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Abstract: In this work; the red pigment of Streptomyces sp. A23 strain isolated
from Algerian bee pollen was used for the green synthesis of silver nanoparticles
(AgNPs) 'as-well as for evaluating their antimicrobial, anticancer, and
neuroprotective activities. AgNPs were synthesized as a result of the reduction
of 1 mM and 5 mM silver nitrate solutions at various pH values (5, 7 and 9), and
were subsequently characterized. AgNPs (5 mM, pH 9) exhibited a maximum
UV-vis absorbance at 433 nm. DLS revealed that the average diameter was 112
nm. A zeta potential peak was found at -33 mV corresponding to increased
stability. XRD analysis confirmed the crystallization nature of the material.
Furthermore, FT-IR analysis revealed specific functional groups at 3471 cm™ to
478 cm™'. In addition, FE-SEM showed that the mean size of the spherical AgNPs
was 54.5 nm in diameter. The presence of Ag was revealed by EDX analysis.
Additionally, good antimicrobial activity was observed against E. faecalis
ATCC 19433, C. albicans ATCC 10231, S. aureus ATCC 6538P, P. aeruginosa
ATCC 27853, B. subtilis ATCC 6633, K. pneumoniae ATCC 13883 and E. coli
ATCC 7839, with inhibition zones of 32, 30, 30, 27, 25, 20 and 19 mm,
respectively. The lowest MIC and MBC were recorded against B. subtilis ATCC
6633 with a value of 62.5 ug mL"'. Intriguingly, all the synthesized AgNPs at
concentrations of 2, 4, and 8 pg mL™' had cytotoxic effects on SH-SYSY
neuroblastoma cell lines. In addition, AgNPs (1 mM, pH 7) exhibited significant
neuroprotective activity at the lowest tested concentration. Finally, AgNPs
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synthesized using the red pigment of Streptomyces sp. strain A23 are promising
therapeutic agents.

Keywords: actinomycetes; microbial pigment; green synthesis; antimicrobial
activity; cancer; neuroprotective activity.

INTRODUCTION

Recently, the utilisation of nanomaterials in the medical field has attracted
increased amounts of attention, especially as novel and alternative therapeutic
agents with multifaceted applications.! One of these nanomaterials is silver
nanoparticles (AgNPs), which are emerging as possible hopeful alternatives due to
their beneficial features.> Two conventional methods were applied to synthesize
AgNPs; chemical and physical methods. Due to their undesirable disadvantages,
suitable and green alternative methods must be found. Among these methods, the
biological methods which use bacteria, fungi, algae, plants, and others; have gained
substantial prominence due to their high safety.” Many researchers have used
Actinomycetes, including Streptomyces bacteria to synthesize AgNPs.*® The
genus Streptomyces is known as a source of valuable and variety of secondary
metabolites, which are excéllent tools for the green synthesis of nanoparticles.®’
One such secondary metabolite is pigments which not only serve as an identifier
product for Streptomyces, but also demonstrate a prominent potential for
synthesizing AgNPs.® This process of synthesis provides a fast, safe, and eco-
friendly approach, and imparts significant biological properties like antioxidant,
antimicrobial, and antiproliferative activities, to the resulting nanoparticles, which
hold promise as multifaceted therapeutic agents capable of treating both
communicable and noncommunicable diseases.”'® Regarding communicable
diseases, the growth of antibiotic-resistant microorganisms is one of the most
important public health problems, which have emerged as a global crisis,
underscoring the urgent need to discover novel and alternative antimicrobial agents
to the conventional antibiotics.!! AgNPs synthesized using secondary metabolites
produced by Streptomyces exhibit good antimicrobial effects against a wide range
of pathogenic microorganisms, including bacteria and fungi.'*> Moreover, when
AgNPs are combined with conventional antibiotics, they can have synergistic
effects that may overcome antibiotic resistance.'® For noncommunicable diseases,
cancer and neurodegenerative disorders remain major health concerns,
necessitating the discovery of new effective therapeutic agents.'*!> AgNPs
synthesized using the microbial pigments have shown promising anticancer and
neuroprotective effects.'>!® These nanoparticles are promising agents in cancer
therapy because they can target the cancer cells, while avoiding the cells that are
normal.'” Furthermore, the distinctive physicochemical properties of these
nanoparticles allow them to exhibit antioxidant activities, reducing the oxidative
stress that might lead to neurodegenerative disorders. Additionally, these
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nanoparticles can modulate inflammatory responses, further contributing to their
neuroprotective effect.'®

Therefore, this study aims to synthesize AgNPs using a red pigment produced
by the Streptomyces sp. A23 strain isolated from Algerian bee pollen as a new
biological reducing agent to evaluate their antimicrobial, anticancer, and
neuroprotective activities.

