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KEYWORDS Abstract This study is the first report on mycosynthesis of silver nanoparticles (NPs) using
Ag nanoparticles; psychrotrophic Antarctic filamentous fungi, and the first report regarding Tulasnella (Basid-
Antarctic fungi; iomycota). In this work, the ability to synthesize silver NPs from cell free filtrates of strains of
Nanotechnology; Tulasnella albida isolated from Antarctica was assessed. All fungal filtrates were capable of syn-
Psychrotrophic thesizing silver NPs with the addition of AgNO3. UV-vis spectroscopy, TEM and SEM microscopy

analyses were performed to characterize the synthesized NPs. ATR-FTIR and Micro Raman spec-
troscopy analyses were conducted to find functional groups responsible for the reduction of
AgNO3 and to detect the presence of silver oxide on the AgNPs. Theoretical calculations of
optical absorption based on core-shell Ag-Ag,0 were used to characterize the experimental
absorption spectra of silver NPs colloids. Spherically shaped silver NPs, typically 2-3nm in
diameter, were obtained. The largest ones showed a capping shell around them, which could
be associated with the formation of small silver NPs. Functional groups corresponding to amides
and alcohols were detected, confirming the presence of proteins as possible intermediates in
the synthesis of AgNPs. On the other hand, the Micro Raman analysis confirms the presence of
silver oxide on the surface of the AgNPs. This work presents a simple procedure for the synthesis
of silver NPs using a psychrotrophic organism that could be interesting for the industry.

© 2023 Asociacion Argentina de Microbiologia. Published by Elsevier Espafa, S.L.U. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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PALABRAS CLAVE
Nanoparticulas de
plata;

Hongos antarticos;
Nanotecnologia;
Psicrotrofico

Micosintesis de nanoparticulas de plata utilizando cepas psicrotroficas de Tulasnella
albida Bourdot & Galzin de las Islas Orcadas del Sur (Antartida)

Resumen Este estudio constituye el primer informe de micosintesis de nanoparticulas (NP) de
plata utilizando hongos filamentosos antarticos psicrotréficos y el primero respecto de Tulas-
nella (Basidiomycota). Se evalud la capacidad de sintetizar NP de plata a partir de filtrados
libres de células de cepas de Tulasnella albida aisladas en la Antartida. Todos los filtrados
fingicos fueron capaces de sintetizar NP de plata (AgNP) con la adicion de AgNO;. Se realizaron
analisis de espectroscopia UV-Vis y microscopia SEM y TEM para caracterizar las NP sintetizadas.
Se llevd a cabo un analisis de ATR-FTIR para detectar los posibles grupos funcionales respons-
ables de la reduccion del AgNO; y Micro Raman para identificar la presencia de 6xidos de plata
recubriendo las AgNP. Se utilizaron calculos tedricos de absorcion dptica basados en NP de Ag-
Ag,0 de nlcleo-corteza para caracterizar los espectros de absorcion experimentales de coloides
de AgNP. Se obtuvieron AgNP de forma esférica, tipicamente de 2-3nm de diametro. Las mas
grandes mostraban una cubierta protectora a su alrededor, que podria estar asociada con la
formacion de pequenas AgNP. Se detectaron grupos funcionales correspondientes a amidas y
alcoholes, lo que confirma la presencia de proteinas como posibles intermediarios en la sintesis
de AgNP. Por otro lado, el analisis de Micro Raman confirmo la presencia de 6xido de plata en
la superficie de las AgNP. Este trabajo presenta un procedimiento sencillo para la sintesis de
AgNP utilizando un organismo psicrotrofico, que podria ser de interés para la industria.

© 2023 Asociacion Argentina de Microbiologia. Publicado por Elsevier Espana, S.L.U. Este es un
articulo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

Introduction

Silver NPs (AgNPs) have a wide range of applications as
anti-bacterial agents in the health industry, food storage,
textile coatings and several environmental applications as
well as electronics and photocatalysis’. The synthesis of
these nanomaterials through ecological, effective and low-
cost methods has become relevant in recent years*. Among
the organisms used in the green synthesis of AgNPs, fungi
are an interesting alternative due to their easy handling and
manipulation, tolerance to metals, bioaccumulation capac-
ity and the ability to secrete a wide variety of enzymes'®.
The synthesis of nanomaterials mediated by these organisms
has been associated with the presence of fungal enzymes?’.

