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A B S T R A C T

In this study, the antifungal activity of AgNPs was tested against C. tropicalis (pathogen fungi) and S. boulardii
(probiotic). The effectiveness of the AgNPs was assessed by comparing their antifungal activity with a triazole
antifungal drug fluconazole and amphotericin B. The AgNPs have a polygonal-like shape (average size of
35 ± 15 nm) with 1.2% wt. of metallic silver stabilized with 18.8% wt. of polyvinylpyrrolidone (PVP) in 80%
wt. of distilled water. The results revealed that 35 μg/mL of fluconazole inhibits 55–60% of both fungal cell
growth. As for amphotericin B, 5 μg/mL is sufficient to inhibit more than 95% of both fungal cells. For AgNPs,
25 μg/mL was needed to inhibit 90% of the C. tropicalis cell growth, but remarkably, 50% of the S. boulardii cell
population remains viable, which can potentiate cell reproduction. Our results could initiate the development of
AgNPs possessing selective specificity against pathogenic fungal species.

The Candida spp. is a constituent of the human flora, a commensal
of the skin, gastrointestinal and genitourinary tracts [1]. Candidiasis
infection [2–5] account for high mortality in the health care setting
[5–7]. This infection can commence after fungal colonization with the
formation of microbial colonies that change metabolic activity which
ultimately leads to the formation of complex multicellular networks,
known as biofilms [8]. These biological films are very difficult to fight
off with antifungal agents, that finally leads to infections.

C. tropicalis is usually susceptible to most azole agents, but several
azole-resistant fungal isolates have been identified [9–11]. This is
alarming because antifungal agents are generally used against invasive
mycosis [12]. Hence, it is vital to find key routes to tackle fungal re-
sistance with selective antifungal activity, which combines high in-
hibition of Candida spp. without eradicating other non-pathogenic
species like S. boulardii, which are part of the human microbiota [12].

AgNPs are an excellent alternative owing to their broad-spectrum
capacity [13–19]. Current investigations on properties of AgNPs have
been deepened because of the increasing antifungal resistance of the C.
tropicalis strain [2,10]. Reports on the mechanism of antifungal AgNPs

action implies DNA damage losing its ability to replicate [20], the di-
morphic transition of the cell membrane [16,21], and membrane dis-
ruption, inhibiting fungal growth [20]. However, the selective effect of
AgNPs has not been evaluated for S. boulardii and contrasted to C.
tropicalis. The last comparison is of utmost importance because it can
pave the path to enable nanomaterials selectivity. Preferably, this na-
nomaterial should enable high biocidal activity against pathogen mi-
crobes and low biocidal activity against microorganisms of benefit for
humans. Up to date, there are practically no reports dedicated to the
search of AgNPs exhibiting the effect of high selectivity to beneficial
fungal species. Therefore, this is an adequate time to perform probation
search of nanomaterials with significant inhibition of growth of pa-
thogen microorganisms without eradicating other non-pathogenic spe-
cies like S. boulardii.

In this work, we selected pathogen fungi C. tropicalis, a common
pathogen in humans and S. boulardii – a probiotic known to protect the
human intestines. Here, we aim to evaluate the fungal inhibition by
Argovit AgNPs. The results obtained in this work represent the first in
vitro assays step to investigate the selective inhibition of fungal
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pathogen species, a newly emerging area in nanomedicine.
To perform the antifungal tests, we used 20 mg/mL of amphotericin

B (Sigma-Aldrich, San Louis, MO), an injectable commercial solution of
fluconazole (Afungil, 100 mg/50 mL from Senosiain Laboratories
(Mexico City, Mexico), and silver nanoparticles (AgNPs, Argovit-C,
12 mg/mL) from Vector-Vita Co., Ltd. This type of AgNP are currently
approved in Russia and other countries for their use in human and
veterinary [22]. AgNPs have a polygonal-like shape with 1.2% wt. of
metallic silver stabilized with 18.8% wt. of polyvinylpyrrolidone (PVP)
in 80% wt. of distilled water. The measurements with HRTEM revealed
an average AgNP size of 35 ± 15 nm. Experimental protocol for
HRTEM is detailed in the supporting information. Representative
HRTEM image is shown in Fig. 1. The hydrodynamic diameter of the
PVP capped was 70 ± 11 nm. The zeta potential for the AgNPs was
estimated of −14 mV. A more detailed description of the character-
ization of AgNPs with UV–Vis and IR is in reference [23, 24]. The Pa-
thogenic yeast Candida tropicalis (LGS04.1) was obtained from the De-
partment of Laboratory of Industrial Biotechnology of CIATEJ
(Guadalajara, Jalisco, Mexico) and the probiotic yeast Saccharomyces
boulardii (ATCC® 10087–16-79) was obtained from the American Type
Culture Collection (ATCC) (Manassas, VA). The organisms were main-
tained and grown in YPD medium (yeast extract peptone dextrose). The
antifungal susceptibility assay for C. tropicalis and S. boulardii to AgNPs
was assessed according to the Clinical and Laboratory Standards In-
stitute (M27-A3). For instance, C. tropicalis and S. boulardii (3 × 108

