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Abstract

A biofilm is a consortium that exhibits three dimensions, syntrophic, and physiologically active-matrix. It displays a successful 
critical interdependency amongst producers and consumers. This association promotes microbial adherence, growth, 
antimicrobial resistance, and a high degree of persistence. The microbial cells are residing in the slimy extracellular medium 
consisting of polymeric polysaccharides, proteins, and lipids. The resident microbes adhere, float, or swim in the biofilm. 
This matrix can develop on non-living and living, including natural, industrial, or biomedical devices. The parameters such 
as cellular recognition, suitable attachment sites, nutritional signals, nature of earlier colonizers, etc., play a significant role 
in the formation of biofilm. This matrix is the most appropriate location to sustain a colony of microbes. Changes occurring 
in the ambient environment of biofilm enhance its development. The chemotherapeutic drugs or any other agents, like 
nanomaterials, have to overcome all these structural and functional aspects of biofilm to secure or cause the damage, as per 
the target. Commonly, a biofilm develops in an oral cavity, pulmonary system, in the form of cystic fibrosis, etc. Biofilms are 
also effective in causing pathogenesis in economically important plants and play an important significant role in geochemical 
cycles. The vast impacts of biofilms on plants are known phenomena but the concerning mechanism is still obscure. This 
review is an effort to understand the informative lacunae existing between interactions of nanomaterials and the biofilm.  
  
Keywords: Biofilm; Biophysical Features of Biofilm; Growth, Inhibition of Biofilms; Microbial Colony; Nanomaterials; 
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Introduction

The formation of biofilm is among the primitive but 
secured modes of defense mechanism for the prokaryotes 
during the prehistoric era and even current times. During 
the antediluvian era, the conditions for life were harsh and 
survival was difficult. The microorganisms settle, aggregate, 
and adhere to suitable biotic and abiotic surfaces. These 
organisms produce extracellular polymeric substances 
which act as protection against the adverse ambient 
environment. The fossil studies support the antediluvian 
existence of biofilms [1]. Extracellular polymeric substances 

along with other components like polysaccharides, proteins, 
nucleic acids, and lipids, provide a specific macroscopic 
appearance to a biofilm or to slime. The extracellular 
polymeric substances of microalgae, specifically diatoms 
stabilize sediment, marine fouling, and bring about 
temporal synchronization between sand particles when the 
appropriate mechanical coupling is absent between them. 
There is an appropriate interaction involving the interfaces 
among extracellular substance and a substrate; substrate 
may be abiotic, biotic, organic, or inorganic. The concerned 
interaction involves varied types of bindings or bridging 
between the two. In nature, the soil is a common substrate for 
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biofilm formation. Its components influence the interaction 
between soil and biofilm. Humus or humic matter is one of 
the major components of soil (upper crest of the earth) and 
it is a product of the restricted breakdown of organic matter 
present in the soil. The humic substance is present as the 
main three fractions namely, humic acids, fulvic acid, and 
humin. These ingredients affect the structural and functional 
aspects of soil. The humic aspect contains larger and non-
polar substances like paraffin, olefins, aliphatic substances, 
and terpenes while the fulvic component includes simple 
molecules like sugars, amino acid-related matter. These 
fractions bring about fluctuations in pH, and ionic strength 
of soil, further, these ingredients influence soil quantitatively 
and qualitatively. As a result, there are changes in the 
binding capacity and the nature of the soil; these bindings 
include hydrogen-bridges, metal-bridges, hydrophobic 
interactions, and aggregative behavior of a given sample 
of soil [2]. The insoluble ingredient of soil organic matter 
after the soluble part is retained in the aqueous base is 
humin. The humin primarily includes aliphatic hydrocarbon 
functionalities specifically those present in lipids, waxes, 
cuticular substances, cutin and cutan, suberin, and suberan; 
these are the minor plant components. There is a possibility 
of the presence of cellulose, peptide, and peptidoglycan but 
the presence of lignin derivatives is doubtful. The ingredients 
of humin are very much different from the base-soluble 
components constituting soil organic matter [3]. 

The extracellular polymeric substances produced by yeast 
and fungi, specifically, Candida species, cause flocculation, 
adhesion, formation, and development of slime. In the 
case of biofilm of Sulfofolobus sulfatases,-an archaeon, the 
extracellular polymeric substance responses to adhesion [4]. 
Biofilm does not possess fractional dimensions but exhibits 
self-similarity with size restrictions [5]. Biofilms are of 
common occurrence among biosystem and water associated 
surfaces in the environment. Microbes like bacteria, algae, 
viruses, and protozoa are common participants with biofilm 
communities [6]. Biofilms exhibit resistance, this feature 
restricts the entry of unwanted organisms. The biochemical 
nature of biofilm also attributes to prevent the entry of 
chemicals, and cellular invasion [7]. Biofilms show variations 
depending on their occurrences and the organisms present as 
colonies within. Wastewater treatment site (within trickling 
filters), solid substrata that provide support, nourishment, 
oxygen, water, and sufficient humidity, are the common 
location of biofilms. One can find such spots and extended 
zones on river banks, stones, and rocks under stagnant and 
dynamic water. Phototrophic prokaryotes, cynophytes form 
microbial mats at the interface in and around fresh, riverine, 
and marine aquatic habitats. The marine biofilms are also 
dynamic entities like freshwater biofilm and their microbes 
vary depending on the range of tidal zone [8]. 

The biofilms show variations depending on their 
occurrence, ambient environment, availability of 
nourishment, and oxygen [9]. Sites, like wastewater 
treatment, underwater mechanical structures, bio-fouling 
of ships, are suitable for the formation of biofilms [10]. 
Hydrodynamic status, the concentration of nutrients, primary 
components like exopolysaccharides, proteins, degree of 
microbial mobility, and intercellular signaling are the main 
parameters that control the architect of a given biofilm [4]. 
The resistant nature of biofilms is due to their extracellular 
matrix; it is an effective physical barrier for chemicals and 
cellular influx. This microbial alcove is a structurally and 
mechanically stable unit and retains a suitable degree of 
hydration for the inhabitants [7]. 

The biofilms are small patches of habitat and have 
microfluidic chambers. The inhabiting bacteria or microbes 
are physically restricted within and able to get nutrients. 
Since the bacteria are present in the form of non-adhering 
flocks within the matrix of biofilm; it is convenient to 
investigate their behavior, cellular density, and quantification 
of nutrients during the formation of biofilms. In the case 
of Escherichia coli, elevated cell density plays a significant 
role during the formation of biofilm in comparison to the 
availability of nutrition [5]. 

The biofilm and planktonic cells show different 
behavior. Biofilm cells associate with surface and get 
enveloped in the matrix made of extracellular polymeric 
substances, these occur in natural and engineering setups. 
The planktonic cells adhere to the surface and the matrix 
formed is of polysaccharides, proteins, DNA, and lipids. 
There can be a change in the spatial distribution of the 
components of extracellular polymeric substance during the 
maturation phase in biofilms. Biofilms exhibit viscoelastic 
behavior and detachment [11]. The planktonic cells are 
inhomogeneous environments while biofilm cells have 
varied microenvironments exhibiting electron donor and 
acceptor gradients. Biofilm cells have more of an extracellular 
polysaccharide substance than the planktonic cells. Some of 
the microbes recognize the surface contact and change the 
respective transcriptional mode involving their appendages 
like flagella. This behavior helps them to counteract oxidative 
stress, membrane transport, and ion uptake [11-13]. 
 

Biofilms exist in biosystems as cystic fibrosis of lungs, 
chronic wounds, dental plaque, vegetation infection on the 
heart valve, and as a crested form on the urinary and other 
catheters used during medical treatment. Such biofilms 
are small aggregates lodging small organisms adhering to 
the surface but enveloped by a thin tissue layer derived for 
the host. Sometimes, the biofilms are enlarged aggregates 
commingled with platelets, fibrinogen, and traces of 
minerals [14]. These slimy colonies are omnipresent and 
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able to sequestrate, accumulate, and transform the trophic 
environmental contaminators. These slimy aggregates 
act as a sorptive sponge and are able to abduct or snatch 
various chemicals and biological components. Extracellular 
polymeric substance (EPS) is one of the common components 
of microalgal, fungi like yeast, mould, and, archeal biofilm. In 
the case of microalgal biofilm, the EPS helps to stabilize and 
synchronize sediment and sand; it also causes marine fouling 
[15-17]. The EPS, in the case of heterotrophic bacteria, 
promotes growth, and itself acts as a substrate [18,19].

The biofilm acts as a physical barrier against undesired 
chemicals and organisms [10]. Biofilms are recalcitrant and 
antibiotic-resistant in nature. These alcoves have a high 
level of cohesive and adhesive strengths, these two together, 
easily cover the sheer stress they face during their removal 
or extraction [20]. Bacterial plant pathogens infest various 
parts of a plant and cause infection. These pathogens release 
degrading enzymes that digest or hydrolyze cell wall and 
cell organelles of the plant cells thereby ensuring infection. 
Commonly, the formation of biofilm is one of the virulent 
mechanisms resulting in initial bacterial colonization in a 
plant. This initiates the process of serious plant infection that 
causes great loss to the plants and crops [21]. The process of 
quorum sensing brings about cell to cell transmission and it 
is specifically important for biofilm sustenance. This function 
is density-based and small auto-inducers play functionally 
significant roles. These auto-inducers vary in different 
biofilms in a variety of microbes. N-octanoyl HSL (C8-HSL), 
N-3-hydroxydecanoyl HSL (3OHC10-HSL), and N-3-hydroxy-
octanoyl HSL (20HC8-HSL) are the auto-inducers present 
in the biofilm of Burkholderia species [22]. Plant pathogens 
release extracellular enzymes that cause degradation of 
molecular aspects of plant tissues and enter invading various 
tissues like xylem. These enzymatic interactions are under 
the influence of quorum sensing [21]. 

Mostly, biofilms are considered to be as infelicitous 
biological entities but there are some promising features like 
the transformation of nutrition among rhizosphere plants, 
increased degree of biodegradation of organic carbon, 
and different pollutants during the wastewater treatment. 
Biofilms play an effective role during the soil remediation 
process. Their role in selected economic and inexpensive 
catalysis is evident. The energy conservation operation 
is effective in the production of biofuel and microbial 
dependent batteries [23]. 

Structural and Functional Aspects of Biofilm

The generalized structure of a biofilm is a syntrophic 
accretion of microbes. These microbes are Gram-positive and 
Gram-negative and may have one species or multispecies. 
The matrix of biofilm is slimy in nature; it adheres to the 

suitable substratum at an interface of consortium. The basic 
component of the biofilm is self-produced extracellular 
polymeric substance along with proteins, nucleic acids, and 
polysaccharides. The matrix consists of many porous layers 
having channels through which the microbes present in the 
interior of biofilm get nourishment and expel their waste. 
The early microbe settlers produce protein, this metabolite 
acts as a signal for the ambient microbes and helps to recruit 
fresh cells to join the existing accumulated microbes in 
biofilm. Thus, the proteins produced; act as the cell to cell 
chemical signals that induce the formation and development 
of biofilm. These proteins also send signals to produce and 
develop the polysaccharides. As a result, the biofilm becomes 
a multilayered, porous matrix [1]. There is enough water, and 
active and dead microbes within this porous matrix. These 
pores interconnect via channels and maintain the free flow 
of fluid. The concept of the Stokes and Continuity regulates 
this free flow of fluid while the concept of the Brinkman and 
continuity brings about the water flux within the porous 
matrix. The concept of the Brinkman equation regulates 
the flow of fluid and the flow relates to the kinetic potential. 
This kinetic potential depends on the velocity and pressure 
of the fluid, and gravitational potential. This concept plays a 
role during the transition between the slow flowing of the 
fluid under the influence of Darcy’s law while the concept 
of the Navier Stokes concept regulates the fast flow of fluid 
in biofilm. The concept of continuity equation relates to 
the conservation of mass in such conditions. The process 
of convection and diffusion facilitates the distribution of 
nutrients [24]. 