EXPERIMENTAL
Materials

Silver nitrate (AgNO;), hydrogen peroxide (H,0,), and dimethyl sulfoxide (DMSO) were
purchased from Sigma. Muller-Hinton broth was obtained from Conda, and carbonate calcium
(CaCOs;) was obtained from Merck. The GF-1 Nucleic Acid Extraction Kit, universal primers
(27F and 1492R), and Clean-Up Kit were from Vivantis Technologies. Gentamicin discs were
provided from Oxoid™. Staphylococcus aureus ATCC 6538P, Bacillus subtilis ATCC 6633,
Enterococcus faecalis ATCC 19433, Escherichia coli ATCC 7839, Pseudomonas aeruginosa
ATCC 27853, Klebsiella pneumoniae ATCC 13883, and Candida albicans ATCC 10231 were
obtained from the applied microbiology laboratory, Ferhat Abbas University, Algeria. SHSY-
5Y human neuroblastoma cells (ATCC®, CRL-2266) were obtained from ERFARMA Center,
Erciyes University, Turkey.

Bee pollen sampling

Bee pollen samples were provided by the International Api-Phyto Therapy Center - Setif
- Algeria, from different Algerian clean lands during the spring of 2019, in sterile plastic
containers. The samples were subsequently transported to the laboratory and stored at 4°C until
use.

Isolation, purification, and conservation of the A23 strain

All the samples were crushed, air dried at room temperature and heated at 50 °C for 30
minutes ina water bath (Memmert, Germany). One gram from all bee pollen samples was mixed
with 0.1 G of calcium carbonate (CaCOs) and incubated at 28 °C for one week.'"” Then, 1 G of
each pre-treated sample was suspended in 9 mL of sterile saline water and diluted to 102, After
then, 100 uL of the diluted sample was plated on different media for Actinomycetes isolation,
and incubated at 28 °C for approximately 10 days. During the period of incubation, the selected
strain was purified using yeast extract-malt extract agar (ISP 2 medium), labeled by the A23
strain and conserved at 4 °C. %

Phenotypic identification of the A23 strain

The primary phenotypic characteristics of the A23 strain were determined via Gram
staining, catalase and oxidase tests.”"** In addition, the culture characteristics were described
based on the growth intensity, aerial and substrate mycelia, and pigment production on ISP 2
agar medium.” Also, carbohydrate assimilation was assessed on minimal growth medium
supplemented with the carbon source at a final concentration of 1 %, as described by Shirling
and Gottlieb (1966).* The production of extracellular hydrolytic enzymes (starch hydrolysis,
protease and lipolysis) was studied on minimum agar medium added to the substrates at a
concentration of 1 %.% Assignments of the A23 strain at least to the genus level were performed
by comparing the results of the phenotypic characterization to those reported in Bergey's
Manual of Systematic Bacteriology.?
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Genotypic identification of the A23 strain
DNA extraction, 16S rRNA amplification, and electrophoresis

The DNA extraction of the selected strain was carried out by using the GF-1 Nucleic Acid
Extraction Kit (Vivantis Technologies, Malaysia). The 16S rRNA amplification was performed
by PCR using thermocycler (iCycler Bio-Rad, USA) with the help of two universal primers,
27F and 1492R. This process was repeated for 30 cycles.”” After, the products of PCR were
subjected to electrophoresis and subsequently purified by a Clean-Up Kit (Vivantis
Technologies, Malaysia).*

DNA sequencing and bioinformatics analysis

The PCR products were purified and subsequently sequenced by using 3130 Genetic
Analyzer (Applied Biosystems®, USA).” BLAST was used to compare the obtained sequence
of the studied strain with 16S rRNA gene sequences of other Actinomycetes in GenBank.
MEGA 11 software was used to construct the phylogenetic tree.*®

Green synthesis, purification and characterization of silver nanoparticles (AgNPs)
Production and purification of red pigment

Red pigment was produced from the A23 strain by submerged fermentation on ISP 2 broth
using an orbital shaker at 180 rpm and 28°C. A week later, the culture broth was centrifuged at
4000 rpm and 4 °C for 10 minutes to remove the mycelia. The supernatant that contained the
produced pigment was collected and stored at 4°C.%

Synthesis and purification of AgNPs

Two milliliters of the obtained pigment were filtered through a 0.45 pm syringe filter, and
mixed with 18 mL of 1 mM and 5 mM silver nitrate solutions at pH 5, pH 7 and pH 9 using a
magnetic hotplate stirrer at 1500 rpm and room temperature for 24 hours in dark conditions.”*
The first part of the nanoparticles suspension was obtained directly and kept at 4 °C for UV-Vis
spectrophotometer, Zeta potential and DLS analyses, and further experiments. The second part
was centrifuged and washed two times with distilled water at 15000 rpm for 10 min, after which
the precipitates were dried at 70 °C for 2 days and subjected to characterization using XRD,
FT-IR; FE-SEM, and EDX analyses.’'

