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Abstract: Aim: The study aimed to determine in vifro pharmacological effects of modified Ag nanoparticles
(AgNPs).

Background: AgNPs are considered antimicrobial agents. However, the cytotoxicity of chemically synthe-
sized AgNPs (cAgNPs) has raised challenges that limit their use.

Objective: The purpose of the study was to examine the antimicrobial and cytotoxicity effects of AgNPs synth-
esized using Cirsium congestum extract modified by chitosan/alginate AgNPS (Ch/ALG-gAgNPs).

ARTICLE HISTORY Methods: Nanoparticles were characterized using TEM, DLS, XRD, and FTIR. Resistant strains of

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were used for the antimicrobial analysis of
Ch/ALG-gAgNPs using disc diffusion and microdilution methods. The effects of NPs on cell viability and
apoptosis in L929 normal cells were determined using MTT assay and annexin/PI staining, respectively.
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DoI:
10.2174/0113816128304460240408085736 - Results: Physicochemical characterizations confirmed Ch/ALG-gAgNPs to be spherical and uniformly dis-
persed, and their size ranged from 50 to 500 nm. Ch/ALG-gAgNPs inhibited the growth of microbial strains in
® CrossMark a dose-dependent manner. The antibacterial effect of Ch/ALG-gAgNPs was significantly higher than cAgNPs.
The Ch/ALG-gAgNPs showed little cytotoxicity against normal cells at concentrations less than 50 pg/ml. Cy-
totoxicity effects of Ch/ALG-gAgNP were less than cAgNPs. Flow cytometry and real-time PCR results
showed a decrease in apoptosis percentage and BAX marker in the presence of Ch/ALG-gAgNPs relative to
when the cell was treated with cAgNPs.

Conclusion: Current findings introduce novel gAgNPs modified with chitosan/alginate for use in medicine.

Keywords: Green synthesis, chitosan, alginate, antibacterial activity, cytotoxicity, cell apoptosis.

1. INTRODUCTION applications, AgNPs are used in antiseptic, therapeutic, and diag-
nostic approaches [6, 7]. Cytotoxic effects of metal-based nanopar-
ticles on human normal cells is a critical challenge for their use in
biomedicine [8]. In this respect, numerous toxicological analyses
on animal models have reported the adverse effects of AgNPs on
the skin, lungs, blood cells, brain, liver, ovaries, and gonads by in-
ducing cell apoptosis, necrosis, and genetic mutations [7]. There-

fore, the development of cost-effective, biocompatible, and safe ap-

Metal-based nanoparticles have gained tremendous interest in
biomedical and industrial fields [1-5]. In this regard, Silver Nano-
particles (AgNPs) have been demonstrated to show good stability,
conductivity, and provide anti-bacterial, anti-fungal, anti-cancer,
wound healing, and anti-inflammatory activities [6]. In biomedical
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proaches to synthesizing non-toxic AgNPs is required. Cytotoxicity
of AgNPs may be attributed to the high tendency of nanoparticles
to aggregate and precipitate in aqueous environments [8]. In the
presence of electrolytes, the aggregative stability of silver disper-
sions is markedly decreased, and thus, colloidal stability of AgNPs
is reduced [9, 10]. In the biological media, electrostatic forces and
steric hindrances between AgNPs are attenuated and nanoparticles
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are able to agglomerate more readily [6]. The stability improve-
ment of silver dispersions in the aqueous environments is required
to prevent their aggregation and enhance their use in biomedicine.
Surface modification (coating) with synthetic polymers is one of
the most widely used approaches to promote the colloidal stability
and safety of AgNPs [10-12]. The addition of synthetic polymers
to AgNPs produces surface-charged nanoparticles, stabilizes silver
dispersions, and increases their ability to enter and accumulate into
cells by interaction with biomolecules [6, 13]. Nanoparticle coating
inhibits the release of toxic ions from nanoparticles into biological
media and protects them against oxidization [14]. Therefore, sur-
face modification of nanoparticles minimizes their cytotoxicity and
improves their efficacy for use in biomedicine [14]. In addition, the
coating of AgNPs with non-cytotoxic polymers has been found to
enhance the antimicrobial effects and reduce cytotoxicity in normal
cells [15, 16].

