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Chapter 5
Anti-Biofilm Activities of Nanocomposites:
Current Scopes and Limitations

Sandhya Kalathilparambil Santhosh, Suma Sarojini, and Mridul Umesh

5.1 Introduction to Biofilms

Bacterial infections are becoming a huge threat to mankind due to the emergence of
multi-drug-resistant bacteria. These organisms deploy several strategies to defend
the effects of drugs by possessing R plasmids, multi-drug efflux pumps, integrons,
transposons or type IV secretion systems (Alavi and Karimi 2018). Another pre-
dominant reason that helps a few bacterial species to develop resistance against
several drugs is the ability to form biofilms. A biofilm is a group of cells held
together by a mesh-like framework given by proteins, exopolysaccharides, DNA
and lipopeptides in the matrix (Nirwati et al. 2019). Some of the most common
organisms that have the ability to form biofilms and are extensively responsible in
causing nosocomial infections in patients are Gram-negative organisms such as
Pseudomonas aeruginosa, Klebsiella pneumoniae and Escherichia coli and Gram-
positive organisms such as Staphylococcus aureus and Streptococcus pyogenes
(Khan et al. 2017). When bacteria are protected within a biofilm, they tolerate the
antibiotics, host defence system and any form of stress quite easily (Sharma et al.
2019). Depletion or unavailability of nutrients, slow growth rate, low penetration
power of antibiotics and dormancy of cells are few characteristic features seen in a
biofilm that impart resistance against various drugs (Stewart 2002). The most com-
mon infections caused by biofilm formers are sinusitis, cystic fibrosis, chronic
obstructive pulmonary disease, otitis media and chronic wounds (van Tilburg
Bernardes et al. 2015). Cells in a biofilm have been observed to be 10—1000 times
more resistant to antibiotics when compared to the planktonic cells (Sharma et al.
2019). When a biofilm is disrupted, the cells are dispersed to their original plank-
tonic state and become susceptible to the same antibiotics that they were resistant
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to, when they were enclosed in the biofilm (Berlanga et al. 2017). The scenario gets
challenging when biofilms are established on medical devices such as catheters and
implants which prove that bacteria can form biofilms on both biotic and abiotic
surfaces. They are able to stay together as a community predominantly because of
the presence of appendages like pili and flagella or in some other cases, electrostatic
attraction or van der Waal’s forces (Paluch et al. 2020). The first step in biofilm
formation is attachment of cells to either the host tissue or any abiotic surface.
Secondly, they are capable of producing certain signalling molecules that further
alter gene expression in the favour of the bacterial species (Ivanova et al. 2020).

However, biofilms have positive aspects too. For example, they act as biological
controls against pathogens infecting plants, as biofertilizers for improved produc-
tion of crops, to mitigate hazardous pollutants from the environment, for treating
waste water and to prevent corrosion. Although biofilms are helpful in agricultural
and industrial domains, research is predominantly being done to combat the prob-
lems caused by biofilm-forming bacteria in the medical field. Biofilms are consid-
ered to be a master plan strategized by bacteria to survive in environments that give
them too little to sustain (Muhammad et al. 2020). They achieve this by mere cell-
to-cell communication with the neighbouring bacteria. This communication is sci-
entifically termed as quorum sensing.

5.1.1 Quorum Sensing

Bacterial cells make use of a phenomenon called quorum sensing to detect the num-
ber of organisms in the surrounding. They produce chemical molecules called auto
inducers (Als) that facilitate in measuring the cell density in a given site. In Gram-
negative organisms, Als are acyl homoserine lactones (AHLs), and Gram-positive
organisms on the contrary produce short oligopeptides as their Als. These signalling
molecules diffuse from the cell to the exterior in a natural process. When many cells
are present in a specific location, the concentration of Als in the surrounding is more
than the concentration of Als within the cells. Therefore, to strike a balance, some
Als diffuse back into the cells and thereby increase the concentration of Als within
the cells to collectively affect the transcription of few genes that are responsible for
virulence, sporulation, biofilm formation, bioluminescence, antibiotic production or
competence in bacteria (Rutherford and Bassler 2012).

