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A B S T R A C T

The number of studies on microcrystals containing silver has increased in recent decades. Among the silver-
containing microcrystals, α-AgVO3 has gained prominence owing to its polymorphism that allows it to exert
interesting antimicrobial activity against pathogenic microorganisms. The aim of this study was to evaluate the
antifungal activity and cytotoxicity of three different α-AgVO3 microcrystals when in solution. α-AgVO3 mi-
crocrystals were synthesized using the co-precipitation method at three different temperatures (10 °C, 20 °C, and
30 °C), and then characterized by X-ray diffraction and scanning electron microscopy. The antifungal activity of
α-AgVO3 microcrystals against Candida albicans was determined by estimating the minimum inhibitory con-
centration (MIC) and minimum fungicidal concentration (MFC). Fluorescence images were obtained to confirm
antifungal concentrations. To assess the biocompatibility of microcrystals applied at MIC and MFC on kerati-
nocytes cells (NOK-si), an Alamar Blue assay, scanning electron microscopy, and a DNA gel integrity test were
carried out. The quantitative and qualitative results showed that, regardless of the co-precipitation method used
to synthetize α-AgVO3 microcrystals, C. albicans growth was visibly inhibited at 3.9 μg/mL (MIC) and completely
inhibited at 15.62 μg/mL (MFC). The cytotoxic and genotoxic outcomes revealed that the MIC and MFC con-
centrations did not affect NOK-si cell morphology, proliferation, or DNA integrity. The search for new anti-
microbial materials has been the focus of the research community recently because of increases in microbial
resistance. The findings reported herein demonstrate a novel antifungal and non-cytotoxic material that could be
used in biomedical and dental applications.

1. Introduction

Infections caused by opportunistic fungi have emerged as a major
cause of morbidity and mortality and remain a major public health
challenge [1,2]. Candida species are commensal fungal that belong to
the normal microbiota of the oral cavity, gastrointestinal tract, and
vagina [2–6]. Candida spp. are responsible for over 90% of invasive
fungal infections and C. albicans is present in approximately 40% of
infections in the bloodstream [1,7]. When associated with local and/or
systemic conditions, such as xerostomia, the use of dental prostheses,
poor hygiene, chronic diseases, prolonged antibiotic therapy, or im-
munosuppression [5], C. albicans becomes virulent and can cause re-
current infections in the oral mucosa [5,8]. Further, C. albicans is re-
sponsible for generalized infections with high mortality rates [2,8,9].

Routine antifungal therapy includes local and/or systemic

administration of drugs such as azoles, polyenes, and echinocandins,
which have been associated with good clinical success [10]. However,
the indiscriminate use of drugs has increased microbiology resistance,
and thus, promoted increased failure of antifungal treatment. Collateral
effects have also been documented as a result of prolonged use of these
drugs, leading to liver and kidney damage [10]. Furthermore, the si-
milarity between fungi and eukaryotic host cells restricts the panel of
possible targets [11]. Thus, new therapies to inactivate pathogens have
been widely researched during the last decade in order to minimize the
development of resistance and the collateral effects of systemic toxicity
[11–18].

Studies investigating novel strategies to prevent early infection and
improve cell response (i.e. wound healing, angiogenesis) have shown
instigating results [19–21]. In a recent report, Li et al. [19] developed
an elastomeric material reinforced with inorganic nanowire of copper
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sulfate disclosing antibacterial properties while still exhibiting good
biocompatibility. In others notable findings, Zhou et al. [20] and Wang
et al. [21] described two different hydrogels to address both challenges,
limit microbial adhesion and stimulate target cell response to accelerate
wound healing in vivo. The authors observed that the materials de-
monstrated antimicrobial activity against Staphylococcus aureus and
Escherichia coli and were succeeded in improving angiogenesis in sick
sites. A clear future direction for the new materials development is the
capacity of effectively promoting interactions with host tissue cells
while inhibiting microbial infection.