Chitosan and alginate are natural polymers that have been wide-
ly used in surface modification of NPs [17]. Chitosan is biocompati-
ble and inserts a polymer of great promise for surface modification
of AgNPs [18, 19]. In the last two decades, this natural polymer
has attracted the attention of researchers for its application in
biomedicine due to its antimicrobial, anticancer, antioxidant, immu-
noenhancing, and antioxidant properties [19, 20]. Coating of the
nanoparticles with chitosan can improve the physicochemical and
biological properties of synthesized NPs and make them suitable
for biological applications [21]. In this regard, several studies have
reported successful coating of metal NPs using chitosan [22-28].
Moreover, alginate is a carbohydrate polymer composed of a-D-
mannuronic acid and B-L-guluronic acid residues [29]. Likewise,
chitosan and alginate have important biological properties, such as
mucoadhesiveness, biodegradability, and biocompatibility, which
enable them to serve as promising agents for use in medicine [17,
30-32]. In several studies, chitosan-alginate hydrogels have been
synthesized to be used in biomedical applications [26, 27]. The
electrostatic interactions between cationic groups of chitosan and
the anionic groups of alginate provide a safe, degradable, and cost-
effective polyelectrolyte complex [27]. In addition, composites
formed from chitosan-alginate complex and AgNPs have shown
strong bactericidal and anticancer effects [27, 28]. Of note, the
green synthesis of AgNPs has gained significant attraction in re-
cent years because of the requirement for environmentally friendly
and cost-effective synthesis procedures [33-35]. Using the green
routes, AgNPs are produced by using extracts of bacteria, fungi, al-
ga, and plants instead of chemical-reducing agents [35]. Extracts of
microorganisms and plants contain some bioactive compounds that
can convert Ag’ into AgNPs [36]. The use of plant extracts as re-
ducing agents leads to the formation of AgNPs with unique proper-
ties and potential biomedical applications [33, 34]. AgNPs synthe-
sized using plant extracts show lower cytotoxicity against normal
cells and more stability in biological media, and have higher unifor-
mity in size relative to NPs synthesized by chemical methods [36,
371

Cirsium congestum (C. congestum), a plant species belonging
to the family Asteraceae, has been reported to have different biolog-
ical substances, such as flavonoids, polyphenols, semialdehyde,
sabinene, and myrcene, which possess strong reducing properties
[38, 39]. The C. congestum essential oil and its extract have shown
potent antibacterial effects [38] and antioxidant activity [39]. How-
ever, no reports on the green synthesis of AgNPs using the C. con-
gestum extract are available. In the present study, we, for the first
time, have synthesized green AgNPs (gAgNPs) using C. conges-
tum extract. In addition, chitosan and alginate polymers have been
used for coating gAgNPs and synthesizing chitosan/alginate-modi-
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fied gAgNPs (CS/ALG-gAgNPs). Besides, the antimicrobial, cyto-
toxicity, and antiapoptotic effects of Ch/ALG-gAgNPs against nor-
mal human cells (L929) have been evaluated in combination with
non-coated AgNPs.

2. MATERIALS AND METHODS

Chitosan (low molecular weight, DDA 80%), sodium Tripo-
lyphosphate (TPP), medium viscosity sodium Alginate (ALG)
(Mw of 8x10*-12x10* g/mol), silver nitrate (AgNO;), glacial acetic
acid, calcium chloride (CaCl,), hydrochloric acid (HCl), and other
chemicals and reagents were of analytical grade and purchased
from Merck (Darmstadt, Germany). All cell culture media and
MTT [3-(4,5-dimethyl thiazole-2-yl)-2,5-diphenyl tetrazolium]
were purchased from Sigma-Aldrich (USA).

2.1. Preparation of C. congestum Extract

We obtained C. congestum plant from Neyshabur, Khorasan
Razavi Province, Iran. To obtain an extract from C. congestum,
two grams of plant bark were combined with 100 mL of distilled
water. The mixture was then heated to 60°C and stirred for two
hours. The resultant solution was filtered using Whatman No.1 fil-
ter paper (12.5 cm, UK). The filtered, clear solutions were kept at
4°C for use in green synthesis of AgNPs.

2.2. Green Synthesis of AgNPs using C. congestum Extract

Green synthesis of AgNPs using C. congestum was performed
according to the following procedure: after extract preparation, 30
ml of C. congestum extract (20 mg/ml) was slowly mixed with ap-
proximately 100 ml of AgNO, (10 mM, Sigma-Aldrich, Germany)
at 25°C with vigorous stirring at 1000 rpm for 48 hours. The color
of the mixture changed from green to black or dark brown when C.
congestum extract was mixed with AgNO, solution. This color

change confirmed the reduction of Ag” ions by C. congestum ex-
tract to form stable gAgNPs in an aqueous medium. The gAgNPs
solution was centrifuged at 15000 rpm for 5 minutes, was dried un-
der vacuum, and was kept at 4°C until the next use.

