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Abstract

Biofilm is the sessile group of organisms that adhere irreversibly with the biotic and abiotic
surface with the help of pilli and extracellular polymeric substance [EPS] which comprises of
carbohydrates, proteins and nucleic acids that provides nutrition to the developing
microcolonies and it also prevents the penetration of drug molecules upto the cells thus
rendering antibiotic and antimicrobial resistance. Antibiotics are still considered to be one of
the potent antimicrobial agents which helps in removing the biofilm. This results in the
overuse of antibiotics thereby developing antibiotic resistance within the microorganisms.
Thus an alternative pathway to develop compounds or materials having potent antimicrobial
and antibiofilm properties is the need of present hour. Nanoparticles have at least one
dimension and are extremely small in size ranging between 1-100 nm so it can easily
penetrate in the cells of the microorganisms. But over use of this metallic or non-metallic
nanoparticles can cause toxic effect on the living cells. Thus, green synthesized nanoparticles
are very useful alternative because it is made up from natural sources and are less harmful to
living beings. Green-synthesized silver nanoparticles has provided an alternate pathway in
removing the biofilm being formed upon the biotic and abiotic surfaces. This review provides

an overall concept upon the synthesis and the mode of action of Ag-NPs.
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1. Introduction



A biofilm is a group of sessile organisms that forms irreversible aggregates which adheres on
the solid surface with the help of pilli and extracellular polymeric substances [EPS] whose
composition varies upon the condition of the physical environment in which the organism is
thriving. This EPS is comprised of slimy capsule and is made up of large number of nutrients
[1].EPS consists of nutrients like polysaccharides, proteins and nucleic acids that facilitate the
growth of the microbial cells. This also helps in maintaining the hydrated condition within
the dwelling microcolonies of the biofilm forming cells. The determination of biochemical
profile of the EPS is challenging as they are very well hydrated and forms a matrix that keeps
the constituents of biofilm together. Some biofilms contain alginate as one of the main
components such as in mucoid Pseudomonas aeruginosa biofilms [2] The EPS formation is
also dependent upon the availability of nitrogen and carbon in their microenvironment. In
certain species of bacteria, the synthesis of EPS depends on the availability of carbohydrate
sources like glucose, mannose, fructose, xylose, maltose, arabinose, ribose, sucrose and
lactose. Studies has shown that the formation of EPS by Pseudomonas aeruginosa is
controlled by cluster of genes which are responsible for the production of EPS . Genes like
algA, algD, algE that codes for GDP-mannose pyrophosphorylase , GDP-mannose
dehydrogenase and membrane protein are responsible for alginate export respectively [3].
The EPS provides an important chelating agent that helps in the adherence of the bacterial

microcolonies upon the surface of inanimate objects [4].

The overuse of antibiotics and antimicrobial agents in the present day for medical treatment
has resulted in the development of antimicrobial resistance that results in the failure of
antibiotics to hinder the growth of sessile cells thus causes proliferation of biofilm [5].
Biofilms promote bacterial persistence by resisting host immune responses and antibiotic
treatment. The EPS prevents the penetration of drug like molecule thus developing resistance
against antimicrobials and antibiotics hence a drift in the course of treatment from the
conventional group of drugs to new drug like molecules involving natural systems is
necessary to act against the biofilm [7]. The field of nanobiotechnology is now-a-days greatly
helping in providing new strategies to fight against biofilm. Nanobiotechnology is a
promising field of nanotechnology that deals with the generation of new types of biomaterials
that have biomedical application. This field deals with the formation and use of nanoparticles
whose size ranges from 1-100nm.The nanoparticles has its diverse physicochemical nature
that includes magnetic, electronic, optical, catalytic and antimicrobial properties [8]. The

synthesis of nanoparticles by simple chemical means generate toxic substances which remain



attached to the surface of these nanoparticles thus can have a cytotoxic effect and can be
detrimental for human use. This leads to a drift from the chemical synthesis to green
synthesis of the nanomaterials by using extracts of fungi, bacteria and natural components
[9]. The applicability of these green synthesized nanoparticles ranges from electronic
catalysis, drug development, antimicrobial and antibiofilm agent.

Nanomaterials have been observed to have a potent antibiofilm activity against biofilms
developing upon medical devices and implants. Metals like silver, gold and platinum have
some intrinsic properties such as electrochemical, ultrasonic assisted, photochemical, reverse
radiation etc making them an ideal material for the synthesis of nanoparticles. The non-metals
like carbon, metallic oxide, polymers-nonporous polymers, metal based polymeric
composites, peptides, nanoparticles encapsulating antibiotics or liposomes has antimicrobial
effect with minimum damage to the host cell.

