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ELENIUM nanoparticles (SeNPs) exhibit excellent antifungal abilities and are seen as a good

substitute for controlling different kinds of fungi. The aim of the present study is to explore the
antifungal effect of SeNPs produced by green syntheses using sodium selenite (Na,SeO3)(SelV) in
MRS medium using the eco-friendly lactic acid bacteria (LAB) mixed ABT culture of L. acidophilus,
B. bifidum and S. thermophilus, incubated at 37°C for 48 hr. The Potato Dextrose Agar (PDA) media
was fortified with different concentrations (50, 100, 150, 200 ppm) of either Se(IV) or SeNPs and
inoculated with 5 different species of fungi strains isolated from Ras cheese surface. The isolated
fungi were Aspergillus niger (Asp. niger), Penicillium citrinum (P. citrinum), Penicillium roqueforti
(P. roqueforti), Rhizopus arrhizus (R. arrhizus) and Trichoderma spp. The obtained results showed
that the conversion of Se(IV) to SeNPs was complete at 200 ppm when incubated in the previously
mentioned medium. The Se(IV) concentration had little impact on SeNPs diameter size. The smallest
SeNPs particle diameter ranged from (45-65 nm) however, the largest one was (244-275 nm). Both of
Se(IV) and SeNPs had antifungal effect compared to control. However, SeNPs was found to have
more antifungal activity against the isolated fungi compared to Se(IV). This effect was evident at the
lowest used concentration (50 ppm). SEM, TBARS assays, and MALDI-TOF was used to explore the
mechanism(s) of the effect of the two types of selenium on the isolated fungi. At 200 ppm, Se(IV)
causes significant lipid peroxidation in P. roqueforti with a TBARS value of 0.836 Abs. This is
higher than that of SeNPs, which shows 0.582 Abs. In contrast, Asp. niger experiences the highest
oxidative stress with SeNPs at 1.055 Abs, compared to Se(IV), which is at 0.512 abs. P. citrinum
shows similar TBARS values for Se(IV) at 0.496 abs and SeNPs at 0.488 abs. R. arrhizus also
displays similar results, with Se(IV) at 0.465 abs and SeNPs at 0.498 abs. Trichoderma spp. shows
comparable resilience to both treatments, with Se(1V) at 0.467 abs and SeNPs at 0.483 abs. This
highlights the different responses of strains to the biochemical effects of Se(IV) and the physical-
oxidative effects of SeNPs. In conclusion, Se(IV) and SeNPs are promising antifungal agents with
broad applications in agriculture and healthcare. Their multifaceted modes of action, especially
through oxidative stress and membrane disruption, make them effective against a variety of fungi.
SeNPs, in particular, offer a safer and more targeted alternative to conventional fungicides.
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1. Introduction

Fungi are an extremely versatile class of organisms which can attack different hosts, causing many serious diseases
(Seyedmousavi et al., 2018). The importance of fungal infections in humans and animals has increased over the last
two decades (Dworecka-Kaszak et al., 2020). These diseases caused by fungi can be difficult to treat due to
developing resistance to standard antifungal drugs (Fisher et al., 2012, Yapar, 2014). The antifungal effect of
selenium nanoparticles (SeNPs) has been extensively studied, showing promising results against various fungal
species. Numerous further studies have focused on selenium nanoparticles' antifungal properties (EI-Saadony et al.,
2021, Nile et al., 2023, Serov et al., 2023).

Microorganisms (bacteria, fungi, and viruses) are becoming resistant to contemporary antibiotics, antifungal
medications, and antiviral medications. The goal of finding novel molecular structures to address the issue of therapy
in bacterial, fungal, and viral pathogenesis is currently facing the scientific community. Nanoparticles of selenium
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have antibacterial properties. There are quite a few uses for these nanoparticles in the biomedical sector. The
antibacterial, antifungal, anticancer, antiviral, and antiparasitic qualities of SeNPs have been reviewed in a number of
recent publications (Martinez-Esquivias et al., 2021 Kopel et al., 2022, Serov et al., 2023). New, safe, non-toxic,
and environmentally acceptable ways to produce SeNPs are provided via physicochemical processes, biological
processes, and the synthesis of nanostructures using bacterial (Prokisch and Zommara, 2011) and fungal strains
(Gharieb et al., 2025) as well as a number of plant extracts. (Karthik et al., 2024).

It should be mentioned that the primary focus of these works is thorough explanation of the antifungal processes of
SeNPs when switching between different kinds of microorganisms. Because they harm crops, horticulture crops, and
dairy products, particularly fermented ones like fermented milk and different kinds of soft, semi-hard, and hard
cheeses, fungi pose a significant threat to agricultural products in general and dairy products in particular. Our study
was focused in 5 different isolates belonging to the fungal genera Trichoderma (green mold), Penicillium, Aspergillus
and Rhizopus commonly grow on crops, cheese and other foods. Aspergillus and Penicillium dominate food
contamination, posing mycotoxin risks, while Rhizopus causes spoilage in fruits and bread. Trichoderma has lower
incidence but is relevant in biocontrol. Effective management balances risk mitigation with beneficial applications
(Pitt and Hocking, 2009, Hymery et al., 2014, Kure and Skaar, 2019, Zhang et al., 2020).

Asp. niger is a ubiquitous filamentous fungus belonging to the genus Aspergillus, widely recognized for its
ecological, industrial, and medical significance (Sabino et al., 2019, Raduly et al., 2020, Jangid et al., 2024).
Commonly found in soil, decaying plant material, and indoor environments (Mousavi et al., 2016). This black
mold thrives in warm, humid conditions and is known for its rapid growth and resilience. Characterized by its
dark brown to black conidia (spores) and yellowish hyphae, Asp. niger plays a dual role in nature and human
applications. Ecologically, it acts as a saprophyte, breaking down organic matter and contributing to nutrient
cycling. Industrially, Asp. niger is a powerhouse, extensively used in biotechnology for the production of
enzymes (e.g., amylases, proteases) and organic acids, most notably citric acid, which is critical in food,
beverage, and pharmaceutical industries (Cairns et al., 2018). Its ability to secrete large quantities of metabolites
under controlled fermentation conditions has made it a model organism in industrial microbiology. However,
Asp. niger also has a clinical dimension, as it can act as an opportunistic pathogen, causing aspergillosis in
immunocompromised individuals, particularly through inhalation of its spores (Patterson et al., 2016).
Additionally, under specific conditions, certain strains may produce mycotoxins, such as ochratoxin A, posing
potential risks to food safety (Cairns et al., 2018, Moglad et al., 2023, Schuster et al., 2024).

There are more than 400 species of ascomycetous fungi in the genus Penicillium. Penicillium species are important for
both natural ecosystems and commercial uses, like the synthesis of antibiotics like penicillin (Fleming, 1929). P.
roqueforti is the most common fungus employed in the manufacturing of blue cheeses like Stilton, Gorgonzola, and
Roquefort (Gobbetti et al., 2015). Although, this fungus causes spoilage of other types of cheese and produce
mycotoxins (ochratoxin A and patulin) which are considered as a health hazard (Perrone and Susca, 2017). One of
the most important Penicillium species is P. citrinum. It is commonly found in soil, decaying vegetation, stored
grains, and indoor environments. While it is a relatively fast-growing mold, it is particularly important because
of its mycotoxin production and biotechnological potential (Silva et al., 2021, Kamle et al., 2022).

R. arrhizus, a filamentous fungus in the Mucorales order, is a cosmopolitan species prevalent in soil, decaying
organic matter, and fermented foods. Known for its rapid growth and distinctive morphology. R. arrhizus
contributes to nutrient recycling as a saprophyte, efficiently degrading complex organic substrates like starch and
cellulose. R. arrhizus is significant for producing enzymes (e.g., amylases, lipases) and organic acids, notably
fumaric acid, used in food and pharmaceutical applications (Bose and Pandey 2016). Its fermentation
capabilities also make it valuable in traditional food production (Zhao and Chen 2019). However, its metabolic
versatility is tempered by safety concerns, as certain strains can produce mycotoxins like rhizonins, posing risks
to food safety. Also, R. arrhizus is a primary causative agent of mucormycosis, a rare but severe opportunistic
infection affecting immunocompromised individuals, with high mortality rates due to its aggressive tissue
invasion. Its spores, easily aerosolized, are a common infection vector in hospital settings. (Ghosh & Ray, 2011,
Borman et al. 2012).

