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Background: Increasing antibiotic resistance and the emergence of multidrug-resistant
(MDR) pathogens have led to the need to develop new therapeutic agents to tackle microbial
infections. Nano-antibiotics are a novel generation of nanomaterials with significant anti-
microbial activities that target bacterial defense systems including biofilm formation, mem-
brane permeability, and virulence activity.

Purpose: In addition to AgNO; the current study aimed to explore for first time the
antibacterial potential of silver nanoparticles synthesized by Nostoc sp. Bahar M (N-SNPs)
and their killing mechanisms against Strepfococcus mutans, methicillin-resistant
Staphylococcus aureus, Escherichia coli, and Salmonella typhimurium.

Methods: Potential mechanisms of action of both silver species against bacteria were
systematically explored using agar well diffusion, enzyme (lactate dehydrogenase (LDH)
and ATPase) and antioxidant (glutathione peroxidase and catalase) assays, and morpholo-
gical examinations. qRT-PCR and SDS-PAGE were employed to investigate the effect of
both treatments on mfD, flu, and hly gene expression and protein patterns, respectively.
Results: N-SNPs exhibited greater biocidal activity than AgNOj; against the four tested
bacteria. E. coli treated with N-SNPs showed significant surges in LDH levels, imbalances in
other antioxidant and enzyme activities, and marked morphological changes, including cell
membrane disruption and cytoplasmic dissolution. N-SNPs caused more significant upregu-
lation of mfD expression and downregulation of both flu and hly expression and increased
protein denaturation compared with AgNO;.

Conclusion: N-SNPs exhibited significant inhibitory potential against E. coli by direct
interfering with bacterial cellular structures and/or enhancing oxidative stress, indicating
their potential for use as an alternative antimicrobial agent. However, the potential of
N-SNPs to be usable and biocompatible antibacterial drug will evaluate by their toxicity
against normal cells.

Keywords: biological synthesis, nanoparticles, pathogenic bacteria, Nostoc sp. Bahar M,

silver, antibacterial activity

Introduction

Emerging infectious diseases caused by pathogenic microbes is a global health
crisis.' The surge in antibiotic-resistant bacterial infections poses health risks to
humans and animals, and impacts the global economy.? Pathogenic bacteria and
multidrug-resistant (MDR) bacteria, or superbugs, have adapted and modified their
defense strategies against antibiotics over time.? For instance, resistant bacteria can

mitigate outer membrane permeability to prevent antibiotics entering cells, and can
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also form biofilm as a protective barrier against antimicro-
bial agents.*® Moreover, bacteria utilize a variety of dif-
ferent virulence factors to invade hosts and cause
infections, including adherence and invasion factors, cap-
sules, and endo- and exo-toxins.””® These defense strate-
gies can inhibit the efficacy of antimicrobial agents in
tackling MDR microbes and increase the need for new
alternate strategies to alleviate the spread and progression
of MDR pathogens.” One approach to mitigate MDR
microbes is to utilize nano-antibiotics.'%"!

Nanotechnology facilities many options to develop and
create antimicrobial drugs in trial to tackle the MDR
microbes’ phenomena.'>'* Many nanodrugs have been
approved by the Food and Drug Administration for use
as burns therapy (e.g., Acticoat), as antifungal and anti-
parasitic agents (e.g., Abelcet™ and AmBIsome).'>'® The
potentiality of nanoparticles (NPs) to be promising anti-
microbial agents is returning to their physical and chemi-
cal properties.'” The smaller size of NPs enables them to
easily penetrate the cells such as bacteria causing cellular
damage.'® Additionally, larger surface area of NPs allows
them to be load with antibiotics and antimicrobial agents
increasing their efficiency;'? their charges play important
role in nano/cell interfere;* their stability,'® biocompat-
ibility and bioavailability enabling them to be used in
different medical applications.?'-*

There are several methods to synthesize NPs including
conventional physical and chemical approaches and
through ecofriendly routes such as biological synthesis.*®
Unlike chemical methods, biological synthesis of NPs uses
natural sources such as bacteria, plant, cyanobacteria, etc. to
fabricate metal precursors into their nanoforms.'”?!-**2¢
Thus, green synthesis approach does not produce or use
toxic materials, making it safer for living organisms and
the environment.”’-** Similarly, biological synthesis of NPs
has become more attractive than physical synthesis methods
because biological synthesis can easily be performed under
normal laboratory conditions without expensive instru-
ments, intensive power, or significant costs.'”?’ Recently,
many investigations used cyanobacteria as a bio-factory for
synthesizing NPs showing the higher reducing potentiality
of these creatures to fabricate the precursors material into
their nanoforms.*”** Hamouda et al reported that Ag-NPs
synthesized by Oscillatoria limnetica revealing potent
anticancer and antibacterial potentiality.’’

In the medical field, metallic nanoparticles such as silver
NPs (Ag-NPs),*? and gold NPs,** and metal oxide NPs such

as zinc oxide NPs,** and titanium oxide NPs play critical

roles as therapeutic agents against cancers and infectious
diseases, including viral and microbial infections.’>*
Among the metallic NPs, Ag-NPs have been extensively
studied due to their wide-ranging biological activities,

1,2°3° anti-fungal,** anti-

including as potent antibacteria
larval,*! anti-viral,** anti-cancer,”> and anti-inflammation
agents.** Junejo et al reported that tobramycin stabilized
Ag-NPs exhibiting potent antibacterial activity against
Escherichia coli and Staphylococcus aureus comparing to
the standard antibiotics.*> Furthermore, Ag-NPs have
unique physicochemical characteristics, including a very
small size and large surface area, allowing them to easily
penetrate living cells and making them suitable for use in
drug delivery and synergetic and antagonistic
technology.”*®*® Ruden et al reported that the combination
between Ag-NPs and polymyxin B exhibiting the most

promising antibiotic
49

synergy against Gram-negative
bacteria.

