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Abstract:Microbial survival against diverse anti-biocidal agents has advanced beyond single organism interaction into intricate sessile cells
consisting of dynamic three-dimensional extracellular complex matrix of water channels. Such complex architecture is built with
heterogeneous and variable components that encourage failure of antimicrobial-chemotherapeutic strides especially among biofilm
bearing/expressing microbes (BBM). This is a noteworthy public health concern as such occurrence has welcomed global attention in
recent times with focus on fighting BBM as well as exploration of novel therapeutic strategies. A narrative scientific description of
biofilm as a community of microbes wrapped in extracellular polymeric substances (EPS) was reviewed. The challenges of disease/
infection recalcitrance, the risk to public health, and the necessity to develop novel therapeutics for the management/control and
suppression of biofilm-linked infections were emphasized. It also summarized potential approaches including the use of antibiofilm/anti-
adhesion agents, antimicrobial proteins, aptamers, nano-particulates, quorum sensing inhibitors, and peptide or protein-based nucleic
acids while discussing the agents’ efficient potential ability. Such antibiofilm agents/mechanisms and their target-specific-therapeutic
relevance promise a future for the management/control of biofilm-associated microbial infections. Its application may also herald a
generational effective combination therapy against illnesses/infections caused byBBMand serve as a potential source for BBMglobal control.
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1. Introduction

Biofilm, a complex and aggregated (encapsulated) community
of stable microorganisms in an extracellular matrix, has been
produced/developed in a multitude of biological, ecological, and
environmental materials by diverse clinical/environmental
microbial strains [1, 2]. Such capacity has created in strains the
propensity to withstand antibiotic resistance, thwart host immune
responses, withstand high environmental stress, and be linked to
chronic and recalcitrant infections, making biofilms bearing
strains pose a serious global health risk [3]. Morbific bacteria as
well as biofilm bearing/expressing microbes (BBM) possess the
potential to create biofilms in tissues and biomaterials, which may
result in persistent infections that are difficult to manage/control
[4]. Over the years, diverse related investigators have reported
various strains which include Proteus mirabilis [5], Klebsiella
pneumonia [6], Streptococcus viridians [7], Pseudomonas
aeruginosa [8], Staphylococcus epidermidis [9], Enterococcus
faecalis [10], Staphylococcus aureus [11, 12], and Escherichia

coli [13], which harbor such potential. Yet the menace of BBM
has remained one of the concerns in the control of B-bearing
strains especially among common bacteria strains in diverse nexus.
The ability of bacteria to thrive in the presence of high doses of
antibiotic agents (also called resistance) has also been linked with
the recalcitrance of BBM-associated infections [14, 15], which
has resulted in failure of treatment and recurrence of infections.
In addition, it has been demonstrated that, in comparison to the
population of planktonic cells, the microorganisms contained
within any formed biofilm are more resistant to traditional
antibiotic therapy [15]. This has aroused high risk among biofilm-
based nosocomial infections in patients especially with implanted
medical devices such as cardiac pacemakers, joint prostheses,
prosthetic heart valves, catheters, dental implants, and contact
lenses [16]. Such implanted foreign objects offer a model surface
on which bacterial cells may adhere, which promote nonspecific
adherence to elements and create shear pressures, hydrophobicity,
and electrostatic interactions [17].

The concerns arising from BBM have also extended onto oral-
pharyngeal bacteria which are shown to attach to hydrophobic and
hydrophilic abiotic surfaces including rough surfaces than smooth
ones. This is a common occurrence among BBM as it covers/
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clogs abiotic surfaces on dental restorative and implant materials
[18]. This may result damage or destruction of inflammatory
conditions around the oral-dental region after surface implantation
known as periimplantitis (this involves a microbial infection and
an excruciating damage to the hard and soft tissues around dental
implants and may even cause the implantation failure) [19].

