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Food Biofilms

What Is a Biofilm?

Many microorganisms have a proclivity to attach to surfaces and form a complex
made up of extracellular matrix, in various environmental settings. These complex
ecosystems with embedded bacteria, are known as biofilms. Furthermore, microbes
in biofilm state often times are quite dissimilar in their phenotypic traits and exhibit
high antimicrobial tolerability, In contrast to planktonic organisms (Abdallah et al.,
2014; Galié€ et al., 2018) It has been demonstrated that mixed biofilms are resistant
to biocides and disinfectants, such as quaternary ammonium compounds.

Impact of Biofilms in the Food Sector

In the food industry setup, biofilms can prove to be a notorious issue to tackle. The
type of surface material and the reversible attachment of microbial cells to it are the
initial processes involved. After that, the attachment becomes irreversible, with
embedded microcolonies. Finally, the biofilm presents as a tridimensional assembly
(Fig. 9.1), creating a sophisticated ecosystem that is prepared for dispersal.

S. Firoze - H. Sami (0<) - M. Asaad - P. A. Khan - H. M. Khan
Department of Microbiology, INMCH, Aligarh Muslim University,
Aligarh, Uttar Pradesh, India

A. Azhar
BioNEST-UDSC, University of Delhi, Delhi, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 187
F. Ahmad et al. (eds.), Microbial Biotechnology in the Food Industry,
https://doi.org/10.1007/978-3-031-51417-3_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-51417-3_9&domain=pdf
https://doi.org/10.1007/978-3-031-51417-3_9#DOI

188 S. Firoze et al.

osome bacleria escape, revert to
planktonic phase § colonize another
surface

opassive dispersak erosion. sloughing

=T —
\V_ OEPS accumulation

ool onﬂtl cellular +
oﬂa Jar miity communications oenhanced quorum bialilm structures \ -
of s ) osurface adhesions: sensing mechanisms

i curli, fimbriae, oEPS production
o Physiochemical oili;geﬂa
allraction e I

Reversible Irreversible Attachment  Growth Maturation Dispersal
Attachment (surface colonization) (microcolonies) {macrocolonies)

Fig. 9.1 Stages in biofilm development
Attachment Mechanisms

A variety of biological, chemical, as well as physical mechanisms control the for-
mation of biofilms. The terms adhesion and cohesion are used to describe different
types of cell attachment in a biofilm. The adhesive and cohesive qualities that a
biofilm will display are ultimately determined by the mechanisms underlying these
types of attachment. The different steps involved in biofilm formation are
(Marshall, 1986):

(1) adsorption, or the buildup of an organism on a substrate or other collecting
surface (deposition); (ii) attachment, which is the stabilization of bacterium-
collector contact and frequently entails the building of polymeric bridging between
the two; (iii) colonization, i.e., the growth and division of microbes on the collector
surfaces.

(a) Conditioning layers: The conditioning layer, which may be made up of several
inorganic or organic particulates, serves as the substrate onto which a biofilm
can develop (Characklis & Cooksey, 1983). Through gravitational force or flow
movement, anything that might be present in the main fluid may settle down on
a substrate and eventually becoming a component of the conditioning layer.
This layer changes the substrata to make it readily accessible to microorgan-
isms. Surface charge, potential, and tension can be positively affected by the
interaction between the conditioning layer and substrate. The substrate gives
the bacterial community support and nutrients to help it grow.

(b) Reversible adhesion: Initially, physical traits, including flagella and other bac-
terial appendages are used to move planktonic microbial cells from the main
medium/fluid, to the conditioned surface. Reversible adsorption occurs in a por-
tion of the available bacterial cells that reach the surface. Microbial adherence
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is locally influenced by characterizing factors, like the amount of energy avail-
able, the functionality of the surface, the orientation of the bacteria, and the
temperature and pressure levels. The bacteria will separate from the surface if
the attracting forces are stronger than the repulsive ones. This is more likely to
happen prior to substrate conditioning.

Bacterial desorption has a low activation energy, making it likely to happen and
illuminating the bonds’ frailty. DVLO (Derjaguin, Verwey, Landau and Overbeek)
forces, also known as van der Waals forces, along with electrostatic (double layer)
interactions and steric interactions, are involved in defining the extent of individual
bacterial adhesions (Rutter & Vincent, 1984). Van der Waals interactions, whether
they be associated with attraction, or repulsion, form an overlap amid the substra-
tum and the cell’s electrical double layer. These interactions defined by the DVLO
theory, describe cell to flat surface net interactions, as a balance between dual influ-
ential factors (Hermansson, 1999). Also, these physical interactions are classified as
long-distance forces, or physisorption. Thermodynamic interaction has also been
discussed in terms of a modified DVLO theory, which further considers hydropho-
bic/hydrophilic and osmotic interactions (Chang & Chang, 2002).

(c) Irreversible adhesion: Some reversibly absorbed cells undergo real-time immo-
bilization and develop irreversible adsorptive bonds. Fimbriae, flagella, pili and
other such bacterial appendages have been said to outweigh the electrical dou-
ble layer’s physical repulsive forces (de Weger et al., 1987). They come into
contact with the conditioning layer’s overall framework, promoting oxidation,
hydration and other such chemical reactions to strengthen the bacterial cell-to-
surface interaction. According to some research, the hydrophilic-hydrophobic
characteristics of involved surfaces have a significant impact on microbial
adherence.

(d) Population growth: Daughter cells move out and up from their initial attach-
ment sites to cluster up as even more stationary cells continue to undergo binary
division (Hall-Stoodley & Stoodley, 2002). These proliferative interactions
typically result in the formation of a mushroom-like structure within the grow-
ing biofilm. It is thought that the mushroom-shaped structure enables the deliv-
ery of nutrients to microorganisms deep within a biofilm.

A rapid population expansion, also known as ‘exponential growth phase’, proceeds
an initial ‘lag phase’. This is dependent on the environment’s physical and chemical
makeup. The substrate’s and bulk fluid’s nearby nutrients are used up in the process
of the rapid growth. Majority of the chemical or physical activities of the initial
attachment stage reach a steady halt, and are replaced with other biological com-
munications. Stronger cell bonds are created as a result of the interaction between
polysaccharide intercellular adhesion (PIA) polymer excretions and bivalent cations
(Dunne Jr., 2002).

The planktonic and sessile state of a bacterial cell differ in terms of gene expres-
sion. For instance, because mobility is limited and no longer required in sessile
species, the development of surface appendages is hindered. A number of genes that
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produce excretion products and proteins on cell surfaces are simultaneously
expressed more frequently. Opr C and Opr E are examples of surface proteins
(porins) that facilitate the outward passage of excretory products (e.g., some poly-
saccharides), as well as inward passage of necessary extracellular products into
individual bacterial cells of biofilms (Hancock et al., 1990).

Final Stages of Biofilm Formation

When cell division and cell death rates are identical, a phase of growth is said to be
stationary. Biofilms employ various cellular signaling pathways known as quorum
sensing, which become active at significant cell densities (Bassler, 1999). The pro-
cess of quorum sensing stimulates genetic expressions of mechanical, as well as
enzymatic processors of alginates. These play vital roles within the extracellular
matrix and consist of diverse auto-inducers, including chemical and peptide signals
such as homoserine lactones, which are present in elevated concentrations.

The biofilm is destroyed during the dying phase. By breaking down the polysac-
charidal bindings, the biofilm, together with the help of available enzymes nearby,
is capable of causing the surface bacteria to be actively released for colonizing onto
new substrates. Enzymes involved in the breakdown of the biofilm matrix include
alginate lyase produced by Pseudomonas (Ps.) aeruginosa and Ps. fluorescens, hyal-
uronidase derived from Streptococcus equi, and N-acetyl-heparosan lyase sourced
from Escherichia coli (E. coli) (Sutherland, 1999). Various porin-related genes are
down-regulated; they play a role in the genetic cycle for adherence and cohesive
properties in different biofilms. On the other hand, flagellin-related operons are up-
regulated; they provide the bacteria with the machinery for motion.

Resistance Mechanisms

Increased antimicrobial resistance is a problematic property of biofilm-bacteria.
Microbes exhibit strong resistance when attached in form of biofilm, making bacte-
rial cells 10-1000 times more resistant to different antibiotics, as compared to the
same bacteria produced in free-floating, planktonic forms (e.g., in culture) (Mah &
O’Toole, 2001). Major mechanisms involved in this resistance are briefly shown in
Fig. 9.2.

(a) Difficult antibiotic penetration of biofilm: The exopolysaccharide matrix (EPM)
is a vital feature of any microbial biofilm. A proposition suggests that the EPM
serves multiple functions, including acting as a barrier to prevent antibiotics
from reaching the bacterial cells. The distribution of antimicrobial compounds,
towards the biofilm’s cells, can be constrained by either the compound’s inter-
action with or sorption to various biofilm constituents. Although past mathe-
matical models initially predicted that there shouldn’t be any obstacles to the
diffusion of many antibiotics through a biofilm, modern trials have revealed the
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Fig. 9.2 Drug Resistance in biofilms: The yellow area stands for the extracellular polysaccharide,
whereas blue polygons represent biofilm-bacteria. Nutrient gradients, oxygen and waste products
can be found in biofilms, which characterize their heterogeneity (shown by colored crosses). The
cellularly dense biofilm, along with its physical expulsion of many antimicrobial classes encom-
pass resistance mechanisms. Additionally, individual biofilm-microorganisms might adapt physi-
ologically to increase their resistance to biocides

apparent inability of some antibacterials to reach their targets in/on the biofilm
cells. In the case of a mixed biofilm associated with Klebsiella pneumoniae and
Ps. aeruginosa, ordinary disinfectants like chlorine were observed to reach less
than 20% of the concentration present in the surrounding bulk media. This eval-
uation was conducted using a microelectrode specifically designed to detect
chlorine levels (De Beer et al., 1994). Theoretically, penetration profile indi-
cated that a substrate may have been consumed inside the matrix. Also, infrared
spectroscopy was utilized by Suci, et al. to demonstrate that ciprofloxacin was
transported to a colonized surface at a slower pace than it was to a sterile surface
(Suci et al., 1994). These scientists hypothesized that the ciprofloxacin was
attaching to the elements of the biofilm.

According to Larsen (2002), when Porphyromonas gingivalis’s planktonic popu-
lations were evaluated in terms of cell density levels, comparable to those of biofilm
populaces (107-108 cells mL~'), the minimum inhibitory concentrations of antimi-
crobials (metronidazole, amoxicillin and doxycycline) were noticeably heightened.
This finding suggested that an inoculum impact contributes to the enhanced bacte-
rial resistance, but it does not fully account for the changes in susceptibilities
between planktonic and biofilm organisms. Larsen’s experiments also discovered
the tested biofilm populaces possessed two to eight times more resistance to antimi-
crobials such as doxycycline and amoxicillin, as opposed to equal amounts of
planktonic bacteria.
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(b) Stress responses and slow growth: A bacterial cell culture’s growth is slowed
when it lacks any necessitated nutrient. Antibiotic resistance typically increases
as growth goes from exponential to sluggish or no growth (Tuomanen et al.,
1986a, b). In established biofilms, the bacteria have been seen to proliferate at
slowed rates. It’s been anticipated that this biological alteration is one of the
explanations to why biofilms have resistance to many antibiotics; cells growing
in biofilms are expectantly encounter varying grades of nutritional constraint.