Many investigations have focused on the synthesis of
NPs, but the exact mechanism of action of NPs against
living cells including microbes, healthy human cells, and
cancer cells has yet to be elucidated.**° There are two
general theories regarding the mechanism of the lethal
effects of NPs against bacterial cells. The first theory is
that NPs directly interfere with cellular structures includ-
ing cell walls, cell membranes, and the cytoplasmic matrix
through electrostatic interactions, causing membrane dis-
ruption, folding, and pore formation. This results in
increased membrane permeability, loss of membrane
integrity, and bacterial cell death, with denaturation,
damage, and dysfunction of cellular biomolecules (DNA,
protein, and enzymes).”>>' The second theory is that NPs
enhance the formation of reactive oxygen species (ROS)
leading to a surge in oxidative stress, which causes
damage to biomolecules and cell structures, and ulti-
mately, bacterial cell death %3253

The current study aimed to investigate for first time the
antibacterial activity and mechanisms of silver nanoparticles
(synthesized by novel cyanobacteria Nostoc sp. Bahar M)
enhanced cytotoxicity against different pathogenic bacteria
including Gram-positive (Streptococcus mutans and methi-
cillin-resistant Staphylococcus aureus (MRSA) clinical iso-
lates) and Gram-negative (Escherichia coli ATCC 25,922
and Salmonella typhimurium ATCC 14,028) pathogenic bac-
teria, comparing to that of silver nitrate (AgNOs3; a precursor
material for Ag-NP synthesis). Depend on the results of the
current study, we speculated that N-SNPs are more robust
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and potent antibacterial candidate against the pathogenic
bacteria.

Materials and Methods

Reagents

AgNOs;, bacterial culture materials, and catalase (CAT)
and glutathione peroxidase (GPx) enzymes were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Other
reagents were purchased from the following companies:
LDH Assay Kit (colorimetric) from Abcam (Cambridge,
UK); PiBind resin from Expedeon (San Diego, USA);
TRIzol reagent from Life Technologies (California,
USA); Maxima SYBR Green/Fluorescein qPCR Master
Mix and QuantiTects Reverse Transcription Kit from
Qiagen (Germantown, USA); and TriFast from Peqlab
VWR (Pennsylvania, USA).

Preparation of N-SNP and AgNO;

Suspensions
Ag-NPs
by Nostoc sp. Bahar M and characterized by UV-spectro-

were previously synthesized extracellularly
photometry, X-ray diffraction, Fourier transform infrared
spectroscopy (FTIR), and scanning and transmission elec-
tron microscopy (TEM).?” Briefly, Nostoc sp. biomass was
collected by centrifugation at 4000 rpm. Pellets were
washed with distilled water several times, freeze-dried
using a lyophilizer, and ground into a fine powder using
a mortar and pestle. Subsequently, 20 mg dried powder
was mixed with 20 mL distilled water and incubated at 30°
C for 24 h. After cooling, the mixture was filtered using
Whatman filter paper no.l1 (Camlab, Cambridge, UK) and
10 mL filtrate was added to 90 mL AgNOj; solution and
stored at room temperature for 24 h in the dark. The
mixture was then centrifuged at 10,000 rpm for 10 min.
The resulting pellets were washed with distilled water at
least three times and spread on sterilized glass plates to dry
at 40°C for 24 h. Stock N-SNPs and AgNOs; solutions
were prepared by dissolving 1 mg of each silver reagent in
1 mL of distilled water.

Bacterial Strains and Culture Conditions

Four different pathogenic bacteria, including clinical isolates
of  Streptococcus  mutans and  methicillin-resistant
Staphylococcus aureus (MRSA), and E. coli ATCC 25,922
and Salmonella typhimurium ATCC 14,028 were obtained
from Almery University Hospital (Alexandria, Egypt). Fresh
bacterial cultures (10* CFU/mL), at a concentration of 0.5 on

the McFarland scale, were grown in Luria—Bertani (LB)
broth for 24 h at 37°C. Each strain (50 pL) was gently
spread on freshly prepared LB agar plates. Four 8-mm
wells were created using a cork borer in the agar of each
plate for further antibacterial activity experiments.

Antibacterial Potentials of N-SNPs and
AgNO:;

The inhibitory effect of N-SNPs and AgNO; on
Streptococcus mutans, MRSA, E. coli, and Salmonella
typhimurium was assessed using the agar well diffusion
method.>* One hundred microliters of each N-SNPs,
AgNO; (1.5 mg/mL), distilled water (as a negative con-
trol), and ampicillin (1.5 mg/mL) (as a positive control)
were added to the wells of agar plates spread with bacterial
cultures. Plates were incubated for 24 h at 37°C, then the
diameter of each inhibition zone was recorded in mm
using a standard metric ruler.

Minimum Inhibitory Concentration and

Minimum Bactericidal Concentration
Minimum inhibitory and minimum bactericidal concentra-
tions (MIC and MBC, respectively) of both N-SNPs and
AgNO; were evaluated using the serial dilution method.
Bacterial suspensions (100 pL/well of 10* CFU/mL) were
seeded in 96-well plates with different N-SNPs and AgNO;
concentrations (2.4, 2.1, 1.8, 1.5, 1.2, 0.9, 0.6, and
0.3 mg/mL) and incubated at 37°C for 24 h. Bacterial turbid-
ity was estimated by naked eye comparison to a 0.5
McFarland standard medium. To verify the MIC and MBC
data, 10 uL. N-SNPs or AgNOj; solution at the determined
MIC and MBC were screened against the tested bacteria
using an agar well diffusion assay.

