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1. INTRODUCTION

Silver nanoparticles (AgNPs) have been in the focus
research over
decades due to their many possible applications,

of extensive medicinal

Abstract

Silver nanoparticles (AgNPs) were synthesized by “green”, cheap
hydrothermal method in an autoclave using sodium citrate and
Vascellum pratense polysaccharide extract as reducing and
stabilizing agents. Presence of spherical AgNPs was confirmed by
UV-VIS spectrophotometry and scanning electron microscopy;
particle size was determined as ~ 40 nm. Even though colloidal
solution had relatively low absolute value of zeta potential (-15
mV), short term stability studies suggested a stable system, with
AgNPs being stabilized by both citrate and fungal polysaccharides,
as FTIR spectra confirmed. The colloidal solution showed good
antimicrobial activity against both G+/G- bacteria and Candida
albicans, including methicilin resistant Staphylococcus aureus
(MRSA). Products containing AgNPs and fungal polysaccharides,
which possess various biological activities - most important being
immunostimulation - may find use in treatment of skin conditions
caused by pathogens.

be embedded into polymer matrices providing

several extended functionality of different medical and
healthcare products (Palza, 2015). AgNPs are

such as antimicrobial agents (Sondi & Salopek-
Sondi, 2004), anticancer treatment (Sabaratnam et
al., 2013). They have been reported to be more
potent than silver ions (McVeigh, 2011) and could

especially promising agents as wound dressing
components (Rajendran et al., 2018). Various
methods were described over the past decades for
the synthesis of silver nanoparticles (Ag NPs) with
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different sizes and shapes, which involved the
reduction of AQNO3 with a chemical reducing agent,
such as NaBH4 (Liu et al., 2010), hydrazine hydrate
(Kim et al., 2004), formaldehyde (Chou et al.,
2005), sodium formaldehyde sulfoxylate (Khanna &
Subbarao, 2003), thiosalicylic acid (Wu & Hsu,
2008) and elemental hydrogen (Bhatte et al.,
2012). All these chemicals are highly reactive and
pose potential environmental and biological risks. In
recent years, “green chemistry” has gradually
become an important field and more and more
people became concerned with potential
environmental problems. Utilization of nontoxic
chemicals, environmentally benign solvents, and
renewable materials are some of the key issues that
merit important consideration in a green synthetic
strategy. As biological methods are environmental-
friendly and non-toxic, their scale up can become
economically important (Parikh et al., 2008;
Mandal, et al., 2005). The green synthesis of Ag
NPs involves three main steps, that must be
evaluated based on green chemistry perspectives,
including (1) selection of solvent medium, (2)
selection of environmentally benign reducing agent,
and (3) selection of nontoxic substances for the Ag
NPs stability (Raveendran & Wallen, 2006). Na-
citrate is a widely used reducing agent for AgNPs
synthesis (Bastus et al., 2014), although obtaining
high-concentration AgNP dispersions using citrate is
possible only by using additional surfactants or
polymers due to the restricted colloidal stability
(Mikhlin et al., 2018). The application of
polysaccharides for synthesis and stabilization of
metal nanoparticles has recently become an active
research area (Vasquez et al., 2016).
Polysaccharides represent biocompatible and
biodegradable polymers and silver nanoparticles
have been successfully reduced in alginate, starch
and seed extract by using inexpensive, simple and
~green" hydrothermal method in the autoclave
(Yang & Pan, 2012; Vigneshwaran et al., 2006;
Jagtap & Bapat, 2013). Mushroom water soluble
polysaccharides, mostly D-glucans, are diverse
polysaccharides, commonly branched and they
possess various biological activities, most notably
immunomodulating, tumor-inhibitory, anti-
inflammatory and antinociceptive activities (Ruthes
et al., 2015). The present study was thus focused to
synthesize AgNPs by a simple, efficient, ecological
method without using any toxic chemicals, by a
hydrothermal method, using a combination of
polysaccharide extract of an edible mushroom
species, Vascellum pratense and sodium citrate. The
AgNPs were tested against several microbial strains,
including pathogens involved in skin infections as
well as clinical isolates.

CHARACTERISATION AND ANTIMICROBIAL...

2. MATERIAL AND METHODS

2.1. Materials

Vascellum pratense fruiting bodies were collected in
Bor, Serbia; identification of the specimens was
done by dr Boris Ivancevi¢ (Department of Mycology
and Lichenology, Natural History Museum,
Belgrade). AgNOs was purchased from M. P. Hemija
(Bielgrade, Serbia), sodium-citrate dihydrate
(W302600) from Sigma (St. Louis, MO, USA), and
other chemicals/solventswere either extra pure or of
analytical reagent grade. Microbial strains were
from the American Type Cell Collection (ATCC).
Mediums for microbial cultivation were obtained
from Biolife (Milan, Italy). MiliQ water was used in
all experiment.