Modern researches have explicitly explored the significance of survival of bio-
film cells, with slowed growth rates, even in the presence of antibiotics. They’ve
closely observed growth phases of biofilm-cells as well as planktonic-cells. Gilbert
and colleagues (Duguid et al., 1992; Evans et al., 1991) recorded the differing
growth rates of biofilms versus planktonic cultures of E. coli, Ps. aeruginosa and
Staphylococcus epidermidis. They discovered that susceptibilities to drugs (i.e., cip-
rofloxacin, tobramycin) increased in parallel to the growth rate, for both biofilm and
planktonic-cells. This confirmed a fundamental concept: ‘biofilm-cells’ slowed
growth rates act as shields against active antimicrobial action’. With biofilm and
planktonic forms of Ps. aeruginosa cells, sub-optimal growth rates yielded similar
ciprofloxacin resistance. The cells in planktonic phase, however, stood more vulner-
able to ciprofloxacin than the biofilm cells as the development rate was accelerated.
This finding lends support to the hypothesis that the biofilm’s documented resis-
tance to antimicrobial treatment can be attributed to factors beyond its gradual for-
mation, indicating the presence of additional contributing characteristics (Desai
etal., 1998). Desai et al. conducted a comparative analysis between the resilience of
biofilm and planktonic cells at multiple stages during an exponential growth phase,
extending until the initiation of a stationary phase. Their investigation revealed an
increasing resistance in both biofilm cells and planktonic cultures as they approached
the stationary phase. The bacterial cells in biofilms had antimicrobial resistance
which was 15 times more than the planktonic cells during the stationary phase of
both cultures, which is when resistance was at its highest. These findings indicate
that the level of resistance to certain factors is influenced by variables beyond just
the growth rate of cells. It appears that delayed growth also plays a role in providing
extra protection. One possible explanation for this phenomenon is the observed
increase in cellular densities during later stages of exponential growth, which could
be linked to this additional protective factor (Brooun et al., 2000).

(¢c) Quorum sensing (QS): Deeper comprehension pertaining to the concept of
quorum-sensing (QS) in bacteria, has paved the way for advancements in
knowledge on regulatory mechanisms governing drug resistance processes. The
fight against drug resistance have been made possible by this discovery. Study
findings demonstrate that the quorum-sensing system controls a number of cel-
lular processes in microorganisms, including extracellular polysaccharide
(EPS) synthesis, toxigenic protein production and pathogenic gene expression
(Béuerle et al., 2018; Turan et al., 2017). It also plays significant roles in the
functioning of drug efflux pumps and in the development of bacterial biofilms.
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Previous research of Davies and colleagues demonstrated a Ps. aeruginosa
strain’s mutation in its lasR-lasI QS system, was incapable of biofilm production
with a typical structure (Davies et al., 1998). Furthermore, these authors provided
evidence that lasI-mutant biofilms were abnormally susceptible to SDS treatment,
albeit they did not address the issue of whether these mutant-laden biofilms had
changed drug resistance (Davies et al., 1998). Bacterial efflux pump regulation by
the QS system has been verified by different researches (Subhadra et al., 2019;
Wang et al., 2019).

(d) Physiologically different biofilm cells: A developing theory in the field states
that a subset of the community is given a biofilm-specific phenotype, which
ignites causes active mechanisms to counter the negative effects of bactericides.
Many researches of the present century are aimed at reporting activated or sup-
pressed genes associated with biofilms and comparing planktonic-cell genes
upon cellular attachment onto vulnerable surfaces (Kuchma & O’Toole, 2000).
Additionally, it’s feasible to say that almost all of these biofilm cells will exhibit
heightened antibiotic resistance. High cell density, specific types of stress,
nutritional restriction, or a combination of these factors may all contribute to
the development of this resistant phenotype. Antimicrobial drugs that are unre-
lated chemically can be expelled from the cell through multidrug efflux pumps.

The mar operon is upregulated in E. coli, which leads to a multidrug-resistant
phenotype. AcrAB is assumed to be the efflux pump in charge of this resistance. By
using lacZ fusion (Maira-Litran et al., 2000), mar expression was tracked in batch,
chemostat and biofilm growths to look for any linkage between this well-known
mechanism of multi-drug resistance and biofilm resistance to antimicrobials. Mar
detected was lower in biofilms than it was in comparable stationary-phase culture
batches, contradicting the impression that mar operon is elevated in biofilms.

Ps. aeruginosa has three essentially known multi-drug efflux pumps, and the Ps.
aeruginosa genome project has also discovered numerous more putative pumps.
One study made a case for the significance of one of these pumps in the develop-
ment of ofloxacin resistance (Brooun et al., 2000). It demonstrated that, at lesser
ofloxacin concentrations, biofilms without the pump were more responsive to this
medication, than biofilms overexpressing it; Ps. aeruginosa strains that either lacked
or overexpressed the MexAB-OprM pump were used. There was no change, though,
for ciprofloxacin, a different quinolone. Therefore, just as with the E. coli investiga-
tions, more research is needed to determine whether stimulation of pumps is factu-
ally a crucial modification giving resistance to biofilms, or not.

The modification of the composition of membrane proteins due to antibiotics is
another mechanism for resistance inducible in bacterial cells of biofilms. This alter-
ation might make cells less permeable to certain substances. E. coli strains with
mutated genes of ompB (incharge of regulation for outer membrane porin genes:
OmpF, OmpC), as well as ompF, experience greater f-lactam resistance. OmpF-
deficient mutants have been found to have higher levels of tetracycline and chloram-
phenicol resistance. Additionally, the relative ratios of the two main E. coli porins,
(OmpC and OmpF) (Jaffe et al., 1982) were changed in starved cells, favoring the
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production of OmpC, a smaller porin (Liu & Ferenci, 1998). The results mentioned
above lend credence to the idea that changing porin expression alters how resistant
bacteria are by nature to antimicrobials. In the past, it was also demonstrated that
biofilm bacteria expressed more of the omp C gene than planktonic cells did for
three other osmotically regulated genes (Pugsley & Schnaitman, 1978). These find-
ings suggest that biofilm-microbes indeed do survive in osmotically stressful micro-
environments. Therefore, a biofilm’s external factors may cause changes in cell
membranes, shielding the cell from the negative effects of antibacterial drugs.

Effect of Food Biofilms on Health

Many studies have shown the significance and effects of biofilms on the food indus-
try. Biofilms showcase higher antibiotic resistance patterns than their planktonic
counterparts, by up to 1000-fold, accounting for almost 20% of cases of food poi-
soning (Lebeaux et al., 2014). Cross-contamination between relevant food products
with food pathogens, such as Bacillus cereus, Campylobacter jejuni, E. coli
O157:H7, Listeria monocytogenes, Salmonellae, Staphylococci and Yersinia entero-
colitica, are common (Anand et al., 2014). Apart from infections, biofilm may be
associated with intoxications. For instance, in food processing units, biofilms can
emit toxins, contaminating food matrices, with resultant intoxications in single or
multiple persons (outbreaks). In both situations, the presence of biofilms in a food
manufacturing facility poses a significant risk to public health. The level of risk
associated with these persistent, complex living structures, known as biofilms, is
contingent upon the specific bacterial species involved. The formation of biofilms in
different types of factories is influenced by factors specific to each facility. In par-
ticular, the main areas prone to biofilm development is in proximity include: animal
carcasses, assembly-line tops, contact surfaces, dispensing tubing, packing materi-
als, pasteurizer plates, reverse osmosis membranes, storage silos for raw materials,
pipelines carrying milk, water or other liquids, etc. (Colagiorgi et al., 2017).

Biofilm Microorganisms

A variety of microorganisms can flourish on foods and throughout the network of
the food industry. Varying microbe species may have different capabilities for
adhering to and/or forming biofilm on various surfaces. Biofilms have vastly intri-
cate microstructures and are made up of a variety of these symbiotic microbes,
including some that are pathogenic to humans, as revealed by various detection
technologies and microscopic techniques. The primary microorganisms involved in
the early development, colonization and spread of biofilms in the food business are
discussed in this part, along with the health problems they may cause (for instance,
in association with pre-prepped foods, dairies and other food matrixes) (Galié
et al., 2018).



9 Microbial Biofilms and the Role of Biotechnology as a Solution 195

Major bacteria including, Bacillus cereus, Campylobacter jejuni, Clostridium
perfringens, Enterococci, Escherichia coli, Listeria monocytogenes, Salmonella,
Staphylococcus aureus, Vibrio and others, have been found to establish biofilms on
foods and food-contact surfaces, raising serious questions about food safety (Sharan
et al., 2022). Biofilms may be essential in ecophysiology, because they promote
colonization of a variety of environmental microhabitats, such as farm-food sur-
faces. They may be linked to symptomless, direct colonization among some hosts,
or even transmission through food systems with subsequent infection (Ahmed et al.,
2013). Throughout the food business, biofilm-producing microbes may be poten-
tially harmful to humans as they create tough complexes in manufacturing settings.
These microorganisms use the processing parameters used in the food sectors, such
as glass, polyethylene, stainless-steel, wood and rubber as artificial substrates
(Abdallah et al., 2015; Colagiorgi et al., 2017). When disinfecting and sterilizing
procedures are taken into consideration, the parameters of different microbial
growth forms on foodstuffs in a processing facility involve several propensities.
Choosing the best method might be challenging when attempting to prevent biofilm
development in the food sector (Carrascosa et al., 2021). Table 9.1 gives brief
descriptions of several of these pertinent biofilm-producing microorganisms in the
food sector.

Bacillus cereus

The Gram-positive, spore-producing, facultatively anaerobic, Bacillus cereus
(B. cereus), can grow in a variety of settings at temperatures ranging from 40 to
120 °F. B. cereus is immune to chemicals, irradiation and thermal treatments
(Bottone, 2010). It is a soil-dwelling organism that is typically isolated from food
and food-related goods like dairies, meats, rice and vegetables. B. cereus releases
toxin elements which are capable of causing diarrheal food poisoning (gastroenteri-
tis) in people (Carrascosa et al., 2021).

