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Improved biosynthesis and
characteristics of silver
nanoparticles using marine
endophytic fungi exposed to hypo-
osmotic stress

Miguel A. M. Oliveira?, Maria L. Calado?, Sara F. C. Guerreiro®3*>, Juliana R. Dias?,
Maria J. Campos?, Patrick G. Murray® & Sara C. Novais'™*

Silver nanoparticles (AgNPs) are valued for their unique properties and can be synthesized biologically,
offering a greener alternative to traditional methods. This study assessed the potential of cell-free
filtrates (CFFs) of seaweed-associated marine fungi to produce AgNPs. More specifically, Talaromyces
pinophilus, Aspergillus fructus, Stemphylium gracilariae, Purpureocillivm lilacinum, Microascus croci,
Penicillium toxicarium, Exophiala mesophila, and Emericellopsis maritima, when cultured in media
prepared with artificial seawater or distilled water (hypo-osmotic conditions) as a possible stress
inducer. Optimization of the reaction conditions including changes in pH, temperature, reaction time,
and the concentration of AGNO, and CFF were evaluated for obtaining high relative concentrations and
theoretically small sized AgNPs. High pH (10), elevated temperature (100 °C), and the highest AgNO,
concentration tested (1.5 mM) were found to be key. Moreover, CFFs from marine endophytic fungi
grown under hypo-osmotic conditions, in particular T. pinophilus, A. fructus, P. lilacinum, P. toxicarium,
and E. maritima, biosynthesized higher relative concentrations of generally monodispersed AgNPs
with moderate stability (zeta-potential between -20 and - 30 mV) and varying nanoparticle average
sizes (between 40.64 and 191.60 nm) with high percentages of very small particles (bellow 50 nm). This
study demonstrates the potential of marine endophytic fungi for AGQNPs biosynthesis, showing that
modifying fungal growth conditions enhances green AgNPs production. Future research on diverse
stress conditions may further optimize this eco-friendly approach.

Keywords Cell-free filtrate, Fungal mediated synthesis, Green synthesis, Nanotechnology, Response surface
methodology

Silver nanoparticles (AgNPs) are a sought-after nanomaterial due to their numerous application possibilities.
AgNPs, in the 1-100 nm size range, are very prominent in the nanotech industry due to their unique
physicochemical characteristics (e.g., size, shape, morphology) that confer them specific biological properties
(e.g., antimicrobial, anticancer, anti—inﬂammatory)l'z.

AgNPs can be synthesized by traditional physicochemical methods or through biological processes, which
can be generally classified into top-down (bulk materials are broken down) and bottom-up (atoms and molecules
are combined) approaches’. Traditional production of AgNPs (e.g., laser ablation, chemical reduction) can
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often be expensive and can release harmful chemicals into the environment particularly in the stabilization
steps!. Therefore, alternative methods are being explored to reduce these negative impacts. The biosynthesis
of nanoparticles has attracted growing interest as a more environmentally friendly alternative aligned with the
principles of green chemistry®. This innovative approach is simpler, reliable, cost-effective, environmentally
beneficial and allows the production of a high yield of colloidal AgNPs with defined size and morphology and
reasonable stability and longevity in mild reaction conditions">%. AgNPs biosynthesis can be facilitated by both
multicellular and unicellular organisms from terrestrial and marine environments. Biological extracts from these
organisms can act as efficient capping and reducing agents®. Biosynthesized AgNPs have been shown to exhibit
significant bioactive properties, including antimicrobial, antioxidant, antibiofilm, and anticancer activities®.

The use of fungal biomass or their cell-free filtrates (CFFs), is an efficient and cost-effective approach that
enables large-scale production due to fast mycelial growth, low subproducts toxicity and high production of
unique metabolites that can enhance AgNPs stability, biological activity, and production yield**”. The fungal
system can be used for intracellular (incorporation of the metal precursor into the mycelium) or extracellular
(addition of the metal precursor to the CFF) biosynthesis, being the later the most used®®. The biosynthesis
reaction varies greatly with the fungal species used, as different species produce distinct metabolites, but also
with culturing and synthesis conditions, such as temperature, pH, and metal salt precursor concentrations,
resulting in AgNPs with different characteristics®”.

Fungi that occur in marine environments, associated with various marine hosts or substrates, have recently
become the focus of bioprospecting studies®. Marine endophytic fungi, and particularly those colonizing the
internal tissues of seaweed in an apparent beneficial relationship, have been shown to be capable of producing
chemically new and structurally unique compounds with several biotechnological applications®!°. There are
relatively few studies showing the ability of marine fungi CFFs to produce AgNPs, with the first one being
published in 2009, and even less with marine fungi associated with seaweed!!"'%. Moreover, there is limited
information on optimal conditions for AgNPs with ideal yield, size, and stability, as fungal species, culturing and
reaction conditions affect metabolite production, influencing these characteristics.

Thus, the main objective of this work was to assess the capacity of different marine fungal species’ cell-free
filtrates to synthesize colloidal AgNPs with optimal size, yield, dispersity, and stability. To achieve this goal the
following specific objectives were pursued: (1) to isolate marine endophytic fungi associated with seaweeds and
evaluate their growth rates under different culture conditions (presence and absence of salt in the culture medium
as potential hypo-osmotic stress induction); (2) to access the capacity of the cell-free filtrates to synthesize silver
nanoparticles, optimizing synthesis conditions.