The development of biofilm by various strains may also
be traced to exposure to subinhibitory antibiotic concentrations
(SIAC) (also described as exposure to antibiotic/antimicrobial agent
concentrations lower than the minimum inhibitory concentration),
thereby reducing the strains’ susceptibility to antibiotics [20, 21].
Such has been the recent demonstration among clinical Enterococcus
faecalis strains’ as they speedily acquire the ability to form biofilms
on exposure to subinhibitory antibiotic dosages [22]. It was theorized
that the SIAC may have occurred in hard-to-reach areas, such as
dental root canal, or it may have been introduced by administering
antibiotic incorrectly. Such observations have necessitated a search
for novel control strategy and management of BBM especially in an
infection-based case. The search for novel antibiofilm drugs and
tactics has intensified due to the incapacity, inability, failure, and
poor success in the antibiotic/antimicrobial treatments and therapy
to eradicate bacterial biofilms at subinhibitory and/or inhibitory
concentrations. In the light of the aforementioned concerns of BBM
and the need to control, the emergence and reemergence of such
superbugs, this study was conducted to appraise the need for a
research-based BBM control strategy. This scientific record
discusses the formation of biofilms and potential inhibition
methods. It also explores potential antibiofilm agents and
techniques that could be used in the fight against antimicrobial drug
resistance and BBM.

2. Methods

The study applied standard search terms such as “biofilm
formation and novel management and control strategies” and
“antibiotic resistance among biofilm bearing microorganisms and
strategies for eradication in clinical and environmental nexus.”
Documents from PubMed, Scopus, and Web of Science (WoS)
were searched, while published documents that do not conform
to the terms applied in searching and/or those documents that do
not describe the applied terms were not included. Descriptions,
definitions, mechanisms, strategies of activity, and research-based
suggested approaches for BBM control in clinical and environmental
nexus from all retrieved documents were collated and applied in this
narrative scientific record. Other related study details from global
investigators which were appropriately cited were also re-emphasized
and discussed following our previous experience and studies [23].

2.1. Criteria of inclusion

Articles that only focus on bacterial “biofilm formation and
novel management and control strategies” and “antibiotic
resistance among biofilm bearing microorganisms and strategies
for eradication in clinical and environmental nexus” which were
reported by previous investigators were applied. Other documents
that do not conform to the above criteria were excluded.

2.2. Data analysis

Recovered documentswere read and summarized,while necessary
detailswere collated and analyzedwith presentation in tables and figures
as nonconforming details were removed. Such scientific records details
and narrative summary on “biofilm formation and novel management

and control strategies” and “antibiotic resistance among biofilm bearing
microorganisms and strategies for eradication in clinical and
environmental nexus” were chronologically arranged as presented
below [23].

2.3. Biofilm formation

Biofilm formation has been described as a dynamic process that
involves sets of sequential matrixes between an organism that is trying
to survive within a nexus (surface or liquid) and a phase of other biotic
agents available to survive on [24]. The bacterial strain approaches the
surface to begin the process of forming a biofilm and intercalate with
other biomolecular agents. Planktonic single cells and sessile biofilms
are the two forms that most bacteria may transition between. The
physical, physiological, and gene expression characteristics of
planktonic cells and biofilms differ greatly from one another.
Extracellular polysaccharides (EPS) encase the sessile cells, which
exhibit enhanced surface adherent formation, intrinsic resistance to
antibiotics, and remarkable resilience to environmental stressors that
are also involved in the interplay as shown in the biofilm formation
process (Figure 1) below.

2.3.1. Reversible attachment
In the presence of suitable conditions, a single planktonic

cell may move and attach itself reversibly to a surface, thus
commencing the initial phase of the biofilm biogenetic process
[25]. This attachment, which is reversible, is facilitated by some
electrochemical force and weak contacts including hydrophobic,
van der Waals, and electrostatic interactions. Rigidity and stickiness
to the surface of attachment are provided by cell appendages
such as pili, flagella, and fimbriae. The cells are encased with
extracellular polymeric-sugar substances (EPS) which enhance the
attachment, and upon attachment, other cellular component
activities progress until a mature biofilm is formed [26, 27].

