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Abstract: High doses of antimicrobial agents are a huge threat due to the increasing number of
pathogenic organisms that are becoming resistant to antimicrobial agents. This resistance has led
to a search for alternatives. Therefore, this study presents the synthesis and characterization of
ZrO2-Ag2O nanoparticles (NPs) by sol-gel. The NPs were analyzed by dynamic light scattering
(DLS), UV-visible (UV-vis), Raman and scanning electron microscopy (SEM). The NPs were later
evaluated for their antifungal effects against Candida albicans, Candida dubliniensis, Candida glabrata,

and Candida tropicalis, using disc diffusion and microdilution methods, followed by the viability
study. The DLS showed sizes for ZrO2 76 nm, Ag2O 50 nm, and ZrO2-Ag2O samples between 14 and
42 nm. UV-vis shows an absorption peak at 300 nm for ZrO2 and a broadband for Ag2O NPs. Raman
spectra were consistent with factor group analysis predictions. SEM showed spherically shaped
NPs. The antifungal activity result suggested that ZrO2-Ag2O NPs were effective against Candida

spp. From the viability study, there was no significance difference in viability as a function of time
and concentration on human mononuclear cells. This promising result can contribute toward the
development of alternative therapies to treat fungal diseases in humans.

Keywords: antifungal activities; ZrO2-Ag2O nanoparticles; mixed metal oxide; Candida spp.

1. Introduction

The death rate from fungal-related infections is worrisome, and in a population of
immunocompromised individuals, fungal infections can contribute toward an increase
in the morbidity and mortality rates [1]. Candida is a yeast that maintains a commensal
relationship with the human body under normal circumstances [2], but in a situation where
an individual has a compromised immune system, it becomes pathogenic [3], and may be
the cause of oral and vaginal candidiasis, among other infections [4]. With a mortality rate
of about 45%, the National Nosocomial Infections Surveillance System (NNISS, Atlanta,
GA, USA) considers Candida as the fourth most prevalent nosocomial blood pathogen [1].
The resistance of Candida spp. to antifungal agents, such as fluconazole, flucytosine, ampho-
tericin B, and echinocandins [5], due to reduction in membrane permeability to these agents,
has fueled strong interest in the search for compounds with improved antifungal efficacies
that have little or no cytotoxic implications [6]. In addition to antifungal resistance in
Candida spp., commercial antifungal agents are reported to have one or more shortcomings
in clinical applications, as seen with amphotericin B, which has bad effects on the kidney,
resulting in renal failure, while fluconazole and the azoles family lead to complications
that cause liver toxicity and the inhibition of testosterone synthesis [6]. Nanoparticles are
known for their numerous applications in different fields, because they are not limited in
function by their small size or morphology [7]. As seen in previous literature, nanoparticles
are worthy alternatives as regards to combating fungal resistance to antifungal agents [8].
Different metal and metal oxide nanoparticles, such as silver nanoparticles, were researched
extensively for their antimicrobial activities [9,10].
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Nanocompounds of silver-containing materials are some of the most used commercial
nanoparticles because of their strong toxicity toward fungi, bacteria, and viruses. This
toxicity to microbes has favored their applications in personal care products, ointments,
dressings as treatment for external wounds, and as resource material in surgical instru-
ments. One major advantage of silver nanocompounds over other metal is due to their
extremely potent antimicrobial characteristics. Silver nanoparticles are characterized by
broad-spectrum antimicrobial activities that are effective against antibiotic-resistant strains.
The effectiveness of silver nanoparticles as antimicrobial agents depend on the size and
concentration of the nanoparticles. The smaller the size of the silver nanoparticle, the
higher the antimicrobial activity when compared to larger nanoparticles. In nanoparticles
of smaller sizes, the atoms are available at higher concentrations on the surface, and they
have large surface area to volume ratios and, as such, exhibit more potent antimicrobial
activity [11].

