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Abstract: The current antibiotic crisis and the global phenomena of bacterial resistance, inherited and
non-inherited, and tolerance—associated with biofilm formation—are prompting dire predictions of
a post-antibiotic era in the near future. These predictions refer to increases in morbidity and mortality
rates as a consequence of infections with multidrug-resistant or pandrug-resistant microbial strains.
In this context, we aimed to highlight the current status of the antibiotic resistance phenomenon and
the significance of bacterial virulence properties/fitness for human health and to review the main
strategies alternative or complementary to antibiotic therapy, some of them being already clinically
applied or in clinical trials, others only foreseen and in the research phase.

Keywords: antibiotic resistance (AR) and multidrug-resistant; bacterial virulence and fitness; quorum
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1. Introduction: Antibiotic Resistance, Where Are We Now?

One of the global priority health problems is antimicrobial resistance (AMR), which
determines the high morbidity and mortality rates shown by superbugs—resistant and
virulent bacterial strains—with an influence on the duration of hospitalization and costs
for specific pathogen–drug combinations. The high level of AMR, the resistance gene
pool (clinical and environmental reservoirs), and environmental pollution, especially by
xenobiotics, including antibiotics which are considered water micropollutants, are among
the most important problems the world is facing today [1].

Despite the great scientific progress in vaccination and chemotherapy, infectious
diseases remain a serious health issue, being among the leading causes of morbidity
worldwide and a top priority for public health. However, little progress has been made
in the development of new antimicrobial drugs. Moreover, the wide use of antibiotics
has evolutionary and ecological effects, leading to the recruitment of more genes into
the resistome and mobilome, with negative consequences for human welfare and the
environment too [2–4].

A systematic and comprehensive analysis, based on 471 million individual records
(from 204 countries and territories) and using statistical methods, estimated that 4.95 million
deaths were associated with bacterial resistance in 2019, including 1.27 million deaths
directly due to bacterial AMR. Concerning localization, the lower respiratory infections
caused by AMR strains were the cause of more than 1.5 million deaths correlated with
AMR. For instance, a common pathogen, methicillin-resistant Staphylococcus aureus (MRSA),
caused more than 100,000 deaths in 2019, and other common pathogens each caused
between 50,000 and 100,000 deaths [5]. Six of the leading pathogens accounting for the
global AMR in 2019—E. coli, S. aureus, Klebsiella pneumoniae, Streptococcus pneumoniae,
Acinetobacter baumannii and Pseudomonas aeruginosa—were identified by the WHO as priority
pathogens, which required a concerted combat plan, including surveillance, research work
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to discover new antibiotics or alternative/complementary antimicrobials/drugs and new
vaccines. Speaking about this last alternative, only the pneumococcal vaccination is globally
successful [6].

Antibiotic resistance (AR) of clinically important bacteria is rising in both community
and hospital settings, with high mortality and morbidity rates. A committee of experts
(Eurosurveillence program) estimated that by 2050, about 10 million people will die every
year in the world from bacterial infections, exceeding cancer mortality [7].

There are three main types of AR: (i) innate or intrinsic resistance; (ii) acquired re-
sistance, a consequence of selective pressure of antibiotics from the environment; and
(iii) adaptative resistance that is due to the ecological niche conditions and includes genetic
changes induced by the environment [8]. One of the most important mechanisms of the
spread of AR is horizontal gene transfer (HGT). So, the acquired resistance is propagated
between the community members by intraspecies, interspecies or intergenera HGT of mo-
bile genetic elements (plasmids, transposons, integrons, phage genes) or by the acquisition
of extracellular DNA fragments [9,10].

Among the most clinically relevant pathogens are those included in the group called
ESKAPE, including Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acine-
tobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp. All of them present a high
level of AR, express many virulence factors and are biofilm formers, being responsible for
the increasing incidence of MDR infections in immunodeficient patients [11]. The major
concern regarding these opportunistic pathogens is their great adaptability, correlated with
many virulence factors, resistance mechanisms and fitness. So, there is an urgent and
increased need to develop new strategies for preventing or managing infections with MDR
and virulent strains.

From a biological point of view, AMR is recently evolved, during the last eight decades,
after the beginning of antibiotic availability and intensive use. In fact, the phenomenon is
natural and more ancient, being present in microbial antibiotic producers and in associated
species in an ecological niche, compared with the recent accelerated evolution and spread
of resistance genes. Antibiotics—these old substances, secondary metabolites with new
functions as anti-infectious drugs—have made a major contribution to the reduction in
morbidity and mortality rates due to infectious diseases in the world. However, the price
was an adverse effect, a continuously increased antibiotic resistance (AR), favored by
clinical and non-clinical excessive use or misuse of antibiotics and other antimicrobials [12].

The previous and actual data explain the necessity of WHO health programs at
the global level and surveillance programs generating data that are essential to making
adequate and local specific policy decisions, mainly for prevention and control programs,
including access of low-resource regions/countries to essential antibiotics [5]. Even though
these directions were established years ago, there are still gaps, and it is necessary to
develop microbiology laboratory capacity and data collection systems to better understand
the AMR development and spread phenomena, in order to discover and implement efficient
counter methods.

For this article, our aim was to underline the actual level and significance of associated
bacterial resistance and virulence properties/fitness and to review the main strategies
alternative or complementary to antibiotics, some of them being already clinically applied
or in clinical trials, others only foreseen and in the research phase.

