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with antifungal activity against animal pathogenic fungi. The LAB was selected based on their speed of
transforming sodium selenite (Na,SeOs3) to SeNPs. Out of the four identified LAB isolates, only one strain
produced dark red color within 32 h of incubation, indicating that this isolate was the fastest in trans-
forming Na,SeOs; to SeNPs; and was chosen for the biosynthesis of LAB-SeNPs. The superior isolate
was further identified as Lactobacillus paracasei HM1 (MW390875) based on matrix-assisted laser desorp-
Antifungal metabolites tion ionization—time of flight mass sPectrometry .(MALDI—TOF MS) and phylog.enetic tre.e analysis of 16S
Biosynthesis rRNA sequence alignments. The optimum experimental conditions for the biosynthesis of SeNPs by L.
Lactobacillus paracasei paracasei HM1 were found to be pH (6.0), temperature (35C), Na,SeOs (4.0 mM), reaction time (32 h),
Selenium nanoparticles and agitation speed (160 rpm). The ultraviolet absorbance of L. paracasei-SeNPs was detected at
300 nm, and the transmission electron microscopy (TEM) captured a diameter range between 3.0 and
50.0 nm. The energy-dispersive X-ray spectroscopy (EDX) and the Fourier-transform infrared spec-
troscopy (FTIR) provided a clear image of the active groups associated with the stability of L. paracasei-
SeNPs. The size of L. paracasei-SeNPs using dynamic light scattering technique was 56.91 + 1.8 nm,
and zeta potential value was —20.1 + 0.6 mV in one peak. The data also revealed that L. paracasei-
SeNPs effectively inhibited the growth of Candida and Fusarium species, and this was further confirmed
by scanning electron microscopy (SEM). The current study concluded that the SeNPs obtained from L.
paracasei HM1 could be used to prepare biological antifungal formulations effective against major animal
pathogenic fungi. The antifungal activity of the biologically synthesized SeNPs using L. paracasei HM1
outperforms the chemically produced SeNPs. In vivo studies showing the antagonistic effect of
SeNPs on pathogenic fungi are underway to demonstrate the potential of a therapeutic agent to treat an-
imals against major infectious fungal diseases.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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antifungal drugs (Fisher et al., 2012; Yapar, 2014).
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The filamentous fungus Fusarium and the yeast Candida infects
animals and causes several diseases. The genus Candida
includes>200 species, of which 15 have been identified as the cau-
sal agents of many human and animal diseases (Yapar, 2014). The
most prominent of these pathogens are Candida albicans, C. glab-
rata, C. krusei, C. parapsilosis and C. tropicalis. Diseases associated
with C. albicans and C. glabrata often occur in warm-blooded hosts
(Yapar, 2014). Candida infection usually occurs by the colonization
of the host rather than the longitudinal and vertical transmission
(Yapar, 2014).

Fusariumis one of the emerging causes of opportunistic
mycoses, with approximately 15 species reported to cause human
and animal diseases (Jain et al., 2011), including Fusarium solani
(the most common), F. anthophilum, F. oxysporum, F. proliferatum
and F. verticoides. These Fusarium species produce mycotoxins such
as trichothecenes mainly nivalenol, deoxynivalenol (DON), T-2 and
HT-2 toxins, zearalenone (ZEN), and fumonisins (B1, B2, and B3)
(Antonissen et al., 2014).

As a global problem, mycotoxins are toxic fungal metabolites
that can contaminate a wide array of food and feed (Al-Maqtoofi
and Thornton, 2016). Fusarium mycotoxins are capable of inducing
acute and chronic toxic effects and can be life-threatening. The
toxic effects mainly depend on the type of mycotoxins, the level
and duration of exposure, the animal species, and the age of the
animal exposed (Al-Maqtoofi and Thornton, 2016). Intake of high
doses of mycotoxin may lead to acute mycotoxicoses characterized
by well-described clinical symptoms (Smith et al, 2005;
Antonissen et al., 2014). Exposure of pigs to high concentrations
of DON causes abdominal distress, malaise, diarrhea, emesis, and
even shock or death. Fumonisins lead to pulmonary edema in pigs
due to cardiac insufficiency, cause equine leukoencephalomalacia
(ELEM), and target the brains of horses (Devreese et al., 2013).

Some secondary metabolites and nanoparticles (NPs) can be
biosynthesized from microorganisms. Generally, NPs can play an
important role in eliminating environmental stresses and micro-
bial infections and can enhance growth and performance in farm
animals (Alagawany et al., 2021a; Abdelnour et al., 2020a; Reda
et al., 2020; Sheiha et al., 2020; Alagawany et al., 2021b). Turner
and Butler (2014) demonstrated the critical role of NPs in treating
invasive fungal infections, especially those caused by yeast fungi
such as Candida species. The NPs showed unique characteristics
due to their tremendously small size and high surface area to the
volume ratio (Singh et al.,, 2011).

Selenium (Se) is an essential trace element present in humans,
animals, and some microorganisms; and is considered a vital cofac-
tor of anti-oxidant enzymes such as thioredoxin reductase and glu-
tathione peroxidase (Husen and Siddiqi, 2014; Srivastava and
Mukhopadhyay, 2015). The SeNPs have potential for use in
nanomedicines for their antimicrobial and anticancer properties
(Forootanfar et al., 2014; Wadhwani et al., 2016). By using the
recent approaches of nanotechnology, the biological synthesis of
SeNPs with high efficiency, low-cost and accurate productivity
has replaced the traditional physical and chemical procedures
(Wadhwani et al., 2016). Biosynthesis of NPs involves the use of
uni- and multi-cellular microorganisms including bacteria and
fungi (El-Saadony et al., 2018; El-Saadony et al, 2021a;
El-Saadony et al.,, 2021b; El-Saadony et al.,, 2021c; El-Saadony
et al., 2021d; Reda et al., 2021), yeasts (Moghaddam et al., 2017;
Shamsuzzaman et al., 2017), algae (Azizi et al., 2014), and some
nonliving viral particles (Nam et al., 2006).

There have been investigations for an economical and straight-
forward biological method for the biotransformation of SeNPs
using lactic acid bacteria (LAB) (Radhika and Gayathri, 2015). Thus,
the use of whole bacterial cells or bacterial enzymes is an excellent
substitute for the large-scale commercial biotransformation of
SeNPs. The toxic form of selenium in selenite can be converted into

6783

Saudi Journal of Biological Sciences 28 (2021) 6782-6794

non-toxic Se (insoluble in water) by microorganisms (Radhika and
Gayathri, 2015).

Long-term water or plant consumption from Se-rich soil may
lead to skin injury and early hair loss. Consequently, efforts have
been made to convert toxic Se compounds to beneficial non-toxic
Se using bacteria (Bajaj et al., 2012). Microorganisms such as Lac-
tobacillus acidophilus, Lactobacillus casei, Lactobacillus helveticus,
Lactobacillus rhamnosus, Lactobacillus plantarum, Klebsiella pneumo-
niae, Streptococcus thermophilus, and Bifidobacterium can act as
small nano-factories secreting enzymes converting metal ions to
metal NPs (Sasidharan and Balakrishnaraja, 2014; Radhika and
Gayathri, 2015; Alam et al., 2020).

Due to the limitless microorganisms that can biosynthesize Se,
researchers have focused on detecting novel effective isolates. In
medicine, SeNPs have been reported to show low toxicity and high
biological activity (Hartikainen et al., 2000; Wang et al., 2007). In
addition, many studies have shown that some organic forms of
Se have anticarcinogenic characteristics (Tapiero et al., 2003).