2.2. Polysaccharide extract
preparation
Fresh specimens of Vascellum pratense were

lyophilized, powdered and extracted with 3.8% HCI,
according to (Szwengiel & Stachowiak, 2016), with
slight modification; the extraction was performed in
an autoclave at 1.2 bars, 100°C for 1h. After
neutralization with 5M NaOH, the mixture was
centrifuged and the supernatant was filtered
through a filter paper (Whatman No. 5). Two
volumes of ethanol were added to the filtrate to
precipitate polysaccharides. The mixture was
centrifuged and its precipitate collected,
reconstituted in a small amount of water and then
lyophilized. The obtained crude polysaccharide
extract was dissolved in water and subjected to
dialysis in membrane tubes (SERVAPOR, MWCO 12-
14 kDa) for 48h to remove NaCl and low molecular
weight fractions. After dialysis, the partially purified
polysaccharide extract solution was centrifuged,
supernatant collected and lyophilised. 200 mg of
partially purified water soluble polysaccharide was
obtained from 10g of dry mushroom fruiting body
material.

2.3. Silver nanoparticles synthesis

Silver nanoparticles were synthesized by a
hydrothermal method described by (Yang & Pan,
2012) with some modifications. Briefly, 140mg of
the extract was dissolved in 40 ml of distilled water.
Then 0.034 g of AgNOs was dissolved in 7 ml of
water and mixed with the extract solution. After 15
min of mixing, 3 ml of 2% w/v Na-citrate solution
was added drop wise. The solution was left for 15
min under vigorous stirring followed by autoclaving
at a constant temperature of 100 °C at the pressure
of 1.2 bars for 5 h.
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2.4. UV-VIS Spectroscopy
UV-VIS spectrum (190-800 nm) was collected using
a UV-1800 spectrophotometer (Shimadzu, USA).

2.5. Dynamic light scattering (DLS)
and zeta potential

Size distribution and zeta potential of nanoparticles
were measured using a Malvern Nano-ZS Zetasizer
(Malvern, UK).

2.6. ATR-FTIR analysis

Fourier-transform infrared (FTIR) spectra ofthe pure
polysaccharide extract, sodium citrate and silver
nanoparticles were recorded in the attenuated total
reflectance (ATR) mode between 400 and 4000 cm™?!
using a Nicolet iS10 (Thermo Scientific, Sweden)
spectrometer.:

2.7. Field-emission scanning
electron microscopy (FE-SEM)

Silver nanoparticles were morphologically
characterized by MIRA 3 XMU Field Emission
Scanning Electron Microscope (Tescan USA Inc.,
Cranberry Twp, PA, USA) after drying the colloidal
suspension.

2.8. Antimicrobial analysis

Minimum  inhibitory (MIC) and bactericidal
concentrations (MBC) of the extracts were
determined using the broth microdilution method
(CLSI 2005, Klaus et al. 2015). Antimicrobial
activity was tested against 6 microbial ATCC strains
(Staphylococcus aureus 25923, Enterococcus
faecalis 29212, Proteus mirabilis 12453,
Pseudomonas aeruginosa 27853, Escherichia coli
25922, Candida albicans 10259) and one clinical
isolate of methicillin-resistant  Staphylococcus
aureus (MRSA). The antimicrobial assay was
performed in 96-well microtiter plates (Sarstedt,
Germany).The microbial suspensions were set to
10° colony forming units and TTC (0.0075%) was
added to bacterial suspensions as a growth
indicator; 50uL of the suspensions were added to
each well containing 50uL of previously prepared
serial dilutions of the sample, covering the range of
concentrations of 1.56-3200 pgmLl. Positive
growth control was 100 pL of pure microbial
suspension and negative control the same volume
of pure media. All bacterial strains were incubated
24h at 37°C, while candidawas incubated 48h at
30°C. The concentration of the sample at which
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there was no visible microbial growth (absence of
red color for bacterial strains and absence of visible
colonies for C. albicans) was taken as a MIC value.
MBC was determined by serial sub-cultivation of the
samples taken from each well on an appropriate
solid medium (Muller Hinton agar for bacterial
strains and Malt agar for C. albicans); the lowest
concentration of the sample without any visible
growth after repeated incubation was considered as
MBC. Amoxycillin was used as a standard for
bacterial strains (0.05-50 pyg mL') and fluconazole
for C. albicans (0.1-100 pg mL-1).