Extremophile microorganisms are those that are able to
grow and thrive in extreme environments, e.g. acidic or
alkaline pH, high or low temperatures, high concentrations
of pollutants, and salts, among others. Due to their unique
physiological and enzymatic characteristics, which allow
them to survive in hazardous environments, these organisms
are promising for biotechnology'®. Among extremophiles,
psychrophilic organisms have an optimum growth temper-
ature of about 15°C or less, and cannot grow above 20°C.
On the other hand, psychrotrophic microbes have an opti-
mum growth temperature of 20-30°C, but are able to grow
and exhibit activity at temperatures close to the freez-
ing point of water''. The particular characteristics of the
metabolism of all these organisms represent valuable assets
for advanced industrial applications®®. In the synthesis of
NPs, extremophiles can have a more pronounced ability to
withstand conditions that may occur during the industrial-
ization process as well after the act of synthesis, thus adding
more stability to the product with specific capping proteins*.

The ability of the organisms and their proteins to survive in
varied conditions also allows for some flexibility in the indus-
trial environment; since the organisms would survive and
continue to produce NPs outside optimal conditions, albeit
with a lower yield”.

Antarctica is the largest poorly explored region on Earth
and, in a similar way, its mycobiota remains mostly unknown,
presenting incalculable value as a scientific preserve and
biotechnological repository. Some fungal organisms can grow
under the extreme conditions present in the white conti-
nent, facing the low temperatures that limit the available
water and showing different morphological and physio-
logical adaptive strategies®>. Among the fungi inhabiting
Antarctica, the genus Tulasnella J. Schrot, which comprises
saprotrophic and mycorrhizal species?”’, has been recently
registered on decomposing wood from different construc-
tions and artifacts from Deception Island'® and buildings
considered to be historical heritage, such as Casa Moneta
Museum, located on the South Orkney Islands'. There are
few reports about the enzymatic profiles of members of
this genus. However, Adamo et al." showed that Tulasnella
calospora (Boud.) Juel has a robust apparatus for the degra-
dation of crystalline cellulose. We carried out the present
study with the aim of studying the potential of Antarc-
tic filamentous fungi in the synthesis of metal NPs. The
aims were: (1) to explore the capacity of Antarctic psy-
chrotrophic strains of Tulasnella albida Bourdot & Galzin to
reduce Ag* ions into AgNPs at different temperatures, by
comparing their performance and characterize the AgNPs
obtained; (2) to assess if there could be a relationship
between the production of oxidases, tyrosinases and per-
oxidases by Antarctic strains of T. albida, and the synthesis
of NPs.
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Material and methods
Chemical compounds

Silver nitrate (AgNOs, Sigma Aldrich) 100 mM was used for
the biosynthesis of AgNPs. NaOH (1 M) was used to adjust
pH.

Microorganisms

Four psychrotrophic strains of Tulasnella albida (BAFCcult
4710, 4711, 4712 and 4713, hereafter referred to as strain
1, strain 2, strain 3 and strain 4, respectively) were used
in all the assays. All the strains had been isolated from
different wood chips collected, in all cases, from the dete-
riorated exterior wall of the Casa Moneta Museum located in
the South Orkney archipelago, Antarctica, and identified by
Gaiser et al.”. The exterior wall of the Museum has a double
layer of gymnosperm wood with sawdust filling in the middle
and is the target of the strongest winds. For detailed sam-
pling methodology please see Gaiser et al.'3. Orkney station
has an annual mean temperature of —4.1°C varying from
0.9°C in summer to —11°C in winter®®. The strains were
grown in 2% malt extract agar (MEA) plates, at 24°C, and
deposited in the culture collection of the Faculty of Exact
and Natural Sciences, University of Buenos Aires (BAFCcult).

