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Abstract

Cyanobacteria are among the beneficial and environmentally friendly natural candidates used in the biosynthesis of nanopar-
ticles, with their ability to accumulate heavy metals from their environment, thanks to their biologically active compounds.
In the current study, an aqueous extract of Oscillatoria princeps fresh biomass was used for the green synthesis of AgNPs.
UV-vis spectrum, Fourier transforms infrared, scanning electron microscopy, and energy-dispersive spectroscopy were
used to validate and characterize biosynthesized of OSC-AgNPs. The biosynthesis of AgNPs was visually verified in terms
of the change in the color of the AgNOj; solution from yellowish brown to brown colors from 72 h onwards. An absorption
peak of approximately 420 nm was detected in the UV—vis spectrum, corresponding to the plasmon resonance of AgNPs.
FT-IR analysis showed the presence of free amino groups in addition to sulfur-containing amino acid derivatives that act
as stabilizing agents. SEM images detected the roughly spherical shape of OSC-AgNPs with an average size of 38 nm. The
pathogens tested were all susceptible to OSC-AgNPs showing varying antimicrobial effects on pathogenic microorganisms.
E. coli and C. albicans displayed the maximum susceptibility, with zones of inhibition of 14.6 and 13.8 mm at 3-mM con-
centration, respectively, while B. cereus had the lowest zone of inhibition (10.6 mm) at 3-mM OSC-AgNO0; concentration.
In conclusion, AgNPs synthesized from Oscillatoria princeps inhibit biofilm formation, suggesting that AgNPs may be a
promising candidate for the prevention and treatment of biofilm-associated infections caused by bacteria and yeasts.

Keywords Oscillatoria princeps - Cyanobacteria - Silver nanoparticles - Anti-quorum sensing - Violaceum - Antimicrobial
activity

Introduction

Nanotechnology is an emerging field that involves the syn-
thesis, characterization, and development of various nano-
materials that have important roles in everyday life (Hamida
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et al. 2020). Nanotechnology is the creation of structures
with improved or completely new physical, chemical, and
biological properties by working at the level of atoms and
molecules in units per billion. The term “nano” refers to any
particle or material that has a size of at least one nanoscale
(0.1-100 nm). Compared with large particles of the same
materials, nanomaterials exhibit superior and novel proper-
ties depending on size (Jeon et al. 2021). Nanomaterials are
known to have unique properties such as chemical reactiv-
ity, magnetism, electrical conductivity, optical effects, and
physical strength. These properties of nanomaterials are a
result of their small size (Adebayo-Tayo et al. 2019). There
are thousands of commercial products based on nanotech-
nology, and this technology is expected to become a global
business in the near future (Sharma et al. 2016).

Materials at the nanoscale are lighter, more robust,
programmable materials, and require less material use in
manufacturing and less energy in the production phase.
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Nanotechnological applications such as obtaining clean
water, thanks to nanofilters that can clean sediments, chemi-
cal wastes, charged particles, bacteria, and other pathogens
such as viruses, contribute to the sustainable environment.
In the field of nanomedicine, nanoscale materials and nano-
electronic biosensors are used for various purposes such as
diagnosing, monitoring, treating, and preventing diseases
(Nikalje 2015). Today, it is anticipated that the ability to use
nanotechnology will enable food companies to design and
produce cheaper, safer, and more durable, and more nutri-
tious products.

Silver nanoparticles (AgNPs) can interact with microor-
ganism surfaces due to their large surface area and small size
and are therefore used as antimicrobial agents (Durén et al.
2016). The use of silver metal by humanity as an antibacte-
rial agent against microorganisms that cause various infec-
tious diseases goes back to ancient times. The oxidation of
silver ions is a slow process under normal conditions, and
silver salts have been proposed to overcome this. However,
the use of sparingly soluble silver salts leads to a slower
release of silver ions, thus lower antibacterial effects. When
silver ions are converted to AgNPs by green synthesis meth-
ods, their antimicrobial activity increases significantly, while
their toxicity decreases (Kambale et al. 2020). Gold NPs
(AuNPs) are in high demand for various applications due
to their low toxicity, high photothermal, and photoacoustic
activity (Lenartowicz et al. 2017). Other biogenic NPs such
as copper oxide NPs, zinc oxide NPs, and selenium NPs
have been reported in various studies to act as potent anti-
cancer agents (Hamida et al. 2020).

Recently, the synthesis of nanoparticles has been focused
on using minimal or negligible toxic substances that do not
harm the environment and pose no risk to human health. At
this point, green nanotechnology has emerged as a research
area that includes environmentally friendly and energy-effi-
cient approaches for the synthesis of inorganic nanoparticles
(Jeffryes et al. 2015). Biological systems such as bacteria,
viruses, algae, yeast, fungi, and plants are widely used in
green nanotechnological methods (Mittal et al. 2013). The
increasing interest in the use of biological materials in the
synthesis of nanoparticles has led researchers to use algae
species in this process.

Algae are of particular interest due to their unique
diversity, high productivity, biologically active substances,
and technical advances in their cultivation. Microalgae
and Cyanobacteria are the primary producers of aquatic
ecosystems, although they are among the primitive life
forms on earth. They are considered renewable bioen-
ergy sources due to their photosynthetic abilities. Today,
they are discussed from the perspective of sustainability
in many areas, from wastewater treatment to biodiesel
production (Mahana et al. 2021). Algae are a group of
organisms that can be found in a variety of habitats, from

freshwater ecosystems to salty waters, from low tempera-
tures to high temperatures, such as spring waters, under
low light intensity and high pressure, such as lakes and
seas (Bleeke et al. 2014; Varshney et al. 2015). They are
a wide variety of autotrophic unicellular or multicellular
organisms that can be cataloged as microalgae and mac-
roalgae. Various algae species from Chlorophyceae, Phae-
ophyceae, Cyanophyceae, and Rhodophyceae have been
reported to synthesize metallic NPs such as gold, silver,
palladium, and ferrihydrite. Nanoparticles synthesized
from algae cultures are relatively convenient and easy to
use, with advantages such as less toxicity, less risk to the
environment, and lower temperature synthesis (Sharma
et al. 2016). Green synthesized AgNPs have been reported
to have effective antibacterial potency and low cytotoxic-
ity, suggesting their use in biomedical and pharmacologi-
cal applications (Adebayo-Tayo et al. 2019; Bishoyi et al.
2021). Different studies have demonstrated the capacity of
different Cyanobacterial strains to form different types of
NPs, mainly metallic NPs (Ag-NPs, Au-NPs) and metal
oxide NPs (ZnO NPs, CuO NPs). Lengke et al. (2007)
performed intracellular and extracellular biosyntheses of
AgNPs by the filamentous cyanobacterium Plectonema
boryanum, and Tsibakhashvili et al. (2011) reported the
synthesis of extracellular AgNPs using Arthrospira (Spir-
ulina) platensis.