ZrO2 nanoparticles are of great interest due to their scientific and technological appli-
cations in different fields, as well as their mechanical properties, electrical properties, wide
band gaps, and high dielectric constants. Recently, there have been studies on nanocrys-
talline zirconia, as opposed to studies on their mechanical and electronic properties, mainly
in microcrystalline zirconia (which was done in the past). From previous literature, zirconia
nanoparticles have been synthesized by different physicochemical methods, such as the
precipitation method, hydrothermal method, sol-gel method, and thermal decomposition;
each of these methods determined the properties of the synthesized nanoparticles, as well
as their applications as solid fuel cells, catalytic agents, gas sensors, or as high durabil-
ity coatings [12]. Unlike silver nanoparticles, very little has been researched or reported
on the antimicrobial activities of zirconium oxide nanoparticles, despite various reports
claiming that zirconium oxide nanoparticles are stable and non-toxic [13]. To maximize the
antimicrobial potential of silver oxide nanoparticles, there is a need to take the individual
advantage of silver oxide nanoparticles, and complement with another metal oxide to form
mixed metal oxide nanoparticles [14].

There has been a limited amount of studies published on the antifungal activities of sil-
ver and silver-containing compound nanoparticles [15]. In recent years, many researchers
have reported on different antifungal agents. As early as 2019, Perween et al. reported the
synthesis of silver nanoparticles as an upcoming therapeutic agent for resistant Candida in-
fections. Though, it was concluded that silver nanoparticles could serve as new therapeutic
agents for treating candidiasis, because of their considerable antifungal activities, emphasis
was made on the need to improve the stability and to carry out further investigations on
the toxic nature of silver nanoparticles [6]. Therefore, this study investigated the antimy-
cotic effects of ZrO2 and Ag2O nanoparticles against selected pathogenic Candida species
causing life-threatening fungal infections in humans. We also evaluated the changes in the
antimycotic activity of Ag2O on stabilizing with ZrO2 nanoparticles.

2. Materials and Methods

2.1. Materials

Solvents used in the experiment were acetic acid and deionized water. Zirconium
butoxide, ethylene glycol, silver nitrate, and citric acid were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The antifungal test was conducted using Sabouraud Dextrose Agar
plates. All reactants used were of analytical grade and were used as received. Four candida
species (Candida albicans ATCC MYA-2876, Candida dubliniensis ATCC MYA-580, Candida

glabrata 2001, and Candida tropicalis 750) used in this study, were derived from American
Type Culture Collection (ATCC), Manassas, VA, USA. Ficoll-Paque 1077V R was purchased
from Sigma-Aldrich Co. (St Louis, MO, USA). Blue coloring trypan was furnished by
Nuclear (Sao Paulo, Brazil). Culture claw 25 cm2 was obtained from Difco Laboratories
(Detroit, MI, USA) and culture medium RPMI from Vitrocell (Sao Paulo, Brazil). All other
chemicals were of analytical grade and were obtained from standard commercial suppliers.
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2.2. Methods

2.2.1. Synthesis of Zirconia Nanoparticles
A total of 3.658 mL of (C4H9O)4Zr (Zirconium butoxide) was dissolved in 10 mL of

CH3COOH (acetic acid). The solution was hydrolyzed with 20 mL of deionized water,
dropwise. A sol was formed within 15 min of hydrolysis with water, followed by contin-
uous stirring. The formed sol was processed and gelated at 80 �C for 1 h, then dried at
100 �C to obtain powder samples. The calcination of the powder samples at 500 �C for 4 h
led to the formation of ZrO2 nanoparticles in accordance with past literature [16].

2.2.2. Synthesis of Ag2O Nanoparticles
A total of 20 mL of deionized water was used to dissolve 3.398 g of silver nitrate.

The solution was mixed with 1.92 g of citric acid that was previously dissolved in 10 mL
of deionized water. The mixed solution was stirred for 15 min, non-stop, followed by
the addition of ethylene glycol, dropwise, which served as a sol stabilizer while the
stirring continued. The precipitate formed was washed with distilled water and dried
at a temperature of 100 �C for 1 h. Ag2O nanoparticles were obtained after the sample
(obtained after calcination for 200 �C for 3 h) [17] was pulverized.

2.2.3. Synthesis of ZrO2-Ag2O Nanoparticles
A total of 3.658 mL of (C4H9O)4Zr (zirconium butoxide) was dissolved in 10 mL of

CH3COOH (acetic acid). The resulting mixture was hydrolyzed with 20 mL of deionized
water, dropwise. An aqueous solution of AgNO3 was later added to the mixture at different
concentrations, of 0.1, 0.25, 0.5, 1.0, 2.0 mol/dm3, with the samples denoted as Z-A0.1, Z-
A0.25, Z-A0.5, Z-A1.0, and Z-A2.0, respectively. During the reaction process, the concentration
of (C4H9O)4Zr was maintained at 1 mol/dm3 as the concentration of AgNO3 was varied.
A sol was formed from the solution and the sol was washed. The sol was placed in an
oven for an 1 h for gelation to take place, and the sample was dried at 100 �C. After 4 h of
calcination for 500 �C, ZrO2-Ag2O nanoparticles were formed [17].