Methods

Isolation of marine endophytic fungi from different seaweed hosts

Attached and healthy thalli of five species of seaweed—Corallina elongata ].Ellis & Solander, 1786, Cystoseira
tamariscifolia (Hudson) Papenfuss, 1950, Fucus guiryi Zardi, Nicastro, E.S.Serrdo & G.A.Pearson, 2011,
Sargassum cf. muticum (Yendo) Fensholt, 1955, and Stypocaulon scoparium (Linnaeus) Kiitzing, 1843—were
collected from a sandy beach in Lega da Palmeira (41.1883°N, 8.7070°W) and two sandy beaches in the Peniche
peninsula (Gambda: 39.3651°N, 9.3728°W; Portinho da Areia Norte: 39.3691°N, 9.3779°W) from May to
October 2018. In the laboratory, the algal samples were carefully rinsed with sterile seawater and their surfaces
were sterilized to ensure the exclusive isolation of endophytes. Each sample was aseptically cut into small
segments and inoculated onto two culture media, malt extract agar [malt extract (30 g/L; VWR Chemicals,
Radnor, Pennsylvania, USA), peptone (5 g/L; VWR Chemicals) and agar (15 g/L; Liofilchem, Italy)] and corn
meal agar [corn meal (50 g/L; Sigma-Aldrich, St. Louis, Missouri, USA) and agar (15 g/L; Liofilchem)] prepared
with sterile seawater, supplemented with chloramphenicol (Sigma-Aldrich) at a concentration of 200 mg/L. The
plates were incubated at 28 °C, in the dark, and monitored daily for the emergence of new hyphae from the
inner algal tissue. Each fungal strain was then transferred to a new plate with potato dextrose agar medium
[potato dextrose (24 g/L; VWR Chemicals) and agar (15 g/L; Liofilchem)] and followed sequential inoculations
to obtain a pure culture. Once a pure culture was established for every isolate, the biological material proceeded
to molecular identification.

Molecular identification of marine fungal isolates

Based on preliminary assays on the potential of the isolated fungal strains for AgNPs biosynthesis (data not
shown), and with the aim of including at least one species from each seaweed source, eight out of the eighteen
strains isolated were molecularly identified and further tested. The identification method involved extracting
genomic DNA using an optimized phenol-chloroform protocol'®, followed by amplification and sequencing of
internal transcribed spacers (ITS) 1 and 2, along with the intervening 5.8S region of nuclear ribosomal DNA,
using the primer pair ITS5 and ITS4'6. Additional genes were also amplified and sequenced for the identifications
of specific fungal groups, to enable the identification to the species level. The following primers pairs were used
in this study: T1/Bt2b and Bt2a/Bt2b for partial B-btubulin gene of Emericellopsis, and Microascus, Penicillium,
and Talaromyces genera, respectively!’-2%; RPB2-5F/RPB2-7CR for RNA polymerase II (RPB2) gene of
Emericellopsis and Penicillium genera'”?'; CALDF1/CALDR and CMD5/CMD6 for partial calmodulin (cal)
gene of Stemphylium, and Aspergillus and Penicillium, respectively'”*?%; and EF1-983/EF1-2218r for partial
translation elongation factor 1-alpha (tefl-a) gene of Emericellopsis and Microascus genera?®?!. The conditions
of polymerase chain reactions (PCR) and purification of PCR products are described in'’. The DNA sequences of
the isolates were compared with those published in the National Center for Biotechnology Information (NCBI)
database and identified to the lowest taxonomic level possible. The identification of one of the fungal isolates
required a multilocus phylogenetic analysis, using the genes that presented higher phylogenetic signal. This
analysis was performed with the aligned sequences of different genes/regions from the isolate and closely related
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species, involving the construction of a phylogenetic tree based on maximum Likelihood (ML) criteria. ML
analysis was based on the best-fit nucleotide substitution model determined by the lowest Akaike information
criterion value, and the gaps were treated as partial deletion with a 95% site coverage cut-off. ML tree was
inferred using the Nearest-Neighbor-Interchange method as a heuristic method, and a neighbor-joining starting
tree automatically generated by the MEGA 11.0.10 software. The relative robustness of the clades was assessed
by performing 1000 bootstrap replicates.

Determination of growth rates of marine fungal isolates under seawater and distilled water
medium conditions

The growth rate of fungi is commonly determined through measuring the colony diameter on the agar plate?*.
In the present study, daily diametric measurements of the colonies were done. Each of the eight fungal isolates
were cultivated in media with and without artificial saltwater to assess whether the absence of salt in the growth
medium could act as a hypo-osmotic stressor with potential benefits to produce metabolites capable of reducing,
capping and stabilizing AgNPs. Specifically, each fungal species was inoculated in malt extract, yeast extract,
glucose, and peptone (MYGP) agar medium [agar (15 g/L; Liofilchem), malt extract (3 g/L; VWR Chemicals),
yeast extract (3 g/L; VWR Chemicals), glucose (10 g/L; Biochem Chemopharma, France), peptone (5 g/L; VWR
Chemicals)] prepared either with artificial seawater (sSW) or distilled water (sDW). The artificial seawater was
prepared with Sea Salt Instant Ocean (Aquarium Systems Inc., Atlanta, Georgia, USA) at 35 parts per thousand
(ppt) with ultrapure water. The experiment was carried out in triplicates. All the plates were incubated at 28 °C,
in the dark, for ten days.

Production of cell-free filtrates (CFFs)

After ten days of incubation, seven mycelial plugs were detached from the actively growing edge of each
culture (eight in sSSW and eight in sDW) and inoculated in 100 mL of MYGP broth [malt extract (3 g/L; VWR
Chemicals), yeast extract (3 g/L; VWR Chemicals), glucose (10 g/L; Biochem Chemopharma), peptone (5 g/L;
VWR Chemicals)] prepared either with distilled water or artificial seawater, correspondent to the growth in the
agar medium (16 flasks in total). The fungal isolates were incubated at 28 °C, 130 rpm for 72 h. After this period,
the biomass of each strain was harvested in aseptic conditions by filtration through sterile muslin and washed
with sterile ultrapure water to eliminate or reduce the components of the medium in the following steps. Each
mycelia biomass was then suspended in 100 mL sterile ultrapure water and incubated at 28 °C, 130 rpm for 72 h.
Afterwards, the cell-free filtrates (CFFs), containing the biomolecules produced by the fungi, were obtained by
further filtering the liquid culture of each isolate through sterile muslin, while discarding the fungal biomass.
The CFFs were then subjected to centrifugation at 3200 g for 30 min at 4 °C followed by a subsequent filtration
using 0.22 um syringe filters. The CFFs were stored at -80 °C until further analysis.

