Open Access Article. Published on 21 Amajjii 2019. Downloaded on 08/05/2026 10:04:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

REVIEW

View Journal | View Issue

Green synthesis of silver nanoparticles:
biomolecule-nanoparticle organizations targeting
antimicrobial activityt

{ '.) Check for updates ‘

Cite this: RSC Adv,, 2019, 9, 2673

Anupam Roy,$? Onur Bulut,1°° Sudip Some,® Amit Kumar Mandal*®

and M. Deniz Yilmaz ( *9f

Since discovery of the first antibiotic drug, penicillin, in 1928, a variety of antibiotic and antimicrobial agents
have been developed and used for both human therapy and industrial applications. However, excess and
uncontrolled use of antibiotic agents has caused a significant growth in the number of drug resistant
pathogens. Novel therapeutic approaches replacing the inefficient antibiotics are in high demand to
overcome increasing microbial multidrug resistance. In the recent years, ongoing research has focused
on development of nano-scale objects as efficient antimicrobial therapies. Among the various
nanoparticles, silver nanoparticles have gained much attention due to their unique antimicrobial
properties. However, concerns about the synthesis of these materials such as use of precursor chemicals
and toxic solvents, and generation of toxic byproducts have led to a new alternative approach, green

synthesis. This eco-friendly technique incorporates use of biological agents, plants or microbial agents as
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Accepted 23rd December 2018 reducing and capping agents. Silver nanoparticles synthesized by green chemistry offer a novel an
potential alternative to chemically synthesized nanoparticles. In this review, we discuss the recent

DOI: 10.1039/c8ra08982e advances in green synthesis of silver nanoparticles, their application as antimicrobial agents and
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Introduction

The increasing tendency of microbial infections, rapid emer-
gence of drug-resistance to recent antibiotics and quick evolu-
tion through mutation necessitate development or modification
of antimicrobial compounds and alternative treatments.'™*
Advanced research in nanotechnology recently comes with the
development of nano-scale objects with prominent antimicro-
bial actions against multidrug resistant pathogens suggesting
a platform to fight against bacterial mutation arch.>® Among the
most advanced nanotechnological applications, metal nano-
particles provide the most effective results with their unique
mode of actions.”

Based upon the evidence of microcidal lethal effects of
essential metals (indispensible for the biochemistry of life in all
organism fulfilling cellular functions) in excess dose and
nonessential metals even at very minute doses, the use of metals
as antimicrobial agents has proved to have strong scientific
evidences since antiquity.®*'® In some cases metal ion being
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tightly bound to antibiotic structure (e.g. bacitracin, bleomycin,
streptonigrin, and albomycin) regulates the biocidal action,*
they have been attached to the antibiotic molecule (e.g. tetracy-
clines, aureolic acids, and quinolones) without causing a major
change in antibiotic structure but enhancing the activity."> Based
on the microcidal nature, the synthesis of metal nanoparticles
elicited high interest among the researchers and nano-
technologists. Efforts are made to prepare green synthesized
nanoscale objects with different metals like copper,*** zinc,"
titanium,' magnesium,” gold*® and silver.’* Other green
synthesized metals like gold with their low-dimensional struc-
ture® finds several other application in varying fields of engi-
neering and technology; whereas, synthesis of silver nanoparticle
by green method finds its possible application in biomedical field
specially in antimicrobial development (AgNPs).>*