Biofilms are indirectly responsible for promoting multiple drug resistance in sev-
eral bacterial species as they bring cells close to each other, making it extremely
easy for conjugation to occur. R plasmids present in a specific strain/species can be
passed on to the surrounding cells via horizontal gene transfer (HGT), thereby mak-
ing them resistant to various drugs even in the planktonic stage (Madsen et al. 2012).
These are the main reasons which makes it imperative to find a novel solution to
tackle the menace created by biofilm formers.

Instead of disrupting the bacterial biofilm, scientists have been working towards
preventing the communication between bacteria. This has been a practical move and
has been found to be efficient due to molecules known as quorum quenchers. The
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target molecules here are the Als without a doubt. They work in one or more ways
against Als. Enzymes like AHL lactonase and AHL acylases specifically hydrolyse
homoserine lactone rings and amide bonds, respectively. Enzymes like oxidoreduc-
tases work a little differently by modifying the AHL molecules, so that they lose
their function. The third strategy is to use inductor antagonists that can compete
with AHLs for the binding site on the receptor or can non-competitively bind to the
receptor to block the signal cascade reactions lined up (Paluch et al. 2020). For
example, halogenated furanones isolated from marine red algae have structural sim-
ilarity to the signalling molecules and have been classified under quorum sensing
inhibitors (QSIs) (Hayat et al. 2019). In the last two cases, the auto inducers are not
destroyed, but the ultimate goal of preventing biofilm formation is achieved.

5.2 Nanoparticles

The field of nanotechnology started establishing itself when inventions such as the
scanning tunnel microscope and atomic force microscopes were made, as they play
a major role in imaging surfaces at the atomic level (Ferdous and Nemmar 2020).
Gold, platinum and silver nanoparticles (AgNPs) have gained utmost importance in
the field of medical research. Specifically pertaining to silver, a lot of experiments
are being done as it has been effective against a broad spectrum of pathogens since
ancient times. Silver has been a part of several ointments and other topical agents to
prevent any forms of bacterial infections on open wounds and burns (Mohanta et al.
2020). Considering their efficacy, nanotechnology is undoubtedly one of the best
ways to target biofilms with the help of AgNPs or nanocomposites. The advantage
nanoparticles have when compared to any other method used against biofilms is
their tremendously small size that provides a large surface area, high reactivity and
the ability to easily penetrate through the biofilm matrix. Their large surface area
makes them a very good drug carrier (Qayyum and Khan 2016). Numerous physical
and chemical methods to synthesize these particles had gained popularity until sci-
entists analysed the harmful impact on the environment. In the recent past, eco-
friendly methods have been identified to produce AgNPs. Once synthesized, they
are also combined with polymers to form nanocomposites (Awad et al. 2015).

5.2.1 Synthesis of Nanoparticles

Mostly, silver nitrate (AgNOs3) solution is used as the precursor molecule of silver.
Rarely, silver wires and silver sulphate are in use as well. A reducing agent and a
stabilizing agent are mandatory to synthesize AgNPs. The reducing agent is added
to AgNO; solution to convert silver ions into elemental silver. Once, elemental sil-
ver starts forming, there is a visible colour change in the solution as well as agglom-
eration of these particles. Agglomeration reduces the surface exposure of
nanoparticles drastically, and therefore, to prevent it from happening, it is a must to
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make use of a stabilizing agent. But the biggest disadvantage of using these reduc-
ing agents and stabilizers is their deleterious effects on the environment. Hence,
scientists have recently started using greener protocols to synthesize nanoparticles
(Iravani et al. 2014).