Characterization of synthesized AgNPs

Several techniques have been used to characterize the synthesized AgNPs. The formation
of AgNPs was confirmed by the visual observation and Ultraviolet visible spectrophotometry
(UV-Vis) (Perkin Elmer, USA).’ The hydrodynamic diameter was determined via Dynamic
light scattering (DLS) (Malvern, UK). The surface charge was analyzed by Zeta potential
(Malvern, UK) analyzer. The presence of functional groups playing a role in the synthesis was
determined by FT-IR (Perkin Elmer Spectrum 400, USA) analysis. Crystallization was
determined by X-ray diffraction (XRD) (BRUKER AXS D8, Germany) analysis. Morphology
and elemental presence determined by field emission scanning electron microscopy (FE-SEM)
and Energy-dispersive (EDX) analyses (ZEISS GeminiSEM 500, Germany).*

Biological activities of synthesized AgNPs
Antimicrobial activity

The first test of antimicrobial activity of the synthesized AgNPs was evaluated using the
agar well diffusion method as described by Balouiri et al. (2016)** against S. aureus ATCC
6538P, B. subtilis ATCC 6633, E. faecalis ATCC 19433, E. coli ATCC 7839, P. aeruginosa
ATCC 27853, K. pneumoniae ATCC 13883, and C. albicans ATCC 10231. Fresh microbial
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suspensions (107 ¢fi mL™") were prepared and swabbed using sterile cotton swabs on Muller-
Hinton agar plates. After that, the wells were made using sterilized micropipette tips, and 100
pL of synthesized AgNPs were poured into each well. Finally, all plates were kept at room
temperature for 30 minutes to diffusion, and subsequently incubated at 37 °C for 24 hours. After
incubation, the inhibition zone diameter observed around each well was measured and is
expressed in millimeters (mm). Gentamicin discs (Oxo0id™) and silver nitrate solutions were
used as positive controls; pigment alone and distilled water were used as negative controls.
After, minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations
(MBCs) of AgNPs (5 mM, pH 9) were determined by microbroth dilution method using
tetrazolium salts (TTC) in 96 well microplates in triplicate, and on Mueller-Hinton agar plates,
respectevely.’

Anticancer and neuroprotective activities

Final concentrations of 2, 4, 8, 12, and 16 pg mL" of synthesized AgNPs were prepared
to use in the evaluation of cytotoxicity and neuroprotective effects on the SHSY-5Y
neuroblastoma cells by using the MTT test.
Cytotoxicity assay

After the preparation of SHSY-5Y cells, were exposed to all prepared concentrations of
AgNPs for 24 hours in 96 well plates contains approximately 10* cells per well. Then, 100 pL
of prepared MTT solution was added to each well, and incubated at 37 °C for 4 hours.
Afterwards, the supernatant portion was subsequently removed from the wells, followed by the
addition of 100 pL of DMSO to each well in order to dissolve the MTT salts. Finally, the
microplate reader (BioTek, Synergy HT, USA) was used to measure the absorbances at a
wavelength of 560 nm.’!
Neuroprotective activity

To evaluate the potential neuroprotective effects of the synthesized nanoparticles on
neuroblastoma cells, the prepared concentrations of AgNPs compounds were added 1 hour after
the treatment of cells by H,O, (300 uM) in 96 well plates. Cell viability was measured by the
MTT test after 24 hours of incubation. The same volume of medium without AgNPs or H,0,
was used as a control.*!

Statistical analysis

Data analysis was performed using GraphPad Prism 8.0 software by using ANOVA one-
way and Dunnett's post-hoc tests. All differences were considered significant when P < 0.05.The
n value was four for the cell culture studies.

RESULTS AND DISCUSSION
Phenotypic and genotypic identification of the isolated strain (423)

As shown in Figure 1, the isolated strain in our study was characterized by
earthy odour and powdery colonies with a grey white colour, and it was a
filamentous, branching and gram-positive bacterium. Morphological and cultural
properties have shown abundant growth with variations in the colour of aerial and
substrate mycelia. Additionally, it has the potential to produce a diffusible red
pigment. Actinomycetes can produce visible powdery colonies with different
colors from the 3rd to 7th day, with an earthy odour as a result of these bacteria's
ability to produce various secondary metabolites, including pigments.>*
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Furthermore, the strain can utilize different carbon sources for growth, and it.is
also positive for catalase and negative for the oxidase reactions. Protease, lipase,
and amylase are produced by this strain (Table I). With the help of Bergey's manual
of systematic bacteriology, these phenotypic properties are consistent with the
typical characteristics described for the genus Streptomyces.*®

Fig 1 Streptomyces sp. A23 strain a) Colony morphology b) Gram staining

Table I. The phenotypic characteristics of the isolated strain (Streptomyces sp. A23)

