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A B S T R A C T

Drug-resistant fungal pathogens pose an increasing threat to human health. Nanoparticles are promising tools for
treating and limiting fungal resistance due to their ability to attack microorganisms via multiple mechanisms. In
this work, hydroxyapatite (HA) nanoparticles were synthesized and functionalized with copper by ionic ex-
change at different solution concentrations (from 0.01 to 0.2 M). The physico-chemical properties of the samples
were studied using low-temperature N2 adsorption volumetry, elemental analysis, X-ray diffraction, electron
microscopy and IR spectroscopy of adsorbed CO. All the obtained HA particles were poorly crystalline, elongated
in the c-axis direction, and had a high specific surface area (ca. 200 m2/g). Copper was incorporated into HA
surface layers with a Cu2+ doping content proportional to the initial concentration, reaching a maximum value of
14 %wt. The antifungal activity of the samples was tested against drug-resistant clinical isolates of Cryptococcus
neoformans and several Candida species strains (C. parapsilosis, C. krusei, C. tropicalis, C. albicans, C. glabrata, C.
auris). Minimal inhibitory concentrations and fungal growth curves were determined. Cytocompatibility evalu-
ation showed that both undoped and Cu-doped HA samples were not toxic to mammalian cells. The Cu-
containing HA samples demonstrated potential as effective and safe antifungal agents with wide-spectrum ac-
tivity, representing a promising candidate for therapeutic approaches against diverse fungal infections.

1. Introduction

Hydroxyapatites (HAs, Ca10(PO4)6(OH)2) are a family of well-known
materials extensively present in nature, ranging from mineral rocks to
mineralized parts of several living organisms, including fish bones or
scales, shells, algae, and mammalians bones, teeth, and antlers [1,2].
Additionally, HA can be synthesized using various methodologies,
allowing for tailored characteristics such as different morphologies,
surface acid-base properties, degree of crystallinity and particle size [3,
4]. Consequently, synthetic HAs are versatile materials used in several
fields, including water remediation, heterogeneous catalysis, air purifi-
cation, and particularly in medical and pharmaceutical applications [5,
6].

The structure of stoichiometric HAs (Ca/P ratio equal to 1.67) along

their [010] direction is described as a block of stacked layers following
the sequence -ABA-ABA-ABA-, with specific composition of Ca3(PO4)2
and Ca4(PO4)2(OH)2 for A and B, respectively. Dedicated synthesis
methodologies can interrupt this sequence, creating HAs with surfaces
enriched in calcium or phosphorous [7–9]. Biomimetic HA NPs consist
of a crystalline core embedded in a highly disorder surface layer,
providing a high ionic mobility to their surfaces. This allows HAs in
aqueous solutions to exchange their constituent ions (Ca2+, (PO4)3-, or
OH-) with ions in the solution [6,10]. The functionalization mechanism,
either adsorption or exchange, depends on the characteristics of HA NPs
and the nature of the functionalizing species. Literature suggests that
poorly crystalline HAs are mainly functionalized by cationic exchange,
while, highly crystalline sintered HAs are predominantly functionalized
by adsorption [11,12]. Moreover, functionalization by exchange is

* Corresponding author.
E-mail address: lorenzo.mino@unito.it (L. Mino).

Contents lists available at ScienceDirect

Surfaces and Interfaces

journal homepage: www.sciencedirect.com/journal/surfaces-and-interfaces

https://doi.org/10.1016/j.surfin.2025.106179
Received 12 September 2024; Received in revised form 19 February 2025; Accepted 6 March 2025

Surfaces and Interfaces 62 (2025) 106179 

Available online 13 March 2025 
2468-0230/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-1996-1253
https://orcid.org/0009-0008-7643-8777
https://orcid.org/0000-0002-6596-560X
https://orcid.org/0000-0003-4539-1343
https://orcid.org/0000-0001-9038-3233
https://orcid.org/0000-0002-7813-8347
https://orcid.org/0000-0002-9882-8361
https://orcid.org/0000-0002-1996-1253
https://orcid.org/0009-0008-7643-8777
https://orcid.org/0000-0002-6596-560X
https://orcid.org/0000-0003-4539-1343
https://orcid.org/0000-0001-9038-3233
https://orcid.org/0000-0002-7813-8347
https://orcid.org/0000-0002-9882-8361
mailto:lorenzo.mino@unito.it
www.sciencedirect.com/science/journal/24680230
https://www.sciencedirect.com/journal/surfaces-and-interfaces
https://doi.org/10.1016/j.surfin.2025.106179
https://doi.org/10.1016/j.surfin.2025.106179
https://doi.org/10.1016/j.surfin.2025.106179
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfin.2025.106179&domain=pdf
http://creativecommons.org/licenses/by/4.0/


favored for metal cations with an ionic radius similar to the Ca2+ (ca.
100 pm) and the same charge [13,14]. Various studies have explored the
functionalization and applications of HAs with different cations
including M2+ (Zn2+, Cu2+, Mg2+, etc.), M+ (Ag+, Na+, etc.) and M3+