Most of the antibiotics used today to treat bacterial infec-
tions have become ineffective due to the emergence and spread
of antibiotic-resistant bacterial strains. Therefore, researchers
focused on finding new agents and alternative antibiotics that
are effective against bacterial pathogens and looking for new
mechanisms to fight infections (Tang et al. 2020). Recently,
one of these alternatives is the quorum-quenching mechanism,
which consists of inhibiting the quorum sensing messaging
between the microorganisms, and has emerged as a promising
topic (Tabbouche et al. 2017). Quorum sensing (QS) is a cell-
to-cell communication mechanism between microorganisms,
in which the expression of several genes, often associated
with virulence factors and biofilm formation, is very impor-
tant for their life and growth as a population. QS is controlled
over the production and detection of signal molecules in a
population density—dependent manner (Tang, et al. 2020). By
means of quorum sensing molecules, the division of micro-
organisms, nutrition, biofilm, formation of spores, pigment
production, and bacterial movements are controlled. Quorum
sensing also affects bacterial virulence factors. In this case, it
suggests that quorum quenching can prevent the emergence
of resistance among bacteria (Tabbouche et al. 2017). Based
on these facts, the search for herbal and other natural prod-
ucts for new therapeutic agents has increased in recent years.
Anti-quorum sensing activities of phlorotannins from seaweed
Hizikia fusiforme were investigated by Tang et al. (2020). As
aresult of the research, they stated that phlorotannins from H.
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fusiforme have anti-quorum sensing activities and potential
in this regard.

Biofilms are film-like complexes that occur on biotic and
abiotic surfaces and are sessile bacterial communities embed-
ded in a self-synthesizing exopolysaccharide matrix. Bacte-
ria in biofilms show different characteristics from free-living
cells, such as different physiology and high resistance to anti-
biotics, which makes them a chronic and persistent source of
infection. Therefore, there is a need to investigate potential
anti-QS and antibiofilm compounds from natural sources to
prevent bacterial infections due to increased multidrug resist-
ance among pathogens (Sridevi et al. 2019). Bacteria within
a biofilm can be up to 1000 times more resistant to antibiotics
and persist after treatment with antibiotics (L6pez and Soto
2020). In order to fight biofilms, new molecules that can be
active against biofilm formation and diagnostic tools that can
be used in practice are needed; in this context, algae are one of
the natural products that emerged as a result of the searches in
this area. In the study carried out by Gayatri et al. (2019), the
antibiofilm effect of Chlorella powder was investigated and
proved to have the potential to inhibit the pathogenic activity
of Pseudomonas aeruginosa in biofilm formation by providing
a new alternative to traditional antimicrobial agents.

In this study, AgNPs were synthesized with Oscillatoria
princeps isolated from freshwater sources. The characteri-
zation of the synthesized AgNPs was performed by visual,
UV-vis spectroscopy, Fourier transforms infrared spectrum
(FT-IR), scanning electron microscopy (SEM), and energy-
dispersive spectroscopic analysis (EDS). In addition, the
antimicrobial activity of silver nanoparticles against patho-
genic microorganisms were investigated. Although the stud-
ies carried out to date have defined the compounds produced
by microalgae and Cyanobacteria species with antimicrobial
activity and their effects, the studies on the anti-quorum sens-
ing activity and antibiofilm activities of the extracts produced
by Cyanobacteria are very limited. Anti-quorum sensing activ-
ity assay, violaceum quantitative evaluation, and biofilm inhi-
bition assay were also studied this research using OSC-AgNPs
obtained from O. princeps extract. Another important output
of this study is the management of algal resources and bring-
ing them to the industry in order to provide a balance between
the sustainable management of the environment and natural
resources and the long-term economic, social, and environ-
mental development of these resources.

Materials and methods

Isolation, morpho-taxonomy, and maintenance
of Oscillatoria princeps

Cyanobacteria samples (Oscillatoria princeps) were col-
lected and isolated using the micromanipulation technique
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from freshwater reservoirs from Ankara (Turkey) (lati-
tude 39.92077 and longitude 32.85411). The morphologi-
cal structure of the isolated strain was determined under
a light microscope, and shape, structure, color, and indi-
vidual filaments were measured. Morphological confirma-
tion was done using the identification keys. O. princeps’s
molecular characterization was carried out using polymerase
chain reaction (PCR) and Fourier transform infrared (FT-
IR) spectroscopy. DNA was extracted and purified from O.
princeps using the method described by Singh et al. (2011).
To check the accuracy and integrity of the extract, DNAs
were taken on 1% agarose gel, and Qiagen QIAquick PCR
cleaning kit was used to remove contaminants. Polymerase
chain reaction (PCR) was used to determine the quality of
the extracted genomic DNA template, and for Roche Expand
high-fidelity PCR kit was used for 16 s primers (27F, 1492R)
for PCR analysis of the species. DNA was measured with
(http://www.nanodrop.com/Productnd2000overview.aspx)
and sent to GATC Biotech for single sequence reading of
all samples (http://www.gatc-biotech.com/en/index.html).
Subsequent sequence analysis was performed by BLAST
(Fig. 1). FT-IR analysis were performed at the Kirsehir Ahi
Evran University Central Laboratory, Kirsehir (Turkey),
using a Thermo Scientific Nicolet 6700 model FT-IR spec-
trometer. The stock cultures were inoculated into 50 ml of
Erlenmeyer flask into liquid BG-11 medium at pH 6.8 and
made axenic using the different combinations of antibiot-
ics and allowed under appropriate conditions. Later, it was
added to the Culture Collection (AEU-CCA) at Kirsehir Ahi
Evran University and was kept under protection by giving
the code number (CCA010s02).

The cultures used in this study were cultivated as 270 ml
medium + 30 ml culture at pH 6.8. The light source (Philips
cool daylight, 50 umol m=2 s™') was applied to the cultures
with a period of 16 L:8 D, and cultivation was performed
at 22-25 °C.