Nanoscale silver particles with high surface-area-to-volume
ratio (size below 100 nm) are of prime interest due to high
antimicrobial actions against both Gram-positive and Gram-
negative bacteria,"*** viruses and other eukaryotic micro-
organisms* as compared to other metals in their nano form. It
also offers potential effects against multidrug susceptible as
well as multidrug resistant strains like Pseudomonas aeruginosa,
ampicillin-resistant Escherichia coli, erythromycin-resistant
Streptococcus pyogenes, methicillin-resistant Staphylococcus
aureus (MRSA) and vancomycin-resistant Staphylococcus aureus
(VRSA).” Due to their biocidal actions, several physical and
chemical routes have been applied to synthesize AgNPs, and
AgNPs have been tried to be applied in modifying surfaces,
coating, fibre grafting, gel preparations etc.>**” But the draw-
backs including use of toxic precursor chemicals (such as
sodium borohydride, potassium bitartrate, methoxypoly-
ethylene glycol, and hydrazine), use of toxic solvents (such as
sodium dodecyl benzyl sulphate and polyvinyl pyrrolidone), and
generation of toxic by-products arise via traditional roots
(physical and chemical methods) of silver nanoparticle
synthesis. With the advancement of science, the synthesis of
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metal nanoparticles finds alternative eco-friendly routes. Here,
a variety of biological agents (plant extracts, bacterial and
fungal derived compounds) are used to convert metal salts to
nanoparticles. These agents act as in vitro reducing and capping
agents. These strategies are used for the synthesis of different
metal nanoparticles like silver, copper, iron, etc.?*?

Metal nanoparticle structure and
surface modification: clue to enhance
the antimicrobial activity

Nanotechnology offers production, manipulation and the use of
materials below 100 nm range. Due to large surface area to
volume ratio, nanoparticles offer novel properties leading to
widespread use in different field of applications. But this high
surface area often brings various drawbacks associated with the
surface phenomena.’* When reducing the overall surface
energy, individual nanoparticles interact with each other via
chemical bonds and physical attraction forces at interfaces,
resulting in agglomeration. This agglomeration strictly depends
on the individual nanostructure size, less the dimension of
nanostructures strong the van der Waals attraction forces
between nano-structured materials. So to obtain the stable
nanoparticle dispersions, this huge surface energy arises from
the individual nanostructure should be taken care of. Here
comes the concept of stabilizing agents. If a stabilizing agent
acts as an antimicrobial agent, coining antimicrobial effect can
be achieved effectively.

To get the effective engineered nanoparticles, better under-
standing of nanoparticle structure is necessary. In general
sense, nanoparticle structures consist of three layers: (i) core,
(ii) shell, and (iii) surface.** The core of the nanoparticle can be
synthesized using various methods, reaction conditions and
precursors whereas shell is added if necessary. But during the
preparation of one dimensional nanoparticle from single salt,
the shell is generally composed of the same material with the
core. And last, but not at least, most important is surface, which
can be functionalized depending upon the need. The need is
either to prevent the agglomeration or to give specific function
to nanoparticles. The surface functionalization of nanoparticles
is due to transient van der Waals interactions of used
compounds with the nanoparticle surface.

Green synthesis: biomolecule-
nanoparticle organization

Reduction of metal complexes in dilute solutions is the general
method in the synthesis of metal colloidal dispersions. Gener-
ally accepted reducing agents such as hydrazine hydrate and
sodium borohydride are not preferred due to their tendency in
in situ reducing and capping, resulting in additional effects of
undesired toxicity impregnated with nanoparticles. Thus the
use of green materials like plant extracts, microbial extracts,
and algal extracts as reducing agents possesses great advan-
tages (Fig. 1). In general, biological extracts are mixed with the
metal salt solutions.** Effect of nature and concentration of the
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plant extract and salt, temperature, pH, time, radiation, and
hypothermia are also studied.*® Besides the most often used
metal is silver, gold, copper, and iron are also used.** Bio
compounds (including alkaloids, phenolic compounds, terpe-
noids, enzymes, co-enzymes, proteins, and sugars etc.) reduce
metal salts from positive oxidation state to zero oxidation state.
Size and size distribution of metallic nanoparticles strongly
depend on the bio compounds present in the extract. The
presence of a strong reductant in the extract promotes a fast
reaction rate and favours the formation of smaller nano-
particles. If the biomolecules rapidly reduce the salt leading to
continuous formation of new nuclei or secondary nuclei,
a narrow size distribution can be observed. However, a slow
reaction may also occur if the secondary nucleation is sup-
pressed over primary one. Bio molecules serve a secondary
option to form a monolayer on the surface of nanoparticles to
prevent the agglomeration. But recent studies on antibiotic
mediated synthesis of nanoparticles confirm the surface func-
tionalization of nanoparticles with antibiotics enhancing
biocidal activity.****> Thus, enhanced antimicrobial activity of
extract mediated nanoparticles are due to the biomolecules
attached on the surface of nanoparticles.