Growth curve of Tulasnella albida

A total of 15 Erlenmeyer flasks containing 50 ml of growth
medium were used to evaluate the growth curve of each
strain. Growth medium was composed of 10gl~" glucose,
5gl-" potato peptone, 3gl~" malt extract and 3gl-" yeast
extract. The medium was sterilized, inoculated with two 5-
mm plugs of each strain, and incubated at 200 rpm at 28°C,
in the dark (modified from Kobashigawa et al.??). The fungal
biomass from 3 Erlenmeyer flasks (replicates) was harvested
every 2 days until day 10, filtered through a filter paper using
a Biichner funnel and dried overnight at 40°C. Then, the
dry weight of mycelia was determined. Mean and standard
deviation were calculated.

Biosynthesis of AgNPs

For the biosynthesis of AgNPs, the fungal biomass was
obtained under the same conditions as for the growth
curve, but the incubation lasted 7 days. The fungal biomass
obtained was filtered, washed with sterile water and rein-
cubated in 50ml of sterile distilled water for 3 days, at
200 rpm at 28 °C, in the dark. After the 3 days, the mycelium
was filtered, discarding the biomass, and keeping the fil-
tered liquid (hereafter, fungal filtrate). AgNO; 100 mM was
added to the fungal filtrate (0.5mM final concentration).
The fungal filtrate was incubated for 7 days under the same
conditions??. Both pH 5 and pH 9 were evaluated, by adding
NaOH 1 M. Aliquots containing only the fungal filtrate, with-
out salt, and Erlenmeyer flasks containing sterile distilled
water with salt were established as controls. After the incu-
bation period, a 1-ml aliquot was removed from each flask to
detect the biosynthesis of AgNPs, and their UV-vis spectra

were obtained using a spectrophotometer Shimadzu UV-MINI
1240 (Tokyo, Japan) by scanning the absorbance spectra in
200-800 nm range of wavelength. The synthesis of AgNPs
was detected by surface plasmon resonance (SPR)*°. This
resonance is due to their small size, but can be influenced
by numerous factors that contribute to the exact frequency
and intensity of the band. SPR peak of spherical AgNPs is con-
ventionally observed at 400 nm, shifting the position of the
plasmon peak to higher wavelengths as the particle radius
increases®®. Only data obtained at pH 9 is informed, as pH 5
treatment gave no positive results.

Given that as-obtained colloid samples may have differ-
ent NPs size coexisting together, AgNPs synthesized by one
of the strains analyzed (selected by showing the best per-
formance in the synthesis) were centrifuged at 15000 rpm
for 20min as a first step to separate size components. The
absorption spectrum of the supernatant was analyzed. As a
second step, the supernatant previously obtained was recen-
trifuged and a new absorption spectrum was recorded??.
Additionally, NPs obtained were also placed in Falcon tubes,
covered, and conserved in a refrigerator for one year. The
color and SPR were evaluated.

Modeling

Optical absorption spectra of colloid samples obtained dis-
playing SPR were modeled using the Mie theory for small
spherical NPs>3¢. When Ag® atoms (generated by the reduc-
tion of Ag* ions) nucleate to form the metal core, the oxygen
atoms present in the aqueous surrounding medium have a
probability to link to the Ag® atoms in the surface of the
core to form a thin Ag,0 shell, yielding a final core-shell®
Ag-Ag,0 structure. There is also a biological capping sur-
rounding this nanostructure but, from an optical point of
view, it has a refractive index value very similar to water
and does not contribute to plasmon peak shifts with respect
to pure water. Instead, a thin Ag,0 shell has a sufficiently
large refractive index that could be responsible for a pos-
sible shift. Taking these facts into account, the Rayleigh
approximation for small NPs can be used to determine the
polarizability of a core-shell Ag-Ag,0’ particle with inner
radius ry, core dielectric function ¢4, outer radius r;, shell
dielectric function &; and surrounding media ¢p:

(62 — em) (&1 + 282) + f(e1 — &2)(em — 22)

= 47r;
O T ey ¥ 2em) (61 + 262) + [ (262 — em)(e1 — £2)

where f = (r1/r,). Metallic dielectric function was obtained
from Johnson and Christy?' while shell dielectric function
was taken from Qiu et al.>°.