(Tb3+, Eu3+, Sm3+, etc.) [5,15,16].
Fungal pathogens are an increasing problem for human health with

Candida and Cryptococcus species being the most common. Candida in-
fections, a global health concern, result from the overgrowth of naturally
occurring yeast in the body, leading to various infections [17]. The
emergence of drug-resistant strains, such as Candida auris, complicates
treatment and poses significant health challenges [18,19]. Cryptococcus
primarily affects individuals with weakened immune systems, like those
with HIV/AIDS or undergoing immunosuppressive treatments, with
Cryptococcus neoformans being the main human pathogen [20]. Tradi-
tional treatments for these fungal infections, primarily based on azole
compounds, are not always effective, necessitating high doses of anti-
fungal drugs and leading to resistance. For all these reasons, it is
important to discover newmore effective antifungal treatments [21,22].

Nanoparticles (NPs), due to their tunable properties [23], are
considered next generation antimicrobial agents [24]. While their
antibacterial properties are well studied, their applications as antifungal
agents are less explored [25]. NPs can attack microorganisms through
multiple mechanisms potentially hindering the development of antimi-
crobial resistance. Investigating whether this strategy could also limit
fungal resistance development is a promising line of research. The
antifungal activity of copper and copper oxide NPs has been previously
investigated against various fungi both by themselves or coated with
polymers at the surfaces (PVDF. PVC, and PVMK). They have demon-
strated a high antifungal response with a relatively low Minimum
Inhibitory Concentration (MIC). For instance, biosynthesized copper
oxide NPs have been reported to exhibit a minimum inhibitory con-
centration of 35.5 µg/mL against a not-clinical C. albicans strain (ATCC
SC5314), using Clinical and Laboratory Standards Institute guidelines
[26]. Unfortunately, they also exhibit relatively high cytotoxicity
(especially against macrophages), while only the higher concentration
tested (39.9 µg/mL) has a hemolytic effect over the 5% (ISO 10993-4
threshold for hemocompatibility). Copper NPs exhibit antimicrobial
activity through several mechanisms: (i) copper ions can cause struc-
tural damage to the cell membranes of microorganisms, increasing
membrane permeability; (ii) copper ions have a high binding affinity
with microbial proteins, particularly those containing thiol, imidazole,
amino, and carboxyl groups, leading to their deactivation; (iii) copper
ions can interact with microbial nucleic acids, inhibiting DNA and RNA
synthesis [27,28]; (iv) copper ions can catalyze the production of
reactive oxygen species within microbial cells [29]; (v) the introduction
of copper ions can disrupt the homeostasis of essential metals within
microbial cells [30]. It is also worth noting that for some species, like
Candida albicans, Cu availability is crucial for its virulence since it
modulates stress responses and enhances antifungal sensitivity under
varying copper levels. Notably, Cu can potentiate the effects of azole
antifungals like fluconazole, reducing the pathogens tolerance to these
drugs [31]. This dual role of Cu, acting both as a nutrient and a potential
toxin, highlights its importance in fungal pathogenesis and in treatment
strategies against these infections [32].

Given these challenges, in this work copper functionalized HA NPs
were prepared, and their antifungal activity was studied. Cu-
functionalized HAs may offer advantages over Cu or CuO NPs due to
their intrinsic biocompatibility. They have been tested as antibacterial
or antimicrobial agents [11,27,33–35], but few studies have focused on
their antifungal properties, mainly for agriculture applications [35–40].
Our study aims to obtain HA NPs with nanometric size, low crystallinity
degree, and preferentially exposing their {010} facets enriched in
phosphorous. Compared with our previous work on Cu-functionalized
hydroxypatites [41], we modified the synthesis procedure by oper-
ating at room temperature to obtain nanoparticles with higher specific
surface area, trying to maximize the final copper content after ion

exchange. The chemical composition and structure of the materials was
assessed by inductively coupled plasma-optical emission spectrometry,
low temperature N2 adsorption and X-ray powder diffraction. Surface
active sites were investigated by Fourier transform infrared spectros-
copy of adsorbed probe molecules. The antifungal activity of the Cu-HAs
against Cryptococcus neoformans and several candida species strains
(C. parapsilosis, C. krusei, C. tropicalis, C. albicans, C. glabrata, C. auris)
was studied with both static-endpoint and kinetic-monitoring ap-
proaches. Finally, we tested the biocompatibility of undoped HA NPs
and HANPs doped with the highest Cu concentration (0.1 M) to evaluate
the effect of copper release on mammalian cell viability.

2. Materials and methods

2.1. Materials and preparation protocol

Reagents. For the preparation of the undoped HA ammonium hy-
droxide (NH4OH, > 85%), calcium acetate (Ca(CH₃COO)₂ ⋅ 0.5 H2O,
high purity grade), sodium dihydrogen phosphate (Na2HPO4, > 99%
anhydrous), and sodium hydroxide (NaOH, ≥ 98%) were purchased
from Sigma-Aldrich. For the copper incorporation in the HAs, copper
nitrate (Sigma-Aldrich Cu(NO3)2 ⋅ 2.5 H2O, ≥ 99.99%) was used as
source of Cu2+ ions.