Role of biological molecules in green
nanoparticle synthesis and improving
antimicrobial action

Bio molecules produced by living organisms (large macromol-
ecules such as proteins, polysaccharides, lipids, and nucleic
acids, as well as small molecules such as primary and secondary
metabolites, and natural products) pose specific functions for
the growth, development and sustaining in the environment.
Biological molecules extracted from living systems show
potential role and have become preferred choice in the
synthesis of AgNPs, which are summarized in Table 1.

Most frequently used bio molecules originate from plant
extracts.*>'°*'%” Apart from the plant extract, bio molecules from
microbial (bacteria, fungi, yeasts and actinomycetes), algal and
cyanobacterial origin have also been successfully utilized for the
synthesis of nanoparticles.?*3*1%1% These biological molecules
extracted from different sources are externally added to metal
salts to form nanoparticles. To synthesize AgNPs, biological
extract in situ reduces silver salts (Ag*) to metallic silver, Ag’. In
the process of nanoparticle synthesis in a green way, biological
molecules not only reduce the metal salts but also cover the
formed nanoparticles or acts as in situ reducing and capping
agent. This capping is advantageous over as it acts as multi-
functional way; (i) prevents the agglomeration of the nano-
particles, (ii) reduces the toxicity,>"® and (iii) improves
antimicrobial action.*>'¢ If these coating agents themselves
show antimicrobial action, a synergistic effect of metal nano-
particles and the capped bio molecules may be found. Here
AgNPs offer action due to its size and bio molecule attached
over nanoparticle surface for its own antimicrobial action. This
is the possible explanation of low antimicrobial action of bio-
logically synthesized nanoparticles in many cases. So, for
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synthesizing silver nanoparticles in a greenway, research is
focusing to synthesize AgNPs using bio molecules which have
antimicrobial action of their own.

Synthesis of silver nanoparticles by
microbes

Microbes are being used as a promising biological source for
synthesizing metal nanoparticles. But all the organisms do not
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show ability to convert metals to its nano forms. Microbial
synthesis of silver nanoparticles can be achieved either by
intracellular scheme or extracellular scheme." In intracellular
scheme, an accumulation of silver inside the cell nucleates the
silver nanoparticle synthesis and proceeds with the microbial
growth. Nanoparticles with live cells are harvested after
optimum time of bacterial growth. The harvested cells, thus,
require special treatment to release the synthesized nano-
particles. In extracellular synthesis process, extracellular
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Fig. 1 Schematic representation of the procedure for green synthesis of silver nanoparticles using various biological entities.
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secretes of the bacterial populations are separated and used for
the synthesis. Microorganisms generally show resistance to
silver ions are generally tend to produce AgNPs effectively.
Resistance mechanism of individual microbes also differs with
organisms. Bacillus licheniformis use the synthesis of silver
nanoparticles at 1 mM concentration without undergoing cell
death. Increasing the concentration (crosses the threshold
level) to 10 mM, the organism undergoes cell death within
minutes.'*”1%%112113 A silver resistant bacterium screened from
silver mine accumulated AgNPs (size 35-46 nm) in their peri-
plasmic space.'***** Reduction of Ag" ions is proposed to come
from the combinations of bio molecules (enzymes/proteins,
amino acids, polysaccharides, and vitamins etc.) found in
these extracts. But the exact mechanism is not till understood.
As shown in Fig. 2, mostly accepted mechanism is based on the
presence of enzyme “nitrate reductase”.'¢”10%1012115  The
enzyme converts nitrate (NO;™) to nitrite (NO, ). During this
reduction process where NO;~ is converted into NO, , the
electron is transferred to the silver ion (Ag") which then reduced
to metallic silver (Ag®)>'** showed direct evidence of it by using
purified nitrate reductase from the organism Fusarium oxy-
sporum for synthesizing silver nanoparticles. Besides, func-
tional groups on bacterial cell wall also cause the reduction of
Ag' to Ag® without the presence of nitrate reductase.'> Apart
from bacteria, fungi can also be used for the synthesis of
nanoparticles and have advantageous over productivity due to
the huge presence of enzymes, proteins, and reducing compo-
nents on its cell surface.'**!*® Fungi can trap Ag" onto their cell
surfaces causing subsequent reduction using enzymes (like
naphthoquinones and  anthraquinones) of fungal
systems.'#11>117118 The use of yeast in synthesizing silver
nanoparticles did not get success. Although a very few reports
are also available. Formation of silver nanoparticles is thought
to be due to the combinational effect of bio molecules found in
extract. This is also true for the case of algae. Presence of
enzymes serves actinomycetes to synthesize silver nano-
particles. Reduction of metal ions is thought to be occurred via
intracellular interactions.*”**%>*