cell/mL) were inoculated in YPD broth (see Fig. SI 1) and exposed to
AgNPs with different concentrations or commercial antifungals. Con-
centrations tested of antifungals and AgNPs ranged from 25 to 100 μg/
mL. All AgNPs concentrations in our work refer to the concentrations of
metallic silver. Suspensions were incubated at 37 °C at 250 rpm for
48 h. Amphotericin B and fluconazole were used as positive controls.
The fungal cell growth was measured by counting cells in a Neubauer
chamber. All cultures and analyses were performed as independent
biological triplicates. The fungal viability assay with CASY, and en-
vironmental scanning electron microscopy (ESEM) protocol of the
fungal species exposed to AgNPs can be found in the supporting in-
formation.

Next, we investigated the in vitro antifungal activity with minimum
inhibitory concentration (MIC) method. Here, AgNPs, fluconazole and
amphotericin B against S. boulardii and C. tropicalis were tested. In
Tables 1, 95% inhibition was found for the two strains using 50 μg/mL
of AgNPs. For a lower AgNPs concentration (25 μg/mL), 50% inhibition
of S. boulardii and a 95% reduction on fungal inhibition growth for C.
tropicalis was observed.

We then proceeded to evaluate the MIC for different fluconazole
concentrations. The lowest MIC was estimated at 35 μg/mL (60 and

55%), but comparable to the results obtained for 50 μg/mL with 70%
and 55% inhibition of S. boulardii and C. tropicalis, respectively. A 2-
folds increase in concentration from 50 to 100 μg/mL reduces C. tro-
picalis growth with an additional cell inhibition of 15–20% only. These
results underpin C. tropicalis prevalence even at the highest con-
centration of fluconazole used, with most of beneficial S. boulardii cells
inhibited. Beside fluconazole, amphotericin B was also investigated.
The fungal agent revealed high antifungal potency even at lower con-
centration with 85% and 95% inhibition for S. boulardii and C. tropicalis
respectively. A 2-fold increase in amphotericin B concentration in-
hibited 95% of both fungal cells. It is important to note that the high
antifungal activity of amphotericin B is depreciated significantly by its
well-known secondary and high toxic effects over the patients.

To gain knowledge on fungal cell survival and inhibition, we com-
pared MIC with cell density obtained by CASY. Here, the planktonic
inhibition of C. tropicalis in Fig. 2(a) showed AgNPs activity at 95% for
25 μg/mL or higher AgNPs concentrations (i.e. 50, 75 and 100 μg/mL),
while for S. boulardii 50% of the fungal cells were inhibited employing
25 μg/mL of AgNPs with an increase of 45% (i.e. 95% inhibition in
total) for higher AgNPs concentrations. In contrast, when no AgNPs
were used, the fungal cells remain viable, as shown in Fig. 2(b). In the
case of S. boulardii, a decrease in cell viability of about 50% was found
around 25 μg/mL of AgNPs with most of the C. tropicalis inhibited. In
previous reports by our collaborators [25], Argovit AgNPs was dosed to
rats via subacute administration, i.e. 0.1, 1.0 and 10 mg/kg of body
weight per day based on silver. The results did not lead to significant
changes in the composition of the main components of normal micro-
biota, providing, however, the inhibitory effect on the growth of some
transitory components including opportunistic species of microorgan-
isms. An assurance on the fungal species must be assessed separately to
unravel the selective effect of AgNPs over more complex systems like
microbiota.

