.
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Background
Despite the fact that fungal infections are incomparably 
less abundant in the population than bacterial ones, they 
could pose a risk towards people, especially immuno-
compromised patients [1]. Fungi can affect different sites 
of human body, hence various types of fungal infections 
can be distinguished: systemic, superficial, cutaneous and 
subcutaneous [2]. Among fungi that are mostly respon-
sible for infections in humans are genera like: Aspergillus, 
Candida, Cryptococcus, Rhizopus, Mucor and Rhizomu-
cor [3].There are also numerous emerging fungal patho-
gens that are reported to cause more and more infections, 
such as: non-Aspergillus molds (e.g., Fusarium) as well 
as yeast and yeast-like fungi (e.g., Rhodotorula, Tricho-
sporon and Malassezia) [4]. Over 80% of candidiasis 
are caused by C. albicans, and the most prevalent non-
Candida albicans candidiasis (NCAC) are attributed to 
C. glabrata, C. parapsilosis, C. tropicalis, C. krusei and 
C. dubliniensis [1]. Cryptococcosis, which could affect 
lungs, skin and central nervous system, is mainly caused 
by Cryptococcus gatti and Cryptococcus neoformans [1]. 
Moreover, Candida and Cryptococcus are frequently 
found in multispecies biofilms, alongside with various 
bacteria, and they cause mixed infections [1]. Among 
Rhodotorula genus, the most prevalent species are R. glu-
tinis, R. mucilaginosa, R. rubra and R. minuta. The most 
common infections caused by Rhodotorula are detected 
in the blood stream and in the central nervous system 
[3]. Apart from primary fungal infections there are also 
reports describing occurrence of co-infections and sec-
ondary infections in the patients suffering from severe 
respiratory viral infections, like COVID-19. Among such 
pathogens are species belonging to the genera of Asper-
gillus and Candida [4]. Such infections in immunocom-
promised patients may lead to the deterioration of health 
and even increase the mortality rate [4]. This is why it is 
so important to cure fungal infections properly.

Apart from widely known and broadly used antifungal 
drugs, like fluconazole, there are also alternative thera-
pies, that still gain a lot of interest. Among such thera-
pies is the usage of silver ions (Ag+) and silver-based 
nanoparticles [5]. Despite the fact that testing the activ-
ity of silver ions in vitro is associated with many dif-
ficulties, like complexation of Ag+ ion with medium 
components [6], there are a lot of research describing its 
activity against bacteria, fungi and viruses [5, 7]. Among 
the observed effects of silver on fungal cell are mem-
brane lipid bilayer damage, which results in the leakage 
of ions (like K+) and nutrients (glucose) from the cell, 
and pore formation in the membrane, which can lead 
even to its death. The other mechanism is based on the 
reactive oxygen species (ROS) generation. There are also 
other reported changes: surface morphology alteration, 
changes in membrane fluidity, ergosterol content and 

fatty acid composition, disintegration of cell wall, sur-
face protein damage, nucleic acid damage and blockage 
of proton pumps. Moreover, silver nanoparticles inhibit 
yeast budding [5, 8–10]. It is hypothesized that the effect 
on fungal cell is dependent on both Ag+ ions and AgNPs 
simultaneously and the exact mechanism has to be fur-
therly studied [8]. Nevertheless, fungal cells developed 
few mechanisms that prevent them from harmful action 
of Ag+ and other silver-based compounds: modification, 
sequestration, facilitated efflux and reduced influx. For 
example, Candida species reduce Ag+ ions to nonharm-
ful nanoparticles within the cell [5]. Moreover, one of the 
most effective ways to reduce the impact of chemicals on 
microbial cell is biofilm formation. Among strains that 
were tested in the present research the biggest biofilm 
producer is C. glabrata (especially the strains 137 and 
327) [11].