The environmental changes and environmental pollution lead to the increase in multidrug
resistant bacterial and viral strains which is caused due to rapid mutation taking place in the
genome of the bacterium and viruses. Thus, research is continuing to develop drugs for the
treatment of bacterial fungal disorders. The green synthesized metallic nanoparticles have an
important role in hindering the growth of infectious bacterial organisms. The nanoparticles
can act as attractive probes in the form of biological markers as their size ranges from 1-100
nm. The effectiveness of the nanoparticles is due to its large surface to volume ratio. The
nanoparticles have different biological and chemical properties that makes it an important
utilizable material for several aspects like targeting particular protein, sturdiness of structure
due to its atomic granularity, enhanced or delayed particle aggregation, enhanced
photoemission and surface modification. Siver nanoparticle [AG-NP] and Gold
nanoparticle[Au-NP] has emerged as one of the potent source of nanomedicines that is
largely involved in the process of drug delivery, ointments, chemical sensing, nanosensing
and as various types of microbial agents [10,11]. This review focuses on the green synthesis
of silver and gold nanoparticles, morphological features and its mode of action in inhibiting

the formation of biofilm [Fig 1].
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Figure 1: Mode of synthesis of Nanoparticles.

2. Green synthesis of Nanoparticles

The synthesis of nanoparticles by the use of various organic substances can be performed in

accordance to the Table 1

Table 1: Synthesis of Nanoparticle from different organic agents.

SI No Name of the | Type of | Description
Method Nanoparticle
1. Polysaccharide AG-NP In this method of
Method preparing
nanoparticles, the

polysaccharide is used
as reducing agent and
is also used as capping
agent with the NP. It

can be easily applied

for pharmaceutical
uses.
2. Irradiation AG-NP This method of
Method synthesizing

nanoparticles involves




the focusing of
irradiation through the
Ag salt. It results in the
formation of
nanoparticles of well
defined shape and in

this technique no use of

Method

reducing agent s
required.
3. Tollens Method AG-NP The  formation  of
nanoparticles take
place by the reduction
of silver ions in the
presence of
polysaccharide.
4. Biological AG-NP The organisms act as a
Methods for the reducing and capping
Synthesis of agent for AG-NP.
Nanoparticle

5. Polyoxometalates | AG-NP The water soluble

polyoxometalates  act
as potential agent for

the purpose of

synthesizing silver
nanoparticles.
Table 2: Synthesis of Silver Nanoparticles using organic sources.
Type of Nanoparticle Reducing | Characterization Biological | Referenc
Agent Activity e
Involved
AG-NPs Ascorbic UV-Vis, TEM Antibacteri | 12
Acid al




AG-NPs D-glucose, | UV-Vis, TEM Antibacteri | 13
Hydrazine al

Polydiallyldimethylammoniu | Methacryli | UV-Vis Antibacteri | 14
m chloride c acid al

Chitosan loaded AG-NPs Chitosan TEM,FTIR,XRD,DS | Antibacteri | 15
C al

3. Synthesis of Nanoparticle using biological agents

The synthesis of nanoparticles involves use of various types of chemical and physical agents

that needs weak and strong reducing agent using sodium citrate, sodium hydroxide and

alcohol. These chemicals which are being predominantly used as reducing agent cannot be

disposed off into the environment since they are chemically toxic and may bring about

degradation to the environment [16-19.]. Thus a drift from the conventional technique is to

include the biological agents for the purpose of the production of nanoparticles which mainly

involves plant parts, bacteria, fungi, yeast, actinomycetes and algae. These group of

organisms produce various types of organic and inorganic compounds in their extracellular

fluids that help in reducing the salts of silver. This mode of reduction is a rapid technique

than the conventional chemical synthesis of the nanoparticles at ambient temperature and

pressure [Figure 2] [20]
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Figure 2: Synthesis of Silver Nanoparticle using Biosources.




3.1. Synthesis of Nanoparticle using plant source

Plants act as a bioagent for the synthesis of nanoparticles as its parts are rich in
carbohydrates, proteins, fats, nucleic acids, several secondary metabolites and various types
of pigments that act as reducing agent in the formation of the nanoparticles.