Lactate Dehydrogenase Assay for

Membrane Integrity

The effect of 1.5 mg/mL N-SNPs or AgNO; on bacterial
membrane integrity was assessed by measuring lactate
dehydrogenase (LDH) as previously described.”
Bacterial cells (10* CFU/mL) treated with 1.5 mg/mL
N-SNPs or AgNOj3 for 24 h at 37°C, and corresponding
controls, were collected by centrifugation at 5000 rpm for
10 min at 4°C. The resulting pellets were washed twice
with phosphate-buffered saline (PBS) and mixed with
LDH reaction solution under gentle shaking for 30 min
according to manufacturer’s

at room temperature
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instructions. The sample optical density (OD) was then
measured at 490 nm.

ATPase Activity

The effect of 1.5 mg/mL N-SNPs and AgNO3; on metabo-
lism was estimated by measuring bacterial ATPase levels
before and after exposure to both treatments for 24 h, as
previously described.’® Briefly, cells were centrifuged at
5000 rpm for 10 min at 4°C. The pellets were washed with
PBS and lysed by sonication (IKAT10 basic sonicator,
Cole-Parmer, Illinois, USA). PiBind resin was used to
remove any free inorganic phosphate (P;) that would inter-
fere with the ATPase assay. The amount of P; liberated was
evaluated with a UV 2505 spectrophotometer (Thomas
Scientific, New Jersey, USA) at Agso. Calibration was
based on a standard Pi concentration range, and data

were obtained from a minimum of three independent tests.

Measurement of Antioxidative Markers
To assess the impact of N-SNPs or AgNO; on bacterial
antioxidant enzymes, including glutathione peroxidase
(GPx) and catalase (CAT), bacterial cells treated with both
silver species (1.5 mg/mL) for 24 h at 37°C, and appropriate
controls, were centrifuged at 10,000 rpm for 5 min at 4°C.
Pellets were washed with PBS and lysed using a sonicator
(IKAT10 basic sonicator, Cole-Parmer, Illinois, USA). GPx
and CAT levels were determined using reagents from var-
ious kits according to the corresponding instructions.’’

Ultrastructural Examination

E. coli cultures exposed to 1.5 mg/mL of N-SNPs or
AgNO; for 24 h at 37°C, and appropriate controls, were
harvested by centrifugation at 3500 rpm for 10 min. The
resulting pellets were washed several times with PBS and
recentrifuged. Subsequently, pellets were fixed with ice-
cold 4F1G (formalin-glutaraldehyde mixture (pH 7.2)) for
2 h, then post-fixed with 1% osmium tetroxide (OsO,) for
2 h at 4°C. The specimens were dehydrated with graded
ethanol (25%, 50%, 75%, 95%, and 100%), infiltrated with
propylene oxide, and embedded in an Araldite Epon mix-
ture. Ultrathin sample sections (70 nm) were created using
a glass knife on an LKB Ultramicrotome. The sections
were double stained using 2% uranyl acetate and lead
citrate, and loaded on 200-mesh copper grids for morpho-
logical examination under a JEOL 100 CX electron micro-
scope (JEOL, Tokyo, Japan) operating at 80 kV.>®

Size Estimation of NPs and Bacterial Cells
The size of NP inside and outside of bacterial cells and
bacterial cell size before and after exposure to N-SNPs and
AgNO; were measured by estimating the NPs and bacterial
cell diameter based on TEM micrographs using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA); at
least 10 bacterial cells were used for measurements.

RNA Extraction and qRT-PCR

Expression of the genes mfD (transcription-repair-coupling
factor), 4ly (a-hemolysin), and flu (Ag43 phase-variable bio-
film formation autotransporter CP4-44 prophage) in E. coli
were estimated using qRT-PCR before and after treatment
with 1.5 mg/mL N-SNPs or AgNO; for 24 h at 37°C (Table
1). Total RNA was extracted from samples using TRIzol
reagent. The amount and purity of the RNA was determined
by measuring absorbance at 260 nm and by the 260/280 nm
ratio, respectively. mfD, hly, and flu mRNA was assessed
using Maxima SYBR Green/Fluorescein qPCR Master Mix
and a Rotor-Gene Q instrument. Total RNA was reverse-
transcribed using QuantiTects Reverse Transcription Kit
with a random primer hexamer in a two-step RT-PCR. Any
genomic DNA (gDNA) contamination was eliminated using
gDNA Wipeout Buffer. The resultant cDNA (30 ng) was
used as a template for amplification using specific primer
pairs (Table 1) at a final concentration of 300 nM.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
The
Q automatically assembled the data and analyzed the thresh-

used as a housekeeping gene. Rotor-Gene
old cycle (Ct) value, which was normalized to the average Ct
value of the housekeeping gene (ACt), and relative expres-

sion of each assessed gene was calculated as 2-ACt.>*

SDS-PAGE

The influence of N-SNPs and AgNO; on bacterial proteins
was investigated by collecting total proteins from E. coli cells
that were untreated or treated with 1.5 mg/mL of N-SNPs or

Table | qRT-PCR Primers

Gene | Primers Reference
mfD F: TCAGGAAGCTGGAAGGTAATG [
R: GGACCATCAAGGCGGTAAT
flu F: CACAGATACGTACAGAAAGACATTCAGG [2]
R: GGCTGTGGGAGTTTCTGAATTG
hly F: TGAATCCTGTCGCTAATG [3]
R: TATCATCCGACCTTTCACT
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AgNO; for 24 h, and from appropriate controls. Proteins were
purified using TriFast and fractionated using an OmniPAGE
Mini vertical electrophoresis unit with a Power Pro 5
power supply (Cleaver Scientific, Warwickshire, UK) on
a SERVAGel™ TG PRiIME™ 10% (SERVA, Heidelberg,
Germany). The gel was stained with 0.1% Coomassie blue
R250 for 2 h and de-stained with a 1:3:6 solution of glacial
acetic acid:methanol:water. A gel documentation system
(Geldoc-it, UVP, UK) and TotalLab analysis software version
1.0.1 (Newcastle-Upon-Tyne, UK) were used for data
analysis.>

Statistical Analysis

All assays were performed independently at least three
times and data are presented as mean + standard error of
mean (SEM). Significant differences between the study
data (treated and untreated samples) was statistically deter-
mined using one-way analysis of variance (ANOVA) and
Prism 8.3 software (GraphPad Software Inc., La Jolla, CA,
USA). Significance of the data is presented at P < 0.0001,
P =0.0002, and P < 0.001.