2.3. Preparation of Chitosan/Alginate Mixture

The Chitosan/sodium Tripolyphosphate (Ch/TPP) solution was
synthesized based on the ionic gelling method according to the pro-
tocol defined in the previous study [40]. Briefly, 0.5 g of chitosan
powder was dissolved in 50 ml of acetic acid solution (%1) to ob-
tain a chitosan solution (0.2% w/v) at room temperature using a
continuous magnet stirrer. The obtained solution was filtered
through a 0.22 um size filter to remove any large and insoluble par-
ticles. Then, the TPP solution (1.0% w/v), as a crosslinker agent,
was mixed with Ch solution under stirring at 350 rpm for 24 hours.
Afterward, the sodium Alginate (ALG) solution (0.1% w/v) was
added dropwise to the Ch solution to prepare the Chitosan/Alginate
mixture (Ch/ALG) in a ratio of 2.0: 1.0 at room temperature under
stirring at 350 rpm for 4 hours, followed by the addition of calcium
chloride (10 mM) as a crosslinking agent to Ch/ALG mixture. Fi-
nally, the Ch/ALG mixture was washed 3 times with deionized wa-
ter and stored at 4°C until needed [41].

2.4. Preparation of gAgNPs Modified by Ch/ALG

In this study, the freshly prepared AgNPs from C. congestum
extract were further loaded onto the Ch/ALG particles. Briefly, the
equivalent volume of gAgNPs (50 ml, 10 mM) was added to
CS/ALG solution under stirring at 500 rpm for 6 hours. The mix-
ture was then treated with ultrasound for 30 minutes to form a ho-
mogeneous solution. The homogeneous solution was centrifuged at
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a speed of 10,000 r/min, and the sediment obtained was washed
three times with deionized water and dried at 70°C.

2.5. Characterization of Ch/ALG- gAgNPs

According to previous studies, an absorption band in the region
400-450 nm demonstrated the formation of AgNPs [38]. In the pre-
sent investigation, an Ultraviolet-visible (UV-Vis) spectrophotome-
ter (CECIL brand, model CE9500) was used to scan the UV-Vis
spectrum in the wavelength range of 200 to 800 nm with a resolu-
tion of 1 nm. FTIR (Thermo Nicolet, AVATAR370 FT-IR brand,
USA) analysis was used to analyze the functional groups of plant
extract, chitosan, alginate, gAgNPs, and Ch/ALG-gAgNPs in the
range of 400-4000 cm™. The size and morphology of Ch/ALG-
gAgNPs were determined using Transmission Electron Microscopy
(TEM, Zeiss 100 kv, Model TEM Le0906) and Dynamic Light
Scattering (DLS). X-ray Diffraction analysis (XRD, XPert Pro mod-
el, Netherlands) was used to assess the crystal structure and reflec-
tion level of Ch/ALG-gAgNPs.

2.6. Biological Experiments

2.6.1. Antimicrobial Assay

The disc diffusion experiment was used to examine the antibac-
terial effects of Ch/ALG mixture, cAgNPs [7], and Ch/ALG-gAg-
NP against antibiotic-resistant strains of Escherichia coli (ATCC
25,922) and Staphylococcus aureus (ATCC 25,923). Briefly,
aliquots (100 pL) of overnight cultures of different bacterial strains
were plated on Mueller-Hinton Agar (MHA). The agar plates were
covered with sterilized filter paper discs, filled with various concen-
trations (0, 50, 100, 200 pg/ml) of cAgNPs or Ch/ALG-gAgNPs or
Ch/ALG mixture (dissolved in water), and incubated at 37°C for
24 hours. Finally, the inhibition zone diameter (mm) around each
test sample was measured and noted. The discs filled with standard
antibiotics, such as gentamycin (10 mg/disc) and vancomycin (30
mg/disc), were also tested as the positive control. Water was used
as a negative control. In the next experiment, 0.5 McFarland stan-
dard (1x10* CFU/mL) of each tested strain was used to determine
the Minimum Inhibitory Concentration (MIC) and Minimal Bacte-
rial Concentration (MBC). For this, a 100 pL aliquot of each tested
bacterial strain was mixed with an equal volume of treatments in a
96-well ELISA plate. After 24 hours of incubation at 37°C, MIC
was determined by reading Optical Density (OD) at 600 nm. In ad-
dition, the MBC was determined by subculturing 100 pl of each
well onto MH agar plates.

