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In this report, polysaccharides — alginate, fucoidan, laminaran — were isolated from marine algae Saccharina
cichorioides and Fucus evanescens and their activity as a reducing and stabilizing agents in the biogenic synthesis
of silver nanoparticles was evaluated. The cytotoxic and antibacterial properties of obtained nanoparticles were
also assessed. It was found that all tested polysaccharides could be used as a reducing agent; however, their
catalytic activities varied significantly in the following range alginate < fucoidan < laminaran. Nanoparticles
demonstrated cytotoxicity against rat C6 glioma cells. It was considerably higher for alginate- and laminaran-

obtained nanosilver samples compared to fucoidan. Additionally, silver nanoparticles possessed considerable
antibacterial properties more pronounced in fucoidan-obtained samples. Our data demonstrate that different
algal polysaccharides can be used for the synthesis of silver nanoparticles with varying bioactivities.

1. Introduction

Synthesis of metal nanoparticles is an important research area in
nanotechnology because of their unusual size- and shape-dependent
properties and attractive applications in medicine, catalysis, optoelec-
tronics and biotechnology (Huang & Yang, 2004; Maneerung, Tokura, &
Rujiravanit, 2008). Formation of metal nanoparticles can be achieved
using top-down (i.e. from bulk materials) and bottom-up (i.e. from
precursors) approaches by a variety of physical and chemical means
(Gao & Cranston, 2008; Rodriguez-Sanchez, Blanco, & Lopez-Quinetela,
2000; Sailaja, Amareshwar, & Chakravarty, 2011). However, many of
these methods use toxic reductants, extreme physical conditions, and
are costly, non-eco-friendly and have low production yields (Gilaki,
2010). Therefore in recent years, the bioreduction of metal ions from
their water-soluble precursors promoted by the extracts, by-products
and individual compounds from different organisms is extensively
studied as an alternative bottom-up method for synthesis of metal na-
noparticles (Singh et al., 2018). This technology is also known as “green
synt hesis”; it is easier to perform and cheaper than traditional

approaches, doesn’t bear environmental risk while synthesized biogenic
nanoparicles possess a broad spectrum of activities and can be em-
ployed in biological applications (Morones, Elechiguerra, Camacho, &
Ramirez, 2005).

The most common way of green nanoparticle synthesis involves the
use of water extracts from different organisms, including fungi (Balaji,
Basavaraja, Bedre, Prabhakar, & Venkataraman, 2011), algae (Sahayaa,
Rajesh, & Rahi, 2012) and plants (Amkamwar, Damle, Ahmad, & Sastry,
2005; Chandran, Chaudhary, Pasricha, Ahmad, & Sastry, 2006; Li et al.,
2007; Shankar, Ahmad, & Sastry., 2003). The reduction of metal ions to
the nanoparticles can occur extracellularly using bacteria, yeast and
fungi cultures (Kowshik et al., 2002; Bhainsa & D’Souza, 2006;
Saifuddin, Wong, & Nur Yasumira, 2009). Silver (Ag) and gold (Au), as
well as their bimetallic particles, were the first to be produced by green
synthesis. Still, later this technology extended to a spectrum of metals
including copper (Cu) and copper oxide (CuO), zinc oxide (ZnO),
cerium oxide (CeO,), titanium dioxide (TiO,), sulphide (CdS), iron
oxide (Fe,03), palladium (Pd) (Gour & Jain, 2019), and metalloids such
as tellurium (Medina et al., 2019), selenium (Gunti, Dass, & Kalagatur,
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2019), silicon (Tiwari et al., 2019), and even for the reduction of gra-
phene oxide (Lee & Kim, 2014).

Using individual biomolecules as reductants and capping agents is
another attractive approach in green synthesis of nanoparticles. These
methods can potentially demonstrate more sustainable results in terms
of particle size and shape distribution as soon as they lack the com-
plexity of crude extracts or media composition, which are challenging
to maintain precisely. For instance, silver nanoparticles were synthe-
sized with total bacterial DNA (Chumpol & Siri, 2018), horseradish
peroxidase (Schneidewind et al., 2012), nitrate reductase (Kumar et al.,
2007), and sericin (Aramwit, Bang, Ratanavaraporn, & Ekgasit, 2014).
Polysaccharides represent the major class of biological polymers in
living organisms and have an outstanding reduction potential. In par-
ticular, chitosan, heparin, cellulose, and pectin facilitate biosynthesis of
uniform silver and gold nanoparticles (Garza-Navarro et al., 2013;
Huang & Yang, 2004; Tummalapalli, Deopura, Alam, & Gupta, 2015).