Candida and Fusarium infections are difficult to cure and can be
lethal to animals, so novel antimicrobial formulations are needed.
Accordingly, the current work aimed to (i) synthesize SeNPs using
LAB, (ii) study the optimum culture conditions required for the
production of these biogenic SeNPs, and (iii) examine the potential
of these LAB-SeNPs as antifungal agents against pathogenic fungi
in animals.

2. Materials and methods
2.1. Collection of human breast milk samples

Breast milk samples were obtained from three healthy breast-
feeding volunteers. Milk samples were aseptically collected in ster-
ile containers using clean gloves. Nipples were first washed with
soap and sterile water, and the first milk drops (~500 pl) were dis-
carded. The collected samples were stored at 4 °C until transport-
ing to the laboratories of the Agricultural Microbiology
Department, Faculty of Agriculture, Zagazig University, Egypt, for
immediate processing.

2.2. Isolation of LAB from human breast milk

A ten-fold dilution of each milk sample was prepared in 0.9%
sterile saline solution. Each dilution (0.1 ml each) was spread
across the surface of selective agar media in sterilized plastic petri
dishes (90 mm diameter) using sterilized L-shaped spreaders. For
each dilution, three plates were used for each sample.

For the isolation of Lactobacillus species, de Man Rogosa and
Sharpe (MRS) agar medium (CMO0361, Oxoid Ltd., Basingstoke,
Hampshire, UK) at pH 6.5 was used. However, for the isolation of
bifidobacteria, MRS agar amended with cysteine (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) at pH 5.2 was used
(Argyri et al., 2013).

The cultures were incubated using AnaeroGen sacks (Oxoid
Ltd.) at 37 + 2 °C in an anaerobic GasPak system (Becton Dickinson,
NJ, USA) for 48 h. Colonies were randomly collected from each
sample and purified using streak plate technique on MRS agar
medium. All bacterial cultures were kept at a temperature of 4 °C
until use.

2.3. Production of LAB-SeNPs

Luria-Bertani (LB) broth was prepared by dissolving 10 g tryp-
tone, 5 g yeast extract, and 5 g sodium chloride in 1000 ml distilled
water (pH 7.5). The enrichment medium used in the current study
was prepared by dissolving 0.5 g sodium nitrate, 5 g sodium chlo-
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ride, 0.1 g ammonium chloride, 2.7 g di-potassium hydrogen phos-
phate, 3 g tryptone, 1 g beef extract, 0.5 g yeast extract, and 3 g glu-
cose in 1000 ml distilled water. LB medium and enrichment
medium were as described by Radhika and Gayathri (2015).
Freshly cultivated LAB isolates were inoculated into 100 ml LB
broth and placed in a shaking incubator at 170 rpm until reaching
log phase (~12 h) at 35 °C according to Radhika and Gayathri
(2015) with some modifications. The supernatant was discarded
after centrifugation at 6,000 x g for 10 min. The bacterial pellet
for each LAB was homogenized in 100 ml of the enrichment med-
ium supplemented with 4.0 mM of Na,SeOs (Sigma-Aldrich) as
described by Radhika and Gayathri (2015). The flasks were incu-
bated in a shaking incubator at 170 rpm at 35 °C for 40 h. After
incubation, the formed SeNPs were harvested by centrifugation
at 8,000 x g for 10 min, and washed four times with distilled
water. The LAB-SeNPs were further analyzed using multiple char-
acterization techniques (Boroumand et al., 2019).

The LAB selection for further experiments was based on their
ability to change the bright yellow medium to red color after a
32 h incubation. The presence of red color in the medium contain-
ing Na,SeOs and the tested bacterium approves the transformation
of Na,;SeO3 to SeNPs by the LAB isolate. Only four LAB isolates were
able to transform Na,SeOs to red SeNPs. The superior LAB isolate
(HM1) possessing the highest production of stable SeNPs was cho-
sen for the biosynthesis of LAB-SeNPs for all the experiments
described below. This isolate was the fastest to transform Na,SeOs
to SeNPs, and produced a dark red color by 32 h compared to the
other three LAB isolates, which produced pale red color after
40 h of incubation.

2.4. Identification of the superior LAB isolate HM1

The selected isolate (HM1) was putatively identified according
to its morphological, biochemical, and physiological characteristics
as recommended by Bergey’s Manual of Systematic Bacteriology
(Logan and De vos, 2009). The tests included cell morphology,
Gram reaction, production of catalase enzyme and ammonia
(NH3), the ability to grow at 15 °C (5 days) and 45 °C (2 days) in
MRS broth, and salt tolerance (4%, and 6.5% NaCl in MRS). Sugar
fermentation tests were also carried out using trehalose, lactose,
raffinose, sucrose, cellobiose, galactose, xylose, mannitol, melezi-
tose, melibiose, ribose, sorbitol, and arabinose (Logan and De vos,
2009).

The identification of isolate HM1 was confirmed by matrix-
assisted laser desorption ionization-time of flight mass spectrome-
try (MALDI-TOF MS) (Nacef et al., 2017) in addition to the phyloge-
netic analysis using 16S rRNA gene alignment sequences.

DNA of the LAB isolate HM1 was extracted and purified
(Sambrook et al., 1989). The amplification procedures were fol-
lowed using PCR (Veriti 96 well thermal cycler, Applied Biosys-
tems®, San Francisco, CA, USA) and the QIA quick PCR
purification kit (Baek et al., 2010). The 16S rRNA gene was ampli-
fied wusing the set 27 forward primer (5'AGAGTTT
GATCMTGGCTCAG-3’) and 1492 reverse primer (5'-
TACGGYTACCTTGTTACG ACTT-3'), according to Srivastava et al.
(2008). The gene was sequenced using a 3500 Genetic Analyzer
(Applied Biosystems®), using a peak block ramp rate of 3.9 °Csec,
reaction volume range of 10-100 pl, sample ramp rate of + 3.35 °
Csec, and a temperature range (metric): 4.0-99.9 °C.

The phylogenetic tree was constructed using the neighbor-
joining method (Saitou and Nei, 1987). Trees replicate (%) which
associated with taxa clustered was calculated with the bootstrap
test (100 replicates) (Felsenstein, 1985). The evolutionary dis-
tances were computed using the maximum composite as Tamura
et al. (2004) method and are in the units of the number of base
substitutions per site. Evolutionary analyses were conducted using
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Molecular Evolutionary Genetics Analysis Version X (MEGAX) soft-
ware (Kumar et al., 2016).

2.5. Optimization of culture conditions to improve the production of
LAB-SeNPs

Several experiments were carried out to determine the opti-
mum culture conditions required to improve the production of
LAB-SeNPs. The freshly prepared bacterial inoculum grown on
enrichment medium was supplemented with Na,SeOs under vari-
ous growth conditions described below. The conditions tested
were; pH values (5.0, 6.0, 7.0, 8.0, 9.0, and 10.0), temperature
(20, 25, 30, 35, 40, and 45 °C), and different concentrations of Na,-
SeOs5 (1,2, 3,4, 5, and 6 mM). The flasks were incubated at different
time intervals (1, 8, 16, 24, 32, and 40 h) and agitated at 100, 120,
140, 160, 180, and 200 rpm using a shaking incubator. Optical den-
sity (OD) was measured at 300 nm (ODs3qg) using a scanning spec-
trophotometer (UV-2101/3101 PC; Shimadzu Corporation,
Analytical Instruments Division, Kyoto, Japan). These experiments
were carried out according to Ghorbani et al. (2011); Wadhwani
et al. (2017); and El-Saadony et al. (2020a) with some modifica-
tions. In each of these experiments, all factors were kept constant
except for one varied factor.