5.2.1.1 Green Synthesis of Nanoparticles

Greener alternatives for the synthesis of AgNPs focus on the use of actinomycete
(Hamed et al. 2020), bacteria, fungi or plants as the source of enzymes required for
the reduction of silver. Fungi are more beneficial when compared to bacteria as they
produce extracellular enzymes in bulk amounts which helps in reducing the steps
involved in downstream processing. For example, the white rot fungi Pycnoporus
sp. can be grown in malt extract for about 5 days at 32 ° C in an orbital shaker incu-
bator. After 5 days of incubation, the mycelium should be filtered out using a
Whatman filter paper, and equal amounts of AgNO; solution should be added at
1 mM concentration to the filtrate. The solution must be further kept in dark condi-
tions inside a shaker incubator and later characterized using UV-Vis spectroscopy.
The exact mechanism behind this method is not very clear. However, it is assumed
that the fungal cell produces an extracellular enzyme called NADH dependent
nitrate reductase which reduces the silver ions when they come in contact with the
fungal cell walls. To be sure of the synthesis of AgNPs, a positive control (AgNO;
solution and deionized water) and a negative control (AgNO; solution) can be kept
in the same conditions (Gudikandula and Charya Maringanti 2016).

Plants are another source of multiple secondary metabolites that can be used for
the production of AgNPs. Different parts of the plants can be procured, dried and
powdered using a blender. The coarse powder must then be added into deionized
water and sonicated. The solution should be filtered and about 10 ml of the filtrate
should be added to 90 ml of AgNO; solution. This solution is incubated overnight at
60 °C. Gradually a visible colour change is observed which indicates the formation
of AgNPs (Mohanta et al. 2020).

5.2.2 Characterization of Nanoparticles

There are umpteen number of methods used to characterize silver nanoparticles.
The parameters taken into consideration for their characterization are size, surface
charge, shape and distribution (Carvalho et al. 2018). A surface plasmon band is a
characteristic feature of silver nanoparticles that can be observed using UV-Vis
spectrophotometer. In an experiment conducted by Krishna Gudikandula et al., a
comparison was drawn between the surface plasmon band obtained with chemically
synthesized silver nanoparticles and biologically synthesized silver nanoparticles to
give an absorption peak at 430 and 420 nm, respectively. These readings were typi-
cal of silver nanoparticles (Gudikandula and Charya Maringanti 2016). Dynamic
light scattering (DLS) spectroscopy is another method used to confirm the synthesis
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of nanoparticles. When light is incident on a particle, the light reflects at a specific
angle and the angle between the incident light and reflected light can be calculated
over time. Bigger particles reflect the incident light slowly, whereas smaller parti-
cles such as the nanoparticles reflect the incident light so quickly that it gets difficult
to calculate the photon correlation with respect to time. This is repeated several
times to get a precise value (Carvalho et al. 2018).

5.3 Nanocomposites

The solutions to various problems existing in the medical field today are nanocom-
posites. Nanocomposites are substances made of materials that possess multiple
phases, and each of those phases has up to three dimensions in nanometre size.
Nanocomposites can be broadly classified into three types: metal matrix nanocom-
posite (MMNC), ceramic matrix nanocomposite (CMNC) and polymer matrix
nanocomposite (PMNC) (Omanovi¢-Mikli¢anin et al. 2020).

Metal matrix nanocomposites (MMNCs): Metal matrix nanocomposites com-
prise ductile metal in which nanosized reinforcement is fixed. Due to its high ductil-
ity, strength, and toughness, they are extensively used in the aerospace industries.

Ceramic matrix nanocomposites (CMNCs): In ceramic matrix composites, one
or more ceramic phases are added to augment the chemical stability and resist wear
and tear. However, ceramic matrix composites have a disadvantage. They are
extremely brittle and therefore not in much demand in the industrial domain. To
overcome this, CMNCs were developed which were tougher than ceramic matrix
composites. Polymer matrix nanocomposites (PMNCs): PMNCs are constructed
with the help of fillers which are also called nanofillers. These nanofillers are
broadly divided into 1D (linear), 2D (layered) and 3D (powdered) forms. The best
example of 1D, 2D and 3D forms are carbon nanotubes, montmorillonite and silver
nanoparticles (Omanovi¢-Mikli¢anin et al. 2020).