Biosynthesis of silver nanoparticles utilizing fresh
algal biomass

The extract to be used for silver nanoparticle synthesis was
prepared from fresh O. princeps biomass. When O. princeps
passed the “growth phase” approximately 4—6 weeks, the
cells were centrifuged at 10,000 rpm for 10 min and then
washed several times with distilled water to remove the trace
metals from the surface of the Cyanobacteria biomass. O.
princeps biomass was harvested by filtration. The fresh bio-
mass (at least 2 g) was boiled at 100 °C for 20 min. After, the
O. princeps extract was cooled and centrifuged at 5000 rpm
for 10 min (Ahamad et al. 2021; Aziz et al. 2014). The
obtained supernatant was stored at 4 °C until used in experi-
ments. Ten milliliters of extracts of cultures were suspended
in 90 ml of 1 mM, 2 mM, and 3 mM aqueous AgNO; and
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>Oscillatoria princeps
AGTTAGTGGCGGacGGGTGAGTAACGCGTGAGAATCTGCCTTCTGGTCTGGGACAACAGAGGGAAACTTCTG
CTAATCCCGGATAAGCCTGCGGgtGaAAGATTAATTGCCTGGAGATGAGCTCGCGTCTGATTAGCTAGTTGGT
AAGGTAAAAGCTTACCAAGGCGACGATCAGTAGCTGGTCTGAGAGGATGAGCAGCCACACTGGGACTGAGA
CACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTCCGCAATGGGCGCAAGCCTGACGGAGCAAG
ACCGCGTGGGGGAGGAAGGCTCTAGGGTTGTAAACCCCTTTTCTTTGGGAAGAAGTTCTGACGGTACCAAAG
GAATCAGCCTCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGAGGCAAGCGTTATCCGGAATGATT
GGGCGTAAAGCGTCCGCAGGTGGCCATGTAAGTCTGCTGTCAAAACCCAGGGCTTAACTCTGGtcaGGCAGTG
GAAACTACAAAGCTAGAGTCTGGTAGGGGCCAAGGGaATTCCCGGTGTAGCGGTGAAATGCGTAGAGATCG
GGAAGAACATCGGTGGCGAAAGCGCTTGGCTAGACCAGAACTGACACTCAGGGACGAAAGCTAGGGGAGC
GAATGGGATTAGATACCCCAGTAGTCCTAGCTGTAAACGATGGATACTAGGTGTTGCCTGTATCGACCCGGGC
AGTGCCGTAGCTAACGCGTTAAGTATCCCGCCTGGGGAGTACGCACGCAAGTGTGAAACTCAAAGGAATTGA
CGGGgGCCCGCACAAGCGGTGGAGTATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCAGGGCTTGAC
ATGTCGCGAATCTAGGGGAAACCTTGGAGTGCCTTCGGGAGCGCGAACACAGGTGGTGCATGGCTGTCGTCA
GCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGTCTTTAGTTGCCAGCATtNaGTTG

Cyanobacteria

260/280

260/230

ng/ul DNA

GgCACTCTGaaGAgACTGcCGGTGACaAACCGGaaGA

O. princeps 2.20 1.95 18.7

Fig.1 The 16 s sequencing FASTA format and the agarose gel electrophoresis results of PCR (16S rDNA amplified using PCR from the
genomic DNA of O. princeps Molecular marker) and microscopic appearances of O. princeps

incubated at room temperature. The solution was maintained
in the dark condition to avoid auto-oxidation of silver. All
the conditions of the experiments were monitored during the
course of the study. Water with the addition of AgNO; was
used as a control. In this study, silver nanoparticles obtained
from O. princeps extracts were labelled as OSC-AgNPs.

Characterization of synthesized silver nanoparticles

The bio-reduction of Ag* ions were monitored by using
UV-Vis spectrophotometer (Thermo Scientific Spectro-
photometer Genesys 10S) in a 1-cm path length quartz
cuvette having a spectral range of 200 and 800 nm. UV—Vis
measurements were taken at 24-, 48-, and 72-h intervals.
All measurements were performed in triplicate at a constant
temperature of 25+ 1 °C to confirm the synthesis of NPs.
AgNPs were subjected to FT-IR spectrum analysis to detect
biomolecules responsible for reducing Ag* ions and iden-
tify whether the biomolecules were stabilizing and reduc-
ing agents. FT-IR analysis were performed at the Kirsehir
Ahi Evran University Central Laboratory, Kirsehir (Tur-
key), using a Thermo Scientific Nicolet 6700 model FT-IR
spectrometer. The spectrum was recorded in the range of
4000-500 cm™" at a resolution of 4 cm™'. The sample has
been also characterized for the development of silver nano-
particles by using scanning electron microscopy (SEM) and
energy-dispersive spectroscopy (EDS) (FEI Model Quanta
FEG 450) investigation. The size, shape, and morphology
of OSC-AgNPs were characterized using scanning electron
microscopy (SEM). SEM and EDS were performed at the
Yozgat Bozok University Science and Technology Applica-
tion and Research Center, Yozgat (Turkey).

Antimicrobial property

To study the antimicrobial effect of synthesized AgNPs
from O. princeps (OSC-AgNPs), agar well diffusion

method was used against gram-negative bacteria Aeromonas
hydrophila (ATCC 7966), Klebsiella pneumoniae (ATCC
13,883), Vibrio anguillarum (ATCC 43,312), Pseudomonas
aeruginosa (ATCC 27,853), and Escherichia coli (ATCC
25,922); gram-positive bacteria Staphylococcus aureus
(ATCC 29,213), Bacillus subtilis (ATCC 6633), Bacil-
lus cereus (709 Roma), and Enterococcus faecalis (ATCC
29,212); and yeast Candida albicans (ATCC 10,231).

In peptone water, the isolate was cultivated overnight.
Mueller-Hinton agar (Lab M Ltd., UK) plates were seeded
with the isolate’s 18-h-old culture. A sterile cork-borer with
a diameter of 7 mm was used to cut uniform wells on the
dried agar plate. The biosynthesized OSC-AgNPs were
poured into each well at a volume of 75 ul. As negative
controls, AgNO; solution (1 mM, 2 mM, and 3 mM), and
O. princeps extract were used in corresponding wells. The
inoculation plates were incubated for 24 h at 37 °C. Plates
were examined after incubation by measuring the diameter
of inhibition zones (mm) (DIZ) surrounding the wells. Posi-
tive DIZ (mm) of more than 5 mm were evaluated (Prabhu
et al. 2014; NCCLS 2003).

Antimicrobial effects of synthesized AgNPs and minimum
inhibitory concentration (MIC) values were found and tested.
Minimum inhibitory concentrations (MIC) for OSC-AgNPs
against bacteria and yeast strains were examined in accord-
ance with NCCLS guideline (NCCLS 2000). MIC values
were determined spectrophotometrically in 96-well microtiter
plates according to the microdilution broth method. Muel-
ler—Hinton broth was used in the suspension of bacteria (0.5
McFarland), in solutions of OSC-AgNPs to be tested (1, 2,
and 3 mM), and in MIC testing. For the antimicrobial effect
test, 1000 pg/mL stock solutions of the synthesized OSC-
AgNPs were prepared. Bacteria and yeast stock cultures were
prepared to approximately 10° cfu/ml of bacteria and yeast
prepared according to the McFarland 0.5 turbidity standard.
The AgNPs were transferred to 96-well plates in two-fold
serial dilutions with nutrient broth (500, 250, 125, 62.5, 31.2,
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15.6, and 7.8 pg/mL). Then, in each well, a microbial inocu-
lum prepared in the same nutrient medium was inoculated.
Plates were incubated for 24-48 hours at 37°C.