2.6.2. Cell Culture

The mouse fibroblast cell line (L929) was obtained from the
National Cell Bank (NCBI, Pasteur Institute of Iran). The normal
cells were grown in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% Fetal Bovine Serum (FBS) as well as 100
U/mL penicillin and 100 g/mL streptomycin. The cells were incu-
bated at 37°C in a humidified incubator with 95% humidity and
5% CO,.

2.6.3. Cytotoxicity Analysis of Ch/ALG-gAgNPs

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) test was used to assess the effects of NPs on the viabil-
ity of normal cells. L929 cells were seeded on a 96-well plate with
complete media at a density of 5x10° cells/well and incubated at
37°C overnight. The cells were then treated with increasing concen-
trations (50-200 pg/mL) of cAgNPs or Ch/ALG-gAgNPs for 48
hours. Following 4 hours of incubation with MTT (2 pg/mL), MTT
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solutions were replaced with Dimethyl Sulfoxide (DMSO) to dis-
solve the formazan crystals. Finally, the absorbance of each test
sample was measured at 570 nm, and cell viability was calculated
by the following equation:

% cell viability = (absorbance of treated cells)/(absorbance of
control cells) *100

2.6.4. Flow Cytometry

Quantification of early apoptosis, late apoptosis, and cell necro-
sis in cells (1x10° cells per well) treated with 50 pg/mL of cAgNPs
or Ch/ALG-gAgNPs (24 hours) was performed by flow cytometry.
After incubation with the mentioned treatments, cells were harvest-
ed and stained using Annexin V-FITC/PI (Annexin-VFLUOS stain-
ing kit, Mannheim, Germany) for 15 min at room temperature. For-
ward scatter and side scatter of samples were measured after sam-
ples were run on FACS Calibur flow cytometer (Becton Dickinson,
Mountain View, CA, USA), and analyzed using Cell Quest soft-
ware (Becton Dickinson).

2.6.5. Real-time PCR

To confirm flow cytometry results, mRNA gene expression
analysis of apoptosis markers (BAX and Bcl2) using Real-time
PCR in the presence of 50 pg/ml of NPs was conducted. After total
RNA extraction of L929 cells treated with cAgNPs or Ch/ALG-
gAgNPs, the cDNA was synthesized using an Excel RT reverse
transcriptase kit (RP1300, SMOBIO, Hsinchu City, Taiwan). The
synthesized cDNA of all samples was used as the template for
quantitative RT-PCR using the SYBR Green kit (Amplicon) on an
ABI 7500 sequence detection system (Applied Biosystems). Reac-
tions were performed using 96-well plates according to appropriate
conditions by employing specific primers [42]. The gene expres-
sion analysis of target genes was quantified relative to GAPDH us-
ing 27**“ methods [43].

2.7. Statistical Analysis

The data are shown as the mean and SD of three separate trials.
The differences between the groups were determined by one-way
Analysis of Variance (ANOVA) coupled with the Tukey post-hoc
test using the SPSS 22.0 program (IBM, USA). Statistical signifi-
cance was defined as a P-value of 0.05.

3. RESULTS

3.1. Nanoparticle Synthesis and Characterization

In this study, C. congestum extract was used to synthesize gAg-
NPs, and then the Ch/ALG mixture was used for surface modifica-
tion and to produce Ch/ALG-gAgNPs. The colorless silver nitrate
solution incubated with C. congestum extract changed to brown
due to nanoparticle formation (Fig. 1A). UV-vis spectroscopy
showed a broad peak between 400-450 nm by UV-vis spectrum,
which confirmed gAgNPs formation (Fig. 1B). The size and mor-
phology of Ch/ALG-gAgNPs were evaluated using TEM and DLS.
The TEM micrograph Ch/ALG-gAgNPs showed a spherical shape
and loosely agglomerated NPs (Fig. 2A). The DLS diagram re-
vealed Ch/ALG-gAgNPs to have particle sizes measured in the
range of 50 to 500 nm with an average size of 100 nm (Fig. 2B).
XRD pattern of the Ch/ALG-gAgNPs showed the 20 angles of 38.
2°,46.57°, 64.5°, and 77.04° attributed to (111), (200), (220), and
(311) crystal shapes of NPs involving a cubic structure. In addition,
the diffraction peak at 20 angle of 32.6 was attributed to the impuri-
ty of Ag,O in the nanoparticle sample (Fig. 2C).
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Fig. (1). (A) Color change of the plant extract during gAgNPs synthesis, which revealed the formation of AgNPs during 24 h. (B) UV-vis
spectroscopy showed a broad peak between 400-450 nm by UV-vis spectrum, confirming gAgNPs formation. (4 higher resolution/colour
version of this figure is available in the electronic copy of the article).
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Fig. (2). TEM images (A), Size distribution (B), and XRD spectra (C). These physicochemical characterizations confirm nanosized, spherical
shape, uniform dispersity, and formation of the face-centered cubic structure of AgNPs. (4 higher resolution/colour version of this figure is
available in the electronic copy of the article).
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Fig. (3). FTIR spectra of chitosan (A), Sodium alginate (B), C. congestum extract (C), gAgNPs (D), and Ch/ALG-gAgNPs (E). FTIR results
confirmed the involvement of biological substances of C. congestum extract and chitosan/alginate in the Ch/ALG-gAgNPs synthesis. (4 high-
er resolution/colour version of this figure is available in the electronic copy of the article).