2. Biofilms/Tolerance of Biofilm Cells Derived from the Social Behavior

One of the four crucial problems of public health, according to the European Center for
Disease Control (ECDC), is represented by antibiotic resistance (AR). As has been shown,
the excessive and uncontrollable use of antibiotics and other antimicrobials increased
bacterial resistance, causing serious problems at a global level [13,14]. However, this
problem is amplified when bacteria grow in biofilms.

Biofilms are bacterial/microbial communities formed when the free, floating or plank-
tonic cells sediment and adhere to a surface, represented by inert or cellular substrates. So,
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a biofilm is a microbial mono- or polyspecific (in this case, a consortium) community with
cells irreversibly attached to a substratum or an interface, embedded in a self-produced
matrix and with a different phenotype concerning the growth rate, gene transcription and
behavior [15].

This other state of existence of bacteria/microorganisms is based on a complex commu-
nication mechanism between cells, the quorum sensing (QS) and response system, which
controls different processes, including the biofilm formation and the different behavior of
component cells, which are more resistant to antibiotics and to host defense mechanisms
by comparison with the free cells [14,16,17]. Some authors consider that the terms biofilm
and antibiotic resistance (AR) are practically synonymous due to the biofilm behavioral
resistance or tolerance to multiple antibiotics, a biofilm being at the same time the perfect
niche for the exchange of resistance and/or virulence genes between the biofilm component
cells [18]. This is explainable because, for clinicians and their patients too, the results
of the phenomena mentioned above are the same: therapeutic failure and the correlated
consequences (at an individual level, as well as at medical and socioeconomic levels).

Even though bacteria are, by definition, unicellular, the free-living or planktonic bacte-
ria/microorganisms in natural environments predominate as adherent cells on different
surfaces and form microcolonies or large populations. These multicellular and often multi-
layer communities are named biofilms and compared with citadels [16]. These communities
were also compared with multicellular organisms, the component cells being embedded in
a common matrix, differentiated and similar to eukaryotic tissues, with social behavior and
properties based on the intercellular signaling by the QS mechanism [17,19,20]. The biofilm
matrix surrounding bacteria makes them tolerant of stress conditions and resistant to all
kinds of antimicrobials [17].

The coordinated action of the biofilm residents improves the ability of the community
to attach to hosts and protects them from environmental stresses [21]. The multicellular
nature of biofilms confers unique phenotypic abilities to the residing bacteria. Therefore,
biofilms, not planktonic cells, are mainly responsible for the changes affecting their envi-
ronment [10]. One example is the enormous impact of biofilms on human health. The U.S.
Centers for Disease Control and Prevention (CDC) and National Institutes of Health (NIH)
have estimated that bacterial biofilms are responsible for 65–80% of chronic infections,
including burn wounds, chronic ulcers of limbs associated with diabetes, periodontitis,
osteomyelitis, chronic wounds and cystic fibrosis lungs [22]. In addition, bacterial biofilms
are able to evade the host immune system and are tolerant of usual clinical doses of an-
tibiotics [23]. It has been demonstrated that biofilm-encased cells are 10 to 1000 times less
susceptible to antibiotics than their planktonic counterparts [24] or such high doses are
clinically and ecologically impracticable (being biohazard factors), which underlines the
necessity of new alternative antibiofilm strategies [20,24].

2.1. Biofilm Formation and Dynamics

Even though biofilms were first observed and described by the father of microbiology,
Antonie van Leeuwenhoek, a theory explaining biofilm formation and cyclic evolution was
not stated until 1978 [15]. Direct observations (light microscopy and CLSM) have demon-
strated that bacterial/microbial biofilms predominate in all nutrient-sufficient ecosystems,
meaning all natural ecosystems, as well as in the food industry, water distribution systems
and medical “ecosystems”, being responsible for these processes and creating problems of
microbiological interest. It is demonstrated that biofilm-embedded bacteria are profoundly
different from single, free, planktonic cells. Bacterial adherence and accumulation of signal
molecules over a critical point activate or repress a large proportion of genes (40–60%
of the prokaryotic genome has a different expression), so the biofilm cells change their
behavior/phenotype to be very distinct from that of their free, planktonic counterparts.
Each bacterial cell in a biofilm lives in a microniche which can be very different from the
adjacent ones. It is appreciated that such a complex community has a primitive homeostasis,
the sessile component cells living in a more stable, uniform environment, being more pro-
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tected [19]. Some authors consider that these communities manifest a fundamental property
of biological systems, named integrality [25]. A biofilm also has a primitive circulatory sys-
tem (matrix channels allowing the supply of cells with water, oxygen/gases and nutrients)
and metabolic cooperation, each cell living in a special surrounding environment [19].