Morphological and cultural characteristics

Growth intensity on ISP2 agar +++
Arial myeelium colour on ISP2 agar Grey white
Substrate mycelium colour on ISP2 agar ~ Dark red
Diffusible pigment +++
Gram staining Positive
Carbon sources assimilation
Glucose +
Fructose +
Lactose +
Maltose +
Galactose +
Mannitol +
Enzymes production
Catalase +
Oxidase -
Starch hydrolysis +
Casein hydrolysis +
Lipolysis +

) positive reaction; ©) negative reaction; ‘) elevated production

According to the obtained 16S rRNA sequence (1096 bp) and the phylogenetic
tree analyses (Figure 2), the A23 strain belongs to the genus Streptomyces. It was
labeled Streptomyces sp. A23 strain and registered in GenBank under the accession
number OR236137.1.
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Fig 2 Phylogenetic tree of the Streptomyces sp. A23 strain

Green synthesis and characterization of AgNPs

AgNPs were successfully synthesized via a rapid, easy, and eco-friendly
procedure using the red pigment of the Streptomyces sp. A23 strain that isolated
from bee pollen as a bio-reducing agent source. Silver nitrate (AgNO;) is a
colourless solution, and the pigment is red colour. When the pigment was mixed
with silver nitrate solution, the mixture slowly turned to the brown colour after 24
hours in the dark (Figure 3). The colour change was due to silver nitrate interacting
with the pigment compounds and being bio-reduced from silver nitrate (AgNOs3)
to elemental silver (Ag®). These elementals aggregate to form stable AgNPs.*> A
previous study indicated the formation of AgNPs using a pink pigment produced
from Streptomyces sp. NS-05 isolated from a rhizospheric soil by observing the
change in colour to brown.?

[ (&) [c

i
[H___ l’H"

al
X3
i —
_'_J
——

Fig 3 Visual observation of synthesized AgNPs a) Pigment b) AgNO; solution ¢) AgNPs
suspensions
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In this study, the light absorption points, hydrodynamic diameter, surface
charge, crystalization, phytochemical component, morphology and elemental
presence of synthesized AgNPs (5 mM, pH 9) were determined by UV-vis, DLS,
Zeta potential, XRD, FT-IR, FE-SEM, and EDX analyses, respectively. The
optical and electrical properties of nanoparticles are interrelated, and unlike those
of their bulk forms, they have a UV-Vis absorption band called surface plasmon
resonance (SPR).

UV-vis spectroscopy was used for characterizing the nanoparticles
synthesized by various methods. Diffractions observed by analysis can be
controlled by many factors, such as reducing agents and solvents.>® According to
our results, the characteristic light absorption bands detected at 278 nm and 433
nm by UV-vis analysis were associated with the presence of biomolecules in the
pigment and AgNPs, respectively (Figure 4). The characteristic light absorption
bands of AgNPs synthesized by using the secondary metabolites of Streptomyces
rochei and marine Streptomyces sp. were measured at 413 and 434 nm,
respectively.’’*® The structural properties of nanoparticles which depend on the
synthesis conditions, also affect the UV-vis characterization bands.*

Pigment
AgNPs

Absorbance (A)

T T T T T 1
200 400 GO0 200 1000 1200
Wavelength A (mm)

Fig 4 UV-vis spectrum of AgNPs (5 mM, pH 9)

The surface charge of nanoparticles determines the distribution properties of
particles, the adsorption properties of ions, and molecules is an important
parameter for the characterization of nanomaterials.*” The surface charge of the
AgNPs synthesized in our study was determined to be -33 mV (Figure 5). A
relatively low zeta potential increases the electrostatic repulsion force between
nanoparticles, which prevents their aggregation and ensures their stabilization.*!
The surface charge (negative, positive or neutral) of nanoparticles is related to the
functional groups on the surface structure.*?
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Fig S Zeta potential analysis of AgNPs (5 mM, pH 9)

Dynamic light scattering (DLS) is a spectroscopic analysis technique used to
determine the size of particles suspended in a liquid from 1 to 1000 nm.* The
average hydrodynamic size of our synthesized AgNPs was 112 nm (Figure 6). DLS
measurements are expected to yield more intense results than microscopic
analyses, which can be explained by the presence of ions or molecules bound, and

the increase in the thickness of the hydration shell around nanoparticles in

solution.***

Intensity (%)

1 10 100 1000 10000

Size {d.nm}

Fig 6 DLS analysis of AgNPs (5 mM, pH 9)