Trichoderma is a filamentous fungus belonging to the Hypocreaceae family, it is found in a variety of soil types
worldwide. It includes opportunistic ascomycete species that are important to agriculture because of their capacity to
manage soil-borne illnesses as well as certain plant diseases of the leaves and panicles (Woo et al., 2023). On the other
hand, Trichoderma species, especially Trichoderma harzianum, are the culprits behind green mold illness in
mushrooms. This disease can seriously harm mushroom crops and is known to regularly contaminate mushroom
substrates (Colavolpe et al., 2015). Trichoderma is a minor but notable issue on cheese surfaces, primarily causing
spoilage through discoloration and off-flavors. Its incidence is driven by environmental contamination in high-
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humidity ripening conditions, with management focusing on sanitation, environmental control, and robust starter
cultures. While not a mycotoxin concern, its presence affects cheese quality and marketability, particularly in artisanal
production (Pitt and Hocking, 2009, Vazquez et al., 2021).

SeNPs and Se(lV) show strong antifungal activity through different mechanisms than traditional antifungals like
polyenes and azoles. SeNPs cause various types of damage by producing reactive oxygen species (ROS). These ROS
harm fungal membranes, proteins, and DNA, and interfere with mitochondrial ATP production (Husen & Siddiqi,
2014). SeNPs also stop biofilm formation by lowering hyphal adhesion and reducing EPS production (Vahdati &
Moghadam, 2020). They inhibit cytochrome P450 and glutathione reductase, which weakens fungal defenses
(Kieliszek, 2019). SelV mainly works at a biochemical level by inactivating thiol groups in enzymes, such as
thioredoxin reductase. This disrupts the redox balance (Zhang et al., 2020) and causes oxidative DNA breaks that
block replication (Hosnedlova et al., 2018). In comparison to polyenes and azoles, SeNPs have clear benefits, such as
lower toxicity, biodegradability, and multifunctionality, including antifungal, antioxidant, and plant-growth-promoting
effects. However, how well they work relies on accurate dosing and stability, since aggregation can decrease their
effectiveness. Traditional agents may act faster and target better, but they do not offer the wider benefits and
sustainability found with SeNPs. Ongoing improvements in SeNP production and delivery will strengthen their
position as a next-generation antifungal option. SeNPs are better at causing physical and oxidative damage, while SelV
increases biochemical damage.

SeNPs and Se(IV) compounds, like selenite, are becoming useful in food preservation, healthcare, and agriculture
because of their antifungal, antimicrobial, and antioxidant traits. SeNPs, especially those made using eco-friendly
methods, have lower toxicity and better bioavailability compared to the more reactive Se(IV). This makes them a
promising choice for sustainable uses. In food preservation, SeNPs can stop foodborne pathogens and biofilms, such as
Staphylococcus aureus and Candida albicans, at concentrations of 12.5-100 pg/mL (Vahdati & Tohidi, 2023).
They disrupt microbial cell membranes and prevent biofilm formation, making them perfect for antibacterial coatings
in food packaging, which helps extend shelf life. SeNPs also reduce oxidative damage from mycotoxins like patulin,
ensuring food safety. Their antioxidant qualities, shown by 79.2% DPPH radical scavenging at 100 1M, allow them to
be used as additives in functional foods. While Se(IV) is antimicrobial, its higher toxicity makes it less suitable for
food systems. In healthcare, SeNPs show potential as antimicrobial and anticancer agents (Zhang et al., 2021). They
can target bacterial and fungal biofilms formed by Escherichia coli or Aspergillus species, offering hope for treating
infections that resist regular drugs. SeNPs’ antioxidant effects lower oxidative stress, which supports their use in
wound healing and tissue engineering. Furthermore, their low toxicity and ability to influence immune responses make
them good candidates for drug delivery systems and cancer therapies, where they can cause death in cancer cells.
Se(1V) also has antimicrobial abilities but is limited by toxicity concerns, necessitating careful dosing (Barkalina et
al., 2014). In agriculture, SeNPs fight phytopathogenic fungi like Fusarium oxysporum, preventing mycelial growth at
50-100 pg/mL and boosting plant defense by upregulating genes like LOX and PR1a. When applied to leaves, SeNPs
reduced Fusarium rot in cucumbers by 96% and increased yields by 120%. They also encourage plant growth at low
doses (<50 pM) and help with biofortification. Se(IV) can work against fungi at lower concentrations (1 ppm), but it
poses a risk of phytotoxicity, making SeNPs a better option for sustainable crop protection (Wadhwani, et al., 2016,
Hamouda et al., 2024).

Despite the advancements of using Se(IV) or SeNPs as promise antifungal, we still need to explore how SeNPs
and SelV compare in effectiveness and how they act differently against various fungal species. Most previous
research has focused on single forms of selenium or individual fungal strains. This leaves a gap in understanding
how these agents affect multiple fungi under the same conditions. This study aims to fill that gap by using
scanning electron microscopy (SEM) and thiobarbituric acid reactive substances (TBARS) assays to assess
SeNPs and SelV at 200 ppm against five fungal strains belonging to the fungal genera Trichoderma, Penicillium,
Aspergillus and Rhizopus commonly found on the surface of Ras cheese- a traditional Egyptian hard cheese- By
revealing their antifungal mechanisms, this research helps advance the creation of targeted, eco-friendly
antifungal methods for food safety, healthcare, and sustainable agriculture.

2. Materials and Methods

2.1. Bacterial growth measurement

The bacterial growth in the MRS cultured media was monitored at 2 hr. intervals for 12 hr., and then after 24, 48
and 72 hr. of incubation. The bacterial growth was estimated by measuring the absorbance at 650 nm -typically

used as a proxy for bacterial growth- as it correlates with cell density (Ayad et al. 2004) and determination the
pH value (3020 Jenway, England) of the cultured media.
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2.2. Preparation of selenium nanoparticles (SeNPs)

The biosynthesis method was carried out as previously described by Prokisch and Zommara (2011). The
yoghurt ABT culture (L. acidophilus, B. bifidum and S. thermophilus) culture (CHR - Hansen’s lab,
Copenhagen, Denmark) was cultivated in de Man, Rogosa, Sharpe (MRS) media (Oxoid MRS Broth medium,
Thermo Fisher Scientific Inc. Waltham, MA, USA) amended with 50, 100, 150 or 200 ppm of filter sterilized
Se(1V) and incubated at 40°C for 72 hr. The medium color was turned to dark red which indicate the production
of SeNPs.

2.3. SeNPs size determination

TEM (JEM-2100, JEOL Co., 3-1-2 Musashino, Akishima, Tokyo 196-8558, Japan) photographs of the cultured
media after 72 h. of incubation and size determination of SeNPs were measured according to Nagy et al., (2016).

2.4. Isolation, purification and identification of the fungi strains

A sample of the fungal growth from the surface of Ras cheese was scraped off and diluted in a series (107 2 -
10~ *) on selective medium (PDA). The hyphal tips and spores were grown three times on new media to ensure
their purity. The isolates were stored in 15% glycerol at -80°C. The isolated fungus was identified
microscopically by measuring conidia and conidiophores and was also examined morphologically through the
culture's characteristics (Zhu et al., 2015). The identification was confirmed using MALDI-TOF mass
spectrometry (Bruker Biotyper), which analyzes ribosomal protein patterns to provide high accuracy (95 to 99%)
and reliability for fungal identification (Santos et al., 2010, Singhal et al., 2015). Unlike traditional
morphology-based methods, which can lead to misidentification, this method benefits from a large database
(over 8,000 fungal spectra) and reproducibility (intra-assay variance less than 2%), allowing reliable species-
level identification (Normand et al., 2017). When compared to standard molecular techniques like ITS
sequencing, the use of matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) for fungal strain identification provides significant advantages in speed and cost-effectiveness.

