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Introduction and Objectives: Biogenic agents in nanoparticles fabrication are gaining great interest due to their lower possible
negative environmental impacts. The present study aimed to isolate fungal strains from deserts in Saudi Arabia and assess their ability
in silver nanoparticles (AgNPs) fabrication and evaluate their antibacterial effect.

Methods: Soil fungi were identified using 18s rDNA, and their ability in NPs fabrication was assessed as extracellular synthesis, then
UV-vis spectroscopy, dynamic light scattering (DLS), energy-dispersive X-ray spectroscopy, and transmission electron microscopy
were used for AgNPs characterization. The antibacterial activity of fungal-based NPs was assessed against one Gram-positive
methicillin-resistant S. aureus (MRSA) and three Gram-negative bacteria (E. coli, Pseudomonas aeruginosa, and Klebsiella pneumo-
niae). Ultrastructural changes caused by fungal-based NPs on K. pneumoniae were investigated using TEM along with SDS-PAGE for
protein profile patterns.

Results: The three fungal isolates were identified as Phoma sp. (MN995524), Chaetomium globosum (MN995493), and Chaetomium
sp. (MN995550), and their filtrate reduced Ag ions into spherical P-AgNPs, G-AgNPs, and C-AgNPs, respectively. DLS data showed
an average size between 12.26 and 70.24 nm, where EDX spectrums represent Ag at 3.0 keV peak. G-AgNPs displayed strong
antibacterial activities against Klebsiella pneumoniae, and the ultrastructural changes caused by NPs were noted. Additionally, SDS-
PAGE analysis of treated K. pneumoniae revealed fewer bands compared to control, which could be related to protein degradation.
Conclusion: Present findings have consequently developed an eco-friendly approach in NPs formation by environmentally isolated
fungal strains to yield NPs as antibacterial agents.
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Introduction

Recently growing bacterial resistance to antimicrobial drugs is a real danger to human health and has become one of the most
serious matters in the medical sector. The antibiotics which are used mainly in the treatment of bacterial disease become defective
over time or lead to the development of antibiotic-resistant strains.' Consequently, it becomes a crucial demand to search for
alternatives that help to overcome such challenges. Nanoparticles are used successfully in several medical and pharmaceutical
applications,” and such structures can be achieved by variable nanomaterials utilizing different metal ions like copper, magnesium,
gold, and silver.” Silver nanoparticles (AgNPs) can be spotlighted among the various forms of metallic nanoparticles for their wide
antimicrobial potential.*> Because they are less reactive than silver ions, they may be better for clinical and therapeutic uses.® In
many fields, silver NPs are extensively used such as sensors, antimicrobial agents, filters, microelectronics, and catalysis in
different areas, such as bio-labeling and efficiently against cancer cells as a cytotoxic agent due to their physicochemical and
biological nature.”® Using silver nanoparticles for the control of different kinds of pathogenic microorganisms has been reported
in many previous studies especially in the fields of health and agriculture.” AgNPs have demonstrated effectiveness in killing both
Gram-positive and Gram-negative bacteria'® with a multi-level mode of action since they have the ability to adhere to both cell
walls and membranes of a bacterial cell passing into the interior cell structure and interact with DNA.'! They may also induce the
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formation of reactive oxygen species that damage biomacromolecules, and also alter the mechanisms of signal transduction. ~
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Conventional AgNPs synthesis approach may include chemical and physical agents that may lead to environmental toxicity and
high energy consumption, and this has led to growing interest in biogenic synthesis approaches, as such an eco-friendly procedure
enables obtaining nanoparticles with lower toxicity, better physicochemical characteristics, and greater stability.'* Biogenic
formation of nanoparticles may be achieved by different organisms such as fungi, bacteria, and plants or even by its secondary
metabolites which act as a reducing agent.'>'” Fungal extracts have been shown to yield numerous products for medical
applications, for instance penicillin, statins, and cyclosporin, as well as mycotoxins, for example trichothecenes and aflatoxins,
and with some anticancer activity.'®'® Therefore, fungi are considered as attractive agents for the biogenic synthesis of silver
nanoparticles since they have excellent potential to produce many bioactive compounds, especially imperfect fungi and
ascomycetes.”® This special capability of fungi may be attributed to their tolerance of heavy metals and their ability to
bioaccumulate and internalize metals. Moreover, fungi can be cultivated easily on a large scale (“nanofactories”), producing
high biomass, with the secretion of massive amounts of extracellular metabolites.?' Such produced biomolecules are not only used
in the reduction process of metal ions but also help in capping the NPs providing better particle size and stability.**** A wide range
of filamentous fungi and yeasts have also been recorded for their ability to synthesize silver nanoparticles, such as Phoma sp.
3.2883,%* Fusarium oxysporum,” Aspergillus sp..*® Beauveria bassiana,”’ Penicillium sp.*® Trichoderma harzianum,” and
Candida albicans.>® Also, Madbouly et al used Chaetomium globosum for the biosynthesis of AgNPs that showed in vivo
antifungal activity against Fusarium wilt of tomato caused by Fusarium oxysporum f. sp. lycopersici.>' Each fungal species has its
own ability in providing NPs with varied physicochemical and biological properties which might be related to their ability to
produce a broad range of significant metabolites.** Varied biomolecules from fungal extract were noted”* such as linoleic-acid