The biofilm growth mode is predominant in all environments, being an alternative
mode of growth to that represented by free or planktonic cells, these being only a transition
phase and a form of dissemination [16,19,26]. The transition from single cells to a biofilm
community is dependent on the synthesis of adhesins and other matrix components. A
mature, multilayer biofilm is similar to a citadel or a tower with a 3-D structure. The matrix
is crossed by small channels, which allow the transport of nutrients, signaling molecules and
other metabolites, oxygen, water and waste, and with small spaces/cavities which provide
shelter for other free microorganisms [16,17,20,27]. In the depth of biofilms, gradients of
nutrients and oxygen vary from the top to the bottom of biofilms, and these gradients are
the leading cause of decreased bacterial metabolic activity correlated with starvation and
metabolic latency of cells (dormant or persister cells—the main cause of tolerance) and
increased generation time of bacteria. Biofilm growth and exposure to stress conditions
are also associated with an increased level of mutations (with survival value) as well as
activation of QS-regulated mechanisms, such as virulence genes. So, the metabolic latency,
bacterial cells in this state being insensitive to antibiotics, and conventional resistance
mechanisms (chromosomal beta-lactamase, upregulated efflux pumps and mutations in
genes coding for antibiotic target molecules) contribute to tolerance/survival/persistence
of biofilm cells [24,27]. The mechanisms involved in this phenotypic resistance or tolerance,
as well as those driving the transition from free-living bacteria to a differentiated biofilm,
are still poorly understood. Nevertheless, dynamic and programmed metabolic responses
allow the biofilms to react to local changes in nutrient levels, and metabolic adaptations
contribute to phenotypic antibiotic resistance or tolerance of the community, suggesting
novel therapeutic approaches to target biofilms [20,28].

Bacterial cell communication is realized by small, diffusible signal molecules or autoin-
ducers (AIs), classified into two groups: AI 1 (acyl-homoserine-lactones (AHLs), specific
for Gram-negative bacteria, peptidic AIs or AIPs for Gram-positive bacteria) and AI 2
(furanones), which allow a common bacterial language. The concentration of these AIs,
dependent on cell density, is sensed by the community cells by the QS mechanism, in-
volved in gene expression regulation, adaptation, biofilm formation and tolerance of
biofilm-embedded cells to all types of antimicrobials [14,16,29].

At a cellular density over a critical point, the self-produced signals reach concentrations
necessary for gene activation. This type of gene regulation was called quorum sensing (QS)
and response (an adequate response at a certain cell density) [30].

A bacterial population (and other pathogens, or parasites) in an individual host has
many of the characteristics of multicellular organisms. This status was proposed as a
general bacterial feature. Intercellular communication and coordination of a microbial
community are now known to be omnipresent among prokaryotes and contribute to
their different phenotypes and social behavior [19,31]. Many different classes of signaling
molecules have been identified in both Gram-positive and Gram-negative species. Bacteria
have very complex signal transduction networks and are able to integrate these intercellular
signals and give an adequate response by regulation of gene expression and cellular differ-
entiation [32]. These populations or biofilms have a spatiotemporal multistep development,
starting with a few sedimented cells, which adhere, multiply and colonize a surface and
progress to microcolonies and then to a multilayer, mature biofilm. Finally, this mature
biofilm, due to starved deep cells, starts to disintegrate and aggregates, or single cells are
detached, floating again, and are able to disseminate and resume the process in another
nutrient-rich, favorable environment [16,26,27].

It is proved that in these communities, the bacterial cells are not only well protected but
also more efficient concerning their metabolic properties, both in terms of biosynthesis and
biodegradation pathways [33]. In fact, this form of coexistence of bacteria in biofilms is con-
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sidered the most successful and competitive expression of the prokaryotic genome [19]. The
resistance/tolerance of biofilm-encased cells to antibiotics/antimicrobials is explained now
by physical and physiological factors and genetic mechanisms, all together determining a
behavioral or phenotypical change of a great part of the biofilm cells [26].

So, in all ecosystems, bacteria predominate as multicellular communities called
biofilms, their cells being embedded in an extracellular matrix composed of polysaccharides
and a proteinaceous part consisting of amyloid fibers. These fibers are stable and form
aggregates similar to those specific to neurodegenerative diseases [20]. Such extracellular
amyloid fibers, previously named curli, are produced, for example, by the uropathogenic
pathotype of Escherichia coli (UPEC), as well as many other Enterobacteriaceae. It is proved
that ring-fused 2-pyridones are able to inhibit curli biogenesis in UPEC strains and prevent
the in vitro polymerization of the major protein CsgA of curli fibers [34].

However, bacterial amyloid proteins not only have a scaffold role but also have non-
scaffold ones, contributing to biofilm formation and persistent biofilm-associated infections
(BAIs), contributing to the formation of bridging cells during collective/aggregate migra-
tion, acting as toxins against bacterial competitors or even against host immune cells and
playing an immunomodulatory role in their activities. All these effects can be inhibited by
a new generation of antivirulence/antipathogenic drugs [20].

The biofilm cells are capable of various social or cooperative behaviors. At the same
time, bacterial cells produce and respond to many signal molecules such as quorum sensors,
toxins and siderophores and cooperate in biofilm formation by secreting the matrix com-
ponents; in defense against host immune effectors and due to the proximity of cells, they
exchange genetic information in a polyspecific or multiclonal population [35]. Due to this
capacity to cooperate and share resources, the members of a microbial biofilm community
were compared with social insects, because they are able to survive and transmit genes
(horizontally or vertically, to the next generation) only as members of a community with
similar characteristics [36].