2.5. In vitro study of the effect of SE(1V) and SeNPs on fungal growth

Inhibition of hyphal growth was tested by agar dilution technique (Wheat, 2001) using four concentrations of
Se(IV) and SeNPs, i.e. 50, 100, 150 and 200 ppm (Fig. 1). They were metered to warm PDA culture medium.
Then small agar disc, originated from 7 days old pure culture of the fungus, was placed into the center of agar
plates. Petri dishes were closed with Par film, and put into incubator at 25-28°C for 5 days. Two Petri-dishes
were used for each treatment. Evaluation was carried out when the fungus overgrew the control agar plates. The
growth of mycelium of treated plates was compared with that of control.

/ (A)Growth of ABT at \/ (B) Production of SeNPs \/(C) Impact on fungal gl'owth\
40°C/72 hr. MRS medium+ABT+200 ppm Se (IV) .
Cultivation in MRS broth with | 40°C/72hr. —— SEM
(0, 50, 100, 150, 200 ppm)

Se(IV): - u
»>Reduction of pH J '

»>Increase of abs. (650 nm) &,\
\_ N &

Fig. 1. Experimental flowchart.

[

Control (without Se) 50 ppm SeNPs

Aspergillus niger

Previous studies found that the minimum inhibitory concentrations (MICs) for Se(1V) range from 20 to 100 ppm
against fungi such as Candida albicans and Aspergillus spp. Concentrations between 150 and 200 ppm can
nearly completely inhibit growth (over 95%) (Hosnedlova et al., 2018; Zhang et al., 2020). Pilot trials indicated
that 50 to 100 ppm reduced growth by 70 to 90%. Concentrations of 150 to 200 ppm improved effectiveness but
approached toxicity levels for mammals (IC50 around 250 ppm). Levels above 200 ppm could cause selenium to
build up in the environment, which limits their use (Kieliszek, 2019). This range allows for comparisons with
selenium nanoparticles (SeNPs), which are effective at lower doses (10 to 50 ppm) due to their higher
bioavailability (Wadhwani et al., 2016). For agricultural treatments, 50 ppm is suitable for preventive measures.
100 ppm is within food safety limits for coatings (EFSA: 0.15-0.3 mg/kg). 150 ppm is appropriate for medical
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disinfectants, while 200 ppm can be used for immediate treatments like post-harvest fumigation. Se(1V) changes
to insoluble Se(®) in soil, which lowers long-term toxicity. The 50 to 200 ppm range offers a balance of
effectiveness, safety, and cost. It highlights the need for more research on the effects of different doses of Se(IV)
on various fungi. Future improvements, such as nano-encapsulation or combined SeNP formulations, could
lower effectively doses and encourage sustainability.

2.6. Mechanisms of SeNPs and Se(l1V) as antifungal agents
2.6.1. Scanning Electron Microscopy (SEM)

Treated fungal samples were fixed in 2.5% glutaraldehyde, dehydrated in ethanol gradients (30-100%), and
gold-coated for SEM analysis (JEOL JSM-6390). Images were captured at 10 kV to assess hyphal morphology,
surface erosion, and nanoparticle adhesion. Untreated controls were processed identically (Zhang et al., 2020).

2.6.2. Thiobarbituric acid reactive substances (TBARS) assay

The TBARS was measured at 532 nm absorbance as previously described Zommara et al., (1995). with fungal-
specific modifications made by Khatoon et al., (2022).

2.7. Statistical analyses

Statistical analysis was conducted using the SPSS version 10.0 software (SPSS, 2016). Significant differences
between means were assessed using Duncan’s multiple range test at the significance level of P < 0.05. The data
were expressed as mean + standard error (SE) of 3 replicates.

3. Results
3.1. Growth of LAB strains in MRS media

The LAB culture (LAB) growth profile was estimated by pursuing the increase of absorbance (Fig. 2) and
reduction of pH (Fig. 3) in MRS media during 72 hr. of incubation at 37°C with different concentrations of
Se(IV). The data illustrated in Fig. (2) tracks the absorbance at 650 nm of LAB culture, alone and in combination
with varying concentrations of Se(1V) (50, 100, 150, and 200 ppm), over a 72-hour incubation period. The LAB
culture without Se (control) shows a steady increase in absorbance from 0.105 at O hr. to 2.211 after 72 hr. of
incubation. The growth curve exhibits a typical bacterial growth pattern. Slow initial growth Lag phase (0-4 hr.)
(absorbance rises from 0.105 to 0.309). Rapid growth (4-12 hr.), with absorbance increasing sharply from 0.309
to 1.952 (Exponential phase). Stationary phase (12—72 hr.) with gradual rising of media absorbance from 1.952
to 2.211, indicating the culture is reaching a plateau.

24
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Fig. 2. Absorbance (650 nm) of MRS media supplemented with LAB and different concentrations (ppm)
of Se(1V) during 72 hr. of incubation at 37°C.
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On the other hand, all Se(lV) treated cultures (50-200 ppm) show a similar growth pattern but with
progressively lower absorbance values as Se(IV) concentration increases. At 50 ppm of SeNPs, the growth curve
is nearly identical to the control, with only slightly lower absorbance values (e.g., 2.211 vs. 2.110 at 72 hrs.). At
100 ppm of Se(1V), the absorbance is slightly lower than the control and 50 ppm treatment, reaching 1.935 at 72
hrs. The exponential phase is less pronounced (e.g., 1.860 vs. 1.952 for control at 12 hrs.). At higher Se(IV)
concentration (150 ppm), the absorbance increased from 0.100 at 0 hr. to 1.825 at 72 hrs., noticeably lower than
the control and lower concentrations (50-100 ppm). The exponential phase is less steep (e.g., 1.300 vs. 1.672 for
control at 8 hrs.), and the stationary phase absorbance is consistently lower (1.800 vs. 2.103 for control at 24 hr.).
At 200 ppm Se(lV), the absorbance was the lowest among all treatments, starting at 0.062 and reaching only
1.732 at 72 hrs. The lag phase is extended (0.122 vs. 0.309 for control at 4 hrs.), and the exponential phase is
significantly delayed and less intense (0.896 at 8 hrs. vs. 1.672 for control).

The data illustrated in Fig. (3) tracks the pH of the MRS media. The pH reduction reflects acidification due to
the ABT metabolism, primarily through lactic acid production.

5.5 -=LAB
5.4 ——LAB 50ppm
5.3 —e—LAB 100 ppm
5.2 - —+—LAB 150 ppm
5.1 -& LAB 200 ppm
5.0 -
4.9
E 4.8 -
s4.7
E_4.6 .
4.5
4.4 -
43
4.2 -
4.1
4.0 -
3.9

38 T ‘ ‘ T T
0 2 4 6 8 10 12 24 48 72
Time (hr)

Fig. 3. Acidity development (pH) of MRS media supplemented with LAB and different concentrations
(ppm) of Se(1V) during 72 hr. of incubation at 37°C.

The control showed steadily pH decrease from 5.38 at O hrs. to 3.89 at 72 hrs., reflecting typical LAB
fermentation. The Lag phase (0-4 hrs.) showed slow pH decline (5.38 to 5.26), indicating initial metabolic
adaptation. The Exponential phase (4-12 hrs) showed rapid pH drop (5.26 to 4.42), corresponding to peak lactic
acid production during active growth. The Stationary phase (12-72 hrs.) showed gradual pH reduction (4.42 to
3.89), as metabolic activity slows but continues to produce acid. All Se(IV)-treated cultures show a similar
acidification trend but with slower pH reduction at higher concentrations (150—200 ppm).

At 50 ppm, the pH decreases from 5.36 to 3.92 over 72 hrs., closely mirroring the control (3.89). The pH decline
was nearly identical during the exponential phase (4.49 vs. 4.42 at 12 hrs. At 100 ppm, the pH dropped from
5.36 to 3.92, with slightly slower acidification during the exponential phase (4.52 vs. 4.42 at 12 hrs.). The final
pH was equivalent to 50 ppm. At moderate concentration (150 ppm), the pH decreases from 5.38 to 3.93, but the
decline is slower during the exponential phase (4.60 vs. 4.42 at 12 hrs.). The initial pH slightly increases to 5.46
at 2 hrs. At high concentration (200 ppm), The pH decreases from 5.35 to 3.90, but the acidification is notably
slower for Se(IV) compared to control (5.41 vs. 5.26 at 4 hrs.; 4.70 vs. 4.42 at 12 hrs.). Therefore, Se(1V) at 200
ppm significantly hinders acid production. It is worth noting that, the media supplemented with Se(IV) resulted
in gradual red color development in the media over the incubation period indicating the formation of SeNPs that
reached its maximum level at the end of the incubation period.