FTIR results confirmed the contribution of C. congestum to the
nanoparticle synthesis and surface modification of gAgNPs by
Ch/ALG (Figs. 3A-E). In the FTIR spectrum of chitosan, alginate,
C. congestum, gAgNPs, and Ch/ALG-gAgNPs, the broadband
peak around 3000-3600 cm ™' belonged to -OH and -NH stretching
in the chitosan and biological substances of C. congestum. Peaks at
2933, 2925, 2917, and 2874 cm' belonged to the C-H- stretching
in all samples. Peaks at 1611, 1638, and 1626 cm™' corresponded to
the C=O stretching. Peaks at 1596, 1599, and 1542 cm’' corre-
sponded to N-H vibration. Peaks at 1417, 1452, and 1423 cm’' cor-
responded to the -CH2 stretching vibration of hydrocarbon chains.
Peaks at 1382 and 1380 cm ' were attributed to NO,_ vibrations in
the spectrum of gAgNPs and Ch/ALG-gAgNPs. The band at 1154
cm’' was assigned to ionic interaction between NH*" groups of CS
and COO’ of sodium alginate in the spectrum of Ch/ALG-gAgNPs.
A sharp peak at 1033 cm' in the chitosan spectrum significantly de-
creased in the bounded chitosan in the Ch/ALG-gAgNPs. This
peak belonged to the C—OH stretching of secondary alcohols.

Peaks at 1070, 1073, 1079, and 1090 belonged to the stretching vi-
bration of C-O-C bounds.

3.2. Antibacterial Activity of Ch/ALG-gAgNPs

The antibiotic-resistant strains of E. coli and S. aureus were
tested for the antibacterial properties of the Ch/ALG mixture, cAg-
NPs, and Ch/ALG-gAgNPs. The antimicrobial efficacy was mea-
sured by standard techniques, such as the disc diffusion test, MIC,
and MBC approaches. Table 1 displays the findings of the antibac-
terial properties resulting from the treatments conducted. The zone
of inhibition in the presence of various concentrations (0, 50, 100,
200 pg/ml) of treatments is presented in Fig. (4). The inhibition
zone of 50, 100, and 200 pg/ml of cAgNPs in S. aureus was 2, 4,
and 7 mm, respectively, and that in E. coli was 7, 10, and 15 mm in
diameter. Whereas, at these concentrations of Ch/ALG-gAgNPs in-
hibition, zone diameters were 8, 10, and 17 mm against S. aureus
and 11, 14, and 20 mm against E. coli. No significant antibacterial
activity was seen when S. aureus and E. coli were tested with 50,
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Fig. (4). Zone inhibition values (mm) for E. coli and S. aureus in the presence of different concentrations (50, 100, and 200 pg/mL) of
Ch/ALG, cAgNPs, and Ch/ALG-gAgNPs. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

Table 1. Inhibition zone diameter (mm), minimum inhibitory concentration (MIC), and minimum bactericidal concentration (MBC) of Ch-gAgNPs

and cAgNPs against resistant strains of S. aureus and E. coli.

Zone of Inhibition (mm) MIC (png/ml) MBC (ng/ml)
Treatments
- S. aureus E. coli S. aureus E. coli S. aureus E. coli
0 -
50 pg/ml 1 2
Ch/ALG 750 500 500 1000
100 pg/ml 2 3
200 pg/ml 2 5
0 -
50 pg/ml 2 7
cAgNPs 125 62.5 375 250
100 pg/ml 4 10
200 pg/ml 7 15
0 pg/ml -
50 pg/ml 8 11
Ch/ALG-gAgNPs 62.5 15 250 125
100 pg/ml 10 14
200 pg/ml 17 20