The matrix of the biofilm consists of highly hydrated 
extracellular polymeric substances. The matrix exhibits 
cellular flocks of floating cells. Some biofilms are free-floating 
and in the form of sledges, and these do not anchor to any 
substratum. Most of the multispecies biofilms have a stable 
microbial congregation, physicochemical gradients, intense 
intercellular communication, and horizontal or lateral gene 
transfer. In this form of the gene transfer process, DNA 
transmission from parent to offspring does not occur among 
unicellular and multicellular organisms. This aspect of gene 
transfer plays an essential role during the evolution of an 
organism [4]. The structural aspect of biofilm provides a 
safe ambient environment against biocides and antibiotics; 
it is also responsible for the appropriate viscoelasticity 
and resistance towards dynamic shear stress. The feature 
of multiple species of biofilm results in a wide range of 
substrates, flexibility, and these are suitable for white 
biotechnology [23]. 

The marine biofilms show changes in their communities 
and structural aspects. These changes are the result of 
fluctuations in their ambient environment, diurnal, tidal, the 
prime composition of marine water, type of the substrate, 
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and episodic behavior (dysfunctional behavior); along with 
these, parameters like the hypersalinity, carbonate contents, 
and the geological profile of marine coast, act determinant 
factors during the formation of marine biofilms. The biofilms 
in the hypersaline lagoon and the Sabkhas (coastal, supra-
tidal mudflat) have laminated sediment. The carbonate-
rich marine water exhibits specific trapping, binding, 
and lithographic patterns establishing the concept of 
stromatolite. This concept explains the formation of layered 
mounds, columns, and sheets resembling sedimentary rocks. 
The layers are the result of the growth of cyanobacteria in a 
layered pattern. This concept also reflects on the prehistoric 
era of the earth [3]. Thus, biofilms are of ecological, 
environmental, and geological significance. 

Functionalities of the Components of Biofilm

Polysaccharides, proteins, DNA, and amphiphilic 
molecules play an active role during the adhesive behavior 
of biofilm. These constituents induce and ensure a successful 
interface between abiotic and biotic interacting components, 
or cellular planktons. This coordinated interaction results 
in a firm attachment of biofilm for a prolonged duration. 
These ingredients of biofilm recognize, identify, and abridge 
the aggregated cells, thereby ensuring a successful cellular 
gathering. Amyloid and lectin proteins, DNA, neutral and 
charged polysaccharide bring about the cohesion between the 
ingredients and inhabitants of biofilm. These biomolecules 
form a network consisting of hydrated polymers and 
also conjugate with multivalent cations resulting in the 
mechanical stability of the biofilm. This specific network 
either encapsulates or unsheathes the extracellular matrix or 
slime, it also adds to the specific architecture of biofilm that 
helps the intercellular signaling. Hydrated polysaccharides 
and probably proteins restore an appropriate degree of 
hydration and tolerate the higher rate of desiccation in 
the water-deficient biofilm. These integrants are crucial 
in specific and non-specific host resistance relationship 
during the formation of biofilm and the biotic components. 
These components also provide a fairly good degree of 
tolerance towards antibiotics, disinfectants, and most of the 
antimicrobial agents. The components also protect biofilm 
from the destructive impacts of cyanobacterial nitrogenase 
enzyme, oxygen, and free moving protozoa. Proteins along 
with charged and hydrophobic polysaccharides facilitate 
the sorption of organic materials into biofilm; this process 
enhances the collection of nutrients and sorption of 
xenobiotics form ambient environs. Overall, this action adds 
to the detoxification in the given habitat. The same integrants 
of biofilm involve phosphate and sulfate ions of the slime to 
ensure the sorption of inorganic ions, promote processes 
such as gel formation of polysaccharides (polysaccharide 
gelation), accretion of minerals, toxic metallic ions, thereby 
contribute to the process of detoxification in the ambient 

environment. Proteins present in biofilm help in the hydrolysis 
of exogenous molecules and the accreted nutrients. These 
proteins also degrade the extracellular matrix of biofilm, 
thereby helping in the release of the microbes present 
therein. All the ingredients of the biofilm maintain a suitable 
supply of carbon, nitrogen, phosphorous, sulfur, etc., for the 
microbial community of biofilm. DNA present in the slime 
undergoes horizontal-gene-transfer among the inhibiting 
microbes and as a result appropriate genetic exchange takes 
place. Specifically, those proteins which constitute nanowires 
and pili, and humic matter function as electron donor or 
acceptors during redox interaction within the matrix of 
biofilm. The membrane vesicles that enclose nucleic acid, 
enzymes, lipopolysaccharides, and phosphates help the 
transportation of cellular metabolites resulting in a suitable 
metabolic turnover. Polysaccharides facilitate maintaining 
the specific C: N ratio and these components hold excess 
energy with them and act as a means to store energy. The 
polysaccharides accelerate, retain and stabilize the enzymes 
present in biofilm because of their specific enzyme binding 
ability [25-29]. 

Metals also have a role in biofilm formation. Metals like 
zinc, manganese, calcium, potassium, and copper facilitate 
the formation of hardy and tough biofilms in vitro [30,31]. 
Some of the microbial pathogen species, like Xylella species, 
make use and store the ionomes of the affected plants during 
the formation of their biofilms. Calcium ions nurture the 
biofilm formation in the case of Xylella species. The decline 
in the extra and intercellular calcium contents affects the 
formation of biofilm but this does not apply to other species 
or mutants [32]. Biofilms amass metal nanoparticles like 
gold nanorods (65 nmX15 nm), TiO2 (20 nm) from their 
riverine and marine mesocosms, and are able to partition 
nanoparticle in the environment [33,34]. The biofilms act as 
effective chelating agents; these entities physically confine, 
trap metals, and colloidal forms of natural and unnatural 
organic matter present in aquatic media like wastewater, 
fresh and marine water, and potable water [33,35]. 

Biochemical and Molecular Aspects of Biofilm

The biofilms exhibit variations in the biochemical 
components of their matrix. These variations depend 
on the type, location, and types of organisms involved. 
Bacterial biofilm, algal biofilm, viral biofilm, and biofilm 
formed on the abiotic wet surfaces show differences in their 
biochemical structures. Even, in vivo and in vitro biofilms 
in biosystems have divergent biochemical composition; 
such features need specific attention while interacting with 
them [36]. Biofilms show a higher degree of resistance 
towards the undesired chemicals and organisms. This 
resistance depends on the specific biochemical nature of 
the matrix [7]. Biochemical aspects in the extracellular 
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matrix of biofilm include carbohydrates, proteins, and fatty 
acids. The common carbohydrates present are mono and 
polysaccharides, exopolysaccharides (EPSs), stachyose 
(a tetrasaccharide consisting of two α-D-galactose units, 
one α-D-glucose unit, and one β-D-fructose), mannose, 
maltose, etc. The protein components include oxoreductases 
(these metabolize glucocorticoids into their inactive keto-
metabolites), chaperon proteins, some membrane proteins 
associated with virulence. The saturated and unsaturated 
fatty acids components are in higher percentage; the major 
ones are palmitic, stearic, and oleic acids [7]. Proteins and 
exopolysaccharides are some of the prime macromolecules 
that engage in the architecture of biofilm and also act as 
functional units. 

For understanding purposes, let us consider the biofilm 
of E. coli as a typical structural model. Its matrix consists of 
extracellular polymeric substances, colonic acids, cellulose, 
and polyglucosamine. These structural components maintain 
specific proximity among the microbes and appropriate 
intercellular interaction. The extracellular DNA (eDNA), 
plays a dual role i.e., as a nutritional and brings about 
interconnection within the biofilm. The lattice of the biofilm 
becomes stronger with the help of extracellular organelles 
like flagella and pili; these structures make the lattice strong 
and ensure aggregation of microbes within a biofilm. The 
enzymes secreted, change the extracellular polymeric 
substance of biofilm as the environmental conditions change 
[37]. The primary functions of the biofilm are recognition of 
concerned organisms, prevention of unwanted organisms, 
cell to cell communication, and cell to matrix communication 
in the compact mass of biofilm [6]. 

Growth Rate and Inhibition of Biofilm

To find the growth rate and the inhibition of development 
and formation of biofilms helps to find a suitable approach for 
their treatment. With the help of combined r-RNA- targeted 
fluorescent hybridization probe and digital microscopy, it is 
convenient to quantify the amount of ribosome and compare 
the growth rate of a single cell in multispecies anaerobic 
biofilm. This technique provides a better understanding of 
the study of the growth rate of biofilms. The growth rate 
doubles in the established biofilms in comparison to the 
young biofilms. The estimation of the contents of RNA, DNA, 
and proteins in a young and established biofilm also depicts 
the related growth rates [38]. The relative standard curve 
between RNA/DNA and biomass of one species is a general 
indicator of the growth rate. The fluorescent oligonucleotide 
probe along with the DAPI staining technique helps to 
estimate the contents of RNA and DNA simultaneously [39]. 
The need for a standard curve for each organism might be 
alleviated in part by using the change in the relative contents 
of RNA and DNA (RNA/DNA ratio) to estimate the growth 

rate. The RNA/DNA ratio is a general indicator of growth rate 
and biomass in the environment. This ratio is also useful for 
estimating the relative growth rate of a specific organism. The 
fluorescent oligonucleotide probe in combination with the 
DAPI staining technique is useful to estimate the RNA and the 
DNA contents simultaneously. However, additional studies 
should be done to establish the character of this relationship 
for a variety of environmentally relevant organisms [39]. The 
type-1 fimbria expression plays a regulatory role during the 
formation of IscR regulated iron-dependent biofilm [40]. 

The inhibition of biofilm formation is under the control 
of either repression or expression of a protein associated 
with the extracellular matrix or release of repression of the 
promoters that help in the formation of the biofilm. The 
functioning of SinR, a transcriptional repressor, is turned off 
during the formation of biofilm in the case of Bacillus subtilis. 
There are three antagonists that form the complexes with 
SinR and *these complexes regulate the function of SinR 
transcriptional repressor. The helix-turn-helix motif of SinR 
gets associated deeply in the major groove of DNA and it 
identifies five specific bases of the 7-bp consensus motif. The 
promoters regulated by SinR play a significant role to form 
an intensely lopped DNA structure [41]. 

Biophysical Aspects and the Behavior of Biofilms 

The biophysical aspects of biofilms help to understand 
and deal with their growth, impacts of physical parameters 
of the environment on the attachment between cells and 
biofilm, study of probable investigatory probes, imaging, 
developmental modes of biofilms, the formation of a colony 
of organisms, and to develop a suitable model for the future 
research. The biophysical principles regulate the collective 
behavior of the microbes and constitutional biomolecules 
of biofilms. The cells present in the matrix of biofilm 
perform movements; these cells either push or pull each 
other within the elastic matrix of biofilms. The movements 
of cells, nutrients, and other metabolites follow the basic 
concepts of physics and microfluidics. As a result, there 
develops a physicochemical biointerface between the motile 
cells and the molecular components of biofilms. Swarming 
and collective swimming of microbial cells within an active 
suspension plays a significant role during the formation of 
biofilms. There is a general acceptance that the concept of 
long-range fluid dynamics regulates the cell-cell and cell-
surface scattering and these basic functions cause swarming 
and collective swimming of microbial cells during the 
formation of biofilm, at least in the initial stages. The internal 
and external noises continuously challenge the microbial 
functionalities like gene expression, varied motilities, and 
formation of biofilm [42]. The fluid dynamics and rotational 
diffusion are the two main parameters that influence the 
swarming and collective swimming of the microbes. The 
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thermal and intrinsic stocasticity among cells are under the 
control of long-range fluid dynamics; this indicates the role of 
physical interaction between the bacteria, the steric collision 
along with near-field lubrication forces. The collective 
microbial movements in suspension changes into a self-
organized granular system, assorted biofilaments, and the 
flocks of animals, and these are correlated with the dominant 
short-range forces. The long-range fluid dynamic interactions 
are very weak prior to collision of microbes with surfaces 
but once these microbes move along the surface there is an 
aligning collision, thereafter, hydrodynamics impacts play 
their active role for a longer duration [42]. The complex 
fractal morphology of biofilm has a swarming pattern based 
on the coarse-grained-lattice model permitting restricted 
expansion. This restriction is because of cell division and the 
long-distance repulsion among the cellular flocks depending 
on the nutrients. Further, this small confinement is not 
due to any microbial motility and the concentration of any 
surfactant [5].