Silver nanoparticles are the most commercially used 
nanomaterials [8]. Methods of chemical synthesis allow 
to obtained materials of desired features, like shape, 
size and morphology of the grains. Such features highly 
influence the effectiveness of AgNPs and generally the 
smaller nanoparticle is the better it penetrates through 
the cell’s barriers [8]. Silver ions are also used as dop-
ants in more complex nanomaterials, like hydroxyapatite 
Ca10(PO4)6(OH)2 (HAp). HAp is known as a nontoxic, 
biocompatible, and biodegradable substance that natu-
rally occurs in the human body, as a component of teeth 
and bones. Due to its osteo-regenerative properties it is 
also used as porous scaffold in bone grafts or tissue filler 
[7]. Calcium cation in its formula could be partly substi-
tuted with other ions, including silver, which allows to 
create nanomaterials with antimicrobial potential. The 
recommended silver dopant in hydroxyapatite varies 
between 0.5 and 2  mol% [7]. Moreover, the addition of 
silver to the hydroxyapatite structure improve its physi-
cochemical properties, like crystallinity and solubility 
[12]. In the structure of HAp not only Ca2+ ions could 
be substituted but anionic modifications could be imple-
mented as well. Phosphate groups (PO4

3-) could be par-
tially substituted with silicate groups (SiO4

3-) which also 
modifies the properties of the material, for example caus-
ing the increase in the surface area/volume ratio [12]. 
Moreover, the Ag+/Si-HAp is reported to cause reduced 
bacterial adhesion which proves that such compounds 
have great potential [13].

Bone regeneration materials commonly consist of 
hydroxyapatite-based products (HAp). Aside from its 
advantage - osteogenic properties, HAp also provides a 
survivable environment for pathogens. An effective strat-
egy to prevent the initial adhesion of microorganisms 
and the colonization of biofilms could be for example the 
introduction of bioactive antimicrobial thin films on the 
bone implants’ surface [14, 15]. The main goal of present 
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research is to evaluate the antifungal activity of newly 
synthesized silver-doped silicate-modified hydroxyapa-
tites against yeast-like species of clinical relevance. These 
studies could provide preliminary results for the future 
potential application of Ag+-doped Hap in combating 
surgery-associated infections. It is predicted that the pre-
sented materials could be promising for the construction 
of bone regeneration materials, which combine bioactive 
characteristics with antimicrobial properties.

Results and discussion
Hydroxyapatites (HAp) due to their high biocompat-
ibility are widely used as biomaterials e.g., as bone or 
teeth replacements. The incorporation of these materials 
during surgical procedures carries the risk of an infec-
tion. Although such nosocomial infections are mainly 

associated with bacteria, the incidence of fungal con-
tamination is also frequent [16]. Lowering the risk of 
microbial invasion in patients is of great importance and 
incorporation of antimicrobial substances in the hydroxy-
apatites is one way to achieve it. Numerous metals were 
shown to possess antimicrobial activity, examples being 
zinc or copper, however silver is the best known for its 
antimicrobial properties [17–20].

Characterization
The morphology, shape and element mapping of tested 
samples were collected by SEM imaging and the results 
are shown in Fig.  1a-f. According to SEM images, the 
powders obtained are irregularly rounded in shape 
and tend to agglomerate. Element mapping confirms 
the random distributions of dopant ions, silicate, and 

Fig. 1 The SEM image (a), EDS element mapping (b-f), EDS element analysis (g), TEM image (h), and particle size distribution (i) of 2Ag-HAp.
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phosphate groups in the obtained powder. The concen-
tration of Ag, and Si were calculated by the EDS analy-
sis (Fig.  1g). It was confirmed that Ag concentration 
equaled to 0.07; 0.11, and 0.20  mol. The silicate group 
number in each of the samples was approximately 3. 
Consequently, the chemical formula of tested samples 
is: Ca10-xAgx(PO4)3(SiO4)3(OH)2, where x = 0.07; 0.11, 
and 0.20 mol. In the presented paper samples are named: 
0.7Ag-HAp; 1Ag-HAp, and 2Ag-HAp, respectively. The 
number in the abbreviation is associated with the Ag+ 
ion molar concentration. The content of dopant ions was 
calculated using the following equation:

 
Xn/x[mol%] =

mol%X · 10
mol% (Ca2++Ag+)

 (1)

The amount of silicate group was calculated by the 
equation:

 
(SiO4)

4−
y [mol%]=

mol%Si4+ · 6
mol% (Si4++P5+)

 (2)

The TEM images were used to designate the particles 
shape and size (see Fig.  1h). According to the TEM 
images, the particle length was measured, and Fig. 1i dis-
plays the histogram of the particle size distribution. The 
particle size is in a range of 20–80 nm.