Results
N-SNPs

Our previous published data showed that Nostoc Bahar M
successfully fabricated silver nitrate into N-SNPs. UV-
spectra of N-SNPs was at 403 nm, while XRD pattern
revealed that N-SNPs have crystalline nature at 26 of 38.2,
45.3, 67.44, and 75.25° and with crystal size of 3.8 nm. FTIR
analysis of N-SNPs exhibited spectra peaks at 1119.01,
1397.07, 1632.35, 1777.14, 2114.44, 2946.98, 3460.32 and
842.59 cm™' which corresponding to (C-O) secondary alco-
hol, (O-H) carboxylic acid, (N-H) stretching amine, (C=0)
stretching anhydride or vinyl/phenyl ester, (N=C=S) stretch-
ing isothiocyanate, (O-H) carboxylic acid or (N-H) amine
salt, (O-H) stretching alcohol, and (C=C) stretching alkene,
respectively. These IR spectra indicated that the aromatic
compounds and proteins of Nostoc sp. was the main biomo-
lecules in the reduction and stabilization processes of NPs.
TEM and SEM micrographs exhibited that N-SNPs having
spherical shape with a nanosize range of 8.5 nm to 26.44 nm,
and an average diameter of 14.9 + 0.56 nm (Figure 1).*’

Inhibitory Activity of Both Silver Species

Against Pathogenic Bacteria
The bactericidal effect of N-SNPs, AgNO3, and ampicillin
against Gram-positive and Gram-negative bacterial strains

was investigated using the agar well diffusion method. All
treatments demonstrated bactericidal activity against the
tested bacteria, with ampicillin producing the largest inhi-
bition zone (IZ) diameter, followed by N-SNPs then
AgNO; (Figure 2). The bacterial inhibitory activity of
N-SNPs was greater than that of AgNO; (Figure 3). Of
the tested bacteria, E. coli and MRSA were most affected
by N-SNPs, with IZ diameters of 18.6 £ 0.07 and 18 +
0.09 mm, respectively (E. coli > MRSA > Salmonella
typhimurium > Streptococcus mutans, Table 2). In con-
trast, MRSA was the most sensitive to AgNO; (IZ dia-
meter: 17.5 = 0.27 mm) followed by E. coli (IZ diameter:
13.7 = 029 mm).
Streptococcus mutans had similar 1Z diameters against
N-SNPs (14.8 + 0.06 and 14.7 + 0.03 mm, respectively)
and AgNO; (11.9 + 0.15 and 11.4 + 0.12 mm, respec-
tively). N-SNPs had lower MIC and MBC values than
AgNO; against the tested bacteria (Table 3). The lowest
N-SNPs MIC (0.9 mg/mL) was against Salmonella typhi-
murium, E. coli and MRSA while the lowest MBC
(1.2 mg/mL) was against both E. coli and Salmonella
typhimurium. The highest MIC of N-SNPs was 1.2 mg/
mL against Streptococcus mutans, while the highest MBC

Salmonella  typhimurium and

(1.5 mg/mL) was against both MRSA and Streptococcus
mutans, respectively. In contrast, the lowest AgNO; MIC
was 1.5 mg/mL against E. coli, MRSA, and Streptococcus
mutans, while the lowest MBC was 1.8 mg/mL against
MRSA and Streptococcus mutans. Moreover, the highest
AgNO;3; MIC and MBC values were 2.1 and 2.4 mg/mL,
respectively, against Salmonella typhimurium (Table 3).

Effect of N-SNPs and AgNO3; on Bacterial

Membrane Integrity

The influence of N-SNPs and AgNO; on bacterial mem-
brane integrity was examined by measuring LDH in bac-
terial supernatants treated with the silver species. Bacteria
exposed to 1.5 mg/mL N-SNPs and AgNO; showed
a significant increase in LDH compared to untreated bac-
terial cells, with N-SNPs treatment producing the most
significant increase in LDH (Figure 4A). Of the four tested
bacterial species, E. coli had the highest level of LDH after
treatment with N-SNPs, while AgNOj; treatment produced
the highest level of LDH in MRSA.

Metabolic Toxicity of N-SNPs and AgNO;
The metabolic toxicity of N-SNPs and AgNO; on bac-
teria was assessed by measuring ATPase levels before
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Figure 2 Antibacterial activities of silver nanoparticles synthesized by Nostoc sp.
Bahar_M (N-SNPs), AgNO3, and ampicillin against four pathogenic bacteria includ-
ing Escherichia coli, Salmonella typhimurium, Streptococcus mutans, and methicillin-
resistant Staphylococcus aureus.

and after treatment. The amount of ATPase significantly
decreased in E. coli, Salmonella typhimurium, and
MRSA after treatment with N-SNPs (Figure 4B), but
ATPase levels increased in Streptococcus mutans after
N-SNPs treatment. AgNO; treatment caused a similar
significant decrease in amounts of ATPase in the exam-
ined bacteria. Of the four bacterial species tested, the

greatest reduction in ATPase was observed in E. coli
treated with N-SNPs.