33736 zearalenone from Fusarium graminearum,” butyrolactone I from Aspergillus

3941

derived psi factor from Aspergillus nidulans,

terreus,38 melanin from Colletotrichum lagenarium, Alternaria alternate, and Cochliobolus heterotrophus,
43-45

pigment from
Aspergillus fumigatus,** mycotoxins from Aspergillus spp., and Patulin from Penicillium urticae.*® Furthermore, the
endophytic C. globosum has been recorded from various niches as useful producers of bioactive agents. Several compounds
have been isolated from endophytic C. globosum such as indole derivatives, chaetoglobosins,*” globosumones,*

? 0 3152 and chaetoglocins.> Several bioactive molecules were identified from

globosuxanthone,4 cochliodes,’ azaphilones,
Phoma sp. extracts such as phenolic compounds, triterpenes, steroids, reducing sugars.>* Furthermore, size of fungal-based
NPs depends on the production conditions such as species, pH, temperature, and cultivation medium.> The size of nanoparticles
is considered one of the most important factors in determining their antimicrobial capability because smaller nanoparticles have
greater effects.®® Antimicrobial activity of fungal-based NPs was noted earlier. Extracellular synthesis of Ag-NPs produced by
Phoma glomerata (MTCC2210) has been evaluated and showed a broad bactericidal effect against Escherichia coli,
Staphylococcus aureus, and Pseudomonas aeruginosa.”’ The antimicrobial activity of endophytic C. globosum has been reported
against different pathogenic bacteria and fungi, especially against plant pathogens.”>>*> AgNPs synthesized by C. globosum
JN711454 displayed an obvious antibacterial activity against many human pathogens such as Staphylococcus aureus,
Pseudomonas aeruginosa, Escherichia coli, and Klebsiella pneumoniae. Anti-inflammatory activity of AuNPs synthesized by
Chaetomium globosum extract showed significant anti-inflammatory activity.®® Although varied studies used fungal extract for
biosynthesis of NPs, information about soil-isolated and identified fungal strains as biogenic agents in NPs formation is lacking.
Hereby, three soil fungal strains were obtained from different localities in Saudi Arabia and addressed for ability in AgNPs
fabrication. Fungal isolates were identified based on 18S rDNA sequencing, and their accession numbers were deposited in
GenBank. The main objectives of the work are to determine the potential of each fungus individually to synthesize AgNPs with a
characterization of their physicochemical properties using UV-vis spectroscopy, FTIR, TEM, DLS, and EDX. Furthermore, NPs
ability as antimicrobial agents was noted, and further ultrastructural changes and protein profiling of treated were assessed using

TEM and SDS-PAGE consequently in a trial to detect the exact antibacterial mechanism of fungal-based NPs.

Materials and Methods

Isolation and Identification of Fungi

The three fungal isolates (Phoma sp., Chaetomium globosum, and Chaetomium sp.) used in this study were isolated from
different sites of Saudi Arabia’s deserts. Fungi were isolated from soil at 5-20 cm depth using the dilution plate method.®'
Samples were cultured on two different media, Potato Dextrose Agar (PDA), and Sabouraud Dextrose Agar with
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chloramphenicol 1%, and incubated for one week at 28 °C. Then, a serial inoculation plate was used to purify fungal isolates.
Molecular identification using 18s rDNA was performed as described previously.®?

Molecular Identification Using 18s rRNA Gene

In brief, fungal DNAs have been extracted using the InstaGeneTM Matrix Genomic DNA Kit (Bio-Rad Laboratories,
Hercules, CA, USA) according to its manufacturer’s guidelines. A PCR assay of fungal 18s rRNA genes was performed
using a DNA template and a couple of primers, NS1 F (5° GTAGTCATATGCTTGTCTC 3’) and NS8 R (5’
TCCGCAGGTTCACCTACGGA 3°).%° The PCR reaction mixture consists of: 10X Taq PCR Buffer, 2 pL; 2.5 mM dNTP
mixture, 1.6 uL; F and R primers (10 pmol/uL), 1.0 uL; KOMA Taq (2.5 U/uL), 0.2 uL; DNA template (20 ng/uL), 2 uL; and
HPLC-grade distilled water to adjust the reaction volume to 20 uL. The amplification reactions were achieved in 20 pL using 1
puL of DNA template. The PCR was done as follows: initial denaturation was at 95 °C for 5 min, then 30 cycles including
denaturation at 95 °C for 30s, annealing at 55 °C for 2 min, and extension at 68 °C for 1.5 min and a final extension at 68 °C for
10 minutes. The PCR products were confirmed using electrophoresis. Then, PCR purification was applied using the Montage
PCR Cleanup Kit (MilliporeSigma, Burlington, MA, USA).

Sequencing and Analysis of the Amplified DNA

The purified PCR products were sequenced using the exact primers used for amplification with the BigDye™ Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, USA) and 3730x]1 DNA Analyzer automated DNA sequencing system
(Applied Biosystems, USA) at Macrogen, Inc. (South Korea). The obtained 18s rRNA sequences of all fungal isolates
were manually edited using Geneious prime software (Geneious Prime Version 2020.1.2).* Consensus sequences were
generated from forward and reverse sequences. The sequences obtained in this study were compared with their closely
related reference strains in the National Center of Biotechnology Information (NCBI) database using the nucleotide
BLASTn platform. A phylogenetic tree was constructed using the Neighbor-Joining method®® in MEGA X.%°

Data Availability
The obtained nucleotide sequences of all three fungal isolates were deposited at GenBank with specific accession
numbers (Table 1).