Brown algae are an abundant and easily renewable source of poly-
saccharides of interesting structure and physiological activity. Along
with the well-known alginic acid, brown algae contain unique water-
soluble polysaccharides — laminarans and fucoidans. The increased in-
terest in these compounds is explained by the presence of a wide range
of pharmacological properties, low toxicity and the possibility of using
them for new-generation drugs (Li et al., 2019).

The ability to catalyze the formation of silver nanoparticles with
antibacterial activity has been shown already for some polysaccharides
from red, brown, and green algae (El-Rafie, El-Rafie, & Zahran, 2013;
Venkatpurwar & Pokharkar, 2011). Seaweed polysaccharides have
different properties and structure, so their reducing potential for the
formation of metal nanoparticles could be significantly different also.

In this work, we present a simple and eco-friendly method for the
preparation of silver nanoparticles using naturally-occurring poly-
saccharides from F. evanescens and S. cichorioides. They act as biocata-
lysts for the wet chemical reduction of silver ions and as the stabilizing
agents for the produced biologically active Ag nanoparticles.

2. Experimental
2.1. Production and characterization of polysaccharides from brown algae

Laminaran (ScL) and fucoidan (ScF) from S. cichorioides and fu-
coidan (FeF) and alginate (FeA) from F. evanescens were obtained by the
elaborate scheme described earlier (Sokolova, Ermakova, Awada,
Zvyagintseva, & Kanaan, 2011). Total carbohydrates were quantified
using the phenol-sulfuric acid method (Dubois, Gilles, Hamilton,
Rebers, & Smith, 1956). The monosaccharide composition was de-
termined by gas-liquid chromatography (GLC) after polysaccharide
hydrolysis in 2 M trifluoroacetic acid (6 h, 100 °C) and production of
alditol acetate derivatives. The number of sulfate groups was de-
termined using the BaCl, gelatin method (Dodgson, 1961). NMR
spectra were obtained using an Avance DPX-500 NMR spectrometer
(Bruker, USA) at 35 and 60 °C with methanol as the internal standard.
The sample concentration was 15 mg of polysaccharide/mL of D,O.

2.2. Preparation of silver nanoparticles (Ag-NPs)

Ten mg of each polysaccharide - alginate, fucoidan, laminaran —
were directly dissolved in 100 mL of 1 mM AgNO; aqueous solution
with stirring at room temperature. The pH of the obtained solutions was
adjusted to 10-11 by KOH. After that, the reaction mixture was kept on
a magnetic stirrer for 30 min under constant heating (70 °C). The re-
duction of Ag* ions to silver nanoparticles was monitored by visual
inspection of the color change in solution and was apparent im-
mediately after the beginning of the reaction. Particles synthesized with
ScL, ScF, FeF and FeA were designated Ag-NPs-ScL, Ag-NPs-ScF, Ag-
NPs-FeF, and Ag-NPs-FeA, respectively. The nanoparticles were re-
peatedly centrifuged at 20,000xg for 30 min (5430R, Eppendorf) and

Carbohydrate Polymers 245 (2020) 116547

washed with sterile Milli-Q® water before further analysis. Aliquots (1
mL) of each sample were dried under vacuum and weighted using the
analytical electrical balance to determine the concentration of the re-
duced Ag’ crystals.

2.3. Characterization of the NPs

2.3.1. UV-vis spectrophotometric analysis

The color change of the reaction medium was monitored initially by
periodic sampling of reaction solutions and then by measuring UV-vis
absorption. The aliquots of reaction mixtures (2 pL) were analyzed by
Biospec-nano spectrophotometer (Shimadzu, Japan) in the range of
200-800 nm. Silver nitrate (1 mM) was used for the baseline correction.

2.3.2. Fourier transform infrared spectroscopy analysis

Fourier transform infrared spectroscopy (FTIR) analysis were done
with Shimadzu FTIR-8400 spectrometer at room temperature over the
range of 4000 —400 cm ™! at a resolution of 3 cm ™' in KBr pellets.