As a model organism for Gram-positive bacteria and a member of the ESKAPE group,
Staphylococcus aureus is a common pathogen responsible for not only soft tissue infections
but also catheter-associated infections [37]. Its multiple adhesins belong to two groups: cell
surface-associated molecules designated as Microbial Surface Components Recognizing
Adhesive Matrix Molecules (MSCRAMMs)—represented by protein A, collagen-binding
protein, elastin-binding protein and fibronectin—and soluble, secreted molecules called
Secretable Expanded Repertoire Adhesive Molecules (SERAMs), represented by coagulase,
fibrinogen-binding protein, extracellular adhesin protein (Eap) and extracellular matrix-
binding protein (Emp) [38–40]. These adhesins and coagulase, which protect staphylococci
against host immune effectors, all together transform a commensal, a member of the normal
microbiota, into an opportunistic pathogen or a ”pathobiont”, able to produce skin and soft
tissue infections, as well as invasive and persistent ones, mainly in immunocompromised
hosts [40,41].

P. aeruginosa, as one of the six members of the ESKAPE group of bacterial pathogens,
all of them being associated with high levels of AR, is an opportunistic pathogen and
recognized as an etiological agent of chronic BAIs in immunocompromised patients, such
as pulmonary infections of patients with cystic fibrosis or chronic obstructive lung disease
and medical device-associated infections (urinary tract infections in patients with long-
term catheterization, ventilator-associated pneumonia), and an important pathogen of
polymicrobial wound infections. It is already demonstrated that antibiotherapy cannot
eradicate these BAIs due to their behavioral resistance or tolerance and development
through mutations of genetic resistance, favored by repeated exposure of bacterial strains
to antibiotics [17,26].

The biofilm matrix formed by Pseudomonas aeruginosa strains contains mainly polysac-
charides, proteins, extracellular DNA (eDNA) and lipids, the exact composition being
dependent on strain, local conditions and biofilm’s age. The matrix is composed of polysac-
charides such as alginate, Pel and Psl, as well as other components: type IV pili, fimbria,
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lectins, Fap amyloid fibers, eDNA and rhamnolipids involved in the formation of mi-
crocolonies and biofilms. All these matrix components contribute to the tolerance of
Pseudomonas aeruginosa biofilm cells in response to the immune system [26].

Of great importance is the amplified resistance of biofilm cells, which are from 10
to 500 or even 1000 times more resistant/tolerant in response to antibacterial agents,
concentrations totally impracticable, which requires the identification of effective alternative
strategies [17,20,42–44].

2.2. Antibiofilm Strategies

At present, all available antibiotics are inefficient for the treatment of BAIs. It was
demonstrated that biofilm-embedded cells are resistant/tolerant in response to usual
clinical doses, calculated based on values of minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC), determined by standard methods on
free bacteria, in suspension. So, to reach an efficient value, the antibiotic dose has to be
increased, but these higher doses are not always applicable due to their in vivo toxicity.
Hence, it is critically important to design or screen antibiofilm molecules that can effectively
minimize and eradicate BAIs.

In the latest articles, researchers report various antibiofilm molecules discovered or
tested to date, which include vegetal active compounds with antimicrobial and antibiofilm
activities (isolated from herbs, leaves and tree bark, seeds and fruits) such as essential oils
(EOs) and phenolic compounds, bacteriophages, bacteriocins/lantibiotics, antimicrobial
peptides, nanoparticles (NPs), biological methods based on the interspecific antagonism
(i.e., competition/probiotics or predatorism), physical modern methods based on light or
ultrasound for biofilm removal and the use of new synthetic chemical compounds, as well
as combined drug therapy (antibiotic with other antimicrobial agents, i.e., nanoparticles,
EOs or QS inhibitors (QSIs)), enzymes, chelating agents and immunological methods.

The use of such new compounds is now based on their complete characterization,
regarding their structures, mechanisms of action, MICs, MBCs, minimum biofilm inhibitory
concentrations (MBICs) and cytotoxicity.

Many bacteria produce several adhesins with different receptor specificities. Many
studies have shown that even the inhibition of a single adhesin can sometimes be suffi-
cient for transforming a pathogenic strain into a non-virulent one [45], and such a sub-
stance/drug is called antipathogenic. In this context, the research currently focuses on
the discovery of new antibiotics, as well as innovative drugs/therapies and alternative
strategies for the efficient combat of MDR pathogens and biofilm formers.

Table 1 summarizes these new antibiofilm strategies (accompanied by a selection of
references, mainly original papers) that will be briefly characterized in the second part of
this review.

Table 1. Trends in antibiofilm strategies.

Antibiofilm Strategies (Short Description) Tested Strains References
(Selection)

Bacteriophages
vB_AbaM_ISTD—phage isolated from

Belgrade wastewaters
Nosocomial carbapenem-resistant Acinetobacter
baumannii (6 h after biofilm treatment, not 24 h) [46]

PM-477 (engineered lysin) phage strain—
disruption of biofilm without affecting the

remaining vaginal microbiome

Gardnerella sp. (biofilm-forming bacteria) from
bacterial vaginosis patients [47]

Recombinant tailspike protein (TSP, showed
enzymatic activity) of ϕAB6 phage

Acinetobacter baumannii (inhibit biofilm formation
and degrade formed biofilm) [48]
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Table 1. Cont.