Anti-quorum sensing activity assay

The anti-quorum activity of OSC-AgNPs on violacein pro-
duction by Chromobacterium violaceum ATCC 12,472 was
tested by an agar diffusion method using LB (Luria—Bertani)
agar plates. A 100-pl volume of freshly grown C. violaceum
(1% 10°) culture was spread onto the LB agar surface by a
swap and 7-mm-diameter wells were punched into the agar
using cork-borer. Then, the wells were filled with 75 pL of
1, 2, and 3 mM OSC-AgNPs extracts. Plates were observed
after incubation at 30 °C for 24—-48 h. Opaque zones of bac-
terial growth around the wells were indicative of QSI activ-
ity. The plates determined the inhibition of pigment produc-
tion around the well. The formation of a clear halo around
the disc and the formation of bacterial growth inhibition
were evaluated as positive (McLean et al. 1997).

Violaceum quantitative evaluation

Anti-quorum sensing activity was tested against Chromo-
bacterium violaceum ATCC 12,472. For this purpose, the
extracts of AgNPs were first determined on 96-well plate
as mentioned before, then OSC-AgNPs were tested for pig-
ment production inhibition. Briefly, an 18-h (1 x 108 CFU/
mL) bacterial culture of C. violaceum (ATCC 12,472) was
suspended in LB broth with both absence and presence of
the OSC-AgNPs diluted two-fold, and incubated at 30 °C for
24 h. To begin, 200 pl of treated and untreated cultures are
placed in an Eppendorf tube and lysed by adding 200 pl of
10% SDS (sodium dodecyl sulfate), vortexing for 5 s, and
incubating at room temperature for 5 min. Also, 900 pL
water-saturated butanol (50 ml n-butanol mixed with 10 ml
of distilled water) is added to cell lysate, vortexed for 5 s, and
centrifuged at 13,000 g for 5 min. The upper (butanol) phase
containing violaceum was collected and the absorbance is
read at 580 nm in spectrophotometer (Jasco V-730-JAPAN).
Decrease in pigment production in the presence of AgNP
extracts is measured as: Percent inhibition =OD of control-
OD of treated /OD of control X 100 (Khan et al. 2009).

Antibiofilm activity of 0SC-AgNPs

The antibiofilm activities of OSC-AgNPs were determined by
inoculating clinical pathogens S. aureus (ATCC 29,213), B.
cereus (709 Roma), P. aeruginosa (ATCC 27,853), and E. coli
(ATCC 25,922) in a 96-well microtiter plate containing 100-
pL concentrations of extract. The OSC-AgNPs were separately
added to all bacteria and incubated at 37 °C for 24 h. The plank-
tonic cells were removed, and the tubes were washed with sterile
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water. Crystal violet (0.1%) of 125 pL. was added to all the wells
and incubated for 30 min at room temperature. After 30 min,
the stain was removed and washed with sterile distilled water to
remove unbound crystal violet stain. Finally, the adhered biofilm
bound crystal violet was eluted in absolute ethanol (200 pL), and
the absorbance was measured at 595 nm (Schillaci et al. 2013).

_ (Control OD595 — Treated OD595)

Percentage biofilm inhibition = (Control OD395) X 100%

Results
Morphological features of O. princeps

Blue-green algae (Cyanobacteria) are microscopic and oxy-
gen-producing prokaryotes, and common in aquatic environ-
ments, along with some terrestrial species. The genus Oscil-
latoria is a blue-green alga belonging to the Cyanobacteria
phylum. Oscillatoria genus with blue-green mat appearance
first grow at the bottom of freshwater reservoirs and then are
released on the water surface (Guiry and Guiry 2021). The
genus Oscillatoria is one of the dominant blue-green algae
(Cyanobacteria) growing in a variety of habitats, and thallus
consists of a single trichome. Long filamentous cells are dis-
coid in shape and do not require heterocysts because they are
surrounded by cell walls. It has many gas vesicles to optimize
its position in the water (Castenholz and Waterbury 1989; Rani
et al. 2016). Oscillatoria princeps Vaucher ex Gomont belongs
to Cyanobacteria phylum. Miihlsteinova et al. (2018) defined
the morphological structure of O. princeps as “Trichomes
blue-green, highly motile, not constricted at the cross-walls,
narrowing toward the often bent ends, 24-36 um wide in the
central area of the trichome and 14-27 (30) um wide at the
ends. Apical cells nearly hemispherical and often yellowish
(together with up to five adjacent cells). Granulation never
located at the cross-walls, but fine to larger granules randomly
dispersed throughout cells. Cells 2-9 um long, new cell walls
form from the outside of the trichome often before the previ-
ous division is finished. Cell wall colourless and thick, necridic
cells present, no sheath or calyptra observed” (Miihlsteinova
et al. 2018). In this study, the cultures produced in the batch
culture system were free-floating as a thick mass on the surface
of the culture medium, some of which were attached to the
glass walls of the container. O. princeps cultures were dark
blue-green in color due to the dominance of phycobilins, i.e.,
phycocyanin and phycoerythrin pigment, and individual fila-
ments were blue-green to olive green in color (Fig. 1).

Genetic characterization of O. princeps
The 16 s sequencing results were returned in FASTA format

as shown in Fig. 1. The results confirmed the molecular iden-
tification of O. princeps by 99%. The DNA was measured
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on a nanodrop (http://www.nanodrop.com/Productnd2000ov
erview.aspx), and the data are presented in Fig. 1.

Characterization of the nanoparticle biosynthesis

During the bio-reduction of AgNPs from silver ions, sil-
ver nanoparticle formation was visually identified by color
change. The reaction mixture of AgNO; and O. princeps
extract turned from yellowish green to brown, indicating
the formation of silver nanoparticles (Fig. 2). In this study,
the formation of AgNPs was monitored by UV-Vis absorp-
tion spectra at 24-, 48- and 72-h time intervals and at 200 to
800 nm (Fig. 3). The color change observed in the forma-
tion of biosynthesized silver nanoparticles was due to the
stimulation of the surface plasmon resonance (SPR) of the
nanoparticles in the reaction mixture, and a peak was noted
at the spectral range of 420 nm. It was clearly seen that the
silver surface gave a plasmon resonance band following the
formation of AgNPs and the intensity reached its maximum
afterwards.