2.3.3. Nanoparticle tracking analysis

Hydrodynamic diameter and Z-potential of the nanoparticles were
measured by nanoparticle tracking analysis (NTA) using a Nanosight
NS500 system (NanoSight, UK) following the manufacturer’s instruc-
tions. Samples were diluted with water to obtain approximately 20
particles per image before analysis. The measurements were made at
room temperature and 60 s capture of particle movement under
Brownian motion. The captured videos (10 videos per sample) were
processed and analyzed by NTA analytical software version 2.2. The
script for video recording and the manufacturer designed analysis was
employed to estimate Z-potential.

2.3.4. Transmission electron microscopic (TEM) analysis

TEM images were obtained by Libra 200 (Carl Zeiss, Germany)
microscope. Samples were dispersed in ethanol using the ultrasound
bath IC1216-40-12 (Branson, USA) (ultrasonic dispersing mode: dura-
tion 3 h, 25 °C). Droplets of this dispersion were placed onto a carbon-
coated copper grids 3250C (SPI, USA) for imaging.

2.3.5. X-ray diffraction studies

The crystalline nature of the impregnated Ag-NPs was investigated
using an X-ray diffraction (XRD) analysis. The XRD pattern was re-
corded using Miniflex II (Rigaku, Japan) operated at 30 kV with a
current of 15 mA and Cu/Ka radiation in the range of 3°-80° in 20
angles. Results were compared with the standard powder diffraction
card no. 04-0783 of Joint Committee on Powder Diffraction Standards.
The average particle size of the synthesized Ag-NPs was calculated
using the Scherrer equation:

D = 0.94 A / 3 Cos6,

where A is the X-ray wavelength (1.5418 A), B is the full width at half
maximum (FWHM) and 6 is the diffraction angle.

2.3.6. Cell culture and Ag-NPs treatment

C6 (rat glioma) cells were cultured in DMEM media (Gibco®, USA)
supplemented with 10 % fetal bovine serum (Gibco®, USA) and 1 %
Antibiotic-Antimycotic (Gibco®, USA) that contains penicillin, strepto-
mycin and amphotericin B, in 25 cm? flasks (Eppendorf, Germany)
incubated at 37 °C in a 5 % carbon dioxide humidified incubator until
80 % confluence. Cells were washed with PBS (0.8 % NacCl. 0.02 % KCI.
10 mM Na,HPO,4-KH,PO,, pH 7.4) and trypsinized with 0.25 % trypsin
(Gibco®, USA). After harvest, C6 was seeded in two 96-well plates with
0.7 x 10* cells per well and four 24-well plates with the concentration
of 2.8 x 10* cells per well. Cells were counted by MoFlo Astrios EQ
sorter (Beckman Coulter, USA). After 24 h incubation to allow cell at-
tachment, different concentrations of Ag-NPs-FeF, Ag-NPs-FeA, Ag-NPs-
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Fig. 1. The main structural fragments of ScF (A), ScL (B), FeF (C) and FeA (D).

ScF, and Ag-NPs-ScL (1, 5, 12.5, 25, 50 and 100 pg/mL) were added to
96-well plates for 24 h, to survey their cytotoxicity. Equivalent con-
centrations of Ag-NPs were added to 24-well plates to track prolifera-
tion activity; these samples were analyzed immediately.

2.3.7. MTT assay

After incubation with different types of Ag-NPs 10 uL of MTT so-
lution (0.5 mg/mL) per well was added to the 100 pL of the culture
medium for 4 h at 37 °C. Then, the solution was discarded, 150 pL of
lysis buffer (4 mM HCI with isopropanol, 1 % NP-40) was added to the
cells to dissolve the formed formazan crystals, and the lysates were
incubated 30 min at room temperature. Afterwards, the plates were
centrifuged for 10 min at 1000g (Eppendorf® Centrifuge 5804-R,
Germany), and 100 pL of supernatant from each sample was added to
the new well. The absorbance was measured with the absorbance mi-
croplate reader (iMark™, Bio Rad, USA) at 595 nm with 655 nm. The
difference in values obtained at 655 nm and 595 nm was estimated as
absorbance of nanoparticles cytotoxicity effects.