Synthesis of silver nanoparticles by
plants

Slow rate of nanoparticle synthesis using microbes makes plant
extracts as preferred choice due to its simplicity, efficiency and
viability. The ability of plants to accumulate and detoxify heavy-
metals is well proved."*®*** Generally it is used as bio reductant
in the process of synthesizing silver nanoparticles. A plant
extract contains a number of metabolites and reductive
biomolecules responsible for the reduction of metal ions. This
includes terpenoids, flavones, ketones, aldehydes, amides,
carboxylic acids, carbohydrates, proteins, and vitamins.**
Among many possible natural products, polysaccharides
represent an excellent scaffold for this purpose.’” The use of
polysaccharides like starch and chitosan for the synthesis of
AgNPs has been reported in recent years. Hydroxypropyl starch
is used for in situ reduction and capping for the synthesis of

This journal is © The Royal Society of Chemistry 2019
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stable silver nanoparticles of 6 to 8 nm diameter. No aggrega-
tion was observed for more than 6 months due to its effective
capping. Diaminopyridinyl (DAP)-derivatized heparin,
a linear acidic mammalian polysaccharide has been used in the
preparation of AgNPs."”® The use of hyaluronic acid, a high
molecular weight polysaccharide for the synthesis of AgNPs and
gold nanoparticles (AuNPs) was also reported.'”® Synthesis of
AuNPs using (1—3)-, (1—6)-a, B-p-glucan of an edible mush-
room™’ and a gum polysaccharide of Cochlospermum religiosum
(katira gum)*** have been reported.

Among the different strategies of green synthesis, plants
extracts mediated synthesis has further practical applications.
This method is comparatively faster than other biogenic route
and the availability of raw material is cheap and sustainable.
Apart from this, use of antimicrobial plant extract as in situ
reducing and capping agent, helps the development of engi-
neered nanoparticles with enhanced antimicrobial activity. The
antimicrobial action of the nanoparticles often depends upon
its size. This size is well protected by the action of capping
agent. Now interestingly, if the capping agents itself have anti-
microbial activity, it might offer enhanced antimicrobial action.
Plants with antimicrobial action can be thus successfully used
to develop silver nanoparticles with enhanced antimicrobial
action.

126,127

Factors affecting the antimicrobial
activity of silver nanoparticles

In the recent years, silver nanoparticles have gained much
attention due to their unique antimicrobial properties. They are

AgNO,

Ag ki N 03-

NADH+H

Nitrate

2 H*
reductase

NAD*

AgP NO,

Fig. 2 Nitrate reductase mediated synthesis of AgNPs (this figure has
been adapted from ref. 119 with permission from Springer).
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considered as a novel and potential alternative to standard
antibiotic drugs since they have a great potential against the
increasing multidrug resistance in pathogenic bacteria and
fungi. Development and synthesis of these nanomaterials for
use as an alternate antibiotic therapy straightly depend on some
physical and chemical properties such as their size, shape,
concentration and zeta potential.”*>*** Therefore, the properties
of nanoparticles should be considered and given more attention
when designing antimicrobial AgNPs.