2.3. Characterization

The phases of the synthesized nanoparticles were analyzed by X ray Diffraction
(XRD), using an X’Pert PRO PANalytical instrument with Cu k↵ = 1.54056, 20 kV, with
a scan from 5 to 80� at 2�/min scanning speed. Bruker Alpha-Platinum ATR instrument
with 40 scans and resolution of 4 cm�1 measured between a wavelength of 4000 cm�1

and 400 cm�1 was used to determine the functional groups and the vibrational band of
bonds. Cary100 spectrophotometer (Varian Corp. Meddelburg, Netherlands) was used
to measure the UV–vis absorption spectra between the ranges of 100 and 900 nm at room
temperature. The sizes of the nanoparticles were evaluated by dynamic light scattering
(DLS) analysis in HORIBA SZ-100 Nanoparticle Analyzer (Horiba, Bensheim, Germany).
Raman analysis was done with the WITec Raman spectrophotometer alpha300 R, having a
confocal microscope system with a 532 nm laser; laser intensities varied between 0.649 and
9.538 W.cm�2 (focus spot of 700 µm), equipped with a 785 nm laser diode. The morphology
of the nanoparticles and its components was observed with the aid of scanning transmission
electron microscopy, with an energy-dispersive X-ray spectrometer (EDX) (STEM, JEOL
JSM-6400, Milpitas, CA, USA) that was operated at 20 kV.

2.4. Antifungal Study

2.4.1. Disc Diffusion Method
The antifungal study of the synthesized nanoparticles was conducted by the disk

diffusion method in accordance with the CLSI (2008). Four candida species, C. albicans,
C. dubliniensis, C. glabrata, and C. tropicalis were cultured on Sabouraud Dextrose Agar
(SDA) at 37 �C for 20 h; 100 µL of standardized suspensions of each fungi were placed on
SDA. Each nanoparticle was prepared and measured before the inhibition zone tests. The
nanoparticles were subsequently placed on the fungi culture plates. The agar plates were
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incubated for 24 h at 37 �C. The antifungal effect was ascertained by taking measurements
of the clear zones that corresponded to the inhibition formed around the nanoparticles
using a vernier caliper instrument. The antifungal study for all of the fungi were done
in triplicate.

2.4.2. Antifungal Susceptibility Testing
Before the test, isolates of C. albicans, C. dubliniensis, C. glabrata, and C. tropicalis were

cultured on Sabouraud Dextrose Agar for a duration of 24 h at 37 �C. Broth microdilution
methods were engaged for the antibiotic susceptibility testing of all the Candida species to
analyze their susceptibilities to the synthesized ZrO2, Ag2O, and Z-A nanoparticles; this
was done in accordance with the European Committee on Antimicrobial Susceptibility
Testing (EUCAST). The suspension of the inoculum was prepared by putting four distinct
colonies, with diameter sizes �1 mm in 3 mL of sterile distilled water, and was homoge-
nized with a gyratory vortex mixer at a revolution of about 2000 rpm for 10 s. Variation
of the cell density was conducted to match the 0.5 McFarland scale standard by making
the appropriate dilution with the right amount of sterile distilled water. The standard
suspension was diluted to obtain 1.3 ⇥ 106 CFU/mL, which served as the working sus-
pension. The absorbance was recorded at a wavelength of 530 nm. The microdilution
plates were plated with 0.02 mg of ZrO2, Ag2O, and Z-A nanoparticles. Thereafter, the
plates were inoculated with 200 µL of freshly prepared suspension by adding the prepared
yeast suspension to each well. The readings were taken after 24 h as the experiment was
conducted in triplicate [18].

2.5. Oxidative Effects on Mononuclear Cells

2.5.1. Blood Collection
The sample used in this part of the analysis was peripheral human blood. The blood

sample was obtained from the School Laboratory of Clinical Analyzes of Universidad
Autonoma de Ciudad Juarez, Juarez, Mexico, in accordance with the guidelines and
with the approval of the university’s Ethics Committee for Research with Human Beings
(Proyect: CIBE-2017-2-84). There is no identifying data associated with the obtained blood
sample. Using a Vacutainer V R (BD Diagnostics, Plymouth, UK) and heparin tubes, and
by venipunctures, human blood was collected from a healthy donor. The obtained human
blood was separated into its constituents using Ficoll-Paque density gradient using 35 mL
of blood samples. From the separated blood constituents, mononuclear cells were extracted.
After separation, the viability of the mononuclear cells was determined.