The state of turbulence is of common occurrence in 
varying degrees in any fluid system as seen in oceanic current 
and even biosystem and quantum system in microscale; 
it results in fluid mixing and transport of metabolites 
specifically in biosystems. Turbulence is also common 
in biofilms in the form of a self-sustained process. The 
characterization of turbulence in an active non-equilibrated 
fluid system is difficult. The statistical study on a microbial 
flow reflects on the existence of self-propulsion minimal 
model involving rod; the study also suggests that the concept 
of short-range interactions is prominent whenever there is 
a higher concentration of collective microbial movements 
[43]. Although most of the living fluids exhibit a self-
sustained turbulence feature, still there is no established 
universally accepted quantitative theory regarding the same. 
The observations based on microbial velocimetry, their 
ambient fluid involving imaging and tracking of colloidal 
tracers, indicate a correlation between the velocity statistics 
and the kinetic energy of second-order of magnitude; further, 
there is a decline in the fluid memory when swimming action 
increases and also decline in linear scaling among kinetic 
energy and entropy of the system under consideration [44]. 
 

The phenomenon of biofilms possesses extreme 
biophysical forces and is overdesigned with a very high factor 
of safety (FOS). FOS represents a ratio of forces between 
structures, buildings, substrates, etc., and the forces applied. 
This factor of safety ensures its survival during extreme 
environmental, climatic and physiological conditions in 
most of the alcoves within and outside a biosystem, and also 
on the engineered structures. Biofilms withstand extreme 
physical and chemical forces that try to weaken those 
including natural and anthropogenic activities like brushing, 
scraping, flushing, and chlorination. Biofilms have extensive 

biomechanical cohesive strength that plays a crucial role and 
contributes to its high degree of recalcitrant ability. There 
are forces due to the morphological structural aspects of 
biofilm which reflects its roughness; the maintenance of 
the functional dynamic also results in the forces during the 
development of biofilms. The sum of these forces exceeds the 
sheer stress a biofilm experiences [20]. 

A micro-cantilever technique is suitable to investigate 
the mechanical testing of a biofilm. The cohesive strength 
represents and elaborates the effectivity of the linkage 
between biofilm to biofilm while adhesive strength is the 
degree of adhesion between biofilm and its substrate. 
The biofilm experiences shear stress (in Pascal units), and 
this stress is a common factor affecting it in an aquatic 
environment, and during water supply system involving 
engineered set-ups, like drinking water treatment plants, 
distribution system, and wastewater treatment systems. In 
case of biofilm formed by P. aeruginosa, S. epidermidis, and 
Mississippi river water biofilm are around 1,760 ± 400 Pa (n 
= 19), 1,470 ± 210 Pa (n = 47), and 27,510 ± 7,620 Pa (n = 
13) respectively while these biofilms had shear stress 0.07 
Pa, 0.18 Pa, and 1.9 Pa, respectively. It is very distinct that 
cohesive strength is very high than the respective shear 
stress during the growth periods of these biofilms [20]. 

Biofilms exhibit a structure-property relationship, and 
the optical coherence tomographic technique in combination 
with the atomic force microscopy illustrates this relationship 
in vitro effectively. The presence of sucrose and the age factor 
affect the chemistry, mesoscale morphology, mechanical 
properties, and microbiology of a biofilm. The elevated 
concentration of sucrose enhances the deposition in biofilm, 
degree of adhesion, and a sharp decline in the values of Young’s 
modulus. The age factor affects the degree of adhesion, i.e., 
an increase in age results in a decline in adhesion. The ratio 
between the extracellular polysaccharides substance and the 
microbes also increases with the rise in the concentration of 
sucrose but this ratio decreases as the biofilm ages [45].

Biofilms are porous fluidic alcoves. Each biofilm 
differentiates into the annular base granular biofilm and the 
zone having streamers protruding in the space of pores. The 
microbial multispecies use the architectural plasticity of the 
biofilm for their sustenance. The flow of the microfluid in 
these zones is regulated and it distributes the nutrients and 
other metabolites within the biofilm appropriately. The grain 
pore complexes utilize the architectural plasticity to their 
advantage and also contribute to their carrying capacity 
within the porous organization. The two architectural zones, 
i.e., base biofilm and streamer protruding space, exhibit 
different carrying capacity because there is a different 
mechanism for the movements of the microfluid in these 
zones. The tortuosity or fractality is more in base biofilm than 
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the streamer protruding space and this feature enhances the 
carrying capacity in this zone consequently enlarges the 
interface at the topography of the biofilm. This parameter 
enhances the mass transfer of the resources, nutrients, and 
metabolites. The relationship between the topography of 
biofilm and the growth of biofilm is similar to the benthic 
biofilms as these have easy access to open-channel flow. The 
biofilms are of microbial and ecological significance because 
this relationship and the porous architectural structure are 
advantageous, specifically in the stagnant region of porous 
environs. In these cases, the mass transfer processes regulate 
the delivery, distribution of oxygen, carbon, nutrients, 
and help the interaction between the porous biofilms and 
the physical aspects of the environment. The degree of 
architectural plasticity is different in the two zones of biofilm 
and the grain-pore complexes use this feature to their 
advantage. Overall, these architectural setups enhance the 
carrying capacity of the microfluid in the biofilms and ensure 
their success in any type of ambient environment or any 
ecological niche or anthropological site. Thus, these biofilms 
are the appropriate examples of successful competition and 
coordination among the microbial communities that form 
aggregation such as biofilm [33,46-48]. Biofilms mediate and 
ensure adherence between host or substratum and pathogens 
or the other organisms involved. The organisms are bacteria, 
fungi, and phototrophic prokaryotes, cyanobacteria. The 
substrate can be rocks, sandy shores, biomedical devices and 
tools, used during the medical procedures. The biochemical 
components like proteins, lipids, and exopolysaccharides 
play essential roles in establishing the behavior of biofilm; it 
is more so in the cases of host immune defense and antifungal 
therapy [49,50]. 

This specific coordinated communication among the 
microbes present in biofilm, and it involves characteristic 
the quorum sensing. Possibly, the ion-channel based cell to 
cell signaling is another option of communication within the 
biofilm and with the ambient environment. The microbes (B. 
subtilis) create electrical waves; these waves travel through 
the matrix of biofilm and beyond and carry K+ signals. The 
microfluidic concept helps to understand this possibility 
of extension of electric waves beyond biofilm. Most likely, 
during this process, there is a change in the membrane 
potential of distant motile microbe (cell). Thus, biofilm sends 
signals that reach the motile cell and affects its membrane 
potential. The tumbling frequency of the membrane of the 
distant cell modulates and induces response. In response to 
this induction, there is a species independent attraction to 
words the source of electric wave, i.e., the biofilm. As a result, 
there is an incorporation of diverse microbial species in 
biofilm [51-53]. 

Biofilms experience environmental stress and the 
regulatory transcription process involves LexA type of 

proteins. The members of this protein family coordinate 
structurally and functionally with the operational aspects 
of the RecA recombinase coprotease enzyme. This enzyme 
plays a significant coopted role during the sustenance of the 
environmental stress responses in biofilms. The combined 
actions of genetic and biophysical aspects of biofilms 
trigger and stimulate the formation of the surface lectin. 
This lectin causes remodeling of the viscoelastic features 
of biofilm during the period of environmental stress. The 
fluctuations in the ambient external environment and the 
anti-biofilm agents initiate specific adaptive mechanisms 
in biofilms. These efforts ensure the survival integrity of 
the microbial communities of biofilm and such adaptations 
have a significant role during the noxious recalcitrance 
of biofilms [54]. There are different genotoxic factors 
like antibiotic mitomycin C, withheld DNA replication, 
and various DNA damages result in single-stranded DNA 
segmentation, initiate the activation of RecA recombinase 
enzyme, and create Mg+ /ATP-binding form. This interplay 
induces genotoxic stress as RecA gets accumulated in the 
nucleoproteins of single-stranded DNA fraction. RecA also 
stimulates endogenous LexA peptidase autocleavage process 
and it acts as a coprotease for LexA. It is an SOS response 
repressor. The LexA brings about proteolytic degradation 
and causes a decline in DNA control for the synthesis of the 
required proteins to reduce the bad effects of DNA damage. 
Thus, RecA and LexA act as regulatory parameters during the 
mechanism related to prokaryotic stress [54-57]. 

Mechanics and the different microbes of biofilms play 
a significant role in its physical aspects. There appears to 
be some correlation between the mechanosensing process 
and fluctuations in the mechanical features of biofilms. 
Sheer stress on biofilm influences these correlations 
and the formation of a major component of biofilm the 
exopolysaccharides. This stress enhances the level of cyclic 
di-GMP; this, in turn, relates to the expression of type IV 
pili and regulation of change from the planktonic form into 
the lifestyle of biofilm in microbes like Bacillus cereus and 
Pseudomonas fluorescens. The parameters like chemical 
stimuli, pH, nutrients, surfactants, and the physical features 
influence the behavior of biofilms interdependently. The 
processes like a break-up, seeding, and dispersion of biofilms 
are related to the mechanics of biofilms [58-63]. 

Treatment of Biofilm is based on Targeting 
Strategies 

It is essential and beneficial to target the obnoxious 
biofilms. Targeting is either specific or non-specific 
depending on nature, type, location, quantum, and severity 
of biofilms. The specific targeting depends on the indented 
ligands which selectively link with the concerned molecule 
within the biofilm. The non-specific targeting aims at 
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charge based interactions and hydrogen bonding present 
on the nanovehicles. The liposome drug delivery system 
and polymer, lipid-polymer hybrid nanoparticles, and 
immunoliposomes are among the common modes of the 
targeting process. Immunoliposome technique basically 
involves peripheral covalently linked antibodies. 

Interaction between Nanomaterials and 
Biofilms 

While accounting for the management of the risk factor of 
nanomaterials in the environment, the transport, persistence, 
and bioavailability of nanomaterials play a crucial role. 
The naturally present components of environment such as 
microorganisms, colloids, inorganic and organic matter, 
temperature, and sunlight, oxidant and reductant, etc., 
complicate the behavior of the nanomaterials released in 
the environment. Thus, the behavior of such nanomaterials 
is likely to be different than that exhibited in the laboratory 
during experimentation. Nanoparticles can influence the 
formation of biofilm either during its growth and cause 
derogative impacts on matured biofilms or exhibit abnormal 
growth behavior on the nanoparticle-coated surface [64]. 
There are possibilities that such nanomaterials exhibit 

agglomeration, sedimentation, become the components of 
the food chain once micro, meso, meio, and macrofauna, and 
flora ingest them either directly or indirectly. The formation 
of biofilms is one of the common phenomena among 
microbes, fungi, and algae under natural and anthropogenic 
systems. The cellular microbes are enveloped in a slimy 
matrix consisting of extracellular polymeric substance. 
Biofilms are one of the prime modes of portioning and 
probable transformation of nanoparticles under natural and 
engineered set-ups. These structural and functional modes 
behave as effective sponges for the nanoparticles [65]. Like 
any natural and engineered systems biofilms associate with 
bacteria, these microbes attache and enveloped within its 
extracellular polymeric substance. The aquatic biofilms are 
the site of interaction and accumulation of nanoparticles; 
these also act as a sorptive sponge for nanoparticles. The 
accumulation and interaction of nanoparticles depend 
on their biophysicochemical processes and play a crucial 
role in the environmental fate and biogeochemical cycles. 
Parameters like the ionic strength of the aquatic medium, 
and the pore size of the matrix of biofilm influence the 
interactions between nanoparticles and biofilms [66] (Figure 
1). 