Hydroxyapatite synthesis. Undoped HA (labelled as pristine HA)
was prepared by a co-precipitation reaction aimed to produce HA
nanocrystals mainly exposing phosphorous-rich terminations at their
(010) crystallographic facets [8]. The synthesis temperature was set to
293 K trying to maximize the specific surface area and, thus, the final
Cu2+ concentration after ion exchange (see below). The methodology is
as follows: a Na2HPO4 solution (0.35 M, 0.3 L) was dropped over a Ca
(CH₃COO)₂ · 0.5 H2O solution (0.21 M, 0.3 L) with a rate of 1 drop/-
second. The solution containing Ca2+ was maintained at pH 10 by
adding a NH4OH aqueous solution (5 M) until complete addition of the
(PO4)3- solution. The obtained dispersion was maturated at room tem-
perature under stirring for 24 h. Subsequently, the HA powder was
recovered from the suspension by centrifugation (4500 rpm for 5 min,
Jouan BR4i centrifuge), rinsed three times with double distilled water
and finally freeze-dried.

As a consequence of the calcium reagent employed (Ca(CH3COO)2),
some acetates remain at the HA surface, acting as complexing agents for
Ca2+ ions [8,42]. Therefore, the powder was washed twice with a NaOH
solution (0.01 M, 0.5 L for 2.5 g) for 5 min at room temperature to
remove the calcium-complexing acetates, thus facilitating the subse-
quent ion exchange procedure.

Copper exchange procedure. Pristine HA powder was sieved
isolating the granular fractions having dimensions < 75 µm. To perform
the surface substitution of Ca2+ by Cu2+ ions, 500 mg of the pristine HA
powders were suspended in 17 mL of a Cu(NO3)2 ⋅ 2.5 H2O solution at
different concentrations (0.01 M, 0.02 M, 0.05 M, 0.1 M, 0.2 M) and
stirred for 15 min at room temperature. The pH value was monitored
before and after the addition of HA powder, ranging from 4.79 to 3.74
before HA addition and from 6.74 to 3.53 after HA addition, moving
from the lowest to the highest copper concentration. Finally, the Cu-
containing HA samples were washed and freeze-dried. The five
different Cu-containing samples will be referred as: HA-Cu-0.01, HA-Cu-
0.02, HA-Cu-0.05, HA-Cu-0.1, and HA-Cu-0.2, where the number refers
to the copper concentration in the initial Cu(NO3)2 solution.

2.2. Characterization techniques

Elemental analysis. The elemental composition of the samples was
quantified by Inductively Coupled Plasma-Optical Emission Spectrom-
etry (ICP-OES) by using an Agilent 5100 spectrometer (Agilent Tech-
nologies 5100, Santa Clara, CA, USA). The samples were prepared by
dissolving 10 mg of the powders in 50 mL of a HNO3 solution (1 % wt.).
The measurements were done in triplicate. Quantification of Ca, P and
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Cu content was based on the calibration curves of commercial certified
standard solutions (Sigma Aldrich, St. Luis, MO, USA).

Textural properties. Low temperature (77 K) N2 adsorption volu-
metry was performed by using an automatic Surface Area and Porosity
analyzer (Micrometric ASAP 2020) to evaluate the specific surface area
(SSA) of the different materials, calculated by the Brunauer-Emmet-
Teller (BET) model and expressed in m2/g. For the measurement, 100
mg of the powder were activated in dynamic vacuum for 12 h.

X-ray powder diffraction. A general structural characterization of
the different samples was performed by X-ray powder diffraction
(XRPD) using a PW3050/60 X’Pert Pro powder X-ray diffractometer
(Malvern Panalytical, Malvern, UK). XRPD patterns were collected in the
Bragg-Brentano geometry using a flat-quartz sample holder. The Cu Kα
radiation (1.5406 Å) generated at 40 kV and 45 mA was selected for the
collection of the patterns. The 2θ range varied from 10◦ to 60◦ with a
step size (2θ) of 0.02◦ and a counting time of 90 s per point. A Rietveld
refinement analysis was performed by software TOPAS5, using tabu-
lated HA atomic coordinates as initial input and modeling anisotropic
peak-broadening effects by symmetrized spherical harmonics. The unit
cell parameters and average sizes of crystalline domains along the hy-
droxyapatite directions D(002) and D(310) were evaluated from full-
profile peak broadening. The instrumental contribution to peak broad-
ening was determined considering the XRPD pattern of a LaB6 standard
sample.

High-resolution transmission electron microscopy. The sample
powders were deposited on Cu grids coated with a lacey carbon film.
TEM images were obtained with a JEOL 3010-UHRmicroscope operated
at 300 kV of acceleration potential.

