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Abstract

Background and Purpose: Microorganism-based synthesis of nanostructures has recently been noted as a green method
for the sustainable development of nanotechnology. Nowadays, there have been numerous studies on the emerging
resistant pathogenic bacteria and fungal isolates, the probable inability of bacteria and fungi to develop resistance against
silver nanoparticles’ (SNPs) antibacterial, antifungal, antiviral and, particularly antibacterial activities. In this study, we
aim to use the yeast Saccharomyces cerevisiae model for synthesis of SNPs and to investigate its antifungal activity against
some isolates of Candida albicans.

Materials and Methods: A standard strain of S. cerevisiae was grown in liquid medium containing mineral salt; then,
it was exposed to 2 mM AgNOs. The reduction of Ag* ions to metal nanoparticles was virtually investigated by tracing
the color of the solution, which turned into reddish-brown after 72 hours. Further characterization of synthesized SNPs
was performed afterwards. In addition, antifungal activity of synthesized SNPs was evaluated against fluconazole-
susceptible and fluconazole-resistant isolates of Candida albicans.

Results: The UV-vis spectra demonstrated a broad peak centering at 410 nm, which is associated with the particle sizes
much less than 70 nm. The results of TEM demonstrated fairly uniform, spherical and small in size particles with
almost 83.6% ranging between 5 and 20 nm. The zeta potential of SNPs was negative and equal to -25.0 (minus 25) mv
suggesting that there was not much aggregation. Silver nanoparticles synthesized by S. cerevisiae, showed antifungal
activity against fluconazole-susceptible and fluconazole-resistant Candida albicans isolates, and exhibited MICgy values
of 2 and 4 pg/ml, respectively.

Conclusion: The yeast S. cerevisiae model demonstrated the potential for extracellular synthesis of fairly monodisperse
silver nanoparticles.
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Introduction

Since classic physicochemical synthetic

procedures of nanoparticles suffer from considerable attention in the field

drawbacks such as polydispersity, low-

nanoparticles (Ag-NPs/  SNPs) has drawn

nanoscience, since the unique physical,

yield and use of toxic reagents [1, 2], the need to
develop eco-friendly and non-toxic approaches
for biosynthesis of nanomaterials and nano-
structures has newly been recognized in the
world of modern nanoscience [3].

To meet this need, microorganism-based
synthesis of nanostructures has recently been
established as a green method for the sustainable
development of nanotechnology [4]. In the last
decades, scientific  research on  silver

chemical, optical and biological properties of
SNPs, make them suitable for various chemical,
medical and industrial applications [5].
Recently, Ag-NPs have been applied in
electrical and solar batteries (as optical
receptors in the later) [6, 7], biolabelling [8], as
well as in cancer treatment [9]. Nowadays, the
emerging resistant pathogenic bacteria and
fungal isolates and the probable inability of
bacteria, as well as fungi to develop resistance
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against antibacterial, antifungal, antiviral and
particularly, antibacterial performances of Ag-
NPs are being intensely studied [10-12].

Accordingly, silver based nanomaterials
have established their status in medicine
(catheters, implants and prostheses) [13, 14],
and have been applied to improve commercial
products (e.g., textiles and deodorants) [15-17].
There are numerous reports on the formation of
various magnetic nanoparticles (MNPs) by
microorganisms from their corresponding salts
[18, 19]. Although SNPs are synthesized both
intra- and extracellularly, extracellular method
of biosynthesis is more advantageous due to
ease of control over the environment, large-
scale synthesis and straightforward processing
steps [3, 20].

A large number of microorganisms are able to
synthesize Ag-NPs extracellularly, the most
important of which are: Fusarium oxysporum
[21], Bacillus licheniformis [22], Aspergillus fu-
migatus [23], Aspergillus niger [24], Aspergillus
clavatus [25], Penicillium brevicompactum [26],
Escherichia coli [27], Cladosporium cladospo-
rioides [28], Fuserium semitectum [28] and
Klebsiella pneumoniae [29].

Nevertheless, they are well-known as
opportunistic and sometimes real pathogen
microorganisms, which can be excluded from
the list of advantageous microorganisms. The
yeast Saccharomyces cerevisiae, known as
“baker’s yeast”, can be found naturally in many
environmental niches.