2.3.8. High-content imaging analysis

High-throughput imaging with Cell-iQ® platform (Chip-Man
Technologies Ltd, Finland) was used to track proliferation activity. C6
cells seeded in 24-well plates at density 2.8 x 10* cells per well and
treated by 1, 5, 12.5, 25, 50 and 100 pg/mL of Ag-NPs were incubated
in 5 % CO,, 37 °C and monitored for 44 h until controls formed the
monolayer to analyze cell growth. Results are presented as the pro-
liferation index, calculated as the sum of cells in all generations divided
by the number of the initially seeded cells.

2.3.9. Antibacterial activity

Antibacterial activity of synthesized Ag-NPs against two gram-ne-
gative bacteria Escherichia coli and Agrobacterium tumefaciens was
evaluated by the disk-diffusion method. Bacterial strains were freshly

cultivated for 24 h at 37 °C (E. coli) or 28 °C (A. tumefaciens) in Luria-
Bertani (LB) broth. Each bacterial culture containing 1 x 10° CFU/mL
was spread on the LB agar plates. Sterile paper discs (diameter 5 mm)
containing four different concentrations of Ag-NPs (5, 10, 15, 20 ug/
disk) were placed and incubated at an appropriate temperature for 24
h. Following incubation, the zone free of the bacterial cells (i.e. the
zone of inhibition) from edge to edge of the cleared area was measured
with a ruler. Experiments were done in triplicate.

3. Results and discussion

3.1. Isolation and characterization of individual polysaccharides from
brown algae F. evanescens and S. cichorioides

The highly purified fractions of alginate (FeA) and fucoidan (FeF)
were obtained from F. evanescens; laminaran (ScL) and fucoidan (ScF) —
from S. cichorioides; structural characteristics of obtained poly-
saccharides were determined using spectroscopy NMR.

NMR spectra of FeA were specific for algal alginates and contained
intensive signals, corresponding to 1.4-linked residues of p-p-man-
nuronic acid and less intense peaks for 1.4-linked residues of a-r-gu-
luronic acids. The yield of FeA was 18 % of dry defatted alga weight.

Both fucoidans were sulfated fucans, differing by types of bonds
between fucose residues (1.3- and 1.4- for FeF; 1.3- for ScF) and sulfate
degrees (27 % for FeF and 36 % for ScF). Fucoidan FeF also contained
acetyl groups that ScL did not have. Earlier, the structures of these
polysaccharides were established (Menshova et al., 2016; Zvyagintseva
et al., 2003). The NMR spectra of the polysaccharides obtained in
present work were the same as those previously isolated. So, FeF was
weakly-branched fucan, containing alternating 1.3- and 1.4-linked fu-
copyranose residues in the main chain. Sulfate groups were found
mainly at position 2 and less at 4 (Menshova et al., 2016). Fucan ScF
had the main chain predominantly with 1.3-linked fucopyranose
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Fig. 2. UV-vis spectra of silver nanoparticles prepared at 70 °C, pH 10 and 0.1
mg/mL of alginate (FeA) and fucoidan (FeF) from F. evanescenes, fucoidan (ScF)
and laminaran (ScL) from S. cicharioides. Inset image represents the corre-
sponding Ag-NPs colloids.

residues and less of 1.4-linked residues and branches in the form of
single fucose residues at C2. Sulfates were in positions 2 and 4
(Zvyagintseva et al., 2003).

According to spectroscopy NMR, the laminaran ScL was 1.3;1.6-3-p-
glucan with the ratio of bonds 1.3:1.6 = 9:1. This polysaccharide
contained the main chain from 1.3-linked glucose residues with single
branches at C6 (Malyarenko et al., 2017). The main structural
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fragments of all obtained polysaccharides are shown in Fig. 1.

Thus, from brown algae F. evanescens and S. cichorioides, we ob-
tained individual highly purified fractions of three types of poly-
saccharides with known structural characteristics.