Surface analysis. For Fourier Transform Infrared spectroscopy
(FTIR) measurements, the HA powder was pressed in self-supporting
pellets and then, placed in an IR quartz cell equipped with KBr win-
dows and adapted to perform measurements in transmission mode at
low temperatures. Subsequently, the cell was connected to a vacuum
line (residual pressure 1 × 10–3 mbar) that permits adsorption-
desorption experiment at controlled atmosphere and in situ thermal
treatments of the sample. Therefore, the self-supporting pellets were
activated by a dynamic outgassing treatment at 423 K to remove the
water molecules adsorbed at the material surfaces. Afterward, the
sample was cooled down by thermal contact with liquid N2 until ca. 100
K before the admittance of 50 mbar of CO that were subsequently out-
gassed stepwise. The FTIR measurements were carried out in a BRUKER
INVENIO R instrument equipped with a MCT detector (resolution = 4
cm-1, zero-filling factor= 4, 64 scans per spectrum). Finally, to make the
intensity differences of the FTIR spectra independent of differences in
the thickness of the pellets, the datasets were normalized by the optical
density (mg of the pellet / area of pellet in cm2).

2.3. Antifungal assays

Clinical samples. In this study seven different yeast species
collected from various clinical samples were used: Candida albicans,
Candida auris, Candida parapsilosis, Candida glabrata, Candida tropicalis,
Candida krusei and Cryptococcus neoformans. According to WHO fungal
priority pathogens list to guide research, development and public health
action [43], three of the selected yeasts belong to the Critical Priority
Group (C. albicans, C. auris and C. neoformans), three belong to the High
Priority Group (C. parapsilosis, C. glabrata and C. tropicalis), and one to
the medium priority group (C. krusei). The yeast clinical strains were
grown on BD Difco™ Candida BCG Agar (Franklin Lakes, New Jersey, U.
S.) for 24 h, incubated at 37 ◦C and 5% CO2.

Broth micro-dilution for Minimum Inhibitory Concentration
(MIC) determination. To assess antimicrobial efficacy of the HA sam-
ples with and without different concentrations of Cu2+ ions, a micro-
broth dilution experimental set-up was conducted according to
EUCAST method for susceptibility testing of yeasts [44]. The used liquid
medium for the dilution of inoculum and antifungal compounds was

Thermo Scientific™ Sensititre™ YeastONE broth (Waltham, Massa-
chusetts, U.S.), while 96-wells plate used was with round bottom
(Corning, New York, U.S.). After 18 h of incubation at 37 ◦C and 5% CO2,
microbial growth was visually evaluated and was followed by an im-
aging session to better evaluate yeasts viability. The imaging session was
performed with Cytation5 imaging reader (Biotek, Winooski, Vermont,
U.S.) on growth aggregates at the bottom of the wells. The protocol set
up included the stitching of four contiguous fields (single images with 4
× magnification), and of 20 z-slices to produce a final image with
z-projection that covers the entirety of the well and of the growth ag-
gregates (in the z axis).

Growth curves. To evaluate the antimicrobial action of compounds
in a dynamic environment, Cytation5 multimode reader was utilized to
conduct growth curve experiments. The inoculum and tested drugs were
diluted according to the micro-broth dilution for minimal inhibitory
concentration (MIC) determination, but the 96-wells plate used was
with flat bottom (Corning). To conduct the experiment, the protocol set
up included a kinetic protocol of 24 h in which an Optical Density (OD)
reading was performed at wavelength equals to 630 nm, every 30 min.
The incubation was carried out at 37 ◦C with 5% CO2, and the orbital
shaking of the multiwell plate was conducted at 150 rpm. The growth
curve graphs were designed with GraphPad Prism software version
10.1.2 (La Jolla, California, U.S.).

Cytotoxicity assay. The cytotoxicity evaluation of pristine HA and
Ha-Cu-0.1 NPs was assessed with alamarBlue™ Cell Viability Reagent
(Thermofisher scientific, Waltham, Massachusetts, U.S.) on VERO E6
monkey (ATCC No. CRL-1586) cell line. The cells were grown and
amplified in 25 cm² rectangular canted neck cell culture flask (Corning)
with Minimum Essential Medium L-Glutammine supplemented
(Gibco™, Life technologies, Carlsbad, California, United States)
adjusted with 10% Fetal Bovine Serum (Gibco™, Life technologies) and
1% Penicillin/Streptomycin solution (Gibco™, Life technologies). VERO
cells at 90% of confluence, evaluated with bright field microscopy, were
detached with Trypsin-EDTA 1x (Euroclone, AddLife AB, Stockholm,
Sweden) obtained by dilution in Phosphate Buffer Saline (Gibco™, Life
technologies). After a 3 min incubation at 37 ◦C, 5% CO2 in Steri-cult
CO2 incubator (Thermofisher scientific) with Trypsin/EDTA, cells
were completely detached and so, five milliliters of FBS were added to
neutralize Trypsin action. Afterwards cells were transferred to 50 mL
conical tube (Corning) and centrifugated at 1000 rpm for 10 min with
Consul 21R centrifuge (Ortoalresa, Madrid, Spain). Then the obtained
pellets were resuspended and counted with NucleoCounter® NC-200™
(Chemometec, Allerød, Denmark). Afterwards, approximately 5 × 104

cells/well were seeded in a 96 wells plate (Corning), treated with HA
nanoparticles, and incubated for 24 h at 37 ◦C and 5% CO2. Finally,
alamarBlue™ Cell Viability (Thermofisher scientific) was performed
according to manufacturer instructions. The fluorescence intensity
readings were performed with Cytation5 multimode reader with exci-
tation wavelength at 571 nm and emission wavelength of 584 nm. Cell
viability percentage was calculated as centesimal fraction of RFU values
compared to growth control.