Figure 1: Flow Chart Indicating the Probable Mode of Entry of Nanomaterials in a Biofilm.

Under natural and engineered setups, the biofilms 
produce nanoparticles and as a result, participate in the bio-
geo-chemical cycles in the environment. This production 
takes place during the detoxification of metals, in this 
process the metals precipitate as nanoparticles [67]. The 
biofilms that are rich in sulfate-reducing bacteria exhibit 
zinc sulfide nanoparticles [68]. An electrochemically active 
biofilm behaves like a catalyst and helps in the production 
of monodispersible crystalline silver nanoparticles [69]. 

Thus, biofilms are the favorite source for the production 
of nanoparticles using them as clean, non-toxic, and eco-
friendly sources [65]. 

During the initial stages of formation of biofilm, the 
microbes aggregate and get in contact with the substratum 
as a random and interchangeable pattern; the Brownian 
movements, gravitational forces, and the ambient 
hydrodynamic forces help in establishing the initial contact. 
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Within this alcove, the microbes face specific attractive or 
repulsive forces because of the ionic strength, pH, and the 
ambient temperature. The velocity and the direction of these 

forces relate to the parameters like cell-surface composition, 
and characteristics of the medium (Figure 2). 

Figure 2: Events Occurring during Initial Stages of Biofilm Formation.

The motile microbes get the advantage of the 
hydrodynamic and repulsive forces because of the flagella, 
it is more so in pathogenic microbes like Vibrio cholerae, 
Listeria monocytogenes, and E. coli. During the initial stages 
of attachment, chemotaxis in response to the composition of 
the available nutrients helps in the direction of the formation 
of biofilms. The mutations in the CheR1 methyltransferase 
enzyme causes changes in its amino acid sequence and as 
a result, there is an impairment and maturation of biofilm 
in the case of P. aeruginosa but this is not so in the case of 
E. coli [70,71]. The methyl-accepting chemotaxis protein-II 
(tar) causes defects in the formation of biofilms in the case 
of uropathogenic Escherichia coli [72,73]. The repulsive 
and hydrodynamic forces, a force due to the sloughing off 
the surface, and the quantum of available nutrients play a 
significant role during the microbial adherence within a 
biofilm. The adherence involves the matrix, adhesin proteins 
secreted, and the microbes within a biofilm; these microbes 
can attach or detach themselves as per the need [40]. The 
microbes maintain a constant hold on the surface and 
withstand shear forces [71]. Cellular appendages, like pili of 
type-1, curli fibers, and antigens 43 help in the attachment 
of biofilm on abiotic surfaces along with the interbacterial 
interactions. Specifically, the curli fibers help in binding 
between the components of matrix-like laminin, fibronectin, 
plasminogen, and eukaryotic extracellular matrix [37]. 

Nanoparticles are one of the effective agents suitable 
to control and diffuse the problematic impacts of biofilms. 
These wonder materials are very useful carriers for 
antimicrobial agents and the dispersion agents of the biofilm 

matrix. To ascertain a check on the biofilm infection there 
is a need to have an in-depth understanding of the spatial, 
chemical variations, and complex nature of these slimy 
microbial aggregates [73]. The physicochemical properties 
of nanoparticles and properties of the aquatic medium affect 
the primary three stages of formation of biofilm; these are 
reaching of nanoparticles within the vicinity of biofilm, 
attachment of nanoparticles on the surface of the biofilm, and 
settling of nanoparticles in the deeper zones of biofilm. This 
complete process is referred to as bulk phase transport (Figure 
1). Among the physicochemical features of nanoparticles, 
the surface modifications influence the interaction between 
biofilms and nanoparticles, it is more so in the case of 
specifically engineered and ligand capped nanoparticles. To 
counteract the antibiotic and other derogative impacts of 
biofilm, nanomaterials are the feasible options because these 
nanosized materials have the ability to disrupt and reduce 
the resistive effects of biofilms. To make this more result-
oriented exercise one must consider parameters like type 
and concentration of nanomaterials, straining of microbes 
inhibiting biofilm, nature, quantification, and the ambient 
environment of the biofilms [74]. 

The functionalized nanoparticles with the organic 
ligand are basically applied for target accomplishments. 
Such functionalized nanoparticles come in contact with 
the biomolecules and get further modified due to the 
passive sorption within a biosystem. The protein corona 
formation involves organic biomolecules due to their 
temporary association with nanoparticles [75]. There are 
more mediated interactions between proteins and other 
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biomolecules when these nanoparticles with protein corona 
come in contact with the reacting surface [76]. The natural 
organic matter forms corona like coating on the surface of 
nanoparticles that have been released in the environment. 
Such coated nanoparticles along with other types of coatings 
affect the interaction between nanoparticles and biofilms in 
the environment. Silver nanoparticles having natural organic 
matter corona diminishes the degree of toxicity due to silver 
nanoparticles. Silver nanoparticles, pre-treated with natural 
organic matter (silver nanoparticles with corona) maintain 
a higher degree of cellular viability after incubation with 
the biofilms formed by Pseudomonas aeruginosa than the 
untreated silver nanoparticles with natural organic matter 
(silver nanoparticle without natural organic matter corona). 
Polyethylene glycol coated cadmium selenide quantum 
dots enter readily in the biofilm formed by Pseudomonas 
aeruginosa in comparison to the quantum dots coated with a 
carboxyl group (-COOH) [77]. 
 

The size and the charge on nanoparticles modulate the 
transfer of nanoparticles within the biofilm formed by P. 
fluorescens; the self-diffusion coefficients decline as the size 
of nanoparticles and the negative charge increases [78]. The 
density of the biofilm and the size of nanoparticles are also 
functionally related; self-diffusion of nanoparticles having 
a larger size than 50 nm becomes restricted in the case of 
biofilms having a higher density. It is the electrostatic force, 
not the steric force that controls the rate of diffusion of 
latex beads that are negatively and positively charged and 
are bigger than 28 nm in the cases of biofilms that have 
fewer numbers of Lactococcus lactis but higher numbers 
of Stenotrophomonas maltophilis extracellular polymeric 
substances [79]. The size, charge, and surface chemistry of 
nanoparticles collectively influence their mode and degree 
of transfer within porous biofilms [80]. Metal nanoparticles 
like silver, gold, and copper prevent the progress of biofilms. 
Some antimicrobial agents coated with polymeric materials, 
silica, and polysaccharide nanomaterials intercept the 
progress of biofilms. Some nanomaterials cause disruption 
and inhibition of biofilms. Such nanomaterials are silver 
nanoparticles coated with antibiotics, photosensitizers 
along with nanoparticles, antibiotics cocooned in polymeric 
nanomaterials, and silica or polysaccharide nanomaterials. 
Superparamagnetic iron oxide nanoparticles with or without 
an alternating magnetic field or external magnetic field 
also disrupt and inhibit biofilms. During the treatment of 
biofilms, metabolites of biofilms along with nanoparticles 
are administered to increase the efficiency of antibiotics, i.e., 
there are disruptions and inhibition of biofilms. Disturbance 
in the metabolic signaling system of biofilm causes its 
dispersion. Magnetic hypothermia kills the microbes of 
biofilms and instigates its premature dispersion [74]. The 
engineered nanoparticles partition within biofilms and 
affect it overall specifically, interrupting the quorum sensing 

adversely [81]. 

Quantification of Biofilm in vitro 

It is essential to know about biofilm quantification if 
one has to reduce its harmful impacts. The quantification of 
biofilms is one mode to do so and this can be accomplished 
using simple techniques. There is a specific amount of light 
scattering by a given population of the organisms in a given 
sample. This principle is utilized in measuring the bacterial 
growth rate in biofilm by measuring optical density at 590 
nm. Bacterial viability test is suitable to evaluate the dead 
and alive staining technique. The fluorescent green (SYTO 9) 
and fluorescent red (propidium) stains help to identify intact 
and dead bacterial cells, thus, evaluate the microbial cell 
viability of the biofilm bacteria [82]. Thereafter, treatment 
of a biofilm with nanoparticles and evaluation of the cellular 
viability using an alternating magnetic field, metabolic 
assays, such as the XTT assay and Alamar Blue assay help 
to the quantification of biofilm [83-a]. Staining the treated 
biofilm with crystal violet and measuring its optical density 
(absorbance) give the impact of nanomaterials on the biofilm 
under consideration [83-b]. The alternative method for the 
study of the biomass of biofilm is fluorescent labeling and 
using confocal microscopy [74].

Metal, Metal Oxide Nanoparticles, and Biofilms 

Biomineralization is a ubiquitous process among 
microbes, unicellular protists, fungi, plants, and animals. 
Minerals associated with biological environ exhibit 
uncommon strength, degree hydration. These biominerals 
are the active participants in biomineralization and 
biogeochemical cycles [84]. The natural aquatic biofilms 
like Lake Biofilms, exhibit phase of adsorption, and have 
minimum masking of adsorption. The adsorption involves 
the suspended materials present in the aquatic environment 
containing sufficient oxygen for the biotic components 
(oxic environment). Metals like lead, iron, and manganese 
oxyhydroxides get readily adsorbed on natural biofilm and 
represent biogeochemical phases. There is a possibility that 
the insoluble minerals present in clay may contribute to the 
binding of metals, like lead and other transitional metals like 
cadmium or copper but iron and manganese oxyhydroxides 
play a regulatory role in the process of adsorption. The 
degree of adsorption depends on the surface characteristics 
of iron and manganese coating and subsequent binding of 
the trace metals. The biological materials involving deposits 
of iron oxyhydroxides can also act as a source of lead metals 
for the biofilms. The adsorption of trace metals can occur due 
to the adsorptive scavenging process and the composition of 
the aqueous phase and the reactive inorganic and organic 
components present at inter reactive surfaces [85]. In natural 
and industrial setups, most of the microbial biofilms exist in 
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coating forms on the surface of metal-oxides. These slimes 
affect the transport and fate of metals and metal oxides 
because of their partitioning behavior and speciation.