Biomass and Filtrate Preparation

Two fungal discs of 4 mm from each isolate culture were inoculated into Sabouraud agar plates (Oxoid, UK) and
incubated at 28 °C for seven days. Five discs (4 mm) were obtained from each plate, transferred to 500 mL Sabouraud
broth (Oxoid, UK), and incubated at 28 °C for seven days. Biomass was collected through filtration using filter paper
(Whatman no. 1), then washed with sterile distilled water for medium removal. Fungal preparations were weighed and
added to distilled water, then incubated at 28 °C for 72 h. Finally, the water filtrates were obtained from the biomass® !¢’

and kept for further use.

Extracellular Synthesis of AgNPs
Prepared fungal filtrate was added to 1 mM of AgNOj; (Sigma Aldrich, UK) at a ratio of 1:1, then boiled for 30 min. The
synthesis of AgNPs was performed under natural sunlight at 25 °C for 24 h. After the mixture color had changed to dark,

Table | Isolated Fungi from Different Locations in Saudi Arabia

Isolate Accession Numbers Location
Phoma sp. MN995524 Taif
Chaetomium globosum MN995493 Alkasar
Chaetomium sp. MN995550 Tabuk
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Dove:


https://www.dovepress.com
https://www.dovepress.com

Sonbol et al Dove

the nanoparticles were separated by centrifugation at 14,000 rpm for 15 min. Thereafter, prepared NPs were taken for
further characterization.

Ultraviolet-Visible Spectrophotometer Analysis

Ultraviolet-visible (UV-vis) spectroscopy absorption was determined using a spectrophotometer (© Shimadzu
Corporation, UV-1800). The absorption spectra measurements for the NPs solution were performed within the range
of 200-600 nm after 24 h of reaction using UV Probe software, and the fungal filtrate was used as a blank.>"%’

Fourier Transform Infrared (FTIR) Spectroscopy
The FTIR spectrum detected the potential biomolecules in fungal filtrate responsible for reducing and capping the NPs.
The measurement was recorded on FTIR spectroscopy (SPECTRUM100, Perkin-Elmer, USA) with a diffuse reflectance

accessory, and the data scanning was done within the range 450-3500 cm™'.*!¢7

Dynamic Light Scattering (DLS)
The dynamic light scattering method used to assess the size distribution pattern was measured by a Zetasizer (NANO
ZSP, Malvern Instruments Ltd, Serial Number: MAL1118778, ver 7.11, UK).31’(’7

Energy Dispersive X-Ray Spectroscopy (EDX)
EDX was used for the elemental analysis and confirmed the presence of the silver element accurately using SEM (JEOL,
JED-2200 series, Japan).*':¢’

Transmission Electron Microscopy (TEM)

TEM was performed on a JEOL, Japan (JEM-1011) system to find the morphology and size distribution of AgNPs at 80
kV wvoltage. Samples were prepared by drop-coating on carbon-coated (200 mesh) TEM grids. The particle size
distribution from TEM images was calculated using ImagelJ software.

Antimicrobial Activity of Fungal-Based Silver Nanoparticles in vitro Assay

Four human pathogenic bacteria were used to examine the antibacterial activity of AgNPs including one Gram-positive
methicillin-resistant S. aureus (MRSA) and three Gram-negative (E. coli, Klebsiella pneumoniae, and Pseudomonas
aeruginosa); they were obtained from the Bio-house medical lab, Riyadh, Saudi Arabia using the agar well diffusion
method. Each strain was sub-cultured on nutrient agar medium (Oxoid) plates and grown for 24 h at 37 °C. Using a
McFarland reader, a direct colony suspension method was applied, and McFarland standard (0.5) bacterial suspensions
(1.5 x 10® CFU/mL) in the saline tube were prepared. The plates were inoculated by tested pathogenic strains. Twenty
microliters of AgNPs were added separately into each well of the Petri plates and kept for drying under aseptic
conditions. After 15 min, plates were incubated at 37 °C for 24 h. The inhibition zone surrounding the well was
measured in mm. Antibacterial activity was determined, and zone diameter (mm) for antibiotics was recorded.®®%® The
mycelial free extract was used to compare the antimicrobial activity of synthesized nanoparticles; also, ampicillin (1 mg/
mL) was used as a positive control for bacterial strains. Then, the plates were incubated at 37 °C for 24 h, and the
inhibition zone was determined in terms of a millimeter. These assays were performed in triplicate.

MICs and MBCs Determination

Minimal inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) were determined as per the
method suggested by the National Committee of Laboratory Standards, using a 96-well plate. Four pathogenic bacteria
strains, S. aureus, P. aeruginosa, Klebsiella pneumoniae, and E. coli, were used for detection of AgNPs antibacterial
activity. Using the microdilution method in nutrient broth, approximately 2.5x10° CFU/mL (10 uL) of pathogenic
bacteria was added individually to Nutrient broth (0.35 mL), and isolates were tested with different concentrations of
AgNPs (0.031, 0.062, 0.125 and 0.250 mg/mL) and negative control composed of Nutrient broth inoculate with bacterial
inoculum, and AgNPs solution composed of Nutrient broth with AgNPs were used. Then, 1 pL of samples from wells on
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Nutrient agar plates were subcultured and incubated for 24 h at 37 °C. MICs were evaluated by observing the difference
between positive and negative control wells. MICs are known as the minimum concentration with low growth e.g.
turbidity or pellet. Results are represented by the mean values of three independent replicates.®®” On the other hand, to
assess the minimum bactericidal concentrations (MBCs) the concentration that kills 99.9% of bacterial growth has been
known as MBC.*"*"! To measure the tolerance levels for the bacterial isolates used in this study with AgNPs
concentration, MBCs/MICs ratios were calculated’” representative of the AgNPs' bactericidal capability against tested

.73
bacteria.’