2.3.2. Quasi-irreversible adhesion, cellular organization,
and microcolony formation

At this stage, the planktonic cells exhibit a conspicuous increase
in layering and organize into a systematicmicrocolony, accompanied
by water channels that create an irreversible attachment. One of the
main characteristics of biofilms is colonization, which is essential to
their pathogenicity and dormancy. Numerousmicrobes assemble and

Figure 1. Phases and processes involved in biofilm formation
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release extracellular polymeric substances (EPS), which serve as a
sealant to fix the organisms/strains, as soon as the cells firmly
attach to the suitable surface. The microbial colonies are created
following these coordinated stages as previously described by
some related investigators [28].

2.3.3. Biofilm matrix formation
The adherent’s EPS creates a matrix in which the cells establish

their community and reach their maximal density. A variety of
components, including extracellular DNA (eDNA), sensing
and autosensing molecules, polysaccharides, proteins, lipids, and
persister cells, combine to form the extracellular matrix (EPS) that
encases the cells in a biofilm [29]. The adhesion, protection, and
structural rigidity of the cells inside the biofilm are all made
possible by the polysaccharides in the matrix [30]. Aggregative
polysaccharides, which function as glue and shield the cells from
physical strains caused by the flowing fluid depriving them of
nutrition, promote colonization [31]. Various polysaccharides that
play important roles in maintaining the integrity of biofilms are
inherited by organisms (Table 1). Nucleic acids such as ribosomal
DNA, eDNA, and other extracellular ribonucleic acids interact
with various components of EPS to provide the structural
stratification/moiety, nutrition, and defense against gene transfer
among BBM. The biofilm is given structure and stability by the
proteins in the matrix [32, 33]. A tiny population of latent cells
with the highest level of resistance to antibiotics is constituted by
persister cells [34, 35].

2.3.4. Maturation of the biofilm and detachment
When nutrition and ideal circumstances are available,

the exposed and surviving cells differentiate and proliferate to
become mature biofilms bearing strains with a spatial architecture/
matrix. This generated biofilm is similar to a collective group
that is mediated by chemical signaling molecules released by the
biofilm’s bacterial residents. It is noteworthy that as the exposed
cellular microcolonies mature, specific individual planktonic
cells are released into the environment which may migrate
depending on environmental conditions to a new surface, causing
the bacterial infestation to spread [36].

2.4. Antibiotic resistance among biofilm bearing
microorganisms

Antibiotic resistance among biofilm bearing microorganisms is
a significant concern in healthcare settings and various industries.
Biofilms have remained specifically formed complex communities
of organisms that are encased in a self-produced matrix. Such a
matrix provides protection against antibiotics/antimicrobial agents
and host immune responses in infection cases. Formed biofilm by
bearing strains has shown difficult-to-treat potential using antibiotics
which implies and enhances microbial resistance through various
mechanisms, including reduced antibiotic penetration, altered gene
expression, horizontal gene transfer, and the presence of persister
cells [37, 38]. These mechanisms contribute to the decreased
efficacy of antibiotics against biofilm-associated infections.
Biofilm-associated infections are implicated in various medical
and public health systems, such as chronic wounds, urinary tract
infections, medical device-related infections (e.g., catheters, implants),
and respiratory tract infections (e.g., cystic fibrosis). The presence of
biofilms often results in recurrent infections and treatment failure [39].