Analysis of the crystal structure was conducted based 
on X-ray diffraction (Fig.  2a). By comparing the prod-
ucts to the reference standard hexagonal hydroxyapatite 
ICSD-26,204 [21], the single phase composition of the 
final products was confirmed. The diffraction peaks that 
correspond to hydroxyapatite structure are located at 
25.9° (002), 31.8° (211), 32.1° (112), 32.9° (300) and 34.1˚ 
(202); 40.0° (310); 46.7° (222); 49.5° (210); 53.2° (004) 
(Fig. 2b and c). The crystallographic planes are listed in 
the brackets. The obtained materials were found to have 
the dopant ions completely incorporated into the struc-
ture of the silicate-substituted apatites. With the increas-
ing dopant concentration, the diffraction peaks are 
broadened what is related to the particle-size-effect (see 
Fig.  2c), resulting in physicochemical properties of the 
obtained materials [22, 23].

Fig. 2 (a) X-ray diffraction pattern of silicate-substitution hydroxyapatite doped with Ag+ ions; (b) diffraction pattern of reflection (002); (c) reflections 
(211), (112), (300), and (202); (d) reflection (004)
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According to the Debye-Scherrer formula, average 
crystallite sizes (D) were calculated using x-ray diffrac-
tion patterns (Eq. 3).

 
D =

Kλ

βcosΘ (3)

Where: D - average crystallite sizes; K - Scherrer constant 
(0.89), λ - x-ray wavelength (0.15406  nm), β - FWHM 
(°) of the three selected reflections. For the purpose of 
the approximation, the following peaks were used: 34.1˚ 
(202); 46.7° (222); 49.5° (210). In the case of a lower con-
centration of Ag+-dopant, the average crystallite size 
is the largest, 55.6 ± 9.9  nm. Samples with 1  mol% and 
2 mol% of Ag+ ions are characterized with similar aver-
age size, 30.9 ± 4.2 nm and 35.6 ± 5.5 nm, respectively. The 
differences of average gain size are visible on the x-ray 
pattern. The peaks’ maximum are shifted to the lower 
2theta angles when the gain size is smaller. It is observed 
in case of investigated pattern (see Fig. 2b and d).

The apatite molecules are crystalized with hexago-
nal symmetry (P63/m) where Ca2+ ions anadoccupy two 
structurally distinct crystallographic sites. The Ca(1) side 
is surrounded by 9 oxygen atoms from phosphate groups 
creating the 4f site. The Ca(2) atoms are placed in 6  h 
site, in the close environment of 6 oxygen atoms from the 
phosphate group, and one from the hydroxyl group. Fig-
ure 3 shows the unit cell representation and coordination 
polyhedrons of calcium sites.

The UV absorption, as well as FT-IR spectra were col-
lected (see Fig. 4). Two broad peaks are detected on the 
UV spectra, centered at 380 and at 460 nm. Those peaks 
are related to the nanosized silver plasmons (Ag-NPs), 
presented as a consequence of the Ag+ ions reduction to 
silver (Ag0) [24].

The FT-IR spectra were collected in the range of wave-
numbers of 1500–400  cm-1 to perceive the characteris-
tic peaks associated with the hydroxyapatite molecule 
vibrational modes. The triply degenerated antisymmet-
ric stretching vibration of phosphonate group ν3(PO4

3-) 
was detected as two strong peaks at 1095  cm− 1 and at 
1045  cm− 1. The band at 963  cm− 1 belongs to the non-
degenerated symmetric stretching modes of ν1(PO4

3-). 
The triply degenerated vibrations of ν4(PO4

3-) were 
visible as two peaks at 608  cm− 1 and at 588  cm− 1. The 
broad peak at the 811 cm-1 was marked to the ν3(SiO4

4-) 
vibration. Stretching vibration of Si–O–Si was located at 
477 cm-1. The Si-O symmetric stretching vibration is not 
visible as the single peak, because of overlapping by the 
similarly located P-O symmetric stretching mode. The 
presence of the OH- group in the hydroxyapatite crystal 
structure is confirmed by the band located at 634  cm-1 
[25].