Antibiofilm Strategies (Short Description) Tested Strains References
(Selection)

Bacteriocins
Bacteriocins produced by Enterococcus faecium (crude

supernatants of non-pathogenic strains)
Streptococcus mutans ATCC 25175-associated

preformed biofilms [49]

Purified bacteriocin (100 µg/mL) from L. lactis
strain CH3

S. aureus; S. flexneri; K. pneumoniae; S. pyogenes; C.
albicans; A. fumigatus, 24 h biofilms [50]

BM1300—produced by
Lactobacillus crustorum MN047

S. aureus; E. coli, 24 h biofilms (crystal
violet assay) [51]

Antimicrobial peptides (AMPs) [52]
KP and L18R (antifungal peptides) Enterococcus faecalis [53]

Pro10-1D, a potent AMP that inhibits biofilm
formation, could be considered with an insect source

(synthesis based on AMP structures previously
isolated from a beetle defensin—Protaetia brevitarsis)

E. coli; A. baumannii (including MDR strains) [54]

Temporin G (FFPVIGRILNGIL-NH2)—animal origin
(isolated from Rana temporaria) Preformed S. aureus biofilms [55]

Cathelicidin peptide SMAP-29 (sheep myeloid AMP) Acinetobacter baumannii [56]
Cathelicidin-derived peptide D-11 Klebsiella pneumoniae [57]

Puroindoline Campylobacter spp. [58]
Melectin, the first peptide identified in the solitary

bee venom, a cationic amphipathic peptide with rich
hydrophobic and basic amino acid residues and

a proline

S. aureus; P. aeruginosa [59]

Natural extracts [60]
Plant extracts:

Essential oils (EOs) and components
Clove (Eugenia caryophyllata) EOs

Listeria monocytogenes, Salmonella enteritidis [61]

Eucalyptus (Eucalyptus globulus Labillardiere), sage
(Salvia officinalis) EOs

P. aeruginosa (hospital-acquired and wastewater
strains), 24h biofilms [62]

Eugenol (0.4%) Antibiotic-resistant Vibrio parahaemolyticus
(time-kill assay—on surface of crab shells) [63]

Carvacrol (1.9 mM) P. aeruginosa (by numbering attached cells on
stainless steel and by fluorescence microscopy) [64]

Phenolic compounds:
Gallic acid
Tannic acid

E. coli (csgA mutant biofilm)
E. coli (pgaA and recA mutant biofilms) [65]

2-hydroxy-4-methoxybenzaldehyde (from
Hemidesmus indicus) Staphylococcus epidermidis [66]

Pulverulentone A (from Callistemon citrinus) MSSA and MRSA [67]
Phloretin (37.28, 74.55, or 149.10 µg/mL) C. albicans, 24 h biofilms (by crystal violet assay) [68]

12-methoxy-trans-carnosic acid and carnosol (from
Salvia officinalis L.) Candida sp. [69]

Emodin (an anthraquinone from Polygonum
cuspidatum) Candida sp. [70]

Quercetin, myricetin and scutellarein Specifically inhibited Bap-mediated biofilm
formation 1 of S. aureus and other staphylococci [71]

Pure rutin and rutin in combination with gentamicin MDR strains of P. aeruginosa [72]
Other natural compounds

L-homoserine lactone, ajoene, allicin (from garlic,
Allium sativum L.) P. aeruginosa [73]

Cannabidiol MSSA and MRSA [74]



Pathogens 2023, 12, 746 8 of 37

Table 1. Cont.

Antibiofilm Strategies (Short Description) Tested Strains References
(Selection)

Bee products—compound source

• Propolis extract
• 27-Hydroxymangiferonic acid (from propo-

lis extract)
• Ambolic acid (from propolis extract)
• Mangiferonic acid (from propolis extract)

• S. aureus; E. coli; P. aeruginosa; C. albicans;
C. tropicalis

• S. aureus; L. monocytogenes; E. faecalis; E. coli;
C. tropicalis

• S. aureus; E. faecalis; E. coli; S. typhi; C. albi-
cans; C. tropicalis

• S. aureus; L. monocytogenes; E. faecalis; E. coli;
S. typhi; C. albicans; C. tropicalis

[75]

Bee pollen ethanol extracts S. aureus ATCC 25,422; P. aeruginosa ATCC 25,853;
C. glabrata [76]

Melittin Effective alone against the strong biofilm of MDR
pathogens (S. aureus; P. aeruginosa) [77]

Nanoparticles (NPs)

NPs—antimicrobial, antibiofilm, antipathogenic Bacteria (including MDR strains), microfungi
protozoa, viruses [78]

Hordenine-AuNPs P. aeruginosa PAO1 [79]

AuNP Capsicum annuum extract Pseudomonas aeruginosa PAO1 and
Serratia marcescens MTCC 97 [80]

Silver nanoparticles (AgNPs) MDR strains of Acinetobacter baumannii, 24 h
biofilms (by crystal violet assay) [81]

AgSiO2 nanoparticles Staphylococcus aureus [82]
Mesoporous Fe3O4@SiO2 NPs containing

glucose-oxidase and L-arginine produce NO by a
cascade reaction

vancomycin-resistant S. aureus biofilms in vivo
(in mice) [83]

A magnetic microswarm based on porous
nanocatalysts (mesoporous Fe3O4) could eliminate

biofilms by generating ROS 2
E. coli; B. cereus [84]

Nanobioactive surface based on magnetite@eugenol
and (3-hidroxybutyric acid-co-3-hidroxyvaleric

acid)–polyvinyl alcohol microspheres
Staphylococcus aureus; Pseudomonas aeruginosa [85]

Chrysin-loaded chitosan NPs Staphylococcus aureus [86]
Zingerone-loaded chitosan NPs Pseudomonas aeruginosa [87]
Curcumin-loaded chitosan NPs Staphylococcus aureus; Candida albicans [88]