According to the FE-SEM image, our synthesized spherical AgNPs tend to
form agglomerations and appear to be monodispersed with a mean particle size of
54.5 nm (Figure 7). The average size of the spherical AgNPs synthesized by using
the pink pigment of Streptomyces sp. NS-05 was 42.5 nm.® The size, shape, and
structural properties of NPs synthesized by biological methods can vary depending
on the biological agent used and the synthesis conditions, such as the concentration
and type of metal salt used and the bio-reducing agent, temperature and reaction

time.*



MOHAMED et al.

o b

P Al
A 10: Bo.2 nm ‘2
3 §'
g ‘ . L11: 49,7nm
{

-

-‘?) F_ .1 5 5

200 nm Mag = 20.00 K X EHT = 3.00 kv Sigral A =Inlens
Date :25 Jan 2023 WD = 36mm ESBGrdis= 433V

Fig 7 FE-SEM image of AgNPs (5 mM, pH 9)

GeminiSEM 500-71-08

EDX and XRD were performed to determine the elemental composition and
crystal structure of the AgNPs. The presence of Ag was revealed by EDX analysis
(Figure 8).

L
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Lsec: 30.0 3.608K Cnts 0.290 keV Det: Octane Elect Super

Fig 8 EDX analysis of AgNPs (5 mM, pH 9)
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According to the XRD analysis of the Ag/Ag® NPs, the 27.7°, 32.3°, 38.4°,
44.1°,46.2° 54.5°, 57.6°, 64.3° and 77.2° peaks observed at 2 theta corresponded
to the (1, 0,0),(1,2,2),(1,1,1),(2,0,0),(2,0,0),(2,2,0),(2,2,0),(2,2,0), and
(3, 1, 1) planes, respectively (Figure 9). The obtained peaks at 27.7°, 32.3°, and
54.5° indicate Ag® NPs (JCPDS (01-076-1489)). The peaks at 32.3°, 38.4°% 46.2°,
54.5° 57.6° 64.3° and 77.2° reflect the face-centered cubic Ag phase (JCPDS (00-
001-1167).47:4849

100 1z

1o aiy

200)

Inite

(200) T
10 (220) @210

220)

1 10 0 B rpe P 60 0 50

Fig 9 XRD pattern of AgNPs (5 mM, pH 9)

FT-IR can provides informations about the bioactive molecules that may be
responsible for reducing silver ions into AgNPs.'? The functional groups that play
arole in the green synthesis of our AgNPs were revealed by the peaks observed in
the FT-IR spectrum with diffractions at 3471, 2918, 1620, 1409, 1321, and 478
cm™', which indicate the presence of alcohol (O-H), alkane (C-H), amine (N-H),
fluoro compound (C-F), aromatic amine (C-N), and metal (Ag), respectively
(Figure 10). Similar to our findings, previous studies reported that alcohol, alkane,
and amine groups were responsible for the reduction and capping of Ag ions for
the synthesis of NPs. 113841

Antimicrobial activity
Firstly, the antimicrobial activity of synthesized nanoparticles (AgNPs) by

using the red pigment produced from Streptomyces sp. A23 strain was evaluated
using an agar well diffusion assay as illustrated in Figure 11.
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Fig 10 FT-IR spectrum of AgNPs (5 mM, pH 9)

Fig 11 Antimicrobial activity of AgNPs (1 mM, pH 7) against a) E. faecalis b) S. aureus c) P.
aeruginosa 1) H,O 2) Pigment 3) AgNO; 4) AgNPs 5) Gentamicin

The obtained results showed that AgNPs (5 mM, pH 9) demonstrated the best
antimicrobial effect against the tested pathogenic microorganisms (Table II). The
zone with greatest diameter of inhibition was observed for E. faecalis ATCC 19433
(32’ mm), followed by S. aureus ATCC 6538P (30 mm), C. albicans ATCC 10231
(30 mm), P. aeruginosa ATCC 27853 (27 mm), B. subtilis ATCC 6633 (25 mm),
K. pneumoniae ATCC 13883 (20 mm), and E. coli ATCC 7839 (19 mm). The
AgNPs synthesized by using the secondary metabolites of Streptomyces hirsutus
1solated from Indian sediment samples exhibited significant effects against E.
feacalis, S. aureus, E. coli, P. aeruginosa, and C. albicans with inhibition zones of
21, 19,17, 12 and 12 mm, respectively.’

AgNPs (5 mM, pH 9) are more effective because of their spherical shape and
smaller size (51 nm), and their contact with microbial surfaces is good and easy
due to their high negative surface charge (-33 mV). According to different reports,
physical properties such as size, shape, and surface charge can influence the
antimicrobial activity.’** In addition, many previous studies have shown that one
of'the critical characteristics of nanoparticles is size, and a smaller size has a higher
effect on the ability of nanoparticles to penetrate into microbial cells.’
Additionally, the shape of AgNPs plays an important role in the antimicrobial
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activity, and it was decided that a spherical shape would result in excellent
activity.” Furthermore, the surface charge plays a crucial role in the initial
adsorption of nanoparticles to cell membranes.’!