Silver nanoparticles inhibit the microbial synthesis of 
extracellular polysaccharide substances present in biofilm 
and these nanoparticles are an antibiofilm agent [86]. 
Microbes develop drug-resistance because of antibiotic drug 
associates with a specific chemical target. This tendency 
narrows down among the species of microbes. As a result, 
there is an increase in the number of infections. In such 
cases, silver nanoparticles act as a suitable option to fight 
infection due to a wide range of Gram-positive and Gram-
negative bacteria and vancomycin-resistant strains. It is 
of common observation that microbes do not or may not 
develop resistance to silver nanoparticles, at least among 
hospital flora. Generally, such bacteria do not get a chance to 
undergo three discrete mutations in three microbial systems 
[87,88]. Silver nanoparticles exhibit increased active surface 
area due to the surface to mass ratio; the silver nanoparticles 
release more of oxidative Ag+ and partially oxidized silver 
nanoparticles, i.e., the partially oxidized silver nanoparticles 
undergo chemosorbtion, Ag (I), and these bind to the surface. 
These oxidative and partially oxidized silver nanoparticles 
exhibit greater antibacterial activity in comparison to 
the silver ions [89]. The silver nanoparticles attach to the 
bacterial cell wall, penetrate, and elevate the permeability 
of the microbial cell. Finally, the microbial cell dies [90]. 
There are possibilities that positive Ag ions present on the 
silver nanoparticles form reactive free radicals that damage 
the microbial membrane and possibly cause apoptosis in 
bacterial cells [91]. A multilayered core or shell formulations 
of gold and silver metal nanoparticles exhibit synergistic 
antibacterial impacts depending on the thickness of the shell 
or core. The carbon nanostructures conjugated with metals 
like Pb, Co, and Ni, either inhibit or exterminate the biofilms 
[92,93]. 

The sizes of the silver nanoparticles having 1to 100 
nm contain 20 to 15000 atoms of silver [94]. Smaller 
sizes of silver nanoparticles with 10 nm and 20 nm show 
a higher degree of reduction in the biomass and biofilm 
cell viability in comparison to the larger sizes of silver 
nanoparticles (100 nm). These smaller silver nanoparticles 
did not change the morphology of the biofilm matrix and 
of the cells present [95]. The inhibitory concentration of 
the smaller silver nanoparticles (8.3 nm sizes) does not 
influence the biofilm of the E. coli and the bacteria present, 
but in higher concentrations (100-150 g/ml) of same sizes 
silver nanoparticles, most of the inhibiting bacterial cells 
perish [96]. The varying sizes of chitosan-coated silver 
nanoparticles between 55 nm to 275 nm exhibit species-
dependent impact; no disruption in 24 hours old biofilm of 
P. aeruginosa and Staphylococcus aureus but 65% reduction 

in the formation of biofilm of P. aeruginosa [97]. Chemically 
synthesized silver nanoparticles with 20nm-30nm also show 
inhibitory impacts on the P. aeruginosa biofilm [98]. 

There have been attempts to develop strategies in which 
conjugated form of antibiotics and silver nanoparticles to 
deal with biofilm-related complications. The aztreonam, a 
common antibiotic could not prevent or eradicate biofilms 
but induced post-treatment growth [95]. The formation of 
biofilm in the lungs and the airways is one of the serious 
problems in the medical field. If the amalgamated form of 
antibiotics, like cationic antimicrobial peptides and silver 
nanoparticles, probably acts as a good option to treat such 
ailments. An amalgamation of nanoparticles of poly (Lactide-
co-glycolide) (PLGA) having model cationic antimicrobial 
peptides and colistin can be prepared using emulsion/
solvent diffusion technique The engineered nanoparticles 
functionalized with chitosan and poly (vinyl alcohol) 
changes the surface properties, show better penetrating 
ability, which in turn helps its transport through the biofilm 
or mucus. These nanomaterials when sprayed on carriers 
like lactose and mannitol can regulate properties like bulk 
and flow properties, and degree of aerosolization. This 
complete product acts as a performance inducer and as a 
breath-actuated inhaler in dry powder form. This conjugated 
engineered product destroys the biofilm of P. aeruginosa 
[99]. It shows relatively extended efficacy in eradicating 
biofilm in comparison to colistin alone. The conjugated forms 
of silver nanoparticles having 10 nm size and aztreonam 
cause damage of the cell wall of the microbes and reduce 
the biomass, the thickness of biofilms up to 98%, and 50% 
respectively [95]. An amalgamation of silver nanoparticles 
and antibiotics forms more reactive oxygen species rather 
individually on administration in a biosystem [74,100]. These 
observations indicate the useful and remedial applications of 
a combination of silver nanoparticles and antibiotics towards 
handling the problems relating to biofilms. 

Gold particles do not exhibit innate antimicrobial 
feature but gold nanoparticles are readily functionalized. 
This concept forms the bases of gold nanoparticles as 
remedial agents to treat biofilm infection [101,102]. Gold-
silver nanoparticles (~93 nm) show more disruption and 
inhibitory activities towards the biofilm formation of S. 
aureus, Acinetobacter baumannii, in comparison to the gold 
and silver nanoparticles individually [101]. Bacteriogenically 
synthesized gold-silver nanoparticles exhibit antibacterial 
and antibiofilm properties against Gram-positive bacteria, 
like Enterococcus faecalis and Staphylococcus aureus, Gram-
negative bacteria, like Escherichia coli and Pseudomonas 
aeruginosa and their biofilm phase. These bimetallic 
nanoparticles (209 nm) are more biocompatible and have 
better bactericidal activities than individual counterparts. 
These formulations at 10µM concentration show complete 
inhibition of biofilm formation. The smaller sized bimetallic 
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nanoparticles and having the layering of bio-organic matter 
show a higher degree of biocompatibility and internalization 
[102]. 

The light activates photosensitizer complexes like 
methylene blue conjugated with gold nanoparticles (~26 
post conjugation size) and release ROS which damages 
microbes. The electrostatic interaction readily results in 
the conjugation of negatively charges gold nanoparticles 
and positively charged methylene blue (1:1 by volume). 
This conjugated form of gold nanoparticles causes 82.2% 
inhibition in Candia albicans biofilm under laser exposure 
at 38.2J/cm2 for 40 seconds every 6 hours for 24 hours 
treatment. The 2, 3-Bis (2-methoxy-4-nitro-5-sulfophenyl)-
5-(phenyl aminocarbonyl)-2H-tetrazolium hydroxide (XTT) 
biofilm reduction assay and scanning electron microscopy 
are effective techniques to evaluate the damage of the 
biofilm [74]. The gold synthesized from plant sources exhibit 
better antibiofilm performance of the methylene blue- a 
photosensitizer; there is a possibility of the similar impact 
of such gold nanoparticles with other photosensitizers like 
Rose Bengal and erythrosine. The gold nanoparticles that are 
chemically synthesized did not elicit similar interactions in 
the case biofilms of A. baumannii and E. coli. There is neither 
inhibition nor disruption in these biofilms [101]. There is 
a possibility of the effect of the synthesis of antimicrobial 
plant extract and this needs further investigation. 
Although, the bimetallic gold/silver nanoparticles show 
better performance in either inhibiting or disrupting 
biofilms in comparison to the gold and silver nanoparticles 
individually. The bimetallic gold and silver nanoparticles 
involving antimicrobial plant extract synthesis technique 
(may be regarded as a combinational concept) offer 
improved antibiofilm impact than chemically synthesized 
bimetallic gold/silver nanoparticles [74,101]. Magnetic iron 
nanoparticles are fairly biocompatible and cost-effective. 
These nanoparticles are very useful tools in the medical 
field as magnetic resonance imaging and targeted drug 
delivery agents, and treatment based on hyperthermia. The 
magnetic iron nanoparticles can be readily synthesized using 
the coprecipitation and thermal decomposition techniques, 
although, synthesizing magnetic iron nanoparticles is 
tedious because of the interference of parameters like pH, 
salts involved, concentration and the temperature [74,103]. 
Specifically, the functionalized superparamagnetic iron oxide 
nanoparticles (SPIONs) are effective against the biofilms of S. 
aureus, this microbe, and the biofilm is resistant to methicillin. 
The SPIONs coated with dimercaptosuccinic acid (this 
elevates the degree of solubility and metallic ion conjugation) 
followed by chelation with either Fe3+ form FeCl3 or Zn2+ from 
ZnCl2 acts as a good antimicrobial and antibiofilm agent. 
During this process, three forms of functionalized SPIONs 
namely dimercaptosuccinic acid-coated SPIONs, iron-coated 
SPIONs, and zinc-coated SPIONs are formed. On incubating 

these three functionalized SPIONs impact the growth of 
twenty-four hours old S. aureus biofilm; SPIONs (1mg/ml) 
show maximum inhibition; zinc/iron SPIONs (0.01 mg/ml) 
show a lower degree of inhibition (~20%) while plain ZnCl2 
stimulate the growth of the said biofilm. These observations 
reflect the possibilities that SPIONs help to increase the 
concentrations of the Fe3+ and Zn2+ in biofilms and these 
ions cause the death of the microbes present in biofilm 
[74,104,105]. The presence of fructose affects the efficacy 
of conjugated SPIONs in destroying the biofilm of S. aureus. 
Possibly the increase in the antibiofilm activity of fructose 
treated SPIONs depends on the amount of SPIONs deposition 
in biofilm. The antibiofilm activity increases in accordance 
with the amount of SPIONs deposited in biofilm as this 
condition leads to the elevated rate of ROS generation. The 
1m M of fructose results in 99.9999% killing in comparison 
to the antibiofilm activity of vancomycin. The fluorescence 
microscopy imaging of dead and living microbes technique 
is very suitable for such studies. The fructose treated SPIONs 
and vancomycin also cause a 50% reduction in the biomass 
of the biofilm under study. Fructose also lowers the degree of 
toxicity of SPIONs. Similar observations are seen in the case 
of nanoparticles synthesized using plant extract [74,101, 
105]. 

SPIONs under the influence of the external magnetic 
field penetrate the biofilm and accumulate at its bottom 
terminating all the intra-biofilm microbes. The functionalized 
SPIONs with carboxyethylsilanetriol (~13 nm and with 
zeta potential ranging from +43m V to −15 m v) terminate 
the microbes (gentamicin-resistant Staphylococcus 
epidermidis present in its biofilm. The functionalized SPIONs 
with carboxyethylsilanetriol result in 83% mortality of 
microbes under the influence of the magnetic field while 
the mortality is around 9% in its absence. The gentamicin 
did not influence this behavior of functionalized SPIONs 
with carboxyethylsilanetriol. The higher rate of microbial 
mortality is probably due to the production of ROS due to 
very small nanoparticles and not because of electrostatic 
interaction among SPIONs and cell wall of biofilm microbes 
[74,106]. Kim, et al. suggest highly effective and a safe novel 
antimicrobial thermo therapeutic technique; this technique 
involves excited antibody-targeted magnetic nanoparticles 
with high amplitude and high frequency. This technique 
rapidly clears 99.9% of the pathogen and the biofilm at a 
lower temperature (43ºC) which otherwise requires high 
temperature in vivo and in vitro in mice [107]. The size 
and chemical composition of magnetic nanoparticles and 
their formulation impact the antibiofilm activity. The iron 
oxide (Fe2O3) nanoparticles (2 nm) induce the formation of 
biofilm but Fe3O4 inhibits this activity. Even though Fe2O3 
nanoparticles obstruct antimicrobial peptide function and 
reduce the activity of ciprofloxacin, but there is a possibility 
that the very small nanoparticles of Fe2O3 (2 to 540 nm (2 ± 
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1, 43 ± 6, 85 ± 25 and 540 ± 90 nm) may behave like growth 
inducers for the biofilms [108,109]. There is a need to delve 
more into the mechanism while studying their antibiofilm 
effect. 