B. cereus-laden biofilm matrices are found on materials that come into touch
with food, like storage tanks, industrial belts, machinery and metal pipes. These
intricate biofilm communities are probably crucial to B. cereus’ capacity to colonize
many habitats. In conjunction with their spores, they give the microbe a high level
of tolerance and adhesiveness on a number of substrates, namely stainless-steel, a
substance that is of frequent use in industrial food lines. B. cereus can survive for
extended periods of time and can endure sanitization techniques in these settings
(Majed et al., 2016). They may also build up as submerged or as floating biofilms
that secrete bacteriocins, proteases, lipases, metabolites and surfactants capable of
altering the sensorial properties of food (Dincer et al., 2020). Their flagellar motility
provide access to surfaces that are favorable for biofilm formation, and promote
propagation onto uncolonized surfaces. B. cereus flagellar mechanisms, however,
haven’t been discovered to be necessarily related with adhesion to glass, but their
motile activity can play a significant role in biofilm production (Houry et al., 2010).
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Microorganism

Food contamination

Effects

Anoxybacillus
flavithermus
(Somerton et al., 2013)

Milk powder

Fouled skim milk powders/
products

Bacillus cereus
(Bottone, 2010)

Dairies, fried rice, meats,
vegetables

Diarrheal and emetic
gastroenteritis

Campylobacter jejuni
(Chlebicz & Slizewska,
2018)

Poultry, raw milk

Dysentery with fever, cramps,
nausea and vomiting

Clostridium perfringens
(Fruin, 1977)

Pork, poultry, processed foods

Food poisoning, necrotizing
enterocolitis in humans,
enterotoxaemia in animals

Enterococcus species
(Franz et al., 2003)

Meats

Spoilage of raw/processed
meats

Escherichia coli
(Galié et al., 2018)

Fruits, meats, unpasteurized milk,
vegetables

Outbreaks of diarrhea,
hemolytic uremic syndrome

Geobacillus
stearothermophilus
(Somerton et al., 2013)

Dairies

Fouled skim milk powders/
products

Listeria monocytogenes
(Rothrock et al., 2017)

Cheeses and dairies, frozen
vegetables, fruits, ice-creams,
poultry, processed foods, raw milk

Listeriosis

Pectinatus species
(Van Houdt & Michiels,
2010)

Beers

Rotten egg smell

Pseudomonas species
(Gonzéalez-Rivas et al.,
2018)

Cheeses and dairies, fruits, meats,
vegetables

Reduced shelf-life of foods

Salmonella Enterica
(Nguyen et al., 2014)

Cattle, fish, pork, poultry, sheep

Gastroenteritis or blood stream
infection

Staphylococcus aureus
(Kadariya et al., 2014)

Dairies, baked goods, egg
products, meats, poultry, salads

Diarrheal/emetic gastroenteritis

Bacillus cereus is among the most common causes of gastroenteritis outbreaks,

manifesting predominantly as diarrheal or emetic in nature. B. cereus variants asso-
ciated with emetic predominance are capable of secreting non-ribosomal cyclic,
heat-stable toxin peptides into food, that when consumed, causes vomiting. Simply
speaking, they tolerate cooking temperatures and contribute to vomiting episodes
when consumed (Ehling-Schulz et al., 2015). In accordance with the current para-
digm of diarrheal B. cereus food poisoning, foods contaminated with spores are
consumed and germination inside the gut is possible, where bacterial spores prolif-
erate alongside the release of enterotoxins. This is particularly true for diarrheal
B. cereus strains which secrete cytotoxin K, hemolysin BL and non-hemolytic
enterotoxin (Stenfors Arnesen et al., 2008).
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Campylobacter jejuni

Campylobacter species are Gram-negative, thermophilic, motile, curved bacilli,
with the most common strain being Campylobacter jejuni (C. jejuni) (Klan¢nik
et al., 2021). Aerobic as well as microaerophilic environments allow C. jejuni to
form biofilms (Téllez, 2010). C. jejuni is of fastidious nature, but it can remain
viable beyond the avian gut before it infects a human host. Biofilm production is
triggered by a variety of external conditions, which are then influenced by a number
of intrinsic variables (Tram et al., 2020).

According to the European Union One Health 2019 Zoonoses Report, C. jejuni
is a frequent commensal in cattle, hens and turkeys. It is regarded as an opportunis-
tic infectious agent and is considered to be a common cause of food-borne illness in
humans (Authority & European Centre for Disease Prevention and Control, 2021).
C. jejuni enters the host body via infecting and colonizing the gut, subsequently
inducing food-borne illness, as a result of contaminated food processing units, water
or raw milk (Chlebicz & Slizewska, 2018).

Escherichia coli

The majority of these Gram-negative, Escherichia coli (E. coli) strains are found as
non-pathogenic bacilli in the human gut microflora. The pathogenic/virulent strains
consist of: enterohemorrhagic, enteroinvasive, enteropathogenic, enterotoxigenic
and vero-cytotoxigenic E. coli (EHEC, EIEC, EPEC, ETEC, VTEC, respectively)
(Gould et al., 2013). It is vital to keep in mind that a variety of E. coli strains have
the potential to infect people, with EHEC strains being important in the food pro-
cessing industry. The most prevalent from the EHEC serotype, is the O157:H7
strain, responsible for hemolytic uremic syndrome (HUS) and epidemics of bloody
diarrhea around the world. They are transmissible via consumption of contaminated
dark green vegetables, drinks, fruits such as melons, meats and unpasteurized milk
(Galié et al., 2018; Gould et al., 2013).

E. coli’s propensity to form biofilms is, in large part, what causes it to flourish
widely in natural habitats. With their flagella, membrane proteins and pili, E. coli
rods are able to attach onto non-living surfaces, creating an extracellular polymeric
substance (EPS) which promotes antimicrobial and disinfectant resistance (Lim
et al., 2019). Despite the fact that EHEC strains can create biofilms on a variety of
surfaces involved in the industrial food sector, there isn’t currently a credible way to
stop E.coli biofilms from forming, or a better way to treat EHEC infections because
using the limited available medications tends to raise the risk of renal damage and
hemolytic uremic syndrome (Lee et al., 2007).
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Listeria monocytogenes

Listeria monocytogenes (Gram-positive rod) is a frequently identified bacterium
found in animals, decaying vegetation, food, soil, water and responsible for food-
borne infection. When consumed, it can cause major difficulties in the old and
young, as well as abortions in pregnant females. The infection can spread to many
food forms, including cheeses, chicken, dairy goods, fish, fruits, meats, pre-
packaged meals, raw milk, frozen goods including ice-creams and vegetables
(Rothrock et al., 2017). The primary method of Listeria monocytogenes transmis-
sion to people, is through the consumption of contaminated food items (ready-to-eat
food products, dairy, meats, poultry and vegetables) (Andreoletti et al., 2007).

L. monocytogenes can produce biofilm on a variety of surfaces utilized in the
food business, which poses a major risk to consumer health as this could act as a
source of infection. Numerous processed foodstuffs have been found to contain
L. monocytogenes, and cooked foods can potentially become compromised as a
consequence of subsequent contamination (D’Ostuni et al., 2016; Jofré et al., 2016;
Vitas & Garcia-Jalon, 2004; Vongkamjan et al., 2016). Listeria monocytogenes can
adhere to a variety of surfaces that come into contact with food, including glass,
polystyrene and stainless-steel (Di Bonaventura et al., 2008). It’s been discovered to
linger in food sectors for decades, where it may frequently cross-contaminate food
stuffs (Ferreira et al., 2014).

The pathogen can exist in complex microbial biofilms or simply as monomicro-
bial biofilms, and readily thrives at low temperatures (Chmielewski & Frank, 2003).
L. monocytogenes may persist in biofilms devoid of oxygen and also can endure
low-pH environments for extended periods of time. Depending on the other con-
tending microbial population in biofilms, its population may increase or decrease
(Raheem & Raheem, 2016). Most strains of L. monocytogenes in food industrial
environments have strong adhesive abilities due to their flagellar, membrane protein
and pili properties (Lemon et al., 2007).

Pseudomonas Species

Pseudomonas are heterotrophic, motile, Gram-negative bacilli which may be found
as common spoiling microbes in high-pH dairy goods, on fruits, meats, vegetables,
as well as in the drainage and flooring of food production facilities (Chmielewski &
Frank, 2003; Gonzalez-Rivas et al., 2018). These bacteria, with their extracellular
filamentous extensions, have distinct effects on surface interaction and the adhesion
process. Research on their flagellar and pili properties is extensive, relevant with
context to biofilms, food spoilage and infections (Amina & Bensoltane, 2015).
Pseudomonas aeruginosa (1-5 mm in length; 0.5—-1 mm in width), can serve as a
model bacterium for exploring the development of biofilms and how quorum sens-
ing pathways guide them. With nitrate serving as a final electron acceptor, they are
able to grow as facultative aerobes, through both anaerobic and aerobic means
(Golovlev, 2002). Massive volumes of EPS are synthesized by Pseudomonas, which
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are also known to create biofilms which adhere onto stainless steels. As part of
mixed-species biofilms, they may interact with certain other bacteria, increasing
their own stability and giving rise to resistance patterns (Chmielewski & Frank,
2003). On soft cheeses, Pseudomonas fluorescens-containing biofilms are often
accompanied by pyocyanin production, a unique bluish pigment (Carrascosa
et al., 2015).

Salmonella enterica

Salmonella enterica (S. enterica) are facultatively aerobic, flagellated, Gram-
negative bacilli, which are often present as colonizers, but are also known to be
associated with gastroenteritis, as well as some cases of septicemia (Lamas et al.,
2018). Salmonellae produce curli fibers, that are proteinaceous extracellular sub-
stances associated with cell to cell and cell to surface communications (Cwiek et al.,
2019). Other than curli, many fimbriae adhesin proteins have been reported, having
different biofilm-promoting properties depending on various serotypes (Grigore-
Gurgu et al., 2019). In 1966, the first occurrence of complex multicellular biofilms
on edible surfaces was discovered and the importance of these bacteria as a food
pathogen was brought to light (Duguid et al., 1966). Food-borne salmonellosis pres-
ents as one of many common causes of food-related illness. In environments where
food is handled or processed, contaminated surfaces may create biofilms that
increase the danger of Salmonella poisoning (Corcoran et al., 2014).

From all the serotypes of S. enterica, the Enteritidis serovar is the one most com-
monly associated with febrile symptoms, abdominal pain, diarrhea, nausea and
vomiting (Nguyen et al., 2014). According to a study by Russo et al., despite thor-
ough decontamination and sterilization practices, a strain of Salmonella enterica
subspecies enterica’s serotype, Agona was accountable for continuing outbreaks of
food-borne illness in the microenvironments of a food manufacturing plant (Russo
et al., 2013). Additionally, Salmonella’s Agona serovar has been responsible in the
past, for recurrent outbreaks of salmonellosis (Brouard et al., 2007; Killalea et al.,
1996; Russo et al., 2013; Shohat et al., 1996; Threlfall et al., 1996). The potential of
different disinfection methods to limit the persistence of Salmonella on food sur-
faces was of interest in light of a significant global outbreak of S. Agona in 2008
(Nicolay et al., 2011). S. enterica strains have the potential to contaminate food
streamlines, giving rise to large-scale outbreaks linked with morbidities in immuno-
compromised populations. It readily develops as multi-dimensional layers on
stainless-steel substrates, with varying morphologies, such as reticular colonies pro-
duced when cultivated on tryptic soy broth (Wang et al., 2013). On food surfaces in
industrial contexts, food poisoning-linked Salmonella strains speedily form bio-
films, conferring Salmonella’s persistence in the long-run (Cogan et al., 1999;
Moretrg et al., 2012; Reij & Den Aantrekker, 2004; Rodrigues et al., 2011). These
biofilms may serve as reservoirs for persistent microbial contamination in food pro-
duction plants, with potential to give rise to outbreaks of food poisoning (Corcoran
etal., 2014).
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Staphylococcus aureus

The Gram-positive coccus, Staphylococcus aureus (S. aureus), is a facultative
anaerobe that can produce enterotoxins between 10 and 46 °C. S. aureus, when
examined under the microscope, are usually visible in a cluster or grape-like
arrangement. Their colonies possess a carotenoid pigment which gives them a
golden color on nutrient agar, and hence the name, ‘aureus,” which is Latin for
‘gold’ (Masalha et al., 2001).