AgNPs biosynthesis and optimizations through the Response Surface Methodology (RSM)
The AgNPs biosynthesis optimization process was carried out using the Response Surface Methodology (RSM)
with a Box-Behnken experimental design. This methodology enables the simultaneous evaluation of multiple
variables, minimizing the number of experiments required, and optimizing the conditions for synthesizing
AgNPs with ideal yield, size, and stability. The optimization process, done in 500 pL reactions, was performed
with four out of the sixteen produced CFFs, in two separated RSM experiments, both using Box-Behnken
experimental designs, testing five independent variables for each one: pH (5, 7.5, and 10; adjusting the pH of
the CFFs with sodium hydroxide and hydrochloric acid), temperature (50, 75, and 100 °C), reaction time (30,
105, and 180 min), silver nitrate concentration (AgNO;; 0.25, 0.875, and 1.5 mM), and CFF concentration in
the 500 uL reaction (25, 42.5, and 60% v/v) (Supplementary Table 1). Firstly, pH, temperature, and reaction
time were evaluated in RSM1 and then AgNO, and CFE along with reaction time, were evaluated in RSM2. For
RSM1, 40% (v/v) of CFF and 1 mM AgNO, were fixed and then the optimal settings in terms of temperature and
pH obtained from RSM1 were fixed for RSM2. The AgNO, stock solution (10 mM; Thermo Fisher Scientific,
Waltham, Massachusetts, USA) was prepared in ultrapure water. A negative control (distilled water at pH 10
instead of CFF) was run for every condition tested. Preliminary confirmation of AgNPs production was done
by visual observation of the color change, followed by a UV-Vis spectrometry analysis (Synergy H1 Multimode
Reader, BioTek, Winooski, Vermont, USA) at a wavelength range between 300-700 nm to determine their
surface plasmon resonance peaks with 10 nm reading gaps at room temperature (RT). The presence of a clear
and defined localized surface plasmon resonance (LSPR) peak in the region between 400 and 450 nm indicates
AgNPs synthesis. The absorbance at maximum peak as well as the wavelength at maximum peak for each run of
the RSMs were the response parameters used as output for the models, serving as an indication for the relative
concentration and size of the synthesized AgNPs, respectively. To verify that the tested conditions, particularly
those closest to the optimal ones predicted by the models, contributed to nanoparticle stabilization, the stability
of the biosynthesized AgNPs was assessed by storing the samples at room temperature for 48 h. Samples that
showed no visible precipitate after this period were considered stable.

After optimization, all 16 CFFs were used for the AgNPs biosynthesis reactions under the optimal conditions
(pH 10, 100 °C, 105 min, 1.5 mM AgNO,, and 40% v/v CFF), in a 500 pL reaction volume. A negative control
(distilled water at pH 10 instead of CFF) was run for every condition tested. The reactions of the CFFs that
produced better results were selected for further characterization, in triplicates. Data treatment of the results
(mean + standard deviation) of AgNPs absorbance was done on BioTek Gen5 software (version 3.02, BioTek).

AgNPs characterization
Based on UV-Visible analysis, the samples of synthesized AgNPs that demonstrated higher absorbances and
peak wavelengths close to 400 nm (indicative of theoretically smaller nanoparticles) were selected for further
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characterization. Triplicates of the five selected AgNPs (AgNPs biosynthesized by the CFFs of Talaromyces
pinophilus, Aspergillus fructus, Purpureocillium lilacinum, Penicillium toxicarium, and Emericellopsis maritima)
were separated by a centrifugation process at 20,500 g for 1 h at RT, redispersed in 500 pL of ultrapure water,
and pooled for further characterization (5 pooled samples, from three replicates, one of each fungal CFF).
For the analysis of the AgNPs average size (Z-average) and size distribution, a dynamic light scattering (DLS)
analysis was performed, enabling the determination of whether the samples have a uniform size distribution
(monodisperse) or a broad range of sizes (polydisperse) through the polydispersity index (PdI). AgNPs stability
through the zeta potential ({-potential) was also determined. A Zetasizer Ultra Red (Malvern Instruments Ltd.,
United Kingdom) was used for the DLS and {-potential analysis at 25 °C with a threefold dilution of the samples
in ultrapure water. The results were treated on ZS Xplorer (version 3.3.1.5, Malvern Instruments Ltd.). Fourier
Transform Infrared spectroscopy (FTIR) analysis was performed in an Alpha-P FTIR (Bruckner, Billerica,
Massachusetts, USA) with a resolution of 4 cm™!. The spectrum (wavelength vs transmittance) was recorded
between 4000-400 cm™! to identify chemical bonds groups of possible biomolecules involved in the biosynthesis
and AgNPs capping and stabilization. The AgNPs morphology, aggregation, and dispersion were examined by
scanning electron microscopy (SEM) using Vega3-LMU (TESCAN, Czech Republic). Prior to examination,
samples were coated with an Au/Pd thin film by sputtering (Quorum Technologies, UK). Additionally, Energy-
Dispersive X-ray (EDX, Brucker Spectroscopy, Xflash 6-30, Wiirzburg, Germany) was performed to analyze the
elemental composition of the synthesized AgNPs.

Statistical analysis

Student t-tests were performed using TIBCO Statistica (version 14.0.0.15, TIBCO Software Inc, Palo Alto, CA,
USA), to compare the growth of each marine fungal species in solid culture medium made with distilled water
and with artificial seawater, to assess possible hypo-osmotic stress on their growth (n=6, three of hypo-osmotic
growth and three of artificial seawater growth—for each tested species). For the optimization of the AgNPs
production conditions, two Box-Behnken design experiments were performed for each of the four CFFs tested,
resulting in 120 experimental runs (60 runs for each RSM), for which the values of the five variables under study
(pH, temperature, reaction time, AgNO, concentration, and CFF concentration), and the values for each of the
two parameters determined (absorbance and wavelength at maximum peak) were organized in different tables.
For each Box-Behnken experiment, eight response surface models were computed (four CFFs x two output
parameters; sixteen models in total), using TIBCO Statistica (version 14.0.0.15). The goodness-of-fit statistical
parameters (sum of squares, adjusted R-squared, p-value, and degrees of freedom) are reported alongside the
contour plots for each fitted model. In some cases, 2 x or 4 x dilutions of the reaction products were performed
to allow the measurement on the UV-Vis and for the modelling purposes these absorbance outputs were then
multiplied by their respective dilution factor. Where applicable, the data were expressed as mean + standard
deviation and for all statistical tests, the significance level was set at p<0.05. Contour-plots were done on TIBCO
Statistica (version 14.0.0.15). GraphPad Prism (version 8.0.2.263, Boston, Massachusetts, USA) was used for the
graphics related to the fungal growth rates and AgNPs characterization results.