AgNPs synthesis efficiency

To study the formation of AgNPs for each strain, absorption
spectra were taken on days 1, 2, 3 and 7 after the beginning
of incubation. Efficiency was defined as the height of the
SPR when the maximum absorbance peak of the SPR band
was measured in each spectrum for the stated days??, always
under the same conditions of time, temperature and concen-
tration. Five replicates of the synthesis were performed.
Mean and standard deviation were calculated.
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Study of NPs synthesis at low temperature

The capability of synthesis of AgNPs of strain 2 was tested
using the same procedure as the biosynthesis at 28°C. The
strain was grown at 6 °C to produce biomass and the biosyn-
thesis of AgNPs was also carried out at 6 °C. Absorbance was
measured until day 3. Additionally, a new measure was per-
formed on these NPs kept at 6 °C for 2 years. Five replicates
were performed. Mean and standard deviation of dry weight
of the mycelium was calculated.

Characterization of AgNPs and fungal filtrates

AgNPs were characterized using a scanning electron micro-
scope (SEM) model Zeiss SUPRA TM 40 (Oberkochen,
Germany) in the secondary electron mode, and with a
FEI-Talos F200X G2 FEG scanning transmission electron
microscope in STEM mode combined with a high angle
annular dark field (HAADF) detector, 0.16 nm of resolution.
Energy-dispersive X-ray spectroscopy (EDS) was conducted
on the sample. Micro Raman spectroscopy was conducted
for detecting the presence of silver oxide on dried samples
using a confocal HORIBA ExPlora Plus Raman Microscope,
working with an excitation wavelength of 785 nm. Functional
groups responsible for the reduction of AgNO; and capping
of synthesized AgNPs were detected using attenuated total
reflectance in conjunction with FTIR spectrophotometer
(ATR-FTIR) ranging from 400 to 4000 cm~" (Thermo Scientific
Nicolet i550) over a freeze-dried sample of NPs. Addition-
ally, analyses were performed on the fungal filtrate to
detect total protein by the Bradford method® with bovine
serum albumin as the standard, and reducing sugars by the
Somogyi-Nelson procedure® with glucose as a standard.
Considering the similarities between the SPR obtained for
the four strains, AgNPs characterizations were conducted
only on strain 2.

Enzymatic reactions

Oxidase reactions were performed using gallic and tannic
acid media and tyrosine Agarized media was used to detect
the presence of tyrosinase®’. For the detection of lignin
peroxidase activity (LiP), reactions were assayed in culture
media with Azure B. Additionally, a decolorization test of
malachite green was performed to detect the activity of
the manganese peroxidase?. The assays were performed in
Petri dishes and the reactions were considered positive when
a color change was observed in the corresponding culture
medium after one-week incubation in the dark at 24°C. The
relative intensity of the reaction (+/—) was recorded. All
reactions were performed twice.

Results
Growth curve of Tulasnella albida

A growth curve of dry weight as a function of time was made
for the four strains (Supplementary Figure S1). All strains
showed an initial lag growth phase between days 2 and 4,
and then an exponential growth phase. In the case of strain

1 and strain 2, the deceleration phase seems to have started
on day 8.

Biosynthesis of AgNPs

As a result of the biosynthesis assay, spectra of all strains
showed the typical Ag plasmon resonance in the range 400
and 430nm on day 7. A second maximum was observed
at about 210nm, along with a smaller absorption band in
the 230-300nm range (Fig. 1A). Figure 1B shows the three
spectra of the centrifuged colloids from strain 2. Figure 1B
also shows a calculated optical extinction spectrum of a
core-shell NPs using the Mie theory. For this case, a core
radius r{=0.9nm and an outer radius r, =1.05nm were
used. Experimental SPR peak position of the supernatant
redispersed colloid was reproduced. For the four strains,
absorbance at 420 nm at the time of synthesis/and after one
year were obtained: strain 1: 2.95/3.91; strain 2: 3.1/3.87;
strain 3: 3.25/3.93; strain 4: 3.02/3.44.