Statistical analysis. All experiments were repeated at least in trip-
licate, to ensure reproducibility. Broth microdilution data are reported
as means without SD, because no differences were detected in replicate
MIC values, otherwise data are expressed as means ± SD. Statistical
analysis was performed by GraphPad Prism software version 9.3.1 (La
Jolla, CA, United States).

3. Results and discussion

3.1. Textural and elemental analysis

The specific surface area (SSA) and the elemental composition of the
samples are detailed in Table 1. SSA values for all the samples are
around 200 m2/g, typical for materials with nanometric size [10,45].
Small deviations in SSA between samples fall within the margin of error,
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except for the HA-Cu-0.2 sample. Its lower SSA value could be attributed
to the acidic pH (3.53) of the Cu(NO3)2 solution used for the ion ex-
change procedure. Indeed, the pH did not significantly increase after the
HA addition (final pH = 3.74) unlike the other samples. The elemental
composition in Table 1 shows a progressive decrease in Ca content
paralleled by an increase in Cu content, correlating with Cu2+ concen-
tration of ion exchange solution. This indicates copper uptake by the
exchanged samples. The maximum amount of Cu2+ ions (corresponding
to the minimum amount of Ca2+ ions) is reached for HA-Cu-0.1, with the
difference from HA-Cu-0.2 being negligible. This suggests that the
maximum copper uptake for this type of HA is reached at a 0.1 M Cu2+

ion concentration, while previous studies on Ca-rich HA samples showed
copper exchange saturation at 0.05 M Cu(NO3)2 solutions [41,46].

Phosphorous content decreases at the highest Cu2+ concentrations.
To understand this behavior, it is important to highlight that the Ca/P
ratio for the pristine HA sample is 1.48, a value which is considerably
lower than the stoichiometric HA value of 1.67 [1], indicating a P-rich
sample. HAs with Ca/P values lower than 1.67 aremore acidic and water
soluble. Hence, it is predictable a slight surface dissolution process due
to the soaking in the most acidic solutions (highest [Cu2+]) [2,6].
However, this process did not significantly affect the measured SSA,
except for the HA-Cu-0.2 sample.

The (Ca+Cu)/P ratio of copper-functionalized samples is equal to
that of the pristine HA and remains constant at ca. 1.48 until HA-Cu-
0.02. Then, for higher copper concentrations in solution, it increases
reaching 1.62. This suggests that at low Cu concentrations, copper up-
take follows a 1:1 ionic exchange, where one Cu2+ ion substitutes one
Ca2+ ion, according to the following mechanism [41]:

Cu2+aq + 2NO3
−
aq + Ca2+surf⇄Ca2+aq + 2NO3

−
aq + Cu2+surf

On the other hand, the deviation of (Ca+Cu)/P ratio at higher con-
centrations implies additional mechanisms, such as surface complexa-
tion [11]. This hypothesis is further confirmed by considering the Cu
surface density in more concentrated samples, which reaches ~ 7 Cu2+

nm-2 for the HA-Cu-0.1, exceeding the surface concentration of
exchangeable Ca2+ ions (~ 5 Ca2+ nm-2) [47].

These analyses demonstrate that the copper uptake occurred in all
the samples without significantly modifying the HA structure, except for
HA-Cu-0.2. Given the similar Cu content of HA-Cu-0.1 and HA-Cu-0.2,
the latter will not be included in the following discussion.

3.2. Structural characterization

The structural characterization of the samples was performed by X-
ray powder diffraction (XRPD), reported in Fig. 1. The main diffraction
peaks present in both pristine HA and Cu-functionalized HAs were
indexed as hydroxyapatite single phase (reference pattern JCPDS 00-
009-432). This confirms that the Cu exchange procedure did not alter
the HA crystal structure. Moreover, XRPD patterns exhibit broad and
poorly resolved diffraction peaks, indicating the presence of poorly
crystalline HA nanoparticles possessing high SSA.

More detailed structural information was obtained through Rietveld
refinement of crystallographic parameters (Table 2). We observed a
small contraction of the cell parameters upon Cu doping, ascribed to the

smaller ionic radius of Cu2+ (73 pm) with respect to Ca2+ (99 pm), as
already reported in literature [48]. Moreover, for all the samples, the
size of the crystalline domains along the [002] direction is considerably
larger than along the [310] direction, indicating an elongated
morphology, as already reported in previous studies [8,41,49]. The size
of the crystalline domains slightly decreases in samples with higher Cu
concentration due to the lower pH employed during the synthesis. This
results in a slight surface dissolution, as previously discussed.