Table II. Antimicrobial activity of synthesized AgNPs

Inhibition zones diameter (mm)

Pathogenic AgNPs Controls

microorganisms (1 mM, (1 mM, (5mM, AgNO; Pigment Gentamicin
pH5) pH7) pH9) (1 mM) (10 pg)

ALT?C?Z%SSP 21 24 30 22 00 17

ffélg)gg; 22 16 25 15 00 14
Ah;gcéetlzgf; 25 18 32 16 00 ]

ATIECC(:O7Z§39 18 21 19 20 00 14
i;ércu%,;?ssg 23 23 27 23 00 12
[i%"éec‘”?é’é’é‘ée 20 26 20 24 00 14
Acfgg) llc(;l;ss 1 A 28 30 33 1 ]

(ATCO) American type culture collection

For the MICs and MBCs of AgNPs (5 mM, pH 9), we recorded the lowest
MIC against S. aureus ATCC 6538P and B. subtilis ATCC 6633 with a value
amounted by 62.5 pg mL, while the highest MIC was against P. aeruginosa
ATCC 27853 (250 pg mL™"). The lowest MBC (62.5 ug mL ™) was recorded against
B. subtilis ATCC 6633, while the highest MBC (>1000 pug mL™") was against
P.aeruginosa ATCC 27853 (Tablelll). The minimum inhibitory concentration
(MIC) value is the lowest concentration of the tested substance as an antibiotic that
inhibits the growth of the test microorganims after an overnight of incubation,
while the minimum bactericidal concentration (MBC) value is the lowest
concentration required to kill 99.9% of the test microorganisms. ™’

Table III. MICs and MBCs results of AgNPs (5 mM, pH 9)

Pathogenic microorganisms MIC (ug mL™") MBC (ug mL™")
S. aureus ATCC 6538P 62.5 125
B. subtilis ATCC 6633 62.5 62.5
E. coli ATCC 7839 125 125
P. aeruginosa ATCC 27853 250 > 1000
K. pneumoniae ATCC 13883 125 125

(ATCO) American type culture collection
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There is no clear or exact mechanism for the antimicrobial effect of AgNPs,
but many existing studies have reported that the most common and prominent
mechanisms are as follows: a) AgNPs can adhere to the cell wall and membrane
of microbial cells, causing cell rupture and leading to cell lysis. b) AgNPs can
penetrate the inside of microbial cells and damage biomolecules (DNA and
enzymes) and intracellular structures (mitochondria, vacuoles and ribosomes). ¢)
AgNPs have the potential to increase ROS production, which can cause oxidative
stress and damage to microbial cells.**

Anticancer and neuroprotective activities

In the MTT test, SH-SYS5Y cells were treated with various concentrations of
AgNPs to determine their cytotoxic effects (Figure 12). Compound-1 (AgNPs, 1
mM, pH 5) did not alter cell viability at concentrations of 2 or 4 pg mL™, but at
concentrations of 8, 12 and 16 pg mL™" (p<0.001), it significantly reduced cell
viability compared to that of the control group. For compound-2 (AgNPs, 1 mM,
pH 7), a concentration of 2 ug mL" tended to increase cell viability, but this
increase was not statistically significant. Additionally, there was no change in the
cell viability at 4 pg mL’: Also, at concentrations of 8, 12 and 16 pug mL"!
(p<0.001), the cell viability was markedly lower than that in the control group.
Compound-3 (AgNPs, 5 'mM, pH 9) significantly decreased (p<0.001) cell
viability at concentrations of 2, 4, 8, 12 and 16 ug mL"' compared to that of the
control.

1501 Compoundst (AghPs, 1o, phs) Corpoiind2 (GhPS, 11l HT) g Compound-3 [AgPs, Smi, phs)

Cell Viabliley (%}

= L
contrel 2y’ dppmi’ Bpgel’ 12pgmi’ 16pgmL’ Control 2pgm” 4pgml’ Bpgml” 12pgmL’ 16 g mL”’ ool gk’ Aol Bgel’ 2igel’ tpgel’

Fig 12 Effects of synthesized AgNPs on the viability of SH-SY5Y cells ***: p <0.001
compared to the control