SDS-PAGE for Protein Profile Pattern

Total cellular soluble proteins of K. pneumoniae extracted before and after treatment with 1 mg/mL of AgNPs for 24 h at
37 °C was purified by TriFast (Peqlab, VWR company) and further fractionated by OmniPAGE Mini vertical electro-
phoresis unit supplied with a power Pro 5 power supply (Cleaver Scientific, Warwickshire, UK) on a SERVAGel™ TG
PRiME™ 10% (SERVA, Heidelberg, Germany).’*

Bacterial Preparation for TEM

Pathogenic bacteria before and after treatment with G-AgNPs were cultivated in broth medium for 24 h at 37 °C, then
centrifuged at 4000 rpm for 15 min, and the pellets resuspended in a mixture of 2.5% glutaraldehyde, 2% (para)
formaldehyde in 100 mM cacodylate buffer (pH 7.0) with 2 mM CacCl,. After an initial ~30 min fixation, the specimens
were cut into small (~1 mm?®) pieces, followed by fixation in fresh fixative for 16-24 h at 4 °C. Specimens were washed
briefly with 200 mM cacodylate buffer (pH 7.0) and post-fixed with 1% osmium tetroxide in 100 mM cacodylate buffer
(pH 7.0); 2 h at 4 °C. They were then washed with excess distilled water for removal of any free cacodylate and/or
phosphate ions and en bloc stained with 2.0% aqueous uranyl acetate, ~2 h at 4 °C (in dark). Dehydration was done with
acetone (or ethanol) and propylene oxide, followed by embedding in resin as outlined above.”

Statistical Analysis

All tests were done in triplicate, and presented data are mean + standard deviation (SD). One-way analysis of variance
(ANOVA) and graph preparation were performed applying Prism 9.1 software (GraphPad Software Inc., La Jolla, CA,
USA). Significance of the data is shown at p < 0.001 and p < 0.01. ImageJ (National Institutes of Health, Bethesda, MD,
United States) was used for fungal-based NPs measurements.

Results

Isolation and Identification of Fungi

In the present study, three fungal isolates (Phoma sp., Chaetomium globosum, and Chaetomium sp.) were isolated from
Saudi Arabia’s deserts and identified using molecular characterization by 18s rDNA sequencing.®® The 18s rRNA genes
were amplified using universal primers, then sequence analysis was done by comparing the obtained sequence by NCBI-
nBlast for constructing a phylogenetic tree (Figure 1, Table 1). Such isolates were used for the biosynthesis of AgNPs
from AgNO; and further described and examined for their antibacterial activities.

Biosynthesis of AgNPs

Filtrate from Phoma sp., Chaetomium globosum, and Chaetomium sp. was used for the AgNPs biosynthesis when added
to AgNO; and the mixtures kept at 25 °C under sunlight conditions. Color of the mixtures changed from colorless to
stable brown color after 24 h for all tested fungal spp. (Figure 2), indicating NPs formation. Thereafter, the P-AgNPs,
G-AgNPs, and C-AgNPs prepared from Phoma sp., Chaetomium globosum, and Chaetomium sp. filtrates, respectively,
were taken for further analysis and description.
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i ’{Chaotomlum globosum isolate 11C MN995493.1 AlLkasar

97% |- KM096357.1 Chaetomium globosum strain MF564
93% Chaetomium sp. isolate T1b MN995550.1 Tabuk
I- Phoma sp. isolate F2a MN995524.1 Taif
o AY337712.1 Phoma herbarum
KP322952.1 Ustilago maydis

|
0020

Figure | Unrooted neighbor-joined phylogenetic tree of the three fungi isolates based on 18S ribosomal DNA. The tree was constructed based on 18S rDNA partial gene
sequence of fungi isolates. The GenBank accession numbers of isolates are marked at the end of the branch. The GenBank accession numbers of closely related species are
placed at the top of the branch and derived using NCBI nucleotide BLAST search tool. Sequences were aligned using Clustal W sequence alignment tool in MEGA X
software. Bootstrap percentage values as obtained from 1000 replications of the data set are given at the tree’s nodes. The scale bar corresponds to the mean number of
nucleotide substitutions per site.

Figure 2 Biosynthesis of AgNPs indicated by color change for the reaction medium composed of | mM AgNOj; and fungal filtrates after 24 h (left side) and fungal filtrate
(right side).

Characterization of Biogenic AgNPs
Reactions between Ag ions and fungal filtrate were noted by UV-vis spectroscopy that revealed absorbance at 450 nm,
400 nm, and 430 of the biosynthesized P-AgNPs, G-AgNPs, and C-AgNPs, respectively (Figure 3A—C).