The response of biofilm to temperature is another 
interesting aspect that requires attention because of cold 
storing, refrigeration, or environmental conditions. The 
temperature can affect the process of biofilm formation, 
growth, and dispersion. The Staphylococcus aureus is 
relatively more thermotolerant than Listeria sp., this calls 
for redesigning the thermal treatment and pasteurization in 
food technology [110]. The process of dispersal of biofilm is 
an essential phase and exhibits recalcitrance and infection 
due to antimicrobial tolerant biofilms. The temperature 
parameter influences the dispersion of biofilm. A rise of 
5ºC in temperature helps the detachment in the case of 
the biofilm formed by bacteria, Pseudomonas aeruginosa. 
The thermal up-shift declines the biomass of biofilm and a 
rise in the number of viable suspected cells. The secondary 
messenger cyclic di-GMP plays a prominent role during the 
change from sessile microbial form to motile form and involves 
a genetic network. The Poly (oligo (ethylene glycol) methyl 
ether acrylate)-block-poly (monoacryloxy ethyl phosphate)-
stabilized iron oxide nanoparticles (POEGA-b-PMAEP@
IONPs) cause local hyperthermia in the established biofilms 
under the magnetic field. These [(POEGA-b-PMAEP@IONPs)] 
functionalized nanoparticles are not toxic to the microbes 
present in biofilm. This increase in heat (hyperthermia) 
results in the detachment of biofilm cells and the antibiotic 
gentamicin also reduced the microbial colonies [111]. The 
iron oxide nanoparticles, with restrictions, have a wide range 
of applications in clinical and industrial setups [111,112]. 

Copper nanoparticles are another suitable option as 
an antifungal and antimicrobial agent and are applicable in 
industries as a fungicide, for purifying water, and against 
fouling. The copper nanoparticles are cost-effective. Copper 
nanoparticle coating on biomedical devices is in use to prevent 
the growth of pathogens and to prevent their spreading. The 
copper nanoparticles are effective inhibitors of the formation 
of biofilms and the pathogens [74,113,114]. The copper 
metal and its nanoparticles form a surface oxide layer during 
their synthesis and under normal conditions [114]. Cupric 
oxide nanoparticle (40 nm) and 50µg/ml) reduced the EPS 
biomass of oral (dental) biofilm to around 61% [74,115]. The 
copper nanoparticles (100 ng ml) cause 94% decline in the 
biomass, 89% reduction in hydrophobicity of cell surface, 
and 92% decrease in exopolysaccharides in the biofilms of 
Pseudomonas aeruginosa [116]. 
 

The biogenic TiO2 nanoparticles (10-30 nm) are better 
photocatalyst and form H2O2 and ROS at the interface 
between TiO2 and the aquatic biofilm; these nanoparticles 

suppress the growth of the biofilm [117]. The dissolved ZnO 
nanoparticles (50 mg/L) interrupt the activity of biofilms; 
these nanoparticles adsorb on the surface of the biofilm and 
generated zinc ions. These zinc ions bring inhibition of the 
aerobic respiration and cause no damage to the microbial 
cell membrane [118]. The zinc oxide nanoparticles (35 nm; 
53 µg m‾1 and 76 µg m‾1) show antibacterial and antibiofilm 
activity and prevent the growth of oral biofilms of Rothia 
dentocariosa and Rothia mucilaginosa [119]. Selenium 
nanoparticles synthesized using the laser ablation technique 
adheres to the surface of biofilm of Candida albicans because 
of the electrostatic forces between negatively charged 
selenium nanoparticles and a positive charge on the biofilm. 
The selenium nanoparticles substitute sulfur groups of amino 
acids in the cell wall of Candida albicans. This substitution 
results in the cytological and morphological changes in 
this fungus. Due to the disoriented protein structure and 
the disintegration, the biofilm disorients and loses normal 
structural and functional integrity [120]. 

Silica Nanomaterials and Biofilms

In habitats rich in silica hot biofilms, the bacteria act as 
the spots for silica nucleation in the case of cyanobacterial 
biofilms. The extracellular proteins and carbohydrates 
of biofilms help the silicification of cells and results in the 
formation of an amorphous layer of silica. This amorphous 
layer facilitates the microbial survival at 3 mm depth. The 
extracellular polymeric matrix acts as a molecular site for 
the nucleation for silica mostly in a silica-rich substrate 
[121]. Biomineralization among biotic components of the 
environment is of common occurrence; it may involve 
specific cell, tissue, organs, and at a specific scale and this 
phenomenon is associated with an organic matrix with a 
self-directed deposition of crystals of the minerals [122].
 

Normally biodegradable materials are in use to transfer 
drugs in biosystems. The release of drugs may or may not be 
regulated due to the weaker physicochemical properties of 
the carrier involved. To avoid such malfunctioning, there is 
a need for robust and biocompatible but not biodegradable 
readily carrier. Silica nanoparticles meet such requirements. 
In normal practice, nitric oxide associated silica nanoparticles 
are suitable that carry NO within the biofilm and release it as 
endogenous free radical in the matrix. Nitric oxide and or its 
byproducts are the probable agents to inhibit the growth of 
microbial biofilms and their antibacterial drug resistance and 
cause less degree of toxicity at experimental concentrations 
[74]. Inorganic-organically functionalized silica nanoparticles 
are synthesizes using tetramethoxysilane, tetraethoxysilane, 
and different aminoalkoxysilanes (N-(6-aminohexyl) 
aminopropyltrimethoxysilane, N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane, and (aminoethylamino-ethyl) 
phenethyltrimethoxysilane; these formulations of silica 
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effectively release nitric oxide within biofilms. The size of 
these nanoformulations is in relation to the concentration 
of N-(2-aminoethyl)-3-aminopropyltrimethoxysilane and 
can be regulated. The rate of release of nitric oxide is higher 
while using smaller functionalized silica nanoparticles as the 
distance declines or diffusion in order to donate nitric oxide, 
and their half-life is around 12 h. The rate of release of nitric 
oxide depends on the method of synthesis of hybrid silica 
nanoparticles [74,123].

The N-(6-aminohexyl) aminopropyltrimethoxysilane 
silica nanoparticles provide more nitric oxide radicals 
and cause 99% of the destruction of P. aeruginosa biofilm, 
and the microbes inhabiting. This destructive impact is 
concentration-dependent, and the rate of diffusion of nitric 
oxide. The functionalized silica nanoparticles are also effective 
99.99% on the biofilms of E. coli, S. aureus, S. epidermidis, and 
C. albicans, Gram-negative microbes, 99.9% in case of the 
myco-biofilms, and 99.0% in the cases of biofilms of Gram-
positive microbes. The primary cause of the destruction of 
biofilm is the electrostatic interaction among nitric oxide 
radicals and biofilms [124]. The shape of these nanomaterials 
also influences the degree dispersion of biofilms. The rod-
like nanoparticles disperse the major portion of the biofilm 
and kill the microbes within 15 minutes while spherical 
nanoparticles remain restricted to a limited region of 
biofilm and did not kill any bacteria even after 60 minutes 
of treatment [123]. Silica nanoparticles functionalized with 
chlorohexidine show antibiofilm activity against mono-
species biofilms such as S. mutans, Streptococcus sobrinus, 
Fusobacterium nucleatum, A. actinomycetemcomitans, and E. 
faecalis [125]. 

Liposomes and Biofilms

Liposomes are uni and multilamellar, spherical vesicles, 
and biocompatible nano entities. The lamellae are amphiphilic 
phospholipids in nature. The liposomes can encapsulate 
hydrophobic and hydrophilic chemicals. The synthesis 
methods like detergent depletion, ether/ethanol injection 
reverse-phase evaporation, emulsion, and the Bengham 
techniques help to regulate the degree of encapsulation of 
the liposomes [74, 126]. Liposomes exhibit a higher degree 
of permeability, loading, and cellular uptake because of 
their bilipid membrane. This membrane also facilitates the 
safety of hydrophilic antimicrobial agents, avoidance of the 
deactivation of their loads in vivo conditions present in the 
experimental model [74]. These liposomal nanoentities are 
one of the most suitable means against resistant biofilm in 
the medical field and food technology. There is a decline in 
the clinical minimal inhibitory concentration (MIC) and 
the minimal biofilm inhibitory concentration (MBIC) when 
an antibiotic drug embodies in liposome in comparison 
to the free form of antibiotic [127]. The composition of 

liposome and the features of the outer microbial membrane-
like proteins, lipopolysaccharides, hydrophobicity, and 
membrane electrostatic potential, influence the degree of 
fusogenicity between the two. The positive and negative 
surface charges on the liposomal formulation function as 
antibiofilm and antibacterial features. The positively charged 
liposomal formulations destroy the biofilm at relatively low 
concentrations in comparison to the liposomal formulation 
having a negative surface charge. There is a possibility of 
establishing a stronger electrostatic attraction between the 
liposomal membrane and the negative charge on the outer 
microbial membrane [127]. 

Although liposomes appear good options to treat 
the biofilm-related infection because of their weak 
physicochemical features weaken their efficacy in clinical 
applications. The leakage, probable declined release of 
antibiotics, and unfavorable harsh conditions of biofilms 
may pose hindrances during their use in treating infection 
due to biofilms [74]. The size and class of liposomes 
influence the degree of penetration in biofilms; cationic, 
unilamellar small-sized liposomes (128 ±2.3 nm – 141 nm) 
infiltrate deeper in the matrix of biofilms of both P. aeruginosa 
and S. aureus in comparison to the multilamellar liposomes 
(having larger size 141 ±1.3 nm). Anionic unilamellar 
and multilamellar liposomes exhibit a very low degree of 
penetration. The blank cationic liposomes nano entities 
disrupt the electrostatic equilibrium of the biofilms of 
the two microbes and result in antibiofilm impact [128]. 
The neutral and anionic liposomes functionalized using 1, 
2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 
cholesterol liposomes (426.3 ±26.4) a mixture of 1, 2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) and 1, 2-dipalmitoyl-
sn-glycero-3-phosphoglycerol sodium salt (DPPG) (228.5 
±34.9) to carry tobramycin; these configurations did not 
show superior impact than the impact of free tobramycin 
[129]. There appears to be the need for more conformational 
experimentation for considering liposomes to be suitable as 
drug carriers to treat the infection due to microbial biofilms.

The interaction between liposome and the surface 
polymer of the bacterial glycocalyx requires lipids that 
have polyhydroxy head groups like phosphatidylinositol. 
The lattice model concept is the functional basis of this 
interaction. It also involves the potential energy of the 
interaction at the interface between the bacterial surface 
and the surface of the liposome. The energy of interaction 
which is less than that of a single hydrogen bond can bring 
about an interaction between polyhydroxy head groups of 
liposome and polymer residue present on the surface of 
bacteria; this energy potentiates the interactions between 
repulsive and attractive dispersion forces at the interface. 
[The energy of a hydrogen bond depends on the nature of the 
donor and receptors atoms that participate in hydrogen bond 
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formation; this energy varies within 1 to 40 kcal/mol range]. 
This concept predicts the optimal liposomal composition 
needed for the adsorption of liposomes at the surface of the 
bacterium. This theory regulates the process of adsorption 
of polyhydroxy lipid liposomes on the surface of varied 
microbial oral and dermal biofilms. The lattice model concept 
explains the very fine changes in the liposomal configuration 
and the microbial surface; this process incorporates vary less 
energy of the interactions and impacts the interaction in the 
process [130]. The membrane of liposomes has an ability 
to merge with phospholipid membrane, thus these deliver 
their cargo directly to the targeted cell or microbe. The 
membrane of fusogenic liposomes is lipid in nature and this 
feature renders the bilipid layer more fluidic in texture and 
this state is likely to destabilize the biological membrane. 
Thus, the overall impact of this process favors the delivery 
of cargo or drugs comfortably at the desired site [127]. The 
microbes of a biofilm have differentiated phenotypes and 
form matrix consisting of extracellular polymeric substances 
rich in polysaccharides. This form of framework acts as a 
strong defense mode and impedes the process of penetration 
of antibiotics and decline the microbial susceptibility against 
exogenous compounds [131]. 
 