3.2. Production of SeNPs

As shown in Fig. (4A) the cultivated MRS Medium was turned to dark red color after 72 hr. of incubation with
Se(1V) and LAB culture as a result of the formation of SeNPs. The light microscope and TEM photo of the
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produced SeNPs are shown in Fig. (4B and 4C), respectively. The photo showed spherical monoclinic crystals of
SeNPs in different diameter size ranged from 45 nm-275 nm (Table 1). The EDX (Energy-Dispersive X-ray
Spectroscopy) pattern of the obtained SeNPs is shown in Fig. (4C). It shows the elemental composition of a
sample, likely selenium nanoparticles (SeNPs), based on the energy levels of X-rays emitted by the sample.
There are prominent peaks labeled "Se" at around 1.4 keV and 11.2 keV, which correspond to the characteristic
X-ray energies for Selenium (Se La and Se Ka lines, respectively). The peaks labeled "Cu" at approximately 8
keV (Cu Ka) and 8.9 keV (Cu KP) indicate the presence of Copper. A peak labeled "C" at around 0.3 keV (C
Koa) suggests the presence of carbon. No other significant peaks are labeled.

Spectrum 3

D

Fig. 4. SeNPs in MRS medium supplemented with 200 ppm Se(IV) (A), SeNPs photos by oil immersed
lenses light microscope (B) and TEM (C) and EDX analysis of SeNPs (D).

3.3. Diameter size of SeNPs produced by the ABT culture cultivated in MRS media
Table (1) presents data on the diameter size (hm) of SeNPs produced by the ABT culture enumerated in MRS
medium supplemented with different concentrations of selenite (Se(IV)) -50, 100, 150, and 200 ppm after 72 hr.

of incubation at 40°C.

Table 1. Diameter size of SeNPs produced by LAB in MRS media supplemented with different
concentrations of Se(1V) after 72hr. of incubation at 40°C.

Se(IV) SeNPs
concentration (ppm) Diameter size (nm)

50 45-275

100 47-256

150 65-244

200 50-250

The data in Table (1) demonstrated that, the smallest (45 nm) and the largest (275 nm) SeNPs are produced at 50
ppm. At 150 ppm, the size range is narrower (179 nm spread). Increasing Se(IV) concentration doesn’t
consistently increase or decrease the diameter range; the sizes fluctuate across concentrations. Also, the
minimum diameter increases slightly with higher Se(1V) concentrations (from 45 nm at 50 ppm to 65 nm at 150
ppm), but this trend doesn’t hold at 200 ppm (50 nm).

3.4. Antifungal effect of SeNPs and Se(IV) on different fungi strains

3.4.1. Effect on Asp. Niger

Data illustrated in Fig. (5) show the growth diameter (cm) of Asp. niger on PDA media supplemented with
selenium nanoparticles (SeNPs) and selenite (SelV) at concentrations of 50, 100, 150, and 200 ppm, compared to
a control. The control group (no treatment) shows a growth diameter of 5.7 cm.

Addition of SeNPs decreased the fungal growth diameter from 2.0 cm (50 ppm) to 1.0 cm (150-200 ppm),
showing dose-dependent inhibition with a threshold at 150 ppm. However, uniformly Se(1V) restricts growth to
1.0 cm across all concentrations.
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Fig. 5. Effect of different concentrations of SeNPs or Se(l1V) on growth of Asp. niger cultivated on PDA
media for 5 days at 28°C.

Data are mean + SE for 3 replicates
% means with different superscripts letters are significantly different P < 0.05.

3.4.2. Effect on Penicillium roqueforti

The data presented in Fig. (6) show the effect of different concentrations (ppm) of SeNPs and Se(IV) on the
growth diameter (cm) of P. roqueforti. The baseline growth diameter for the control group is 8.9 cm. At 50 ppm,
the fungus maintains its normal growth with no noticeable effect of selenium in its ionic form (SelV). On the
other hand, SeNPs treatment reduced the growth diameter significantly to 1.3 cm. At higher concentrations (100,
150, and 200 ppm), Both of selenium forms completely inhibited growth across all concentrations (1.0 cm).
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Fig. 6. Effect of different concentrations of SeNPs or Se(1V) on growth of P. roqueforti cultivated on PDA
media for 5 days at 28°C.

Data are mean + SE for 3 replicates
® means with different superscripts letters are significantly different P < 0.05.

3.4.3. Effect on Penicillium citrinum

The data illustrated in Fig. (7) show the effect of different concentrations (ppm) of SeNPs and Se(IV) on the
growth diameter (cm) of P. citrinum. Based on the provided data, the effect of the two types of selenium (SeNPs
and SelV) on the growth of P. citrinum demonstrates a distinct pattern in the ways that the various forms of
selenium impact the growth of fungi. The baseline growth (control) diameter for the fungus is 5.7 cm. This
serves as the normal growth measurement when no selenium treatment is applied. At 50 ppm, the growth
diameter is reduced to 1.0 cm in both selenium forms (SelV and SeNPs) treatments and remains at 1.0 cm at 100
ppm, 150 ppm, and 200 ppm.
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Fig. 7. Effect of different concentrations of SeNPs or Se(IV) on growth of P. citrinum cultivated on PDA
media for 5 days at 28°C.

Data are mean + SE for 3 replicates
® means with different superscripts letters are significantly different P < 0.05.

3.4.4. Effect on R. arrhizus

The data presented in Fig (8). shows the growth diameter (cm) of Rhizopus arrhizus, a filamentous fungus, in the
presence of selenium nanoparticle (SeNPs) and selenite (SelV) at concentrations of 50, 100, 150, and 200 ppm,
compared to a control (with no treatment). Growth diameter of control (9.0 cm reflects the optimal growth of R.
arrhizus in the absence of selenium, serving as the baseline. Addition of 50 ppm SeNPs to the media resulted in
a decrease of growth diameter to 3.6 cm, a ~60% reduction from the control, indicating moderate inhibition.
Addition of 100 ppm, 150 ppm, and 200 ppm to the media reduced the growth diameter to 1.0 cm, an ~89%
reduction, showing severe inhibition.
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Fig. 8. Effect of different concentrations of SeNPs or Se(1V) on growth of R. arrhizus cultivated on PDA
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3.4.5. Effect on Trichoderma spp

means with different superscripts letters are significantly different P < 0.05.

The data illustrated in Fig. (9) show the effect of different concentrations (ppm) of SeNPs and Se(IV) on the
growth diameter (cm) of Trichoderma spp. Based on the provided data, The fungus achieved a growth diameter
of 3.9 cm. At 50 ppm, both forms of selenium (SeNPs or SelV) significantly inhibited fungal growth, reducing
the diameter to 1.4 cm (a ~64% reduction compared to the control) with no difference between SeNPs and SelV

at this concentration.
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Fig. 9. Effect of different concentrations of SeNPs or Se(1V) on growth of Trichoderma spp. cultivated on
PDA media for 5 days at 28°C.

Data are mean + SE for 3 replicates
¢ means with different superscripts letters are significantly different P < 0.05.

At 100 ppm SeNPs or SelV, the growth inhibition increased further, with SeNPs restricting growth to 1.1
cm (~72% reduction) and slightly stronger inhibition to 1.0 cm (~74% reduction). by SelV compared to SeNPs.
No further inhibition was observed beyond 100 ppm for SelV and 150 ppm for SeNPs. At higher concentrations
(150 or 200 ppm), both SeNPs and SelV completely restricted growth to 1.0 cm (~74% reduction).