Results

Identification of marine endophytic fungi

The DNA sequences of the isolates were deposited in the NCBI database under the accession numbers PQ591461-
PQ591467, PV393045-PV393047, and PV418101-PV418102. The molecular approach enabled the identification
of the eight selected fungal strains to the species level: T. pinophilus, A. fructus, Stemphylium gracilariae'S, P.
lilacinum, Microascus croci, P. toxicarium, Exophiala mesophila, and E. maritima (Supplementary Table 2, 3, and
4). The multilocus phylogenetic tree generated by ML analysis regarding M. croci is shown in Supplementary
Fig. 1. All the identified fungal taxa are included in the phylum Ascomycota.

Effects of hypo-osmotic conditions on the growth of marine fungal isolates

The growth rates of the fungal isolates in the presence and absence of salinity were determined for seven out of
the eight species (Fig. 1). The growth rate of E. mesophila was not calculated due to its irregular and non-radial
growth pattern. Significant statistical differences were observed in the growth rates of five species (A. fructus, S.
gracilariae, P, lilacinum, M. croci, and E. maritima). The growth rates were higher in the presence of salinity, in
contrast to P, lilacinum (Supplementary Table 5). Besides the differences in growth rates, different pigmentation
or morphology were also observed for those five species (Supplementary Fig. 2).

AgNPs biosynthesis and reaction optimization studies

The RSM optimization procedures were performed with four different CFFs (A. fructus SW, T. pinophilus DW,
P lilacinum DW, and E. maritima DW) resulting in eight models for each RSM (two output parameters) and 16
models in total. However, in the case of E. maritima DW CFF, the conditions tested in the second RSM did not
produce enough differences in the UV-Vis spectra profile to allow for an adjustment of the model. The goodness-
of-fit and statistical parameters for each of the fourteen remaining models can be found on Supplementary Table
6.

Regarding the first optimization (RSM1), the contour plots resulting from the models with higher regression
coefficients can be seen in Fig. 2, specifically the best fitted model for absorbance at maximum peak (Fig. 2a—-c)
and for wavelength at maximum peak (Fig. 2d—e) according to the three tested variables (pH, temperature,
and reaction time). Regarding absorbance at maximum peak (ODmax) as an indication of AgNPs relative
concentration, results of the models showed that time had little influence on the biosynthesis reactions and that
temperature and especially pH were the main drivers influencing the increase in absorbance with higher pH
values and higher temperature settings improving the relative concentration of AgNPs (Fig. 2a—c; Suppl. Table
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Fig. 1. Fungal growth rate in millimeters per hour (mm/h) of Talaromyces pinophilus, Aspergillus fructus,
Stemphylium gracilariae, Purpureocillium lilacinum, Microascus croci, Penicillium toxicarium, and Emericellopsis
maritima, with daily measurements taken for ten days. Black bars represent fungal isolates cultured on solid
medium with distilled water (sSDW) and grey bars represent fungal isolates cultured on solid medium with
artificial seawater (sSW). Student t-tests were performed and * represents statistically significant differences
between culturing conditions for each fungal isolate (p <0.05).

6). As for the wavelength at maximum peak (Amax), as an indication of the AgNPs’ theoretical size, the same
observations could be made with especially higher pH producing a shift of the absorbance peak to the left of
the spectra, closer to 400 nm (Fig. 2d-f; Suppl. Table 6). Overall, after the experiments of RSM1, the results of
the models led to the decision to fix the temperature at 100 °C and pH 10 for the second Box-Behnken design.
The contour plots for the best fitted models after the second optimization (RSM2) are also seen in Fig. 2, with
the best fitted model for absorbance at maximum peak in graphs g-i and best fitted model for wavelength at
maximum peak in graphs j-1, according to the three tested variables (AgNO, concentration, CFF concentration,
and reaction time). The results pointed to a clear and main influence of AgNO, concentration in the absorbance
values of AgNPs, with higher concentrations of the metal salt producing higher absorbance values (Fig. 2g, h;
Suppl. Table 6). This combination of conditions also showed that reaction times longer than 90 min are more
likely to produce theorical smaller nanoparticles. As the reaction time increases, the absorbance peaks shift
closer to 400 nm (Fig. 2k, 1; Suppl. Table 6).

Based on the overall results of all the optimization experiments with the four different CFFs, it was possible to
set the optimal conditions for AgNPs biosynthesis as: pH 10, 100 °C, 105 min, 1.5 mM AgNO3 and 40% (v/v) of
CFE. To note that all AgNPs synthesized with those conditions in the RSM experiments were considered stable.
Having this information, all 16 produced CFFs (eight species cultured in DW plus the same eight species cultured
in SW), were used for new biosynthesis reactions under the optimal conditions and the UV-Vis spectrum results
can be seen in Fig. 3.