5.3.1 Preparation of Nanocomposites

During the synthesis of nanocomposites, at least one dimension of the various lay-
ers of inorganic or organic material are fillers. These fillers must be less than 100 nm
in size (Fawaz and Mittal 2014). There are several methods by which nanocompos-
ites can be synthesized. In situ polymerization method is mainly used to synthesize
nanocomposites made of graphite. Graphite does not have charged groups naturally
present on its surface, and therefore ionic interaction between graphite and the poly-
mer would be difficult. However, the expanded graphite has pores big enough
(2-10pm) such that the polymer material remains embedded within the pores even
after the solvent has been extracted (Fu et al. 2019).

In the solution mixing method, the nanofillers are allowed to swell up in a solvent
in which the polymer is soluble. The solvents used can be water, chloroform,
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toluene, etc. The nanofillers in use are most of the time layered silicates. When these
silicates are mixed with polymers vigorously, the polymers intercalate between the
layered silicates by displacing the solvent. Perfect mixing is obtained by magnetic
stirring or ultrasonication followed by slow evaporation of the solvent and casting
of the nanocomposite (Rane et al. 2018).

Sol-gel technique is used extensively in ceramic engineering (Shahjahan 2017).
A widely used substance in this technique is tetra ethyl ortho silicate (TEOS) as it
is highly efficient in forming networks (Owens et al. 2016). Sol is a substance that
has solid materials distributed in a solution. They are in a colloidal state. They
undergo slow hydrolysis reactions and thereafter polymerize to form a gel. The
crystals grow which allows the polymers to seep between the various layers, thus
forming nanocomposites (Khan et al. 2016).

5.3.2 Characterization of Nanocomposites

Various methods like FT-IR, TEM, TGA and XRD are used to characterize nano-
composites. FT-IR spectra reveal a lot about the functional groups present in a given
sample based on the bond stretching observed as peaks. The peaks of AgNPs should
not be showing any peaks at the carbonyl frequency region assuring the absence of
the stabilizing agents like acetate added during the synthesis of nanocomposites.
TEM has the ability to image the synthesized materials on a nanometre scale. The
dispersion quality of nanoparticles can also be observed. It is important to confirm
that a homogenous mixture is obtained such that there are no agglomerates of
nanoparticles. These factors can be clearly visualized using a TEM image (Puggal
et al. 2016). XRD makes use of wide-angle X-ray diffraction to check the crystal-
line nature, exfoliation and intercalation of polymers between nanoclay layers and
dispersion of the nanoparticles within the polymer matrix. These parameters can be
calculated using Bragg’s law and Scherrer’s law (El-Sheikhy and Al-Shamrani
2015). TGA can also be used to characterize NC. When polymers contain sub-
stances such as nanotubes and montmorillonite, the temperature at which thermal
degradation happens is increased, i.e. thermal stability is enhanced. This is widely
seen in polymethyl methacrylate (PMMA), polydimethylsiloxane (PDMS), poly-
amide and polypropylene. The reason for greater thermal stability is because of char
formation as suggested by many researchers. The permeability is reduced, and the
char thus formed, blocks the outward movement of the decomposed products on
degradation. This quality is a characteristic feature of nanocomposites when com-
pared to polymers without nanoparticles (Corcione and Frigione 2012).