3.2. Synthesis of silver nanoparticles

When the samples of different seaweed polysaccharides were added
to silver nitrate solution, pH adjusted and heated, the color of the re-
action began immediately turn from colorless to brownish. The in-
tensity of the brown color increased rapidly, from seconds to a few
minutes for different types of polysaccharides and then stayed stable
within an hour of observation. It is well known that Ag-NPs colloids
have brown coloration due to their characteristic excitation of surface
plasmons in the range of 400-490 nm (Gilaki, 2010). Therefore, a
transition of the solution from colourless to brown indicates the for-
mation of Ag-NPs (Vanaja et al., 2013). Similarly, fucoidan from Tur-
binaria conoides catalyzed the formation of Ag-NPs within 15 min of
reaction (Kala, Prashob Peter, & Chandramohanakumar, 2016). How-
ever, when fucoidan from Fucus vesiculosus was used for silver ion re-
duction, characteristic surface plasmon resonance peak was observed
after 2 h of reaction only, and the intensity increased with time and
completed after a day (Venkatesan, Singh, Anil, Kim, & Shim, 2018).
This result means that different polysaccharides have different silver
ions reduction rates.

The UV-vis spectra of the synthesized Ag-NPs-FeA, Ag-NPs-FeF, Ag-
NPs-ScF, and Ag-NPs-ScL. demonstrated the maximum peaks at 408,
402, 412 and 414 nm, respectively, as shown in Fig. 2. Similar surface
plasmon resonance (SPR) peaks were observed in many studies of green
synthesis for silver nanoparticles. For example, onion (Allium cepa)

7
A
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S
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Fig. 3. FTIR spectra obtained from silver nanoparticles: (A) — Ag-NPs-FeA and FeA, (B) — Ag-NPs-FeF and FeF, (C) — Ag-NPs-ScF and ScF, (D) — Ag-NPs-ScL and ScL.
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Table 1

Assignment of FTIR spectra of polysaccharides and their complexes with Ag-NPs.

Carbohydrate Polymers 245 (2020) 116547

Samples / IR-bands description v(OH, NH) vs(CH) vas(CH) uC=0,C=0Q) 8,5(CH) 85(CH) V(C-0-C) 8(CH)
Ag-NPs-FeA 3437 2920 2853 1636 1460 1377 1063 -
FeA 3439 2928 2876 1614 1416 1302 1028 826
Ag-NPs-FeF 3440 2918 2841 1619 1460 1377 1006 -
FeF 3443 2924 2853 1641 1456 1391 1028 826
Ag-NPs-ScF 3537 2920 2841 1620 1460 1377 1006 -
ScF 3443 2924 2853 1636 1456 1391 1028 826
Ag-NPs-ScL. 3452 2920 2851 1636 1460 1377 995 887
ScL 3429 2922 2858 1639 1456 1375 1040 891
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Fig. 4. Ag-NPs obtained using alginate from F. evanescens (A), fucoidan from F. evanescens (B), fucoidan from S. cichorioides (C), laminaran from S. cichorioides (D).

TEM -

extract promoted Ag-NPs with SPR peak at 413 nm (Balamanikandan,
Balaji, & Pandiarajan, 2015). Similarly, cellulose powder, micro-
crystalline cellulose, carboxymethyl cellulose, and chitosan were used
to obtain nanosilver with peaks at 407, 402, 403 and 405 nm, respec-
tively (Hassabo, Nada, Ibrahim, & Abou-Zeid, 2015). Notably, in the
same reaction conditions, the optical density of Ag-NPs-FeA was 3.18,
3.72, and 8.75 times higher than that of Ag-NPs-FeF, Ag-NPs-ScF, and
Ag-NPs-ScL, respectively. At the same time, the reduction properties of
fucoidans from F. evanescenes and from S. cichorioides were almost the
same. They exceeded the reduction strength of laminaran from S. ci-
chorioides by 2.74 and 2.35, respectively. Therefore, our data suggest
that fucoidan and laminaran have less reduction potential than algi-
nate. Finally, based on the spectrum data, we can conclude that the
reduction properties of polysaccharides increase in the following order:

images of transmission microscopy; NTA — nanoparticle tracking analysis of Ag-NPs size distribution; XRD — X-ray diffraction spectra of Ag-NPs.

ScL, ScF, FeF, and FeA.