TEM imaging for P-AgNPs, G-AgNPs, and C-AgNPs demonstrated spherical NPs with no aggregation at average
size of 12.7, 10.7, and 16.1 nm, respectively. Clear capping agents around AgNPs were also detected as light color
(Figure 4). Smaller particle size was noted by TEM analysis using ImageJ software compared with that noted by DSL for
the same NPs.

Analysis through EDX confirmed the presence of the silver element at 3 keV, along with a carbon peak and an oxygen
peak (Figure 5). The Ag in P-AgNPs was 52.56%, in G-AgNPs was 28.87%, and that at C-AgNPs was 2.66%, and the
peak clarity of EDX confirmed the purity of synthesized AgNPs.

Furthermore, P-AgNPs, G-AgNPs, and C-AgNPs showed average size diameters of 70.24, 62.13, and 12.26 nm, with
a polydispersity index (PDI) of 0.298, 0.231, and 1.000, respectively (Figure 6). Furthermore, the particle size from
intensity distribution showed major sizes of 98.41 nm (100%), 83.15 nm (96.5%), and 51.76 (100%) for P-AgNP,
G-AgNPs, and C-AgNPs, respectively.
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Figure 3 The UV-vis spectrum of the P-AgNPs (A), G-AgNPs (B), and C-AgNPs (C).

FTIR spectroscopy was carried out to detect the organic molecules in the fungal filtrates and the AgNPs synthesized
by their aids (Figure 7A—C). Absorbance peaks for the three fungal strains revealed two strong bands for each fungal
filtrate. The signals of Phoma sp. filtrate were at 3259.51 and 1633.7 3cm™ ' that moved to 3284.34 and 1635.4 cm ™' in
P-AgNPs; and 3274.42 and 1634.25 cm™ ' signals were noted for Chaetomium globosum filtrate that moved to 3294.44
and 1636.34 cm™' in G-AgNPs. Furthermore, signals at 3260.43 and 1635.20 cm ™' were noted for Chaetomium sp.
extract that moved to 3294.39 and 1638.52cm ™' in C-AgNPs. Different functional groups were noted in the fungal filtrate

and the fungal-based NPs.

Antibacterial Activity of AgNPs

The antibacterial activities of fungal filtrate and fungal-based NPs were evaluated against four MDR pathogenic bacteria
including S. aureus (MRSA) as well as P. aeruginosa, E. coli, and K. pneumoniae using the agar well diffusion method,
and ampicillin was used as a positive control. No antibacterial activity was detected for all the fungal filtrate; however,
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Figure 4 TEM image presenting morphological features for NPs and frequency distribution. Size measurements were analyzed by Image| software constructed from TEM
micrographs for P-AgNPs (A1-A3), G-AgNPs (B1-B3), and C-AgNPs (C1-C3).

fungal-based NPs inhibited the growth of both tested Gram-negative and Gram-positive strains (Table 2). The highest
antibacterial activity of all fungal-based NPs was noticed against K. pneumoniae (Figure 8).

The MIC and MBC were determined using the microdilution method. As shown in Table 3, the MICs (low turbidity
or pellet formation in the well) were recorded at 0.031 and 0.062 mg/mL for G-AgNPs, for P-AgNPs the MIC was
between 0.250 and 0.125 mg/mL, and for C-AgNPs the MIC was 0.125 mg/mL against all the bacterial strains tested.
MBCs were observed at a concentration of 0.062 and 0.125 mg/mL for G-AgNPs, 0.25 and 0.5 mg/mL for P-AgNPs, and
0.25 mg/mL for C-AgNPs against all tested strains.
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Figure 5 EDX of P-AgNPs (A), G-AgNPs (B), and C-AgNPs (C) indicating surface morphology quantitative analysis of silver atoms, carbon, and oxygen.

SDS-PAGE Banding Profile

In a trial to detect possible mechanism of NPs against K. pneumoniae, SDS-PAGE for protein profiling pattern before and
after treatment with fungal-based NPs was performed (Figure 9) and indicated great variations. The pattern of protein
detected for treated K. pneumoniae displayed lower protein band intensity in all treated bacteria in relation to untreated
control. It was also noted that the number of detected bands was lower also in treated bacteria compared to control
(Figure 9). Where lane (2) which shows untreated bacteria with a total of 14 bands ranging from 15 to 200 kDa, the
number of bands in lane (3) shows 12 bands ranged from 16 to 122 kDa for K. pneumoniae treated with P-AgNPs.
Furthermore, in lane (4) only 11 bands were noted from 17 to 134 kDa for K. pneumoniae treated with G-AgNPs. In the
last lane (5) band number was reduced to 6 bands ranging from 26 to 140 kDa, which indicates a high level of
polymorphism for K. preumoniae treated with C-AgNPs. Such variations could be related to the protein degradation or

loss and block in their synthesis pathways due to NPs treatment.
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Ultrastructural Changes Detected by TEM

Furthermore, bacteria that showed high sensitivity to all prepared NPs was K. pneumoniae, therefore this strain was
subjected G-AgNPs and noted under transmission electron microscope. Results of untreated K. preumoniae showed that
the cells kept their rod shape and the dense appearance of internal cytoplasmic material (Figure 10, Ctrl). However,
treated K. pneumoniae exhibited different morphologies, including shrinking and thin cell wall, folded and light
scattering cytoplasm, and reduction in cytoplasm. Generally, deformation of the treated cells was clearly observed
(Figure 10).
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Figure 6 Continued.
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C Temperature (°C): 24.9 Duration Used (s): 60
Count Rate (kcps): 361.3 Measurement Position (mm): 4.65
Cell Description: Disposable sizing cuvette Attenuator: 11
Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm): 1226 Peak 1: 51.76 100.0 2.660
Pdl: 1.000 Peak 2: 0.000 0.0 0.000
Intercept: 1.21 Peak 3: 0.000 0.0 0.000