NP-based dissolving microneedles with doxycycline Staphylococcus aureus; Pseudomonas aeruginosa [89]
Lipid-based NPs: monoolein with tobramycin Pseudomonas aeruginosa (cystic fibrosis-related) [90]

Physical modern methods based on light or
ultrasound for biofilm removal

Multisonic/ultrasonic protocols with various
applications in restorative dentistry and endodontics Multispecies biofilm removal [91,92]

Antibiofilm photodynamic therapy Vancomycin-resistant Staphylococcus aureus
(VRSA)—induced infection (in vitro and in vivo) [93]

Biological methods based on
interspecific antagonism
Competition/probiotics

Lactobacilli-derived exopolysaccharides
(Lactobacillus crispatus and Lactobacillus gasseri)

Stimulating the biofilm formation of lactobacilli
and preventing, at the same time, the biofilm

formation of Escherichia coli; Staphylococcus spp.;
Enterococcus spp.; Streptococcus agalactiae;

Candida spp.

[94]

Bifidobacterium lactis and Bifidobacterium
infantis—antagonist effect (alone or in combination) Porphyromonas gingivalis; Fusobacterium nucleatum [95]

Probiotic yeast Saccharomyces boulardii CNCM I-745
through modification of the extracellular

matrix composition
Clostridioides difficile biofilm formation (in vitro) [96]
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Table 1. Cont.

Antibiofilm Strategies (Short Description) Tested Strains References
(Selection)

Predatorism
Bdellovibrio and similar organisms (with an

obligatory predatory lifestyle) could be from
Micavibrio genus (a-proteobacteria) or

Bdellovibrionaceae, Bacteriovoraceae, Peredibacteraceae,
Halobacteriovoraceae and Pseudobacteriovoracaceae

family (d-proteobacteria)

• Exclusive predator of Gram-negative
• Gram-positive biofilms also seem to be

prone to degradation
• Alters the ecology of biofilm assembly when

new cells, non-predatory, enter the system
(E. coli was able to penetrate V. cholerae
biofilms exposed to predators)

[97,98]

Bdellovibrio bacteriovorus
Pseudomonas aeruginosa or Staphylococcus aureus

(collected from sputa of two cystic fibrosis
patients) biofilms

[99]

New synthetic chemical compounds
Small organic molecules—derivatives of

the following:
Imidazoles;

2-aminoimidazoles/triazoles;
Pyrazoles;

Indole and carbazoles;
2-phenylhydrazineylidenes;

Pyrroles;
Phenazines and quinolines;

Cynnamides.

P. aeruginosa
MRSA; A. baumannii; V. cholera; P. aeruginosa

S. aureus; S. epidermidis
E. coli O157:H7; P. aeruginosa

S. aureus
S. aureus; S. epidermidis

S. aureus; E. faecium; S. epidermidis
P. aeruginosa

[100]

Metal compounds with Ga (III)—simple salts or
complexes

Gallium Meso- and Protoporphyrin IX

P. aeruginosa biofilm formation in vitro and in
murine lung infection models

Biofilms of MDR strains of
Acinetobacter baumannii

[101]

FN075 (with ring-fused 2-pyridones) blocks
biogenesis of curli and type 1 pili and presents

unique antibiofilm properties
Uropathogenic Escherichia coli (UPEC) [34]

Combined drug therapy
Vitexin (flavonoid) with azithromycin

and gentamicin [102]

Curcumin treatment followed by light irradiation
(10 J/cm2)—photodynamic therapy Pseudomonas aeruginosa [103]

Gentamicin (GEN), vancomycin (VAN), tetracycline
(TET), ciprofloxacin (CIP), daptomycin (DAP),

erythromycin (ERM) and linezolid (LIN) showed a
significantly increased efficacy at 2×MIC against

phage-treated biofilms compared with
intact biofilms

S. aureus Newman (72 h biofilm) [104]

PlySs2 (phage) and vancomycin reduced (92%) the
number of CFUs on the implant surface (when used

together) in vivo
S. aureus (murine tibial implant) [105]

Depolymerase Dpo71 (from a bacteriophage specific
for Acinetobacter baumannii) alone and in

combination with colistin

Inhibits formation and disrupts preformed
biofilms; combination enhances the antibiofilm

activity and improves the survival rate of Galleria
mellonella (infected with A. baumannii)

[106]

Melittin synergism with doripenem and ceftazidime
(as topical drug)

Melittin synergism with gentamicin, ciprofloxacin,
vancomycin, and rifampin

Acinetobacter baumannii; Pseudomonas aeruginosa
Effective against the strong biofilm of MDR

pathogens (S. aureus and P. aeruginosa)
[11,77]

Tetrasodium EDTA, ethanol and
chlorhexidine hydrochloride

S. aureus; S. epidermidis; P. aeruginosa; P. mirabilis;
E. coli (MBEC Assay) [107]
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Table 1. Cont.

Antibiofilm Strategies (Short Description) Tested Strains References
(Selection)

Encapsulation of eugenol and triclosan into
polymeric nanoemulsions acts synergistically.