One of the most important physico-chemical properties that
affects the antimicrobial activity is the size. Typically, smaller
nanoparticles have relatively increased stability and enhanced
antimicrobial activity. This is due to the larger surface area of
smaller nanoparticles, which provides a higher interaction area
and ascendant intracellular penetration.?”*** In a broad sense,
the size of nanoparticles should be lower than 50 nm in order to
have an effective antimicrobial activity. In particular, nano-
particles in the range of 10-15 nm sizes have superior antimi-
crobial activity.**® Panacek et al. synthesized a wide range of
AgNPs with narrow size distributions via reduction of Ag(NH;)**
complex cation by four saccharides, namely glucose, galactose,
maltose, and lactose.”*® The colloidal AgNPs synthesized by
using maltose and lactose had higher antibacterial and bacte-
ricidal activity against tested Gram-positive and Gram-negative
bacteria than those synthesized by using glucose and galactose.
This might be directly related to nanoparticle sizes, since the
AgNP sizes were smaller for disaccharides (maltose and lactose)
than monosaccharides (glucose and galactose). AgNPs synthe-
sized by using maltose had the smallest size distribution and
the highest antimicrobial activity. In contrast, the largest
AgNPs, 50 nm, synthesized by using galactose exhibited the
lowest antimicrobial activity. In another study, Li et al. showed
that the antibacterial activity of AgNPs decreased with increase
of the nanoparticle size.” The highest antibacterial effect was
observed in the case of smallest nanoparticles, 5 nm, in which
attachment of the nanoparticles onto the cell membrane led to
membrane damage, increased membrane permeability and
finally cell death. To this end, Ivask et al. tested toxic effect
AgNPs with different sizes on various types of organisms and
cells.”®® It was concluded that AgNPs in the range of 20-80 nm
were toxic due to release of Ag" ions. On the other hand, 10 nm
and smaller nanoparticles were more toxic due to more efficient
cell-particle interaction leading to higher intracellular
bioavailability of AgNPs.

Shape is also a crucial physico-chemical property regarding
the antimicrobial activity. AgNPs with different shapes have
been shown to exhibit different antimicrobial activity due to
displaying various degrees of interaction with the cell
membrane and hence causing the membrane damage. In this
context, the antimicrobial activity of AgNPs with different
shapes has been compared. El-Zahry et al. compared the anti-
bacterial activity of spherical, triangular and hexagonal shaped
AgNPs against Gram negative bacterium E. coli by using
conventional disk assay and surface enhanced Raman spec-
troscopy (SERS)."** Both methods demonstrated that hexagonal
AgNPs exhibited the highest antibacterial activity whereas
triangular AgNPs displayed no activity. Recent research revealed
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that the antimicrobial activity is highest in the case of truncated
triangular AgNPs or similar geometries such as hexagonal and
octahedral shapes.™** Conversely, some researchers reported
that the shape of AgNPs does not have any effect on the anti-
microbial activity. Actis et al. tested spherical, triangular and
cubic AgNPs against methicillin-susceptible and -resistant S.
aureus. Surprisingly, the nanoparticle shape had no significant
effect on the antibacterial activity."*® The bacterial viability was
completely reduced at the highest nanoparticle concentration,
whereas the difference between different shaped AgNPs at lower
concentrations was not remarkable. Despite many studies
proposed the shape dependent antimicrobial susceptibility of
AgNPs, none of them provided a mechanistic basis, therefore
exact mechanism of the shape dependent antimicrobial activity
is still unknown.

Another important factor is the nanoparticle concentra-
tion.**'” This property is directly correlated to microbial
species.”®”® Kim et al. reported that the antibacterial activity of
AgNPs was more effective against E. coli than against S.
aureus.**® The growth of E. coli was inhibited at lower nano-
particle concentrations, while the inhibitory effect of same
concentration on S. aureus was inadequate. Pazos-Ortiz et al
reported the dose-dependent antimicrobial activity of
a composite of AgNPs embedded in poly-epsilon-caprolactone
nanofibers and tested against both Gram-positive and Gram-
negative bacteria.’ It was found that beginning from the
12.5 mM nanoparticle concentration, AgNPs gradually dis-
played a significant antibacterial effect on the different bacterial
strains. Similarly, Gurunathan et al. demonstrated the dose-
dependent bactericidal activity of AgNPs at concentrations
ranging from 0.1 to 1.0 ug ml~ " against two Gram-negative and
two Gram-positive bacterial strains.?” Consistently, the cell
viability was reduced as the AgNP concentrations increased, and
no growth was observed at MIC values for each strain. In the
case of Gram-negative bacteria, 0.5-0.6 ug ml~" caused nearly
95% reduction in the bacterial population. However, same
concentrations of AgNPs led to only 50% reduction in the Gram-
positive bacterial population (Fig. 3). Therefore, the bactericidal
concentration is specific for each bacterial strain.