2.5.2. Cell Viability
The extracted mononuclear cells were resuspended in RPMI-1640 at a calculated

density of 1 ⇥ 106 cells/900 µL. A total of 50 µL each of the aliquot was measured into a
24-well plate (BD Falcon 352054, San Jose, CA, USA) and treated with 0.02 mg of ZrO2,
Ag2O, and Z-A samples. The aliquot samples not exposed to the nanoparticles served as
the control. The content in the 24-well plates were incubated for 24, 48, and 72 h in an
incubator at 37 �C. Cell viability was determined after 24, 48, and 72 h of incubation, 5 µL
of trypan blue was added to 40 µL of each of the samples. On completion of the addition
process, each sample was analyzed with the FACSCAN flow cytometer. The results of cell
viability were expressed in (%) and compared to the control. The extracted mononuclear
cells were exposed in triplicate to ZrO2, Ag2O, and Z-A samples [19,20].

2.6. Statistical Analyses

All experimented assays were prepared and analyzed in three-fold, and all experi-
ments were replicated at least three different times. The obtained results were presented
as means ± standard deviation. Origin 9 was used for the t-test and one-way analysis of
variance (ANOVA) was used, followed by post-hoc Tukey’s tests for multiple comparisons.
Values of p  0.05 were taken as statistically significant.
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3. Results

3.1. XRD, IR Analysis, and Zeta Potential Measurement

X-ray diffraction analysis was determined on all seven synthesized samples. The
samples were measured on a clear amorphous glass substrate in the form of a thin powder
film. The major 2Q peak values illustrating the XRD crystalline patterns were at 24.6�,
28.6�, 31.9�, 35.4�, 50.6�, 55.8�, and 60.3�, which corresponded to the monoclinic phase of
zirconia with a matching international standard file (JCPDS file no. 37-1484). The XRD
crystalline patterns of Ag2O had peaks that were designated to planes having hkl values,
corresponding to 38.08� (111), 44.26� (200), 64.39� (220), and 77.36� (311), respectively,
denoting the cubic silver oxide JCPDS No: 04-0783 (110). In the mixed samples of Z-A
nanoparticles, a presence of peaks corresponded to peaks found in both ZrO2 and Ag2O
nanoparticles. The absorption bands depicting the infrared spectrum of ZrO2, Ag2O,
and Z-A samples were determined and previously reported [17]. From the reported IR
analysis, Z-A samples showed absorption bands that were found within the fingerprint
region, with the presence of the bands from 560 cm�1 to 760 cm�1, with assignation to
the metal-oxygen stretching mode because of the interatomic vibration. The presence of a
band at 580 cm�1 assigned to the Ag-O bond confirmed the presence of Ag2O; the presence
of the characteristic absorption bands at 750, 680, and 480 cm�1 confirmed Zr-O bonds
and were all reported. The zeta potential measurement was also reported among other
characterizations that were carried out. It was reported that ZrO2 nanoparticles confined
stability on Ag2O nanoparticles and this was responsible for the improved antimicrobial
activity. The XRD, IR, and the zeta potential measurements were fully discussed with the
diagrammatic representations of the spectra, included where applicable, and were recently
published in literature [17].

3.2. UV-Visible Absorption Analysis

Optical absorption spectrum of size evolution is one of the characteristics of nanoparti-
cles; therefore, with the use of UV-visible absorption spectroscopy, the optical characteristics
of nanoparticles in the quantum size range was determined. UV-visible absorption spectra
for ZrO2, Ag2O, and Z-A nanoparticles are presented in Figure 1 with the UV–visible
absorption spectra of ZrO2 and Ag2O nanoparticles shown in Figure 1a. A strong and
prominent absorption peak at about 300 nm was observed from the UV-visible absorption
spectrum of zirconia nanoparticles (shown in Figure 1a) [21]. Ag2O nanoparticles show a
broad absorption in the UV-visible region (Figure 1a), which is in accordance with previous
literature [22]. Figure 1b shows the UV-visible absorption spectra of Z-A nanoparticles with
an absorption peak at 282 nm. From the UV-visible absorption spectra of Z-A nanoparticles,
increasing the concentration of Ag2O on ZrO2 nanoparticles did not cause any change
in the absorption peak. The absorption peak of the Z-A nanoparticles shows a shift to
the lower wavelength due to the quantum confinement in samples when compared with
that of ZrO2 nanoparticles. This optical phenomenon presents the quantum size effect of
these nanoparticles [23]. The UV-visible spectrum was measured within the range of 100 to
900 nm.