Silver has been widely studied for its antimicrobial properties [22].
However, growing concerns over the biosafety of silver concentration
has limited the implementation of this metal in biomedical applications.
Depending on the concentration, silver can induce an increased gen-
eration of reactive oxygen species (ROS), which consequently damages
mammalian cell DNA. In addition, silver can be absorbed through cell
membranes and accumulate in organs, such as liver, kidney, lung,
brain, and skin [22]. To reduce the amount of silver used, researchers
have combined silver with different metal oxides. Among a variety of
compounds, silver vanadate (AgVO3) has gained prominence because it
contains less silver than other silver-containing compounds [16–18],
which may increase its biocompatibility, making this a promising
compound for use as a coating for the surfaces of biomedical devices
and dental materials.

Silver vanadate (AgVO3) is the most common form of the solid-state
silver vanadate oxides [23] and can be found in three different forms:
alpha (α), beta (β) and gamma (γ) [24]. Beta silver vanadate (β-AgVO3)
is a stable phase with a monoclinic space group [23] and is reported in
the literature as a material with promising antibacterial activity against
particular strains of Gram-positive and Gram-negative bacteria in so-
lution [25]. When incorporated into the acrylic resin, this microcrystal
reduces, significantly, the number of viable microorganisms of C. albi-
cans, Streptococcus mutans, Staphylococcus aureus and Pseudomonas aer-
uginosa [26–28]. The alpha silver vanadate (α-AgVO3) is a metastable
phase, formed below the melting point instantaneously when the
compound is slowly cooled and rapidly frozen [24]. Thus, poly-
morphism is prevalent in AgVO3 which can result in different properties
for each compound. Up to date, little is known about α-AgVO3 anti-
microbial properties and microbiological studies with this microcrystal
are still scarce. Thus, the aim of this study was to evaluate the anti-
fungal activity of alpha silver vanadate (α-AgVO3) microcrystals against
C. albicans and the effect of their suitable concentration on mammalian
cells.

2. Material and methods

2.1. Synthesis and characterization of α-AgVO3 microcrystals

The microcrystals were synthesized and characterized according to
Oliveira et al. [29]. Briefly, 1mmol of NH4VO3 and 1mmol of AgNO3

were separately diluted in 35mL of water, under agitation, at a specific
temperature (10 °C, 20 °C, or 30 °C). The solutions were mixed, and the
microcrystals formed quickly. The microcrystals were washed with
distilled water and dried in an oven (60 °C for 12 h). The α-AgVO3

morphologies were investigated with a field emission scanning electron
microscopy (FE-SEM) Supra 35-VP (Carl Zeiss, Oberkochen, Germany)
operated in 15 KV. The microcrystals powders were characterized by X-
ray diffraction using a Rigaku-DMax/2500PC (Rigaku, Tokyo, Japan)
with Cu Kα radiation (λ=1.5406 Å) in the 2θ range from 10° to 80°
with a scanning rate of 0.02°/min.

2.2. Candida albicans culture and growth conditions

A standard strain of C. albicans (American Type Culture Collection –
ATCC 90028) was used in this study. A loopful of a stock culture was
streaked into a sabouraud dextrose agar (SDA, Himedia, Mumbai,

India) plate and incubated under aerobic conditions at 37 °C. After 48 h,
five colonies from the fresh grown culture were added to 10mL of yeast
nitrogen base (YNB, Himedia, Mumbai, India) and the pre-inoculum
was maintained at 37 °C. Then, 500 μL of overnight culture were
transferred to 9.5 mL of fresh YNB medium and the culture samples
were incubated at 37 °C for 9 h. After incubation, the culture was har-
vested, washed once with sterile phosphate-buffered saline (PBS;
pH 7.0) at 250g for 5min, and resuspended in YNB medium. The optical
density was adjusted to 0.55 at 540 nm, a value corresponding to the
cell concentration of 1× 106 CFU/mL in the log phase.