Microbial ability to thrive and/or survive even in the presence
of diverse antibiotics/antimicrobial agents has been described
as multiple antibiotic resistance (MAR) [37, 40]. Recently, the
Centre for Disease Control and Management (CDC) and the
European Centre for Disease Prevention and Control have
described such strains as extensive antibiotic-resistant bacterial
strains (XARB) and pan-antibiotic-resistant bacterial strains
(PARB) since such organisms have evolved to become non-
susceptible to more than one antimicrobial agent among multiple
antimicrobial categories [41]. Such increased phenomenon of
resistance among bacteria strains has also been linked with the
recalcitrance of BBM-associated infections [15, 42], while others
have been termed as superbugs. Such strains, in infection cases,
have shown difficulty and resulted in failure of diverse therapeutic
and antibiotic treatment strategies, as well as in the recurrence of
related microbial infections. Furthermore, diverse related investigators
have reported that major BBM strains have demonstrated higher MAR,
XARB, and PARB potential in comparison with other antibiotic-
resistant strains among a population of planktonic microorganisms
contained within any formed system or community using traditional
antibiotic therapy [15]. This is an additional contributor to the
various suggested potential risks of BBM strains and other biofilm-
based infections in patients. When such strains are observed among
cases of abiotic implanted medical devices (such as cardiac
pacemakers, catheters, joint prostheses, dental implants prosthetic
heart valves, and contact lenses) as reported previously by Khatoon
[16], there is a possibility of higher case spread and infection case
mortality. Suffice it to say that such implanted foreign objects have
remained a hub or potential model surface for bacterial cells to
adhere and promote nonspecific adherence to elements while creating
shear pressures, hydrophobicity, and electrostatic interactions as
reported by Connaughton et al. [17]. Table 1 below shows the
description of biofilm bearing microbial strains, region of detection,
and strategy of detection. However, very few studies have reported
and emphasized on the relevance of extensive and pan-antibiotic-
resistant potential of diverse strains.

2.5. Infections associated with biofilms

Bacterial bearing biofilms are said to be responsible for more than
80% of persistent and recurring microbial infections in humans [58].
Compared to planktonic cells, BBM have demonstrated 10–1000
times greater genotypic/phenotypic antibiotic resistance [58] both
among strains from different environmental niches, such as deep-sea
vents, rocks, freshwater streams, rivers, hydrothermal hot springs,
etc. Infections linked to BBM may be roughly classified into two
categories, namely, native biofilm infections (biofilm that develops
on abiotic surfaces) of host tissue [59] and infections linked to
indwelling medical devices [60]. It was reported that such biofilms
that were first developed on medical implants, such as heart valves,
catheters, contact lenses, joint prosthesis, intrauterine devices, and
dental units, may increase bloodstream and urinary tract infections.
The only control strategy of these infections is to remove the
implants, which raises the expenses of care and causes concerns for
patients. Chronic and delayed healing lung infections after antibiotic
therapy especially among cystic fibrosis patients, chronic
rhinosinusitis, chronic prostatitis, chronic otitis media, chronic
osteomyelitis, chronic wounds, endocarditis, periodontitis, dental
caries, and recurrent urinary tract infections are listed among the host
tissue-related biofilm infections which are of frequent emerging
concern [59]. Other major biofilm-associated infections which are
causing human related disease cases are listed in Table 2 below.
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Table 1. Description of biofilm bearing strains, detection country, and control initiatives

Biofilm bearing
strain Source of isolate Any detected gene Place of detection Strategy of detection Strategic test relevance Reference

Staphylococcus
epidermis

IcaA, icaD, icaC, and
icaB

United States of America According to Richards method [43]

Staphylococcus
aureus

Raw shrimp IcaA; icaB; icaC China Microtiter plate assay as described by
Vasudevan et al. (2003)

Uninoculated wells containing
Brain Heart Infusion Broth

[44]

Escherichia coli Biomedical materials: silicone,
stainless steel

Curl genes, type 1
fimbriae

United States of America Microtiter and surface hydrophobicity test Glasswares used control [45]

Klebsiella
pneumonia

Urine blaNDM-1 and blaOXA-181 UK Supplemented tryptic soy broth described by
Cusumano et al. (2019)

Detection [46]

Pseudomonas
aeruginosa

Medical devices lasB; toxA; Cameroon Congo red agar Detection [47]