Result quality : Refer to quality report
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Figure 6 The particle size distribution of P-AgNPs (A), G-AgNPs (B), and C-AgNPs (C).
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Figure 7 (A) Fourier transform infrared spectroscopy spectrum of Phoma sp. filtrate (above) and that for NPs prepared by their aid, P-AgNPs (below). (B) Fourier
transform infrared spectroscopy spectrum of Chaetomium globosum filtrate (above) and that for NPs prepared by their aid, G-AgNPs (below). (C) Fourier transform infrared
spectroscopy (FTIR) spectrum fungal filtrate (Chaetomium sp. (above) and that for NPs prepared by their aid, C-AgNPs (below).
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Discussion

Multidrug resistance (MDR) bacteria is a topic of huge concern due to their growing worldwide incidences and the low
efficacy of available drugs’®’” Bacteria exposed to an antibiotic might have various biological or structural alterations.
The most important problems caused by antibiotic resistance mechanisms in pathogenic microorganisms are prevalence
of bacterial mutations, horizontal gene transfer, destruction/alteration of antibiotic molecules, decrease in cell membrane
permeability to prevent antibiotic penetration, higher expression of efflux pumps in the membrane, and alteration of
antibiotic target sites.”® Therefore, environmentally sustainable, non-toxic, and cost-effective nano-therapeutics are in
trend to treat such resistance mechanism in clinical bacteria. Few studies have reported the utilization of Phoma sp.,
Chaetomium globosum, and Chaetomium sp. for AgNPs production, even though the fungi population is a chemically
rich organism possessing a wide range of compounds with promising anti-oxidant, anti-cancer, anti-inflammatory, and
anti-microbial activities.”” Current study evaluated the three soil isolated fungi as biomediators in AgNPs formation by
extracellular synthesis, and furthermore their efficiency as antibacterial agents was noted. Mechanism against K.
pneumoniae was studied using TEM and SDS-PAGE analysis.

Biosynthesis of AgNPs

The biogenic materials in NPs formation provide capping agents (iec adsorption of molecules on the surface of
NPs), which decides its final morphology and thus prevents the overgrowth of NPs.®8! Generally, the biosynth-
esis of AgNPs follows the reduction of Ag” ions to Ag’ from electrons liberated mainly from the biogenic agent’s
active biomolecules that finally cap the formed NPs. Currently, the color of AgNO; when mixed with each Phoma
sp., Chaetomium globosum, and Chaetomium sp. filtrate changed drastically from colorless to dark brown,
indicating the formation of AgNPs which could be well corroborated with earlier observations.?*3!>7-:60:82
Fungal filtrate interacted with Ag’ ions resulting in dark precipitation from the reaction mixture which could
be due to surface plasmon resonance (SPR) owing to the collective oscillation of electrons.®> The possible
mechanism for fungal filtrate in NPs formation could be related to the biomolecules that donate electrons to
Ag" ions which are therefore expected to form intermediate Ag-organic complexes, and the ions are then
converted to Ag® by free electrons produced in the medium.®* Repeated collisions among Ag® atoms produce
AgNPs that are meanwhile capped by other organics of fungal filtrate, giving specific size and shape to
synthesized AgNPs. Furthermore, extracellular biogenic synthesis of nanoparticles is accomplished by fungal
filtrate comprising only their bioactive molecules,® such as citric acid, peroxidases, homogeneous proteins, and
heterogeneous proteins and contributing to the stability of the formed nanoparticles.*® Fungal enzymes, especially
nitrate reductases and electron shuttle quinones, or both, could be involved in the NPs production and stabilization
mechanisms.®” However, further research and experimental trials are required to provide exact knowledge about
the mechanism for the synthesis of nanoparticles using fungi.

Characterization of Biogenic AgNPs

Successful formation of AgNPs was further confirmed by UV-visible spectroscopy, DLS, EDX, and TEM analysis.
AgNPs have optical features which give an initial idea about size, distribution, morphological shape, and surface
properties, reducing agents, and stabilizers.*® The comparative UV-vis spectra identified showed a broad absorption at

Table 2 Inhibitory Effect (mm) of Fungal-Based NPs Against Some Strains of Pathogenic Bacteria

Bacterial strains P-AgNPs* G-AgNPs C-AgNPs Ampicillin
Escherichia coli 12 £0.2 8.6 £0.2 8.3 10 13 0
Staphylococcus aureus Il £0.2 11 £0.0 12 £0.2 12 £0.0
Klebsiella pneumoniae 12 £0.2 12 0.2 13 £0.2 13 £0.0
Pseudomonas aeruginosa 9 +0.0 9 +0.2 8.6 +0.0 Il 0.0

Note: *P-AgNPs, G-AgNPs, and C-AgNPs are the NPs prepared by the filtrate from Phoma sp., C. globosum, and Chaetomium sp.
respectively.
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Figure 8 Antibacterial activity as inhibition zones of P-AgNPs (A), G-AgNPs (B), and C-AgNPs (C). Data presented are mean values from three replicates. * and ** refer to
the significant differences between bacteria, p < 0.05 and 0.01, respectively.