3.3. Raman Spectroscopy

Raman study was used to ascertain the interaction between ZrO2 and Ag2O nanopar-
ticles and in conformity with the factor group theory, ZrO2 has 18(9Ag + 9Bg) Raman active
nodes, according to S. Rani et al. [24]. Figure 2a presents the Raman spectrum of ZrO2
having the monoclinic peaks that corresponds to Ag at 530 cm�1, Bg at 536 cm�1, Ag at
545 cm�1, Ag at 550 cm�1, and Ag at 600 cm�1. Figure 2b presents the Raman spectrum
of Ag2O nanoparticles showing bands at 548 cm�1 (sh), 565 cm�1, 572 cm�1, 580 cm�1,
and 610 cm�1. A single Raman active vibration of T2g symmetry at 565 cm�1 is the only
predictive vibration expected of silver (I) oxide based on its symmetry considerations. The
bands at 572 cm�1, 580 cm�1, and 610 cm�1 were assigned to silver carbonate that was
formed due to the reaction of the oxide with carbon dioxide [25]. The presence of the band
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corresponding to carbonate was due to the long exposure time of the nanoparticles to the
atmosphere during the collection of the Raman data. In Figure 2c, Z-A2.0 shows bands at
541 cm�1, 545 cm�1, 551 cm�1, and 594 cm�1. The observable shift from the bands of ZrO2
and Ag2O in the mixed sample of Z-A2.0 confirms the interaction between ZrO2 and Ag2O.

 
Figure 1. UV-visible absorption spectra of (a) ZrO2 and Ag2O (b) Z-A nanoparticles.

 
Figure 2. Raman spectra of (a) ZrO2 (b) Ag2O and (c) Z-A2.0 nanoparticles.
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3.4. Dynamic Light Scattering Analysis

The dynamic light scattering (DLS) analysis was used for the measurement of the size
of the synthesized ZrO2, Ag2O, and Z-A nanoparticles in deionized water. Through laser
beam illumination on suspension undergoing Brownian motion, DLS characterized the
colloidal dispersion of nanomaterial [26]. The DLS results of ZrO2, Ag2O, Z-A0.1, Z-A0.25,
Z-A0.50, Z-A1.0, and Z-A2.0 nanoparticles in deionized water were 76 nm ± 2.4, 50 nm ± 3.2,
42 nm ± 2.2, 35 nm ± 1.8, 21 nm ± 1.0, 15 nm ± 1.5, and 14 nm ± 1.7, respectively.

3.5. Scanning Transmission Electron Microscopy

The morphology of the synthesized ZrO2, Ag2O, Z-A0.5, and Z-A2.0 nanoparticles was
determined by scanning transmission electron microscopy (STEM) while the elemental
constituent was determined by energy dispersive X-ray spectroscopy (EDX). The scanning
transmission electron microscopy and the corresponding EDX images for elemental exami-
nation of ZrO2, Ag2O, Z-A0.5, and Z-A2.0 nanoparticles are presented in Figure 3a–h. To
present a clearer picture, the STEM and EDX images of all the synthesized Z-A samples are
not shown. Therefore, only representative samples were used for this analysis. In Figure 3a,
the STEM image of ZrO2 nanoparticles is spherical in shape and aggregated. The EDX
image of ZrO2 nanoparticles in Figure 3b shows the presence of zirconium and oxygen.
The STEM image of Ag2O nanoparticles shown in Figure 3c presents irregularly shaped
nanoparticles with some agglomeration, while the EDX image of Ag2O (Figure 3d) shows
the presence of Ag and Oxygen. Figure 3e,g shows the STEM images of Z-A0.5 and Z-A2.0
with spherically shaped morphology with the nanoparticles of Z-A2.0 highly dispersed. In
Figure 3f,h, the EDX images shows the presence of zirconium, silver, and oxygen. The EDX
image of each nanoparticle reveals the purity by showing the constituent that make up
each sample. The carbon and aluminum presence in image d and f are due to the carbon
tape used and the aluminum base support, respectively.