Zeta potential is another physico-chemical property that has
an effect on antimicrobial activity since the interaction between
nanoparticles and the cell membrane is based on electrostatic
adhesion.™*? In their study, El Badawy et al. synthesized
AgNPs having various zeta potentials and investigated the
antibacterial activity against Bacillus species.””® They found
a direct correlation between the nanoparticle surface charge
and antibacterial activity. Gram-positive Bacillus strains were
more susceptible to positive AgNPs, and the more negative
AgNPs were the least toxic. Bacterial resistance to the negative
AgNPs was estimated to be caused by the repulsion between
negatively charged functional groups of biomolecules located
on the cell surface and negatively charged nanoparticle surface.
Similarly, Ashraf et al. synthesized positively charged and pol-
yhexamethylene biguanide (PHMB) functionalized AgNPs.'**
The cationic AgNPs exhibited superior bacteriostatic and
bactericidal against E. coli. The bactericidal activity of PHMB
was around 10 pug ml™%; but when used in combination with

This journal is © The Royal Society of Chemistry 2019
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AgNPs, bacteriostatic and bactericidal activities were lowered
down to 0.075 and 0.150 pg ml~ ", respectively. In this regard,
environmental conditions have a significant influence on the
nanoparticle activity and stability.’** At low pH, the nanoparticle
surfaces are positively charged, which favours the interaction
between the nanoparticle surface and the negatively charged
groups of the bacterial cell surface.**® Peretyazhko et al. showed
the oxidative dissolution of AgNPs through the interaction of
Ag" with dissolved oxygen and protons, and solubility of AgNPs
was affected by the environment which was higher in acetic acid
than in the neutral water.'” Such an alteration in aquatic
chemistry might promote release of Ag" from the nanoparticles
and hence lead to increased antimicrobial activity.*® Addition-
ally, Maillard et al. conducted biophysical analysis including
surface pressure, zeta-potential and DLS measurements to
study interaction of AgNPs with lipid membranes."”® Surpris-
ingly, negatively charged green synthesized AgNPs could have
interacted with the membrane via electrostatic attraction with
the polar heads of the lipids, and displayed higher antibacterial
activity as compared to AgNPs synthesized using citrate. This
was presumed to be due to aromatic and hydrophobic moieties
of capping agents used during green synthesis procedure,
indicating the advantages of green chemistry on the antimi-
crobial activity of silver nanoparticles.

The reducing and capping materials of the green synthesized
AgNPs are derived from the biological extracts containing
various naturally occurring compounds and biomolecules such
as alkaloids, terpenoids, phenolics, vitamins, co-enzymes,
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carbohydrates, enzymes and proteins. Therefore, these mole-
cules increase the probability of attachment and action of
AgNPs on the microbial cells.

Mechanism of antimicrobial action

Although antimicrobial activity of AgNPs alone or in combina-
tion with standard antibiotic drugs has been proved against
a wide range of microorganisms including Gram-negative and
Gram-positive bacteria, and fungi, still a little is known about
the precise mechanism of their mode of antimicrobial action.
Nevertheless, there have been extensive research in order to
elucidate their mode of action, and three well-defined mecha-
nisms have been proposed so far: (i) cell wall and membrane
damage, (ii) intracellular penetration and damage, and (iii)
oxidative stress'**'** (Fig. 4).