For the neuroprotective activity, MTT assay was performed to determine the
neurotoxic dose of H,O, as shown in Figure 13. Treatment with 100, 150, 200, 300,
400 and 600 uM of H,O, reduced (p<0.001) cell viability compared to that of the
control group. To evaluate the neuroprotective effect of synthesized nanoparticles,
300 uM H,0O, was added one hour before the AgNPs were added, and cell viability
was investigated via the MTT test at the 24th hour of AgNPs treatment. When the
neuroprotective effects of the AgNPs were examined, compound-1 (AgNPs, 1
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mM, pH 5) at concentrations of 2,4, 8, 12 and 16 ug mL™! (p<0.001) significantly
reduced the viability of the SH-SYSY cells compared to that of the H,O, group.
Compound-2 (AgNPs, 1 mM, pH 7) at a concentration of 2 pg mL™" (p<0.01)
significantly increased the cell viability with the presence of H,O,. In addition, at
concentrations of 8, 12 and 16 ug mL™! (p<0.001), the cell viability was markedly
lower than that in the H,O, group. Treatment with compound-3 (AgNPs, 5 mM,
pH 9) at concentrations of 2, 4, 8, 12 and 16 pg mL™" (p<0.001)_ significantly
reduced the viability of the SH-SY5Y cells compared to that of the H,O, group.

150
HaO2 150 M0+ Compound-1 [AgNPs, 1 mM, pHS)

w

Cell Viability (%)
Call Vinbilty (%)

o
Control SO pM 100 pMl 150 pM 200 b 300 pM S00 pM GO0 pM Comtral HOy Zpgml” dpgml’ Spgml’ 2 pgml’ W pgml’

1
= H:0z + Compound-2 (AghPs, 1 mM, pHT) -~ HzOz + Compound-3 (AgNPs, 5 mM, pH3)

Coll Viabdlity (%)
el Viabilty (%)
2

e

Conared MO, | 2pgml” dpgmi’ Spgml’ 2 pgml” 16 pmmy” Conwrst HDy Fpaml’  dpgmi’ Bppmi’ ddeged’ sepgm

Fig 13 Neuroprotective activity of synthesized AgNPs **: p<0.01 ***: p<0.001 compared to
the control group

In this study, cell culture experiments were conducted to address two primary
objectives concerning SH-SY5Y neuroblastoma cells. First, the anticancer activity
of synthesized AgNPs was investigated by assessing their cytotoxic effects on
neuroblastoma cells. Determination of the optimal cytotoxic dose was crucial for
evaluating the anticancer potency of the synthesized materials. Notably,
Compound-1, Compound-2, and Compound-3 exhibited cytotoxic effects at
concentrations of 2, 4, and 8 ug mL™', respectively. Comparative analysis revealed
the superior anticancer activity of compound-3 against neuroblastoma cells. This
observation aligns with recent studies, confirming the anticancer efficacy of silver
nanoparticles synthesized by using bioactive molecules produced by some
Streptomyces strains on different cancer cell lines.”* Additionally, our study was
the first to show that AgNPs synthesized using a red pigment of Streptomyces sp.
had anticancer activities on human neuroblastoma cells, although there are several
studies showing anticancer and cytotoxic effects of different source-based
AgNPs 367
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The second objective focused on elucidating the potential neuroprotective
effects of AgNPs against hydrogen peroxide-induced cytotoxicity, a common
mechanism underlying neurodegenerative diseases. Hydrogen peroxide (H,0,) at
a concentration of 100 uM demonstrated cytotoxic effects, and a concentration of
300 uM was selected for its moderate cytotoxic effects, as suggested by prior
study.>® Intriguingly, compound-2 exhibited neuroprotective effects at the lowest
concentration tested, distinguishing it from the other compounds. The observed
neuroprotective effects of compound-2 were hypothesized to be associated with its
potential antioxidant properties, drawing parallels with findings from Alkhalaf et
al. in 2020,% who demonstrated that the antioxidant and anti-inflammatory effects
of AgNPs synthesized by using Nigella sativa extract in rodents. Controversially,
Zhai et al. (2022) showed the cytotoxic effects of AgNPs via oxidative stress
mechanism in SH-SYSY cells. It has been seen that AgNPs oxidative stress at very
high doses (40 and 60 pg mL™"), whereas we observed the neuroprotective effect
of low doses of AgNPs (2 and 4 ug mL:") against a well-known oxidative stressor,
H,0,, in our study. These differences suggest a dose-dependent antioxidant or
oxidant effect of AgNPs synthesized using the red pigment produced by the
Streptomyces sp. A23 strain.’’ These findings suggested a nuanced interplay
between antioxidant effects at lower concentrations and antiproliferative effects at
higher concentrations for the compound-2.