High-resolution transmission electron microscopy was also
employed to further investigate the nanoparticle morphology (Figure S1
in the supplementary materials), considering pristine HA and HA-Cu-
0.1, which has the highest Cu content. The HAs NPs show an elon-
gated plate-like morphology and are stacked between them resulting in
agglomerates, clearly visible in the low magnification images. In the
high magnification images, we can observe interference fringes
demonstrating the crystalline nature of the NPs. However, these fringe
patterns are interrupted close to the borders of the NPs, where a thin
layer (ca. 2 nm) of amorphous nature can be appreciated, already
described in previous literature [10,50]. No significant differences are
observed between the pristine HA and HA-Cu-0.1 samples, in agreement

Table 1
Sample codes, BET specific surface area (SSABET), element weight percent (% wt) composition measured by ICP-OES, and atomic ratios for each sample.

Sample SSABET (m2/g) ICP-OES

[Ca2+] (% wt) [Cu2+] (% wt) [P] (% wt) (Ca + Cu)/P

Pristine HA 199 33.2 ± 0.1 – 17.3 ± 0.1 1.48 ± 0.01
HA-Cu-0.01 219 31.9 ± 0.3 2.6 ± 0.1 17.4 ± 0.1 1.49 ± 0.01
HA-Cu-0.02 210 30.4 ± 0.4 4.1 ± 0.1 17.1 ± 0.2 1.49 ± 0.01
HA-Cu-0.05 205 25.8 ± 0.1 10.8 ± 0.1 16.5 ± 0.2 1.52 ± 0.01
HA-Cu-0.1 192 23.3 ± 0.2 14.0 ± 0.2 15.4 ± 0.1 1.62 ± 0.01
HA-Cu-0.2 170 23.5 ± 0.4 14.7 ± 0.2 15.7 ± 0.3 1.61 ± 0.01

Fig. 1. X-ray diffraction patterns of the pristine HA and the copper-
functionalized HAs with the principal diffraction peaks indexed. The pattern
of hydroxyapatite reference (JCPDS 9–432) is reported at the bottom.

Table 2
Unit cell parameters and dimension of the crystalline domains along the [002]
and [310] directions for the pristine HA and copper-functionalized HA samples.

Sample a (Å) c (Å) D[002] (nm) D[310] (nm)

Pristine HA 9.469 ± 0.005 6.894 ± 0.005 13.2 ± 0.5 4.4 ± 0.7
HA-Cu-0.01 9.459 ± 0.005 6.887 ± 0.005 12.1 ± 0.6 5.0 ± 0.8
HA-Cu-0.02 9.458 ± 0.005 6.884 ± 0.005 11.1 ± 0.5 4.7 ± 1.0
HA-Cu-0.05 9.435 ± 0.005 6.864 ± 0.005 11.2 ± 0.5 3.9 ± 0.8
HA-Cu-0.1 9.444 ± 0.005 6.871 ± 0.005 10.1 ± 0.5 3.2 ± 0.6
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with the XRD results.

3.3. Surface characterization

Fourier Transform Infrared (FTIR) spectroscopy using probe mole-
cules was employed to perform a detailed characterization of the HA
surface sites. Carbon monoxide (CO) was selected as probe molecule
since it can probe all the cationic sites of interest (Ca2+, Cu2+, Cu+) [51].

Before the FTIR measurements, the samples were outgassed at 423 K
to remove the physisorbed water, allowing the adsorption of the CO
probe molecules. These activation conditions are a compromise between
eliminating the adsorbed water molecules and preserving the structural
integrity of the HAs, as previously investigated in detail [8]. Figure S2
reports the full Mid-IR range for the pristine HA and HA-Cu-0.1 samples.

We can note that the spectral profile is not significantly modified upon
Cu functionalization. Moreover, we have further confirmation of the
integrity of the HA crystalline structure from the presence in both
samples of the sharp peak at 3570 cm-1, ascribed to bulk columnar OH in
4e lattice position [8].

Fig. 2 shows the spectra of CO adsorbed at low temperature (ca. 100
K) at decreasing coverages on three representative samples. In the
pristine HA (Fig. 2A), the spectrum is dominated by a band centered at
2168 cm-1, which progressively shifts to 2179 cm-1, since the CO–CO
interactions decrease at lower coverage [45,52]. This band can be
assigned to CO adsorbed on Ca2+ ions [7,8,41]. For HA-Cu-0.01
(Fig. 2B), which represent samples with low Cu content, three bands
are present: (i) the peak located at 2165 cm-1 at maximum CO coverage,
attributed to the CO–Ca2+interaction; (ii) the shoulder centered at 2156
cm-1 and shifting to 2159 cm-1, due to CO adsorption on Cu2+ sites; and
(iii) the peak centered at 2115 cm-1, assigned to CO interacting with Cu+

cations, whose intensity can vary depending on the specific activation
conditions [41,51,53]. Finally, in the spectrum of HA-Cu-0.1 (Fig. 2C),
representing samples with high Cu content, the same three bands dis-
cussed for the HA-Cu-0.01 can be observed. In this case the intensity of
the Cu2+ and Cu+ signals is higher, in agreement with the higher Cu
content, but the Ca–CO interaction band is still visible, indicating that
the surface Ca has not been completely substituted with Cu cations.