Cell wall and membrane damage

Components of the cell wall and membrane exert different
adhesion pathways for the nanoparticles. One of the functions
of the cell wall and membrane is to protect the microorganism
against the environmental threats and to maintain homeostasis
while still permitting the transport of nutrients inside the cell.
Bacterial classification is based on the differences of cell wall
structures; Gram-negative cell wall, also known as cell envelope,
contains at least two layers of lipopolysaccharides whereas
Gram-positive cell wall is typically thicker and primarily

S. flexneri
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S. pneumoniae
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Fig. 3 Bactericidal effect of green synthesized AgNPs on different bacterial strains. Dose-dependent activity of AgNPs synthesized using
Allophylus cobbe leaves. The bacterial strains were incubated at various AGNP concentrations ranging from 0.1 to 1.0 ug ml™* and bacterial rate
survival was estimated by colony forming unit (CFU) assay at 4 h (this figure has been adapted from ref. 22 with permission from Springer).
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composed of a single type of molecule, peptidoglycans.*®>'%*
Most of AgNPs exhibit higher antibacterial activity against
Gram-negative bacteria than Gram-positive bacteria, since the
peptidoglycan layer, made of glycan strands cross-linked by
short peptides and anionic glycopolymers called teichoic acid,
in the Gram positive bacterial cell wall provides a natural barrier
which prevents penetration of the nanoparticles. On the other
hand, Gram-negative bacteria have thinner cell wall and less
peptidoglycan. Despite the key component of the Gram-negative
bacterial cell wall, lipopolysaccharides (LPS), has a significant
contribution to durability and integrity of the membrane, its
negative charge facilitates adhesion of  nano-
particles.”6>7143:1647166 The jnteraction between AgNPs and
microorganisms starts with adhesion of AgNPs to the microbial
cell wall and membrane, which is based on electrostatic
attraction between the negatively charged microbial cell
membrane and positively or less negatively charged AgNPs.'*”
The interaction of AgNPs with bacterial cells is also shown by
a significant decrease in zeta potential of cell surface in both
Gram-positive and Gram-negative bacteria."**»'*® Upon such an
attraction and interaction, morphological changes in the
membrane structure are triggered by the nanoparticle, and
thereby leading to disruption of membrane permeability and
respiratory functions via membrane depolarization, and finally
disruption of the cell integrity and cell death.***”> As a result of
the increased membrane permeability and disruption of the cell
wall, the cellular content including proteins, enzymes, DNA,
ions, metabolites and energy reservoir also leaks into the
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environment.*®¥7142169173 Therefore, disintegration of the cell
wall by the nanoparticle adhesion is assumed to be primary
mechanism of the antimicrobial action.”**”

In addition, AgNPs have been shown to cause irregular pit
formations on the cell wall, which allowing the nanoparticles
enter the periplasmic space and finally inside the cell'”® (Fig. 5).
After a brief contact of AgNPs with bacterial cells, peripheral
damages and dense pits on the cell surface can be visualized by
advanced imaging techniques such as transmission electron
microscopy (TEM), scanning electron microscopy (SEM) and
atomic force microscopy (AFM).'°*'**17> Gopinath et al. investi-
gated the structural changes in bacterial cell morphology
caused by AgNPs by field emission scanning electron micros-
copy (FE-SEM).'** The untreated bacterial cells showed smooth
and undamaged structures (Fig. 6A-D), whereas the cells sub-
jected to 60 min of AgNP treatment were drastically damaged,
lost their membrane integrity and the original morphological
structures (Fig. 6E-H). They also examined the leakage of
intracellular content from the AgNP treated bacterial cells using
FITC, a fluorescent dye used as a marker for labelling proteins.
Supernatants obtained from AgNP treated bacterial cell cultures
and stained with FITC displayed fluorescent signal, indicating
the protein leakage from the cell. Similarly, Ansari and Alzo-
hairy evaluated morphological and ultra-structural changes of
MRSA cell by SEM and TEM."”* They found that untreated MRSA
cells were round-shaped and had smooth and intact cell walls.
However, the cells were wrinkled and damaged upon AgNP
treatment, indicating the disruption and disorganization of cell
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Fig. 4 General mechanisms for antimicrobial mode of action of silver nanoparticles (this figure has been adapted from ref. 159 with permission

from Frontiers).
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membrane and wall. TEM imaging further revealed that large
translucent zones formed in the cytoplasm caused by local or
complete disassociation of the cell membrane and the cell wall.
As a result of the leakage of intracellular content, the cell
membrane shrink occurred and led to dea