FT-IR analyses of AgNPs from O. princeps extract
showed that bioactive groups surround biogenic silver nan-
oparticles. The absorption spectrum showed 6 clear bands

Fig.2 Color changes of tubes
containing silver nanoparticles
biosynthesized by O. princeps

Fig.3 UV-Vis absorption 22

in the wavelength range 4000-500 cm™!; these bands were
assigned on the basis of standards and published FT-IR spec-
tra (Sigee et al. 2002). As seen in Fig. 4, the FT-IR spectrum
of OSC-AgNPs had six peaks at 3224 cm™!, 2952 cm™!,
2824 cm™', 1631 ecm™, 1361 cm™', and 1104 cm™". FT-IR
spectra of OSC-AgNPs showed bands for the presence of
amino, carboxylic, hydroxyl, and carbonyl groups. Band dis-
tributions were predicted as residual water (-OH; band 1),
lipid (-CH,; bands 2, 3 and 5), amide (protein; bands 1, 4 and
5), nucleic acid (>P=0; band 6), and starch (-C-O; band
6) (Table 1). The peaks at 3224 cm™! (stretching amide A)
and 1631 cm™! (amide I band) indicated that amides on the
AgNPs surface might have contained peptides and proteins
found in the cell extract. In the obtained AgNPs spectra, it
showed a strong broad absorption peak in the 3224 cm™!
band. This band is characteristic of the O-H stretching
vibration of polysaccharide and the N-H stretching vibra-
tion of proteins. The band at 1631 cm™! was assigned to the
N-H bending stretching vibration of the amine groups of
the proteins.

Scanning electron microscopy (SEM) was used to
investigate the presence, morphological characterization,
and size of AgNPs biosynthesized from the fresh extract

spectrum of silver nanoparticles
synthesized by AgNOj; solution
with O. princeps extraction (the
blue line 24 h, the green line

48 h, and the red line illustrated
72 h)

Wavelenght [nm]
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Fig.4 FT-IR spectra of AgNPs prepared by the fresh extract of O. princeps

T?'}’)Ie 1d 'If‘enta:itiye ;;silinment Band number Main peak Typical band assignment from the literature Wavenumber
OI bands round 1n - spectra (Cm—l) range (Cm_l)

of blo'sy,nthes1zed AgNPs1 using AgNO;+0.
O. princeps fresh extract

princeps
1 3224 Water 3646-3026
v(O-H) stretching
Protein
v(N-H) stretching (amide A)
2 2952 Lipid 2943-2902
v,s(CH,) stretching of methylene
3 2824 Lipid 2864-2837
v,(CH,) stretching of methylene
4 1631 Protein 1709-1587
amide I band
mainly v(C=O0) stretching
5 1361 Lipid 1408-1358
6,(N(CHj;);) bending of methyl
Protein
6,(CH,) and 6,(CH;) bending of methyl
6 1104 Starch 1136-980
1057 v(C-0) stretching and complex sugar ring modes

Nucleic acid
v,(>P=0) stretching of phosphodiesters

'Band assignment based on (Sigee et al. 2002)
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of O. princeps. The particle size and distribution of the
OSC-AgNPs were estimated under SEM visualization
using ImagelJ software. SEM images detected the roughly
spherical shape of OSC-AgNPs with an average size of
38 nm in diameter was found to be well dispersed in solu-
tion and deposited on cell surfaces (Fig. 5). It has been
reported that pH is an important factor in many physical
parameters to prevent aggregation and agglomeration of
nanometals. At lower pH, the reducing power of various
functional groups is naturally less due to the higher H*
concentration. With an increase in pH, the reducing power
of functional groups will also increase. This increase will
allow the stability of the NPs and prevent their aggrega-
tion. The hydrophobic and hydrophilic interactions of the
intramolecular force can prevent the agglomeration of
metal nanoparticles (Sharma et al. 2016). This explains
the agglomeration observed in AgNPs obtained from O.
princeps extract. Synthesis of NPs obtained by using algae
can occur extracellularly or intracellularly, depending on
the type of algae and the dose used. It was concluded that
the extracellular formation of metallic NPs is due to the
activity of reducing agents present in the algal aqueous
phase. These agents are polysaccharides, reducing sug-
ars, peptides, proteins, pigments or other reducing factors
that can reduce metal ions and precipitate metallic ions
as nanoparticles (Mahdavi et al. 2013; Abdel-Raouf et al.
2013). In this study, AgNPs were deposited on the cell
surface of O. princeps extract which was demonstrated by
SEM observations (Fig. 5). EDS showed the presence of
traces of nitrogen and oxygen and the formation of high
amounts of silver particles. The presence of elemental sil-
ver signal was confirmed in the EDS analysis of AgNPs
obtained from O. princeps (Fig. 6).

Fig.5 SEM images of synthesized AgNPs form O. princeps

Determination of antimicrobial activity
of synthesized with 0SC-AgNPs

Effects of antimicrobial activity of the OSC-AgNPs using
with diameter of inhibition zones (mm) (DIZ) and mini-
mal inhibitory concentration (MIC) were investigated.
Antimicrobial activity of OSC-AgNP formation obtained
after adding the cell extract of O. princeps strains to 1 mM,
2 mM, and 3 mM AgNO; solution was performed using the
well diffusion method. The antimicrobial activity of OSC-
AgNPs were investigated against gram-negative bacteria (A.
hydrophila ATCC 7966, K. pneumoniae ATCC 13,883, V.
anguillarum ATCC 43,312, P. aeruginosa ATCC 27,853,
E. coli ATCC 25,922), gram-positive bacteria (S. aureus
29,213, B. subtilis ATCC 6633, B. cereus 709 Roma, E. fae-
calis ATCC 29,212), and yeast C. albicans ATCC 10,231.
The mean values of three replicates of the diameter of inhibi-
tion zones (mm) around each well loaded with OSC-AgNPs
solutions are shown in Table 2.

When a general evaluation of the diameters of the inhi-
bition zones were made, only B. cereus among pathogenic
microorganisms measured 11.8 mm DIZ at 1 mM, which
was found to be higher than the 2-mM and 3-mM concentra-
tions. For other pathogenic microorganisms, DIZs detected
at 1 mM and 2 mM were found to be close to each other, and
DIZ at 3 mM was found to be high in all of them. E. coli and
C. albicans displayed the maximum susceptibility at 48 h,
with zones of inhibition of 14.6 mm and 13.8 mm at 3-mM
concentration, respectively, while B. cereus had the lowest
zone of inhibition (10.6 mm) at 3-mM AgNO; concentration.
It was clearly seen that E. coli was more sensitive to all con-
centrations of OSC-AgNPs than to other pathogens. Inhibi-
tion zones formed by pure AgNO; were detected between
12 and 17 mm. Nutrient broth was used as a negative control

37.77 nm™
e ‘l'

niversity - BILTEM
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Fig.6 EDS of silver nanoparticles synthesized by AgNO; solution with O. princeps

Table 2 Results of antimicrobial activity of the inhibition zone diameters (DIZ) (mm) and minimal inhibitory concentration (MIC) (ug/ml) val-

ues

Bacteria 1 mM AgNO;, 2 mM AgNO; 3 mM AgNO; AgNO;  Nutri-
DIZY MICY (ug/ml) DIZ® MIC® (ug/ml) DIZ? (mm) MIC® (ug/ml) E‘rl;th
(mm) (mm)