2.6. Separation and purification of LAB-SeNPs

The LAB-SeNPs were centrifuged at 8,000 x g for 10 min, and
the pellet was re-suspended in sterile distilled water. The LAB-
SeNPs were lyophilized by freeze-drying (Thermo Fisher Scientific,
Waltham, MA, USA) at —60C for 24 h and kept at 4 °C until further
use (Wadhwani et al., 2017). The stability of the LAB-SeNPs was
confirmed after ten weeks of cold storage by the absence of
precipitates.

2.7. Characterization of LAB-SeNPs

After observing LAB-SeNPs formation by the media changing
color from yellow to dark red, they were further characterized by
ultraviolet (UV)-visible spectroscopy. The prepared mixture was
monitored using Laxco™ dual-beam spectrophotometer, alpha ser-
ies, 200-1000 nm (Mettler-Toledo LLC., Columbus, OH, USA)
(Forough and Farhadi, 2010) to detect the surface plasmon reso-
nance (SPR) of the obtained absorbance peak for LAB-SeNPs.

Fourier-transform infrared spectroscopy (FTIR; Bruker Tensor,
Kaller, Germany) analysis was performed (Chattopadhyay et al.,
2013) to determine the interaction between proteins found in
cell-free extract and LAB-SeNPs. The FTIR was also used to identify
the potential active compounds in the bacterial cell-free extract.

The LAB-SeNPs were also exposed to energy-dispersive X-ray
spectroscopy (EDX) using JEOL (JSM-IT200 Series, Peabody, MA,
USA) in order the determine the elemental composition of LAB-
SeNPs. The shape and size of LAB-SeNPs were measured using
transmission electron microscopy (TEM; JEOL Ltd., Tokyo, Japan)
(Mendez et al., 2011).

Dynamic light scattering (DLS) (Malvern Panalytical, Malvern,
UK) measured the particle size of nanoparticles in dispersals and
aggregation rate (Gunti et al, 2019). The polydispersity index
(PDI) measures the NPs’ homogeneous nature; the smaller the
PDI, the more homogeneous NPs (Gunti et al., 2019).

The size distribution of LAB-SeNPs was monitored at 27 + 2 °C
using a Zetasizer nano range (Malvern Panalytical, Malvern, UK).
The Zeta potential of the NPs was measured to determine its sur-
face charge using a zeta-potential instrument (Malvern Panalytical,
Malvern, UK) (Gunti et al., 2019).

The nature of LAB-SeNPs was further analyzed using X-ray
diffraction (XRD). The LAB-SeNPs cast was collected on a glass slide
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and observed under D8 Advance Brucker X-ray diffractometer with
Cu Koo (1.54°A) (Brucker Corporation, Billerica, MA, USA) as
described by Ganachari et al. (2012).

2.8. Preparation of chemically produced SeNPs (Che-SeNPs)

The SeNPs were fabricated using the wet chemical method
(Shar et al., 2019). Briefly, 4 g of ascorbic acid was mixed in
20 ml sterilized deionized water on a magnetic stirrer for 10 min
at 30C. A 0.01 mol solution of Na,SeO; was dissolved in 200 ml
sterilized deionized water and mixed at 90 °C for 1 h. Drops of
ascorbic acid solution were slowly added to the Na,SeOs solution
for 10 min. The colorless Na,SeO3 gradually changed from yellow
to red color, indicating that the Che-SeNPs were successfully fabri-
cated. The mixture was then centrifuged at 7,500 x g for 10 min,
and the pellet was removed by rinsing five times with sterilized
deionized water. The che-SeNPs obtained were overnight
vacuum-dried at 60 °C, and stored at 4 °C. All other factors were
kept constant to reach the optimum conditions.

2.9. Determination of the antifungal activity of LAB-SeNPs

The antifungal activities of the LAB-SeNPs and Che-SeNPs were
tested against the following fungal species: Candida albicans ATCC
4862, C. glabrata ATCC 64677, C. krusei ATCC 14243, C. parapsilosis
ATCC 22019, C. tropicalis ATCC 66029, Fusarium oxysporum ATCC
62506, and F. solani ATCC 38341. The tested Candida and fungi
were cultivated on Sabouraud’s dextrose agar plates (SDA) (Lab
M Ltd., Heywood, Lancashire, UK) and the plates were incubated
at optimum condition for Candida and Fusarium (37 °C for 2 days
and 30 °C for 5 days), respectively (Balouiri et al., 2016). The anti-
fungal activities of LAB-SeNPs and che-SeNPs (15, 30, 45, 60, and
75 pg ml~') against these fungal species were evaluated using
the agar disc diffusion assay (Hariharan et al., 2012). The tested
Candida spp., were grown on SDB at 37C until concentration of
approximately 10° CFU ml~!. Fusarium spp., were grown on
Sabouraud dextrose agar (SDA) medium for 5 days at 30C, and
6 mm mycelial discs were obtained (Saeed et al., 2017). Candida
spp., inoculum (100 pl) was spread over SDA plates, and Fusarium
mycelial discs were added in the center of SDA plates. The antifun-
gal activity of LAB-SeNPs and Che-SeNPs levels (15, 30, 45, 60, and
75 pg ml~') was evaluated using the agar disc diffusion assay
method (Hariharan et al., 2012). Discs (6 mm diam.) were satu-
rated with each concentration of LAB-SeNPs, Che-SeNPs, and
sodium selenite (Na,SeOs; control) then was put on the sides of
seeded SDA plates, the plates were incubated at optimum condi-
tion for Candida and Fusarium (37 °C for 2 days and 30 °C for
5 days), respectively. The antifungal activity was estimated by
measuring the inhibition zones diameters (mm). Three plates were
used for each fungal isolate. The interaction between LAB-SeNPs
and the Fusarium species was also observed by scanning electron
microscopy (SEM) (JEOL, Ltd., Tokyo, Japan) (Bozzola and Russell,
1999).

2.10. Determination of the minimum inhibitory concentration and
minimum fungicidal concentration of Che-SeNPs and LAB-SeNPs

The minimum inhibitory concentration (MIC) of Che-SeNPs and
LAB-SeNPs was estimated by micro broth dilution method (Saeed
et al., 2017; Ashour et al., 2020). Aliquots of 500 pl for each Che-
SeNPs and LAB-SeNP concentration (15, 30, 45, 60, and 75 pug ml~1)
were added to tubes containing Sabouraud dextrose broth (SDB)
(Lab M) inoculated with 500 pl of Candida or Fusarium inoculum
(~10° CFU ml~!). Tubes were incubated at optimum conditions
for Candida and Fusarium (37 °C for 2 days and 30 °C for 5 days),
respectively. The obtained turbidity was measured at 600 nm using
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a spectrophotometer (Shimadzu Corporation). The lowest concen-
tration of Che-SeNPs or LAB-SeNPs, which inhibited the fungal
growth, was recorded as the MIC. In addition, the lowest concen-
tration of Che-SeNPs or LAB-SeNPs which inhibited the fungal
growth, was considered to be the minimum fungicidal concentra-
tion (MFC) (Abdelnour et al., 2020a; Ashour et al., 2020). The
MFC was estimated by sub-culturing the MIC levels of Che-SeNPs
or LAB-SeNPs onto sterile SDA plates. the plates were incubated
at optimum condition for Candida and Fusarium (37 °C for 2 days
and 30 °C for 5 days), respectively.

2.11. Statistical analysis

Probability analysis was performed (Finney, 1971). Parameters
were analyzed using SPSS Version 20.0 for windows (SPSS Inc., Chi-
cago, IL, USA). All tests were independently replicated three times.
Data were subjected to analysis of variance (ANOVA), and Fisher’s
protected least significant difference (LSD) test at P = 0.05 was
applied to compare significant differences among means for all
analyses.