100, and 200 pg/ml of Ch/ALG. These zone inhibition findings
have been supported by MIC and MBC values. As shown in Table
1, the MIC value of Ch/ALG, gAgNPs, and Ch/ALG-gAgNPs
against resistant E. coli was 500, 62.5, and 15 pg/mL, respectively,
and against resistant S. aureus, it was 750, 125, and 62.5 ng/mL, re-
spectively. As can be seen in Fig. (5) and Table 1, MBC values of
Ch/ALG-gAgNPs against E. coli (125 pg/mL) and S. aureus (250
pg/mL) were less than MBC values of cAgNPs (E. coli: 250
pg/mL, S. aureus: 375 pg/mL) and Ch/ALG (E. coli: 500 pg/mL,
S. aureus: 1000 pg/mL). These findings indicated that the bacterici-

dal functions of Ch/ALG-gAgNPs for these tested strains were
higher than cAgNPs and Ch/ALG solution.

3.3. The Effect of Ch/ALG-gAgNPs on Normal Human Cell
Viability

MTT tests were used to determine cell viability after 48 hours
of incubation with various concentrations (50-200 pg/mL) of cAg-
NPs or Ch/ALG-gAgNPs. Cell treatment with cAgNPs at concen-
trations of 12.5 pg/mL (95.8 + 5.9; relative to non-treated control),
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Fig. (6). The percentage (%) of cell viability in response to cAgNPs and Ch/ALG-gAgNPs treatment. L929 fibroblast normal cells were incu-
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ed control. Experiments were repeated three times and values have been presented as mean + SD of experiments. In the diagram *(P < 0.01)
and **(P < 0.0001) represent viability in treated cells vs. non-treated cells; #(P < 0.01) and ## (P < 0.001) represent viability of cells in the
presence of Ch/ALG-AgNPs vs. cCAgNPs. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

25 png/mL (84.8 + 13.07; relative to non-treated control, P < 0.05),
and 50 pg/mL (77.4 + 18.8; relative to non-treated control, P <
0.05) for 48 hours significantly reduced cell viability of L929 cells.
Whereas, treatment with Ch/ALG-gAgNPs at these concentrations
(12.5 pg/mL: 93.2 £ 13.2%, 25 pg/mL: 91.73 + 5.6%, and 50
pg/mL: 87.39 £ 3.7%, relative to non-treated control) showed less
cytotoxicity than cAgNPs. MTT findings demonstrated a signifi-
cant decrease in cell viability of 1929 cells after treatment with

100 pg/mL (45.02 + 6.5 relative to non-treated control (Figs. 6, 7);
P < 0.001) or 200 pg/mL (23.03 + 6; relative to non-treated con-
trol, P < 0.001) of cAgNPs. Cell viability percentage at 100 pg/ml
(79.13 + 2.7; relative to non-treated control, P < 0.05) and 200
pg/ml (49.73 £ 5.7; relative to non-treated control, P < 0.001) of
Ch/ALG-gAgNPs was higher than gAgNPs. These findings indicat-
ed that Ch/ALG-gAgNPs had low cytotoxic activity at concentra-
tions less than 50 pg/mL and the cytotoxic effect of NPs rose with
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Fig. (7). Microscopic images of 1.929 fibroblast cells treated with 50 ng/mL of cAgNPs and Ch/ALG-gAgNPs after 48 h. (4 higher resolu-
tion/colour version of this figure is available in the electronic copy of the article).

increasing concentration. Therefore, MTT findings showed that
green synthesis and surface modification with chitosan decreased
the cytotoxic effect of AgNPs on normal human cells. The micros-
copic images of 1929 fibroblast cells after 48 hours of treatment
with 50 pg/mL of AgNPs and Ch/ALG-gAgNPs are shown in Fig.

™.

3.4. Estimation of Cell Apoptosis Markers in the Presence of
Ch/ALG-gAgNPs

Flow cytometric analysis confirmed the results of MTT at the
concentration of 50 pg/mL. As can be seen in Figs. (8A-C), with
50 pug/mL of cAgNPs, the percentage of early apoptosis, late apop-
tosis, and cell necrosis was 1.2%, 23.6%, and 20.3% respectively.
Green synthesis and surface modification changed these values by
0.99%, 14.3%, and 19.2%, respectively. Therefore, the percentage
of viable cells in the presence of Ch/ALG-gAgNPs (65.5%) was
significantly higher than cAgNPs (54.5%, P < 0.001). Fig. (8) also
shows mRNA expression of pro-apoptotic (BAX) and anti-apoptot-
ic (Bcl-2) markers in the presence of Ch/ALG-gAgNPs and cAg-
NPs. Cell treatment with 50 pg/mL of cAgNPs markedly sup-
pressed mRNA expression of Bcl-2 and enhanced the expression of
BAX relative to the non-treated control. While Ch/ALG-gAgNPs
(50 pg/mL) had little effect on mRNA levels of Bcl-2 and BAX
markers relative to non-treated control.