Aeromonas hydrophila ATCC 7966 11.8 0.78 12.2 0.78 12.4 0.78 17 -

Klebsiella pneumoniae ATCC 13,883 12.2 0.78 12.4 0.78 13.6 0.78 15 -

Vibrio anguillarum ATCC 43,312 12.2 0.78 12.2 0.78 13.4 0.78 17 -

Pseudomonas aeruginosa 12.2 0.78 12.4 0.78 12.8 1.56 15 -

ATCC 27,853

Escherichia coli ATCC 25,922 13.4 0.78 13.6 0.78 14.6 1.56 16 -

Staphylococcus aureus ATCC 29,213 10.4 0.78 10.8 1.56 11.6 1.56 15 -

Bacillus subtilis ATCC 6633 12.2 1.56 12.2 0.78 12.4 1.56 12 -

Bacillus cereus 11.8 1.56 10.2 0.78 10.6 1.56 12 -

709 Roma

Enterococcus faecalis ATCC 29,212 11.8 1.56 11.8 0.78 12.4 1.56 17 -

Candida albicans ATCC 10,231 12.2 0.78 12.8 1.56 13.8 0.78 17 -

-, no activity observed; ®Not active (-, inhibition zone<5 mm); weak activity (5-10 mm); moderate activity (10-15 mm); strong activity

(> 15 mm); ® Not active (-, MIC > 500 pg/mL)]

for both the bacterial strains and did not show any zone of
inhibition around the well of OSC-AgNPs.

Effects of antimicrobial activity of the OSC-AgNPs (all
with minimal inhibitory concentration) (MIC) are shown
in Table 2. The MIC values were found in tested micro-
organisms between 0.78 and 1.56 pg/ml by microdilution
method synthesized OSC-AgNPs. As shown in Table 2,
the highest activity of OSC-AgNPs were recorded against
A. hydrophila, K. pneumoniae, V. anguillarum, P. aerugi-
nosa, E. coli, S. aureus, and C. albicans with MIC value
of 0.78 pg/ml, and the lowest activity was recorded against
B. subtilis, B. cereus, and E. faecalis with MIC 1.56 pg/ml
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at 1-mM concentration. On the other hand, MIC values of
P. aeruginosa, E. coli, and S. aureus were determined as
1.56 pug/ml at 3-mM concentration.

The antibiofilm activity of 0SC-AgNPs

This present study was carried out to find the antibiofilm
activity of OSC-AgNPs against the pathogenic bacteria S.
aureus ATCC 29,213, B. cereus 709 Roma, P. aeruginosa
ATCC 27,853, and E. coli ATCC 25,922, and the results are
given in Table 3.
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Determination of anti-quorum sensing activity
of 0SC-AgNPs on C. violaceum (ATCC 12,472)

In this study, the anti-QS properties of OSC-AgNPs were
tested by agar diffusion method on LB agar plates using
C. violaceum ATCC 12,472 strain. In the well diffusion
test, AgNPs obtained from O. princeps were loaded into
the wells drilled on the petri dish. In order to check that
the obtained OSC-AgNPs have anti-QS activity, it was fol-
lowed whether opaque zones, defined as inhibition zones,
were formed around the wells. Then, these zones’ diameters
were measured in millimeters. Significant inhibition of pig-
ment production of OSC-AgNPs screened against C. viola-
ceum ATCC 12,472 strain was detected at 1-mM, 2-mM, and
3-mM concentration and 18.8-mm, 20.2-mm and 20.4-mm
isolates, respectively (Table 4, and Fig. 7). If the obtained
OSC-AgNPs did not have anti-QS activity, a purple colora-
tion would be seen around the discs since violacein produc-
tion would not be inhibited. To confirm that violacein inhibi-
tion was dependent on OSC-AgNP, unpigmented bacteria in
the anti-QS regions were re-grown on fresh LB agar without
OSC-AgNP. These bacteria continued to produce pigment
after removal of OSC-AgNP. OSC-AgNPs exhibited concen-
tration-dependent inhibitory activity, and all concentrations
tested showed a significant reduction in violacein content.
Violacein production was reduced by 72.1% and 63.3% at
2% and 4% extract, respectively.

Table 3 Antibiofilm activity of the biosynthesized OSC-AgNPs
against pathogenic bacteria

Fig.7 Opaque zones formed as a result of anti-QS activity around
discs where different concentrations of OSC-AgNPs were applied

Discussion

Antibiotic resistance is among the most important topics
on the global agenda in general, due to its effects on public
health and economic burden. Rapidly increasing antibiotic
resistance rates have an impact on global health, sustain-
able development, global economy, trade, and stability of
countries. In recent years, in order to find solutions to such
global problems, it is necessary to use the resources of the

Test pathogens Activity OSC-AgNPs biosphere in the most efficient and sustainable framework
Activity (%) and to reveal new resources. The secondary metabolites
Staphylococcus aureus Inhibition 65.0 of Cya}nf)bacterlg show.strong 'blologlcal a'ctlvmes such
ATCC 29,213 as antiviral, antibacterial, antifungal, antitumoral, and
Bacillus cereus Inhibition 23.3 anti-inflammatory activities that are useful for therapeu-
709 Roma tic purposes. In this study, the production of nanoparti-
Pseudomonas aeruginosa Inhibition 75.0 cles, by green synthesis using Cyanobacteria, O. princeps,
ATCC 27,853 o and their sustainability as antimicrobial agents to solve a
Escherichia coli Inhibition 36.2 global problem was analyzed.
ATCC 25,922
Tab]efl Anti-quorum sensing OSC-AgNPs Diameter of pigment inhibition (mm)® Violacein inhibition (%) Con-
acn.vmes‘of OSC—AgNR s Concentrations (mM) centrations (mg/mL)
against pigment-producing
bacteria C. violaceum 1 mM AgNO; 2 mM AgNO; 3 mM AgNO; 2 4 8 16
ATCC12472
O. princeps 18.8 20.2 20.4 72.1 63.3 35.2 27.8

QS inhibition (radius of pigment inhibition in mm) =radius of growth and pigment inhibition (r,) — radius

of bacterial growth inhibition (r;)

bNot active (-, inhibition zone <3 mm); weak active (3—-11 mm); moderate active (12-15 mm); strong