2.2.1. Antifungal activity of α-AgVO3 microcrystals
To evaluate the antifungal activity, the minimum inhibitory con-

centration (MIC) and the minimum fungicidal concentration (MFC)
against planktonic cells were determined using a broth microdilution
method as described by the Clinical and Laboratory Standards Institute
(CLSI), document M27-A3 [30]. MIC and MFC were determined by
incubating of C. albicans at 1×103 CFU/mL directly into a 96-well
polystyrene plate containing 100 μL of diluted microcrystals solution
(serial dilution from 1000 to 0.97 μg/mL) for 24 h at 37 °C. To de-
termine the MFC values, aliquots of 10-fold dilution (10−1 to 10−4) of
each well containing C. albicans and microcrystals at different con-
centrations were inoculated on SDA plates (10 μL), in duplicate, and
incubated for 24 h at 37 °C. The results obtained as colony-forming
units per milliliter (CFU/mL) were converted to Log value. C. albicans
culture inoculated onto the plate served as the negative control. The
experiments were performed in triplicate and in three independent
occasions.

2.2.2. Fluorescence microscopy
MIC and MFC concentrations obtained against C. albicans were la-

beled with LIVE/DEAD BacLight™ Bacterial Viability Staining Kit
(Invitrogen, Carlsbad, CA, USA), according to manufacturer's instruc-
tions. After 24 h of incubation of the microorganism with α-AgVO3

microcrystals, the content of the wells was homogenized and 100 μL
was transferred to a microtube. Then, 100 μL of LIVE/DEAD prepared
reagent was inoculated into each microtube, homogenized, and main-
tained in a dark environment for at least 15min. Finally, 10 μL of
samples was pipetted onto a glass cover slip and visualized using a
fluorescence microscopy LEICA DMI3000B (Leica, Wetzlar, Germany).
C. albicans culture inoculated on the plate served as the negative con-
trol. This experiment was performed in duplicate in two independent
occasions.

2.3. Keratinocyte cell culture and growth conditions

Normal oral keratinocyte spontaneously immortalized - NOK-si
(kindly provided by Professor Carlos Rossa Junior, PhD, Department of
Periodontics, Faculty of Dentistry of Araraquara – UNESP) [31] was
used in this study. Cells were cultivated in Dulbecco's Modified Eagle's
Medium (DMEM, GIBCO, Grand Island, NY, USA) with 2.0 mmol/L−1

glutamine supplemented with 10% of fetal bovine serum (FBS, GIBCO,
Grand Island, NY, USA), penicillin G (10,000 μg.mL−1), streptomycin
(10,000 μg.mL−1), and amphotericin (25 μg.mL−1) (Sigma-Aldrich; St.
Louis, MO, USA) in a humidified atmosphere of 5% CO2 at 37 °C. Only
the confluent NOK-si cells between the 3rd and 12th passage were
harvested for further experiments.

2.3.1. Alamar Blue assay
The effect of the microcrystals on NOK-si cell proliferation was

evaluated using an Alamar Blue assay. Cells were seeded onto 96-well
polystyrene black plates (TPP® tissue culture plates, Trasadingen,
Switzerland) at a concentration of 1×104 cells/well. The cells were
incubated at 37 °C under 5% CO2 conditions for 40 h. Subsequently, the
medium was replaced with fresh medium containing microcrystals at
MIC (C2) and MFC (C3) concentrations. Further concentrations were
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used as experimental references: MIC 10-fold diluted (C1) and MIC 10-
fold concentrated (C4). Then, 10% Alamar Blue solution (Invitrogen,
Carlsbad, CA, USA) was added to each well and the fluorescence (ex-
citation 544 nm, emission 590 nm) was measured after 4 h, 6 h, 8 h,
12 h, and 24 h of incubation by fluorescence (Fluoroskan Ascent FL,
ThermoScientific, Waltam, MA, USA). NOK-si cells under standard
culture conditions without AgVO3 microcrystals and cells incubated
with 1% lysis solution (0.2% Triton x-100; Promega, Madison, WI, USA)
were used as negative and positive controls, respectively. Wells in the
same experimental conditions without cells were used as blank for all
groups. This experiment was performed in sextuplicate and on three
independent occasions.