From the analysis of the 16 reactions, it is possible to observe that eight of the CFFs had limited or no
capacity for AgNPs biosynthesis, namely T. pinophilus SW (Fig. 3a), S. gracilariae grown at both DW and SW
(Fig. 3¢), P, lilacinum SW (Fig. 3d), and M. croci, and E. mesophila grown at both DW and SW (Fig. 3e, g). For
the remaining CFFs it is also clear that the fungi cultured in distilled water (DW) produced CFFs with higher
capacity for AgNPs production in terms of relative concentration, accordingly to the higher absorbance values
of the DW CFFs in comparison with the SW CFFs of the same fungi (Fig. 3b, f, h). In fact, for some of the fungal
species, only the DW CFF was able to reduce the silver ions, as seen in the case of T. pinophilus and P. lilacinum
(Fig. 3a, d). Moreover, it can also be observed that the DW CFFs generally produced narrower absorbance peaks
(an indication of monodispersion) at lower wavelengths (an indication of smaller particles), compared to their
SW counterparts (Fig. 3b, f, h). For this reason, the five best performing DW CFFs were chosen for further
characterization: A. fructus CFE, P. toxicarium CFF, E. maritima CFE, T. pinophilus CFF, and P. lilacinum CFE
The CFF of E. maritima grown in DW was the one producing a narrower absorbance peak and with higher
absorbance values (Fig. 3h). The summary table of the AgNPs biosynthesis by all cell-free filtrates alongside the
marine fungi growth rates is shown in Supplementary Table 7.

AgNPs characterization
The UV-vis spectrum of the new AgNPs biosynthesis reactions with the selected CFFs, in triplicates, is shown
in Fig. 4.

Having into consideration the dilution factors applied for the spectrophotometric analysis, E. maritima
DW CFF produced the higher relative concentration of AgNPs (higher absorbance values at maximum peak)
followed by P. lilacinum, A. fructus, P. toxicarium, and T. pinophilus. All CFFs produced peaks of absorbance

Scientific Reports |

(2025) 15:16327 | https://doi.org/10.1038/541598-025-98978-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

SW CFF
R2=.717

Aspergillus fructus

SW CFF

Aspergillus fructus
R2

Purpureocillium lilacinum
DW CFF

Talaromyces pinophilus
DW CFF

.958

R? = .886

R?= 827

Reaction Time (min)

Reaction Time (min)

Filtrate (%)

Filtrate (%)

04

06

06

First Optimization (RSM1)

Reaction Time (min)

ODmax
m>1s
110l <15

<1
<05

4
40 50 60 0 80 % 100
Temperature (°C)

Reaction Time (min)
g 8 2

®
8

2
3

5 ° ° ° Amax
01> 450 w0
s <450
w45 i B < 440 %
70 80 % 100 uc= e 40 50 60 70 ) % 100 uo= b
Temperature (°C) <405 Temperature (°C) <410

Second Optimization (RSM2)

3

Reaction Time (min)
g
Filtrate (%)

o
8
H

08 10
AgNO; (mM)

>
L8686alde

08 10 60 8 100 120 140

Reaction Time (min) -3

AgNO; (mM)

Reaction Time (min)
Filtrate (%)

Amax

. > 420
20055 <420
W <415

08 10
AgNO; (mM)

06 08 10
AgNO; (mM)

80 100 120 140 160 180
Reaction Time (min)

Fig. 2. Contour plots of the modelled function regarding the absorbance at maximum peak (ODmax)

and wavelength at maximum peak (Amax) obtained for the first Response Surface Methodology (RSM)
optimization (RSM1; a—f) regarding the variables temperature, pH, and reaction time, and the second RSM
optimization (RSM2; g-1) regarding the variables silver nitrate (AgNO,) concentration, cell-free filtrate

(CFF) concentration, and reaction time, in the reactions of silver nanoparticles (AgNPs) biosynthesis using

a Box-Behnken design. Only the models with higher regression coeflicients are presented, namely the one
with Aspergillus fructus grown in seawater medium (SW) CFF for RSM1 regarding ODmax (a—c) and Amax
(d-f), Purpureocillium lilacinum grown in distilled medium (DW) CFF for RSM2 regarding OD max (g-i) and
Talaromyces pinophilus DW CFF for RSM2 regarding Amax (j-1).

between 410-420 nm, with E. maritima DW and specially A. fructus DW having peak maximum at 410 nm
slightly more to the left of the wavelength spectrum indicative of smaller nanoparticles and T. pinophilus DW at
420 nm more to the right and indicative of larger nanoparticles.

The purification process of the produced AgNPs resulted in a reduction of relative concentration of around
30 to 44% (Supplementary Table 8). However, despite the decrease in the overall absorbance levels, the UV-Vis
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Fig. 3. UV-visible or surface plasmon resonance (SPR) spectrum of the silver nanoparticles (AgNPs)
biosynthesized by distilled water (DW, black squares) and artificial seawater (SW, grey triangles) grown fungi
cell-free filtrates (CFF) of Talaromyces pinophilus (a), Aspergillus fructus (b), Stemphylium gracilariae (c),
Purpureocillium lilacinum (d), Microascus croci (e), Penicillium toxicarium (f), Exophiala mesophila (g), and
Emericellopsis maritima (h).

spectrum curves after purification exhibited similar profiles, apart from P. lilacinum DW CFF that exhibited a
wider curve (Supplementary Fig. 3).

Average nanoparticle size (Z-average) and polydispersity index (PdI) values retrieved from the dynamic light
scattering (DLS) analysis, as well as the zeta-potential ({-potential) of the synthesized particles, are demonstrated
in Figs. 5 and 6, respectively.

Regarding particle size, it is possible to observe that the frequency of sizes varied in the different samples,
characterized by a wide range of PdI values between 0.235+0.067 (E. maritima DW CFF) and 0.622+0.161
(P, lilacinum DW CFF) (Fig. 5). The CFF of A. fructus grown in DW produced the particles with the smallest
average size (40.64+2.65 nm) and P, lilacinum DW CFF produced the particles with the largest average size
(191.60£8.07 nm) (Fig. 5). It can also be highlighted that, although the average size is larger than in the case
of A. fructus DW CFF, the CFF of E. maritima grown in DW was the one producing the higher frequency of
the smallest size group particles (0-25 nm) (Fig. 5). As for the {-potential, all biosynthesized AgNPs presented
values below —20 mV, with E. maritima DW CFF and P. lilacinum DW CFF producing the particles with the
lowest (—28.1 mV) and highest (—24.2 mV), respectively (Fig. 6).