Acinetobacter
baumannii

Medical devices and surfaces blaOXA; adeABC; ompA Nepal Microtiter plate assays, flow cell biofilm
assays

Glasswares used control and
assay

[48]

Enterococcus
faecalis

Water sample and
slaughterhouse

cylA Nigeria Microtiter plates and crystal violet staining Glasswares used control and
assay

[49]

Candida albicans Clinical samples ALS3; HWP1 Nepal Microtiter plates and crystal violet staining Glasswares used control and
assay

[50]

Streptococcus
mutans

Tooth surfaces gtfB; gtfC; gtfD; gbpB Poland Microtiter plate assay and tube method Glasswares used control and
assay

[51]

Salmonella
enterica

Food processing surfaces BapA Crystal violet staining Detection [52]

Listeria
monocytogenes

Food processing environments bap Egypt Microtiter plate assay Glasswares used control and
assay

[53]

Vibrio cholerae Freshwater hlyA Southern and Eastern
Slovakia

Congo red agar assay, microtiter plate assay Detection, glasswares used
control and assay

[54]

Mycobacteria
tuberculosis

Lungs Mtb H37Rv Poland Microtiter plate assay Glasswares used control and
assay

[55]

Legionella
pneumophila

Water systems FlaA; Lqs; CsgG Australia Culture-based methods Isolation, glasswares used
assay

[56]

Haemophilus
influenzae

Respiratory tract Hif KR494 Microtiter plate assay Glasswares used control and
assay

[57]
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2.6. Alternative control approaches for
biofilm-related infections

Because of the high level of antibiotic resistance observed among
the aforementioned BBM and formed bacterial communities, treating
biofilm-associated illnesses successfully has become problematic.
The center portion of the biofilm contains bacterial cells that are
difficult to eliminate with traditional antibiotics and chemotherapy,
which exacerbates the situation worldwide. Thus, different
approaches (Figure 2 and Table 3) as well as diverse novel
control alternatives have been suggested by related investigators
[68–70] in order to overcome the drug resistance nature of
bacterial biofilm populations and BBM. One notable approach is the
use of antibiofilm agents with activity based on enzyme inhibition,
disruption, disorganization of community, etc., as previously reported
by investigators. One notable physical approach applied in previous
studies includes the application of vapor bubbles which are induced
by laser. This technique has shown potential in destroying biofilm
matrix/complex, preventing attachment of BBM from surfaces while
reducing the density of formed biofilm cells on surfaces beyond
1.01–1.10 log10 CFU/ml within a very short time ranging from 2 to
5 mins [71]. Other strategies that possess similar potential include the
use of nonthermal cold plasma among seafood sources [72, 73],
treatment with high-intensity ultrasound at low frequency in dairy
food sources and dairy production lines [74], treatment of production
machine surfaces with high hydrostatic pressure, treatment with
ultraviolet-C [75], and treatment with photodynamic inactivation [76]
as depicted in Figure 2 below.

Some suggested strategies over the years include the use of
small natural and biological products, the application of quorum

sensing (QS) signaling genes and their products, mixed or
co-microbial culture products, the use of nano-based particles, the
application of CRISPR, etc.

2.6.1. Naturally produced small biological molecules
These are produced among BBMand their related communities.

Specific examples include poly-amino radicals (such as D-amino
acids and polyamine norspermidine) which encourage the
induction of antibiofilm biomolecules and dispersal of mature
biofilms complex which may prevent biofilm formation among
strains of S. aureus and E. coli [68]. These compounds may find
application as antibiofilm agents in the method for dispersing
biofilms. They may also serve as antibiofilm compounds (NAC/
N-acetyl cysteine and Tween 80) both by themselves and/or in
conjunction with antibiotics as they were found to be effective
against nonpigmented rapid growing mycobacterium biofilms [79].
Furthermore, cell walls of mycobacterial strains and their
extracellular matrix have a high lipid content which may also be
harnessed with other compounds such as Tween 80. Tween 80 has
shown increased effectivity against mycobacterial biofilm than
NAC suggesting their potential for combined usage as antibiofilm
agents. It may also be beneficial in the treatment of infections
linked to mycobacterial biofilm communities. Another effective
antibiofilm strategy is the degradation of the biofilm complex
by EPS degrading enzymes. Some examples given are DNase I,
Dispersin B (DspB), and a-amylase. Antibiotic effectiveness is
boosted when biofilm structural components are degraded, allowing
for greater antibiotic penetration. The degradation of eDNA,
biofilm complex, and EPS is caused by DNase I, DspB, and
α-amylase, respectively [84]. These enzymes not only prevent the