2.3.2. SEM analysis
NOK-si cells were seeded onto a circular coverslip in a 24-well plate

at a concentration of 6× 104 cells/well. The plate was incubated at
37 °C for 48 h in order to establish a monolayer. Thereafter, the medium
was replaced with fresh medium containing microcrystals at four dif-
ferent concentrations (C1 to C4) and maintained at 37 °C for 24 h. To
determine the type of cell death based on cell morphology changes,
cells were exposed to different cell death inducers and the morphology
was compared to the negative control and experimental samples. Cells
were incubated with camptotecin 20mM (apoptosis inducer; Sigma-
Aldrich, St. Louis, MO, USA) [32] for 4 h; hydrogen peroxide (H2O2)
6.45M (necrosis inducer; Sigma-Aldrich, Duque de Caxias, RJ, Brazil)
[33] for 20min; and lysis solution (Triton x-100 0.2%; Promega, Ma-
dison, WI, USA) [34] for 5min. After each incubation period, the
medium was removed and the samples were prepared for SEM analysis.
Briefly, samples were fixed with glutaraldehyde 2.5% for 60min, fol-
lowed by a progressive dehydration with alcohol (70%, 90%, and
100%). In sequence, samples were dried at room temperature, and

stored in a vacuum desiccator for 5 to 7 days. Biological samples were
coated with gold and SEM images were obtained at 200× magnifica-
tion (JSM-6610LV, JEOL; Tokyo, Japan). Cells in standard culture
conditions without α-AgVO3 microcrystals were used as the negative
control. This experiment was performed in duplicate and on two in-
dependent occasions.

2.3.3. DNA degradation test
Potential genotoxicity was confirmed by DNA integrity assessment

after exposure of cells to different concentrations of microcrystals, as
described previously by Haro-Chávez et al. [35]. Cells were cultured
onto a 6-well plate at a concentration of 3.6× 105 cells/well at 37 °C
under 5% CO2 conditions for 40 h. Subsequently, the medium was re-
placed with fresh medium containing microcrystals at four different
concentrations (C1 to C4), and the plate was then maintained at 37 °C
for 24 h. Thereafter, the cells were detached from the bottom of the
plate and the washed-PBS pellet resuspended in 1.5 mL of PBS. To
isolate the DNA, Master Pure DNA Purification kit (Epicenter, Madison,
WI, USA) was used according to manufacturer's instructions. The DNA
concentration obtained from each sample was quantified using a Na-
nodrop 2000 (ThermoScientific, Waltham, MA, USA), and the final
amount of DNA normalized to 100 ng/μL. Then, 1% agarose gel stained
with 3.2 μL of ethidium bromide (10mg/mL) was prepared to load DNA
samples. Nok-si cells under standard culture conditions without mi-
crocrystals were used as the negative control. This experiment was
performed in duplicate and on two independent occasions.

2.4. Statistical analysis

In the present study, the concentration and morphology of micro-
crystals were considered to be a variation factor. After verifying the

Fig. 1. Morphology of α-AgVO3 microcrystals when synthesized at A) 10 °C revealed microrod structure; B) 20 °C and C) 30 °C revealed urchin-like morphologies; D)
X-ray diffraction pattern for α-AgVO3. The samples prepared at 10, 20, 30 °C showed similar peaks of the XRD patterns, which were readily indexed to a monoclinic
phase α-AgVO3, with space group C2/c (no. 15).
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normal and homogeneous distributions of data, Kruskal-Wallis test,
followed by Dunn's test (α=0.05), was performed. Statistical analysis
was carried out using GraphPad Prism 7 (La Jolla, CA, USA).

3. Results and Discussion

3.1. Structural and morphological characterization of α-AgVO3

microcrystals

To determine how temperature affects the morphology, structure,
composition, and physical properties of α-AgVO3, microcrystals were
synthetized at 10, 20 and 30 °C. Regardless of the temperature, overall
α-AgVO3 morphology revealed uniform size distribution of particles.