3.3. Characterization of silver nanoparticles

The FTIR analysis was performed to confirm the involvement of
polysaccharides in Ag-NPs biosynthesis. Fig. 3 shows the FTIR spectra
obtained from all investigated silver nanoparticles as well as that
measured from initial polysaccharides. Polysaccharides FeA, FeF, ScF
and ScL showed several characteristic peaks (Table 1): the peaks at
3439, 3443, 3443, 3429 cm ™" is due to (OH) and (NH——) stretching
vibrations, respectively; symmetric and asymmetric (C—H) stretching
vibrations satisfy 2922-2928 and 2853 —2876 cm ™, respectively; vi-
brations of (C=0) and (CC=) groups ranged from 1614 to 1641 cm™ Y
bending vibrations of methyl and methylene groups are visible at
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28.61 mV

27.16 mV

0 mV

Fig. 5. Mobility curve corrected for cell flow (on completion, curve mean is
zeta-potential). Ag-NPs obtained using alginate from F. evanescens (A), fucoidan
from F. evanescens (B), fucoidan from S. cichorioides (C), laminaran from S. ci-
chorioides (D).

1416-1456 and 1302 —1391 cm ™ ?, respectively; 1028 —1040 cm™ can
be attributed to the stretching vibration of (C—OC) bond; 826 —891
c——"1 is due to the deformation vibrations in CH2. Skeletal deforma-
tion bands occur in the region 700—500 cm ™. Thus, our data de-
monstrate that FTIR bands are attributed to the vibration of functional
groups of polysaccharide (Socrates, 2004). The bands attributed to in-
itial polysaccharides were also observed in the spectra of synthesized
Ag-NPs samples (Fig. 3, Table 1). It may means that the polysaccharides
act as a bioreductants and stabilizers. Similar FTIR spectra for poly-
saccharide-catalyzed nanoparticles were obtained for green alga extract
from Botryococcus braunii (Arya, Gupta, Chundawat, & Vaya, 2018) and
for polysaccharide extract from cactus pads (Onditi, Bosire, Changamu,
& Ngila., 2019).

Fig. 4 shows the size distribution and morphology of Ag-NPs pre-
pared using different polysaccharides. The transmission electron mi-
croscopy (TEM) images of Ag-NPs-FeA, Ag-NPs-FeF, Ag-NPs-ScF, Ag-
NPs-ScL. shows the prevalence of spherical shaped particles with
average sizes of 57 = 9, 64 + 6, 53 + 4, 45 = 2 nm, respectively. This
result is in accordance with the data obtained by NTA measurements of
corresponding particle size distributions shown in Fig. 4 (NTA). Z-po-
tential for all Ag-NPs was found to be in the range —27 to —30 mV
(Fig. 5). Similar spherical Ag-NPs with the size of 50 nm and highly
negative Z-potential up to —36 mV were previously obtained with
chitosan and fucoidan (Venkatesan et al., 2018).

X-ray diffraction (XRD) spectra were recorded to verify the crys-
tallinity of obtained polysaccharide-based nanoparticles (Fig. 3 XRD).
The peaks of Ag-NPs-FeA, Ag-NPs-FeF, Ag-NPs-ScL in the entire spec-
trum of 26 values were assigned to (111), (200), (220) Bragg reflection
of a face-centred cubic (fcc) Ag metallic structure (Ashokkumar et al.,
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2015). Ag-NPs-ScF had an additional 26 value assigned to (101) Bragg
reflection. These results are in agreement with the data for the bio-
synthesis of Ag-NPs with konjac glucomannan, carrageenan and inulin
(Zhang et al., 2018) and sulfated polysaccharide from Porphyr-
avietnamensis (Venkatpurwar & Pokharkar, 2011). The average crys-
talline size of Ag-NPs-FeA, Ag-NPs-FeF, Ag-NPs-ScF, Ag-NPs-ScL was
calculated using the Scherrer formula and found to be about 18, 24, 37,
29 nm, respectively. The much smaller sizes of Ag-NPs evaluated with
the use of XRD comparative to NTA or TEM are not surprising and could
be associated with the not ideal spherical shape of particles, a poly-
crystalline structure, impurities or variation in their hydrodynamic
diameter (Shkryl et al., 2018).