CONCLUSION

In conclusion, the green synthesis of silver nanoparticles (AgNPs) using the
red pigment produced by the Streptomyces sp. A23 strain isolated from Algerian
bee pollen represents a new approach with remarkable neuroprotective, anticancer
and antimicrobial activities. This synthesis method not only harnesses the inherent
capabilities of the Streptomyces sp. A23 strain but also produces silver
nanoparticles with unique biological properties, paving the way for their
application in diverse therapeutic avenues. Future studies should address the
molecular mechanisms underlying the therapeutic properties of these
nanoparticles, including the molecular interactions between the AgNPs and
biological targets, which will also provide deeper insight into their mode of action.
Additionally, the exploration of synergistic effects with other therapeutic agents
could open new possibilities for enhanced treatment strategies, especially in
multidrug-resistant infections and complex diseases like cancer and
neurodegeneration.
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H3BOJ

OOPEBUBALE AHTUMUKPOBHE, AHTUKAHLEPCKE U HEYPOITPOTEKTHBHE
AKTHUBHOCTU HAHOYECTHUIIA CPEBPA (AgNP) CHHTETUCAHUX ITPUMEHOM 3EJIEHE
XEMHUIJE KOPUCTERHM IPBEHH ITUTMEHT COJA STREPTOMYCES SP. A23 U30JIOBAHOT

N3 AJDKUPCKOT MYEJIMBET TIOJIEHA

MOKHNACHE MOHAMED', BELHADJ HANT', FATIH DOGAN KOCA?, GOKHAN UNAL’, NASRAT ABDUL RAHMAN',
AYSEGUL BASMA’, NUH MEHMET BOZKURT®, AHMED ALIEN MOHAMED BACHIR' ¥ HARZALLAH DAOUD'

Applied Microbiology Laboratory, Natural Sciences and Life Faculty, Ferhat Abbas Setif 1 University, Setif,
19137, Algeria, ?Aquatic Animals and Diseases Laboratory, Veterinary Medicine Faculty, Erciyes University,
Talas, 38280, Kayseri, Turkey, 3Pharmacology Department, Pharmacy Faculty, Erciyes University, Talas,
38280, Kayseri, Turkey u *Institute of Natural and Applied Science, Erciyes University, Talas, 38280,
Kayseri, Turkey.

LIpBeHU MUIMEHT U3 coja Streptomyces sp. A23 W30/10BaH U3 &/KUPCKOT TYETHILET N0/1€HA
je xopuurheH 3a cuHTe3y HaHouecTulla cpedpa (AgNP) IpuMeHOM 3efieHe XeMuje, a 3aTUM je
onpehuBaHa BUX0Ba AaHTUMHUKPODHA, aHTHKAHIIEPCKA ¥ HEYPOIPOTEKTUBHA aKTUBHOCT. AgNP cy
CUHTeTHCaHe peAykuujoMm 1 mM u 5 mM pacTBopa cpedpo HuTpara Ha pasnuuutum pH (5, 7
9), a 3atum okapakrepucane. AgNP (5 mM, pH 9) cy ucnommne makcumym UV-vis anicopdanre
Ha 433 nm. Merogom DLS je ytBphero na je nmpoceyny npevnuk dectvna 112 nm. Makcumym
3eTa noreHuyjana je yrephen Ha 33 mV, notsphyjyhu nosehany crabumnoct. XRD ananusoM je
KOHCTaTOBaHA KPUCTalIHa Npupoia matepujana. FT-IR aHanuzom cy ytepheHe cnenuduyne
(byHKIMOHAJHE TpyTEe Ha mosokajy 3471.cm™ mo 478 cm™. FE-SEM MeTomoMm je mokasaHo 1a je
cpenmwba BpemHOCT mpeuHuka cgepHux AgNP 54,5 nm. IlpucyctBo Ag je norspheno EDX
aHamM3oM. HaHouecTHile ¢y ucnos/buie 3Ha4yajHy aHTUMUKDOOHY aKTHUBHOCT ciipaM E. faecalis
ATCC 19433, C. albicans ATCC 10231, S. aureus ATCC 6538P, P. aeruginosa ATCC 27853, B.
subtilis ATCC 6633, K. pneumoniae ATCC 13883 n E. coli ATCC 7839, y3 30Hy HHXHOHLH]je ox 32,
30, 30, 27, 25, 20, ogHocHo 19 mm. Hajuwxke BpesHocty MIC m MBC cy usmepene cipam B.
subtilis ATCC 6633 — 62,5 pg mL". 3auummuBo je ma cy cBe cunTetHcane AgNP, y
KOHLeHTpauujama 2, 4 u 8 pg mL™!, ucnomune nuroTokcuuny edexar va SH-SY5Y henujeky
nuHYjy —Heypobnactoma. [JomatHo, AgNP (1 mM, pH 7) cy wucnossune 3HauajHy
HEYPOIPOTEKTUBHY aKTUBHOCT IIPY HAjHKMM TECTUPAaHMM KOHIeHTpauujama. M3 caera
HaBe[EeHOT Mpor3wiasy fa ce AgNP cuHTeTHCaHe MPUMEHOM LIPBEHOT MUTMEHTa Streptomyces Sp.
coj A23 mory carefati kao odbehasajyhu TepaneyTckH areHcH.

(ITpumsseHo 15. cenremdpa 2024; pesunupano 8. okrodpa 2024; npuxsaheno 15. janyapa 2025.)
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