Microcrystals synthetized at 10 °C showed microrod of α-AgVO3 and
well defined faces (Fig. 1A). With the temperature increase at 20 °C
occurred a direct self-assembly of nanorods to form urchin-like micro-
spheres (Fig. 1B). At 30 °C, α-AgVO3 microcrystals disclosed pre-
dominantly urchin-like morphologies (Fig. 1C). The crystallinity of α-
AgVO3 powder synthetized at different temperatures was identified by
XRD spectra (Fig. 1D). The samples prepared at 10, 20, 30 °C showed
similar peaks of the XRD patterns, which were readily indexed to a
monoclinic phase α-AgVO3, with space group C2/c (no. 15). All the
diffraction peaks are well accordant with Inorganic Crystal Structure
Database (ICSD) pattern no. 50645 and indicate the high phase purity
in the three samples.

Fig. 2. Values of log10 (CFU/mL) of C. albicans suspensions treated with different concentrations of α-AgVO3 obtained at 10 °C (A); 20 °C (B); 30 °C (C). Flu:
Fluoconazole; Flu (MIC): 64 μg/mL; Flu (MFC): 256 μg/mL; Dot: median; Square upper limit: 3rd quartile; Square lower limit: 1st quartile; Bars: maximum and
minimum values. (n=9); ***p < 0.0001 was considered statistically significant when compared with the control (C-).
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Fig. 3. Fluorescence microscopy. (A, B, C) Control (C. albicans in culture medium). (D, E, F) C. albicans in contact with α-AgVO3, synthesized at 10 °C, at MIC. (G, H, I)
C. albicans in contact with α-AgVO3, synthesized at 10 °C, at MFC. (J, K, L) C. albicans in contact with α-AgVO3, synthesized at 20 °C, at MIC.(M, N, O) C. albicans in
contact with α-AgVO3, synthesized at 20 °C, at MFC·(P, Q, R) C. albicans in contact with α-AgVO3, synthesized at 30 °C, at MIC. (S, T, U) C. albicans in contact with α-
AgVO3, synthesized at 30 °C, at MFC. Merge images are in approximate view.

Fig. 4. Mean values of fluorescence emission (544 nm/590 nm) indicating cell proliferation in contact with different concentrations of α-AgVO3 at 10 °C, 20 °C, and
30 °C, at different times (2 h, 4 h, 6 h, 8 h, 12 h and 24 h). DMEM is the negative control. TL (Lysis solution) is the positive control. Error bars represent the standard
deviation.
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3.2. Antifungal activity

The results demonstrated that, regardless of the temperature used to
synthetize α-AgVO3, microcrystals presented fungistatic and fungicidal
activity against C. albicans. Furthermore, although the microcrystals
presented different morphologies, all exhibited the same values of MIC
and MFC (3.9 μg/mL and 15.62 μg/mL, respectively). It is important to
note that, even at sub-MIC concentrations, all three microcrystals were
capable of reducing yeast growth (Fig. 2). When in standard culture
conditions (negative control), C. albicans presented 7.46 log10 CFU/mL,
whereas when incubated with half MFC concentration (7.81 μg/mL),
there was an inhibition of approximately 1.97 log10 CFU/mL, 1.74 log10
CFU/mL, and 1.49 log10 CFU/mL for α-AgVO3 obtained at 10 °C, 20 °C,
and 30 °C, respectively. To confirm the results obtained using the CFU/
mL method, fluorescence microscopy was performed by staining the

microorganism after contact with microcrystals at MIC and MFC
(Fig. 3). The first column of Fig. 3 shows microorganisms stained with
syto9 (Fig. 3A–G) indicating the presence of fungal cells. The second
column shows microorganisms stained with propidium iodide
(Fig. 3H–N). It is possible to note that at MIC for all three microcrystals
only some microorganism cells were stained with propidium iodide
(Fig. 3I, K and M), indicating that the microbial cell wall was disrupted.
However, Fig. 3(J, L and N) also shows that all microorganism cells
were stained with propidium iodide. The third column shows an ap-
proximated view of merge images (Fig. 3O–U), where is possible to
better view the difference between groups. These results suggest that α-
AgVO3 microcrystals had a great antifungal activity against C. albicans.