Enhancement of Oxidative Stress by

N-SNPs and AgNO;

The ability of N-SNPs and AgNO; to induce oxidative stress
inside bacterial cells was examined by measuring the levels
of the antioxidant enzymes GPx and CAT. The amount of
GPx significantly increased after treating the bacteria with
N-SNPs and AgNO;. However, N-SNPs treatment caused
the greatest increase in bacterial GPx. Among the examined
bacterial species, MRSA treated with N-SNPs had the high-
est level of GPx. Additionally, GPx levels were unchanged
in Salmonella typhimurium after treatment with AgNO;. The
amount of CAT significantly decreased in all tested bacterial
strains after treatment with 1.5 mg/mL of N-SNPs and
AgNOj;. N-SNP treatment caused the greatest reduction in
CAT levels compared with control or AgNO; treatments in
all bacteria examined (Figure 4C and D).
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Figure 3 Antibacterial potential of N-SNPs against Escherichia coli (A), methicillin-resistant Staphylococcus aureus (B), Salmonella typhimurium (C) and Streptococcus mutans
(D). The number 1, 2, 3 referred to N-SNPs treatment (in triplicate experiments) and 4 was negative control (distilled water).

Morphological Changes in E. coli Caused

by N-SNPs and AgNO;

N-SNPs- and AgNOs-induced disruption of microbial cells
was evaluated by TEM analysis. TEM micrographs of
E. coli that had not been exposed to either silver species
revealed intact, multi-layer, cell membranes comprising the
outer membrane, a peptidoglycan layer in periplasmic space,
and a cytoplasmic membrane (Figure 5A and B). In contrast,
E. coli treated with 1.5 mg/mL AgNO; for 24 h displayed
several morphological changes including disintegration of
cell membranes, the formation of pores and folds, detach-
ment of the cell wall from the outer membrane, and the
appearance of low-density areas in the center of the bacterial
cells, suggestive of intensive cytoplasm disruption (Figure
5C and D). Moreover, the bacteria were slightly larger after
AgNOj; treatment compared with untreated bacteria (Figure
6). Dark, dense electron granules, believed to be Ag-NPs
produced from AgNO; reduction by E. coli, were also
adsorbed on the cellular membranes. These NPs were

concentrated on the bacterial cell walls and the extracellular
matrix, with a very small amount observed inside the bac-
terial cells. The average nanosize of E. coli-synthesized Ag-
NPs was 12.24 + 0.45 nm (Figure 7).

Ultrastructural changes were observed in E. coli cells
after treatment with 1.5 mg/mL N-SNPs for 24 h (Figure
5E and F). Cell membranes of treated bacteria were shrun-
ken, folded, and detached from the cell wall. Furthermore,
intensive bacterial cytoplasmic lashing and nucleoaggluti-
nation were detected in all treated cells. E. coli exposed to
N-SNPs were smaller than untreated bacteria (Figure 6).
Dark, dense electron granules, believed to be N-SNPs,
were adsorbed on the cellular membranes (Figure 8).
N-SNPs were distributed throughout the cytosol of almost
all treated cells, but were only observed on the bacterial
cell walls of the more damaged cells. The average nano-
diameter of cytosolic N-SNPs was 4.7 + 0.13 nm, and that
of N-SNPs adsorbed onto the cell walls was 9.7 = 0.41 nm
(Figure 7).

Table 2 Inhibitory Activity of N-SNPs, AgNOj3, and Ampicillin Against Four Pathogenic Bacteria

Treatments/Bacteria Distilled H,o AgNO; N-SNPs Ampicillin
E. coli 13.7 £ 0.29 18.6 £ 0.07 28.7 + 0.67
S. typhimurium 11.9 £0.15 14.8 £ 0.06 47 + 0.58

S. mutans + 114 £0.12 14.7 £0.03 43.7 £ 0.88
MRSA 00 17.5 £ 0.27 18 + 0.09 26.7 £ 033

Table 3 Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) of N-SNPs and AgNO3 Against

Four Pathogenic Bacteria

Bacteria Treatment
AgNO; N-SNPs
MIC (mg/mL) MBC (mg/mL) MIC/MBC MIC (mg/mL) MBC (mg/mL) MIC/MBC
E. coli 1.5 2.1 0.71 0.9 1.2 0.75
S. typhimurium 2.1 2.4 0.88 0.9 1.2 0.75
S. mutans 1.5 1.8 0.83 1.2 1.5 0.8
MRSA 1.5 1.8 0.83 0.9 1.5 0.6
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Effect of N-SNPs and AgNO3; on Gene

Expression in E. coli

The ability of N-SNPs and AgNO; to influence expres-
sion of the genes mfD, flu, and hly in E. coli was
examined using qRT-PCR (Figure 9). Both N-SNPs and
AgNO; significantly upregulated expression of mfD and
significantly downregulated expression of flu and hly.
N-SNP caused the most significant increase in mfD
expression and the most significant decrease in flu and
hly expression.

Effect of N-SNPs and AgNO3; on Protein

Expression in E. coli

SDS-PAGE was used to study the effect of N-SNPs and
AgNO; on protein expression in E. coli (Figure 10). The
protein profile of bacteria treated with AgNO; revealed
the presence of thinner and higher molecular weight
(Mwt) protein bands, which were absent in untreated
cells and in cells treated with N-SNPs. The protein pro-
file of E. coli treated with N-SNPs contained lower Mwt
protein bands that were absent in AgNOj;-treated and
untreated cells. In addition, more protein bands were

observed in bacteria exposed to N-SNPs or AgNOj; than
in control cells (10 bands in treated cells and six in
control cells) (Table 4).