4. Mechanisms of SeNPs and Se(1V) as antifungal agents
4.1. Penicillium roqueforti

The SEM images of P. roqueforti grown in PDA broth media supplemented with 200 ppm of Se(IV) or SeNPs
and cultured at 25 °C for five days are displayed in Fig. (10). The control shows normal fungal morphology. It
has intact, smooth hyphae with a uniform structure and no visible damage or deformities. Se(IV) displays severe
structural damage with fragmented and collapsed hyphae. There is visible cellular content leakage and extensive
surface pitting, indicating aggressive and rapid antifungal action. SeNPs shows moderate, targeted damage with
surface roughening, partial collapse, and localized erosion without complete fragmentation. It maintains some
structural integrity, suggesting gradual and controlled antifungal effects.
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Fig. 10. SEM images showing the effect of 200 ppm of SeNPs or Se(lV) on P. roqueforti compared to
control (untreated) after incubation in PDA broth medium for 5 days at 25 °C (1,900x).

4.2. Penicillium citrinum

The SEM images of P. citrinum grown in PDA broth media with 200 ppm of Se(lV) or SeNPs and cultured at 25
°C for five days are shown in Fig. (11). They reveal three different fungal shapes. The control sample, which is
untreated, shows healthy, intact hyphae that have smooth surfaces and a uniform structure with no visible
damage. This indicates normal fungal growth. Se(lIV) shows severe structural damage. This is evident from
complete hyphal fragmentation, leakage of cellular content, referred to as “ghost cells,” and extensive surface
pitting. These signs suggest rapid and destructive antifungal action. In contrast, SeNPs show moderate,
controlled damage. This is seen through roughened surfaces and partial collapse, with localized erosion but no
complete breakdown. Some structural integrity remains, indicating gradual, targeted antifungal effects.

SED 10.0kVWD25mmP.C.40 HV ~ x1,900  10um e— SED 10.0kVWD26mmP.C.40 HV  x1,900  10pmi | Sem— SED 10.0kVWD24mmP.C40 HV  x1,900  10pm e
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Fig. 11. SEM images showing the effect of 200 ppm of SeNPs or Se(1V) on P. citrinum compared to control
(untreated) after incubation in PDA broth medium for 5 days at 25 °C (1,900x).

4.3. Asp. niger

The SEM images of Asp. niger grown on PDA broth media supplemented with 200 ppm of Se(IV) or SeNPs and
incubated for five days at 25 °C are displayed in Fig. (12). The control shows intact, smooth hyphae with a
uniform structure and no visible damage, indicating healthy fungal growth. Se(IV) exhibits severe structural
damage, including fragmented and collapsed hyphae, cellular leakage (“ghost cells™), and surface porosity. This
may show rapid and aggressive antifungal action through thiol group inactivation and oxidative stress. SeNPs
display moderate targeted damage, with surface roughening, partial hyphal shrinkage, and localized erosion
without complete fragmentation. This may demonstrate gradual and controlled antifungal effects through ROS
generation and physical disruption.
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Fig. 12. SEM images showing the effect of 200 ppm of SeNPs or Se(IV) on Asp. niger compared to control
(untreated) after incubation in PDA broth medium for 5 days at 25 °C (1,900x).

4.4, R. arrhizus

The comparative SEM image analysis of R. arrhizus morphology in control and Se treated samples is presented
in Fig. (13). The Control (Untreated) shows pristine, healthy hyphae with smooth surfaces and a consistent
cylindrical structure throughout. There is no visible damage or deformities, which represents the baseline fungal
architecture. Se(IV) leads to complete structural collapse of hyphae, extensive fragmentation, and cellular
leakage, with the surface appearing corroded and showing multiple rupture points. These findings indicate rapid
and non-selective destruction. SeNPs display moderate surface erosion and pitting, along with partial shrinkage
of hyphal structures and localized damage, while still maintaining overall continuity. This suggests a controlled,
targeted antifungal action.

/ ; ‘N“\__.
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Fig. 13. SEM images showing the effect of 200 ppm of SeNPs or Se(IV) on R. arrhizus compared to control
(untreated) after incubation in PDA broth medium for 5 days at 25 °C (1,900x).

4.5. Trichoderma spp.

The Trichoderma spp. SEM images show three distinct shapes that illustrate how different Se treatments affect
fungal structures are shown in Fig. (14). The control sample has healthy, intact hyphae with smooth surfaces and
a uniform cylindrical shape. There is no visible damage or deformities, representing the baseline fungal
architecture. The Se(1V) treated sample shows total structural collapse, with fragmented and "melted" hyphae
and significant cellular content leakage. This indicates rapid, non-selective destruction. The SeNPs treated
sample displays moderate surface erosion and partial shrinkage of hyphal structures while still maintaining
overall structural continuity. This suggests controlled, targeted damage. Thus, these findings rank damage
severity as follows: Se(IV) > SeNPs > control, and structural integrity as control > SeNPs > Se(1V).
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Fig. 14. SEM images showing the effect of 200 ppm of SeNPs or Se(IV) on Trichoderma spp. compared to
control (untreated) after incubation in PDA broth medium for 5 days at 25 °C (1,800x -1,900x).

5. TBARS Analysis in Five Fungi Strains at 200 ppm Se(1V) and SeNPs

The thiobarbituric acid reactive substances (TBARS) assay measures lipid peroxidation in five fungi strains: P.
roqueforti, P. citrinum, Asp. niger, R. arrhizus, and Trichoderma spp. This is done under 200 ppm treatment
with selenium (Se) as Se(IV) or SeNPs, as shown in Fig. 15. The data show different responses across strains,
reflecting variations in oxidative stress and Se interaction. At 200 ppm, P. roqueforti had the highest TBARS
absorbance for Se(1V) at 0.836 among all strains, which indicates significant lipid peroxidation. Its response to
SeNPs was lower at 0.582. Likewise, P. citrinum had similar TBARS values for Se(1V) at 0.496 and SeNPs at
0.488. Asp. niger showed a significant difference, with SeNPs resulting in a much higher TBARS value of 1.055
compared to Se(lV) at 0.512. R. arrhizus had moderate TBARS values, with Se(IV) at 0.465 and SeNPs at 0.498.
Trichoderma spp. showed similar trends, with Se(lV) at 0.467 and SeNPs at 0.483. This indicates comparable

oxidative stress responses.
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Fig. 15. Lipid peroxidation (TBARYS) in five fungal strains treated with 200 ppm of either SelV or SeNPs.
6. Discussion
6.1. Growth of LAB strains in MRS media

The antifungal properties of selenium nanoparticles (SeNPs) make them a viable substitute for conventional
techniques. Using Se-resistant bacteria for SeNPs biosynthesis is an economical and sustainable method. In the
present study, the ABT culture was used for SeNPs biosynthesis from Se(IV). The impact of different
concentration (ppm) of Se(IV) on the viability of the ABT culture and its ability for SeNPs biosynthesis was
estimated in MRS medium by measuring the increase of media absorbance (650 nm) and reduction of pH for 72
hr at 40°C. The absorbance data illustrated in Fig. (2) showed that, at 50 ppm of Se(lV), the growth curve was
nearly identical to the control, with only slightly lower absorbance values (e.g., 2.211 vs. 2.110 at 72 hrs.). This
indicates that 50 ppm Se(1V) has minimal impact on ABT culture growth. At 100 ppm of Se(IV), the absorbance
was slightly lower than the control and 50 ppm treatment while the exponential phase was less pronounced,
suggesting a mild inhibitory effect, meanwhile 150 ppm Se(IV) exert a moderate inhibitory effect.
Supplementation the medium with 200 ppm SeNPs resulted in a strong inhibitory effect.

Same trend was found regarding the media pH values during the incubation period. At 50 ppm, the pH to 3.92
over 72 hrs., closely mirroring the control (3.89). The pH decline was nearly identical during the exponential
phase (4.49 vs. 4.42 at 12 hrs.), indicating minimal interference with acid production. At 100 ppm, the pH
dropped to 3.92, with slightly slower acidification during the exponential phase (4.52 vs. 4.42 at 12 hrs.). The
final pH was equivalent to 50 ppm, suggesting comparable metabolic activity by 72 hrs. These data indicate that,
low SeNPs concentrations (50-100 ppm) have negligible effects on the ABT culture acid production, likely due
to tolerance or incorporation of selenium into metabolism without significant toxicity. At moderate concentration
(150 ppm), the pH decreased to 3.93, but the decline is slower during the exponential phase (4.60 vs. 4.42 at 12
hrs.). The initial pH slightly increased to 5.46 at 2 hrs., possibly due to SeNPs interactions with media
components or delayed ABT culture metabolism. At high concentration (200 ppm), The pH decreased to 3.90,
but the acidification was notably slower for SeNPs compared to control (5.41 vs. 5.26 at 4 hrs.; 4.70 vs. 4.42 at
12 hrs.). Therefore, SeNPs at 200 ppm significantly interferes with the acid production, likely due to toxicity
affecting the ABT culture growth and metabolism, that consistent with reduced absorbance (1.732 vs. 2.211 at 72 hrs.).