AgNPs synthesis efficiency

The gradually progressing reaction of AgNPs synthesis was
monitored using UV-vis spectrometry (since the intensity
of the plasmon peak is proportional to the concentration
of AgNPs produced) (Fig. 1C). All the spectra exhibited an
intense peak corresponding to the SPR of AgNPs, implying
the bioreduction of AgNOs in the fungal filtrate. Strain 2
presented a higher absorbance than the other strains, sug-
gesting a higher production of AgNPs.

Study of NPs synthesis at low temperature

The assay performed showed that strain 2 can grow at low
temperatures producing a biomass of 32.6 +6.7mg after
7 days. With regard to the biosynthesis assays, Figure 1D
shows the absorbance of the synthesis product at 6°C on
day 3. Compared to the absorbance of the NPs synthesized
at 28°C (day 3), the plasmon height was around 4.4 times
lower (3.071 absorbance at 28 °C; 0.706 absorbance at 6 °C),
a similar relationship was obtained with biomass data, with
a relationship of around 4.8 (0.1557g at 28°C/0.0326¢ at
6°C).

A colored colloid of AgNPs (6°C) (inset of Fig. 1D) was
obtained showing a lighter color compared with the AgNPs
(28°C) (inset of Fig. 1A). In Figure 1D, a theoretical cal-
culation of the absorption spectrum for a core-shell - NPs
with 0.4 nm inner radius and 0.46 outer radius is shown. This
spectrum shows a good agreement with the experimental
plasmon resonance of AgNPs synthesized at 6 °C.

The analysis of the absorption spectra of the colloid
obtained 2 years later shows the presence of the plasmon
with a slightly weaker signal. Moreover, the color of the
sample became lighter.

Characterization of AgNPs and fungal filtrate

Several techniques were used for morphological and com-
positional NPs characterization. Taking into consideration
the similar results of the absorbance spectra, only the NPs
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(A) Absorption spectra of strains of T. albida, dilution 1:4; inset in (A): colloid of NPs synthesized by strain 2 at 28°C

(left) and fungal filtrate (right). (B) Absorption spectra of the as-obtained colloid (strain 2), supernatant after first centrifugation
and recentrifuged supernatant and theoretical calculation of absorption spectra. (C) Maximum absorbance of each T. albida strain
over time, dilution 1:4. Bars show standard deviation. (D) Absorption spectra of colloid obtained using strain 2 at 6°C on day 3,
theoretical calculation of absorption spectrum for Ag-Ag,0 NPs and absorption spectra of the same sample taken 2 years later, in
both cases typical Ag plasmon resonance was observed (arrow); inset in (D): colloid NPs obtained at 6 °C were obtained (left), same

sample 2 years later (middle) and fungal filtrate (right).

synthesized at 28 °C were characterized. The SEM images in
Figures 2A and B show isolated and aggregated AgNPs. The
AgNPs were not in direct contact even within the aggregates,

Figure 2
2 in secondary electron mode (accelerating voltage 3kV). (A)
Panoramic view of AgNPs, showing isolated NPs as well as some
agglomerates produced in the drying process of the sample. (B)
Isolated NP. (C) Detail of an AgNP (dotted circle) and capping
(arrow).

SEM images of colloidal AgNPs synthesized by strain

indicating that the capping agent is effective in keeping the
AgNPs isolated (Figs. 2B and C).

With regard to the TEM images of synthesized NPs,
Figure 3A shows a panoramic view of synthesized NPs where
isolated NPs and some agglomerates produced by the dry-
ing process are observed. Figure 3B shows a close-up on the
20nm scale where isolated spherical NPs are observed. A
brighter center surrounded by a lighter area is observed in
some of the NPs. Panel C is a high-resolution image of typ-
ical core-shell NPs, where curved dashed lines indicate the
limits of NP and capping. The size histogram corresponding
to panel (B) shows a size distribution with a maximum at
about 2-3 nm diameter (Fig. 3D).