Discussion

N-SNPs exhibited greater antibacterial efficiency than
AgNOj; against Gram-positive and Gram-negative bac-
teria. Similarly, determination of the MIC and MBC
of N-SNPs
were needed to suppress bacterial growth compared

values revealed that lower concentrations

with the concentrations of AgNO;. Among all tested
bacteria, E. coli (IZ diameter of 18.6 + 0.07 mm) and
MRSA (IZ diameter of 18 + 0.09 mm) were most sensi-
tive to N-SNPs. These data suggest that N-SNPs are
a potent antibacterial agent against both Gram-negative
and Gram-positive bacteria. The slight increase in the 1Z
diameter observed for Gram-negative bacteria, compared
with that of Gram-positive bacteria, may be the result of
differences in bacterial cell-wall structures and the nano/
cell interface pattern.”'”” Hamida et al reported that
1.5 mg/mL Ag-NPs, synthesized by Desertifilum sp.
IPPAS B-1220, had inhibitory potential against different
pathogenic bacteria (MRSA > Salmonella typhimurium
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Figure 5 TEM micrographs of untreated E. coli showing bacterial cell membranes comprising multiple layers that include a cytoplasmic membrane (blue arrow),
a peptidoglycan layer in periplasmic space (dark blue arrow), and outer membrane (pink arrow) (A and B). TEM micrographs of E. coli treated with AgNOj3 showing
folded membranes (green arrow), precipitation of dark spherical granules believed to be Ag-NPs synthesized by E. coli (blue dashed arrow), detachment of cellular
membranes around the cytoplasmic matrix (yellow arrow), and moderate cytoplasm dissolution (red arrow) (C and D). TEM micrographs of E. coli exposed to N-SNPs
showing shrinkage, cellular membranes with dark dense spherical particles thought to be N-SNPs (blue dashed arrow), severe cytoplasm dissolution (red arrow),
detachment of cellular membranes around the cytoplasmic matrix (yellow arrow), folded membranes (green arrow) and nucleoagglutination (blue star) (E and F). Scale

bars: 200 nm and 500 nm.

> Klebsiella pneumoniae > E. coli > Streptococcus
mutans),'* and that Ag-NPs were more effective against
Gram-positive bacteria than against Gram-negative bac-
teria. The 1Z diameter observed by Hamida et al after
treating MRSA with Ag-NPs was 23.7 = 0.08 mm while
that of E. coli was 14.8 = 0.07 mm. The IZ diameter for
E. coli was smaller than that observed in the current
study, implying that the antibacterial activity of Ag-NPs
formed by Nostoc sp. Bahar M is more effective than

that of Ag-NPs synthesized by Desertifilum sp., at least
against E. coli. This suggests that the coated functional
groups (derived from different cyanobacterial strains) on
the surface of NPs may affect the bacterial inhibitory
activity of the NPs.?°

The mode of action of Ag-NPs against microbes has
not yet been elucidated. However, the lethal effect of Ag-
NPs is thought to result from the release of Ag" from Ag-
NPs. Free Ag' then interacts with several cellular sites
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Figure 6 Size of E. coli before and after exposure to N-SNPs and AgNO;. Measurements were performed using Image] software based on TEM micrographs (at least ten

cells). Scale bar: 200 nm.

including membranes, the cytoplasm, and the nuclear
matrix. The nano/cell interface interactions result in loss
of K" from the cellular membranes, increased membrane
permeability, impaired membrane integrity, and effects on
the respiration chain and biomolecules including DNA,
proteins, and enzymes.®*°! Other reports suggest that toxi-
city of Ag-NP is related to its ability to induce oxidative
stress by stimulating the formation of ROS, which results
in disruption of cellular biomolecules and structures lead-
ing to cellular dysfunction and cell death.?'=*>>

LDH, ATPase, and antioxidant (GPx and CAT) enzyme
analyses revealed that N-SNPs were more effective than
AgNOj; as an antibacterial agent, and disrupted bacterial
enzyme activities. LDH is a marker of cell death and
membrane rupture.®>®> The significant increase in LDH
levels after treating the bacteria with N-SNPs and AgNO;
indicates that both silver species affected the integrity and
permeability of bacterial membranes. The increase in LDH
after treating bacteria with N-SNPs was greater than that
observed for AgNOs, suggesting that silver, in the nano-
form (N-SNPs), has greater toxicity than silver ion
(AgNO;).>* This may be because of the unique features
of NPs including their smaller size to larger surface area,
their surface chemistry, and their charges that enable them
to easily attach and penetrate bacterial cell walls and

membranes.’® These results are consistent with those of
Korshed et al who reported that LDH levels in E. coli
increased in a dose-dependent manner after exposure to
laser Ag-NPs, suggesting their potential to increase mem-
brane permeability and protein leakage, leading to cell
death.® Hamida et al demonstrated that treatment with
Ag-NPs, synthesized by Nostoc sp., and AgNO; signifi-
cantly increased LDH levels in K. pneumoniae, and that
Ag-NPs caused a more significant surge in enzyme activity
compared with AgNO5.?°

With exception of Streptococcus mutans, the signifi-
cant decrease in ATPase observed after treating bacterial
cells with N-SNPs and AgNO; could be attributed to the
ability of these treatments to induce metabolic toxicity by
directly interacting with ATPase or by enhancing oxida-
tive stress resulting in ATPase denaturation and dysfunc-
tion. Cui et al reported that gold NPs caused metabolic
toxicity in E. coli by interacting with ATPase.®” Similarly,
Ag-NPs synthesized using Desertifilum sp. significantly
decreased the ATPase activity of MRSA, E.
K. pneumoniae, Streptococcus mutans, and Salmonella

coli,

typhimurium.>* In the current study, the greater decrease
in ATPase levels observed after N-SNP treatment com-
pared with AgNO; treatment may be due to the smaller
size of N-SNPs and their surface chemistry.®® In contrast,
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the significant increase in ATPase level in Streptococcus
mutans after treatment with N-SNPs might be attributed
to the ability of these bacteria to resist N-SNPs by produ-
cing more energy. This result was consistent with the
findings of the agar well diffusion assay in which
Streptococcus mutans had the weakest response to
N-SNPs (IZ diameter of 14.7 = 0.03 mm) of all bacteria
tested. Congruent with these data, Wang et al reported
that copper-NPs increased ATPase activity in juvenile
Epinephelus coioides.®’