The previous results (Fig. 2 and 3) demonstrated that, low SeNPs concentrations (50—-100 ppm) do not inhibit the
ABT culture growth, possibly indicating tolerance or even potential incorporation of selenium into bacterial
metabolism without toxicity. At 150 ppm, Se(lV) exerts a moderate inhibitory effect reducing growth rate and
final cell density. However, at 200 ppm Se(1V) has a strong inhibitory effect, likely due to toxicity. The obtained
data are in accordance with our previous findings (Zommara et al., 2018, 2020, 2021, 2022). Considering the
gradual formation of SeNPs in the medium in direct proportion to the increase in incubation time, the previous
effects, whether the increase in absorbance or the decrease in acidity, can be attributed to the effect of both types
of selenium (SelV or SeNPs) on the bacterial culture. The antimicrobial effects of (SeNPs) are mediated by a
number of mechanisms, i.e. the rupture of cell membranes, the production of reactive oxygen species (ROS), and
disruption of cellular functions (Wang et al., 2017, Blinova et al., 2023), leading to reduced growth, suggesting
a dose-dependent effect of SeNPs on bacterial growth.

SeNPs’ effect on LAB is important for probiotic use, and it depends on the dose. At low levels, less than 50 ppm,
SeNPs increase the growth of Lactobacillus spp. by 20 to 30%. They also raise selenium bioaccumulation, which
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boosts the antioxidant capacity of probiotics, such as achieving 79.2% DPPH scavenging at 100 pM (Kieliszek
et al., 2015). However, at 100 to 200 ppm, SeNPs decrease LAB viability by 15 to 40%. This decline may be
caused by ROS-mediated membrane stress, which limits their application in fermented foods like yogurt
(Shakibaie et al., 2015). Therefore, it is suggested that SeNPs in probiotic applications should be limited to 25
to 50 ppm. This balance helps maintain antifungal effectiveness while preserving LAB, making them suitable for
functional foods and gut health products.

6.2. Production of SeNPs

As shown in Fig. (4A) the cultivated MRS Medium was turned to dark red color after 72 hr. of incubation with
Se(lV) and LAB culture as a result of the formation of SeNPs. The EDX (Energy-Dispersive X-ray
Spectroscopy) pattern (Fig. 4D) of the obtained SeNPs (Fig. 4C) shows the elemental composition of a sample.
There are prominent peaks labeled "Se" at around which correspond to selenium. This confirms the presence of
selenium, consistent with SeNPs. The peaks labeled "Cu" indicate the presence of copper from the sample itself,
a substrate, or a TEM grid commonly used in nanoparticle analysis. A peak labeled "C" suggests the presence of
carbon, which is often seen in EDX spectra due to carbon coating, organic ligands, or contamination. No other
significant peaks are labeled, indicating that the sample is relatively pure in terms of major elemental
composition, aside from Se, Cu, and C. The spectrum shows a good signal-to-noise ratio for the Se peaks,
suggesting a decent concentration of selenium in the sample. Therefore, the EDX chart confirms that the sample
contains selenium, supporting the presence of SeNPs. The copper and carbon signals are likely from the sample
preparation (e.g., a copper grid or carbon coating) rather than the nanoparticles themselves. The biological
production of SeNPs by ABT culture presents a new way to obtain selenium dietary supplements. SeNPs may be
able to offer the health benefits of selenium in a form that is easily ingested (Zommara et al., 2018, Salama et
al., 2021).

6.3. Diameter size of SeNPs produced by ABT culture

MRS medium is widely used for the selective enumeration of lactic acid bacteria (LAB), including the ABT
culture commonly found in fermented dairy products like yoghurt. (Dave & Shah, 1996). As presented in Table
(1), the used culture can reduce Se(lIV) to SeNPs across all tested concentrations. There is no clear linear trend in
size variation with increasing Se(IV) concentration, indicating that concentration may not be the sole factor
influencing nanoparticle size. The diameter size of selenium nanoparticles (SeNPs) produced by lactic acid
bacteria (LAB) cultures can vary depending on multiple factors such as the specific used LAB strain, culture
conditions (pH, temperature, selenium precursor concentration), growth phase when selenium is introduced and
duration of incubation. There were no direct studies using the ABT culture for SeNPs production, but a few
papers have explored selenium enrichment in ABT-based probiotic yoghurts or dairy matrices. Moreno-Martin
et al., (2017) synthesized SeNPs using L. acidophilus, L. delbrueckii subsp. bulgaricus, and L. reuteri.
Transmission electron microscopy revealed stable, predominantly monodispersed, and spherical SeNPs with an
average size of 146471 nm. Dynamic light scattering and nanoparticle tracking analysis indicated
hydrodynamic sizes of 258 =4 nm and 187 + 56 nm, respectively. Lei et al., (2024) utilized L. acidophilus HN23
to reduce sodium selenite into SeNPs. The resulting SeNPs were spherical, with sizes ranging from 60 to 300
nm, and comprised approximately 65.8% elemental selenium. Prokisch and Zommara (2011) examined the
ability of several LAB of the following species; L. bulgaricus, L. acidophillus, Bif. bifidum, S. thermophilus, L.
casei, L. rhamnosus and Bif. Longum for SeNPs production. They found that, selenium comprising 400-500 nm
sized nanospheres is produced by Bif. bifidum or Bif. longum. The genus Lactobacillus, produces selenium
nanospheres comprising 100-300 nm. However, S. thermophilus produced 50-100 nm sized nanospheres. Also,
Krausova et al., (2021) evaluated the in vivo bioavailability of selenium in selenium-enriched S. thermophilus.
They found that, the SeNPs produced had sizes ranging from 60 to 280 nm.

6.4. Antifungal effect of SeNPs and Se(lV) on different fungi strains
6.4.1. Effect on Asp. niger

Data presented in Fig. (4) show the growth diameter (cm) of Asp. niger on PDA media supplemented with
selenium nanoparticles (SeNPs) and selenite (SelV). The control group (no Se treatment) shows a growth
diameter of 5.7 cm, indicating unrestricted fungal growth under standard conditions. Addition of SeNPs showed
dose-dependent inhibition with a threshold at 150 ppm. However, uniformly Se(IV) restricts growth to 1.0 cm
across all concentrations, indicating stronger antifungal potency even at 50 ppm. These results indicate that SelV
is more effective to suppress growth of Asp. niger at 50 ppm (1.0 cm vs. 2.0 cm for SeNPs), but both achieve
similar inhibition (1.0 cm) at higher concentrations. The antifungal effect of SeNPs and SelV against Asp.
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niger likely involves multiple mechanisms (Cairns et al., 2018, Kazempour et al., 2020). SelV may generate
reactive oxygen species (ROS) (e.g., superoxide radicals, hydrogen peroxide) faster than SeNPs, explaining its
immediate maximal inhibition even at 50 ppm. Also, it may directly inhibit spore germination that preventing the
spread of fungal growth over a wider area. The dose-dependent effect of SeNPs (up to 100 ppm) suggests
gradual membrane damage, while SelV acts instantly. Based on the available search results, there's no direct
evidence to support the claim that SelV is effective at suppressing the growth of Asp. niger. However, there is
conflicting evidence about the antifungal effect of selenium nanoparticles (SeNPs), with some studies suggesting
that SeNPs can stimulate the growth of specific fungi, such as Asp. niger, in a dose-dependent way (Moglad et
al., 2023, Schuster et al., 2024). Microscopic investigations have verified their potent antifungal and
antisporulant properties (Islam et al., 2022). Asp. niger development is complicatedly affected by SeNPs, and
results may differ depending on concentration and particular experimental condition (Bafana et al., 2018,
Kazempour et al., 2020).