Table 2. Bacterial species involved in biofilm-associated infection and their adherent surface

S.No. Bacterial species Infection/diseases Surface References

1 Streptococcus mutans Dental caries Endocarditis Tooth surface
Vascular grafts

[61]

2 Enterococcus faecalis Endocarditis
Root canal infection

Heart valves
Urinary catheters
Tooth
Central venous catheter

[62]

3 Klebsiella pneumonia Pneumonia
Respiratory tract infection
Urinary tract infection
Pyogenic liver abscess

Lungs
Liver

[63]

4 Pseudomonas aeruginosa Nosocomial infection Otitis
media
Cystic fibrosis

Central venous Catheters
Middle ear
Prostheses
Lungs
Contact lenses

[8]

5 Staphylococcus sp. (Staphylococcus aureus;
Staphylococcus epidermidis)

Nosocomial infections Chronic
wounds Endocarditis
Musculoskeletal infections
Otitis media

Sutures
Central venous catheters
Arteriovenous shunts Prostheses
Surfaces/deep skin Prostheses
Heart valves
Bones
Middle ear

[64]

7 Escherichia coli Bacterial prostatitis Urinary tract
infection Otitis media

Prostheses
Urinary tract
Urinary catheters Middle ear

[13]

8 Haemophilus influenzae Otitis media Middle ear [65]
9 Burkholderia cepacia Cystic fibrosis Lungs [66]
10 Mycobacterium tuberculosis Tuberculosis Lungs [67]
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formation of biofilms but also break down established biofilms
in a variety of bacteria, including S. aureus, Vibrio cholerae, and
P. aeruginosa [77].

2.6.2. Quorum sensing inhibition
The formation of biofilms may be controlled by QS signaling

gene inhibition and their products. A variety of chemicals and
inhibitors have shown abilities to disrupt the QS signaling
cascade, making them useful as alternative therapies for illnesses
linked to biofilms [78]. The bacterial QS signaling is disrupted by
halogenated furanone that was isolated from sea algae, Delisea
pulchra [85]. In addition, acyclic diamine (ADM 3) was recently
reported by Kaur et al. [85] to have improved antibacterial and
antibiofilm activities. Azithromycin, usnic acid, ginseng extract,
and garlic extract all have inhibitory effects on bacterial and
fungal biofilms through attenuation of bacterial QS signaling [86].
By stimulating the enzyme phosphodiesterase that breaks down
c-di-GMP, nitric oxide (NO), a signaling molecule, disperses
the biofilms in P. aeruginosa and increases the activity of
antimicrobial drugs, causing a switch to planktonic growth [87].
In order to suppress biofilm-mediated infections, CRISPRi
technology has most recently been employed to knock down
the fimbriae-associated gene (fimH) and the luxS gene of QS
signaling [78, 88].