Scientific Family Common Characterization | Size | Reference
name name
Ocimum Mints tulsi UV-vis, XRD, |28 21
tenuiflorum AFM, SEM nm
Solanum Nightshade thoothuvalai | UV—vis, XRD, | 22.3 |22
tricobatum AFM, SEM nm
Syzygium Myrtle family | Java Plum UV-vis, XRD, |26.5 |22
cumini AFM, SEM nm
Centella Umbellifers Gotu kola | UV-vis, XRD, |28.4 |21
asiatica AFM, SEM nm
Citrus sinensis | Rutaceae orange UV-vis, XRD, | 65 21
AFM, SEM nm
Prunus Rose family Yoshino UV-vis, XRD, [20- |20
yedoensis cherry AFM, SEM 70nm
Zingiber Ginger family | Ginger UV-vis, XRD, |10- |23
officinale AFM, SEM 20
nm
Coffee Arabica | Madder family | Arabian 20— |24
coffee 30
nm
Azadirachta Mahogany Indian Lilac | UV-vis, XRD, |50- |25
indica AFM, SEM, | 100
ATR-FTIR nm
Allium cepa Amaryllidaceae | Onion UV-vis, XRD, [53- |26
SEM 10.2
nm
Allium sativum | Amaryllidaceae | garlic UV-vis, XRD, | 20nm | 26
AFM, SEM,




ATR-FTIR,
HPLC, TEM

4. Anti-Quorum Sensing property of Ag-NPs

During the formation of biofilm, bacteria undergo several phenotypic changes. To understand
these changes, one must know about quorum sensing [QS]. Quorum sensing uses the two-
component signalling transduction system [TCSTS]. This system consists of an intercellular
response regulator, a membrane-bound histidine kinase sensor, and a signal peptide. The
quorum sensing is used by both Gram negative and Gram-positive bacteria. The Gram-
negative bacteria generally use the Lux I/LuxR-type quorum sensing whereas Gram positive
bacteria use the oligopeptide two-component-type quorum sensing system. There is a third
pathway of quorum sensing that has recently been described as the most widespread QS
system; the luxS-encoded auto inducer 2 is used by both the Gram positive and Gram
negative bacteria [27].

Efflux pump plays a critical role in cell to cell signalling of biomolecules in formation of
biofilm. To combat drug resistance efflux pump inhibitors can be employed, which will block
the efflux pump thus ultimately hindering the quorum sensing of the bacteria. The efflux
pump extrudes critical components required in quorum sensing. Impairment of this extrusion
process of signalling molecules leads to the inhibition of quorum sensing thereby finally

leading to the inhibition of biofilm formation.

One other aspect of inhibition of efflux pump leads to accumulation of toxic materials in the
cell. The efflux pump exports all the toxic and by products of the cell thus maintaining a
healthy microenvironment. But as these pumps gets blocked by the action of the
nanoparticles, the waste by products are unable to leave the cell. Slow accumulation of these

toxic products leads to cell death. This can be one of the mechanisms of biofilm inhibition.

Silver nanoparticle has anti-microbial and anti-Quorum Sensing activities. It can break the
cell membrane of the micro organisms and disturbs the protein synthesis mechanism in the
bacterial system thus it is very efficient in antibiofilm like activities of microorganisms. Most
of the metallic nanoparticles bind with the bacterial cell membrane and inhibits bacterial cell
cycle system. Biosynthesized silver nanoparticle works against Escherichia coli,

Pseudomonas aeruginosa [Gram-negative] and Staphylococcus aureus [Gram-positive]. In
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case of Gram-positive bacteria, the effect of silver nanoparticles is much lesser as their thin
layer of lipopolysaccharides [1-3 um thick] and peptidoglycans [~ 8 nm thick]. This
arrangement facilitates the entry of nanoparticles ions. On the other side, Gram negative
bacteria contain much thinner peptidoglycan layer so the nanoparticles easily penetrate
through cell wall. Moreover, cell membranes of Gram negative bacteria has negative ions
absorbing the positively charged silver ions [28].

Experiments were done to determine the quorum sensing inhibiting activity of silver
nanoparticles. The standard bio indicator strain Chromobacterium violaceium was used to
study this activity. This bioindicator produces pigments of violacein which is regulated by
quorum sensing mechanism. Any compound that is able to inhibit the production of violacein
is considered to be quorum sensing inhibiting agent. Silver nanoparticles when tested against
this bioindicator showed violacein inhibition. The efficacy can depend on a number of factors
including the large surface area of the nanoparticles which provides them a better contact
with the microorganism. The nanoparticles adhere to the cell membrane and penetrate
through them. They might interact with the DNA causing disturbance in the replication

process also.