Regarding the FTIR analysis, the main peaks representing chemical components that could be involved
in AgNPs synthesis and capping, were detected from the surface of the AgNPs produced with all five fungal
DW CFFs and are demonstrated in Fig. 7. The peak wavelengths of each sample, along with their possible
corresponding chemical bonds and functional groups are given in Supplementary Table 9.

Similar FTIR spectra were detected for all analyzed samples, although the exact same 10 peaks at similar
wavenumbers were only detected for P toxicarium and E. maritima DW CFFs (Fig. 7d, e; Suppl. Table 9).
Moreover, the AgNPs synthesized from P. lilacinum DW CFF did not present the peak possibly related with
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Fig. 4. UV-visible spectrum (a) of silver nanoparticles (AgNPs) biosynthesized by the cell-free filtrates (CFFs)
of Talaromyces pinophilus (blue), Aspergillus fructus (red), Purpureocillium lilacinum (purple), Penicillium
toxicarium (green), and Emericellopsis maritima (orange) grown in distilled water (DW) medium. Samples
were run with a negative control (distilled water plus AgNO,; black). The error bars represent standard
deviation for each average absorbance point. A visual example of the before and after the Aspergillus fructus
CFF AgNPs biosynthesis in comparison to the negative control is also shown (b).
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Fig. 5. Size distribution (nm) versus intensity (%) in the dynamic light scattering (DLS) analysis for the
silver nanoparticles (AgNPs) biosynthesized by the Talaromyces pinophilus (blue), Aspergillus fructus (red),
Purpureocillium lilacinum (purple), Penicillium toxicarium (green), and Emericellopsis maritima (orange) cell-
free filtrates (CFF) of the fungi grown in distilled water (DW) medium. Respective average nanoparticle size
(Z-average) and polydispersity index (PdI) values are reported on top of each group.

a O-H stretching bond as all the others (Fig. 7c; Suppl. Table 9), while the peak related to possible S-S/S-S
stretching/C-Br bonds was also undetected for T. pinophilus and A. fructus samples (Fig. 7a, b; Suppl. Table 8).
Opverall, similar functional groups may be involved in the AgNPs synthesis and capping by the analyzed CFFs
(Suppl. Table 9).

The morphological analysis of the particles, performed by scanning electron microscope (SEM), can be seen
in Fig. 8. AgNPs are generally well dispersed and possess varied shapes for example, spherical, quasi-spherical,
star-shape, polyhedral shapes (e.g., cube, pentagon...), rod-like shape and others. Almost all CFFs synthesized
spherical and quasi-spherical AgNPs, although star-shape AgNPs could be observed for T. pinophilus (Fig. 8a),
polyhedral shapes for P. lilacinum (Fig. 8c), and rod-shape for E. maritima (Fig. 8¢). Also, from the SEM analysis
it can be observed that, under this magnification, the density of the AgNPs from T. pinophilus DW CFF seems
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Fig. 7. Fourier-transform infrared spectroscopy (FTIR) spectrum and the detected peaks of the surface
of biosynthesized silver nanoparticles (AgNPs) from the cell-free filtrates of Talaromyces pinophilus (blue,

a), Aspergillus fructus (red, b), Purpureocillium lilacinum (purple, c), Penicillium toxicarium (green, d), and

T
400

Emericellopsis maritima (orange, e) grown in distilled water medium. Different peaks in the graph may indicate
the presence of different functional groups.

to be lower and the AgNPs of P. lilacinum DW CFF appear to be bigger in size than all the other (Fig. 8a, c).
Even though all AgNPs seem to be generally monodispersed, those AgNPs of T. pinophilus, P. lilacinum and E.
maritima seemed to have more aggregates (Fig. 8a, ¢, e). Energy-dispersive X-ray spectroscopy (EDX) analysis
confirmed the presence and relative concentration of silver in the biosynthesized nanoparticles (Supplementary

Fig. 4).
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Fig. 8. Scanning electron microscope (SEM) images of the biosynthesized silver nanoparticles (AgNPs) by the
cell-free filtrates of Talaromyces pinophilus (a), Aspergillus fructus (b), Purpureocillium lilacinum (c), Penicillium
toxicarium (d), and Emericellopsis maritima (e) on a scale of 2 pum with a 10 k magnification.

Discussion

All the identified fungal species belonged to the phylum Ascomycota, confirming the dominance of this phylum
in marine environments and its frequent occurrence as endosymbiotic partner of seaweed, as demonstrated in
previous studies®.

Six fungal species have been previously reported from marine ecosystems, but only three of these as endophytes
of seaweed. Specifically, S. gracilariae was recovered from Gracilaria sp.?®, T. pinophilus from an unidentified
seaweed?®, and M. croci from a brown seaweed (Desmarestia anceps Montagne 1842)%. Even though A. fructus,
E. maritima and P. lilacinum had been retrieved from the internal tissues of different marine hosts, this is the
first report of these species as endophytes of seaweed. The sea cucumber Holothuria poli has been found to host
A. fructus as an endobiont on only one occasion?. The cosmopolitan black yeast-like fungus E. mesophila was
recently isolated from deep-sea sediments?, thus this study represents the first report of this species occurring
within seaweed. The species T. pinophilus was found associated with the sponge Mycale sp.*® and mangrove
sediments®!32. The species P. lilacinum has been isolated from marine sea cucumber Holothuria poli®, Stylissa sp.
sponge®, and marine sediments®. Also, E. maritima has been found in marine sediments*** and driftwood™.
The identification of these species in various ecological niches, each employing different nutritional strategies,
underscores their metabolic versatility and ability to adapt to a wide range of environmental conditions.

The optimal production conditions for AgNPs biosynthesis varies with the fungal species. Distinct species
may exhibit different metabolic pathways and responses to stress, which will reflect on their ability to produce
certain biomolecules’.