3.4. Proliferation and viability of rat glioma cell line (C6) treated by Ag-
NPs

The cytotoxicity of Ag-NPs-FeA, Ag-NPs-FeF, Ag-NPs-ScF, Ag-NPs-
ScL against rat glioma cell line (C6) was studied by MTT assay and
results are shown in Fig. 6. The Ag-NPs-FeA and Ag-NPs-ScL. demon-
strated substantial cytotoxic effect in a dose-dependent manner. In case
of Ag-NPs-FeA, the maximal cytotoxicity was achieved at a dose of 50
ug/mL, while Ag-NPs-ScL. demonstrated high cytotoxicity effect at 25
ug/mL. At the same time, the toxicity of Ag-NPs-FeF and Ag-NPs-ScF on
C6 cells was less pronounced. In particular, Ag-NPs-FeF at 50 pg/mL
inhibited cell viability by only 1.2 times but completely abolished
growth at 100 pg/mL. Interestingly, under our conditions, Ag-NPs-ScF
possessed the highest cytotoxicity threshold among the four tested
polysaccharides, i.e. C6 cells demonstrated excellent viability up to 100
pg/mL and a dose-dependent cytotoxicity, yet much less significant
than other Ag-NPs samples. Also, the dynamic of C6 growth in the
presence of Ag-NPs was measured with the Cell-iQ® assay (Fig. 7).
According to obtained data, 12.5 pg/mL of Ag-NPs-ScL was enough to
inhibit proliferation index of C6 cells by more than 2-fold. At the same
time, a further increase in concentration completely prevented biomass
accumulation during the whole span of observation. Ag-NPs-FeF and
Ag-NPs-FeA proved to possess intermediate cytotoxicity as their max-
imal effect was evident only at 100 pg/mL. Ag-NPs-ScF seems to be less
effective in case of rat glioma because C6 cells were viable at all tested
concentrations of nanoparticles.

Similar cytotoxicity of Ag-NPs biosynthesized with Beta vulgaris was
observed against MCF7, A549, and Hep2 cell lines (Venugopal et al.,
2017). Silver nanoparticles may also suppress the viability of normal
human skin fibroblast cell line (HSF-PI-16) with an ICsq value of 30.64
ug/mL (Paknejadi, Bayat, Salimi, & Razavilar, 2018). However, Ag-NPs
prepared using a fibrinolytic enzyme from Bacillus cereus did not have
significant toxicity on the murine RAW 264.7 macrophage cell line in
concentrations up to 100 pg/mL (Deepak et al., 2011).

It is known that the all polysaccharide from brown algae are almost
non-toxic (Malyarenko & Ermakova, 2017); previously used polymers
are no exception (Malyarenko et al., 2017; Menshova et al., 2016;
Usoltseva et al., 2019), while the investigated nanoparticles exhibit
varying degrees of cytotoxicity. Thus, our data clearly indicate, that the
cytotoxicity of nanoparticles varies depending on the properties of
polymer matrixes.

3.5. Determination of the antibacterial activity

We also studied the antimicrobial activity of polysaccharide-based
silver nanoparticles against gram-negative bacteria Escherichia coli and
Agrobacterium tumefaciens using an agar disk-diffusion method. The
clear zone around the disk with nanoparticles suggests that they possess
antibacterial activity, which can inhibit the growth of pathogens
(Guzman, Dille, & Godet, 2012). After incubation of E. coli and A. tu-
mefaciens with different concentrations of Ag-NPs, we observed that all
tested nanoparticles significantly inhibited the growth of both bacteria
in a concentration-dependent manner (Fig. 8). No inhibition was
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Fig. 6. MTT assay and cell proliferation rates of rat glioma cells C6. C6 cells were treated with Ag-NPs synthesized using FeF (A), FeA (B), ScF (C) and ScL (D) in 1, 5,
12.5, 25, 50 and 100 pug/mL concentrations. Data are presented as the mean * SE, **p < 0.01, ***p < 0.001, **** p < 0.0001.
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Fig. 7. Growth curves of rat glioma cells C6 measured with the Cell-iQ® assay. C6 cells were treated with Ag-NPs synthesized using FeF (A), FeA (B), ScF (C) and ScL
(D) in 1, 5, 12.5, 25, 50 and 100 pg/mL concentrations and monitored for 44 h. Data are presented as the mean * SE.

detected when using the negative control — i.e. aqueous solutions of
each polysaccharide. It was shown previously that chitosan-fucoidan
complex-coated Ag-NPs demonstrated maximal biocidal action against
gram-negative E. coli at a concentration of 10 pug/disk with the zone of
inhibition reaching 3.0 = 0.3 mm (Venkatesan et al., 2018). Similarly,
our samples of Ag-NPs-FeA, Ag-NPs-FeF, Ag-NPs-ScF, Ag-NPs-ScL de-
monstrated 3.5, 3, 1.5, 3 mm zone of E. coli growth inhibition,

respectively, when applied at 10 pg/disk. Previously, biocidal activities
against E. coli was demonstrated for Ag-NPs synthesized using green
alga Botryococcus braunii (Arya et al., 2018), polysaccharide extract
from cactus pads (Onditi et al., 2019), and polysaccharides isolated
from red marine algae (de Aragao et al., 2019).