2.6.3. Extracellular polysaccharide disrupting agents
As earlier discussed, major extracellular polymeric-sugar

substances (EPS) which are formed in biofilm encourage the
protection of BBM from antimicrobial therapy. Any novel agent
that may encourage disorganization of EPS complex possesses
potential of exposing biofilm bearing cells to various agents.
Some of such antibiofilm agents that acts enzymatically to disrupt
exo-polysaccharides are categorized as DNases, polysaccharide
lyases, etc., with examples as DNase I and DspB [89]. While
DNase I aids the digestion of eDNA in the biofilm structure,
DspB aids in glycosidic hydrolysis of the EPS that facilitates
bacterial aggregation using hydrolyase to cleave polymers of β
1–6 N-acetylglucosamine. This activity disrupts and disperses
EPS layers allowing effective action of antimicrobial agents in

health systems. It is suggested that the aforementioned antibiofilm
agents or enzymes be applied in combination with antimicrobial
substances for efficient and effective results on BBM [81].

2.6.4. Bacterial and actinomycetes co-microbial cultural
strategies

It is not gainsaying that diverse bacteria possess the potential
of producing bioactive agents of natural origin and natural
biomolecules with antibiofilm potentials. Such potentials have
been reported in methanolic preparation from actinomycete which
is associated with corals. The agent has shown inhibition potential
against the development of biofilm by strains of S. aureus [83].
Furthermore, 4-phenylbutanoic acid, which is another naturally
occurring compound, has also shown strong antibiofilm potential/
effectivity against some strains of both gram-positive and gram-
negative organisms [80]. Extracts of Acacia and Azadirachta
indica (neem) have also demonstrated antibacterial activity against
S. mutans and S. faecalis strains which were reported to be
positive biofilm producers.

2.6.5. Plant-based essential oils
These are plant-related extracts that possess antibiofilm

potential and may inhibit or repress biofilm cells or matrix in
addition to other effector protein’s function (such as T3SS), QS
genes, flagella motility, and attachment on surfaces and
disruption-dispersion of microbial biofilm matrix. One well-
studied source of plant-related essential oil following the study of
diverse related investigators is the citrus peel [84].

2.6.6. Nanoparticles
In recent times, specific particulates have been considered as

alternative antimicrobial source agents to combat multidrug
resistance and treatment of biofilm-based infections [90]. Their
biocompatible nano-formulations have been able to overcome the
limitations of traditional antibiotic therapies, such as decreased
penetration and retention in cells or biofilms. Different types of
nanoparticles, such as metal nanoparticles with antibacterial and
antibiofilm properties, organic nanoparticles, green nanoparticles,
and their mixtures, have been employed in recent years [91].

Figure 2. Representation of potential alternative approach to control of biofilm bearing microbes
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Table 3. Biofilm bearing strains, resistant nature, applied antibiofilm, and activities

Biofilm bearing strain Source of isolate
Strain nature of
antibiotic resistance Antibiofilm and related control strategy Strategy of activities Reference

Staphylococcus epidermis and
other gram-negative strains

Surface of materials Multiple antibiotic
resistance

Vapor bubbles and nonthermal cold plasma A physical approach involving cellular
disruption, disorganization, etc.

[71]

Staphylococcus aureus Raw shrimp Resistant to gram-
positive antibiotics

Naturally produced small biological molecules, vapor
bubbles, and nonthermal cold plasma

Biomolecules and physical approach [73]

Escherichia coli Biomedical materials:
silicone, stainless steel

Pan-drug resistance Naturally produced small biological molecules, vapor
bubbles, and ultrasound at low frequency

Biomolecules, physical and light
approach

[74]

Klebsiella pneumonia Urine Multiple antibiotic
resistance

High hydrostatic pressure and ultraviolet-C Physical and radio-rays [75]

Pseudomonas aeruginosa Medical devices Resistance to
antibiotics

Photodynamic inactivation, extracellular polymeric-
sugar substances, quorum sensing (QS)

Photo-illumination, enzyme inhibition,
biomolecules and chemicals

[76–78]

Acinetobacter baumannii Medical devices and
surfaces

Multiple antibiotic
resistance

Naturally produced small biological molecules Biomolecules [68]

Enterococcus faecalis Water sample and
slaughterhouse

Extended-spectrum
beta-lactamase

Naturally produced small biological molecules Biomolecules and chemicals [79]