Antifungal activity
Hydroxyapatites are commonly used in various clinical 
fields, thus enhancing their physicochemical and biologi-
cal properties by structure modification is widely studied. 
Doping of hydroxyapatites with silver ions is well docu-
mented and it has been proved that those substances are 
active against various gram-positive and gram-negative 
bacteria [26]. Much less is known about their antifun-
gal properties. Ag-doped HAp nanoparticles were active 
against Candida kruzei, both planktonic cells and bio-
films [27, 28]. Similarly, Elbasuney et al. showed high 
efficiency of Ag+ ion-doped HAp on C. albicans and C. 
neoformans, as well as its antibiofilm activity [29]. On 
the other hand, the antimicrobial activity of silica-mod-
ified hydroxyapatites remains poorly understood, thus 
our research focused on those materials. Our previous 

Fig. 3 Representation of pure HAp cell unit, Ca(1), and Ca(2) polyhedrons

 



Page 6 of 10Piecuch et al. BMC Microbiology          (2023) 23:193 

studies on Si-HAp concerned their antibacterial effect 
against gram-negative bacteria and it was shown that 
zinc doping caused an increase in antibacterial activ-
ity, while Zn2+-HAp unmodified with Si had no or 
little effect [18, 30]. No evidence of antifungal activity 
of Si-HAp was previously published. To explore anti-
microbial activity of Si-HAp, in present work the newly 
synthesized Si-hydroxyapatites were doped with differ-
ent amount of silver ions and tested for their antifungal 
activity against various yeast-like strains, both clinical 
isolates and the reference ones. Those fungi are oppor-
tunistic pathogens that pose a threat of an infection in 
people with an impaired immune system, thus, designing 
new approaches to combat such pathogens is an impor-
tant issue. Since HAps are materials used e.g., for bone 
regeneration, its application links to the surgical proce-
dure. Improvement of their antimicrobial properties by 
structure modification might lower the risk of a surgi-
cal associated infection by fungi. C. albicans is the best 
known cause of the candidiasis, however an increasing 
occurrence of non-albicans infections is observed, C. gla-
brata and C. tropicalis being the most common [31, 32]. 
Other yeast-like opportunistic pathogens are also of great 
clinical significance. C. neoformans is a frequent cause of 
cryptococcal meningoencephalitis [33]. Species of Rho-
dotorula genus are also the emerging pathogens e.g., R. 
mucilaginosa being frequently associated with central 
venous catheter infections and R. rubra being a cause of 
meningitis [34, 35].

It was shown that among clinical isolates already 
0.7  mol% of Ag+ ion doping caused almost complete 

growth reduction at the concentration of 100  µg/mL 
(p < 0.005), while un-doped HAp showed no significant 
effect (Fig. 5a and b). Two non-albicans Candida strains 
(C. tropicalis R130 and C. glabrata 133) exhibited higher 
tolerance to 0.7  mol% Ag+-HAp, however their growth 
was still significantly reduced when compared to the con-
trol (untreated cells) and un-doped HAp (Fig. 5a and b).

The increase in dopant content to 1 mol% did not cause 
any further growth inhibition, except for two above-men-
tioned non-albicans strains, which growth was inhibited 
at the level similar to the remaining fungi (Fig. 5c).

Further elevation of dopant amounts up to 2  mol% 
resulted in the growth reduction at the lower concentra-
tion (10 µg/mL) but this effect was observed only in the 
case of three clinical isolates: C. tropicalis 11MD/2017 
(growth reduction by about 80%), C. glabrata 137 and C. 
glabrata 240 (inhibition by about 50% and 30%, respec-
tively). The increase of the concentration to 100  µg/mL 
caused almost complete growth reduction of all tested 
strains, as it was observed in the case of the lower dopant 
contents (Fig. 5d).

Similar tendencies were noted for the reference yeast-
like strains – the higher concentrations (100 and 1000 µg/
mL) of all Ag+ dopants (0.7 mol%, 1 mol% and 2 mol%) 
caused high growth reduction. The growth of certain 
strains, however, was stimulated by the lower concentra-
tion of Ag-doped HAp, especially in the case of C. gla-
brata ATCC90030 (Fig. 6).