400—450 nm of AgNPs with peaks overlapping the UV and visible regions for P-AgNPs, G-AgNPs, and C-AgNPs, which
is the characteristic of AgNPs due to the transition of electrons.®” The absorption near to 400 nm by AgNPs has also been
observed by other authors.’”-**?

The morphological analysis of fungal-based NPs through TEM at two different magnifications was performed.
Aggregates of variable sizes NPs were recorded; however, the shape was monodispersed roughly spherical. Similar
results obtained by Sathiyaraj et al’® revealed a variety of nanoparticle size obtained from Vallarai chooranam. Similar

1% showed variation of the obtained nanoparticle size from Trichoderma longibrachiatum which

study by Elamawi et a
could be due to possible accumulation of proteins and enzymes that were secreted during the biosynthesis process.

The elemental composition of AgNPs revealed the presence of Ag with carbon and oxygen. The AgNPs after
synthesis were washed many times to remove the ions and unbound fungal filtrate, therefore, the C and O appearing in
EDX spectra could be from the fungal extract as described before.®” The peaks at 3.0 keV in the EDX spectrum
represented Ag attributed to the SPR of Ag nanocrystals as reported earlier.”>"*

Results obtained from DLS analysis revealed a wide base of recorded peaks referring to variable sizes of the formed
AgNPs.” The higher size detected for fungal-based NPs by DLS compared to the primary size measured by TEM
displayed some sort of particle aggregation in the water solution which related to the frequency of NPs collisions as inter-
particular interactions increase. As a result of these collisions, the average path length by NPs was reduced, thereby
increasing the hydrodynamic size.”” Similar variation has been noted in another research where the size for PaNPs
prepared by Delonix regia measured by DLS was 24.20 nm as compared to size 4 nm measured by TEM.”® A similar
kind of variation has been also noted in another study where size of hydrodynamic diameter of AgNPs prepared by T.
asperellum was 1.2-fold higher than that measured by TEM.”’

The FTIR spectrum of AgNPs suggests the chemical structure of NPs through the identification of functional groups attached
to their surface with absorption pattern differing from free ones.®” In this study, the signals of FTIR detected for fungal filtrate and

NPs are assigned to different functional groups. All the major signals identified for fungal filtrate were also noted in fungal-based

Table 3 MICs and MBCs for the Biogenic AgNPs

Bacteria Strains

MICs (mg/mL)

MBCs (mg/mL)

P-AgNPs G-AgNPs C-AgNPs P-AgNPs G-AgNPs C-AgNPs
E. coli 0.125 0.062 0.125 0.25 0.125 0.25
S. aureus 0.250 0.062 0.125 0.50 0.125 0.25
K. pneumoniae 0.125 0.031 0.125 0.25 0.062 0.25
P. aeruginosa 0.125 0.062 0.125 0.25 0.125 0.25
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Figure 9 SDS-PAGE profile of protein extracted from K. pneumoniae (control) in lane (2) and treated bacteria with P-AgNPs, G-AgNPs, and C-AgNPs in lanes 3, 4, and 5

respectively.

200 :;n Y 20-0 :m

Figure 10 TEM micrographs of K. pneumoniae untreated cells showed reserved morphology where the cell wall (w), cytoplasmic membrane (M), and cytoplasm were clearly
intact (Ctrl). Bacteria treated with G-AgNPs showed cell membrane blebbing (blue arrow; D), separation of cytoplasmic membrane from bacterial cell wall (white arrow; B,
D, and E), and rupture in the outer membrane (red arrow; B and E). Elongated cell displaying reduction in the cytoplasmic material (white star; A and E), and existence of
membrane components (yellow star; A and C). Furthermore, electron-lucent space with different sizes and shapes in the cytoplasm (black thin arrows; C).
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NPs; however, slight alterations in the position and the strength of bands of absorption were noted and indicated contribution of
fungal bioactive molecules in the formation of NPs. The signals for all fungal filtrate and fungal-based NPs suggest the
involvement of aliphatic hydrocarbons, aromatic rings, and aliphatic amines in the process of bio-reduction.”®*® The two
peaks that appeared in the diffraction gram may be due to the presence of reducing and capping organic moieties attached to
AgNPs as reported by other researchers.'®”'%! The bands of FTIR from 1633.79 to 1638.52 cm ' may correspond to the C=C
aromatic ring stretch.”” In addition, the bands of FTIR from 3060.43 to 3294.39 cm ', could be attributed to the presence of
polyphenolic ~OH groups.'* The probable role of OH functional group-containing molecules such as polyols consisting of
terpenoids, tannins, saponins, etc.'®? is forming a complex with fungal-based NPs as shown by reduction in the peaks. In addition,
the observed shift in transmittance of FTIR peaks of fungal-based NPs compared to fungal filtrates could be due to probable

interactions of functional groups from the filtrate with metal ions (in reduction process) and NPs (through capping).'®®