3.4. Antifungal activity

Fig. 3 shows a selection of images of visible yeasts growth at the
round bottom of the multi-well plates used for broth micro-dilution
experiments, as detailed in the experimental section. The MIC values
determined from these experiments are summarized in Table 3.
C. albicans, C. auris, and C. neoformans are life-threatening microor-
ganisms for immunocompromised patients and are classified as critical
priority pathogens on the WHO list of priority fungi. These yeasts,
particularly C. auris, have a significant multidrug-resistant proportion
among healthcare-associated infections [54]. HA-Cu-0.1 and
HA-Cu-0.05 samples demonstrate significant antifungal activity against
these three yeasts, with MICs ranging from 16 to 32 μg/mL (Table 3).
However, HA-Cu-0.05 exhibits a MIC of 64 μg/mL against C. neoformans.
Kinetic growth curve experiments reflect the static broth microdilution
results for C. albicans and C. auris. In contrast, C. neoformans responds
uniquely to treatments when the assay is conducted kinetically. As
shown in Fig. 4, Cryptococcus treated with 0.5 × MIC concentrations of
both HA-Cu-0.1 and HA-Cu-0.01 exhibits a nearly halved final optical
density (OD) value, approximately 0.34 ± 0.05 after 24 h of incubation
(growth control has a mean final OD value of 0.665 ± 0.008). A similar
trend is observed with C. auriswhen treated with 0.5×MIC samples: the
final OD values are nearly halved compared to control, but the curve
remains in an exponential growth phase, while Cryptococcus reached the
stationary phase.

C. parapsilosis, C. glabrata, and C. tropicalis are major representatives
of the non-Candida albicans Candida species group (NCAC) and are
classified as high-priority pathogens on the WHO fungal priority path-
ogens list. These Candida species, particularly C. parapsilosis, exhibit
greater resistance to the tested compounds, with the lowest MIC values
around 64 μg/mL for C. glabrata and C. tropicalis. Both C. parapsilosis and
C. glabrata do not show a dose-dependent antifungal effect relative to
copper concentration in the HA-Cu samples. Additionally, pristine HA
without copper surprisingly inhibits C. parapsilosis at high concentra-
tions (128 μg/mL), contrasting with other yeast species, for which MICs
are equal to or greater than 256 μg/mL. Kinetic growth curves align with
the static broth microdilution results (Table 3). Finally, C. krusei is
classified as a medium-priority pathogen on the WHO fungal priority
pathogens list. A unique characteristic of this Candida species is its
inherent resistance to azole-based antifungal drugs, severely limiting
available treatment options [55]. Among the tested yeast species and
compounds, HA-Cu-0.1 and HA-Cu-0.05 exhibited the lowest MICs of 8

Fig. 2. FTIR spectra of CO adsorbed at low temperature (ca. 100 K) on pristine
HA (panel A), HA-Cu-0.01 (panel B), HA-Cu-0.1 (panel C), collected at
decreasing CO coverages starting from 50 mbar (curves a in black) and stepwise
outgassed until 1 × 10–3 mbar (curves j in red). The spectrum of the material
after activation has been subtracted from all spectra (see Figure S2 in the
supplementary materials for further details).
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μg/mL against C. krusei. C. krusei demonstrates a clear dose-dependent
susceptibility to HA-Cu, with no significant differences between static
and kinetic environments.

Concerning the mechanism of action of Cu doped HA, as mentioned
in the introduction, several factors should be considered. However,
literature studies involving Candida and Cryptococcus show that copper
promotes the generation of reactive oxygen species (ROS), which lead to
oxidative stress, damaging cellular components like membranes and
proteins. Moreover, it has been shown that in C. neoformans, Cu induces
a proteomic response that down-regulates protein synthesis while up-
regulating protein degradation pathways, ultimately inhibiting fungal
growth [56].

3.5. Cytotoxicity assay

The in vitro biocompatibility assessment of pristine and Cu-loaded
HA NPs was performed to confirm the well-established cytocompati-
bility of HA derivates and to evaluate the Cu-induced proliferative or
cytocidal effects on VERO cell line. The VERO cell line is a widely used
cytological model for assessing adaptability of novel compounds and
surfaces in a mammalian and human context. A cytotoxic effect (defined
as a viability percentage lower than 70% compared to growth control,
according to ISO 10993-5:2009) on this cell line usually indicates sig-
nificant challenges for biomedical research advancement of tested

compound/material.
Cytotoxicity evaluation was performed after 24 h of co-incubation

between NPs and VERO cells. The tested concentrations of the NPs
range from 8 to 128 µg/ml, which correspond to the antifungal con-
centrations determined with broth microdilution method. The NPs
tested are pristine HA, representing the least effective in antimicrobial
terms, but serving as the control to assess HA cytocompatibility
regardless of copper loading, and HA-Cu-0.1, which is the most effective
antifungal NPs tested and has the highest copper loading. Previous
studies on HA NPs have described a copper dose-dependent cytotoxic
effect, with a viability percentage around 75% after 24 h [57,58].