It was also studied that the silver nanoparticles got locked deeply at the active site of various
proteins. They inhibit Lasl/Rhll synthase which in turn inhibits the synthesis of quorum
sensing signalling molecule Acetyl-homolactone [AHL] [29].

5. Mode of action

The exact mode of action of silver nanoparticles on microbial cell destruction is not clearly
known and is a debated topic. There are various different theories on the action of silver

nanoparticles on microbes to cause the microbial effect.

Silver nanoparticles anchor with the bacterial cell wall and penetrate through the cell
membrane, thereby causing structural changes in the cell membrane like the permeability of
the cell membrane and death of the cell. These silver nanoparticles form ‘pits’ on the cell
surface, and thus the nanoparticles gets accumulated on the cell surface [30]. The free
radicals are also formed by silver nanoparticles which can increase the toxicity level in the
living cells of microorganisms. When these free radicals enter in the bacterial cell, it starts
to damage the cell membrane and make it porous which ultimately lead to cell death

[31,32]. It is also said that the silver ions released from the silver nanoparticles interact


https://www.ncbi.nlm.nih.gov/pubmed/29098138

with thiol groups of many vital enzymes and inactivate them [33]. The reactive oxygen
species are also generated due to interaction of silver ion in cell thereby inhibiting many
respiratory enzymes by silver ions and attack the cell itself [34].

In some cases, cells uptake this silver ions from nanoparticles which inhibit the normal
metabolism of the cell by increasing the concentration of sulphur and phosphorus content in
cell. DNA contain sulphur and phosphorus molecule as the major components. This
nanoparticles act on the sulphur and phosphorus of the DNA and disrupt the DNA
replication of the bacteria and thus terminating the growth of microorganisms [35].

In living bacterial cell phosphorylation of protein influences bacterial signal transduction.
The silver nanoparticles can modulate the signal transduction dephosphorylation in only the
tyrosine residues of Gram negative bacteria. The phosphotyrosine profile of bacterial
peptides is altered by the nanoparticles. The nanoparticles dephosphorylate the tyrosine
peptide residue which leads to signal transduction inhibition leading to the termination of
the cell growth [36].

Table 3: Mode of Action of Green Synthesized Silver Nanoparticles

Name Mode of action Reference

Silver Nanoparticles Anchor to the bacterial cell | 30
wall and penetrate through
the cell membrane, thereby
causing structural changes in
the cell membrane like the
permeability of the cell
membrane inhibited and
death of the cell.

The free radicals are also | 31
formed by silver
nanoparticles which can
increase the toxicity level in
the living cells of
microorganisms by entering

in the «cell, it starts to




damage the cell membrane
and make it porous which

ultimately lead to cell death

Silver ions starts to release | 33
and binds to thiol group

nanoparticles act on the | 35
sulphur and phosphorus of
the DNA and disrupt the
DNA replication of the
bacteria

silver  nanoparticles can | 36
module the signal
transduction

Dephosphorylation in only
the tyrosine residues of

Gram negative bacteria

6. Conclusion.

The present review shows that the biofilm can be targeted with the help of nanoparticles
which can be synthesized by chemical reaction and can also be synthesized from plants. The
reductase enzymes play an important role in converting the metallic salts into nanoparticles.
The various types of nanoparticles that are being studied mainly target to block three types
mechanisms. First, the nanoparticles blocks the quorum sensing by inhibiting Lasl/Rhll
synthase which in turn inhibits the synthesis of AHL. Second, most of the nanoparticles
penetrate through the cell membranes and binds with the genetic materials thus causeing loss
of cell integrity and stops the cell cycle. Third, the nanoparticles inhibits the efflux pumps of
the cells. The nanopaticles binds to the efflux pump and blocks the passage thus preventing
critical signalling molecules to get secreted from the cell. Since we know that these are the
most common ways by which nanoparticles act and prevent the biofilm formation, so we

need to work on these mechanisms and try to increase the efficiency of the nanoparticles.

Green synthesized silver nanoparticles has an effective antibacterial and antibiofilm

properties which has a pharmacological benefit in the mechanism of drug development.




Benefits of synthesis of silver nanoparticles using plant extracts is that it is an energy
efficient, cost effective, economical way by which we can help in protecting human health
and environment. For the synthesis of nanoparticles employing plants as the source will be
very beneficial over other biological entities as this can overcome the time-consuming
process of employing microorganisms and maintaining their culture which can lose their

efficacy.
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