Food handlers’ mucous membranes and skin may get colonized by S. aureus,
which can cause serious problems in food manufacturing facilities (Giaouris et al.,
2015). Heat-stable enterotoxins can indeed be released alongside the bacterium, in
meals accidentally contaminated by food handlers. S. aureus thrives well in foods
containing heightened sugars or salt levels with limited water activity (Kadariya
et al., 2014). Dairy, meat and poultry products provide favorable microenviron-
ments for S. aureus’ virulent toxin-producing strains (Adams et al., 2000). Enteric
toxins produced by S. aureus are well recognized as having class I major histocom-
patibility complex-binding properties (in T-cells), increasing the risk of acute toxic
shock syndrome with diarrheal illness (Schelin et al., 2017). Animals, dust, food
handlers, unprocessed foods, water, etc., are known contamination sources in the
food industry (Todd et al., 2009). Furthermore, it is well-established that biofilms
linger onto equipment and surfaces that come into touch with food, operating as
constant sources of contamination. Moreover, it was shown that factors like nutri-
tion availability, pH, surface characteristics and temperature have an impact on sub-
sequent microbial growth, virulence and biofilm development in this industry
(Abdallah et al., 2014). According to various studies, S. aureus biofilms were shown
to colonize food-contact surfaces in meat, poultry, dairy, pasteurization belts and
seafood sectors (Gutiérrez et al., 2012; Latorre et al., 2010; Sharma & Anand, 2002).

Polysaccharide intercellular adhesins are well expressed in these cocci, and con-
trolled by intercellular adhesion genes (ica) associated with the formation of bio-
films. The fact that S. aureus strains lacking ica gene may still produce biofilms,
nevertheless, suggests the existence of a different route, possibly the Bap (biofilm-
associated protein) linked one (Toledo-Arana et al., 2005). S. aureus’s quorum regu-
lator factor, SarA, is involved in positively controlling the Bap-linked pathway and
increasing the transcription of ica operon (Trotonda et al., 2005).

Other Menaces and Synergisms

The non-pathogenic, Gram-positive bacillus, Anoxybacillus flavithermus, is a spore-
forming, thermophilic, facultative anaerobe, occasionally reported as a contaminant
in dairies (Strejc et al., 2020). It often presents as a challenge for sectors involved
with processing of milk powders, since large concentrations will make milk powder
products unfit when under food quality standards for marketing (Murphy et al.,
1999). Vegetative cells of A. flavithermus may thrive at temperatures as high as
65 °C, and with skimmed milk there is a rise in adherent microbial cells attached
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onto stainless-steel surfaces, implying that milk has a favorable impact on the devel-
opment of A. flavithermus biofilm (Sadiq et al., 2017).

The Gram-positive rods of Geobacillus stearothermophilus
(G. Stearothermophilus; also known as Bacillus stearothermophilus), are heat-
resistant, spore-producing, facultative anaerobes (Flint et al., 2001). They develop
biofilms by attaching to stainless-steel substrates on manufacturing lines, with even-
tual release of thermophilic colonies into manufactured products (Wu et al., 2019).
Most of the biofilms found in milk or milk-product sectors worldwide, have the
prevalence of thermophilic A. flavithermus and/or G. stearothermophilus strains
(Burgess et al., 2009; Sadiq et al., 2017).

Gram-negative, anaerobic, Pectinatus bacilli have been encountered in biofilms,
and linked to poor sanitation conditions in many breweries (Paradh et al., 2011).
These spoilage-associated microbes were initially found in unpasteurized beer at
30 °C in a beer producing facility in Colorado (Lee et al., 1978). Since then,
Pectinatus cerevisiiphilus species have been habitually isolated in many European
breweries (Paradh et al., 2011).

Within food sectors, biofilms can be formed as a result of microbial synergisms.
Certain microorganisms are capable of coexisting in food manufacturing settings, as
complex microbial biofilms, from which infectious as well as spoilage microbes
may contaminate edibles (Sterni$a et al., 2019). For example, heterogeneous patho-
gens (i.e., Aeromonas hydrophila, S. enterica, L. monocytogenes, Vibrio species,
etc.) can develop biofilms on fresh seafoods in fisheries, that may cause serious
adverse consequences on both, the economy and health (Mizan et al., 2015).
Burkholderia caryophylli, E. coli and Ralstonia insidiosa, have been found to have
synergistic interactions, giving rise to tough poly-microbial biofilms in fresh-cut
production facilities (Lee et al., 2007). Acylases and acyl-homoserine lactones in
microorganisms, help regulate the development of polymicrobial biofilms (Lee
et al., 2007).

Microorganisms adhere onto surfaces (abiotic or biotic) and utilize quorum sens-
ing mechanisms. These mechanisms promote better cellular integration of biofilms
and their dispersion via cell-to-cell communication signals (Toushik et al., 2020).
Quorum sensing-regulated exopolysaccharide production as is with biofilm-forming
strains of Vibrio cholera, has further supported the notion that cell signaling is
essential for the development of bacterial biofilms (Gonzdlez-Rivas et al., 2018).

Numerous scientists have extensively analyzed and contrasted biofilm develop-
mental stages of multiple microbe communities, with those of each microbe under
single-microbial biofilm settings. They have discovered evidence of synergistic
properties amongst certain pathogens. By examining poly-microbial biofilms, such
as those containing Candida albicans strains, different researchers have discovered
beneficial synergies in various investigations (Pammi et al., 2013; Zupancic€ et al.,
2018). Researchers have observed that Acinetobacter junii and Pseudomonas aeru-
ginosa found on various materials, serve as superior biofilm builders, including
their attachment-deficient strains, which are capable of increasing biofilm develop-
ment in commonly tested microbe communities.
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Consequences of biofilms, in terms of corrosion of metals, lipase or protease-
directed modification of organoleptic qualities and pathogenicity are extremely sig-
nificant throughout the industrial food sector. Butter homogenizers, cheese tanks,
packaging machines, pasteurizers, food belts, pipelines and raw milk stores, for
instance, can serve as contact substrates for bacterial biofilm matrixes at varying
temperatures and include a variety of heterogeneous colonizers and pathogens. As a
result, it is crucial to establish precise techniques for detecting biofilms in situ in
order to safeguard against contamination and guarantee the quality of foods.

Detection and Monitoring Techniques
Standard Methods

Traditional platforms use macro, as well as micro-scale reactors (with flow cells or
static cells), to measure the development and growth of biofilms. Multi-well plates
and other static instruments are frequently used in microbiology labs (Melo et al.,
2012). However, the inability to consistently refill the culture media over time may
cause planktonic cells along with unwanted remnants to build up, hindering any
ongoing, active measurement. Alternatively, flow cells, in the form of Robbin’s
device (Kharazmi et al., 1999), the Calgary device (Ceri et al., 1999) and the Centers
for Disease Control biofilm reactor (Goeres et al., 2005), enable only end-point
disruptive analysis while providing more repeatable and controlled biofilm forma-
tion. These traditional systems can be scaled down to reduce some of their draw-
backs and can be combined with brand-new sensor technologies. These innovations
include portability, high-output analysis, probability, smaller test volumes and the
capacity to conduct nondestructive, real-time biofilm descriptions. These traits can
be used to obtain new understanding of biofilm development, interactions amongst
biofilm cells and identify any likely antibiotic resistance processes taking place in
tested biofilms (Meyer et al., 2011; Paredes et al., 2014a).

Additionally, with great repeatability and throughput, microfluidic devices have
been used to investigate how factors like pH, flow rate, and temperature affect the
production of biofilms (Gashti et al., 2016; Pousti et al., 2018). They give research-
ers the chance to examine biofilms in carefully regulated micro-settings, so as to
replicate natural settings or in-vivo circumstances (Shumi et al., 2010). Although
these systems can occasionally function independently, they frequently require inte-
gration with established biofilm tests that often use microscopy, semi-quantification
(colony forming units), crystal violet staining, or other such experimentations.
Microfluidic designs for nondisruptive analysis in real-time framework for biofilm
testing are very limited, since these approaches demand labelling of agents, sample
treatment and intrusive procedures with optical corrections (Subramanian et al.,
2020). For instance, microscopy-based approaches require ongoing lens focus cor-
rection in order to record changes in biofilm depth.
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Sensing Devices Advancements in sensing technologies, such as optical, electro-
chemical, and mechanical transducers, have facilitated the non-invasive evaluation
of microbial biofilms. The high detection sensitivity of optical detection systems,
for instance, comes at the expense of lengthy data collecting and analysis (Pu et al.,
2021). Confocal reflection microscopy (CRM) (Yawata et al., 2010), SR-FTIR—
synchrotron radiation-based Fourier transform infrared (Holman et al., 2009;
Keirsse et al., 2003), white-light interferometry, Brillouin spectroscopy, SPR—sur-
face plasmon resonance, LSPR—Iocalized surface plasmon resonance (LSPR),
fiber optics and spectro-microscopy are a few examples (Zhong et al., 2016, 2019).

Electrochemical sensors also partake biofilm testing (Clark & Lyons, 1962).
Some detection methods come under the umbrella of ‘impedance microbiology’,
built on the impedimetric sensing principle, i.e., the use of impedance variations
amongst exposed electrodes to determine any involved bacteria (Firstenberg-Eden
& Eden, 1984). Using these methods, researchers have been able to monitor changes
in the capacitance of bacterial inoculants, conductance or impedance in order to
track bacterial development in real time (Blanco-Cabra et al., 2021; Bruchmann
et al., 2015; Jain et al., 2021; Liu et al., 2018; Paredes et al., 2013, 2014a, b;
Pavanello et al., 2011; Poma et al., 2021; Robb et al., 2018; Ward et al., 2014; Zheng
etal., 2013). In a nutshell, the biofilm-bacteria along with its extracellular elements
are of dielectric nature, influential to the micro-system’s overall impedance (Paredes
et al., 2014a). Therefore, the development of biofilms, including any subsequent
metabolic or compositional alterations within, can be inferred by tracking the
impedance in the bacterial solution over time. Amperometry and potentiometry
based electrochemical devices are based on measuring in terms of faradaic current
generated by biofilms’ redox species when the tested biofilms are laden onto elec-
trode surfaces. These methods possess the beneficial capacity to record not only the
early cell adhesion phases (Bayoudh et al., 2008; Palmer et al., 2007), but also the
electroactive metabolites (Bellin et al., 2016), henceforth, monitoring specific bac-
terial biochemical activities on a real-time basis (Saccomano et al., 2021).