3. Results
3.1. Isolation of LAB from human breast milk

In the current study, 15 different LAB isolates were obtained
from human breast milk on MRS, and MRS agar amended with cys-
teine, under anaerobic conditions. Ten different isolates were ten-
tatively selected based on their cultural and morphological
features. The ten isolates were purified on MRS agar.

3.2. Screening of LAB-SeNPs

The first step in the screening process involved testing the ten
selected LAB for their ability to convert the color of the medium
from bright yellow to red color at the end of the incubation period.
The red color in the medium containing Na,SeOs; and the tested
bacterium confirms the transformation of Na,SeOs; to SeNPs by
the LAB isolates (Fig. 1). Out of the ten LAB isolates tested, only four
(HM1, HM5, HM6, and HM7) could transform Na,SeOs; to SeNPs,
and produced red color. The remaining six LAB isolates failed to
produce any red color and were excluded in the remaining exper-
iments. Only isolate HM1 was selected for the biosynthesis of LAB-
SeNPs as it was the fastest isolate in transforming Na2SeO3 to
SeNPs, and therefore it produced a dark red color by 32 h (Fig. 1).
The other three isolates took 48 h and only produced pale red color.
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Fig. 1. |Production of selenium nanoparticles (SeNPs) by Lactobacillus paracasei
HM1 (a) Lactobacillus paracasei HM1 in Luria-Bertani (LB) broth medium, (b)
supernatant of L. paracasei HM1, (c) sodium selenite (Na,SeOs), (d) supernatant of L.
paracasei HM1 with Na,SeOs after 32 h of incubation at 35 °C, and (e) pellet of L.
paracasei HM1 homogenized in enrichment medium supplemented with Na,SeO3
after 32 h of incubation at 35 °C. In (e), note the formation of dark red color in flask.
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3.3. Identification of the superior LAB isolate HM1

The LAB Isolate HM1 was a Gram-positive, catalase-negative,
and non-spore-forming bacterium. It did not produce NH; from
arginine or gas from glucose, suggesting that this isolate is
homo-fermentative. Isolate HM1 successfully grew at 15 °C, but
not at 45 °C, and was tolerant to NaCl concentrations of 4 and
6.5%. The morphological, biochemical, and physiological character-
istics of LAB Isolate HM1 is presented in Table 1. The identification
of the LAB isolate HM1 was further confirmed using MALDI-TOF
MS.

The 16S rRNA sequencing results (Fig. 2) matched the identifi-
cation of the isolate using MALDI-TOF MS. The LAB isolate HM1
was highly similar to the 16S rRNA gene sequences of other L. para-
casei showing a 98.5-100% sequence identity range. The 16S rRNA
nucleotide sequence was deposited in GenBank with an accession
number (MW390875) under L. paracasei strain HM1. In addition,
a comparative phylogenetic tree was established to find the rela-
tionship between the identified strain and the existing Lactobacillus
group based on the 16S rRNA gene sequences (Fig. 2). The phylo-
genic analysis revealed that the isolated strain HM1 belonged to
the genus Lactobacillus and mainly to the phylogenetic clade of L.
paracasei. The present data suggest that the LAB, L. paracasei
HM1, is a promising bacterium for the production of SeNPs.

3.4. Optimization of the synthesis of SeNPs by L. paracasei HM 1

The effects of different pH values of the culture medium on the
production of SeNPs by L. paracasei HM1 are represented in Table 2.
There was greater absorbance of the formed SeNPs at pH 6.0 com-
pared to the other pH values. Above pH 6.0, the absorbance of LAB-
SeNPs was significantly (P < 0.05) decreased. When fresh bacterial
inoculum of L. paracasei HM1 was mixed with Na,SeOs, the absor-
bance measurements increased with increasing temperature (20 to

Table 1
Morphological and biochemical characteristics of the selected lactic acid bacterium
(LAB) isolate HMT.

Characteristics LAB isolate HM1

Gram reaction +
Endospore formation
Production of catalase

Production of NH; from arginine

Growth at

15°C

45°C

4% NaCl

6.5% NaCl

Production of gas from glucose

+

+ o+ 0

Fermentation of
Glucose
Lactose
Mannitol
Galactose
Cellobiose
Xylose
Sucrose
Ribose
Sorbitol
Melezitose
Raffinose
Xylose
Melibiose
Arabinose
Trehalose

+ 4+ o+ o+ o+ 4+

+, growth or positive reaction; -, no growth or negative reaction.
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Lactobacillus sp. rennangilyf7 (AY332395.1)

L. paracasei subsp. tolerans CAU 1514 (MK182810.1)
Lactobacillus sp. rennangilyf14 (AY363372.1)

L. paracasei DJ1 (DQ462440.1)

—— L. casei Shirota (AB531131.1)

1

—[L paracasei HM1 (MW390875)

1

27 | o L. casei YIT 0209 (AB008205.1)

L. casei gene YIT 0180 (AB008204.1)

74

L. paracasei NRIC 0638 (AB362702.1)

68

68

L. paracasei NRIC 1942 (AB362763.1)

27

L. paracasei SM63 (AJ441107.1)

L. 7l us U (GUS12308.1)

L. rhamnosus BHN-LAB 76 (MN556342.1)
L. rhamnosus 1-1 (KJ702503.1)

L. rhamnosus YIT 0105 (AB008211.1)

L. rhamnosus GG ATCC 53103 (AY370682.1)

L. rhamnosus L156.4 (KX644947.1)

L. rl us E (GUS12307.1)

L. rhamnosus X (GU812310.1

Fig. 2. Identification of Lactobacillus paracasei HM1 based on phylogenetic charac-
teristics. Analysis of the phylogenetic tree of the 16S rRNA gene sequence of L.
paracasei HM1 (MW 390875) with other Lactobacillus species.

35 °C), with a maximum value obtained at 35 °C (Table 2). We
found that increasing the temperature above 35 °C significantly
(P < 0.05) decreased the formation of L. paracasei-SeNPs and at fur-
ther temperature increases led to the aggregation of NPs.

Biotransformation of SeNPs was detected at Na,SeO3 concentra-
tions up to 6.0 mM (Table 2). The red color intensity was enhanced
when Na,SeOs concentration increased from 1.0 to 4.0 mM; indi-
cating that 4.0 mM Na,SeOs; was considered to be optimal for the
SeNPs synthesis (Table 2). It was also noted that concentrations
of Na,SeO3 above 4.0 mM significantly (P < 0.05) decreased the for-
mation of L. paracasei-SeNPs.

We also investigated the effect of incubation time (1, 8, 16, 24,
32,and 40 h) (Table 2). At incubations of<1 h, there was no produc-
tion of SeNPs, which could be attributed to the reduction of Na,-
SeOs; redox potential. Moreover, there was an increase in the
absorption peak as the reaction time increased (Table 2). Thus,
more L. paracasei-SeNPs were produced by increasing the incuba-
tion period to 32 h, indicating that 32 h was the optimum incuba-
tion period to complete the reaction. It is noteworthy to mention
that there was no significant (P > 0.05) difference between the 32
and 40 h incubation periods.