N-SNPs caused significantly larger decreases in CAT
and increases in GPx activities compared with AgNOs;,

indicating that N-SNPs have a greater potential than
AgNO; to stimulate ROS production, leading cellular oxi-
dative stress induction.'*%-%%

TEM analysis of E. coli before and after exposure to
N-SNPs and AgNO; revealed that both silver species
caused marked ultrastructural changes in the bacteria.
However, N-SNP treatment resulted in the most acute
morphological changes. These cellular alterations may be
because of N-SNPs/cell interface or indirect influence
through enhancing oxidative stress by NPs, resulting in
bacterial death.”® The ultrastructural changes observed in
E. coli after treatment with N-SNPs had two distinct
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Figure 8 TEM micrographs showing N-SNPs (gold arrow) precipitated on E. coli
surface (A and B). Scale bars: 200 nm and 100 nm.

patterns. The first included changes in cellular borders
including irregularity, disruption of bacterial cell wall
and membranes, folded and pored membranes, multi-
layered membrane shrinkage, and detachment of the cel-

lular membrane from the cytoplasmic matrix.”>' These
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changes were consistent with data from the LDH assays
in which N-SNPs caused a significant surge in LDH activ-
ity in all tested bacteria, indicating that N-SNPs negatively
impact bacterial membrane integrity and permeability.
Moreover, N-SNPs were observed on the surface of
bacteria and were also concentrated inside the bacterial
cytoplasm. N-SNPs adsorbed on bacterial membranes had
an average nanosize of 9.7 + 0.41 nm, while N-SNPs
concentrated in the cytoplasm had an average nanodia-
meter of 4.7 + 0.13 nm. The larger size of N-SNPs outside
bacterial cells than inside the cells may be due to agglom-
eration of NPs outside the cells allowing only smaller-
sized particles to pass inside the cells.”® We hypothesize
that N-SNPs are electrostatically attracted to cell mem-
branes then adsorbed on the bacterial surfaces causing
membrane folds and pores as well as changes in mem-

51,70,71

brane permeability and integrity. These steps
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Figure 9 mRNA expression levels of mfD, flu, and hly genes in E. coli treated with and without N-SNPs and AgNO;. Data are from at least three independent experiments
and are represented as the mean * SEM. P values were estimated versus untreated bacteria; ***P < 0.0001.
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Figure 10 SDS-PAGE of cellular proteins of E. coli (10* CFU/mL) before and after treatment with N-SNPs and AgNOj for 24 h (A), and computerized analysis of protein
band intensities (B). Marker (1), untreated E. coli (2), E. coli exposed to AgNOj3 (3), E. coli exposed to N-SNPs (4).
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Table 4 Number and Intensity of Protein Bands from E. coli Treated with and without N-SNPs and AgNO;
Control AgNO; D-SNPs
Band No. Lane% Mwt (KDa) Band No. Lane% Mwt (KDa) Band No. Lane% Mwt (KDa)
| 1.56 160.286 | 1.15 150.596 | 1.79 150.596
2 3.01 102.410 2 2.60 122.884 2 0.56 60.165
3 3.4l 51.090 3 2.28 55.603 3 0.73 55.070
4 2.38 38.730 4 2.38 49.579 4 1.91 50.706
5 1.57 32.464 5 1.58 42.554 5 1.71 44.101
6 1.14 26.867 6 8.0l 34.417 6 2.57 33911
7 2.74 32.009 7 3.37 30.363
8 1.10 28.008 8 1.71 27.789
9 .15 25.995 9 1.27 22.899
10 1.68 24.839 10 1.27 16.294

facilitate entry of N-SNPs into bacterial cells where they
interact with cytoplasmic and nucleic contents, leading to
bacterial cell death. Xu et al reported that Ag-NPs deco-
rated with carboxylate (higher oxidation degree) or hydro-
xylate (lower oxidation capacity) carbon dots (C-CDs and
H-CDs, respectively) significantly inhibited growth of
E. coli and Staphylococcus aureus.”’ However, the effect
of these nanoagents was greater in Gram-negative bacteria
than in Gram-positive bacteria. A concentration of 0.4
nmol/LL. Ag-NPs@H-CDs and Ag-NPs@C-CDs caused
antibacterial efficiencies of 99.9% and 76.4%, respec-
tively, in E. coli, while in Staphylococcus aureus 0.8
nmol/L of both nanoagents was required to achieve anti-
bacterial efficiencies of 99.9% and 86.5%, respectively.
The authors suggested that differences in antibacterial
efficacies of the nanodrugs against both types of bacteria
were due to nano/cell interface interactions.

The second pattern of ultrastructural changes in the
bacteria treated with N-SNPs comprised morphological
alterations in cytoplasmic and nuclear contents, and included
severe cytoplasmic lashing and nucleoagglomeration. These
data indicate that N-SNPs may enhance bacterial apoptosis
by directly interacting with cytoplasmic and nucleic contents
including proteins, enzymes, and nucleic acids, or by indu-
cing ROS formation, which results in intensive oxidative
stress and DNA damage, biomolecule denaturation, and cell
damage'*>> (Figure 11).