active (> 15 mm)
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Following the synthesis of nanoparticles, chromatic
changes in the reaction mixture are used as a visual cue for
the synthesis of nanoparticles from metals. The browning
of the reaction mixture is an indication of silver nanopar-
ticle (AgNP) formation. In this study, it was observed that
the color intensity increased with time from light green to
brown from the start of the reaction to 72 h of incubation.
UV-Vis spectroscopy is a technique used to confirm the
formation and stability of nanoparticles. Based on the opti-
cal properties of the nanoparticles, it serves as a method for
determining the reduction of silver nitrate to silver nano-
particles in an aqueous solution (He et al. 2002). Due to
surface plasmon resonance (SPR), NPs show remarkable
optical properties and are monitored using absorption spec-
troscopy in the UV-visible spectral region (190-1100 nm)
(Focsan et al. 2011). Mulvaney (1996) and Mukherjee et al.
(2001) stated that a SPR absorption band arises due to the
combined vibrations of free electrons of metal NPs in res-
onance with the light wave, which depends on the aspect
ratio, size, shape and dielectric constant of the NPs. The
nanometals showed remarkable spectral properties relative
to the surface plasmon resonance (SPR) due to the recipro-
cal vibrations of the light wave and free- electron resonance
affected by each size and shape of the synthesized NPs. A
single SPR peak was observed from the UV-Vis spectrum
of AgNPs synthesized from O. princeps extract, suggesting
that the resulting AgNPs were spherical in shape. This result
is consistent with previous work that demonstrated the syn-
thesis of silver nanoparticles from the Oscillatoria genus and
recorded the plasmon resonance peak at 420 nm. Adebayo-
Tayo et al. (2019) and Bishoyi et al. (2021) reported that
during the synthesis of silver nanoparticles on Oscillatoria,
color change was observed in the mixture in the same direc-
tion and SPR was detected at 420 nm. It is hypothesized
that the mechanism behind the synthesis of AgNPs is used
for the reduction of silver ions by NADH-dependent nitrate
reductase enzymes (Daglioglu and Oztiirk 2019). Mahdieh
et al. (2012) have suggested that a two-step mechanism is
involved in which the aqueous metal ion is first adhered to
the surface of algal cells as a result of electrostatic attraction
between the positively charged metal ions and the negatively
charged carboxylate ions present. This process is thought to
be followed by the reduction of ions to metal NPs owing to
the secretion of cellular reductase by cells. Hamouda et al.
(2019) reported that silver nitrate concentration, concentra-
tion of bio-reducing agents, temperature, type of the metals,
duration of the exposure, and pH are important parameters
that affect the properties of NPs by controlling their size,
morphology, and shape.

Polysaccharides, peptides, and pigments, a set of biomol-
ecules found in algal extracts, are responsible for the reduc-
tion of metals. Proteins and sulfated polysaccharides mainly
play a role in stabilizing and capping metal nanoparticles
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in aqueous solutions (Kannan et al. 2013). FT-IR spectros-
copy is used as a method in nanoparticle synthesis studies to
reveal the reducing agents responsible for the reduction, sta-
bilization, and closure of metal nanoparticles. In some stud-
ies, various functional groups such as—C=0—-,—NH, —,
and — SH — groups attached to the surface of biosynthesized
nanometals have been characterized using FT-IR (Jena et al.
2013). FT-IR spectra show protein as possible biomolecule
for reduction of biosynthesized Ag nanoparticles. Hamida
et al. (2020) reported that the presence of amide bonds of
proteins and the hydroxyl group of polysaccharides indicate
that proteins and polysaccharides that surround silver may
be responsible for the reduction of silver ions to AgNPs.
According to the FT-IR spectra, it can be said as a result
of the findings of previous studies that the main biomol-
ecules responsible for the bio-reduction and stabilization
processes are proteins and polysaccharides (Bishoyi et al.
2021; Hamida et al. 2020; Jena et al. 2014). In our study, the
data obtained from the FT-IR spectra of OSC-AgNPs show
that it is supported by previous studies.

Oscillatoria genus with antimicrobial properties, its
phytochemical compositions have great potential for green
synthesis of AgNPs against microbial diseases. Oscillato-
riaceae species produce more than 300 forms of bioactive
metabolites that cover almost all biological activities. The
most commonly found secondary metabolites are phenolic
compounds, alkaloids, fatty acids, pigments and pigment
derivatives, linear and cyclic peptides, terpenoids, and
N-glycosides (Demay et al. 2019). These molecules medi-
ate the green synthesis of AgNPs at the molecular level and
thus contribute to their antimicrobial activity. As indicated
in Table 2, although the pathogens tested were all suscepti-
ble to OSC-AgNPs, different concentrations of OSC-AgNPs
showed varying antimicrobial effects on pathogenic micro-
organisms. It was concluded that the OSC-AgNPs synthe-
sized in this study showed similar antimicrobial activity to
the results obtained from Cyanobacterial extracts, which
supports the previously reported data. Adebayo-Tayo et al.
(2019) reported that O. princeps ether extract had effec-
tive antibacterial activity against the test bacterial patho-
gens with a zone of inhibition ranging from 1 to 21 mm and
OsSNPs exhibited strong antibiofilm activity. Bishoy et al.
(2021) indicated that O. princeps extract synthesized AgNPs
had antibacterial activities against MDR strains of MRSA,
S. pyogenes, and E. coli with the inhibitory zone sizes,
14-16 mm, as recorded from agar well diffusion method,
while MIC values were 100, 80, and 60 pg/ml. Hamouda
et al. (2019) also revealed that synthesized Ag-NPs from
Oscillatoria limnetica fresh aqueous extract showed anti-
bacterial activity against E. coli and B. cereus. As a result
of the studies, AgNPs’ selectivity against bacterial cells has
been proven and no antimicrobial resistance cases have been
reported so far. Since one of the mechanisms of action of
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AgNPs is through the destruction of bacterial cells, they
also inhibit the ability of bacteria to mutate. All this makes
AgNPs great weapons for the clinical management of micro-
bial diseases (Kambale et al. 2020).

Liao et al. (2019) reported that the antimicrobial effects
of AgNPs also depend on nanoparticle properties, including
size and shape. These physicochemical properties of AgNPs
support different mechanisms that allow them to interact,
pass through cell walls or membranes, and directly affect
intracellular components (Bruna et al. 2021). In this study,
the size of AgNPs obtained from O. princeps was deter-
mined as an average size of 38 nm and roughly spherical in
shape. The relatively small size of this detected nanoparticle
increased the surface area and increased the bacterial cell
wall interactions and membrane permeability. Antibacterial
effects of AgNPs against gram-positive and gram-negative
bacteria have been shown in some studies. However, AgNPs’
exact mechanism of inhibitory growth or bactericidal activi-
ties have not yet been fully elucidated (Yin et al. 2020;
Bruna et al. 2021). Gram-positive bacteria have a very thick
cell wall containing many peptidoglycan layers, while gram-
negative bacteria have a single peptidoglycan layer. This
structure of the cell wall of gram-positive bacteria acts as a
barrier for the penetration of Ag" ions into the cytoplasm.
In gram-negative bacteria, however, Ag+ions can easily
damage the cell wall (Liao et al. 2019). Remarkably, in this
study, AgNPs synthesized using O. princes were found to be
more active against the tested gram-negative bacteria than
gram-positive bacteria. This situation is consistent with pre-
vious studies stating that gram-negative bacteria are gener-
ally more prone to Ag* invasion than gram-positive bacteria
(Roénaviri et al. 2017; Bapat et al. 2018; Liao et al. 2019).
AgNPs attached to the cell surface can accumulate in the
pits formed in the cell wall and cause denaturation of the cell
membrane. AgNPs enter the bacterial cytoplasm, and they
interact with enzymes and amino acids, which can impair
cell function. These disruptions that consist inside the bac-
terial cell may occur as the formation of reactive oxygen
species and the destruction of deoxyribonucleic acid (DNA)
(Roénavari et al. 2017; Yin et al. 2020; Liao et al. 2019).
Chernousova and Epple (2013) stated that another mecha-
nism of action on cellular toxicity may be due to silver ions
from AgNPs dispersed in aqueous solutions. Adhesion of
these silver ions to the cell wall and cytoplasmic membrane
can increase the permeability of the cytoplasmic membrane
and inhibit respiratory enzymes. It can also prevent the syn-
thesis of proteins by denaturing ribosomes in the cytoplasm
(Yin et al. 2020).