3.6. Antifungal Activity of Z-A Nanoparticles on Candida spp.
To analyze the data obtained from the antimicrobial experimental procedure, the

inhibition zone around each applied nanoparticle was measured. From the results, it
was observed that the mixed metal oxides of zirconium and silver recorded improved
antimicrobial property when compared with the nanoparticles of only silver oxide or
zirconium oxide. Z-A2.0 nanoparticles showed the highest antimycotic activity against
C. albicans followed by C. glabrata, C. tropicalis, and C. dubliniensis. From the combination
effect of zirconium oxide with silver oxide, it was observed that the antimycotic activity
increased as we increased the concentration of silver oxide against a fixed concentration of
zirconia. The results of the inhibition zones are presented in Table 1.

Table 1. Zone of inhibition in (mm) formed on the different fungus by the different synthesized materials.

Materials C. albicans C. dubliniensis C. glabrata C. tropicalis

ZrO2 0 0 0 0
Ag2O 8.7 ± 0.6 6.3 ± 0.6 6.0 ± 1.0 8.0 ± 1.0

Z-A0.1 9.0 ± 1.0 6.6 ± 1.0 6.3 ± 1.5 8.2 ± 1.5
Z-A0.25 12.3 ± 0.6 7.3 ± 0.6 8.7 ± 2.5 8.7 ± 1.2

Z-A0.5 13.3 ± 0.6 9.0 ± 1.0 10.3 ± 2.5 10.3 ± 0.6
Z-A1.0 14.0 ± 1.0 10.7 ± 0.6 14.3 ± 1.5 13.7 ± 0.6
Z-A2.0 18.3 ± 0.6 13.7 ± 1.5 17.0 ± 1.0 16.7 ± 0.6
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Figure 3. Scanning transmission electron microscope (STEM) and EDX images, respectively, of
(a,b) ZrO2, (c,d) Ag2O, (e,f) Z-A0.5, (g,h) Z-A2.0.

3.7. Evaluation of the Growth Inhibition of Candida spp.
The antifungal activity of ZrO2, Ag2O, and Z-A nanoparticles was evaluated by

monitoring the growth of the different Candida spp. (Figure 4) through the measurement
of the variation in the optical density of each of the samples in a time rate of 24 h. The
growth rate inhibition was measured from the time reliance of the noted growth of the
tested Candida species. Candida species without the synthesized nanoparticles served
as the control and showed a normal uninhibited pattern of growth during the 24 h test
time. A strong sample dependent antimycotic activity was seen against all tested Candida

species. The inhibition of the growth rate of Candida species by ZrO2 nanoparticles that
was recorded as a function of time shows a slight difference in the antimycotic activity of
ZrO2 nanoparticles when compared with the control (Figure 4). From Figure 4, the mixed
metal oxide nanoparticles of Z-A show a stronger inhibition to all Candida species than
pure ZrO2 and Ag2O nanoparticles. For emphasis, the inhibition of the growth rate caused
by Z-A0.25 on Candida albicans is stronger than the inhibition of the growth rate caused by
Z-A0.1. Across all tested fungal, it was observed that the higher the concentration of the
Ag2O against the fixed concentration of ZrO2 nanoparticles, the stronger the inhibition
effect, which in turn meant higher antifungal activity.



Processes 2021, 9, 773 9 of 15

 
Figure 4. Growth kinetics and statistical computation respectively of (a,b) C. albicans, (c,d) C. dublin-

iensis, (e,f) C. glabrata, (g,h) C. tropicalis by ZrO2, Ag2O, and Z-A nanoparticles.

The mechanisms of action of the antifungal activities of Z-A nanoparticles can be
accredited to the generation of reactive oxygen species, the result of the effect of Z-A
nanoparticles to negatively disrupt the oxidative enzyme expression, which causes the
inability of withstanding the resulting stress. Among other mechanisms of action of anti-
fungal activities of Z-A nanoparticles is the upsetting of the antioxidant endogenic process,
by unsettling the pathogen internal environment. In addition to the above-mentioned pro-
cesses, the Z-A nanoparticles also lead to the alteration of the homeostatic redox reaction,
and oxidative stress, which causes osmotic pressure imbalance, membrane destruction, and
finally death [27]. From previous and related studies, Kim et al. investigated and reported
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the process by which nanoparticles compromised the membrane permeability barrier of
Candida albicans [28].