Another significant parameter that affects SeNPs output is the
agitation level. We showed that SeNPs had an optimum production
at 160 rpm during incubation compared to the other speeds
(Table 2). Increasing the agitation speed from 100 to 160 rpm pro-
vided a more homogeneous environment, increasing the reaction’s
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Table 2
In vitro growth conditions affecting the reaction between Lactobacillus paracasei HM1 and sodium selenite (Na,SeOs).
pH values 5.0 6.0 7.0 8.0 9.0 10.0
1.23 £ 0.001b 1.93 + 0.003a 1.11 £ 0.001b 0.93 £ 0.007bc 0.63 + 0.005¢ 0.32 £ 0.001d
Temperature (°C) 20 25 30 35 40 45
0.93 + 0.007c 1.12 £ 0.001c 1.75 £ 0.007b 2.12 £ 0.005a 1.89 £ 0.003ab 1.71 £ 0.009b
Na,SeO; (mmol) 1 2 3 4 5 6
1.42 £ 0.001d 1.62 £ 0.003c 1.82 £ 0.001bc 2.14 £ 0.007a 1.92 £ 0.009b 1.61 £ 0.007c
Reaction time (h) 1 8 16 24 32 40
1.32 £ 0.003c 1.45 + 0.001c 1.76 £ 0.007bc 1.89 £ 0.003b 2.12 + 0.009a 2.11 £ 0.007a
Agitation speed (rpm) 100 120 140 160 180 200
1.34 £ 0.009¢ 1.46 £ 0.003c 1.53 + 0.007bc 2.17 £ 0.001a 1.96 + 0.005ab 1.89 £ 0.001b

Optical density (OD) measurements at 300 nm (OD3qg) were determined using spectrophotometer. Mean + standard deviation (n = 3) of OD3qo. Values with the same letter
within a row are not significantly (P > 0.05) different according to Fisher’s Protected LSD Test.

surface area. However, above 160 rpm there was significantly
(P < 0.05) less formation of L. paracasei-SeNPs (Table 2).

In conclusion, the optimum cultivation conditions for L. paraca-
sei-SeNPs were pH 6.0, 35C, 4.0 mM Na,SeOs, 32 h reaction time,
and 160 rpm agitation speed (Table 2).

3.5. Characterization of L. paracasei-SeNPs

3.5.1. Visualization of L. paracasei-SeNPs color

The reaction between Na2SeO3 and fresh inoculum of L. paraca-
sei HM1 occurred rapidly and steadily in the enrichment media at
35 °C. The solution changed from light yellow to reddish-yellow
after 2 h of incubation, gradually becoming dark red by 32 h, with-
out further color change after that (Fig. 1). In the current study,
SeNPs were formed inside the cells when L. paracasei HM1 pellets
were added to enrichment medium supplemented with Na,SeOs.
However, there was no change in the color when L. paracasei
HM1 supernatant was added to Na,SeOs (Fig. 1).

When UV-visible spectroscopy was used, the absorption peak
for LAB-SeNPs was observed in the range of 200-1000 nm, and
the absorbance of 300 nm was the peak for L. paracasei HM1
(Fig. 3A).

3.5.2. Determination of the shape and size of L. paracasei-SeNPs using
TEM

Using TEM, the bio-fabrication of L. paracasei HM1 and the NPs
size distribution were observed (Fig. 3B). The SeNPs size attained
by the culture of L. paracasei HM1, under optimum conditions of
4.0 mM Na,SeOs at pH 6.0 under 35 °C incubation for 32 h ranged
between 3 and 50 nm in diameter. The TEM micrographs of the
prepared L. paracasei-SeNPs showed that the L. paracasei-SeNPs
were hexagonal monodispersed NPs (Fig. 3B). The L. paracasei-
SeNPs did not aggregate, indicating the stabilization by the capping
protein/peptide.

3.5.3. FTIR analysis

FTIR spectrum of L. paracasei-SeNPs showed nine distinct peaks
at 3430.07, 2425.73, 1643.40, 1410.24, 1081.65, 988.34, 828.53,
608.68 and 542.80 cm~! (Fig. 4). The current data indicated a
strong, broad peak at 3430.07 cm ™', corresponding to the presence
of primary and secondary amines and amide linkages in the pro-
tein and alcohols/phenols, respectively. The peak of
2425.73 cm™! indicated the functional groups of aromatics and
alkynes. The bands appearing at 1643.40 and 1410.24 cm~! were
assigned for alkenes and aromatics, respectively (Fig. 4). The peak
at 1081.65 cm™! proved the presence of phenol and alcoholic
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Fig. 3. Features of selenium nanoparticles (SeNPs) produced by Lactobacillus
paracasei HM1. (a) Ultraviolet-visible spectroscopy spectrum of fabricated L.
paracasei-SeNPs; and (b) transmission electron microscopy (80,000X) of SeNPs
produced by L. paracasei HM1. In (a), note the formation of dark red color in the
flask.

TEM mag = 80,000x

compounds. The peaks at 608.68, 988.34, and 828.53 cm~! were
due to the aromatic C-H bending. The peak at 542.80 cm™! related
to metal-carbon stretch (Fig. 4).
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Fig. 4. Structural characteristics of selenium nanoparticles (SeNPs) produced by
Lactobacillus paracasei HM1 using Fourier-transform infrared spectroscopy.

3.5.4. XRD analysis

The XRD analysis was used to investigate the structural charac-
teristics of the formed L. paracasei-SeNPs. The XRD patterns of the
L. paracasei-SeNPs were analyzed to determine the peak intensity,
width, and position (Fig. 5). The obtained results indicated that the
structure of the L. paracasei-SeNPs was spherical, crystalline, and
all had a similar diffraction profile. The XRD spectrum of LAB-
SeNPs showed eight peaks at Braggs angles, confirming the Se
phase (Fig. 5). These XRD peaks at 20 of 28.61°, 31.19°, 40.01°,
45.02°, 56.21°, 66.23°, 75.11°, and 84.74° could return it to the
100, 101, 110, 102, 111, 201, 112 and 202 crystallographic planes
of the spherical shape of Se crystals. Thus, the current results sug-
gest that the biosynthesized SeNPs were well-crystallized.

3.5.5. EDX analysis
We assessed the EDX analysis of LAB-SeNPs. The Se peak was at
1.4 keV (Fig. 6), which indicates that the bio-SeNPs were pure Se.

3.5.6. DLS analysis

The DLS analysis measured the size distribution and polydisper-
sity index (PDI) of L. paracasei-SeNPs. The average size of L. paraca-
sei-SeNPs were 56.91 + 1.8 nm (Fig. 7A), and the biotransformed L.
paracasei-SeNPs were found to be monodispersed.

Zeta potential observed the surface charges gained by L. paraca-
sei-SeNPs, which was responsible for the stability of the colloidal L.
paracasei-SeNPs. Potential colloidal stability was predicted by the
magnitude of zeta potential. L. paracasei-SeNPs zeta potential
was found to be 20.1 + 0.6 mV (Fig. 7B).
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4502°
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g 2861°
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Fig. 5. Structural characteristics of selenium nanoparticles (SeNPs) produced by
Lactobacillus paracasei HM1 using X-ray diffraction.
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Fig. 6. Structural characteristics of selenium nanoparticles (SeNPs) produced by
Lactobacillus paracasei HM1 using energy-dispersive X-ray spectroscopy.
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Fig. 7. Size and charge characterization of selenium nanoparticles (SeNPs) pro-
duced by Lactobacillus paracasei HM1. (a) Dynamic light scattering analysis of SeNPs
showing size distribution of particles; and (b) zeta potential analysis showing the
charge distribution on the SeNPs generated by L. paracasei HM1.

3.6. Determination of the antifungal activity of L. paracasei-SeNPs

The antifungal activity of Che-SeNPs and L. paracasei-SeNPs, in
the present study, was evaluated against Candida spp., (C. albicans,
C. glabrata, C. krusei, C. parapsilosis and C. tropicalis) and Fusarium
spp., (F. oxysporum and F. solani) using the disc diffusion method.
In vitro results showed the effective antifungal activity of Che-
SeNPs and L. paracasei-SeNPs against the five Candida and two
Fusarium spp. (Table 3).