Because of the microbial resistance towards vancomycin, 
its efficacy as an agent to treat infection due to methicillin-
resistant nature of Staphylococcus aureus is very low. When 
vancomycin is loaded in the liposome its efficiency enhances. 
This formulation exhibits sustained release, increases more 
intense interaction with the molecules of vancomycin with 
the bacterial cells, ameliorate pharmacokinetics, declines 
toxicity, widens the antimicrobial activity against Gram-
negative microbes, and elevates the concentration of the 
drug by enhancing the degree of penetration in the matrix 
of a biofilm. There is a need to affirm the inhibitory impacts 
of such liposomal formulations [131-133]. The liposomal 
peptide (Lys-Val-Asp-His-Phe-Pro-Leu; origin: rice bran 
protein) is a spherical nanoentity (average diameter >200 
nm) shows better antibiofilm activity. Its thermodynamic 
studies indicate an efficient, instantaneous, smooth, and 
exothermic delivery of liposomal peptide to the biofilms of 
Listeria monocytogenes [134].

Liposomes do not exhibit a minimum inhibitory 
antimicrobial biofilm effect. Liposomes with cationic surface 
charge inflict greater antimicrobial biofilm impact and 
raised retention in a biofilm of Pseudomonas aeruginosa 
but liposomes with anionic surface charge exhibit elevated 
permeability. Liposomes functionalized with polymethyl 
glycol (PEG) cause greater antimicrobial biofilm effect but the 
extent of retention declines. Thus, appropriate manipulation 
of surface charge and modification of polymethyl glycol help 
to regulate antimicrobial biofilm impact and the permeability 

to meet the required target [135]. 

Polymeric Nanomaterials and Biofilms 

Polymeric nanomaterials or polymeric nanocomposites 
are made of either polymeric or copolymeric matrix in 
which nanoparticles or nanofillers like carbon nanotubes, 
graphene, etc., are inter spread. The functionality of such 
polymers depends on the concentration of the nanofillers. 
Parameters like reinforcement of nanostructures, alignment, 
type of dispersion, type of interfacial bonds between 
nanofillers and the polymers, affect the final product. These 
polymeric nanomaterials have one dimensional (yarn), two 
dimensional (sheet), and three dimensional (foam). These 
materials exhibit elevated functions that can be regulated 
[136]. Polymeric materials show high adaptability, specificity, 
and are cost-effective. These materials are suitably used in 
different applications as structural materials, coatings, health 
care, packaging, communication, energy, transportation, agro-
food industries. The polymeric materials are lightweight, 
hard, strong, flexible, and have very extraordinary thermal, 
electrical, and optical features; their molecular structure 
and composition are easily formulated. All these properties 
make them suitable for innovative materials with targeted 
physicochemical and biological features. As a result, these 
polymeric materials have changed the scenario of materials 
science [137-141]. The fabricated polymeric nanoparticles 
are convenient agents to regulate the drug delivery time and 
its rate. This feature is helpful in establishing an elevated 
degree of antibiotic activity and its impact on biofilms. The 
contact and the aggregation (to increase the concentration) 
of the antibiofilm formulation can be controlled if one can 
suitably functionalize nanomaterials that are acting as a 
carrier involving specific ligand targeting. 
 

The surface-immobilized quaternary ammonium 
containing resin acid-derived compounds and polycationic 
formulation act as antimicrobial and antibiofilm agents. 
Polymeric formulations like copper-catalyzed azide-alkyne 1, 
3-dipolar cycloaddition, and surface-initiated atom transfer 
radical polymerized derivatives show strong antibacterial and 
anti-biofilm activities against Gram-positive Staphylococcus 
aureus and Gram-negative Escherichia coli [142]. It is quite 
convenient to structure polymeric chains, hydrogels to use 
as superhydrophobic surfaces with increased anti-adhesive 
ability. Binding antimicrobial peptides, antibiotics, chitosan, 
and enzymes with spacer molecules, biodegradable matrices, 
nanomaterials, and quaternary ammonium formulations 
and these formulations act as suitable antimicrobial and 
anti-biofilm agents [143]. The efficacy of the formulation 
of the polymeric surface coating increases when an end-
to-end chain reaction helps the release of antimicrobial 
agents and this release gets activated in the presence of 
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bacteria and bacterial biofilm. This process depends on 
the physicochemical features of the surface of the material 
to be used like composition, charge, topography, porosity, 
and hydrophobicity. These features and other aspects that 
influence the functionality include mode of application on 
the surface, quantity to be mixed/used, nature of the polymer 
antiadhesive material. The product should suitably reduce 
the force of adhesion between the bacteria and the substrate, 
and decrease the surface for the attachment of microbes to 
the specific surface. These steps result in the preservation of 
the resistance between the material used and the bacterial 
colony. These steps are not very convenient because they only 
modifying surface chemistry or surface structure. Factors like 
fast degradation, desorption, non-biocompatibility interfere 
with the formation and functionality of such products [141]. 
 

There have been efforts to improvise polymeric 
formulations that are effective against biofilm formation and 
safe for human health and medical devices. The modulated 
polymeric compounds function in a specific mode like the 
interfaces have a sensing ability to retain the planktonic 
microbes and be able to isolate them prior to the formation 
of a biofilm. The modulated compounds should have the 
ability to disrupt the cell to cell communication and the 
physical structural aspects of biofilm. These actions disrupt 
the matrix or the planktonic state of biofilm to ensure the 
dispersal. Further, these impacts decline the degree of 
virulence of a biofilm, selection pressure, restrict their ability 
of drug-resistance, and reinstate the effectiveness of the 
antimicrobial and antibiofilm agents [142, 144-146]. 
 

Poly lactic-co-glycolic acid (PLGA) is one of the 
biodegradable and biocompatible polymeric materials. 
In an aqueous medium, the ester linkage present in PLGA 
hydrolyzes forming lactic acid and glycolic acid; both of 
these are natural bio-byproducts of biointeractions [147]. 
Polylactic-co-glycolic acid nanomaterials are known to 
release therapeutic agents in a sustained mode. The release 
of cargo relates to the rate of its degradation and the diffusion 
of the cargo molecules. If one changes the ratio of polylactic 
acid and polyglycolic acid, its rate of degradation gets 
controlled along with its hydrophobicity and crystallinity. 
If polyglycolic acid is more in the product, it shows a higher 
level of crystallinity and more amount of polylactic acid 
results in elevated the hydrophobicity of the formulated 
product [148]. The virgin COOH capped poly-co-glycolic acid 
exhibit negative zeta potential, because, the carboxyl group 
(COOH-) dissociates and releases hydrogen in an aqueous 
medium. The poly-co-glycolic acid capped with OH, this OH 
group undergoes deprotonation in basic conditions; thus, 
mostly, this formation is not preferred while considering 
its biological uses. The extended duration of sonication of 
fabricated poly-co-glycolic acid nanoparticles regulates their 

usable size as per the application [149]. 

 The extracellular DNA is a structural and functional 
component of biofilm. Its degradation is an essential 
step during the earlier phase of biofilm formation. The 
deoxyribonuclease 1 (DNase1) functionalized poly-co-
glycolic acid (PGLA) deteriorates this constituent of a 
biofilm, and active DNase1 placed on the surface of PGLA 
nanomaterials enhances the particles mobility and their rate 
of diffusion towards extracellular polymer [150]. The three 
nano-formulations of PGLA namely, PGLA-PL-CPX-DNase-1, 
PGLA-CPX, PGLA-PL-CPX and free CPX (Ciprofloxacin) 
show antimicrobial and antibiofilm activities; out of these 
four functionalized molecules, only PGLA-PL-CPX-DNase-
1nanomaterials (as surface coatings ) exhibit maximum 
efficacy in increasing the nanoparticle mobility and their 
diffusion into the extracellular polymeric substance of 
the biofilm [150]. Other polymeric nanomaterial lipid 
nanomaterials polymer containing pectin sulfate, is an 
antibiofilm agent that does not allow the adhesion of the 
biofilm of Helicobacter pylori [151]. 

The Pseudomonas aeruginosa produces rhamnolipid 
(RHL) - bacterial surfactant; it disintegrates extracellular 
polymeric substance of the biofilm and also intermingles 
with it [74]. Phosphatidylcholine (PC) lipid polymer 
functionalized with rhamnolipid (size 181 nm and negative 
zeta potential) is a suitable carrier for Amoxicillin (AMX) 
for treating the Helicobacter pylori biofilms [152]. The resin 
composite of quaternary ammonium polyethyleneimine 
nanoparticles interacts with the cell wall of biofilm bacteria 
and causes electrostatic disturbance on the cell wall of 
the bacteria. This leads to an apoptosis-like process in the 
affected cell [153]. 

Chitosan and Biofilms

Chitosan is among the most common, (next to cellulose) 
nontoxic biomaterials. It exhibits a higher degree of 
biocompatibility, bioactivity, and convenient physical 
moldability. Chitosan is derived for chitin- a structural 
component of the exoskeleton of most of the arthropods and 
fungal cell walls. This polysaccharide has an amino group that 
undergoes protonation. This feature ensures its solubility 
in dilute acidic solutions and plays a significant role during 
its biomedical applications [154]. The chemical structure of 
chitosan consists of several hundred to more than a thousand 
β-(1-4) linked d-glucose units and this configuration is 
similar to the structure of cellulose. In chitosan structure, 
an acetamide group replaces the hydroxyl group at position 
C-2 of cellulose. Chitosan, [β-(1-4) linked 2-amino-2-deoxy-
β-D-glucopyranose] is an N-deacetylated derivative of 
chitin, in which the acetamide groups is transformed into 
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a primary amino group [155]. The process of deacetylation 
remains incomplete (mostly) and the resultant product still 
possesses some of the acetamide groups (5-8% nitrogen as 
primary aliphatic amine group) in its structure and helps 
in the typical reactions of amines. Chitosan shows higher 
activity in comparison to chitin because of the presence of 
primary and secondary hydroxyl groups in every repeat 
unit and each deacetylated unit with an amine group. These 
chemical groups undergo chemical alterations readily, and 
as a result, cause changes in the physical and chemical 
properties of chitosan [155]. Commonly, chitin undergoes 
deacetylation and changes into chitosan using an excess of 
sodium hydroxide in an aqueous medium. 

The backbone of chitosan is positively charged and very 
reactive with the cell membrane; it reorganizes the proteins 
of intercellular junctions and opens them. Such interactions 
elevate the permeability of chitosan (polysaccharide). The 
chitosan molecule is polycationic in nature and it executes 
analgesic impact also. The molecule of chitosan is polymer 
having amino groups and is a polysaccharide having 
glycosidic bonds; this biochemical structural configuration 
facilitates its enzymatic biodegradation involving proteases 
and lysozymes, within a biosystem [154]. Chitosan also 
exhibits an antitumor, hemostatic, hypocholesterolemic, 
antimicrobial, and antioxidant nature [155]. 