Antibacterial Activity of AgNPs
The antibacterial activity of fungal filtrate and fungal-based NPs was evaluated against four pathogenic bacteria. No
antibacterial activity was detected for all fungal filtrates; however, K. pneumoniae was the most affected human pathogen
by G-AgNPs, and the lowest antibacterial activity of all fungal-based NPs was noticed against E.coli and P. aeruginosa,
and the highest antibacterial effect detected for P-AgNPs was against tested E.coli bacteria. Variations in the zone of
inhibition can be explained by the structure of the Gram-positive and Gram-negative bacteria cell wall. The cell wall in
Gram-positive bacteria consists of a thick peptidoglycan coating, which is made up of short peptide cross-linked linear
polysaccharide chains that cause rigid construction of the cell wall, whereas the cell wall of Gram-negative bacteria
contain a thin peptidoglycan layer that is more easily damaged.’*'**

Antibacterial activity of AgNPs synthesized using Plumeria pudica Jacq. flower extract showed the highest inhibition
against Gram-negative bacteria E. coli.”® Antibacterial activity of the AgNPs synthesized using Jatropha integerrima
Jacq. flower extract exhibits high growth inhibitory effect towards E. coli which was low against B. subtilis.”" Along with

our results, a study by Duran et al'®

reported a reduction of Ag cations by C. globosum with subsequent high
antimicrobial activity. Furthermore, AgNPs prepared by C. globosum showed antifungal activity against pathogenic F.
oxysporum.”' A similar kind of bacteria was used by Sathiyaraj et al’> to examine the antibacterial characteristic of
Vallarai chooranam synthesized AgNPs.

AgNPs are supposed to exhibit antibacterial activity by the formation of reactive oxygen species which interact with
glycoprotein on the bacterial cell wall then get onto the cytoplasm.'®® The noted activity of all fungal-based NPs against
K. pneumoniae might be due to the structure of cell wall of Gram-negative bacteria.'®’

Regarding MIC and MBC, a recent study by Lotfy et al®* reported a similar kind of observations when they studied NPs
mediated by Aspergillus terreus against twelve bacteria, where P. aeruginosa and S. faecalis showed the highest susceptibility.

Similar research by Sathiyaraj et al’>

revealed that AgNPs prepared by Vallarai chooranam showed a high zone of inhibition
against E. coli and low one against Bacillus subtilis. Current results regarding MBC:MIC indicated that tested strains were non
tolerant. 7* Variations in the MIC and MBC values of NPs in this work could be due to particle size, the nature of the material

coating the NPs, and the response of treated bacteria.'**'%”

SDS-PAGE Banding Profile

SDS-PAGE for protein profiling pattern of K. pneumoniae before and after treatment with fungal-based NPs showed
great variations, which indicates a high level of polymorphism. The SDS-PAGE pattern of bacteria treated with NPs
showed low band intensity of the proteins. NPs might cause extreme oxidative stress, producing unfolding of the protein
chain, which leads to protein changes and degradation.''®!'"! In addition, presence of new protein bands detected after K.

pneumoniae exposed to C-AgNPs could be related to the development of new proteins as response to stress.''>'"?

K. pneumoniae Ultrastructural Changes

TEM micrographs of K. pneumoniae showed the presence of membrane blebbing, separation of cytoplasmic membrane from
cell wall, and rupture in the outer membrane after being subjected to G-AgNPs. Similar results were noted by Veras et al,''*
who showed different morphological and ultrastructural changes on the K. pneumoniae isolates after these were exposed to f3-
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lactams from diverse concentrations, for example cell filamentation, loss of cytoplasmic material, and disorganization of the
wall. In addition, the treated bacteria became elongated, and reduction in the cytoplasmic material and existence of membrane
components were observed suggesting that bacteria have been affected by G-AgNPs in a similar pattern to low concentrations

of some antibiotics.''> Similar findings were noted by DeLoney and Schiller'"”

which showed that Helicobacter pylori was
turned to a filamentous shape after being exposed to aztreonam and to a spherical shape when exposed to other B-lactams.
Furthermore, electron-lucent space with different sizes and shapes in the cytoplasm was observed, and some NPs that appeared
in the cell wall and inside the cell were noted earlier.''* Understanding the effect of G-AgNPs on K. pneumoniae isolates is
significant because this permits understanding of how the therapeutic mixtures can efficiently help towards treating the
infections initiated by these isolates. Generally, variations in antimicrobial activity of fungal-based NPs prepared here could
not be highly significant which might be due to comparable characteristics for each NP, leading to similar biological behavior.
K. pneumoniae was sensitive to all fungal-based NPs, which could be related to their cell wall structure; however, not all tested

Gram-negative bacteria followed the same pattern.

Conclusion

The present research has been developed in an eco-friendly approach in NPs formation by using soil-isolated fungal
strains Phoma sp., Chaetomium globosum, and Chaetomium sp. with antibacterial activity against four human pathogenic
bacterial strains. Spherical NPs were noted by TEM, and hydrodynamic radius of 70.24, 62.13, and 12.26 nm average
diameters for P-AgNPs, G-AgNPs, and C-AgNPs, respectively, were noted. K. pneumoniae was the most affected
bacterial strain with fungal-based NPs and was studied by TEM analysis before and after treatment showing morpho-
logical changes indicating deformation of cellular structure via direct interaction between NPs and cellular components.
Also, SDS-PAGE for protein profiling pattern of K. pneumoniae before and after treatment with fungal-based NPs
showed great variations, which indicates a high level of polymorphism. In addition, presence of new protein bands
detected after K. pneumoniae was exposed to NPs could be attributed to formation of stress response protein. However,
further investigations are required to validate this presumption by screening fungal-based NPs biological activities. The
current study gives a good picture on the variations in antimicrobial activity of fungal-based NPs.
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