5.3.3 Antibiofilm Activity of Nanocomposites

Two materials that are gaining a lot of importance in the field of nanotechnology are
polyvinyl alcohol (PVA) and chitosan (CS) for their very good level of biodegrad-
ability and biocompatibility. In a study done by Omnia M Abdallah et al., PVA and
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CS were mixed with biologically synthesized AgNPs to test their antimicrobial and
antibiofilm activities. Both the solutions had 0.1% of AgNPs. Once the solutions
were thoroughly mixed, they were casted into a petri dish each and further placed in
a desiccator. To remove any further residual water or solvent molecules, the plates
were kept at 60 °C. These nanofilms thus formed were used to check their antimi-
crobial, antibiofilm and cytotoxic effects. The films without the addition of AgNPs
were set as controls (Abdallah et al. 2020).

5.3.3.1 Application in Biomedical Devices

Titanium is a material that has been extensively used in implants. Likewise, infec-
tions have been unavoidable even after sterilizing and disinfecting the implant
before surgeries (Corréa et al. 2015). In a study conducted by Secenti et al., 20 New
Zealand rabbits were deliberately injected with bacteria at the surgical site on iliac
crests. One group had screws coated with AgNPs using the sol gel technique, and
the other group had titanium screws without AgNPs. After a duration of 28 days, the
rabbits were sacrificed, following which the screws and adjacent bones were tested
for biofilm formation with the help of TEM and SEM. Observations concluded that
AgNP-coated screws did not entertain biofilm formation, whereas the uncoated
screws favoured biofilm formation drastically (Sivolella et al. 2012).

Another important medical scenario observed in the field of dentistry is stomati-
tis. It is a condition majorly caused by the organism Candida albicans that colonizes
the rough edges of the inner surfaces of complete dentures. Predominantly, geriatric
prosthetic wearers succumb to stomatitis because of reduced motor dexterity, mem-
ory loss, and cognitive impairment. However, to overcome this problem various
experiments were carried out to modify the material used for dentures to enhance
antimicrobial activity as most antifungal agents are not very effective against cells
in a biofilm. Poly methyl methacrylate acrylic (PMMA) resin that comprises 1pg/ml
AgNP has been found to reduce the adherence of Candida spp. on the denture and
thereby inhibit biofilm formation. In addition, the modified denture did not show
any forms of cytotoxic or genotoxic effects (Corréa et al. 2015).

There have been various such materials used as nanocomposites that have been
successful against biofilm-forming pathogens. A few of them have been summa-
rized in Fig. 5.1.

5.3.4 Scope of Nanocomposites as Biofilm Disrupting Agents

The multifunctional properties of nanocomposites make them ideal candidates for
sustainable therapeutic agents against bacterial biofilms either directly or by conju-
gating with antimicrobial agents. Conjugation of polymeric nanomaterials in drug
delivery has been prevalent in the medical field over the past few decades (Kumar
et al. 2018; Umesh et al. 2018). Nanocomposites can be successfully employed for
the delivery of phytochemical compounds specifically to biofilms, thereby solving
the issue associated with hydrophobicity that limits their accessibility to the
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Titaniumdioxide - Zinc oxide Graphene/chitosan Zinc oxide-hydroxyapatite
5. aurens P.aeruginosa, K. pnenmoniae Streptococcus sp
Abdulkareem ef al., 2015
(Gunputh et al., 2019) (Muthuchamy et al., 2020) ( redt )

Silver-
Titaniumdioxide - Silver Antibiofilm Ricanmmiiaaids:

S. aureus activity of graphene
(Necula e al., 2009)

Campvlobacter jejuni

Nanocomposites (Noreen et al.. 2019)

Silver- Titaniumdioxide
Polycaprolactone-titania Polymethymethacrylateacrylic (PMMA) E.coli, S.aurens and
E.coli, S. aureus "95_1“' Si"'_“' Pseudomonas aeruginosa
(Muiioz-Benilla e al., 2013) Candida albicans (Alavi & Karimi, 2018)
(Corréa et al., 2015)