Murine model of mature MDR wound biofilm
infections (in vivo) [108]

TB_KKG6A and TB_L1FK (AMPs) and EDTA Pseudomonas aeruginosa; Staphylococcus aureus [109]
Monoclonal antibodies target PNAG 3 and Aap 4 S. aureus biofilms [110]

Chelating agents

Ethylenediaminetetraacetic acid (EDTA)

Prevent the biofilm formation by Listeria
monocytogenes and Staphylococcus epidermidis

strains;
kill Pseudomonas aeruginosa biofilm-embedded

cells

[111]

1 Biofilm-associated protein (Bap): scaffolds of the biofilm matrix with amyloid-like structures. 2 ROS—reactive
oxygen species. 3 PNAG—poly-N-acetylglucosamine. 4 Aap—accumulation-associated protein.

3. Resistance, Virulence and Bacterial Fitness

The expression of resistance and virulence features is associated with biological costs
for bacteria carrying these genes, and it is variable, depending on the species involved,
the virulence and resistance mechanisms and their diversity, and the habitat, be it outside
or inside the host organism. Even though the AR genes are not properly virulence genes,
they represent a survival advantage for pathogens and contribute to an amplified virulence
and fitness of MDR strains, nowadays representing a huge challenge for the medical
field [14,112].

The existence of these high-risk clones necessitates the development of new strategies,
namely new antibiotics or other new types of drugs, as well as novel and rapid diagnostic
methods able to detect resistance and virulence markers. Such novel therapeutic ways
and diagnostic tests could contribute to solving the increasing problem of these superbugs,
which benefit from an extra advantage, to the detriment of the host [113].

The pathogenic potential of bacterial pathogens is dependent on one or more virulence
factors, determining the ability of a bacterial strain to enter, localize, colonize and resist host
defense mechanisms, generating a disease manifested by different symptoms. The clinical
picture of an infectious disease depends on the major properties of a pathogen (pathogenic-
ity and virulence) and on the host status at the time of their meeting (host age, immune
status, diet, environmental conditions), which has a decisive role in host susceptibility and
disease evolution. The virulence factors used by the pathogenic microorganisms include
different aggressins (invasins, toxins, secretion systems), adhesins (EPS components, pili,
fimbriae, curli or amyloid fibers), biofilm formation capacity and siderophores [114,115].

Some virulence genes are located on chromosomes, i.e., some adhesins, but others are
located in plasmids or other mobile genetic elements. So, virulence and most AR genes are
often co-located and can be transmitted horizontally [10].

The phenotypic and genotypic characterization of AR and of the virulence genes
in MDR Gram-negative bacilli are of great importance for reducing the epidemiological
challenge in the management of healthcare-associated infections [116]. It is well known
that there are no new antibiotics against Gram-negative bacteria; their specific cell wall
structure, with an outer membrane (OM), the OM proteins and their modified permeability,
and efflux pumps all define their intrinsic resistance [117]. However, the efflux pump
activity and the OM proteins are associated with several virulence factors, according to
many large protein databases (UniProt; VFDB) [118].

For example, one of the most clinically relevant pathogens is Pseudomonas aeruginosa,
which is responsible for the high incidence of MDR infections in immunodeficient patients.
The major concern regarding this opportunistic pathogen is its great adaptability, correlated
with many virulence factors and AR mechanisms. So, there is an increased need for
developing new strategies for preventing and managing infection with MDR strains. The
biofilm formation and QS mechanism are intensively investigated, together with the type
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III secretion system (T3SS) and the secreted toxins [119]. Recent studies concerning the
biofilm-forming bacteria suggested the associative effect over the mechanisms of AR of both
inflammatory endotoxins/LPS (with intense action in a biofilm formed on tissues) and the
expression of the stress genes [120,121]. According to some authors, the QS mechanism and
signal molecules are associated with biofilm formation and intrinsic resistance mechanisms
in P. aeruginosa, but even environmental factors play a major role in the activation of
virulence genes [122].

Among the same group of non-fermentative Gram-negative bacilli, Acinetobacter bau-
mannii is also studied regarding its biofilm formation capacity and QS mechanisms related
to virulence gene expression and AR. A current preoccupation is to identify the best drugs
that can target such mechanisms, aiming to reduce the excessive antibiotic burden that
could possibly increase the AR [123]. A series of studies on A. baumannii strains have
emphasized the presence of multiple resistance genes that now cover almost all classes
of antibiotics. The research focus is also on other virulence factors, such as OmpA, often
correlated with β-lactam resistance [124].

Another representative pathogen from the group of Gram-negative bacilli is Klebsiella
pneumoniae; its pathogenic potential is influenced by the expression of its virulence factors:
pili (especially coded by mrk and fim genes), efflux pumps, LPS, T6SS, capsule, siderophores
and other proteins. Recently, it was shown that the ability of K. pneumoniae to colonize the
host is favored by the co-occurrence in some resistant strains of a blaKPC-carrying plasmid
and pLVPK-like virulence plasmid, and even by hybrid resistance- and virulence-encoding
plasmids in hypervirulent, superbug strains of K. pneumoniae isolated from patients with
bacteriemia [125].