In a recent study [29], the microcrystals used in this study were
tested against methicillin-resistant Staphylococcus aureus (MRSA). The
MIC and minimum bactericidal concentration (MBC) values obtained
for MRSA were higher than the values against C. albicans (62.5 μg/mL
at 10 °C, 125 μg/mL at 20 °C and 30 °C). According to Oliveira et al.
[29], α-AgVO3 microcrystals act through the oxidative stress resulting
from the production of reactive oxygen species (ROS), such as OH*, O2’,
and O2H*. The differences between the MIC and MFC/MBC values
found for C. albicans and MRSA can be explained by the morphological
and structural differences between these two microorganisms. In Gram-
positive bacteria, such as MRSA, there is no outer membrane, the
peptidoglycan cell wall is thick (20–50 nm), and the chains of teichoic
acid cross the cell wall [36,37], whereas C. albicans consist of (1,3)-β-D-
glucans linked to (1,6)-β-D glucans, chitin, and ergosterol [6]. This
difference in the biochemical composition of the cell walls may have
contributed to the differences in behavior between the two micro-
organisms, since lipids are oxidized faster than carbohydrates [38]. In
addition, because the concentrations necessary to eliminate C. albicans
are too small, the morphology of the microcrystals may not have been
crucial for MIC and MFC.

Other studies on the antifungal activity of microcrystals containing

Fig. 5. SEM image of NOK-si cells cultivated in DMEM. Magnification 200×.

Fig. 6. SEM images of NOK-si cells after 24 h contact with different concentrations of α-AgVO3 synthesized at 10 °C. Cells + microcrystals at (A) C1, (B) C2, (C) C3,
and (D) C4. Blue arrows indicate membrane disruption; yellow dashes indicate increased cytoplasmic volume. Magnification 200×. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. SEM images of NOK-si cells after 24 h contact with different concentrations of α-AgVO3 synthesized at 20 °C. Cells + microcrystals at (A) C1, (B) C2, (C) C3,
and (D) C4. Blue arrows indicate membrane disruption; yellow dashes indicate increased cytoplasmic volume; green arrows indicate pyknotic cell nucleus.
Magnification 200×. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. SEM images of NOK-si cells after 24 h contact with different concentrations of α-AgVO3 synthesized at 30 °C. Cells + microcrystals at (A) C1, (B) C2, (C) C3,
(D) C4. Blue arrows indicate membrane disruption; yellow dashes indicate increased cytoplasmic volume; red arrows indicate nuclei in karyolysis. Magnification
200×. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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silver against C. albicans (ATCC 90028) have recently been published
[16,18]. In their studies, Foggi et al. [18] and Fabbro et al. [16] ob-
tained the same MIC value (3.9 μg/mL) as α-AgVO3, and the amount of
silver released by the three particles were very similar: 0.017 μmol/mL,
0.021 μmol/mL, and 0.019 μmol/mL, respectively.

The literature reports other studies where antimicrobial activity of
several compounds (organic or inorganic) have been evaluated.
Shakibaie et al. [39] evaluated the antifungal potential of selenium
nanoparticles against Candida albicans and it was found a MIC of 70 μg/
mL, which is almost 18-folds the MIC found in the present study. In
addition, the authors did not evaluate the biocompatibility of these
nanoparticles. In a literature review, Teodoro et al. [40], have com-
pared different studies, which evaluated antifungal activity of phenolic
acids derived from natural sources against Candida spp. The authors
have observed that the MIC of phenolic acids is highly variable, ranging
from 7.28 μg/mL to 12,500 μg/mL. It is important to highlight that
these range of MIC values were obtained to different species and strains

of Candida, which makes it difficult to compare data.