Among all the tested variables, pH, temperature, and AgNO, concentration were the ones with a greater
impact on the relative concentration and AgNPs theoretical size. pH is known to influence AgNPs mainly by
changing the shape of the biomolecules and consequently their capping and stabilizing capacities'2. An alkaline
pH improves AgNPs biosynthesis yields, growth, and stability*” and can also speed up the reaction time. However,
in the present study, the relationship between reaction time and pH did not have a major impact on the quantity
of AgNPs or the peak wavelengths values®. The optimization models applied in this study revealed that higher
alkaline pH values were associated with higher absorbance peaks and lower wavelengths, which are common
indicators of higher relative concentrations of small sized nanoparticles. This finding aligns with a previous
study by>® using cell-free filtrates (CFFs) of the marine isolated fungi Aspergillus niger, and other studies from
non-marine fungi, that obtained higher AgNPs concentrations at pH levels ranging from 9 to 12 higher”>%4,
These and other studies have also shown that lower pH values can lead to the formation of larger nanoparticles,
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potentially due to nanoparticle aggregation or agglomeration®*~*!. Temperature is another factor known to
impact the size and stability of AgNPs®. According to these study models, elevated temperatures promoted higher
absorbance levels, lower wavelengths at maximum peak, and apparent better stabilities, which were similar results
to other studies with different non-marine and marine fungal species”*>**. It is proposed that enzymes and/or
other proteins produced by the biological systems play a vital or main role in the mechanism of reduction and
stabilization of AgNPs, including those biosynthesized by marine fungi**. However, at elevated temperatures (as
100 °C, used in this study), native proteins including enzymes go through a process of denaturation, unfolding
and, possible degradation®. Therefore, at these temperatures it is unlikely that enzymes will be the active agents
associated with the AgNPs biosynthesis process’. However, it is not surprising that enzyme reduction is the most
consensual theory since in most studies the temperatures used in fungal AgNPs synthesis ranged from 20 to
60 °C, and only very few applied temperatures above that range!**>4. In addition to pH and temperature, the
concentration of the metal precursor also influenced the concentration of AgNPs. Most studies of extracellular
AgNPs biosynthesis use 1 mM AgNO, (reviewed by®), but others have shown that using higher concentrations
of AgNO, directly improves the concentration of AgNPs'>*”4%, The present work agrees with those assumptions.

Regarding other factors, the concentration of cell-free filtrate (CFF) can also have a direct effect on the
concentration of AgNPs synthesized, although the effect was not so evident in this study. In fact, and even
though?” observed optimal AgNPs concentration with 60% (v/v) fungal CFF (Aspergillus fumigatus), in the
present study there were no clear improvements with the increase of CFF concentration at a concentration of
40% (v/v), showing that at this concentration the biomolecules present were present in enough concentration to
reduced and stabilize AgNPs even at the maximum AgNO, tested (1.5 mM). Besides the use of distinct species,
the reaction temperature also differed between this and the mentioned study, which may explain the differing
results. These authors used 30 °C and the results from this work clearly showed that higher temperatures improve
CFFs’ efficiency for AgNPs production. In relation to the time of reaction, this parameter differs highly from
study to study, and it is very dependent on the other conditions used. For example, in the present study the
results showed that under the optimal conditions of pH, temperature, and AgNO, concentration, reaction time
had little influence on AgNPs relative concentration, although a period longer than 90 min seems to have some
influence on reducing the AgNPs size.

In addition to optimizing reaction parameters, AgNPs purification is a critical step often overlooked in
literature. Purification prevents synthesis residues from affecting characterization and applications®. In this
study, centrifugation and redispersion in ultrapure water caused a loss in relative concentration. Moreover,
the UV-Vis spectra maintained general profiles but showed lower absorbances, with P. lilacinum DW CFF
indicating possible nanoparticle aggregation. However, since most studies do not report UV-Vis results post-
purification, it is unclear if this is a common phenomenon. To mitigate the loss concentration purification could
be improved by using techniques such as ultracentrifugation, density gradient centrifugation, or differential
centrifugation®>!.

The results of the growth experiment revealed different patterns, depending on the species. The higher/more
significant differences in the growth rate between media were seen for the remaining tested species (A. fructus,
S. gracilariae, M. croci, and E. maritima). The significantly slower growth of these species in the DW medium
(hypo-osmotic conditions) suggests that the absence of salinity may act as a stress factor. Osmotic stress is
known to cause changes at the phenotypical, molecular, and metabolic level of different fungal species®. For
example, a study found that changing water potential affected the growth of the marine fungus Fusarium solani,
hypothesizing that the fungi’s physiological mechanisms enable their survival in environments with low water
potential conditions®.

The growth differences among fungal isolates under hypo-osmotic conditions may derive from their metabolic
versatility, allowing stress adaptation. These conditions may favor AgNPs production, as most filtrates from
fungi grown under hypo-osmotic stress were more efficient in AgNPs biosynthesis. Not all fungal species could
reduce the silver ions, even when cultured under those conditions (S. gracilariae, M. croci, and E. mesophila).
Notably, S. gracilariae and M. croci were affected by hypo-osmotic stress yet showed lower AgNPs production.
It is known that species under stress, attempting to adapt to new environmental conditions, are more likely to
produce a broader range of biomolecules*®, which can, in turn, enhance nanoparticle reduction and stability.
Even other species, not showing stress signs, could be producing biomolecules that facilitate silver ion reduction
without compromising growth. Exposing microorganisms to stressful conditions during their growth phase
may be beneficial as shown by**. The authors exposed Deinococcus radiodurans to metal stress, hypothesizing
that stress-induced defense mechanisms promote AgNPs production, resulting in higher concentrations, better
homogeneity, and smaller sizes. However, further research is needed to explore how stressors during fungal
culturing affect nanoparticle biosynthesis.