The turbidity of the media was observed at durations of 30 min at intervals to register
the changes in the Candida species’ growth rate. Figure 5 shows the percentage inhibition of
each of the nanoparticles on each of the Candida species as computed from the microdilution
analysis result. The obtained result shows only a small inhibition percentage of the Candida

spp. at lower concentrations of Ag2O against ZrO2, but a much lower inhibition percentage
for pure ZrO2 and Ag2O nanoparticles. There was an observable increase in the inhibition
percentage as the concentration of Ag2O against zirconia increased. At lower concentrations
of Ag2O against ZrO2 (Z-A0.1, Z-A0.25, Z-A0.5), the nanoparticles recorded lower inhibition
percentage against all of the Candida spp. (Figure 5) when compared to the inhibition
percentage recorded at higher concentrations of Ag2O against ZrO2 nanoparticles. All
tested Candida spp. showed significant differences when compared to the control. From
Figure 5, Candida albicans presented a 17% of inhibition for Z-A0.1, which increased more
than 5-fold to 97% in Z-A2.0, with similar trends seen in other Candida spp. The sample-
dependence analysis of the inhibition growth rate of Candida spp. showed that Candida

albicans was the most susceptible to the inhibitory effect of the nanoparticles while Candida

tropicalis was the least susceptible to Z-A2.0. Z-A2.0 recorded the highest inhibitory effect
against all of the tested candida species as evaluated from the microdilution analysis.

Figure 5. Comparison of the percentage inhibition of ZrO2, Ag2O, and Z-A nanoparticles against (a) C. albicans, (b)
C. dubliniensis, (c) C. glabrata, (d) C. tropicalis.

3.8. Effect of Z-A Nanoparticle on Cell Viability

Peripheral blood mononuclear cells were exposed to Z-A0.1, Z-A0.50, and Z-A2.0 for
24, 48, and 72 h. The peripheral blood mononuclear cells cultured without any of the
synthesized nanoparticles functioned as the control (+) in this analysis and for all the tested
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nanoparticles, the cell viability did not show any significant difference as a function of both
time and concentration (Figure 6). For Z-A0.1, Z-A0.5, and Z-A2.0, all of the nanoparticles
produced near equivalent viability, both as a function of time and by virtue of the different
samples that were tested. From previous literatures, the smaller the size, the larger the
surface area to volume ratio, and the higher the toxicity of nanoparticles. The toxicity of
nanoparticles increased as the size decreased [29]. Therefore, the objective here focused
on comparing the toxic potentials of fixed concentrations of zirconia nanoparticles on
mixing with different concentrations of Ag2O (Z-A0.1, Z-A0.5, Z-A2.0), on exposure to
human mononuclear cells, a subset of immune cells that played a pivotal role against
fungi pathogens [30]; moreover, on an ex vivo environment than can predict the in vivo
response. Cell specific responses that take place because of variations in toxicity are
caused by nanoparticles. In addition, the major determinant of intracellular responses
and degree of cytotoxicity was dependent on the size of the nanoparticles and the target
cell type [30]. From Figure 6, exposure of mononuclear cells (freshly isolated primary
cells) to Z-A0.1, Z-A0.5, and Z-A2.0 nanoparticles showed equal toxicity profiles for all of
the tested nanoparticles in the time, and sample-dependent cytotoxicity, as shown by the
cell viability assay. The equal toxicity profiles of all the tested nanoparticles observed in
this study can be attributed to the non-toxic effect of ZrO2 nanoparticles [31] imposed on
Ag2O nanoparticles.

Figure 6. In vitro effect of Z-A0.1, Z-A0.5, and Z-A2.0 nanoparticles on human peripheral blood
mononuclear cells viability.

Table 2 shows the comparison of the inhibition zone formed on some of the tested
fungi by the synthesized Z-A2.0 nanoparticles from this study with those of the previously
reported material. From the comparison, Z-A2.0 nanoparticles showed superior antifungal
activity when compared to other previously reported materials.



Processes 2021, 9, 773 12 of 15

Table 2. Comparison of the zone of inhibition (mm) formed by different reported materials against
some Candida spp. with the synthesized Z-A2.0 nanoparticles.