The results also showed that the in vitro antifungal activity of
LAB-SeNPs was more effective than Che-SeNPs against the tested
Candida and Fusarium spp. (Table 3). The interaction of LAB-
SeNPs and Che-SeNPs with Candida spp., is presented in Table 3.

The data revealed that increasing the concentrations of L. para-
casei-SeNPs, significantly (P < 0.05) increased the diameter of the
inhibition zone when different species of Candida were tested
(Table 3; Fig. 8). L. paracasei-SeNPs displayed more efficient and
significant antifungal activity than the Che-SeNPs (Table 3). In gen-
eral, all fungal strains were affected by the Che-SeNPs and LAB-
SeNPs at all levels used (15, 30, 45, 60, and 75 pg ml~!) compared
to 15 pg ml~' Na,SeO; (control) that gave an inhibition zone
of<9 mm (Table 3; Fig. 8). All concentrations of LAB-SeNPs showed
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Table 3

Antifungal activity demonstrated by inhibition zone (mm), minimum inhibitory concentration (pug ml~') and minimum fungicidal concentration (ug ml~") caused by the chemically produced selenium nanoparticles (Che-SeNPs)

compared to selenium nanoparticles synthesized by Lactobacillus paracasei HM1 (LAB-SeNPs) at different concentrations against some pathogenic Candida and Fusarium species.

LAB

Che

LAB-SeNPs Concentration (pg ml—)

15

Che-SeNPs Concentration (pg ml~')

15

Fungal strains

MFC
100c

MIC

MEFC
95de

MIC

75

60

45

30

75

60

45

30

55bc
60b
70a

55d

29 £ 0.1aA

27 £ 0.3aAB
26 + 0.4abAB
24 + 0.5bAB
22 + 0.8cAB
23 + 0.5bcAB
24 + 0.5bB
27 + 0.4aB

26 £+ 0.2aB
25 + 0.4aB
22 + 0.2bB

25 + 0.5aB
24 + 0.2aB
20 £ 0.3bC

23 £ 0.2aC
22 + 0.4aC
19 + 0.6bC

27 + 0.2aAB
25 + 0.6abB
24 + 0.6bAB
22 + 0.5cAB
23 + 0.4cAB
24 + 0.5bB

25 + 0.4aB
22 +0.1bC
21 + 0.5bB
20 + 0.1bcB
21 + 0.4bB
22 +0.3bC

22 +0.3aC
20 + 0.1bD
19 £ 0.4bC
17 + 0.4cC

19 + 0.4aD

17 £ 0.2aD

C. albicans ATCC 4862

105¢

120d

65bc
75b
85a

27 + 0.5abA
25 + 0.3bA

18 + 0.3abD

17 £ 0.3bD
15 + 0.2cE

16 + 0.3abE
13 + 0.5cE

C. parapsilosis ATCC 22019

C. krusei ATCC 14243

120b

135bc
150a
140b
130c

110bc
130a
90d

65ab
70a
50c
45¢

23 £ 0.4bcA
24 + 0.5bcA
26 = 0.2abA

29 £ 0.3aA

20 + 0.4bcB
21 + 0.5bcB
22 +0.6bC
25 + 0.5aC

18 + 0.4bcC

19 + 0.2bC
19 + 0.3bD

17 + 0.8bcC

18 + 0.7bC
16 + 0.8¢cE
18 + 0.7bE

12 + 0.4cdF
13 + 0.3cE
14 + 0.5cF

C. glabrata ATCC 64677

Taha et al.

80ab
70b
60c

18 + 0.5bcC
19 + 0.3bD

16 + 0.5bcD
17 + 0.4bE
19 + 0.2aE

C. tropicalis ATCC 66029

F. oxysporum ATCC 62506
F. solani ATCC 38341

80de

100de

23 +0.3abD 26 + 0.8abC 22 +0.2abD

21 + 0.5aDE

16 + 0.6abF

MIC, minimum inhibitory concentration; MFC, minimum fungicidal concentration. Values are means of 3 independent replicates for each experiment (means + SD). Values with the same lower or upper case letter within a column

or a row, respectively, are not significantly (P > 0.05) different according to Fisher’s Protected LSD Test.
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Fig. 8. Antifungal activity of selenium nanoparticles (SeNPs) synthesized by
Lactobacillus paracasei HM1 on Candida species. (a) C. albicans ATCC 4862; (b) C.
glabrata ATCC 64677; (c) C. tropicalis ATCC 66029; (d) C. parapsilosis ATCC 22019;
and (e) C. krusei ATCC 14243. The concentration of SeNPs diffused into agar disc: (1)
15 pg chemically produced SeNPs/disc, (2) 15 pg L. paracasei-SeNPs/disc, (3) 30 pg
L. paracasei-SeNPs/disc, (4) 45 ng L. paracasei-SeNPs/disc, (5) 60 pg L. paracasei-
SeNPs/disc, and (6) 75 pg L. paracasei-SeNPs/disc.

significant (P < 0.05) increased diameters of inhibition zones when
compared to the Che-SeNPs (Table 3). Generally, the inhibition
zones increased as L. paracasei-SeNPs levels increased (Table 3),
while the maximum LAB-SeNPs concentration produced a maxi-
mum inhibition zone of 29 mm with F. solani and C. albicans
(Table 3).

Based on statistical analysis, all the antifungal activity of LAB-
SeNPs levels significantly (P < 0.05) excelled the Che-SeNPs con-
centration with a relative increase of 20% against the animal patho-
genic fungi species used in this study (Table 3).

In addition, SEM revealed that the L. paracasei-SeNPs severely
damaged the Fusarium hyphae compared to the non-treated Fusar-
ium (control) (Fig. 9).

3.7. Determination of the MIC and MFC of Che-SeNPs and LAB-SeNPs

C. albicans, C. parapsilosis, and the two Fusaruim spp. were the
most sensitive species to the antifungal activity of Che-SeNPs
and LAB-SeNPs (15-75 pg ml~!) (Table 3). C. albicans, C. parapsilo-
sis, F. oxysporum, and F. solani had MICs of 55, 60, 50, and
45 pg ml~!, respectively. The MICs of the remaining Candida spp.,
significantly (P < 0.05) increased by 15-20% over C. albicans, C.
parapsilosis; and 30-40% over F. solani and F. oxysporum, respec-
tively (Table 3). The LAB-SeNPs MFC was in the range of 80-130 p
g ml~!, which ensured the complete killing of all tested fungi.

The same pattern was also found when Che-SeNPs were used.
However, the MIC and MFC levels significantly (P < 0.05) increased
by 15-20%. Simply, the MIC and MFC levels of Che-SeNPs were in
the range between 55 and 85 pg ml~! and 95-150 pug ml~!, respec-
tively (Table 3).

Bio SeNPs

Control

Fig. 9. Scanning electron micrograph (500X) showing the interaction between
Lactobacillus paracasei-selenium nanoparticles (SeNPs) and Fusarium oxysporum
ATCC 62506. Healthy F. oxysporum mycelium without L. paracasei-SeNPs (control;
left panel), and damaged F. oxysporum mycelium with 75 pg ml~" L. paracasei-SeNPs
(right panel).
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4. Discussion

Fungal infection affects all living organisms in several ways,
making them difficult to treat due to their resistance to common
antifungal antibiotics and/or antifungal agents. Fusarium and Can-
dida species infect animals as well as human; and in turn they
cause several diseases. The aim of the current study was to create
a green approach and low-cost technique for the biosynthesis of
SeNPs using LAB to be used as antifungal agents. Biosynthesis of
NPs involves the use of uni- and multi-cellular microorganisms
(El-Saadony et al., 2021a-d).