Interestingly, some fluctuations in fungal growth were 
observed also when un-doped HAp was applied. The 
highest concentration (1000  µg/mL) caused growth 

Fig. 4 UV absorption (a), FT-IR spectra (b)
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inhibition of the most fungal strains. On the other hand, 
some of the tested fungi were stimulated to grow when 
the lower concentration of HAp was applied. This effect 
was observed especially for C. glabrata 137 and R. rubra 
12MD/2017, as well as the reference strain of C. glabrata 
(Figs. 5a and 6a).

The studies of antifungal activity of silver doped HAp 
showed that the lowest amount of Ag+ ions exhibited 
activity against tested strains, however the level of fun-
gal tolerance to tested HAps varied among fungi. The 
silver ions and silver nanoparticles possess multiple 
effects on fungal cells, related mainly to the damage to 
plasma membrane and cell wall, as well as an oxidative 
stress. It was also shown that due to AgNP action ABC 
transporters were inhibited and transcription of genes 
related to energy utilization was reduced in mycotoxin-
producing fungi [36]. Resistance mechanisms in fungi 
include reduction of ions to nanoparticles, sequestration 
by metallothionein and glutathione, efflux and reduced 
influx [5]. Among tested strains, three of the clinical iso-
lates: C. albicans, C. tropicalis and one of C. glabrata 
strains showed higher level of tolerance to Ag+-doped 
HAp. On the other hand, corresponding reference 

species were sensitive to hydroxyapatites, suggesting 
that the clinical strains possibly gained some resistance 
mechanisms to silver. Interestingly, among non-Candida 
strains slightly higher tolerance was observed in clinical 
isolates of cryptococci (Figs. 5 and 6).

Conclusions
Hydroxyapatatites are excellent materials for medical 
application and improving its clinical value is of great 
interest. Presented in this work novel silver-doped sili-
cate-substituted hydroxyapatites were characterized and 
tested regarding their antifungal activity against a set of 
yeast-like fungi, both reference and clinical strains. The 
antifungal effect of Ag+-HAp against those opportunistic 
pathogens of humans was exhibited already at the low-
est dopant amount. These promising preliminary results 
point at the potential of silver-doped hydroxyapatites in 
the clinical application as biocompatible materials that 
lower the risk of the fungal nosocomial infections.

Fig. 5 The inhibition of fungal growth of Ag-doped silica-modified hydroxyapatites (HAp) against clinical strains. a) – un-doped silica-HAp; b) – 0.7 mol% 
Ag+; c) 1 mol% Ag+; d) 2 mol% Ag+. Mean ± SD. * statistical significance (p < 0.05; ANOVA)
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Materials and methods
Synthesis of silver-doped hydroxyapatite
Silver-doped silicate-substituted hydroxyapatite was 
synthesized via hydrothermal methods. As substrates 
Ca(NO3)2 4H2O (99.0-103.0% Alfa Aesar), (NH4)2HPO4 
(> 99.0% Acros Organics, AgNO3 (99.8%, POCH) and tet-
raethyl orthosilicate TEOS (> 99% Alfa Aesar) were used. 
Three concentrations of biologically active silver ions 
in the ratio of calcium ions, 0.7, 1.2, and 2.0 mol% were 
tested. Deionized water was used to dissolve the stoichio-
metric number of substrates. Substrates were mixed in 
the Teflon vessels. To obtain pH equal to 10, ammonia 
solution (25% Avantor, Poland) was used. A microwave 
reactor (ERTEC MV 02–02) was used to heat the hydro-
thermal process for 90  min at an elevated temperature 
(250 °C) and pressure (42–45 bar). Products were cleaned 
with deionized water and dried for 24  h. After that, 
powders were heat-treated at 600  °C, for 3  h, to obtain 
well-crystalized products. The general chemical formula 
of obtained material is: Ca10-xAgx(PO4)3(SiO4)3(OH)2, 
where x = 0.07; 0.1, and 0.2. The hydrothermal method 
and process parameters were selected according to the 
previous investigations [37, 38].

Materials characterization
The crystal structure was investigated by using the x-ray 
powder diffraction. Diffraction patterns were measured 

by PANalyticalX’Pert Pro X-ray diffractometer equipped 
with Ni-filtered Cu Kα1 radiation (Kα1 = 1.54060 Å, 
U = 40 kV, I = 30 mA) in the 2θ range of 10–70˚. Match! 
software 3.7.0.124 version was used to analyze the 
measurements.