Fungi Material Conc. Inhibition Zone References

C. albicans Ag + M. purpureus 1 mM 16.7 ± 0.25 [32]
C. albicans Ag-TiO2 8.5% Ag 11 [33]
C. albicans Ag 1 mM 10 [34]
C. albicans Ag 80 µL 10 [35]
C. albicans Z-A2.0 1:2 18.3 ± 0.6 Present work
C. glabrata Ag + M. purpureus 1 mM 18.7 ± 0.37 [32]
C. glabrata Ag-TiO2 8.5% Ag 15 [33]
C. glabrata Ag 80 µL 9 [34]
C. glabrata Z-A2.0 1:2 17 ± 1.0 Present work
C. tropicalis Ag + M. purpureus 1 mM 16.0 ± 0.44 [32]
C. tropicalis Ag-TiO2 8.5% Ag 15 [33]
C. tropicalis Ag 1 mM 9 [34]
C. tropicalis Ag 80 µL 9 [35]
C. tropicalis Z-A2.0 1:2 16.7 ± 0.6 Present work

4. Discussion

The results from the antifungal activity study reveal that mixed silver oxide with
zirconia nanoparticles (Z-A) have better antifungal effect on all the Candida species than
silver oxide and zirconia nanoparticles, based on the comparison of the result from the zone
of inhibition (Table 1), growth kinetics (Figure 4), and the calculated percentage inhibition
(Figure 5). Silver oxide nanoparticles stabilized by zirconia nanoparticles demonstrated
pronounced antifungal activity because of their enhanced stability. This enhanced stability
enables Z-A nanoparticles to disrupt the cell wall of the Candida spp. easily and, hence,
increases their sensitivity to the activity of the mixed oxide nanoparticles. The highest
antifungal activity of the mixed sample (Z-A) nanoparticles was recorded when zirconium
oxide was mixed with 2 M concentration of silver oxide (Z-A2.0). The results obtained
from the zones of inhibition measurement (Table 1) show agreement to that obtained from
microdilution analysis by virtue of the calculated percentage inhibition (Figure 5). The
best antifungal activity was observed in the case of zirconia nanoparticle mixed with 2 M
concentration of silver oxide (Z-A2.0), and particularly against Candida albicans and Candida

glabrata. Unlike the pure zirconia and silver oxide nanoparticles, the Z-A mixed samples
recorded high values for zone of inhibition, increasing from 9.0 mM to 18.3 mM, and a high
percentage of inhibition from 46% to 97% in the case of C. albicans. The observed increase in
the inhibition zone and inhibition percentage result from the improved antifungal activity
of silver oxide nanoparticles due to the stabilizing effect of zirconia nanoparticles.

The improved antifungal activity of Z-A nanoparticles is a result of the antifungal effect
of silver oxide nanoparticles coupled with the stabilizing effect of zirconia nanoparticles.
The permeability of the cell wall and the cytoplasmic membrane is penetrated by Z-A
nanoparticles by bonding with lipids and proteins. The presence of Z-A nanoparticles
in the cell leads to toxic effect. After Z-A nanoparticles have disrupted the cell wall
and cytoplasmic membrane that lead to cell lysis, it furthers its actions by inhibiting
enzymatic activity of various enzymes, such as the activity of ATPase in P-glycoprotein
or the activity of transferase in lecithin [36]. By having a comparative study between the
antifungal activity of ionic silver and the synthesized Z-A nanoparticles from this work,
it was reported that, despite the antifungal activity recorded by ionic silver, it proved
to be highly cytotoxic to eukaryotic cell lines, as shown by the cytotoxicity assay from a
previous study [37]. However, Z-A nanoparticles did not show any cytotoxic effects to
human mononuclear cells at the concentrations at which it was synthesized (Figure 6).

5. Conclusions

Many researchers reported that synthesis of pure silver nanoparticles agglomerate
and show cytotoxic behavior. In contrast, synthesis of mixed metal oxide nanoparticles, in
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which silver nanoparticles are mixed with zirconia nanoparticles, preventing agglomera-
tion of nanoparticles, was carried out. In this study, the synthesis of mixed metal oxide
nanoparticles of silver and zirconia was reported. The Z-A nanoparticles had significant
antifungal activities and were potent in inhibiting the growth and the pathogenicity of the
Candida species. The inhibitory potency was attributed to the destruction of the integrity of
the cell wall and the lack of cell toxicity was attributed to the non-toxic effect of zirconia
that was conferred on silver oxide.
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