Interfacial rheometric devices, QCM—quartz crystal microbalances, quartz tun-
ing fork oscillators, quartz tuning fork sensors, SAW—surface acoustic wave sen-
sors and tensiometer-based devices, are also amongst the extensive list of biofilm
detecting devices (de Wouters et al., 2015; Hollenbeck et al., 2014; Riihs et al.,
2013, 2014). When organic or inorganic speciated cells (biofilm components) are
adsorbed, surface-bound, and/or deposited onto exclusive device surfaces contain-
ing piezoelectric factors, electrical responses are generated, which are recorded
accordingly. These devices are employed to real-time, with high temporal resolution
and very inexpensively capture the growth of biofilms. Additionally, certain QCM-D
systems are available, which are QCM-systems with added permittance of dissipa-
tion monitoring (Ripa et al., 2020). These offers additional details on mechanical
characteristics of biofilm adherence, and are essential when improving eradication
processes or creating surfaces that are bacterial repellant in food processing facili-
ties or other settings. Bacterial adhesion properties and adsorption kinetics pertain-
ing to specific surfaces may be inferred by recording mechanical responses. These
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responses may be measured in terms of ‘interfacial tension” and ‘interfacial elastic-
ity’ of adsorbed biofilm-cells on a test surface, by means of interfacial rheometric
devices, or by tensiometer-based devices (de Wouters et al., 2015; Hollenbeck et al.,
2014; Riihs et al., 2013, 2014).

Emerging Methods

For fully comprehending geographic and temporal dynamics of certain metabolites
in biofilms, newer detecting methods are also being explored (Saccomano et al.,
2021). High variabilities in phenotypic properties of involved biofilm bacteria
within the biofilm, EPS matrix structure as well as biochemical heterogeneities and
the generally heterogeneousness of different microbial biofilms, all contribute to
inherent challenges. Additionally, biofilm activities can be quickly impacted by
intrusive procedures used to evaluate the features of the EPS matrix, microbial cells
and their densities (Gloag et al., 2020). As an illustration, microelectrode probes
have occasionally been used to pierce the biofilm, disrupting its structural integrity
and changing the permeability of the cells (McLean et al., 2008; Peter
Revsbech, 2005).

As part of some detection procedures, test biofilms are often pretreated with
chemicals. This can be hindering, because, for example, when a biofilm is subjected
to particular dyes, its microbial cell components may undergo biophysical and/or
biochemical modifications. The challenges mentioned above encourage scientists to
create less invasive methods, such as those based on pH or oxygen level trackers
throughout biofilm depths. Electrical and microelectrode sensory apparatuses par-
take in monitoring biofilm pH, oxygen levels, ions (such as ammonium, nitrite, and
nitrate), glucose, temperature changes, Ca2+ concentrations and other variables.
Although these sensors are reliable and adaptable, interference or cross-sensitivity
can have an impact (e.g., pH and temperature) (Wei et al., 2019). Additionally, as
electrical sensors frequently have to impale through biofilms, this can decrease the
measuring repeatability and alter its accuracy.

Planar optodes, or polymeric films implanted with oxygen-sensitive, luminous
probes (Wolfbeis, 2015), as well as labelled micro- and nanoparticles, have been
employed in optical imaging systems centered on fluorescence and confocal micros-
copies to monitor changes in pH, oxygen and other parameters in biofilms. Planar
optodes, which allow for biofilms’ cellular attachments onto two-dimensioned
polymeric films, are unable, however, to reveal detailed information on inside
mechanisms of test biofilms (Glud et al., 1998; Khosravi et al., 2020; Kiihl et al.,
2007; Staal et al., 2011). In contrast, biofilms can be subjected to nanoparticles and
microparticles laced with oxygen or pH-sensitive luminescing or fluorescing dyes.
These can be distributed into EPS matrices to provide in-depth three-dimensional
mapping of tested parameters (e.g., oxygen concentration, pH levels) inside the
entire biofilm. In-situ biofilm studies can be conducted with less stress thanks to
their nondestructive nature (Acosta et al., 2009; Jewell et al., 2019; Sgnderholm
et al., 2018). The detection of heavy metal adsorption (Fe3+, Cu2+, Zn2+, and



9 Microbial Biofilms and the Role of Biotechnology as a Solution 205

Hg2+) by biofilm microbes is pertinent to bioremediation strategies, which may be
carried out with specialized fluorescent probes. C-di-GMP—cyclic di-GMP, glu-
cose and HSL—N-acyl homoserine lactone, have drawn the most interest among
the biofilm metabolites. Since glucose is the main carbon and energy source for
microorganisms, its consumption directly equates with evidence of any active
metabolism taking place in a biofilm. As a result, glucose has been regularly identi-
fied using conventional electrochemical sensors. C-di-GMP and HLS are significant
signaling proteins (Cronenberg & van den Heuvel, 1991; Horn & Hempel, 1997). In
some studies, c-di-GMPn in biofilms has been detected with electrochemical, fluo-
rescence or luminescence-based sensors (Wang et al., 2016; Xie et al., 2015; Dippel
et al., 2018). Das et al. has quantified test biofilm HLS levels using fluorescence-
based sensors and Struss et al. has used colorimetric sensors for the same (Das et al.,
2018; Struss et al., 2010). Dynamics of certain parameters (such as ions, metabolite
products, oxygen levels, pH, etc.) within microbial biofilms have been tracked using
a variety of sensing techniques.

The choice of the most suitable method for a specific application relies on a mul-
titude of variables, including target preference and the resistance levels to intrusive
procedures. For example, when aiming for high sensitivity and reliability, electro-
chemical sensors utilizing microelectrodes prove to be highly effective. Obtaining
measurements from biofilms typically involves direct contact and penetration of the
biofilm, which may pose a risk to its structural integrity. On the other hand, optical
techniques that employ planar optodes and minute particles offer a less intrusive
alternative for conducting such measurements. However, due to the toxic potential
of the applied chemicals/dyes on microorganisms, caution is advised. Interfacial
tension and elasticity-based apparatuses are accurate predictors of microbe adsorp-
tion mechanisms and biofilm development in terms of mechanical systems (Riihs
et al., 2014). To be more precise, microbe adsorption at a hydrophobic interface
brings about reduced interfacial tension along with increased interfacial elasticity.
Rheological and tensiometric techniques can be used to measure these material
properties, which can then be connected with bacterial adhesion traits.

Methods for Detecting Biofilms on Food Surfaces

There are two types of biofilm evaluation approaches in use (Fig. 9.3): direct and
indirect. Examples of direct methods are: enzymatic reaction tests, contact plates,
laser scanning confocal, epifluorescence microscopy, scanning electron microscopy
(SEM), atomic force microscopy, environmental-SEM, cryo-SEM, focused ion
beam-SEM. These allow direct observance of associated biofilm microcolonies and
their involved bacteria (Van Houdt & Michiels, 2010). The foundation of indirect
approaches is the separation of involved bacteria from their contact interfaces, prior
to quantifying them. They consist of methods for determining the viability of micro-
organisms, namely: conventional plate counting tests like TEMPOR (bioM’erieux,
Marcy I’Etoile, France), methods for measuring impedance, staining biofilm bio-
mass using safranin or crystal violet and performing metabolite tests (XTT assay,
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DIRECT DETECTION

INDIRECT DETECTION

SURFACE SAMPLING TOOLS

Fig. 9.3 Methods for detecting biofilms on food-contact surfaces and sample surfaces

Alamar Blue assay) (Verran, 2002). Though each method has benefits as well as
drawbacks, merging several techniques ensures improved detection (Van Houdt &
Michiels, 2010).

Biofilm Disrupting Technologies and Techniques
Bacteriocins

Bacteriocins are proteinaceous or peptide toxins normally produced by bacteria to
prevent any related bacterial strains around them. Around a 100 years ago (1925),
Andre Gratia discovered bacteriocins (Gratia, 2000). Bacteriocins are commonly
synthesized as non-biological active precursor peptides possessing N-terminal
leader sequence; however, in some cases, precursors undergo post-translational
modification (Soltani et al., 2021) . The ensuing molecular event may lead to the
cleavage of the leader region and the export outside the cell (Mokoena, 2017). The
generated antimicrobial peptides exhibit bactericidal or bacteriostatic properties
directed against the closely related strain (Hatakka et al., 2008). The beauty of
bacteriocin-producing cells is that they set up a mechanism to prevent them from
being harmed or destroyed by their own toxins. For self-defense, they may produce
immunomodulatory proteins, utilizing efflux pumps or a combination of both sys-
tems to stay safe (Bastos et al., 2015).

Classification of Bacteriocins

Bacteriocins are classified based on strain, resistance mechanism, and killing
mechanism.
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Recently, Cotter et al. categorized the bacteriocins of both Gram-positive and
Gram-negative bacteria (Cotter et al., 2013).

Bacteriophages

Bacteriophages, commonly known as phages, typically infect and replicate in bacte-
rial cells. Bacteriophages are viruses that exist widely throughout the environment
and are recognized as the most abundant biological entities on Earth (Schmaljohn &
McClain, 1996). Genome-wise, bacteriophages are exceptionally diverse, contain-
ing proteins that encapsulate DNA/RNA. They may encode a few genes (MS2) or
several hundred genes based on genome size. Bacteriophages display a species-
specific nature concerning their hosts, primarily infecting single bacterial strains or
particular species. Replication of phages occurs within the bacterium following the
introduction of their genome into the cytoplasm.

The resistance of biofilms to bacteriophages is attributed to the impermeability
of the biofilm matrix, which hinders the phages’ ability to penetrate and effectively
target the bacterial cells within the biofilm. It is a well-known fact that the genome
of bacteriophages possesses genes of enzymes capable of breaking down the matrix
of biofilm (Leiman et al., 2009; Sillankorva et al., 2011). Sometimes soluble
enzymes usually target the host bacterial cell wall and release the host cell. These
enzymes have the potential to degrade the biofilm extracellular polymeric substance
while releasing it from the lysed host cell. During the process, cells also liberate
DNA, and DNAses may contribute to the biofilm matrix. Bacteriophages like T4
and HK260 (bacteriophages of E. coli) encompass an enzyme on the tail of the virus
particle, through which they penetrate the bacterial cell wall. The enzyme may play
an important role in degrading the biofilm matrix and is often concealed until the
tail reconfigures during and after infection and impart localized action (Leiman
et al., 2004).

These proteins are specific as they fit within the virus structure and function
accordingly. Yan et al. presented a ‘common model bacteriophage (tailed) infec-
tion’. Here, constituents of the tail first recognize and then digest the capsular poly-
saccharide. The tail penetrates the cell membrane and injects the bacterial genome
inside. The tail structure of bacteriophage usually possesses the polysaccharide
depolymerase protein, and tail spike protein has endoglycosidase activity which
hydrolyses the polysaccharide receptors.

Bacteriophages possess the ability to induce gene expression of depolymerase
enzyme in the host bacteria (Topka-Bielecka et al., 2021).