S. cerevisiae is most commonly famous for
its role in either the traditional or industrial
fermentation of bread, beer or wine [30]. It can
also be used as a nutritional supplement and an
agent to treat antibiotic-related diarrhea [31]. In
the last few years, cases of diagnosed S.
cerevisiae infections have increased, which
might be due to an upturn in the number of
immunocompromised  patients and  the
development in diagnostic methods. However,
S. cerevisiae has typically been considered as a
nonpathogenic and safe organism [30].

In the present study, we used the ability of
this yeast in synthesis of fine and mono-
dispersed SNPs, which exhibited high
antifungal activity against some fluconazole-
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susceptible, as well as fluconazole-resistant
strains of Candida albicans.

Material and Methods
Yeast strain

A standard strain of S. cerevisiae (PTCC
5052) was used in this study. The yeast was
preserved and cultured in yeast-peptone-
dextrose medium (YPD) (2% peptone, 1%
yeast extract and 2% dextrose) and then, it was
incubated at 30°C for 9-10 hours.

Synthesis of the silver nanoparticles

A YPD broth medium containing mineral
salts (KH2POs 7.0 g/l, K:HPOs 2.0 ¢/,
MgS0Q4.7H20 0.1 g/l, (NH4)2S04 1.0 g/l) was
used to have high efficiency in yeast growth, as
well as developing a biomass competent for
SNP biosynthesis. The constituents were mixed
completely by stirring with a magnetic stirrer,
and then the solution was boiled to make
undissolved digests. Eventually, the solution
was passed through filter paper.

The yeast was cultured in a 50 ml-falcon
tube containing 20 ml of the mentioned
medium and incubated at 30°C for 9-10 hours
(ODeoo: 2). Silver nitrate (AgNOs, 2 mM in the
final concentration) was added and then
incubated aerobically on an orbital shaker at
25°C, agitating at 150 rpm for 24 hours in a
dark place. A negative control, (only yeast
culture, without the silver ion) was also run
along with the experimental flask. After 24
hours of incubation, cell-free filtrate was
obtained by centrifuging the medium at
5000xg.

Characterization of synthesized SNPs
Aliquots of 1 ml of the cell-free filtrate were
subjected to UV-vis spectroscopy (Labomed,
Inc. USA). The absorbance was measured at a
resolution of 1 nm. The shape and estimated
size of the silver nanoparticles were determined
by transmission electron microscopy (TEM).
The TEM image of the sample was obtained
using transmission electron microscope (Philips
30ML20, the Netherlands) at a voltage of 100
kv. In addition, particle sizing experiments, as
well as the zeta potential measurements were
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carried out by means of Zetasizer Nano ZS
(Malvern Instruments, Southborough, UK).

Evaluation of antifungal activity of the synt-
hesized SNPs

In order to assess the antimicrobial effect of
the synthesized SNPs, standard strains of
Candida albicans ATCC 10261 in addition to
10 fluconazole susceptible and 10 fluconazole-
resistant strains of Candida albicans were
applied. The isolates were kept at -80°C as
20% glycerol stocks and were sub-cultured as
required, on SDA plates and were incubated at
30°C for 24 hours.

Antifungal  susceptibility  testing  was
performed according to the broth microdilution
method described in the Clinical and
Laboratory  Standards Institute  (CLSI)
document M27-A3 (32) for SNPs. Fluconazole
was used as a reference antifungal agent. RPMI
1640 medium with L-glutamine and phenol red
without bicarbonate were employed. The
medium was buffered to pH 7.0 with 0.165
mol/L MOPS (3-(N-morpholino) propanesul-
fonic acid). Fluconazole was dissolved in
sterile deionized water and diluted to 128ug/ml,
then rediluted to the final concentration of
0.0125-16 pg/ml with the medium, according
to the standards delineated in the CLSI
reference method. The 24-hour-old yeasts were
re-suspended in the culture medium to prepare
a working solution at a concentration of
2.5x10° cells/mL.