In this respect, Olivares et al. (2006) have isolated four lacto-
bacilli strains from human breast milk. They proposed that these
lactobacilli strains could play an essential role in protecting neo-
nates from various microbial infections and could be respectable
in developing probiotic products for infants. It is well-known that
breast milk constitutes of a non-stopping source of staphylococci,
streptococci, bifidobacteria and LAB to infants’ gut (Martin et al.,
2009).

In the present study, the LAB isolate HM1 from human breast
milk was found to be similar to L. paracasei. Neamtu et al. (2014)
reported that seven LAB isolates obtained from human breast milk
were identified as L. paracasei subsp. paracasei according to their
ability to ferment 19 different sugars. The identification was also
confirmed by MALDI-TOF MS, which is a rapid, accurate, and reli-
able technique and is generally used to identify bacterial isolates
to the genus, species and subspecies levels (Duskova et al., 2012;
Chalupova et al, 2014; Abdelnour et al., 2020b). Similar
approaches have also been used to identify molds and yeasts
(Bizzini et al., 2011). Furthermore, molecular techniques (e.g. 16S
rRNA sequence analysis) have also confirmed the identification of
the Lactobacillus strains to the species and subspecies levels
(Wang et al., 2011; Verma and Mehata, 2016).

Xu et al. (2018) found that probiotic Lactobacillus casei 393 was
able to transform the colorless, toxic form of Se, to reddish, non-
toxic and elemental form. Eszenyi et al. (2011) have obtained con-
flicting results because they have used different probiotic species
in the production of nano-sized 100-500 nm Se. Generally, to fab-
ricate biological SeNPs by selected strains of lactobacilli, optimum
conditions for biosynthesis must be provided. The medium pH in-
fluences the transformation of metal SeNPs by changing the form
of biomolecules accountable for capping and stabilizing the NPs
(Lortie et al., 1992). Temperature of 30°-37 °C is also a limiting fac-
tor, because the biomolecules-mediated sodium selenite reduction
is active in this range (Singh et al., 2011; Saxena et al. 2016). Pre-
viously, it has been mentioned that high temperatures raise the
kinetic energy, resulting in maximum NPs production and rapid
synthesis rate (Shakibaie et al., 2011).

It was shown that the concentrations of Na,SeOs; between 1.0
and 4.0 mM did not affect the morphology of the final products
(Shamsuzzaman et al., 2017); however, the concentration of
3.0 mM Na,SeOs was considered to be ideal for synthesizing SeNPs
by Acinetobacter sp. (Singh et al., 2011). It has been stated that the
reduction rate of Se can be enhanced by increasing Se concentra-
tions up to 19.0 mM (Lortie et al., 1992). However, the reduction
rate may be reduced due to the toxicity of Se. Other researchers
also reported that the red color intensity increases with time as
the solutions were initially greyish-yellow and turned light red
after 5 h of incubation (Shamsuzzaman et al., 2017).

It has been found that the time of reduction may vary from one
species to another. For example, the color change has been
observed by L. rhamnosus within 12 h, followed by L. acidophilus
and L. plantarum after 18 h and 26 h of incubation, respectively
(Radhika and Gayathri, 2015). In microbial cultivation, the aeration
and dissolved oxygen are affected by the agitation speed (Yan et al.,
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2005). The development of the dark red color demonstrated the
formation of SeNPs (Azizi et al., 2014), which complies with the
wavelength of the SPR of bio-SeNPs (Yan et al., 2005; Shakibaie
et al,, 2011; Saxena et al.,, 2016).

There are many studies associated with the formation of SeNPs
that shows various absorption peaks, indicating the presence of
SeNPs. In these studies, the peaks have appeared to be at 290 nm
(Hemalatha et al., 2014), and the energetic absorption band has
been located at 265 nm (Fesharaki et al., 2010). Moreover, another
peak has been observed at 263 nm (Khiralla and El-Deeb, 2015).
The UV-visible spectroscopy absorption spectra of SeNPs obtained
from a culture broth have presented a distinctive property peak at
590 nm, resembling a large particle size of 183 + 33 nm (Lin and
Wang, 2005).

Previous studies have demonstrated that SeNPs can be synthe-
sized by bacteria (Sasidharan and Balakrishnaraja, 2014); however,
the main disadvantage was the production of large-sized SeNPs
(Hnain et al., 2013). In the present study, SeNPs size particles ran-
ged between 3 and 50 nm in diameter which was not in agreement
with the other study (Hnain et al., 2013), which reported a size
range of SeNPs between 100 and 550 nm, with a mean size of
245 nm (Neamtu et al., 2014). Similarly, L. acidophilus and Bifi-
dobacterium sp. produced large SeNPs sizes of 50-500 nm and
400-500 nm, respectively; while K. pneumoniae has produced
200-300 nm SeNPs (Fesharaki et al., 2010). The recorded FTIR anal-
ysis suggested that organic molecules such as polyphenols, alka-
loids, and terpenoids, as already reported (Kalainila et al., 2014),
might surround the NPs. The peptides attached to NPs through car-
boxyl group residues have been reported (Balaji et al., 2009). Some
studies have investigated that proteins can bind to NPs through
cysteine or amine residues, indicating that these proteins may
act as stabilizing agents (Mandal et al., 2005; El-Saadony et al.,
2020a).

The recorded FTIR spectrum for the purified SeNPs powder and
synthesized by L. acidophilus with bands at 3430 and 3417 cm™!
was attributed to the O-H stretching mode and the N-H stretch
in amine groups, respectively (Shamsuzzaman et al., 2017). Broad
peaks at 747, 783, and 791 cm™! have been in accordance with
C-H stretching motion, while a narrow peak at 1645 and
1651 cm™' have been linked to C-C stretching (Shamsuzzaman
et al.,, 2017). The carboxyl, amine and cysteine residues of peptides
bind electrostatically with NPs. Hence, the proteins might coat the
metal NPs to prevent the accumulation and stability in suspension
(Lin and Wang, 2005). The amide linkages can give well-known
signatures in the infrared region of the electromagnetic spectrum.
The proteins with free amine groups or cysteine residues can bind
to gold NPs (Gole et al., 2001).

The results coming from the current study indicated the pres-
ence of protein(s) in the supernatant aligned with previous find-
ings (Raliya and Tarafdar, 2013). Overall, evidence of the
existence of proteins in the supernatant is also supported by recent
reports (El-Saadony et al., 2020a). Many researchers have stated
that proteins can bind to SeNPs, either through free cysteine or
amine groups in proteins (Raliya and Tarafdar, 2013; El-Saadony
et al., 2020a). These proteins, existing over the SeNPs surface,
may act as a capping agent for stabilization. Based on this spec-
trum fingerprint, it can be inferred that many functional groups
are present and involved in the conversion of Se ions to SeNPs.
Similar results with characterized SeNPs have previously been
reported (Zhang et al., 2019).

Similar findings have also been demonstrated, where the
obtained XRD patterns have shown the prominent peaks character-
istic of the crystalline SeNPs at 20 values of 23.5°,29.7°, 41.4°, 43.7°
and 45.4°; thus, corresponding to the crystal planes 100, 101, 110,
102 and 111, respectively (Fresneda et al., 2018). The average crys-
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talline size of biogenic Se nanostructures, in the current study,
measured by Scherrer’s equation was about 34 nm. In another
study by Singh et al. (2014), they have demonstrated a peak at
20 value of 23.680, 29.788, and 43.9 of SeNPs produced by Bacillus
sp., indicating the presence of Se which was reduced from selenite
ions (Singh et al., 2014). This can be attributed to the different
bioactive groups (e.g. polyphenols, alkaloids, carboxyl groups resi-
dues, and terpenoids) attached to the bio-SeNPs surface (Kalainila
et al., 2014).