With CASY, we also evaluate cell diameter distribution of exposed S.
boulardii and C. tropicalis to AgNPs shown in Fig. 2(c) and Fig. 2(d). This
study was designed to investigate cell morphology changes for different
AgNPs concentrations, and it was found that for concentrations higher
than 25 μg/mL of AgNPs the cell density readout was confidently un-
reachable. Our attributions were confirmed for 100 μg/mL of AgNPs
optically in Fig. SI 2. The results showed that unexposed S. boulardii
cells had an average size of 4.5 μm (Fig. 2(c), open squares in blue), and
C. tropicalis cell size was approximately 5 μm (Fig. 2(d), open squares in
red). For fungal cells exposed to AgNPs (Fig.s 2(c-d), open circles in
blue and red), the cell shape was maintained with a reduction in cell
viability of 50% for S. boulardii approximately. On the contrary, C.
tropicalis seems to be more affected by AgNPs at 25 μg/mL with a 95%
decrease in cell viability without an indication on shape changes of the
remaining cells.

Now we compare our MIC and CASY results with ESEM to confirm
morphological changes of the fungal cells exposed to AgNPs. The ESEM

Fig. 1. TEM representative image of suspended AgNPs.

Table 1
Comparative MIC of Ag-NPs, fluconazole, and amphotericin B. The inhibition
results are reported in average percentage (%) ± the estimated error.

Concentration
(μg/mL)

Inhibition of growth, %

S. boulardii C. tropicalis

AgNPs
25
50

<50 ± 1.7
>95 ± 0.5

>95 ± 1.0
>95 ± 0.5

Fluconazole
35
50
100

>60 ± 1.8
>70 ± 2.6
>90 ± 0.7

>55 ± 0.9
>55 ± 1.6
>70 ± 1.2

Amphotericin B
2.5
5.0

>85 ± 2.5
>95 ± 1.2

>95 ± 0.1
>95 ± 0.1
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for S. boulardii show complete and gemming cells in Fig. 3(a). Suc-
cessful cell reproduction underlines cell growth even at 50 μg/mL. No
clear evidence compromised cells was found as highlighted by the green
arrows. Furthermore, C. tropicalis treated with the same AgNPs con-
centration revealed cell deformations and cell damage shown in
Fig. 3(b). These could be inferred from observation of the decolored
grey/black spots over the cell membrane as highlighted by the red ar-
rows, which could occur due to severe AgNPs attachment to C. tropicalis
membrane (bright coloration in Fig. 3b and d).

Now it is time to discuss the results obtained during the antifungal
susceptibility test in Table 1, which showed that AgNPs could be used
against pathogenic species such as C. tropicalis [26,27]. Low AgNPs
concentration possessed higher antifungal potency than some com-
mercial antifungals agent, e.g. fluconazole. Although Jun and colla-
borators [2] reported lower IC80 value (7 μg/mL) to reach similar in-
hibitory potency, it can be explained due to the differences in (i)
resistance of C. tropicalis strains and (ii) physicochemical properties of
AgNPs. However, the AgNPs long expiration time was not assessed in
this work [2], but expiration time by Argovit AgNPs is 2 years that
presents great practical importance for biological applications [28,29].
Furthermore, the effect of AgNPs can be explained by an interplay
between the NPs and the stabilizing agent, i.e. polyvinylpyrrolidone
(PVP) [28]. The PVP coated AgNPs have previously been investigated
against Candida albicans (C. albicans) having a profound effect in the
ergosterol levels, and as a consequence compromising the integrity of
the cell membrane components [30]. These results are in agreement
with our experimental findings in Fig. 2(b), Fig. 2(d) and Fig. 3(b). A

possible mechanism is that PVP coated AgNPs of moderate negative
zeta potential of (ca. – 14 mV in the case of Argovit AgNPs in this work)
might compromise C. tropicalis cell wall [31]. Similar effects have been
reported by Silva et al. [32]. No results in literature have been found to
explain S. boulardii interaction with AgNPs. Interaction of coated AgNPs
with C. tropicalis cell could be comparable to other fungal species and
other prokaryotic cells [32,33,34,35]. However, fewer AgNPs (i.e.,
bright spots) are observed when comparing S. boulardii and C. tropicalis
in Fig. 3. The comparison suggests less interaction between PVP-coated
AgNPs and S. boulardii, resulting in high viable cells when 25 μg/mL
used. However, fewer AgNPs (i.e., bright spots) are observed when
comparing S. boulardii and C. tropicalis in Fig. 3. The comparison sug-
gests less interaction between PVP-coated AgNPs and S. boulardii, re-
sulting in high viable cells when 25 μg/mL used.