An elemental composition analysis of a HAADF image
of a couple of AgNPs was conducted. Results are shown
in Figure 4. Figure 4A shows isolated colloidal AgNPs, sur-
rounded by a whitish cloud. Figure 4B reveals the presence
of Ag atoms in green colored dots. It can be observed
that they are concentrated in the NPs and their close sur-
roundings (capping). Similar signals are also observed in the
background of the image, indicating the presence of small
amounts of silver. Elemental oxygen atom distribution over
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Figure 3

DIAMETER (NM)

STEM HAADF images of colloidal AgNPs produced by strain 2. (A) Panoramic view. (B) Detail of spherical NPs. (C) High

resolution image of typical core-shell NPs. Curved dashed lines show the limits of NP and capping. (D) Size histogram of NPs

corresponding to panel (B).

the same area is depicted in Figure 4C, showing a clear
concentration on the core-shell NPs, while panel D shows
these two elements superimposed.

Figure 4E shows the EDS spectrum for the selected area
at the NPs of panel A. The three maxima corresponding to
Ag are clearly observed, as well as that of oxygen. Cuand C
peaks correspond to the interaction of the electron beam
with the sample holder. A similar spectrum for a region
away from the NP is shown in Figure 4F, where Ag peaks
are observed with negligible intensity. The C and Cu peaks
in both panels 4E and 4F arose from the grid. The O peak
that appears in both panels may correspond to the oxida-
tion of metals. Small amounts of oxygen and carbon could
be attributed to the organic layer forming the capping on
the synthesized AgNPs.

Micro Raman spectroscopy was used on different zones
of several dried drops of samples placed over a coverglass
to help determine the chemical composition of the NPs. A
total of 40 spectra between 200cm~" and 1200cm~" were
taken. Figure 5 shows a typical Raman spectrum. Raman
shifts indicated by arrows at 240, 490 and 565cm~' are
generally assigned to bulk Ag,0 stretching vibrations?*. The
bands at about 1070cm~" are attributed by some authors
to chemisorbed oxygen molecules on the NP surface®®,
although there is general consensus in assigning them to
Ag-0 bending modes?*. These bands reveal the presence of
Ag,0 bonds in the analyzed samples.

FTIR spectra (Fig. 6) showed peaks at 3278, 2917, 1620,
1333, 1030, 832, 766, 693 and 439cm~". The peak at 3278
represents the O-H bonds of alcohols and phenols and the
peak at 2917 can be assigned to C-H stretching of alkane
compounds®?. The peaks at 1620, 1550 and 1333 cm~" could

be assigned to the amide I, Il and lll band of proteins'’. The
peak at 1030 could be assigned to C-N stretching vibrations
of aliphatic amines®. The peak at 766 could be assigned to
alkane C-H bending*.

Negligible values (close to cero) were obtained through
the Bradford and Somogyi-Nelson procedure over the fungal
filtrate perhaps due to the low presence of these compounds
in the filtrate.

Enzymatic reactions

Enzymatic reactions were negative for all media and strains
evaluated, except for malachite green that resulted in
a halo of mild discoloration in all the strains evaluated
(Supplementary Figure S2).

Discussion

This is the first report of mycosynthesis performed to evalu-
ate psychrotrophic Antarctic filamentous fungi, and the first
report regarding the genus Tulasnella. The data obtained
showed that, on day 7, all strains were in the exponen-
tial phase of growth and were capable of producing the
metabolites necessary for the synthesis of NPs. The four
strains evaluated showed the ability to synthesize AgNPs,
with strain 2 having the highest efficiency, suggesting that
the ability to synthesize AgNPs is strain-dependent. Similar
results were obtained by Ganbarov et al.'* with Fusarium
oxysporum Schltdl. The characteristic plasmon band around
400-430 nm of synthesized AgNPs, confirmed the presence
of these NPs and reached a stable population after 3 days.
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of HAADF image of panel (A) for Ag. (C) EDS mapping of HAADF image of panel (A) for O. (D) Superimposed mapping of Ag and O.
(E) EDS elemental composition for selected area at NP of panel (A). (F) EDS Elemental composition for a region far away from the

selected area of panel (A).