Phage-based management is currently being exploited to combat biofilm via
numerous mechanisms. Previously it has been reported that phages are strictly
species-specific viruses where they infect bacteria and are totally dependent upon
the host during the replication process. Recently, with the emergence of antimicro-
bial resistance and subsequent discoveries of new antibiotics, phage and phage
therapy have been brought into mainstream research to combat the new species of
bacteria. Several thousand phages have been discovered recently (Ackermann &
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Prangishvili, 2012). Based on basic structural forms, phages are classified into four
basic categories, namely (i) tailed phages, (ii) polyhedral phages, (iii) filamentous
phages, and (iv) pleomorphic phages (Basic Phage Electron Microscopy | Springer
Nature Experiments, n.d.). The interaction between phage and host cells relies
entirely upon the receptor-binding protein present in the tail fiber of phages (Zinke
et al., 2022).

Two enzymes mainly responsible for the antibacterial activity of phages are
depolymerases and lysins. Depolymerases degrade capsular polysaccharides, while
lysins destroy peptidoglycan present in the cell wall of bacteria (Schmelcher et al.,
2012). At the tip of phage (tail fibers), the domain of depolymerase is frequently
exhibited; however, the lysins are encoded either on the tail or inside of virion par-
ticles and can cut the peptidoglycan of cell wall from outside or inside respectively
(Sharma et al., 2017).

Lysins Phage lysins, depending on their target bacteria, are categorized into two
types: Gram-positive or Gram-negative lysins. These lysins are hydrolytic enzymes
that are produced towards the end of the phage’s lytic replication cycle. Their main
function is to cleave the bacterial cell wall from within the cell, leading to the libera-
tion of new phage particles. Moreover, lysins can exhibit an external action by
assisting in the permeation of the bacterial cell by the parental phage. In addition to
their phage-related functions, lysins possess the ability to dismantle the extracellu-
lar polymeric matrix of biofilms and effectively target the bacteria residing at the
periphery of the matrix. Due to the absence of an outer membrane (OM) in Gram-
positive bacteria, lysins work efficiently, while in Gram-negative bacteria, OM
hampers lysin penetration to reach the peptidoglycan.

However, recent research has presented that four Gram-negative bacteria target
endolysins (LysAm?24, LysAp22, LysECD7, and LysSi3) exhibiting antibacterial
activity in vitro as well as in vivo.

In the case of Gram-positive lysins, the cell binding domain (CBD) harboring at
C-terminus is accountable for interacting with the cell wall, while the enzymatically
active domain (EAD) present on the N-terminus responsible for the hydrolysis of
peptidoglycan. Gram-negative lysin does not interfere with CBD and typically
employs a globular conformation having a single EAD to hinder bacterial cell walls
(Becker et al., 2008). Currently, lysins are manipulated as free enzymes as an alter-
native to antibacterial drugs in treating biofilms. Lysins have also been used exten-
sively in the multi-drug resistant S. aureus in clinical settings. Chimeric lysins such
as ClyH and ClyF have shown a large percentage of biofilm mass reduction (Yang
etal., 2014, 2017).

Depolymerases Depolymerases are the class of enzymes that interfere with and
degrade the capsular polysaccharide of Gram-negative bacteria. Depolymerase is
generally encoded as a portion of phage structure. Various known depolymerases
work against a range of bacterial species and have been recently employed for bio-
film destruction. Phage depolymerases have further subdivided into two groups
based on different mechanisms: hydrolases and lyases (Knecht et al., 2019).
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Hydrolases function in cleaving the substrates, which utilizes hydrolysis with the
involvement of water (Knecht et al., 2020). In the previous section, we discussed the
main component of biofilm, i.e., EPS, which forms 50-90% of the total biofilm
organic component and thereby can interfere with biofilm formation (Flemming &
Wingender, 2010).

Depolymerases derived from phage may demonstrate two approaches against
antibiofilm management, namely (i) free enzyme and (ii) tail spike protein (TSP).
Free depolymerase shows a certain degree of advantage over TSP as it provides
extended molecular stability, efficiently delivers via diffusion and diminishes
chances of resistance development (Chen et al., 2022). Depolymerase (Dpo42)
extracted from the ORF42 of the vB_EcoM_ECOOQ78 E. coli phage. After subse-
quent purification and expression via E. coli BL21 as a free protein, it was deter-
mined that Dpo42 successfully degraded the capsular polysaccharide encompassing
the E. coli and prevented biofilm formation (Guo et al., 2017). The specificity of
depolymerases is that it degrades bacterial capsules and the glycocalyx, the main
constituent of biofilm (Chan & Abedon, 2015).

TSP depolymerase opened the vista for medical device application. Recent stud-
ies on A. baumannii-adhered catheters have shown effective inhibition of bacteria
within a few hours (4 h) of treatment (Shahed-Al-Mahmud et al., 2021). It was also
found that TSP derived from @AB6 may postulate potential management against
MDR A. baumannii infection in the next decade.

Phages possess the inherent capability to destroy bacterial hosts and thereby
inhibit the formation of biofilm (Domingo-Calap & Delgado-Martinez, 2018). The
existing biofilm can also be penetrated by phages and destroy the biofilm structure
with or without killing the resident bacteria.

Broadly, biofilm disruption with the application of phages has been cand be
divided into types, namely (Chan & Abedon, 2015):

e extra- to intra- cellular degradation of bacterial structure
* intra- to extra- cellular degradation of bacterial structure
e chemical dispersion of biofilm matrix—particularly of EPS

Biosurfactants

Biosurfactants prevent biofilm formation by various mechanisms like (i) changing
the cell adhesion capability, (i) membrane disruption, and (iii) inhibiting the elec-
tron transport chain (Satpute et al., 2016). Biosurfactants are microorganism spe-
cific and exhibit antifungal, antibacterial, and antibiofilm activities depending upon
the species (Paraszkiewicz et al., 2021). Biosurfactants decrease the growth of bio-
film produced by S. aureus by controlling the expression of genes like dItB, cidA,
and icaA (Yan et al., 2018). A significant reduction of gene expression of cidA gene
was shown from the biosurfactants obtained from Lactobacillus plantarum at a con-
centration of 12.5 mg/mL (Yan et al., 2018). Similarly, biosurfactants obtained from
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Pediococcus acidilactiti at a concentration of 50 mg/mL affect gene expression by
downregulating autoinducer-2 signaling molecules, accessory gene regulator, and
staphylococcal accessory regulator (Yan et al., 2018). Liposome-derived
Lactobacillus-based biosurfactants exhibit more inhibition of S. aureus biofilm for-
mation and elimination as compared to free biosurfactants (Giordani et al., 2019).

Recently identified lipopeptides from Acinetobacter junii capable of self-
aggregate to form sheet rich biosurfactant vesicle having thermostable properties
and less toxic are utilized as promising antibiofilm agents (Ohadi et al., 2020).
Another lipopeptide biosurfactant isolated from Bauveria bassiana significantly
removes biofilm in ex vivo surroundings for M. canis (Abdul-Aziz et al., 2020).
Here, biosurfactants disturb the integrity of the cell membrane and affect cell mem-
brane permeability. Inexpensive biosurfactants of B. bassiana are normally pro-
duced from steep cornliquor and are widely used againstrecalcitrant dermatophytosis.
Surfactin (cyclic lipopeptide) was reported to have promising results against C. albi-
cans biofilm-associated infections. Surfactin controls the expression of several
genes required for hyphae production and acts by reducing the surface hydropho-
bicity of cells (Janek et al., 2020).

Rhamnolipids obtained from Pseudomonas aeruginosa MN1 possess higher
antibiofilm and antiadhesive properties compared to Surfactin (Abdollahi et al.,
2020). Glycolipid fabricated from Burkhoderia sp. WYAT7, an endophyte of
Artemisia nilagirica (Clarke) Pamp, shows antibiofilm activities versus S. aureus
(Ashitha et al., 2020). Glycolipoprotein, rich in LeuHis- Trp amino acids isolated
from Acinetobacter indicus M6, may remove more than 80% of biofilm at a concen-
tration of 500 pg/mL (Karlapudi et al., 2020).

Biosurfactants are exploited as a coating agent for medical devices such as urinal
catheters and bone implants to prevent biofilm formation from the pathogenic
organism. Rhamnolipids and sorphorolipids hinder biofilm formed by Gram-
positive and Gram-negative bacteria (Sharma et al., 2021). Biosurfactants isolated
from Lactobacillus acidophilus restrict biofilm generation of S. aureus and Proteus
vulgaris on polydimethylsiloxane-based implants (Satpute et al., 2016).

Blockage of Quorum Sensing

Quorum sensing (QS) is the phenomenon to detect, respond, and communicate
within the bacterial community by regulating gene expression. QS plays a signifi-
cant role in the regulation of diverse cellular properties in bacteria, such as biolumi-
nescence, antibiotic resistance, virulence gene expression, and biofilm formation
(Lietal., 2012). QS is an efficient strategy to restrict biofilm formation where cell-
cell communication stops (Chen et al., 2022; Sharma et al., 2021).

QS system is broadly divided into three main categories (Brackman &
Coenye, 2015):

* Acyl homoserine lactone—i.e., AHL (Gram-negative organisms)
* Autoinducing peptide—i.e., AIP (Gram-positive organisms)
* Autoinducer-2—i.e., AI-2 (Gram-staining bacteria)
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Homoserine lactones are an important class of cellular signaling molecules impli-
cated in QS and AHL-dependent QS primarily exhibited by Gram-negative bacteria
(Li & Tian, 2012). Interestingly, AHLs are produced by particular cognate AHL
synthetase, and increasing concentration of AHLs are correlated with substantial
growth of bacteria. AIPs are also signaling molecules synthesized by Gram-positive
bacteria and secreted by membrane transporters. Once the concentration of AIPs
increases in the bacteria, they interact with histidine kinase sensors and phosphory-
lates. Due to phosphorylation, gene expression takes place and is strictly regulated
by an accessory gene regulator (agr), which is associated with the secretion of AIPs.

Potential Anti-biofilm Nanotechnologies

Chemical Processes

There are various chemicals that can disrupt biofilms, and they can be broadly cat-
egorized into enzymes, surfactants, quorum sensing inhibitors, and antimicrobial
agents. Enzymes such as DNase, protease, and dispersin B can degrade the extracel-
lular matrix components of biofilms and weaken their structure. Surfactants such as
sodium dodecyl sulfate (SDS) can penetrate the biofilm and disrupt the cell mem-
brane, leading to cell death and biofilm disruption (Flemming & Wingender, 2010;
Kaplan, 2010; Vasilev et al., 2009). Quorum sensing inhibitors (QSIs) are chemicals
that can interfere with the cell-to-cell communication mechanism of bacteria, which
is essential for biofilm formation (Wu et al., 2015). Examples of QSIs include fura-
nones, halogenated furanones, and azithromycin. These compounds can disrupt bio-
films by preventing the production of extracellular polymeric substances and
inhibiting cell adhesion (Tateda et al., 2003). Antimicrobial agents such as antibiot-
ics and biocides can also disrupt biofilms. However, their efficacy is often limited
by the biofilm’s ability to create a protective barrier that reduces their penetration
and neutralizes their effect. Therefore, higher concentrations of antimicrobial agents
are required to disrupt biofilms compared to planktonic bacteria (Mah &
O’Toole, 2001).