3.3. Biocompatibility

The effect of α-AgVO3 microcrystals on NOK-si cells from 4 to 24 h
was investigated using an Alamar Blue assay. At C1 and C2, there were
no significant differences in cell viability when compared with the
negative control (Nok-si with DMEM), regardless of the time point or
the microcrystal synthesis method (Fig. 4). At C3, no differences with
the negative control were observed for any of the three microcrystals at
4 and 24 h; for α-AgVO3 synthesized at 20 °C and 30 °C, there was no
difference at 6 h. At the other two time points (8 h and 12 h), a sig-
nificant difference was noted (α-AgVO3 synthesized at 10 °C:
p=0.0421 and p=0.0150, respectively; α-AgVO3 synthesized at
20 °C: p=0.0147 and p=0.0133, respectively) when C3 was com-
pared against the negative control, except for α-AgVO3 synthesized at
30 °C. A cytotoxic effect was observed when the cells were maintained

Fig. 9. SEM images of NOK-si cells after contact with H2O2 (A, B); Triton x-100 (C, D); and camptotecin (E, F). Yellow arrows indicate the apoptotic bodies; white
arrows indicate the maintenance of the membrane integrity; blue arrows indicate membrane disruption; black arrows indicate nuclei in karyorrhexis; yellow dashes
indicate increased cytoplasmic volume. Magnification 200× (left column); 800× (right column). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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in contact with the highest concentrations (C4).
From the SEM images, it was possible to note that cell morphology

correlated well with the Alamar Blue findings. Cells exposed to C1, C2,
and C3 concentrations showed morphology very similar to the cells of
the negative control, indicating the biocompatibility of microcrystals
even after 24 h of contact (Figs. 5, 6A–C, 7A–C, 8A–C). On the contrary,
cells maintained in contact with C4 concentration showed a mor-
phology very similar to cell death by necrosis (Figs. 6D, 7D, 8D), due to
the great similarity to cell necrosis morphology induced by the controls
Triton x-100 and H2O2 (Fig. 9A–D). In this case, it was possible to
observe cell alterations typical of the necrotic process, such as increased
cytoplasmic volume, pyknotic nucleus (in karyorrhexis or in kar-
yolysis), damaged cell membrane, and cellular extravasation [41]. A
control induced by camptotecin (apoptosis) showed apoptotic cell
death characterized by membrane integrity, reduced cytoplasm, and
the formation of apoptotic bodies [41] (Fig. 9E–F).

It is well known that ROS are extremely reactive and lead to DNA
damage [42]. Thus, in attempt to confirm the non-cytotoxic properties
of α-AgVO3 on mammalian cells, we also investigated effect of different
microcrystal morphologies on DNA integrity. The results revealed that
after 24 h of contact, intact DNA bands were observed at the con-
centrations C1, C2, and C3, as well as in the negative control (Fig. 10).
On the other hand, cells in contact with C4 concentration showed DNA
drag. These results were consistent with our previous results where C4
concentration was found to induce toxicity in cells.

In recent years, silver-containing microcrystals have been widely
studied because of their superior characteristics, especially with regards
to biocompatibility relative to silver-containing nanoparticles
[16,18,22,29,35,43]. Silver-containing metal particles of larger sizes
were able to maintain the positive properties of the silver nanoparticles,
as antimicrobial agents, but allowed for the improvement of the bio-
compatibility of the compounds. The toxic concentration of silver na-
noparticles on eukaryotic cells in vitro has been reported to be around
10–100mg/L after 24 h of contact [44]. Our results showed that the
target concentrations of 3.9 μg/mL and 15.62 μg/mL, containing
0.019 μmol/mL and 0.076 μmol/mL, respectively, did not affect the
cells proliferation and morphology, even after 24 h of contact.

4. Conclusion

α-AgVO3 microcrystals showed antifungal activity, and their MIC

and MFC values demonstrated that they are not cytotoxic against ker-
atinocyte cells, regardless of morphological variations on the micro-
crystals. The results described here provide evidence of a novel and safe
antimicrobial compound for use in biomedical and dental applications.
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