The prepared yeast solution was exposed to
diluted fluconazole (0.0125-64 pg/L) and
incubated at 35°C for 48 hours, moreover, all
tests were carried out in duplicate. The
interpretive criteria for susceptibility to
fluconazole mentioned in the CLSI (32) are as
follows: 1) susceptible<8 pg/mL, 2) susceptible-
dose dependent (S-DD) (MIC=16-32 ug/mL), 3)
resistant (MIC>64 pg/ml) isolates. For SNPs, a
solution of 64 pg/ml was prepared and diluted
to the final concentration of 0.0125-16 pg/ml
with the medium. C. parapsilosis (ATCC
22019) was used with every new series of MIC
plates as quality controls. The same inoculum
size was applied for the SNP susceptibility test,
and the 96-well plate was incubated at 35°C for
48 hours.
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Results
Silver reduction

After adding Ag" ions to the yeast culture in
the dark, with increasing the intensity during
incubation, samples gradually changed color
from nearly colorless to reddish-brown. The
reduction of the Ag" ions to metal
nanoparticles was virtually investigated. It was
observed that the color of the solution changed
into intense reddish-brown after 72 hours of
incubation, which is presented in Figure la.
However, the control sample (without silver
ions) showed no change in color when
incubated under the same environmental
conditions (Figure 1b). The appearance of a
reddish-brown color in the reaction suggested
the formation of SNPs. The solution remained
hydrosol, and no precipitation was observed
even after 24 hours of incubation.

UV-visible spectroscopy

Formation of colloidal SNPs can be simply
followed by changes of UV-Vis absorption
(Figure 2). The UV spectroscopy method can
be applied for size measurement of SNPS,
based on localized surface plasmon resonance
band exhibiting at different wavelengths. The
light absorption pattern of the cell filtrate was
continuously monitored after 24 hours in the
range of 200-800 nm, using UV-visible
spectrophotometer. The average wavelength at
which the peak occurred was around 410 nm.
Observation of this peak, which is assigned to a
surface plasmon, is well-documented for silver
metal nanoparticles with sizes much less than
70 nm [39] (Figure 2).
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Figure 1. The supernatant of cell culture of Saccharomyces
cerrvisiae with silver ion (2 mM): (a) at the beginning of the
reaction (b) after 24h of reaction

19



Niknejad F et al.

18
16
1.4
1.2

1
0.8
0.6
0.4
0.2

0

02 g

Absorbance

\

|

1

1

I

1

f
wl'

ZUU

400 600 800 1000

Wavelength {nm)

Figure 2. UV-visible spectrum of medium containing silver ion (24 h)

Characterization of the synthesized SNPs
TEM analysis was employed to determine
the morphology and shape of the silver
nanoparticles. The representative TEM image
is indicated in Figure 3. Accordingly, the SNPs
were relatively uniform in diameter and in
spherical shape. Additionally, TEM images
depicted that the particles were predominantly
formed at even less than 50 nm. The size of
SNP histograms determined from Zetasizer
Nano ZS is shown in figure 4. It is
demonstrated that the particles were produced
in various different sizes (though less than 50
nm). Considering the histogram, there was
variation in the particle sizes with more than
83.6% of the particles in 5-20 nm range,
and16.2% of the particles were formed in 20-50
nm. Only 0.2% of the particles were larger than
50 nm. The zeta potential of SNPs was also
investigated as shown in Figure 5. Under
natural conditions (pH close to 8), the zeta

.................................
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Figure 3. TEM micrograph of silver particles synthesized by S.
cerevisiae (scale bar: 250 nm)
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Figure 4. The particle size distribution histogram of silver
nanoparticles synthesized by A. parasiticus

potential was negative and equal to -25.0 mv.
The obtained results had the required quality
and indicated small amounts of aggregation.
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Figure 5.
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Evaluation of antifungal activity of the
synthesized SNPs

In this study, fluconazole, an antifungal
agent which is widely used to treat Candida-
associated infections, was used as a drug
control. SNPs synthesized by A. parasiticus
showed antifungal activity against both
fluconazole-suseptible and resistant strains and
exhibited MIC range value of 2-4 pg/ml.
Apparently, it was a notable finding for
fluconazole-resistant C. albicans strains, as
well as for non-resistant ones. Table 1 shows
the detailed results of susceptibility assay.