Overall, the disruption of biofilms by chemicals is a complex and challenging
task, and the choice of the appropriate chemical will depend on the type of biofilm
and the specific microorganisms involved.

Enzymatic Interference

Enzymes are a type of protein that can interact with non-protein molecules called
cofactors, and they have the ability to accelerate the speed of chemical reactions in
biological systems. In other words, they act as catalysts, facilitating reactions with-
out being consumed in the process.
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The eradication of biofilms typically necessitates rigorous mechanical, physical,
or chemical interventions, which may not be viable for delicate medical equipment,
such as endoscopes, rendering them vulnerable to bacterial colonization (Stiefel
et al., 2016). Moreover, the application of harsh methods is not always feasible for
eliminating biofilms caused by pathogens within the human body, thereby contrib-
uting to the persistence of infections, chronic wounds, and malfunctioning medical
devices (Del Pozo, 2018; Metcalf & Bowler, 2013).

Therefore, enzymes can be utilized as an alternative to chemical and mechanical
means for the dispersion of biofilms under mild conditions, such as physiological
temperatures. Through enzymatic treatment, biofilms on tank and pipe surfaces can
be effectively removed by breaking down the essential components of the biofilm
matrix (Lequette et al., 2010; Simdes et al., 2010). These enzymes are designed to
specifically target the primary constituents of biofilms, which include exopolysac-
charides, proteins, and nucleic acids. Enzymes work by breaking down the various
structures that make up the extracellular polymeric substance (EPS) of a biofilm,
which ultimately results in a reduction in the biofilm’s physical integrity. To achieve
an effective removal of the biofilm, it is crucial to first identify the specific structural
components of the EPS before applying the enzymes (Molobela et al., 2010).

There exist four distinct classes of enzymes that are commonly employed for the
purpose of eliminating biofilms. These enzyme types include proteolytic enzymes,
which target proteins, polysaccharide-degrading enzymes, which break down com-
plex carbohydrates, oxidative enzymes, which trigger oxidation reactions, and anti-
quorum sensing enzymes, which inhibit the signalling mechanisms utilized by
biofilm-forming bacteria (Bzdrenga et al., 2017; Johansen et al., 1997; Thallinger
et al., 2013).

Essential Oils

Essential oils are volatile and aromatic compounds that are derived from various
parts of plants such as petals, seeds, leaves, stems, and roots through natural pro-
cesses, and are considered to be their essence or fundamental nature.

Essential oils are endowed with properties that enable them to inhibit the growth
of plasmodium, fungi, and bacteria (Utchariyakiat et al., 2016). It possess properties
that enable them to inhibit the growth of food spoilage and foodborne pathogenic
bacteria, thus making them effective as food preservatives also (Bai & Vittal, 2014).
There are a variety of naturally occurring substances and medicinal plants that can
be found in fruits, spices, and phytochemicals. These substances have the ability to
inhibit quorum sensing, which is a process used by certain bacteria to communicate
with one another and coordinate their behavior. Essentially, these natural products
contain compounds that can disrupt the ability of bacteria to communicate with one
another, potentially leading to a reduction in harmful bacterial activity (Adonizio
et al., 2008; Sybiya Vasantha Packiavathy et al., 2012; Vandeputte et al., 2010;
Vattem et al., 2007).
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EOs exhibit strong antibacterial effects against both Gram-positive and Gram-
negative bacteria, whether they are in a stationary or mobile state (Essential oils
against bacterial isolates from cystic fibrosis patients by means of antimicrobial and
unsupervised machine learning approaches | Scientific Reports, n.d.; Millezi et al.,
2016). Essential oils are known for their volatile nature, which gives them the abil-
ity to produce vapor that exhibits potential antimicrobial properties. Various studies
have shown that the vapor phase of essential oils such as cassia, cinnamon, cherry
laurel, origanum, and thyme, possess inhibitory effects against a diverse range of
bacteria. Additionally, these oils have been found to be effective in preventing the
growth of molds in food products and combating bacteria that form biofilms
(Benzaid et al., 2019; Ji et al., 2019; Maruzzella & Sicurella, 1960).

Measures to Block Quorum Sensing

Quorum sensing is a sophisticated mechanism used by microorganisms to commu-
nicate with each other and coordinate their behavior. This communication system
enables microorganisms to sense when their population reaches a certain density or
“quorum”, and respond accordingly by regulating gene expression and producing
specific molecules that can affect the behavior of neighbouring cells. These signal-
ing molecules act as chemical messengers, much like hormones in higher organ-
isms, and allow microorganisms to act in a synchronized and cooperative manner.
By using quorum sensing, microorganisms are able to coordinate their activities,
such as forming biofilms or carrying out group behaviours, in a way that maximizes
their chances of survival and success (Bandara et al., 2012; Hawver et al., 2016;
Hense et al., 2007; Redfield, 2002).

Biofilms can be formed as a result of this communication system, and these
infections can be difficult to treat with antibiotics. Bacterial infections can poten-
tially be prevented or treated by blocking quorum sensing. Numerous studies have
demonstrated with convincing evidence that QS inhibitors are capable of effectively
impeding the formation of biofilms (Chen et al., 2018b; Ouyang et al., 2016).

Quorum Sensing Inhibitors

These are molecules that interfere with the quorum sensing signalling pathways and
prevent bacteria from communicating with each other. There are many different
types of quorum sensing inhibitors, such as natural products, synthetic compounds,
and peptides.
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Plants Based QS Inhibitors

There exists a plethora of natural substances that can effectively inhibit biofilm
formation by interfering with the process of QS. These compounds are predomi-
nantly sourced from plants. As an illustration, curcumin, a compound found in the
Curcuma longa plant, has been observed to impede the development of biofilms in
various uropathogens, including Pseudomonas aeruginosa PAO1, Escherichia coli,
Serratia marcescens, and Proteus mirabilis. This is achieved by curcumin’s ability
to decrease the production of exopolysaccharide through the inhibition of quorum
sensing. Moreover, curcumin also shown the ability impede bacterial motility,
which further slows down the formation of biofilms (Packiavathy et al., 2014).

Likewise, the natural compound resveratrol has been found to interfere with QS
signaling in P. aeruginosa PAO1 by binding to the protein receptor LasR, thereby
hindering the formation of biofilms (Vasavi et al., 2017). Similarly, carvacrol was
shown to inhibit biofilm formation and pyocyanin production in P. aeruginosa
(Tapia-Rodriguez et al., 2019). Additionally, naturally occurring furocoumarins
sourced from grapefruit have demonstrated inhibitory effects on the biofilm forma-
tionof E. coli O157:H7, P. aeruginosa, and Salmonella enterica serovar Typhimurium
(Girennavar et al., 2008).

Since these nontoxic, natural, biofilm inhibitors pose no harm to environment
and the host, they offer great capability for application in diverse fields.

Synthetic QS Inhibitors

Apart from natural compounds, synthetic compounds have also been identified to
have the ability to inhibit QS signalling pathways.

For instance, synthetic compounds such as furanone C-30 have been studied.
Furanone C-30 has been identified as an effective biofilm inhibitor in S. mutans (He
et al., 2012). Similarly, 2(5H) Furanone has been found to reduce microbial motili-
ties and biofilms of C. jejuni strains by disrupting QS activities (Castillo et al.,
2015). Another synthetic compound, Meta-bromo-thiolactone, has been demon-
strated to inhibit the production of pyocyanin and biofilm formation in P. aerugi-
nosa. This inhibition is achieved through the compound’s ability to bind to two QS
signal receptors, namely LasR and RhIR (O’Loughlin et al., 2013).

Biofilm inhibitors that target QS pathways have been extensively utilized for
inhibiting a wide range of biofilms. However, there are still numerous QS inhibitors
currently under development that hold potential for treating infections caused by
biofilms or eliminating biofilms that form on tissue implants (Luo et al., 2017; Yu
et al., 2018).

In addition to the use of QS-based biofilm inhibitors, alternative strategies exist
for controlling biofilm formation. One such approach involves combining QS inhib-
itors with antibiotics to achieve superior biofilm control (Thomann et al., 2016).
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Quorum Quenching

As a result of the increasing prevalence of antibiotic-resistant bacteria resulting
from overuse of antibiotics, it has become crucial to explore alternative methods of
fighting microbial infections. One such approach is quorum quenching (QQ), which
involves interfering with the process of microbial communication. By using
QQ-driving molecules, it is possible to reduce or completely inhibit the production
of virulence factors, such as biofilm formation. This can prevent bacterial popula-
tions from coordinating their activities and limit their ability to cause infections.
Thus, QQ has emerged as a promising strategy for developing new antimicrobial
therapies that can effectively combat antibiotic-resistant bacteria by targeting their
communication mechanisms.

The enzymatic breakdown of AHL molecules is the most well-known mecha-
nism of quorum quenching, and this process is facilitated by four different groups
of enzymes: lactonases and acylases, which break down the HSL ring and amide
bond of AHL, respectively, and reductases and oxidases, which modify the activity
of AHL without fully breaking it down (Rehman & Leiknes, 2018). Inducer antago-
nists represent an additional mechanism for disrupting bacterial communication.
These molecules can inhibit the transmission of signals between cells by either
binding to the receptor in competition with inductors or by non-competitively
blocking the inductor-mediated signal transmission into the cell (Bodede et al.,
2018). Various approaches to quorum quenching have been identified, including
inhibition of signal molecule synthesis, such as AHL, through the use of C8-HSL to
impede LuxI enzymatic activity (Hirakawa & Tomita, 2013); blocking of signal
transduction cascades using small molecule inhibitors like savrin, which interferes
with AgrA and inhibits the production of RNAIII and virulence factors (Sully et al.,
2014) and inhibition of QS signal molecules in Gram-positive bacteria through
kinase inhibitors like closantel, RWJ-49815, and LY266500 (Brackman &
Coenye, 2015).

Use of Anti-quorum Sensing Antibodies

AHL and AI-2 signaling activation can trigger programmed cell death by affecting
the host’s immune system (Gupta et al., 2011; Khajanchi et al., 2011), but research-
ers have discovered ways to interfere with this process using monoclonal antibod-
ies. For instance, the RS2-1G9 antibody can bind to 3-oxo-C12-HSL in the
extracellular environment of Pseudomonas aeruginosa to reduce the host’s inflam-
matory response (Park et al., 2007), while the XYD-11G2 antibody catalyzes the
hydrolysis of 3-oxo-C12-HSL signaling, inhibiting pyocyanin production by Gram-
negative bacteria (Koul et al., 2016; Praneenararat et al., 2012). Additionally, the
AP4-24H11 monoclonal antibody can block the QS signal of Gram-positive
Staphylococcus aureus by interfering with AIP IV, which has been shown to
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attenuate tissue necrosis in infected models (Grandclément et al., 2016; Park et al.,
2007). Although promising, the use of these monoclonal antibodies for treating bac-
terial diseases is still in the early stages.

Non-thermal Plasma

In settings where nosocomial biofilms need to be removed, traditional methods such
as high heat and chemical exposure may not be ideal due to the potential for surface
damage and environmental contamination with toxic chemicals. However, a prom-
ising alternative technique, called non-thermal plasma (NTP), has the potential to
effectively decontaminate or sterilize nosocomial biofilms (Thapa & Ayan, 2019).