Moreover, further analysis of the CFFs, such as gas chromatography mass spectrometry or high-performance
liquid chromatography techniques, would provide valuable insights into the chemical composition of those fungal
filtrates and help to identify and quantify the biomolecules that may be involved in this higher performance. This
would be particularly relevant to apply to CFFs of T. pinophilus and P. lilacinum, considering that only those who
originated from the DW medium were able to produce AgNPs. According to the FTIR analysis performed in this
study, several functional groups of possible biomolecules, such as alcohols, phenols, alkanes, aldehydes, amines,
carboxylic, ether, disulfides or alkyl halides, may be involved in the biosynthesis, stabilization, and capping
functions of AgNPs. These functional groups have been identified in studies performed with marine fungal
species!2134346:5556  AoNPs from P. lilacinum DW CFF lacked the O-H stretching peak, while T. pinophilus and
A. fructus DW CFFs only showed two out of three peaks for S-S/C-Br bonds. This suggests different compounds
may have been used for nanoparticle reduction and stabilization. However, the FTIR results could have been
influenced by the non-homogeneous distribution of AgNPs on the coverslip.
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DLS SEM/EDX
DW CFFs UV-Visible® | Z-average® | PdI©) {-potential @ SEM EDX
Aspergillus fructus + Highly polydisperse
Emericellopsis maritima +H+++ +++ Moderately dispersed
Penicillium toxicarium ++ Moderately stable | Mostly spherical or quasi-spherical AGNPs | Silver presence confirmed
Purpureocillium lilacinum +H+++ Highly polydisperse
Talaromyces pinophilus ++++

Table 1. Summary table of the characterization results on the silver nanoparticles synthesized by the cell-

free filtrates (CFFs) of the marine fungi Aspergillus fructus, Emericellopsis maritima, Penicillium toxicarium,
Purpureocillium lilacinum, and Talaromyces pinophilus grown under hypo-osmotic conditions (DW) regarding
UV-Visible results, nanoparticle average size (Z-average) and polydispersity index (PdI) (dynamic light
scattering — DLS), nanoparticle stability ({ -potential), scanning electron microscope (SEM), and energy
dispersive X-Ray (EDX). @ Absorbance at maximum peak from the highest (++ + ++) to the lowest (+)

value. ®Nanoparticle average size from the smallest (+) to the largest (+ ++++). Polydispersity index (PdI)
according to®®. (DStability by zeta-potential according to*.

For the AgNPs synthesized using the five best-performing CFFs (all derived from DW medium), EDX
analysis confirmed the presence of silver, supporting the UV-vis results, which showed SPR peaks in the 400 nm
range. These peaks are primarily associated with spherical AgNPs*” and a significant number of spherical or
quasi-spherical AgNPs were observed in the SEM images. Although the Ag/C ratio obtained from EDX provides
a relative concentration of silver content in the nanoparticles, factors such as sample heterogeneity, matrix
effects, and detection limits can affect its accuracy. For future studies on the downstream applications of the
biosynthesized nanoparticles, a more precise quantification of silver concentration should be pursued using
techniques such as Inductively Coupled Plasma—Mass Spectrometry. The summary table of the characterization
results on the AgNPs is shown in Table 1.

The DW CFFs of T. pinophilus and P. lilacinum produced the largest average size AgNPs as shown by DLS
measurements and confirmed by the SEM images, particularly for P, lilacinum, exceeding the size defined by the
International Organization for Standardization®. They also presented the highest polydispersity index (PdI),
indicating a wider range of particle sizes, supported by the broader curves on UV-Visible spectra, which suggest
the presence of larger agglomerates or aggregates. Their lower absorbance at maximum peak values aligned
with the lower AgNPs density seen in SEM images, especially for T. pinophilus. Noteworthily, a study by®! also
produced AgNPs using P. lilacinum, although isolated from soil and using different synthesis conditions (1 mM
AgNO,, 48 h, and 28 °C), leading to different nanoparticle characteristics. The same was observed in relation to
P, toxicarium, specifically with a strain isolated from decaying wood, that showed the synthesis of AgNPs with
distinct characteristics (larger size, lower PdI, and weaker {-potential) as the ones here, while different synthesis
conditions were also used (pH 12, 45 °C, 64 h, and 0.25 mM AgNO3)62. These results emphasize how synthesis
conditions can significantly influence AgNPs properties.

On the other hand, A. fructus DW CFF produced the smallest AgNPs, as shown by the UV-Vis results, with
the peak slightly shifted to the left, and confirmed by the DLS analysis and SEM images. The PdI of these AgNPs
falls within the polydisperse range according to®. In relation to E. maritima, the CFF synthesized the highest
quantity of AgNPs, with the lowest PdI (moderately polydisperse)®®. These findings are consistent with the high
density of AgNPs seen in SEM images and the narrower and leftward UV-Visible curve, suggesting low size
dispersity and small particles, which could also be seen by the DLS (highest percentage of 0-25 nm size range).
These AgNPs were also the most stable according, though still classified as moderately stable®®. Overall, cell-free
filtrates from marine fungi grown under stressful conditions, contributed to a highly efficient biosynthesis of
AgNPs with optimal size, monodispersity and stability.

Conclusions

The results obtained in this study demonstrate the potential of using seaweed-associated marine fungi cell-
free filtrates (CFFs) to synthesize silver nanoparticles (AgNPs), particularly when the fungi are grown under
hypo-osmotic conditions. In this study, the optimization procedures resulted in optimal conditions to increase
nanoparticles’ relative concentrations and reduce their size, while ensuring stability (pH 10, 100 °C, 105 min,
1.5 mM AgNO, and 40% v/v CFF). In particular, the CFFs from T. pinophilus, A. fructus, P. lilacinum, P
toxicarium, and E. maritima cultured under hypo-osmotic conditions produced higher concentrations of
generally monodispersed AgNPs with good stability (zeta-potential bellow —20 mV) and varying size ranges,
achieving high percentages of very small particles (bellow 50 nm). These characteristics of the green AgNPs could
be of added value for a range of applications from the healthcare sector to textiles or even to the preservation
of cultural heritage materials. Notably, further characterization studies could provide deeper insights into the
chemical composition of the fungal filtrates and help identify the specific biomolecules responsible for this
enhanced performance. Overall, the results of this study demonstrated the great potential of manipulating fungal
culturing conditions during growth to improve the green production of NPs, and further studies exploring
different stress conditions could be valuable.
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The data supporting this article have been included as part of the Supplementary Information and the DNA
sequences of the fungal isolates are available on the GenBank database under the accession numbers PQ591461-
PQ591467, PV393045-PV393047, and PV418101-PV418102.
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