4. DISCUSSION

AgNPs have shown potential for use in biomedicine as diagnos-
tic or therapeutic agents [7]. However, the cytotoxicity of AgNPs
limits the full use of these NPs in biomedicine. The surface chem-
istry of AgNPs has a significant role in their cytotoxicity on human
cells [7, 10, 13, 16]. To overcome this issue, investigators have
suggested that surface modification or coating of AgNPs using non-
toxic polymers may reduce the cytotoxicity of NPs. Coating of NPs
increases their colloidal stability, biocompatibility, and functional-
ization, and thus improves their safety and efficacy [6, 9, 10, 13,
14]. To benefit from the mentioned consequences, the current
study focused on using chitosan and alginate to modify the surface
of gAgNPs and their capacity to decrease cytotoxicity in normal
cells. The current study has also evaluated the antimicrobial effica-
cy of Ch/ALG-gAgNPs against pathogenic strains of E. coli and S.
aureus.

In this study, we have synthesized gAgNPs using the green
method from C. congestum extract, and then the surface of gAg-
NPs was coated with Chitosan/Alginate polymer (Ch/ALG-
gAgNPs). TEM and DLS analysis revealed Ch/ALG-gAgNPs to be
near-spherical in shape with a particle size of 50 £ 10 nm. XRD
analysis showed a face-centered cubic crystalline structure of
Ch/ALG-gAgNPs. FTIR results showed the presence of some
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Fig. (8). Effect of cAgNPs and Ch/ALG-gAgNPs on L1929 cell apoptosis. L929 cells were incubated with 50 ug/mL cAgNPs or CS/ALG-Ag
nanocomposite, and were used to determine the alive, apoptotic, and necrotic cell percentages by Annexin V-FITC/ PI staining in conjunc-
tion with flow cytometry (A). The percentage of alive cells after treatment with cAgNPs and Ch/ALG-gAgNPs. In the diagram, P < 0.001
represents the percentage of alive cells in the presence of Ch/ALG-AgNPs vs. cAgNPs (B). Gene expression analysis of BAX and Bcl2 (C).
(A4 higher resolution/colour version of this figure is available in the electronic copy of the article).

bioactive compounds of C. congestum on the surface of gAgNPs
and also confirmed that gAgNPs were successfully conjugated with
chitosan/alginate.

The widespread use of silver NPs has raised safety concerns
[8]. Metal-based NPs, such as AgNPs, can adversely affect bio-
molecules in normal mammalian cells [44]. These particles induce
cellular apoptosis and necrosis by interacting with vital molecules,
such as protein, DNA, and enzyme, generating Reactive Oxygen
Species (ROS) and destructing mitochondria [7, 8, 45-47]. The tox-
ic effects of NPs are mainly attributed to their surface physical-
chemistry characteristics, such as chemical composition, and elec-
tronic and aggregative properties [8, 48]. Green synthesis of Ag-
NPs by crude extracts of microorganisms and plants significantly

reduced the cytotoxicity of NPs [47, 48]. In the green or biosynthe-
sis approaches, various biologic substances present in the extracts,
such as amino acids, enzymes, alkaloids, tannins, phenolics, pro-
teins, vitamins, and polysaccharides, are responsible for the reduc-
tion of Ag” into AgNPs [49, 50].

In the green synthesis of AgNPs, biologic compounds act as
capping mediators, form a safe layer of substances on nanoparticle
surfaces, and prevent nanoparticle aggregation in biological media
[43, 51, 52]. In numerous studies, an increase in safety has been re-
ported through green synthesis of AgNPs using other plant extracts
[53-56]. To our knowledge, there has been no study on the cyto-
toxicity of green synthesized AgNPs (gAgNPs) using C. conges-
tum extract. In the current study, the biosynthesis of AgNPs using
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C. congestum extract significantly increased the safety of NPs. A re-
cent study by Karimian et al. demonstrated the biosynthesis of sta-
ble and uniform AgNPs using leaf extract of C. congestum as a re-
ducing agent. However, no findings regarding cell cytotoxicity
have been reported [57].