Table 1. The inhibitory effect of synthesized silver
nanopaeticle on C. albicans isolates

MIC (ug/ml)
Isolates
Ag NPs £ Fluconazole
CaS1* 4 0.5
Fluconazole- CaS2 2 0.125
susceptible CaS3 2 1
isolates CasS4 2 0.5
Ca S5 4 1
CaR1** 4 >64
Fluconazole- CaR2 4 >64
resistant CaR3 2 >64
isolates CaR4 2 >64
CaR5 4 >64

*Candida albicans susceptible strain; **Candida albicans
resistant strain; £ Silver nanoparticles

Discussion

The Ag-NPs can be synthesized either
through chemical or biological methods.
Biosynthesis of Ag-NPs by means of
microorganisms has recently drawn
considerable attention as a result of being eco-
friendly, as well as its higher and faster
production with lower costs (32-36). Other
associated advantages have been observed in
different functional groups conjugated with the
surface of Ag-NPs making it suitable for
various biomedical applications (9, 37).

In this study, we used the industrial yeast, S.
cerevisiae, to biosynthesize monodispersed and
more important stable Ag-NPs. Although the
production of SNPs by this microorganism has
previously been reported, antifungal effect of the
synthesized nanoparticles have not been
documented yet [38]. Physical confirmations of
the production of silver metals were followed by
virtual and technical assignments. The intensity
of the color of yeast culture increased due to
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excitation of surface plasmon vibrations in the
metal nanoparticles. This significant observation
indicates that the reduction of the Ag+ ions
takes place extracellulary. The production and
stability of the reduced SNPs in the colloidal
solution were investigated using UV-vis
spectral, as well as zeta potential analysis.

The unique optical properties of metal
nanoparticles originate from the collective
oscillations of conduction electrons, which are
termed surface plasmon polariton resonances
(SPPR) when excited by electromagnetic
radiation (39, 40). This characteristic of
nanoparticles can be determined using a UV-
vis spectrophotometer. In the present study, the
UV-visible spectra demonstrated nm arrow
spectrum with a peak at 410 nm after 24 and 72
hours of incubation confirming that the
synthesized nanoparticles are supposed to be
fairly uniform and spherical in shape and much
smaller than 70 nm (according to the fact that
long maximum wavelengths (450 nm)
represent the particle sizes beyond 70 nm).
Additionally, the size, uniformity and stability
of our Ag-NPs were confirmed by TEM and
Zetasizer studies.

Numerous studies have used Ag-NPs to
induce apoptosis in yeast cells and tumor cell
lines (41, 42). Moreover, many studies have
claimed the antifungal and antibacterial
properties of Ag-NPs [43, 44]. In this study, we
studied the antifungal effect of Ag-NPs, which
was synthesized by the yeast S. cerevisiae, on
fluconazole-susceptible and also resistant
isolates of C. albicans.

Some studies have reported the anti-
Candida activity of Ag-NPs, but so far, few
researchers have used the microdillution
method to evaluate the exact minimum
inhibitory concentration of Ag-NPs against C.
albicans. The sensitivity of C. albicans was
evaluated using the well diffusion method by
Mallmann EJ, in 2015. Accordingly, the
inhibitory concentration of Ag-NPs was
reported to be 80 pg/ml [45]. However other
studies have demonstrated that only 2 pg/ml of
Ag-NPs was able to induce death by apoptosis
in C. albicans cells [46].

It is believed that the antimicrobial effect of
silver nanoparticles is dependent on particle
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morphology and surface characteristics (47,
48). For this reason, it is mandatory to
synthesize nanoparticles with size, shape and
surface modifications, appropriate for use in
the biological applications. Our findings
demonstrated the MIC range value of 2-4
pg/ml for Ag-NPs against both fluconazole-
suseptible and resistant strains of C. albicans.

Although there was no significant difference
in MICs for the two Candida groups, MIC
values obtained for the resistant strains were
outstanding. No citations regarding resistance
to metallic Ag nanoparticles have been
retrieved so far. However, resistance to ionic
silver originating from the ability of bacteria to
reduce Ag* to less toxic oxidation state or from
active efflux of Ag* from the cell was reported
[49]. The rapid synthesis of nanoparticles
would be proper for developing a biological
process for large scale production.

Furthermore, the extracellular synthesis
would make it simpler and easier to follow the
processes. Moreover, extracellular biosynthesis
of SNPs offers a great advantage over an
intracellular process in terms of application. In
a nutshell, the yeast S. cerevisiae has
successfully demonstrated the potential for
extracellular synthesis of fairly monodisperse
tiny SNPs.
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