Suppression of A. tumefaciens growth by polysaccharide-based
AgNPs was generally more pronounced than that for E. coli(Fig. 8).
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Fig. 8. Inhibition zone diameter (mm) of Ag-NPs obtained with different polysaccharides against E. coli and A. tumefaciens. Data are presented as the mean * SE.

Thus, Ag-NPs-FeA increased inhibition zone by 1.42 times, Ag-NPs-FeF
- by 1.36 times, Ag-NPs-ScF - by 1.13 times and Ag-NPs-ScL - by 1.45
times. In our previous work, silver nanoparticles obtained using sili-
catein-expressing transgenic tobacco callus extract also showed a more
pronounced antibacterial effect against A. tumefaciens than against E.
coli (Shkryl et al., 2018). The difference in the antibacterial effective-
ness of nanoparticles against various pathogens may depend on many
factors, and the exact mechanisms of Ag-NPs action remain unknown.
However, some researchers propose that pronounced activity of nano-
silver may be related with its ability for electrostatic interaction with
the bacterial cell wall (Hamouda & Baker, 2000; Shrivastava et al.,
2007). Ag-NPs also provoke the formation of free radicals (Danilczuk,
Lund, Sadlo, Yamada, & Michalika, 2006; Dakal, Kumar, Majumdar, &
Yadav, 2016), leading to DNA damage and protein inactivation (Rai,
Deshmukh, Ingle, & Gade., 2012). It was reported that Ag-NPs could
change the membrane morphology and alter the membrane perme-
ability, thus affecting cell signaling (Sondi & Salopek-Sondi, 2004).
Usually, the toxicity of silver nanoparticles against gram-positive bac-
teria is higher than against gram-negative bacteria, and this phenom-
enon can be related to the differences in chemical nature and depth of
their cell walls (Kala et al., 2016; Son, Youk, & Park, 2006). It was
shown that a much higher concentration of Ag-NPs is required to de-
stroy Staphylococcus aureus cells compared to commonly used E. coli
(Feng et al., 2000). Also, size and shape of Ag-NPs are known to con-
tribute significantly to their antibacterial effects (Martinez-Castanon,
Nino-Martinez, Martinez-Gutierrez, Martinez-Mendoza, & Ruiz, 2008;
Meire, Coenye, Nelis, & De Moor, 2012; Pal, Tak, & Song, 2007)
(Fig. 8).

4. Conclusion

The present study provides an alternative eco-friendly synthesis of
monodispersed and spherical shaped Ag-NPs using three different types
(alginate, fucoidan, laminaran) of algal polysaccharides. We in-
vestigated nanoparticle formation by UV-vis assay, and the crystalline
structure of formed polysaccharide-based Ag-NPs was confirmed by
XRD patterns. The TEM images demonstrated that the average size of
obtained Ag-NPs was about 54 nm and that they were predominantly
spherical. NTA analysis confirmed the size distribution of Ag-NPs and
showed their highly negative Z-potential, potentially indicating the
electrostatic stability of obtained nanosilver. The FTIR spectra con-
firmed that polysaccharides were responsible for the reduction of silver
nitrate to Ag-NPs and also acted as stabilizing agents. The Ag-NPs-FeA
and Ag-NPs-ScL. showed pronounced cytotoxicity toward rat glioma
cells. The prepared metal nanoparticles had antibacterial activity
against plant and animal pathogens such as A. tumefaciens and E. coli.
Thus, polysaccharide-stabilized metal nanoparticles can be further in-
vestigated for their potential in various nanotechnology-based biome-
dical applications and can potentially reduce the destructive effects

associated with the traditional methods for nanoparticles synthesis.
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