As shown in Fig. 5, pristine HA has a very solid viability percentage
compared to control, with no dose-dependency: all tested concentrations
range from 100 to 106% viability, and a proliferative effect is observed
at 128 µg/mL, with 114% viability. These results agree with previous
studies which assessed the cytotoxicity of silver doped hydroxyapatites
[59]. Conversely, the copper content in HA-Cu-0.1 seems to impact
VERO cells viability in a tolerable manner. The higher concentrations
tested (256 and 128 µg/mL) show viability percentage of 71 and 72%,
respectively, which are slightly above the cytotoxicity cut-off of 70%
viability compared to growth control. From 64 to 8 µg/mL there is an
inverse proportionality between Ha-Cu-0.1 concentration and VERO
viability, indicating a dose-dependent relationship between the copper
loaded NPs and cytocompatibility. Finally, the lowest concentration

Fig. 3. Images showing visible yeasts growth at the round bottom of the multi-well used for broth micro-dilution experiments. The wells depicted contained the MIC
of tested samples ranging from 8 to 256 µg/mL. For experimental conditions where MIC values exceed 256 µg/mL (exclusively for pristine HA), images in this figure
represent the maximum tested concentration of the compound (256 µg/mL).

Table 3
MIC values, expressed in µg/mL, and determined by broth microdilution method according to EUCAST guidelines.

Sample Fungal species

C. parapsilosis C. krusei C. tropicalis C. albicans C. glabrata C. auris Cryptococcus neoformans

Pristine HA 128 256 ≥ 256 ≥ 256 ≥ 256 ≥ 256 128
HA-Cu-0.01 128 32 128 128 128 64 64
HA-Cu-0.02 128 32 128 64 128 32 64
HA-Cu-0.05 128 8 64 32 64 16 64
HA-Cu-0.1 128 8 64 32 128 16 32
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tested, 8 µg/mL, show 105 % viability, indicating a total absence of
cytotoxicity.

4. Conclusions

In this study we synthesized P-rich HA with a Ca/P ratio of 1.48,
characterized by nanometric size (BET SSA ca. 200 m2/g). As evidenced
by the TEM images, the nanoparticles show a morphology elongated in
the direction of the crystallographic c-axis and by XRD analysis average
crystalline domains sizes of 13.2± 0.5 nm along the [200] direction and
4.4± 0.7 nm along the [310] direction were obtained. The samples were
functionalized with copper through ion exchange. NPs physico-chemical
properties were preserved after functionalization except for the samples
treated with 0.2 M Cu2+ solution which, due to its low pH, induced a
partial dissolution of the HA particles. Rietveld refinement of the XRD

patterns highlighted a small contraction of the cell parameters upon Cu
doping. The copper content gradually increased reaching a maximum
value of 14 %wt. Our findings indicate that copper functionalization
occurs through different mechanisms: at lower concentrations, the
(Ca+Cu)/P ratio of the pristine material (1.48) is maintained suggesting
a Ca2+ -> Cu2+ ionic exchange, while at higher concentrations (i.e. Cu >

10 %wt) additional mechanisms such as surface complexation are
involved. Surface active sites were probed by FTIR of adsorbed carbon
monoxide evidencing the presence of both Ca and Cu cations even for
the high-copper content HA-Cu-0.1 sample.

Regarding the antifungal activity, HA-Cu-0.1 and HA-Cu-0.05 sam-
ples exhibited promising performances with low minimum inhibitory
concentrations (MIC < 64 µg/mL) against critical pathogens including
drug-resistant strains C. auris and Cryptococcus species, which pose sig-
nificant challenges to global health, especially among

Fig. 4. Growth curves of Candida albicans, Candida auris, Candida parapsilosis, Candida glabrata, Candida tropicalis, Candida krusei and Cryptococcus neoformans in the
presence of HA-Cu-0.1 and HA-Cu-0.01 at double (2 ×MIC) and half (0.5 ×MIC) minimum inhibitory concentrations, and pristine HA at higher concentration tested
(256 μg/mL), compared to the growth control. Each data point represents an optical density reading taken every 30 min over a period of 24 h. Raw data with errors,
also expressed in colony forming unit per milliliter (CFU/mL), are reported in the Supplementary Materials (Tables S1–14).
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immunocompromised patients. Unique kinetic responses were observed,
particularly in reducing optical density for C. neoformans. Candida spe-
cies within the NCAC group, such as C. parapsilosis, exhibited varying
degrees of resistance to compounds tested. Notably, HA-Cu and pristine
HA displayed significant inhibitory effects on specific species such as
C. krusei, which is inherently resistant to azole-based drugs but show
susceptibility to HA-Cu in a dose-dependent manner.

Cytotoxicity evaluation on VERO cell line revealed adequate
biocompatibility of both undoped and Cu-doped HA. A decrease in cell
viability was observed for Cu-doped HA when tested at high concen-
trations (256 and 128 µg/mL), compared to pristine HA. However, the
cytotoxic effect on mammalian cells was less pronounced at concen-
trations effective against yeast growth, suggesting a potential for tar-
geted antifungal action.

In summary, our findings provide insights into the potential of
copper-doped HAs as effective antifungal agents, offering an alternative
for therapeutic approaches against diverse Candida and Cryptococcus
infections.
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