Candida albicans Clinical samples Antifungal resistance QS Chemicals and inhibitors [78]
Streptococcus mutans Tooth surfaces Multiple antibiotic

resistance
Bacterial and actinomycetes co-microbial cultural
strategies, enzyme inhibition

Biomolecules, inhibitors, and chemicals [80]

Salmonella enterica Food processing surfaces Multiple antibiotic
resistance

Enzyme inhibition and extracellular polysaccharide
disrupting agents

[80, 81]

Listeria monocytogenes Food processing
environments

Antibiotic resistance Nanoparticles and enzyme inhibition [77, 82]

Vibrio cholerae Freshwater Multiple antibiotic
resistance

Naturally produced small biological molecules,
nanoparticles, and extracellular enzymes

Enzyme inhibition [77, 82]

Mycobacteria tuberculosis Lungs Multidrug resistance Naturally produced small biological molecules Biomolecules and chemical [79]
Legionella pneumophila Water systems Antibiotics resistance Naturally produced small biological molecules [83]
Haemophilus influenzae Respiratory tract Antibiotic resistance Naturally produced small biological molecules, plant-

based essential oils, nanoparticles
Surfaces disruption and dispersion [82, 84]

M
ed

info
rm

atics
Vol.00

Iss.00
2024

07



There is a panel of publications on the removal of bacterial biofilm
communities using nanoparticles [82]. According to Kulshrestha
et al. [69], CaF2-NPs possess suppressive and inhibitory effects
on genes linked to major S. mutans pathogenesis or virulence
indices (vicR, gtfC, ftf, spaP, and comDE). They also suggest that
enzymatic activity related to cell adhesion, glucan synthesis acid
tolerance, acid production and QS is suppressed, which inhibits
the formation of biofilms. Photodynamic treatment (PDT) has
been utilized to treat a variety of infections in the past few years,
including those caused by bacteria, fungi, viruses, protozoa, and
even parasites. Previous researchers have also indicated that PDT
has effectively decreased the number of clinically significant
microorganisms, including antibiotic-resistant and drug-resistant
gram-positive and gram-negative bacteria [92]. Because PDT can
selectively adhere to the membranes of pathogenic cells and
precisely deliver light to the afflicted tissue, it can maximize
microbe damage while minimizing host injury, which gives it a
major advantage over traditional treatment [93]. Our team has
recently demonstrated that PDT may be utilized to resolve
biofilm-related concerns in S. mutans infection cases [94].

3. Conclusion

One of the effects of bacterial bearing biofilm in any nexus
is its capacity to fuel chronic illnesses, command/control bacterial
antibiotic resistance, and bacterial survival. Compared to
planktonic communities, these biofilms or BBM express an extra
resistance mechanism that limits the effectiveness of therapies and
promotes the re-establishment and spread of persistent harmful
organisms. The global situation has gotten worse due to the
emergence and spread of strains of Mycobacterium tuberculosis
that have totally become highly multidrug-resistant strains. The
level of resistance to antibiotics among biofilm or BBM dynamics
and the potential alternative therapeutic control approaches on
persistent/recalcitrant infections bearing biofilm strains were
addressed and have been covered in this timeline scientific record.
Other alternative potential mechanisms and strategies that may be
applied for treating and/or controlling infections implicated by
multidrug-resistant (pan or extreme antibiotic-resistant and
potential superbug) strains may include novel antibiofilm agents,
enzyme-based biofilm inhibition, inhibition of recalcitrant
bacterial response, cell wall and EPS cleavage, lipopolysaccharide
disassembly, CRISPRi gene editing technologies, photodynamic
therapy, membrane perforation/permeability, target-specific probe,
and antibiotics-based nanoparticles. The application of the
aforementioned strategies above may not only advance the control
of BBM and multidrug-resistant strains in infection cases but also
herald a generational effective combination therapy against
illnesses/infections implicated by BBM and serve as a potential
source for controlling bacterial bearing biofilms in the future.
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