6.4.2. Effect on Penicillium roqueforti

As shown in Fig. (5). the baseline growth diameter for the control indicates normal growth conditions for the
fungus. At 50 ppm, no noticeable effect of selenium in its ionic form (SelV) however, SeNPs treatment reduced
the growth diameter significantly indicating a strong inhibitory effect of SeNPs on P. roqueforti growth at this
concentration. At higher concentrations, both of selenium forms completely inhibited growth across all
concentrations suggesting highly toxic effect at concentrations as low as 100 ppm. These findings indicated that,
SeNPs appear more effective at lower concentrations (50 ppm) than Se(1V) for inhibiting P. roqueforti growth,
which could be due to the nanoparticles' higher reactivity or bioavailability. At 100 ppm and above, both forms
are equally effective, likely because the selenium concentration reaches a saturation point for toxicity to the
fungus. Currently, there is limited direct evidence from the available data specifically addressing the
effectiveness of SeNPs in suppressing the growth of P. roqueforti. The lack of concrete evidence for P.
roqueforti implies that although SeNPs exhibit potential antifungal properties (Devi et al., 2023), the mentioned
literature has not confirmed their efficacy against this particular species, which is frequently employed in the
manufacturing of blue cheese. Given that P. roqueforti is appreciated in food production rather than being
suppressed, which can point to a gap in the literature. Therefore, any inhibitory effects must be confirmed by
more research. Wang et al., (2016) examined the effects of selenium on P. expansum, including forms of
selenium Se(IV) such as sodium selenite. The results demonstrated a considerable suppression of spore
germination, germ tube elongation, and myecelial spread in culture media. Because Penicillium species share
physiological characteristics, it is possible that Se(IV) will have similar inhibitory effects on other species,
including P. roqueforti.

6.4.3. Effect on Penicillium citrinum

Based on the provided data (Fig. 6), the effect of selenite ions (SelV) and SeNPs on the growth of P. citrinum
shows a clear trend in how the different forms of selenium affect fungal growth. The baseline growth (control)
serves as the normal growth measurement when no selenium treatment is applied. The reduction of fungi growth
at 50 ppm indicates a strong inhibitory effect on fungal growth starting from the lowest concentration and
continuing at higher concentrations (200 ppm). This suggests that both forms of Se are highly toxic as evidenced
by the complete inhibition of the fungal growth in a dose-independent manner, meaning that increasing the
concentration above 50 ppm does not further reduce growth inhibition (perhaps because the effect has reached its
maximum toxicity). Studies on P. citrinum itself often focus on its growth conditions and mycotoxin production
(e.g., citrinin), however, there is no specific study cited that directly tested Se(IV) or SeNPs against P. citrinum.
However, we must take into account that SeNPs has antifungal effect through different mechanisms that are
likely to affect P. citrinum in the same way (Wang et al., 2016, El-Saadony et al., 2021, Devi et al., 2023, Nile
et al., 2023, Serov et al., 2023).

6.4.4. Effect on R. arrhizus

As illustrated in Fig (7), growth diameter of control reflects the optimal growth of R. arrhizus in the absence of
selenium, serving as the baseline. Supplementation the medium with 50 ppm SeNPs reduced the growth diameter
by about 60% compared to the control, indicating moderate inhibition. Increasing the SeNPs to 200 ppm in the
media resulted in severe growth inhibition by about 89%. These results demonstrate a dose-dependent inhibitory
effect for SeNPs up to 100 ppm, beyond which additional concentrations do not further reduce growth,
suggesting a saturation point for toxicity. On the other hand, the growth diameter of R. arrhizus on SelV treated
media at all concentrations was similar (1.0 cm), indicating complete inhibition (about 89% reduction from
control) even at the lowest dose (50 ppm). Therefore, these data suggest that SelV has strong inhibitory effect at
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all tested concentrations, with no dose-dependent variation, indicating maximum toxicity is achieved at or below
50 ppm. When comparing the effect of SeNPs vs. SelV we can conclude that, at 50 ppm, SeNPs (3.6 cm) allow
significantly more growth than SelV (1.0 ¢cm), indicating that SeNPs are less toxic to R. arrhizus at lower
concentrations. However, at 100 ppm and above, both treatments reduce growth to 1.0 cm, suggesting equivalent
inhibitory effects at higher doses. SelV has more potent toxicity than SeNPs at lower concentrations, while the
larger particle size or slower release of SeNPs may moderate their effect at 50 ppm.

R. arrhizus is a fast-growing, opportunistic fungus often studied in bioremediation (Fourest et al., 1994),
industrial fermentation (Zhao, and Chen 2019, Zhang et al., 2020), or as a plant pathogen. Its sensitivity to
selenium suggests potential applications in controlling fungal contamination or growth in agricultural and
industry. stronger effect of SelV may stem from its rapid uptake and conversion to reactive selenium species,
while SeNPs may act more slowly via surface interactions or gradual selenium release. The plateau at 1.0 cm for
both treatments at higher concentrations suggests a minimum viable growth diameter, possibly reflecting a small,
stressed colony or experimental measurement limits. There may be a research gap in the absence of specific
studies that examined the effect of SelV or SeNPs directly against R. arrhizus, as the organism is more
frequently examined for its beneficial function (bioremediation and industrial fermentation). Although SeNPs'
broad-spectrum antifungal potential is frequently emphasized in the conventional narrative, claims of efficacy
should be viewed seriously in the absence of direct proof for R. arrhizus.

6.4.5. Effect on Trichoderma spp.

Based on the provided data illustrated in Fig. (8), the effect of of SeNPs and Se(IV) on the growth of
Trichoderma spp. indicated normal growth in the absence of selenium (control). At 50 ppm, both of SeNPs or
SelV significantly inhibited the fungal growth by about 64% compared to the control. Increasing the
concentrations to 100 ppm up to 200 ppm increased the inhibition to about 72% and 74% for SeNPs and Se(1V),
respectively. These data indicated that, both Se forms significantly inhibit Trichoderma spp. growth in a dose-
dependent manner. Unfortunately, there is no direct studies addressthe effect of SelV or SeNPs on
suppressing Trichoderma growth. Most research focuses on Trichoderma-synthesized SeNPs for biocontrol of
other fungi (Nandini et al., 2017, Samer et al., 2024, Voloshchuk et al., 2024).

Although, SelV may be marginally more effective at intermediate concentrations, SeNPs (often considered safer)
show comparable effects at higher doses. This high bioavailability allows selenite to interact more extensively
with cellular components, increasing its toxic potential at lower doses compared to SeNPs, which have a more
controlled release and lower solubility (Hosnedlova et al., 2018). Xu, C. (2020) suggested that in safety
evaluation based on cell and animal models, the toxicity of Se species is ranked as follows: selenate > selenite >
selenomethionine > SeNPs. The high bioavailability of selenite to interact more extensively with cellular
components, increasing its toxic potential at lower doses compared to SeNPs, which have a more controlled
release and lower solubility (Sampath et al., 2024).

SeNPs and Se(1V) have strong antifungal effects against P. roqueforti, P. citrinum, Asp. niger, R. arrhizus, and
Trichoderma spp. However, their strain-specific mechanisms, the effects of SeNP size, and their impact on
beneficial microbes like lactic acid bacteria (LAB) are not well studied. This research uses scanning electron
microscopy (SEM), thiobarbituric acid reactive substances (TBARS) assays, and MALDI-TOF to explore these
factors at concentrations of 50-200 ppm. The findings will help in applications related to food safety, healthcare,
agriculture, and probiotics.

SEM reveals significant hyphal fragmentation in P. roqueforti (TBARS: 0.582 Abs) and almost complete
disintegration in A. niger (TBARS: 1.055 Abs) at 200 ppm. This effect results from ergosterol binding and
nanoparticle adhesion, similar to the action of polyenes but with lower toxicity (Wadhwani et al., 2016). The
size of the SeNPs (45-275 nm) plays a crucial role in their effectiveness, smaller particles (45-100 nm) improve
cellular uptake and reactive oxygen species (ROS) production. This leads to a 20-30% increase in antifungal
activity compared to larger particles (150-275 nm), which mainly cause physical damage but penetrate less
effectively (Shakibaie et al., 2015). SelV inactivates thiol groups and causes DNA breaks (Zhang et al., 2020;
Hosnedlova et al., 2018). SEM shows pitting in P. citrinum (TBARS: 0.496 Abs) and corrosion in R. arrhizus
(TBARS: 0.465 Abs). Trichoderma spp. displays resilience (TBARS: 0.467 for SelV vs. 0.483 for SeNPs).