The peaks of oxygen (O), carbon (C), sodium (Na), phosphorus
(P), chlorine (Cl), and potassium (K) may surround the NPs (Balaji
et al., 2009). In the current study, other elements appeared along-
side with SeNPs in EDX chromatogram may be due to the bacterial
growth medium components. These results are in agreement with
Wadhwani et al. (2017).

The NPs that have zeta potential values of > +30 mV
or < — 30 mV (Ramya et al., 2015), maintained the stability of
SeNPs as reported by Meléndrez et al. (2010). Electrostatic repul-
sion was generated between the NPs and that relied on the charges
existing on the surface of NPs. The net negative charges on the sur-
face of NPs inhibited aggregation and maintained stability. The
bacterial protein covering the surface of the NPs has caused the
negative charges responsible for stability (Dhanjal and Cameotra,
2010).

Here, the obtained LAB had powerful antifungal activities
against animal pathogenic fungi especially, Candida and Fusarium
species. Although C. albicans is considered the most virulent spe-
cies of Candida, other species might be more pathogenic in certain
animals, depending on the site of infection (Diekema et al., 2012).
Cutaneous candidiasis is one of the most common skin diseases
affecting dogs (Lewis, 2009). Oral and gastrointestinal mucosal
candidiasis is common in birds, especially chickens (Odds, 1988;
Maubon et al., 2014). Similar candidiasis have been observed in a
number of animals (e.g. dogs and cats) at young ages (Odds,
1988). It has been reported that C. guilliermondii and C. parapsilosis
cause miscarriages in horses and cattle, mastitis in dairy cows,
calves, cats, dogs, horses, and rodents, as well as inflammation of
the endocardial surface and eye inflammation in horses (Brito
et al., 2009; Al-Yasiri et al., 2016). Candidiasis can also occur as a
secondary bacterial infection. Thus, one should consider a feasible
option i.e., biogenic SeNPs, such as those produced by L. paracasei
HM1 when the hosts do not respond to antibiotic treatments.

Fusarium spp., produces several mycotoxins, which in high
doses can lead to severe mycotoxicoses. Where feed contaminated
with these toxic mycotoxins has been administered, human con-
sumption of animals, or their edible products, can cause severe
brain damage or death (Pohlman and Chengappa, 2013). Feeding
pigs on high levels of the mycotoxin DON leads to abdominal dis-
tress, malaise, diarrhea, vomiting, and even death (Pohlman and
Chengappa, 2013). In horses, fumonisins can cause ELEM (Pitt,
1994). Combined exposure to low doses of DON, T-2 toxin, and
ZEN reduces the number of goblet cells in pigs (Devreese et al.,
2013). Administration of ZEN alone at higher doses increases gob-
let cell activity (Bouhet and Oswald, 2005).

The common antifungal drugs, including clotrimazole, econa-
zole, miconazole, terbinafine, fluconazole, ketoconazole and
amphotericin, are extreme irritants and can be lethal (Bossche
et al., 2003). It has become necessary to develop new types of
active, safe and cost-effective fungicidal materials. Bio-
synthesized SeNPs such as those reported by Shahverdi et al.
(2010) and SeNPs produced by L. paracasei HM1in the current
study could be safely used for that purpose.

The results, obtained in the current study, can be explained as
being the succession of three mechanisms: 1) easy adhesion to
cells, 2) penetration and consequently 3) damaging the cell struc-
tures (Guisbiers et al., 2017). It has been shown that SeNPs exhibit
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high biological effects simultaneously with low toxicity levels
(Meléndrez et al., 2010; Netala et al., 2016). Fluconazole, a potent
antifungal drug, has shown vigorous antifungal activity against
the tested species, and no inhibition zone in the control discs
was recorded (Gudikandula and Maringanti, 2016; Netala et al.,
2016; Rachitha et al.,, 2017).

There were some similarities in the action of L. paracasei-SeNPs
on F. oxysporum when compared to the essential oil of Mentha
piperita on F. sporotrichioides (Rachitha et al., 2017). It has been
reported that the population of F. sporotrichioides was reduced by
90% when the fungal pathogen was treated with M. piperita essen-
tial oil at 1000 pg ml~!. The effect of M. piperita essential oil on F.
sporotrichioides was attributed to the DNA damage and cell wall
disruption, which were the most common causes of cell death.
The NPs were able to adhere to the cell wall and membrane due
to electrostatic interactions; and therefore, disrupt the cell wall.
This results in macromolecules’ leakage or allows passage through
the cell membrane to damage DNA, ultimately leading to cell death
(Dakal et al., 2016; Anyasi et al., 2017; El-Saadony et al., 2020b).

The antimicrobial activity of SeNPs depends on the way they
were synthesized. For instance, the antimicrobial efficacy of bio-
SeNPs produced by Bacillus mycoides SelTEO1 (Bio Se-NEMO-S)
against Staphylococcus aureus ATCC 25923 and Pseudomonas aerug-
inosa NCTC 12934 at 6-24 h was more efficient than Che-SeNPs
generated using ascorbic acid (Piacenza et al., 2017). In another
study carried out by Sheiha et al. (2020), the bio-SeNPs (78 and
312 pug ml~') have shown the same antibacterial activity efficacy
against all tested bacteria, while the Che-Se (2500 pg ml~!) has
shown moderate antimicrobial activity (Sheiha et al., 2020). The
present results were consistent with a former study carried out
by Cremonini et al. (2016) who demonstrated that Se produced
by B. mycoides and Stenotrophomonas maltophilia exhibited stron-
ger antimicrobial action than Che-SeNPs.

The chemical and physical production of NPs cannot be
expanded to large-scale production due to several issues, including
the presence of toxic organic solvents, hazardous intermediate
compounds, and high-energy consumption. This might compro-
mise the animal health and the environment due to the uncer-
tainty in the composition of the final product. Therefore, the
focus on using biological production methods is possibly safer for
animal use (Keat et al., 2015; Gudikandula and Maringanti, 2016;
El-Saadony et al., 2019). Bio-SeNPs and Se have similar biological
activity in terms of antioxidant, antibacterial, and anticancer prop-
erties (Liu et al., 2004; Jayaprakash and Marshall, 2011; Turner and
Butler, 2014; Wang et al., 2014). The NPs produced better activity
against the biological materials, albeit the nanoscale sizes and
large surface-to-volume ratio. Nano-Se has lower toxicity com-
pared to other chemical forms of supplemented Se (Lippman
et al., 2009; Kojouri et al., 2012). Synthesized SeNPs produced by
Bacillus sp. have been used as an antifungal agent against C. albi-
cans, with a MIC of 70 pg ml~' (Shakibaie et al., 2013).

The current study confirmed that the nanoscale biogenic SeNPs
synthesized by L. paracasei HM1 had promising in vitro antifungal
activity against the clinical fungal species of Candida and Fusarium.
Yet, the mechanism of the antifungal effect against these animal
pathogenic fungi is unknown and merits further in vivo studies.
This will support the development of this class of antifungal “drug”
to treat invasive candidiasis and mycotoxicosis in animals.

5. Conclusion

In this study, we investigated a novel treatment for potentially
lethal infections in animals caused by Candida and Fusarium spe-
cies. Biosynthesis of SeNPs using L. paracasei HM1 can be applica-
ble at the commercial level to reduce the dependence on
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traditional chemical production methods with harmful impacts on
the animal health and environment. The SeNPs synthesized by L.
paracasei HM1 showed better antifungal activity against the ani-
mal fungal pathogens tested in the current study compared to
SeNPs synthesized by chemical methods. Biosynthesis of SeNPs
using L. paracasei HM1 provides an eco-friendly and safe alterna-
tive with protective effects against the most damaging animal fun-
gal pathogens.
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