Tulasnella albida had the ability to synthesize AgNPs at
6°C, showing that strains recovered from Antarctica could
be used in processes of synthesis at suboptimal conditions.
Similar results were obtained by Gemishev et al.’>. In this
work the authors synthesized AgNPs using Trichoderma ree-
sei E.G. Simmons at different temperatures, including 4°C,
and suggested that the slow rate of the reaction is due to
the low enzyme activity at that temperature. AgNPs synthe-
sized at 28°C maintained a similar plasmon peak after one
year, although AgNPs synthesized at 6 °C showed a decrease

in plasmon height after two years, probably because they
are less stable.

Several microorganisms have been used in the synthesis
of AgNPs; however, just a few reports used psychrotrophic
fungi. Among fungi, the yeasts Papiliotrema laurentii (Kuff.)
Xin Zhan Liu, FY. Bai, M. Groenew. & Boekhout?® and
Yarrowia lipolytica (Wick., Kurtzman & Herman) Van der
Walt & Arx’ have been evaluated. Fayaz et al."® and
Ahluwalia et al.? registered the synthesis of AgNPs at 10°C
using the filamentous fungi Trichoderma viride Pers. grown
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Figure 5 Raman spectrum of a dried drop of AgNPs colloidal

suspension synthesized by T. albida strain 2. Arrows indicate the
characteristic Raman peaks of Ag,0.
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Figure 6  FTIR-ATR spectra of freeze-dried samples of AgNPs
synthesized by T. albida strain 2.

at 27°C. The authors reported an increase in size medi-
ated by the temperatures of the synthesis, and the plasmon
obtained shifted toward higher wavelengths. In the present
study the theoretical model suggests a decrease in NPs
size at low temperature of synthesis similar to the results
reported by Javani et al.?°.

Concerning the absorption spectra, it is known that
biogenic species display absorption bands in the UV due
to protein molecules present in the extract, for exam-
ple as stated by Sharma et al.*’. In our experiments, this
fact was carefully taken into account in the absorbance
determination process using as reference the same extract
(background) as the one used for NPs synthesis (sample).
Under this condition, the absorption band in the range
200-300 nm could be due to the excitation of silver inter-
band transitions and also the presence of few-atoms Ag
nanoclusters (proto NPs) suspended in the sample. Santillan
et al.* reported the same band when studying Ag clusters
fabricated in pure water by laser ablation (without biological
compounds), indicating the same origin of the band. Dur-
ing the centrifugation steps, the plasmon band decreased
in intensity while the UV absorption band remained approx-
imately constant. This could indicate that the number of
AgNPs decreases faster than nanoclusters in the centrifuga-
tion process.

AgNPs obtained using T. albida resulted in a spherical
shape of about 2-3 nm, having a capping material surround-
ing them. The maximum SPR peak reached was on day 3,
similarly to wood decay fungi Trametes trogii??. Although
the malachite green test has been positive, ligninolytic
enzymes do not seem to be present. The decoloration halo
seen in malachite green medium might be attributed to
another metabolic pathway such as hydroquinone'. There-
fore, it could be considered that ligninolytic enzymes are
not related to the synthesis of AgNPs in the genus Tulas-
nella. Other authors proposed the role of NADH-dependent
nitrate reductase in NPs biosynthesis®'. Previous reports on
T. calospora (Boud.) Juel showed that this enzyme is not
present in the metabolism of the genus Tulasnella?. On
the other hand, Ehsan et al. while studying the secretome
of T. calospora reported the presence of a high nhumber of
small, secreted proteins that are mainly glycoside hydro-
lases and thaumatin-like proteins’. Additionally, Wanarska
and Maliszewska*® proposed the role of polysaccharides and
other polypeptides as mediators of the synthesis of AgNPs.
It should be noted that the measurements of total proteins
and reducing sugars using the methodology of this work did
not show any results due to the low presence of these com-
pounds in the fungal filtrate. This result may be of interest
given the great reducing power observed for the synthe-
sis of AgNPs despite the low presence of proteins in the
synthesis medium. Detailed studies evaluating the possible
mechanism involved in the synthesis of AgNPs are necessary
to elucidate the role of components during the process of
synthesis. The FTIR-ATR spectra showed that proteins are
present, indicating a possible role in the synthesis of AgNPs.
On other hand, the images obtained from EDS showed that
the area occupied by capping had small clusters of Ag, sug-
gesting that the capping could play a role as a reducing
agent. Sytu and Camacho®, using Lenzites betulinus (L.)
Fr., suggested that the biological capping of nanoparticles
is composed of protein and polypeptide molecules. Func-
tional groups such as carboxyl, hydroxyl, and amide groups
of the proteinaceous capping molecules could participate
in the reduction and stabilization process of AgNPs. The
results of the present study agree with the hypothesis that
the reduction of Ag continues at the expense of the capping
macromolecules.