The average size, surface morphology and element 
content were carried out by a FEI Nova NanoSEM 230 
scanning electron microscopy equipped with EDS spec-
trometer (EDAX GenesisXM4). Equipment was working 
at an acceleration voltage in the range of 3.0–15.0 kV and 
spots 2.5–3.0 were observed.

Fourier-transformed infrared spectra were collected 
by aThermo Scientific Nicolet iS50 FT-IR spectrometer 
equipped with an Automated Beamsplitter exchange 
system (iS50 ABX containing DLaTGS KBr detector), 
built-in all-reflective diamond ATR module (iS50 ATR), 
Thermo Scientific Polaris™. The HeNe laser was used to 
generate the infrared radiation. The investigated sam-
ples were mixed with KBr (FT-IR grade, ≥ 99% Sigma-
Aldrich, St. Louis, MO, USA), and pellets were formed. 
FT-IR spectra were recorded at the temperature of 295 K 
in middle infrared range, with a spectral resolution of 
2 cm− 1.

An Agilent Cary 5000 spectrophotometer was used to 
measure the absorbance spectrum with a spectral band-
width (SBW) of 0.1 nm in the visible and ultraviolet range 
(240–1500 nm) at room temperature.

Fig. 6 The inhibition of fungal growth of Ag-doped silica-modified hydroxyapatites (HAp) against reference strains. a) – un-doped silica-HAp; b) – 
0.7 mol% Ag+; c) 1 mol% Ag+; d) 2 mol% Ag+ ions. Mean ± SD. * statistical significance (p < 0.05; ANOVA)
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Strains
For antifungal testing following reference strains and 
clinical isolates were used: Candida albicans ATCC 
90,028, C. albicans R41/R42, C. tropicalis ATCC 750, 
C. tropicalis R130, C. tropicalis 11MD/2017, C. gla-
brata ATCC 90,030, C. glabrata R253/R254, C. glabrata 
41, C. glabrata 133, C. glabrata 137, C. glabrata 240, 
C. glabrata 260, C. glabrata 327, Rhodotorula rubra 
12MD/2017, R. mucilaginosa JHM 18,459, Cryptococ-
cus gatti R265, C. gatti CBS 12,754, C. neoformans H99 
and C. neoformans no. 8. All reference strains as well as 
C. tropicalis 11MD/2017 and R. rubra 12MD/2017 are a 
part of the collection in the Department of Mycology and 
Genetics, University of Wroclaw. Remaining clinical iso-
lates are a kind gift from the Department of Microbiol-
ogy, Medical University, Wroclaw.

Antifungal activity
Antifungal activity of tested HAps was studied accord-
ing to Rewak-Soroczyńska et al. [11]. Colloidal solutions 
of Ag+-doped hydroxyapatites (0.7  mol%, 1  mol% and 
2 mol% of dopants) were prepared by sonification (Virtis 
Virsonic 50) in minimal SD medium (Synthetic Defined; 
6.7  g/L Yeast Nitrogen Base w/o aminoacids (Difco), 
20  g/L glucose) at the concentration of 10  mg/mL. The 
final concentration of 10, 100 and 1000 µg/mL were pre-
pared by the serial dilution in SD medium.

Fungal strains were incubated in YPD medium (Lab 
Empire) at 28 ± 0.5  °C for 24  h (for Candida strains) or 
48  h (for Rhodotorula and Cryptococcus strains). Cells 
were centrifuged and suspended in SD medium to obtain 
optical density of 0.1 and diluted 50x in SD.

The wells of the 24-well polystyrene plate were filled 
with SD medium (0.8 mL), solution of doped and un-
doped hydroxyapatite (0.1 mL) and fungal suspension 
(0.1 mL). Plates were incubated at 28 ± 0.5  °C without 
shaking for 24 h (for Candida strains) or 48 h (for Rho-
dotorula and Cryptococcus strains). The well content was 
mixed, and optical density was measured using micro-
plate reader (VarioSkan LUX, Thermo Fisher Scientific) 
at the wavelength of 600 nm. As a control cells untreated 
with hydroxyapatites were applied. As a blank clear SD 
medium without fungi was used. The experiment was 
repeated 3 times, independently. Statistical analysis of 
obtained results was performed using ANOVA test.
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