NTP is an emerging tool for improved biofilm sterilization (Koban et al., 2011;
Thapa & Ayan, 2019). Plasma, the fourth fundamental state of matter, contains free
radicals, reactive oxygen and nitrogen species (Jha et al., 2017), and positive and
negative ions (Gaunt et al., 2006; Graves, 2012), which act as potential antimicro-
bial agents. Two distinct types of plasma, namely thermal and non-thermal, can be
distinguished based on the relative energy levels of electrons and heavy particles
they contain (Moreau et al., 2008), Thermal plasma is characterized by having both
electrons and heavy particles at the same temperature, which is achieved through
high pressure and power conditions. On the other hand, NTP consists of electrons at
higher temperatures while heavy particles remain at room temperature. This state is
produced under low-pressure and low-power conditions (Hoffmann et al., 2013;
Moreau et al., 2008).

Thermal plasma has been utilized for purposes such as tissue removal, steriliza-
tion, and cauterization. However, the high heat production associated with thermal
plasma can result in tissue and surface damage. On the other hand, NTP such as
DBD and jet plasmas can carry out the same functions without causing harm or side
effects (Keidar et al., 2013), making it suitable for biological and medical applica-
tions. Recent studies have revealed encouraging outcomes regarding the steriliza-
tion and decontamination of biofilms formed by various bacterial species using
NTP (Ayan, 2009).

There are non-thermal jet plasma devices that use atmospheric pressure plasma,
which are available for commercial use (Weltmann et al., 2009). One such device is
the kINPen®, designed for biomedical applications, that allows for precise and arbi-
trary movements in three dimensions (Bekeschus et al., 2016). Applying a high-
frequency voltage to the pin-type electrode generates the plasma, which is considered
electrically safe as it is certified and compliant with EU standards (Weltmann et al.,
2009). KINPen® plasma, which primarily uses argon gas but can also use other gases
in smaller amount (Reuter et al., 2015), is a safe and effective medical device for
antimicrobial purposes and wound healing, as demonstrated by clinical studies on
both animals and humans. Its predecessor, KINPen®MED, was the first atmospheric
pressure plasma jet device to receive accreditation as a medical device for patient
use (Bekeschus et al., 2016).
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Only few other plasma sources, including SteriPlas (AdTec Ltd., Japan),
PlasmaDerm (Cinogy GmbH, Duderstadt, Germany), and Plasma One (Medical
Systems GmbH, Bad Ems, Germany) (Bekeschus et al., 2016), have been certified
as medical devices, and they have been used for various biomedical applications
such as wound healing, chronic leg ulcers (Brehmer et al., 2015; Heinlin et al.,
2013), reducing bacterial populations in wounds (Isbary et al., 2010), and biofilm
decontamination or sterilization (Thapa & Ayan, 2019).

Coating Surfaces

Applying a coating to the surfaces where microbial attachment occurs can serve as
an effective strategy to prevent the adherence of microorganisms and the subsequent
formation of biofilms.

The wettability of a surface, which is determined by its surface free energy
(SFE), can have a significant impact on the attachment of microorganisms. Microbes
can attach to surfaces by forming biofilms, and surfaces with high SFE are more
hydrophilic and thus more attractive to microbes for attachment (Nakamura
et al., 2016).

However, other factors such as surface roughness, charge, and chemistry can also
affect microbial attachment. Therefore, considering the SFE and wettability of a
surface is important when designing materials to prevent microbial attachment,
especially in fields like medical devices, food processing equipment, and water
treatment systems.

A research scenario involves modifying the SFE of denture materials by apply-
ing salivary and/or blood plasma proteins. This alteration can effectively hinder the
attachment of Candida albicans and prevent the formation of biofilms (da Silva
et al., 2015). Microorganisms face challenges in establishing colonies on surfaces
that exhibit superhydrophilic properties (Almaguer-Flores et al., 2012).

The application of a coating consisting of small molecules has the potential to
modify the adhesive properties of the underlying surface materials. One way to
modify the properties of silicone rubber surfaces, which are commonly utilized for
creating tissue implants, is by applying a thin layer of a chemical mixture called
monomeric trimethylsilane (TMS)/O2. This alteration has been observed to greatly
impact the way in which certain microbial surface proteins adhere to the surface,
ultimately inhibiting the formation of biofilms by the bacteria S. aureus (Xu et al.,
2015). The TMS/O2 coating technique is a highly effective and eco-friendly method,
with significant potential for use in various clinical applications.

The use of an antimicrobial peptide coating represents a valuable approach to
prevent the formation of biofilms. It has been discovered that titanium discs, which
are chemically bonded with GL13K, demonstrate remarkable antimicrobial proper-
ties against Streptococcus gordonii. Additionally, the coating effectively prevents
the attachment of S. gordonii to the treated surface (Chen et al., 2018a) GL13K, a
cationic peptide with bactericidal properties derived from BPIFA2, a secretory
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protein produced by the parotid gland in humans (Hirt & Gorr, 2013), as a coating
on titanium surfaces, has been found to be highly effective in reducing the growth
of two types of bacteria—Fusobacterium nucleatum and Porphyromonas gingivalis.
Moreover, this coating also prevents the formation of biofilms by these organisms
(Lietal., 2017).

Therefore, coating the surface of tissue implants and medical devices with cer-
tain materials is an effective method of preventing bacterial infections. A reduction
in microbe attachment to materials, prevention of biofilm formation, and reduced
risk of bacterial infections can all be achieved this way.

Potential Anti-biofilm Nanotechnologies

Due to the intricate nature of biofilm, traditional methods are unable to completely
eliminate them (Chaudhary et al., 2020). Moreover, due to their resistance to antibi-
otics, higher therapeutic doses may be necessary, which increases the risk of sys-
temic toxicity. Hence, researchers aim to overcome these constraints by utilizing
various methods, such as nanoparticle-based drug delivery systems and interference
with bacterial communication pathways using small molecules that regulate biofilm
formation (Diab et al., 2015; Eleraky et al., 2020; Lopez-Leban et al., 2010;
Tamilvanan et al., 2008).

Nanoparticles exhibit two primary mechanisms for better anti-biofilm properties:
(1) direct interaction with single cells and (2) interaction with or denaturation of the
EPS matrix. The unique properties of nanoparticles make them suitable for control-
ling biofilm infections. The size and shape, as well as the surface and interior prop-
erties of nanoparticles, are essential factors in the control of biofilm infections (Diab
et al., 2015; Moghadas-Sharif et al., 2015; Ramos et al., 2018; Tan et al., 2020).

Nanoparticles possess unique physical and chemical properties due to their small
size, which makes them an attractive research area for many fields including photo-
chemistry, electrochemistry, and biomedicine (Haruna et al., 2016; Liu et al., 2019).
Their high surface area and distinct electronic properties make them stand out from
their bulk counterparts. Experts have determined that the optimal size range for
Nps, which are used to control biofilm infections, is between 5 and 200 nm. It is
important to note that Nps should not exceed 500 nm in size to ensure maximum
effectiveness (Liu et al., 2019).

Nanoparticles have diverse therapeutic applications and can be synthesized from
various inorganic and organic compounds. Inorganic materials are essential for
simultaneous therapy and diagnosis due to their easy modification, high drug load-
ing capacity, and stability (Saleh, 2014). The utilization of nanoparticles in the phar-
maceutical sector, including its use in drug delivery systems, is well known (Huang
et al., 2008).
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Zinc Oxide Nanoparticles (ZnO-NPs)

ZnO NPs are highly effective in preventing biofilm infections due to their potent
antibacterial properties (Padmavathy & Vijayaraghavan, 2008). Numerous studies
have confirmed their ability to inhibit the growth of various bacteria, including
P. aeruginosa (Dwivedi et al., 2014; Lee et al., 2014), S. pneumonia (Bhattacharyya
et al., 2018), B. subtilis, E. coli, and P. vulgaris (Abinaya et al., 2018; Hsueh et al.,
2015; Ishwarya et al., 2018). Moreover, research has also shown that ZnO-NPs can
significantly reduce biofilm growth of certain fungi such as Alternaria alternate,
Penicillium chrysogenum, and Penicillium pinophilum. However, their impact on
Aspergillus niger was not as significant (Gambino et al., 2017).

Magnesium Oxide Nanoparticles (MgO-NPs)

MgO-NPs are a promising option for combating bacterial infections because they
are non-toxic and readily available. Various studies have investigated their antimi-
crobial and inhibitory effects against both Gram-negative and Gram-positive bacte-
ria, as well as yeasts (Cai et al., 2018; Hayat et al., 2018). In addition to MgO-NPs,
magnesium fluoride NPs (MgF2-NPs) have also been explored as a means of inhib-
iting biofilm formation through surface modification and have shown potential as
antibacterial agents in several studies (Lellouche et al., 2009, 2012; Tamilvanan
et al., 2008).

Iron Oxide Nanoparticles (I0-NPs)

Iron oxide nanoparticles (I0-NPs) have unique magnetic properties, high biocom-
patibility, and a large surface-to-volume ratio that make them well-suited for vari-
ous bioprocess applications (Ebrahimi et al., n.d.; Ebrahiminezhad et al., 2016).
Studies have shown that IO-NPs are effective in reducing biofilm growth on implant
surfaces, which is a common cause of implant failure (Thukkaram et al., 2014).
Furthermore, research has demonstrated that IO-NPs coated with
3-aminopropyltriethoxy silane (IO-NPs3-APTES), in contrast to naked
IO-nanoparticles (i.e., superparamagnetic iron oxide (SIONPs)) can effectively dis-
rupt stubborn biofilms.

Additionally, both, SIONPs, as well as IO-NPs, have been found to exhibit anti-
microbial/biofilm properties against bacteria such as P. aeruginosa and S. aureus
(Akbari & Ali, 2017; Sathyanarayanan et al., 2013).

In additional, Numerous studies have highlighted the potential of various metal
and metal oxide nanoparticles for disrupting or inhibiting microbial biofilms. For
instance, Shakibaie et al. synthesized selenium nanoparticles (Se-NPs) and tested
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their effectiveness against biofilms caused by multiple strains of P. aeruginosa,
S. aureus, and P. mirabilis (Shakibaie et al., 2015). Copper nanoparticles (Cu-NPs),
nanofibers containing copper, and tungsten (W) and molybdenum (Mo) nanoparti-
cles dispersed in alkyl alkoxysilane polymer have also demonstrated antibiofilm
effects (Ahire et al., 2016; Chari et al., 2017; Ghasemian et al., 2015; Ogawa et al.,
2017). Additionally, Chrzanowska et al. have identified the relevant nanoparticles,
namely, zirconium oxide, as well as aluminum oxide to have activities against bio-
film (Chrzanowska & Zateska-Radziwill, 2014). Moreover, some NPs (e.g., tita-
nium dioxide and calcium fluoride) have shown capability to reduce the formation
of biofilms and hence, may be useful in different industrial set-ups (Kulshrestha
et al., 2016; Maurer-Jones et al., 2013).
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