Fig. 5.1 Biofilm disrupting activities of various nanocomposites

biofilms (Barros and Casey 2020). Enhancement of antibiofilm activity of nano-
composites can be carried out through surface functionalization with active metabo-
lites through either covalent or noncovalent conjugation (Pathak 2019).
Nanocomposites represent multiphase systems and are visualized as alternatives to
overcome the limitations of microcomposites and monolithics and have the poten-
tial to become the materials of the future (Omanovi¢-Miklicanin et al. 2020).
Although the in-depth understanding regarding the effect of nanocomposites on
human health and environment is not fully explored, recent research works suggest
that functionalized nanocomposites can be less toxic to immune cells and thus offer
a hope to be used as antibiofilm agents in in vivo conditions. In spite of having
potential applications as antibiofilm agents in laboratory studies, the application of
nanocomposites as therapeutic agents against biofilm-forming bacteria still faces a
lot of hurdles. Translation potential of these nanocomposites from a lab scale to
real-life therapeutic application is extremely challenging. Most of the reported
applications of antibiofilm properties of nanocomposites were related to oral bio-
film or periodontitis, the possibility of extending nanocomposites to hinder the
biofilm-forming bacteria in respiratory and urogenital infection needs more focus.
Another major constraint to solve is the production cost associated with nanocom-
posite synthesis (Ramasamy and Lee 2016). Green synthesis of nanocomposites
with plant extracts was reported to have high antimicrobial activity along with the
reduction in synthesis cost. This method also is eco-friendly as it reduces the usage
of solvents, and the synthesized composites are likely to be biocompatible (Mondal
et al. 2020). As the field of nanocomposite is relatively new and a multidisciplinary
field encompassing science, technology and engineering, significant research and
development in these sectors can truly revolutionize the application of nanocompos-
ites against biofilm-forming pathogens.
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5.3.5 Limitations of Nanocomposites as Biofilm
Disrupting Agents

Most of the NC works by generating reactive oxygen species (ROS) which can
hamper bacterial growth and multiplication. But it has been observed that ROS
generation does not always directly cause cell death. Gene expression analysis has
shown that ZnO NP can even inhibit the expression of oxidative stress genes
(Kadiyala et al. 2018). The advantages of NC include their large surface area and
high reactivity. These positive aspects can also lead to some side effects. Also chem-
ically synthesized NPs can have toxicity issues due to the use of dangerous com-
pounds during their synthesis some of which may remain in trace amounts in the NP
and cause undesirable effects (Romling et al. 2005). In order to circumvent this
problem, an environmentally friendly and less toxic approach called the “green syn-
thesis” can be resorted to (Salem and Fouda 2020). Another aspect to be looked at
is the mutagenicity of these nanostructures. Inadequate levels of NPs may not
destroy the biofilms, but may induce mutations, which can lead to the emergence of
“super mutants”. Tungsten oxide NP has been shown to directly interact with DNA
and cause single-strand breaks. So even though the majority of the bacterial cells
were killed, few remaining were found to be mutants (Thongkumkoon et al. 2014).
The degree of horizontal gene transfer was also more pronounced with the use of
aluminium oxide NPs with the evidence of a bacterium being conjugated to many
other bacteria (Qiu et al. 2012). Despite the several promises they offer; nanocom-
posites have some limitations as well. Our primary intention in using nanocompos-
ites is to eradicate the pathogenic microbes. But the non-specificity of various NC
may lead to elimination of symbiotic organisms as well (Qayyum and Khan 2016).
This can lead to disruptions in the normal microflora composition.

5.4 Conclusions and Outlook

Biofilms have been a serious problem in the health sector for a while. Bacteria
evolving themselves into superbugs that are resistant to over 20 different drugs have
come into existence, and it is definitely the need of the hour to find novel solutions.
The use of nanoparticles and nanocomposites in the field of medicine is a promising
tool. However, the application of these methods is currently restricted to only
implants or other medical devices and topical agents. A solution must be found to
deal with biofilm-forming pathogens that cause severe lung infections or urinary
tract infections. A lot is yet to be unravelled in this emerging field of nanotechnol-
ogy to overcome this challenge of multiple drug resistance completely.
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ing this work.
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