3. RESULTS AND DISCUSSION

3.1. Characterisation of
nanoparticles

3.1.1. UV-VIS and ATR-FTIR spectroscopy

Synthesis of silver nanoparticles was confirmed by
UV/VIS spectrum of the solution, which showed
one, relatively narrow band in the visible part of the
light spectrum peaking at 425 nm (Figure 1), a
characteristic of silver nanoparticles, resulting from
their surface plasmon resonance (Sastry et al.,
1997). FT-IR analysis (Figure 2) was performed to
get abetter insight into chemical changes that occur
during the synthesis and possible interactions of the
citrate/extract with the AgNPs.
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Figure 1. UV-VIS spectra of V. pratense
polysaccharide extract (VP PS) and silver
nanoparticle solutions (AgNP).
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Figure 2. FTIR spectra of V. pratense
polysaccharide exctract (VP PS), sodium citrate (Na-
citrate) and dried silver nanoparticle sample (AgNP)

FT-IR spectrum of the pure polysaccharide extract
showed a broad band at 3282 cm?, originating from
the OH-groups (stretching vibrations), bands at
1640 and 1541 cm™ which arise from C=0 bonds of
the peptides, indicating presence of small amount of
proteins in the extract and several overlapping
bands in the region between 1200-800 cm-!, which
come from C-O bonds, mostly of sugar monomers,
with the strongest one peaking at 1038 cm.In the
spectrum of sodium citrate the most pronounced
are thebands of carboxylate groups, at 1584 and
1387 cm!, which correspond to asymmetric and
symmetric stretching vibrations of C=0 bonds,
respectively. The spectrum of air-dried AgNP colloid
solution shows bands present both in the extract
and citrate spectra. No definite conclusions could be
made about to which degree each component
(extract and citrate) takes part in the reduction of
Ag*.Bands associated with carboxylate ions, most
probably coming from citrate and its degradation
products (Mikhlin et al., 2018) are much broader
than in the pure citrate spectra, with noticeable
shoulders, suggesting that they originate from
different carboxylate species and are derived from
several overlapping bands. Also, peaks of these
bands are shifted towards lower wavenumbers
(from 1584 and 1387 to 1574 and 1366 cm,
respectively), which may result from the weakening
of C-O bonds, probably because of the interaction
with AgNPs. Carboxylate groups of oxidized
polysaccharide chains may also contribute to these
bands’ development. However, bands coming from
polysaccharides kept their shape and intensity,
suggesting that they mostly maintain their structure
and that citrate is the main reducing agent. Peaks of
the bands associated with hydroxyl groups of the
sugar monomers (at 3282 cm!) and C-O sugar
bonds (at 1038 cm) also shifted to 3269 and 1035
cm!, suggesting interaction of sugar chains with
AgNPs and their additional stabilization.

CHARACTERISATION AND ANTIMICROBIAL...

3.1.2. Size distribution and zeta potential
analysis

Size distribution by intensity analysis (Figure 3)
showed that particles’ size ranges from 13.54-164.2
nm, with 90% of particles falling within a diameter
of 20-100 nm and Z-average size of 43 nm.

Size distribution by intensity

12

Intensity (%6)

Size (d.um)

Figure 3. Size distribution by intensity of AgNPs on
the day of synthesis (1) and three months after,
without previous treatment in ultrasound bath (2)

and with quick sonication (3).

The polydispersity index (PDI) of 0.330 also
indicated a relatively uniform distribution. SEM
(Figure 4) confirmed the particle size range shown
by Zetasizer; particles appear to be spherical in
general, but with rough surface.

SEM HV: 20 kV
View field: 1.44 pm

WD: 9.34 mm
Det: InBeam

Ll

200 nm

Figure 4. Scanning electron micrograph of silver
nanoparticles

The zeta potential of pure extract solution was close
to 0 (-2.7 mV), which means that the
polysaccharides are composed of mostly neutral
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sugars; after AgNP synthesis zeta potential of the
colloid dropped to -15 mV, a relatively low absolute
valueindicating long-term instability. However, the
zeta potential did not change significantly even after
100x dilution in water, suggesting a strong relation
between the silver particles and stabilizing
compounds. Short-term stability analysis showed
that there was a shift in size distribution of the
particles towards larger diameters after 3 months at
room temperature, but their aggregation was shown
to be reversible after only 20s-treatment in the
ultrasonic bath. Therefore, zeta potential should not
be regarded as the only variable for the description
of the stability of the given system, suggesting that
particles are stabilized by close relationship with the
polysaccharide fraction. Fungal water soluble
polysaccharides, mostly glucans and mannans are
branched and therefore have a great potential of
steric stabilization. The dependent relationship
between AgNPs and polysaccharides was shown by
adding two volumes of ethanol to a AgNP solution
sample, which precipitates polysaccharides;
together with the polysaccharides, dark coloured
AgNPs precipitated as well, leaving a pale coloured
supernatant. Longer stability studies however are
required for any definite conclusions.