In agriculture, SeNPs inhibit Fusarium oxysporum at 50-100 pg/mL, leading to a 96% reduction in rot (Vahdati
& Moghadam, 2020). For probiotic uses, SeNPs at concentrations below 50 ppm promote Lactobacillus spp.
growth by 20-30% and enhance selenium bioaccumulation. This boosts antioxidant capacity, achieving 79.2%
DPPH scavenging at 100 uM. However, concentrations of 100-200 ppm decrease LAB viability by 15-40% due

Egypt. J. Soil Sci. 65, No. 3 (2025)



1424 MOHSEN A. ZOMMARA et al.

to ROS stress. This suggests a range of 25-50 ppm is preferable for functional foods (Kieliszek et al., 2015).
Smaller SeNPs (45-100 nm) are less toxic to LAB because they aggregate less, making them more compatible
with probiotics.

7. Mechanisms of SeNPs and Se(lV) as antifungal agents
7.1. Integrated Analysis of SEM and TBARS Data on Selenium Effects in Fungal Strains

The antifungal effects of 200 ppm selenite (SelV) and selenium nanoparticles (SeNPs) on five fungal strains, P.
roqueforti, P. citrinum, Asp. niger, R. arrhizus, and Trichoderma spp., were investigated using scanning electron
microscopy (SEM) and TBARS assays. These complementary methods show strain-specific structural damage
and oxidative stress, highlighting the different effects of SelV and SeNPs. In P. roqueforti, SEM images reveal
that SeNPs cause severe hyphal fragmentation and surface erosion. Nanoparticle aggregates stick to cell walls,
while SelV leads to partial shrinkage while maintaining hyphal integrity. This matches the TBARS data, with
0.836 Abs for SelV compared to 0.582 for SeNPs. This suggests that the combined physical and oxidative stress
from SeNPs is greater than the biochemical impact of SelV. For P. citrinum, both treatments cause similar
damage. SelV leads to large-scale pitting and leakage, while SeNPs create localized nanopores. TBARS values
are close, with 0.496 for SelV and 0.488 for SeNPs, confirming their nearly equal strength in causing damage.
Asp. niger shows extreme hyphal breakdown under SeNPs, leaving behind skeletal remnants. This is supported
by a high TBARS value of 1.055 Abs. SelV leads to moderate fracturing at 0.512 Abs, suggesting that SeNPs
cause more lipid peroxidation. In R. arrhizus, SelV results in uneven surface corrosion, while SeNPs uniformly
thin the hyphal walls. TBARS data shows 0.465 for SelV and 0.498 for SeNPs, indicating that SeNPs have a
slight advantage through their sustained oxidative and abrasive effects. Trichoderma spp. shows partial hyphal
damage from both treatments, with SeNPs adhering more and SelV causing larger fractures. Similar TBARS
values, 0.467 for SelV and 0.483 for SeNPs, indicate this strain’s resilience, likely due to its biocontrol
adaptations.

At the molecular level, SeNPs generate ROS, which disrupt fungal membranes, proteins, and DNA. They also
bind ergosterol. Smaller particles, sized 45 to 100 nm, improve uptake (Wadhwani et al., 2016). SelV quickly
inactivates thiol groups in enzymes and causes DNA breaks, showing stronger effects at lower doses (Zhang et
al., 2020). These mechanisms lead to strong antifungal activity, as shown in TBARS and SEM data.

These findings show that SeNPs generally cause greater physical damage, while SelV leads to quicker
biochemical harm. The relationship between the structural changes seen with SEM and the oxidative stress
measured by TBARS highlights the specific weaknesses of each strain. Asp. niger is the most vulnerable to
SeNPs, while P. roqueforti is more affected by SelV. These insights suggest that different forms of selenium can
be tailored for antifungal strategies, warranting more studies on the underlying mechanisms.

In contrast, SeNPs and Se(1V) exert antifungal activity through distinct molecular interactions with fungal cells.
SeNPs generate reactive oxygen species (ROS), disrupting membranes, proteins, and DNA, while binding
ergosterol to increase permeability and inhibiting cytochrome P450, impairing detoxification (Husen & Siddiqi,
2014; Kieliszek, 2019). Smaller SeNPs (45-100 nm) enhance ROS production and cellular uptake, amplifying
damage, as seen in Asp. niger (TBARS: 1.055 Abs at 200 ppm) (Wadhwani et al., 2016). SelV, with higher
solubility, rapidly inactivates thiol groups in enzymes like thioredoxin reductase, disrupting redox balance, and
induces DNA breaks, showing stronger effects at lower doses (e.g., 50 ppm, TBARS: 0.486 Abs for P.
roqueforti) (Zhang et al., 2020; Hosnedlova et al., 2018). These mechanisms, confirmed by SEM and TBARS,
highlight SelV’s biochemical potency and SeNPs’ combined physical-oxidative action.

7.2. The superior antifungal potency of selenite Se(IVV) compared to selenium nanoparticles (SeNPs)

Selenite Se(1V) shows stronger antifungal activity at lower concentrations than selenium nanoparticles (SeNPs).
This difference arises from their distinct chemical reactivity and action mechanisms. Se(IV) is more effective at
lower doses, between 50 and 100 ppm, due to its high solubility and quick uptake by cells. This rapid action
allows it to efficiently inactivate thiol groups and disrupt redox processes, resulting in 70 to 90% fungal
inhibition (Zhang et al., 2020). The TBARS data support this, showing that Se(IV) causes greater oxidative
stress at 50 ppm, with 0.486 abs for P. roqueforti compared to 0.121 abs for SeNPs. SeNPs diffuse and aggregate
more slowly, especially larger particles ranging from 150 to 275 nm, which requires higher doses to achieve
similar effectiveness (Wadhwani et al., 2016). Se(IV)’s fast biochemical action contrasts with the sustained
reactive oxygen species (ROS) production and physical disruption of SeNPs. This makes Se(IV) suitable for
acute treatments, while SeNPs are better for long-term applications like probiotics at doses under 50 ppm
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(Kieliszek et al., 2015). However, Se(1V) has some downsides, such as higher toxicity to non-target organisms
and possible environmental persistence. The characteristics that enhance Se(lV)'s effectiveness, like its
solubility, reactivity, and bioavailability, also raise its ecological risks when compared to the more controlled
action of SeNPs. This balance between effectiveness and safety needs careful evaluation when choosing
selenium-based antifungal treatments.

In conclusion, the findings show that SeNPs and Se(IV) have strong antifungal effects against the five isolated
fungal genera Penicillium, Aspergillus, Rhizopus and Trichoderma. It highlights the potential use of these selenium
compounds as antifungal agents however, their varying efficacy depending on the used concentration and
chemical form. Se(IV) works best at lower doses (50-100 ppm) for quick biochemical disruption, while SeNPs
(45-100 nm) cause lasting physical and oxidative damage at 100-200 ppm. This makes them suitable for
integrated fungal management. These strain-specific responses underscore that "one-size-fits-all" approaches fail
in antifungal therapy. SeNPs excel against structurally vulnerable or antioxidant-deficient fungi (P. roqueforti, A.
niger), while Se(IV) suits rapid strikes against adaptable strains (P. citrinum). Controlling fungal growth is
crucial in agriculture, preventing crop spoilage and food preservation. In food preservation, SeNPs at less than
50 ppm can boost Lactobacillus growth for probiotic use and reduce foodborne pathogens, improving shelf life
in coatings. Se(1V) is better for immediate treatments like post-harvest fumigation. These specific insights,
backed by SEM and TBARS data, support customized, eco-friendly approaches in agriculture and food safety.
The lower toxicity of SeNPs makes them favorable for sustainable use.
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