Cell disruption mechanisms have been observed for fluconazole, but
ascribed to a low intracellular accumulation owing to poor membrane
permeability [36] reducing its antifungal activity towards C. tropicalis
as shown in Table 1. A more effective antifungal agent is amphotericin
B (Table 1) which action mechanism is the osmotic disruption com-
promising the integrity of the fungal cell [37]. In short, both flucona-
zole and amphotericin B are currently utilized first-line alternatives
against invasive mycosis [12], but their capacity to build bacteria/fungi
resistance [9–11,37] makes AgNPs an attractive candidate to combat
fungal infections. Although it is well known that amphotericin B has
secondary and toxic effects on the patients. Fluconazole is still used
along with other alternatives, such as itraconazole or echinocandin, for
which fungi developed resistance Candida spp. [38,39]. In contrast,

Fig. 2. Planktonic inhibition (a) and viability (b) for S. boulardii and C. tropicalis after 48 h culture and different AgNPs concentrations. Cellular diameter distribution
for (c) S. boulardii and (d) C. tropicalis after 48 h culture with AgNPs at 25 μg/mL and without AgNPs. Inset in (b) display AgNPs concentrations between 50 and
100 μg/mL. No apparent statistical differences for AgNPs concentrations higher than 25 μg/mL are found.
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AgNPs could bring hope, but safety concerns over the AgNPs usage and
disposal must be addressed first because of the potential hazards of the
nanoparticulate material. The detailed molecular and cellular toxicity
of PVP coated AgNPs has yet to be explored in detail, particularly at the
level of the whole organism. However, the results of Argovit toxicity
studies, including studies of Federal Research Centre of Nutrition,
Biotechnology and Food Safety, Moscow published in [25,40–42]
showed low Argovit toxicity. No-obese-adverse effect-level (NOAEL)
indicator is 0.1 mg/kg per day. For example, a person weighing 70 kg,
7 mg of silver per day should be sufficient and safe [25,40–42]. When
evaluated the value for money, 7 mg is equivalent to 0.5 U.S. cents
(Table SI-1) which results much lower in price when compared to
Amphotericin B and Fluconazole.

A clear advantage of AgNPs compared with first-line drugs is found
due to the absence of aggressive effects on the S. boulardii probiotic
with 50% inhibition, as shown in Table 1, Fig. 2(a) and Fig. 3(a). This
effect is definitely an advantage because it can provide enough cell
population to increase the number of S. boulardii units for a short time,
without affecting the natural microbiota as it was observed in [43]. To
our knowledge, no antifungal selectivity for C. tropicalis with reduced
efficacy against S. boulardii has been reported. Vamanu et al. work [43]
focused on the use of biosynthesized NPs in which antibacterial/anti-
fungal activity could be reduced, particularly over prolonged storage. In
contrast, our AgNPs can withstand storing time of ca. 2 years without
the employment of bio-based extracts. Amphotericin B showed superior
antifungal activity than fluconazole for S. boulardii (Table 1). The se-
lectivity of AgNPs towards the viability of beneficial fungi S. boulardii is
evident with cell size in diameter of about 4.5 μm (Fig. 2c and Fig. 2a).

ESEM images show that the cells treated with AgNPs (at con-
centrations of 50 μg/mL and 100 μg/mL) suffered some changes and

possible damage to the cell wall (Fig. 3(b,d)). Comparing cellular da-
mage caused by AgNPs, it can be observed that the physiological state
and population of S. boulardii are reduced, although reproduction
continues (Fig. SI 2(a)). Therefore, S. boulardii is physiologically less
affected by AgNPs than C. tropicalis (Fig. 3). It is important to mention
that ESEM does not reveal AgNPs “agglomeration” (bright spots) for C.
tropicalis at concentrations ≤25 μg/mL. Hence ESEM images in
Fig. 3(b,d) are shown for 50 μg/mL and 100 μg/mL AgNPs concentra-
tions. To this end, the observed phenomena allow us to put forward the
hypothesis of the possibility of the existence of the selectivity of AgNPs
to different cellular membranes.

To conclude, the AgNPs were compared with two antifungal medi-
cines commonly used to treat fungal infections. Fluconazole, revealed
detrimental effects for S. boulardii beneficial fungi maintaining patho-
genic C. tropicalis mostly unaffected. Amphotericin B revealed high
inhibition of both S. boulardii and C. tropicalis. The AgNPs at 25 μg/mL
practically inhibits C. tropicalis pathogen growth (its viability is ~3%),
whereas 50% of the S. boulardii remains viable. For AgNPs concentra-
tions higher than 25 μg/mL, 95% inhibition is found for two fungal
species. The AgNPs can contribute to the development of a new gen-
eration of silver nanomaterials selective to C. tropicalis inhibition.
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