The carboxymethyl chitosan inhibits biofilm formation 
in the case of Gram-positive and Gram-negative microbes 
about 74.6% and 81.6% respectively. This formulation 
prevents bacterial adhesion more than 90% and the dynamic 
status of the biofilm [156]. Chitosan dispersion (size d50; 
5.61 ± 0.57 µm) and chitosan microparticles (size d50 4.15 
± 0.20 µm) having narrow size distribution, polydispersity 
(2.22 ± 0.19) and exhibit high positive zeta potential 
(+58.7 ± 3.7). Chitosan microparticles (1%) increased 
the microbial viability and the degree of acidogenecity 
in comparison to the chitosan dispersion in the case of 
matured biofilms of Streptococcus mutans [157]. Microbial 
cell wall and the surface of extracellular polymeric substance 
have a negative charge while chitosan nanoparticles have 
positive surface charge; this condition is very conducive 
for interaction between these two entities, either as drug 
carrier or to disrupt the matrix of biofilm. The interactions 
between chitosan solution, chitosan semi-microparticles, 
and six different strains of Pseudomonas aeruginosa 
from clinical biofilms, depend on the strain susceptibility 
difference in phenotypes, and their natural antioxidant 
efficacies; of the two forms of chitosan particles, chitosan 
solution shows more antimicrobial effect than the semi-
microparticles of chitosan against Pseudomonas aeruginosa 
[158]. Chitosan can be easily modulated; the amine group 
of chitosan in acetic acid solution interacts with sodium 

tripolyphosphate-a polyanion, and this step results in the 
formation of chitosan nanoparticles involving cross-linking 
process. Chelated chitosan nanoparticles exhibit higher 
antibiofilm activity and inhibit microbial recolonization 
on dentin [159]. Chavez de Pa,z et al. prepared chitosan 
nanoparticles using neutral pH, and chitosan with different 
molecular weights. The nanocomplexes derived for higher 
molecular weight exhibit lower degree of antimicrobial 
action (20-25%) but those nanocomplexes formulated form 
chitosan having lower molecular weight induce more than 
95% antimicrobial effect [160]. Chitosan associated with 
Rose Bengal (a photosensitizer) show a significant degree of 
antimicrobial impact but it is very slightly toxic to fibroblast. 
This formulated chitosan complex adheres to the surface of 
bacteria and increases cellular permeability resulting in the 
loss of bacterial cells due to photodynamics. Photoactivated 
chitosan Rose Bengal complex disintegrates matrix and 
reduces the viability of the biofilms of Enterococcus faecalis. 
This interaction involves photo-cross-linking in the chitosan 
Rose Bengal complex as a result it increases the mechanical 
strength of dentin-collagen tissue and reduces degradation 
[161] Chitosan associated with linoleic acid immobilizes 
enzymes, like β-N-acetylglucosaminidase (DspB); this 
enzyme degrades a major polysaccharide called poly-β (1, 
6)-N-acetyl-glucosamine (PNAG), present in the biofilms 
matrix (extracellular polymeric substance) of S. epidermidis, 
S. aureus, and Actinobacillus actinomycetemcomitans. The 
immobilized β-N-acetylglucosaminidase enzyme inhibits 
and disintegrates the biofilms S. epidermidis, S. aureus, 
and Actinobacillus actinomycetemcomitans, and remains 
functional for longer duration and a wider range of 
temperature [162].

Quantum Dots and Biofilms

The quantum dots are colloidal semiconductor 
nanomaterials. These consist of the core and corona layer. 
Their core is made of either one or more heavy metals like 
cadmium, tellurium, or zinc. The quantum dots exhibit 
fluorescent properties; these absorb photons at a specific 
lower wavelength and emit a relatively higher wavelength. 
Their photoluminescence emission is directly related 
to their size. The specific features of quantum dots like 
the smaller size, resistance to metabolic degradation in 
biosystems, photostability, fluorescent nature, and their 
faculty to conjugate with ligands or biomolecules, etc., 
ensure them to be a preferred option as fluorophore in the 
field of biological sciences [163]. Graphene quantum dots are 
cytobiocompatible, produce lactate dehydrogenase enzymes, 
and reactive oxygen species. The modified quantum dots 
(100 mM) also exhibit antimicrobial impact and antibiofilm 
activity against biofilms of S. aureus. This nano quantum dots 
readily disintegrate well-formed biofilm and prevent the 
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formation of new biofilm [164]. PEGylated silver graphene 
quantum dot nanocomposites exhibit synergistic impact and 
do not enhance the growth of S. aureus and P. aeruginosa 
[165]. 
 

The fluorescent faculty of quantum dots makes them 
suitable visualizing agents and this technique effective, least 
toxic, and cost-effective as compared to SEM, AFM, MRI, and 
Raman spectroscopic techniques. The synthetic complexes 
may be toxic and interfere with the analysis [163]. The 
physical scaffolding of microbial biofilm is extracellular 
polymeric substance and it plays an important role during 
its development and virulent nature. The synthesized 
amphiphilic carbon dots bind with this extracellular 
polymeric substance in the case of Pseudomonas aeruginosa, 
this feature facilitates the microscopic visualization of the 
related structural aspects, growth kinetics, biofilm disruption, 
and impacts of external parameters like temperature [166]. 

Dendrimers and Biofilms

Generally, dendrimers are biocompatible and show 
fairly good biodispersibility. Hence, these multi-branched 
nanomaterials are the good options as drug carriers within 
the biosystem, even to treat infections due to biofilms. The 
degree of penetration and accumulation of dendrimers 
depends on the electrostatic double-layer interactions 
between the peripheral compositions of the dendrimer and 
surface of the biofilm [167]. Dendrimers having peripheral 
pH-responsive NH3

+ (Ph 7.0) marked with Red fluorescent 
dye; exhibit a higher rate of penetration in the biofilm of P. 
aeruginosa (ambient acidic medium) in comparison to the 
dendrimer that has peripheral OH‾ or COO‾. Regarding their 
distribution, dendrimers with peripheral NH3

+ groups exhibit 
electrostatic double-layer attraction (surface of biofilm 
shows negative charge) and these accumulate at the top 
zone of the biofilm while dendrons with peripheral OH‾ or 
COO‾ groups get uniformly dispersed within the matrix 
of the biofilm. This duration of exposure influences such 

distributions [167]. Glycopeptide dendrimers show affinity 
to lectins and bind with them, the lectins like LecA and LecB 
play significant roles during the development of antibiotic 
resistance towards the matrix of biofilm of P. aeruginosa. 
Specifically modulated glycopeptide dendrimers react 
with LecB like FD2 and D-FD2 and LecA like GalAG2 and 
GalBG2 and result in preventing the formation of biofilm of 
P. aeruginosa and increase its destructive dispersal [168]. 
Carbosilane metallodendrimers containing copper (II), 
ruthenium (II), ligands (chloride and nitrate), and generations 
(generations 0, 1, and 2) show biocidal impact towards 
Gram-positive, Staphylococcus aureus, and Gram-negative, 
Escherichia coli). The first-generation dendrimers Cu (II) 
metallodendrimer with nitrate) exhibit maximum biocidal 
and antibiofilm activity. This interaction is concentration-
dependent [169]. Single-chain polymeric nanoparticles (1.4 
μM) exhibit strong antibacterial (>99.99%) towards Gram-
positive Pseudomonas aeruginosa, and its biofilm [112]. 
Peptide dendrimers severely inactivate the biofilm of E. 
coli –RP437, on polystyrene plates. The rate and extent of 
inactivation depend on the optimum concentration and the 
dose; maximum inhibition (93.5%) is at 40 µM concentration 
[170,171].

Carbon Nanomaterials and Biofilms

Carbon nanomaterials are very small in size, show 
increased surface area, photostability, fairly good 
biocompatibility, and can be easily modified for the set 
targets. These wonder nanoparticles exhibit specialized 
physicochemical abilities like mechanical, electrical tensility, 
the conductance of electrons, and heat. The carbon-based 
nanomaterials demonstrate broad-range one-photon 
property, biodistribution, and least toxic nature, these 
features attribute to their manifold diagnostic applications. 
The carbon nanoparticles and their modified forms are 
potential carriers for inter and intracellular drugs, diagnostic, 
therapeutic, bioimaging tools [172-174], (Figures 3 & 4). 

Figure 3: Forms of Carbon Nanomaterials and their Applications.
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Figure 4: Factors Affecting Interactions between Nanomaterials and Biofilms

The single-walled carbon nanotubes disrupt and 
inhibit the biofilm formation in the case of E. coli. In the 
matured biofilms the inhabiting microbes are not affected 
during the presence of single-walled carbon nanotubes. 
The extracellular polymeric substance of biofilm mitigates 
the toxic impact of single-walled carbon nanotubes but in 
the absence of extracellular polymeric substance, these 
nanomaterials result in the detachment of microbes in the 
biofilms. At the very high concentration (around 10 times) 
of single-walled carbon nanotubes, there is inhibition and 
disruption of the biofilm of E. coli. The E. coli microbe does 
not colonize and produce biomass on the surfaces coated 
with single-walled carbon nanotubes [175]. 

The TiO2/multi-walled carbon nanotubes and Bacillus 

subtilis have a negative charge on their surfaces; hence, 
there is an anti-adhesion impact because of the electrostatic 
repulsion between the two interfaces and diminished 
strength of the contact. There exists another correlation 
between the surface of negatively charged microbes and 
the nanosized surface; because of this parameter, the 
bacteria tend to settle within the narrow spaces between 
nanoparticles [176]. The carbon nanomaterials, like 
fullerene (C60), absorb organic contaminants, this feature 
may help to restore or restrict the degree of toxicity to 
biofilms in the aquatic environment. Pristine fullerene is 
nontoxic to biofilms but when conjugated with triclosan, 
diuron, or venlafaxine, organic micro-contaminants inflict 
harmful impacts and these depend on their concentrations 
on the heterotrophic and phototrophic components present 
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in the biofilms. There is competition among C60 and organic 
micro-contaminants to hinder the receptors present on 
the microbial or other biological membranes [177]. The 
structural aspects of graphene indicate its ability of chemical 
transformation; these transformed forms are effective 
during loading and transport of drugs [178]. Graphene 
oxide is an efficient antibiofilm during the early stages of 
formation and also on matured biofilms of Staphylococcus 
aureus PECHA 10, Pseudomonas aeruginosa PECHA 4, and 
Candida albicans X3. These organisms are some of the 
most common wound pathogens. Graphene oxide retards 
bacterial growth, significantly reduces and inhibits biomass, 
and exhibits bacteriostatic effect in these organisms. This 
carbon nanomaterial also declines the degree of microbial 
adhesion and biomass. These interactions involve strong 
covalent bonding between graphene oxide and microbes in 
addition to electrostatic binding [179]. The graphene oxide 
nanoparticles (85µg/mL and 8.5µg/mL) cause a decline 
in viability in the case of 48-h biofilm and the detachment 
but not well pronounced in 24-h and 72-h biofilm of 
Pseudomonas putida. These impacts are age-based because 
of the physiological changes occurring in the microbe and 
the concerned biofilm [180]. 
 

The single-walled carbon nanotubes having OH‾, -COOH 
group, pristine form, multi-walled carbon nanotubes, and 
fullerene show different degrees of impacts on biofilms. Of 
these carbon nanomaterials, fullerene exhibits the least 
antibiofilm effects. These nanoparticles integrate within 
developing microbial riverine communities in the patchy 
pattern as indicated during scanning transmission X-ray 
microscopic studies. The extracellular polymeric substances 
of these biofilms act as the sink for the interacting carbon 
nanoparticles studied and protect or interfere with the said 
interaction. The carbon nanotubes exposure did not change 
parameters like biomass with reference to its thickness, 
chlorophyll-a, bacteria of the biofilms, and the mass of 
cyanobacteria in the biofilms under investigation. 

Conclusion

Engineered and natural nanoparticles are the potential 
participants in multifaceted aspects of industries, medical 
and biological fields as analytic tools, carriers for drugs, 
imaging agents, technological agents, etc. These wonderful 
and multiutility materials reach the aerial, aquatic, and land 
components of the environment during their synthesis, 
functionalization, applications, storage, transportation, and 
distribution either unintentionally or intentionally. These 
become the potential threat to the varied components of the 
environment. Biofilms are the significant ecological alcoves 
that sustain micro flora and fauna. The research reported on 
biofilms confirms the role of biofilms as major sinks for these 
nanomaterials. The biofilms are not only in the environment 

but also in the biosystems, biomedical analytical tools, life-
supporting implants, water and wastewater treatment, and 
tools used in day to day life. Such biofilms have their own 
uses and abuses in their ambient environment. Thus, it is 
imperative to device some novel strategies to control this 
component of the environment to make the best use in 
interdisciplinary applications. 
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