In addition, the TEM micrographs of E. coli treated
with the silver nitrate showed small dark granules with
an average nanosize of 12.24 £ 0.45 nm, indicating that
E. coli had the potential to reduce AgNOj; into Ag-NPs.
We suggest that the Ag-NPs synthesized by E. coli were
responsible for the observed bacterial cellular alterations.

Indeed, E. coli treated with AgNO; showed similar
changes to those caused by treatment with N-SNPs,
including membrane disruption, folded and pored mem-
branes, detachment of bacterial membranes, and moder-
ate cytoplasmic dissolution. These observations were
consistent with those of Jung et al who utilized TEM
analysis to detect ultrastructural changes in E. coli
and Staphylococcus aureus before and after AgNO;
treatment.”” Additionally, El-Shanshoury reported that
E. coli could reduce AgNO5 into Ag-NPs,”* and that Ag-
NPs fabricated by E. coli ranged from 5 nm to 25 nm in
size. However, N-SNPs caused more severe ultrastruc-
tural changes in the bacteria than Ag-NPs synthesized by
E. coli. This may be due to the smaller size and surface
chemistry (Nostoc biomolecule coating) of N-SNPs,
making them more potent (Figure 12).

To understand the influence of N-SNPs and AgNO;
on E. coli pathogenicity, the expression of different
genes related to DNA repair (mfD), biofilm formation
(flw),
Treatment with N-SNPs and AgNOj; caused changes
in the expression levels of these genes in E. coli.

and virulence activity (hly) was examined.

N-SNP treatment resulted in the most significant
changes in expression levels of the tested genes. This
may because of the smaller size of the NPs and the
functional groups on the NP surface (derived from
Nostoc sp.) enabling them to interact with DNA.®®
The significant increase in mfD expression indicates
that N-SNPs lead to DNA structural disruption by
direct interaction with DNA molecules or/and indir-

ectly by enhancing oxidative stress.”*’”

Similarly,
downregulation of both flu and hly suggests that

N-SNPs have the potential to inhibit biofilm formation
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Figure |1 Schematic diagram illustrating direct (A) and indirect (B) influences of NPs on bacterial cells. Created by Biorender.

and bacterial invasion via direct or/and indirect inter-
ference with bacterial genes.>*’*7¢

Protein profiles of E. coli treated with N-SNPs and
AgNO; were examined by SDS-PAGE. Exposure to both
silver species led to the appearance of new protein bands
(10 bands), indicating that both silver species enhance
protein denaturation and degradation comparing to the
control (6 bands). E. coli treated with N-SNPs had lower
Mwt protein bands than those treated with AgNOs;, sug-
gesting that bacterial proteins are more sensitive to
N-SNPs. The greater toxicity of N-SNPs toward bacterial
proteins may again be a result of their unique physico-
chemical features such as smaller size and surface chem-
istry. These properties may increase the affinity between
NPs and cellular biomolecules, resulting in protein chain
unfolding, and potentially leading to protein modification
and degradation.*”” Conversely, the appearance of extra
protein bands may indicate the formation of new proteins
by the bacteria as a defense system against both silver

species.”®””

Upon the previous data, we speculated that the killing
mechanisms of N-SNPs and AgNOj; against E. coli may be
followed two predominant strategies. The first is the nano/
cell interface in which NPs directly interfere with cell wall
and cell membranes, resulting in disruption of membrane
permeability and integrity through the formation of folds
and pores. This process facilitates entry of NPs into cells
to interact with and damage cellular biomolecules includ-
ing DNA, proteins, and enzymes, leading to dysfunction
and bacterial cell death. The second strategy is the induc-
tion of ROS formation by NPs, which causes intensive
oxidative stress and results in biomolecule dysfunction,
structural damage to cells, and ultimately apoptosis
(Figure 13). These results demonstrate that ecofriendly
N-SNPs may serve as potent antibacterial agents against
pathogenic and MDR bacteria through a plethora of effects
on bacteria. These effects include increased membrane
permeability and disruption; disturbance of bacterial bio-
logical functions such as biofilm formation and virulence
activity; induction of oxidative stress; generation of
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genetic damage; and interference with biomolecules caus-
ing cellular dysfunction.

Conclusion

In this study, the inhibitory effect of Ag-NPs, synthesized
by Nostoc sp. Bahar M., and AgNO; against four patho-
genic bacteria were examined for first time. In addition,
the mechanism of N-SNPs- and AgNOs-mediated lethality
against E. coli was explained based on molecular and
morphological analyses. Both silver species inhibited bac-
terial growth, increase the leakage of LDH, depletion
ATPase activity and imbalance antioxidants (CAT and
GPx) activity leading to enhance the oxidative stress and
metabolic toxicity. They caused imbalance in mfD, flu, hly
genes expression and protein degradation. However,
N-SNPs were more effective than AgNO; against all
tested bacteria. The possible mechanisms of N-SNPs- and
AgNOs-mediated lethality against E. coli were including
direct nano/cell interface via interfering with cellular

structures and/or via indirect influence through stimulating

the production of ROS which causes intensive oxidative
stress and results in biomolecule dysfunction, structural
damage to cells, and ultimately apoptosis.

Further research is required to investigate the inhibitory
activity of N-SNPs against other pathogenic bacteria, with an
emphasis on elucidating the molecular mechanisms of action
of these NPs against bacterial cells. Moreover, studies on the
synergetic effects of N-SNPs in combination with other
antibiotics are necessary to determine the ability of these
NPs to improve antibiotic activity against MDR bacteria.

Abbreviations

Ag-NPs, silver nanoparticles; NPs, nanoparticles; pL,
microliter; h, hour; mL, milliliter; rpm, revolutions
per minute; kb, kilobase; min, minute; mg, milligram;
mM, millimolar; pg, microgram; Mwt, molecular weight.
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