3.2. Antimicrobial activity

Particles showed excellent antimicrobial activity
against investigated strains (Table 1). Best activity
was obtained for P. mirabilis, with MIC being only
12.5 yg mL* and MBC 100 pg mLL. Activity against
other two investigated G- bacteria (P. aeruginosa
and E. coli) was slightly weaker, MIC and MBC
values for both strains being 100 and 200 ug mL?,
respectively. G+ bacteria (S. aureus and E. faecalis)
were slightly more resistant; the growth of S.
aureus strains, ATCC and MRSA, was inhibited at
200 pug mLt, and bactericidal effect was achieved at
800 and 400 pg mL!, respectively. AgNPs were
least effective against E. faecalis, with MIC=800 ug
mL? and no bactericidal effect even at the highest
concentration used. The activity against the yeast,
C. albicans was similar, with MIC =800 ug mL! and
MBC being as high as 3.2 pg mL?t. The fungal
polysaccharide extract, used as control, did not
show any activity towards bacteria even at the
highest concentration (20 ug mL?) and showed only
inhibitory activity against C. albicans at 20 ug mL®.
Antibiotics showed better activity overall, except in
case of MRSA, but it should be noted that silver
makes only abuot 17% of sample’s dry mass. There
seems to be a trend of slightly better activity
towards G- bacteria, although differences are not
significant from the clinical point of view and the

CHARACTERISATION AND ANTIMICROBIAL...

sample is too small (only 6 bacterial strains in total)
studied the antimicrobial activity of AgNPs
synthesized using Ocimum gratissimum extract,
with very similar zeta potential (-15 mV) and also
found better activity towards E. coli than S. aureus
(that, again, was only twice as better). AgNPs
synthesized by Khatoon, Nageswara Rao, Mohan,
Ramanaviciene, & Ramanavicius (2017) using Na-
citrate also exhibited better activity towards E. coli
than towards G+ B. subtilis and had zeta-potential
of around -40 mV. However, (Mandal et al., 2016)
reported better activity of AgNPs towards G+
bacteria. They synthesized the particles using
Andrographis paniculata leaf extract and tested
them against multidrug resistant Proteus vulgaris
and Enterococcus faecalis strains isolated from
urinary tract infection (UTI) patients; they reported
the zeta potential of bacteria being -26 and -15 mV,
respectively and found better activity of AgNPs,
which had zeta potential of -32 mV, against E.
faecalis. The activity was only twice better in that
case, too. They attributed better activity towards E.
faecalis to the fact that tested E. faecalis strain had
less negative zeta potential and stated that AgNPs
preferentially targeted the G+ bacterium. However,
in the present study E. faecalis turned out to be the
most resistant bacterial strain and a G- bacterium,
Proteus mirabilis the most susceptible to AgNPs,
although the exact zeta potential of the tested
strains was not measured. Connection between the
zeta potential and antimicrobial activity of various
nanoparticles was earlier reported (Arakha et al.,
2015; Tamara et al., 2018), however more studies
are needed to establish such a connection for silver
nanoparticles. The nature of the AgNPs coating may
be more important than its charge, as bacteria can
recognize some types of chemical species and
possibly take up AgNPs via active transport as well.
Current understanding of the mechanisms of action
of silver nanoparticles shows that they exhibit
antimicrobial activity on several levels, disrupting
the bacterial cell wall, activating reactive oxygen
species once inside of cell, and being a source of
Agt ions which, like other heavy metal ions may
interact with bacterial proteins and lead to their
death. However, bacteria can develop mechanisms
of resistance to heavy metals (Kedziora et al.,
2018). Susceptibility of bacteria to silver/silver ions
should be therefore regarded as a function of
multiple variables and might be different not just for
different species, but for different strains.
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Table 4. Minimum inhibitory (MIC, ug mL) and bactericidal/fungicidal (MBC/MFC, ug mL1!) activity
of silver nanoparticle colloid solution (AgNP), V. pratense polysaccharide extract (VP PS), amoxicillin
(AMX, used only for bacterial strains) and fluconazole (FLU, used only for fungal strains),
determined by the broth microdilution method.

* Not achieved

Microbial strain Source AgNP VP PS AMX FLU
, MIC 100.00 x 25
Pseudomonas aeruginosa ATCC 27853 MBC 200.00 50
g MIC 12.50 3.25
Proteus mirabilis ATCC 12453 MBC 100.00 - 12.5
MIC 200.00 0.39
Staphylococcus aureus  ATCC 25923 MBC 800.00 - 156
Staphylococcus aureus clinical MIC 200.00 - )
phy isolate MBC 400.00 -
. . MIC 100.00 6.25
Escherichia coli ATCC 25922 MBC 200.00 - 55
. MIC 400.00 0.39
Enterococcus faecalis ATCC 29212 MBC x - 3.25
. . MIC 800.00 20 12.50
Candida albicans ATCC 10231 MFC 3200.00 _ 50.00
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