Surface charge and a release of silver ions are crucial mech-
anisms for the cytotoxicity of AgNPs [58, 59]. Surface coating can
alter the surface chemistry of nanoparticles, stabilize AgNPs by
charge repulsion, and inhibit particle aggregation [6, 9, 13, 58]. It
can also prevent the release of silver ions from AgNPs [14, 58].
Therefore, it can be proposed that inhibiting particle aggregation
and releasing silver from surface modified-AgNPs can significant-
ly decrease their cytotoxicity. Several studies have been conducted
by researchers worldwide to reduce AgNPs cytotoxicity after their
surface coating with distinctive substances [9, 14, 16]. Our findings
have shown coating of gAgNPs with chitosan/alginate to signifi-
cantly decrease their toxic effects on normal cells compared to cAg-
NPs. Previously, we have also revealed the surface coating of gAg-
NPs synthesized using Spirulina extracts by chitosan polymer to in-
crease their safety in normal cells [42]. Researchers have supposed
that AgNPs drive their cell toxicity by inducing cell apoptosis and
necrosis [60, 61]. They believed that AgNPs accumulation and oxi-
dation of Ag’ in living cells increase Reactive Oxygen Species
(ROS) production, induce oxidative stress, and finally lead to apop-
tosis-mediated cell death [8, 25, 46, 60]. Our results have also de-
monstrated that surface modification of gAgNPs by chitosan/algi-
nate markedly decreased cell apoptosis percentage and increased
mRNA expression of the anti-apoptotic protein (Bcl2) and attenuat-
ed gene expression of the pro-apoptotic protein (Bax2) compared
to uncoated particles. Notably, the cell apoptosis reduction in re-
sponse to the coating of NPs has been reported previously in ours
and other studies [25, 43, 62-66].

As seen in our results, Ch/ALG alone exhibited a diminished
antibacterial effect, whereas under modified conditions (Ch/ALG-
gAgNPs), it enhanced the efficacy of cAgNPs. Research has re-
vealed that polymers usually do not have intrinsic bactericidal activ-
ity, except chitosan, which has been introduced as an antimicrobial
agent [67]. Under modified conditions, Ch/ALG improved the bind-
ing of nanoparticles to bacterial cells, stabilized silver dispersions,
and increased their ability to enter and accumulate into cells by in-
teraction with biomolecules on the cell surface [6, 13, 43]. All this
has caused the antibacterial ability of modified nanoparticles to be
higher than the unmodified ones. In addition, studying the molecu-
lar interactions between nanoparticles and bacterial or mammalian
cells could enhance our understanding of Ch/ALG-gAgNPs’
antibacterial activity and reduced cytotoxicity. Consistent with our
findings, Jiang et al. [68] reported that coating the nanostructure
with hydrophilic polymers did not change their affinity to mam-
malian cells, but it promoted their bactericidal potential. These find-
ings were attributed to different lipid compositions in bacterial and
mammalian cells. The multivalent interactions of amphiphilic nano-
particles and intrinsic curvatures of the membrane lipids provide
the required structural rigidity to bend the membrane and reduce
pore formation. Due to different lipid and peptide compositions in
bacterial and mammalian membrane cells, intrinsic curvatures of
the membrane lipids are different. So, mammalian membranes are
laden with zero-intrinsic curvature lipids, while microbial mem-
branes are rich in negative intrinsic curvature lipids. The negative
intrinsic curvature lipids reduce the energy cost to induce pore for-
mation in the bacterial cells, whereas the energetic barrier is criti-
cally high for mammalian membranes laden with zero intrinsic cur-
vature lipids. Therefore, hydrophilic nanoparticles, such as Ch/AL-
G-gAgNPs, selectively disrupt bacterial membranes, while sparing
mammalian cells [68].

Mohtashami et al.

The limited access to normal human cells and bacterial strains
is the most important limitation of the current study, which can be
considered in future studies. In addition, future research can also fo-
cus on investigating the long-term cytotoxic effects on humans,
scalability, stability, and regulatory aspects that are important for
using Ch/ALG-gAgNPs in clinical applications.

CONCLUSION

The current investigation has demonstrated a simple, low-cost,
and eco-friendly approach for green synthesis of gAgNPs using ex-
tracts of C. congestum modified by chitosan to synthesize CS/AL-
G-gAg nanocomposites. Ch/ALG-gAgNPs showed a good bacteri-
cidal effect against antibiotic-resistant/sensitive strains of E. coli
and S. aureus. Ch/ALG-gAgNPs showed no significant toxic effect
against normal cells. The good antibacterial activity with lower
toxicity against normal cells makes Ch/ALG-gAgNPs a suitable
candidate for use in medical fields.
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AgNPs = Ag Nanoparticles
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