The chemical composition of NPs was studied using
different techniques. Optical extinction spectra (OES)
of the different stains were carried out, taking into
account the corresponding biological background. In all of
them, plasmon absorbance peaks at about 425nm were
observed, indicating the presence of metallic silver NPs. The
absorbance features observed for wavelengths smaller than
300 nm may be assigned to silver interband transitions and
to the presence of small clusters (proto NPs), which also
support the proposed metallic composition of the nanopar-
ticle. Typical plasmon resonance for small AgNPs in water is
centered at 400 nm. The observed shift can be due to three
reasons: NP size in excess of 30 nm, environmental refractive
index or the presence of a shell around the silver core. From
the TEM analysis, the typical NP size in our samples is smaller
than 20 nm according to the histogram performed, ruling out
the first reason. Since NPs are suspended in an environment
mainly composed of water, the second reason cannot be
responsible for the observed plasmon shift. Since silver is
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prone to oxidation in the presence of an aqueous solution,
it is plausible to argue that a silver oxide shell is formed
around the silver metal core. The experimental spectra cor-
responding to colloidal NPs immersed in biological material
exhibit the peak position at 425 nm. The excellent fit (shape
and plasmon peak location) using the Rayleigh approxima-
tion to the Mie theory supports the argument that Ag-Ag,0
structures are present in the colloid. On the contrary, it is
worth noting that without considering an Ag,0 shell, the fit
would not have been good and the peak would not have been
red-shifted up to 425 nm.

On the other hand, the Micro Raman analysis over sev-
eral zones on dried drop samples showed Raman shifts
corresponding to stretching and vibrations of Ag,0 bonds,
confirming the presence of this type of oxide. The comple-
mentary analysis performed by EDS mapping images over
selected NPs, shows the presence of silver and oxygen, indi-
cating that both elements are available for the combination
of Ag,0.

Conclusion

The present work provides evidence that the Antarctic
strains of T. albida are capable of synthesizing AgNPs with a
high performance at 28 °C, and that this biosynthesis process
could occur at low temperatures (6°C). The NPs obtained
have spherical shapes with sizes between 1 and 10 nm with
a structure of core shell Ag-Ag,0. Additionally, our findings
suggest the presence of nanoclusters of Ag and their loca-
tions indicate that the capping acts as a reducing agent. On
the other hand, the mechanism of NPs synthesis remains
unknown. However, the characterization performed here
and the information reported by other authors indicate that
neither ligninolytic enzymes nor NADH-dependent nitrate
reductase play a relevant role in the synthesis of AgNPs in T.
albida. Cold-adapted microorganisms have a great potential
in biotechnological application, offering numerous advan-
tages: growth capacity, enzymatic activities, and catalytic
efficiencies at low temperature range, preventing the risk
of microbial contamination and even energy saving. These
capabilities grant flexibility in industrialization processes,
allowing development outside optimal conditions. Our study
presents new findings that contribute to the knowledge of
extremophilic organisms and their potential use in nan-
otechnology.
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