Biofilm is an architectural colony of microorganisms
consisting of microbial cells adherent to each other and to a
static surface (living or nonliving) within the matrix of extra-
cellular polymeric substances they produce. These structures
are generally pathogenic in nature, and approximately 65%

of all bacterial infections detected in humans are associ-
ated with quorum sensing (QS)—mediated bacterial biofilms
(Jamal et al. 2018). QS-controlled virulence factors and
biofilm formation are vital for the development of chronic
diseases of pathogenic microorganisms. Bacteria in bio-
films are highly resistant due to their different physiology
and show different properties against antibiotics (Sridevi
et al. 2019). Algae have recently been nominated as a natu-
ral resource in the search for potential anti-QS and antibi-
ofilm compounds from natural sources. Oscillatoria species
show antioxidant, antimicrobial, and antibiofilm properties,
thanks to their valuable metabolites (Xin et al. 2017), but
studies on the antibiofilm activity of extracts and molecules
produced by Oscillatoria species are quite limited (Lopez
and Soto 2020). In this study, the antibiofilm activity of the
biosynthesized silver nanoparticles showed a reduction in
the biofilm formation by all test pathogens that were used,
thus implying that the biosynthesized silver nanoparticles
were active against bacterial biofilm. The highest inhibition
was against P. aeruginosa, while the lowest inhibition was
against B. cereus. The extract of AgNPs of O. princeps has
shown the highest in biofilm inhibition activity (75.0%) for
P. aeruginosa and (65.0%) S. aureus. Adebayo-Tayo et al.
(2019) studied on the biosynthesis of silver nanoparticles
containing biosynthesized Oscillatoria sp. The results of this
research showed the biosynthesized OsSNPs to have strong
antibacterial activity and showed strong antibiofilm activity
against all the pathogens used in the study. They reported
that Citrobacter sp. showed the lowest biofilm inhibition and
P. aeruginosa showed the highest inhibition. The antibac-
terial and antibiofilm activities of the crude extracts of 32
microalgae species from different classes were investigated
by Lauritano et al. (2016). Among these species, the genus
Leptocylindrus showed strong antibiofilm activity by inhib-
iting 90% of S. epidermidis when grown under stress con-
ditions caused by nitrogen starvation. Sridevi et al. (2019)
determined the antibiofilm activity of methanolic extracts
of C. vulgaris against P. aeruginosa and S. aureus. They
stated that the amounts of this extract at different concentra-
tions showed significant reductions in biofilm formation in
P. aeruginosa and S. aureus. There are similarities between
the results obtained from this study and the values presented
in the literature, and it is thought that some differences in the
results are due to the biomaterial and microorganisms used.

The mechanism called quorum sensing (QS) is the com-
munication of microorganisms with each other by means of
diffusible chemical molecules called autoinducers and using
a cell-to-cell signaling mechanism. QS only constitutes a
general language for cross-talk between microorganisms of
the same species, even between other prokaryotic or eukary-
otic organisms (Jayaraman and Wood 2008). Some bacterial
species communicate with each other during biofilm forma-
tion using quorum sensing (QS). Anti-QS activity is defined
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as inhibition of the QS mechanism and can be demonstrated
using various biomonitor species such as Chromobacterium
violaceum bacteria. Chromobacterium violaceum can be
used as a tool for testing anti-QS effective substances (Cepni
and Giirel 2011). In this study, the size of these zones varies
depending on the degree of inhibition. All concentrations
of AgNPs (1 mM, 2 mM, 3 mM) from O. princeps showed
colony formation, an indication of anti-QS capacity against
C. violaceum strain. Various studies have been conducted
to investigate the anti-quorum sensing efficiencies of differ-
ent natural sources, as the quorum quenching mechanism is
considered a promising alternative to classical antibiotics.
Szabd et al. (2010) demonstrated the QS inhibition potential
of essential oils of various medicinal plants. In the study
by Tabbouche et al. (2017), three wild mushroom’s extracts
were tested for their antimicrobial and anti-quorum sensing
activities. The results revealed that Amanita rubescens and
Lactarius sp. extracts showed anti-quorum sensing activity
against Chromobacterium violaceum. The antimicrobial and
anti-quorum sensing (QS) activities of phlorotannins from
seaweed Hizikia fusiforme were evaluated by Tang et al.
(2020). Phlorotannins inhibited the QS activity of Chromo-
bacterium violaceum 12,472 by inhibiting purple pigment
production while exhibiting antimicrobial activity against
selected bacterial pathogens.

Conclusion

Recent studies have revealed that AgNPs are high-value
nanomaterials with unique properties and extensive appli-
cations in various fields of pharmaceutical sciences. AgNPs
are used as antimicrobial agents in the production of medical
devices such as prosthetic implants and nanocatheters, and
there are antimicrobial bandages and household antiseptic
sprays designed and developed from AgNPs. AgNPs rep-
resent powerful alternatives to conventional antimicrobial
therapy. AgNPs have many of the criteria that new anti-
microbial technologies must meet in order to be effective,
such as antimicrobial performance, rapid action, and low
cytotoxicity.

Commercial applications of AgNPs synthesized by
Cyanobacteria offer one more step towards “green synthe-
sis” in a clean, non-toxic, environmentally friendly method.
AgNPs obtained through green synthesis lead to a reduc-
tion in environmental pollution as well as the protection of
natural and non-renewable resources and are more suitable
for cosmetic use as they are less allergenic. In this research,
it has been shown that the aqueous extract of O. princeps
isolated from freshwater sources has been biosynthesized
in an environmentally friendly way by the biological pro-
tocol. The characterization of AgNPs was performed using
UV-Vis spectrophotometer and FT-IR, and the presence,
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morphological characterization, and size of biosynthe-
sized AgNPs were determined by scanning electron micro-
scope (SEM). It has been demonstrated by the tests that the
obtained OSC-AgNPs have strong antimicrobial, anti-QS,
and antibiofilm activity against the test pathogens. As a
result, AgNPs have structural properties that can be included
in applications in the medical, cosmetic, and pharmaceutical
industries, making them a promising nanomaterial.
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