Askoura and Hegazy (2020) proved that intracellular survival of ciprofloxacin-sensitive
and -resistant Salmonella was markedly reduced upon treatment with a sub-MIC of ciprofloxacin
(CIP). The results were confirmed using immunostaining indicating an inhibitory effect
of a sub-MIC of CIP on Salmonella intracellular survival. By RT-qPCR, it was proved that
the expression of genes coding for the Salmonella type 3 secretion system (T3SS) decreased
after bacterial exposure to a sub-MIC of CIP. Moreover, bacterial exposure to a sub-MIC of
CIP drastically reduced the expression of both sifA and sifB, coding for Salmonella filament
formation inside the host. In an infection model, in mice inoculated with Salmonella
exposed to a sub-MIC of CIP, the bacterial killing capacity was reduced in comparison
with mice infected with untreated bacteria. These results indicate that, in addition to its
bactericidal effect, a sub-MIC of CIP could inhibit Salmonella intracellular survival, virulence
gene expression and pathogenesis. These results are very significant because the species of
Salmonella are facultatively intracellular, invasive pathogens, and many species of Salmonella
are common enteric pathogens worldwide [126,127].

The virulence of pathogens is also influenced by their capacity to actively move toward
favorable niches. For instance, some P. aeruginosa mutants, designated surface attachment
defective (sad) have been described, some of them being defective for flagellar motility and
others for twitching movement, motility being necessary for biofilm development. The
strains defective in flagellar motility appeared to be inhibited in the initial interactions with
a surface. The second group of strains was defective in the biogenesis of type IV pili, known
to be implicated in surface-associated movement or twitching motility. Strains unable to
synthesize functional type IV pili are able to attach to the surface and form a monolayer
similarly to the wild type, but they are not able to form microcolonies, a characteristic of
early biofilm formation by P. aeruginosa. So, twitching motility is necessary for the assembly
of microcolonies and substrate colonization [128].

It was proved that mobility and chemotaxis are key factors that also mediate host
invasion in Salmonella serovars. Generally, for enteric pathogens, such as EPEC pathotype
cells, flagellar motility is very important for adherence to the host intestinal epithelial cells,
favoring the movement across the mucus layer and the contact with host cell receptors [129].

Helicobacter pylori also requires motility to cross the mucus layer toward the epithelial
cells of the stomach. Due to the increasing resistance of this pathogen to antibiotics, there
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is a growing need for new strategies for its effective eradication. It is already known that
the inhibition of the QS system in most microbial pathogens leads to decreased virulence.
However, a different reaction is observed in H. pylori when interfering with the production
of AI-2 which initiates biofilm formation and increases bacterial survival. It is considered
that there is an alternative way to control the physiological changes of H. pylori exposed
to environmental stressors. Other compounds probably involved in the expression of H.
pylori virulence factors, such as diffusible signal factors (DSFs) represented by fatty acid
signal molecules, were identified. DSFs enhance H. pylori transition into a non-motile state,
correlated with bacterial transformation into a more resistant coccoid form, able to initiate
biofilm formation, accompanied by bacterial cell protection against adverse environmental
factors (low pH, oxidative stress, local immune system) and limiting the diffusion of an
effective concentration of antibiotics [130].

It is accepted that the adaptive and survival mechanisms of H. pylori in the stomach are
also linked to its ability to adhere and form biofilms (outside and inside the host). In the last
two decades, the attention of researchers has been focused on this aspect of biofilm forma-
tion on the stomach mucosa and the consequent therapeutic difficulties of H. pylori infection
related to virulence and adaptive responses, such as morphological transformation, mem-
brane vesicle secretion, matrix secretion, efflux pumps and intercellular communication.
In a study performed by Krzyżek and coworkers (2022), in a flow system of cultivation, it
was observed that strong biofilm formers also produced significantly more eDNA and in
particular a rich protein matrix of biofilm in comparison with the weak biofilm producers.
Moreover, it was observed that strong biofilm producers manifested a higher tendency for
autoaggregation and morphostructural differences (a greater cellular aggregation, shorter
or coccoid cells, and a higher amount of OMVs and flagella too) in comparison with weak
biofilm formers. The authors concluded that resistance to clarithromycin in clinical strains
was associated with many phenotypical features all favoring the ability to form strong
biofilms [131,132].

The evolution of the pathogen colonization steps and the infectious process are modu-
lated by natural selection and the capacity of a pathogen to adapt to the host environment,
making a balanced allocation of energy resources necessary for growth, colonization, sur-
vival and multiplication, all these processes leading to a maximized reproductive fitness of
the pathogen, with an influence on the infection’s evolution [36].

4. Drugs as Antibiotic Alternatives or Complements

The environmental microbiota is the primary source of current natural antibiotics
(mainly produced by various species of the actinobacteria group, most of them belonging
to Streptomyces spp.). Generally, natural antibiotics are part of interspecies antagonism,
meaning that they are primarily produced in very abundant, dense communities, such as
soil or seawater micropopulations, as well as human microbiota (Table 2).

Table 2. New antimicrobials from natural microbiota sources.

Taxonomic
Affiliation

Producer
Microorganisms New Antimicrobial Metabolites References

(Selection)

Soil Microbiota

Bacteria

Bacillus subtilis group
Ribosomal peptides, volatile compounds, polyketides

(PKs), nonribosomal peptides (NRPs), and hybrids
between PKs and NRPs

[133]

Streptomyces spp.

Main metabolites: phenolic compounds and
benzeneacetic acid. Other compounds: 1-nonadecene,

nalidixic acid, a pyrrolizidine, etc., antimicrobial activity
against S. aureus MTCC * 96 and E. coli MTCC 40

[134]
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Table 2. Cont.

Taxonomic
Affiliation

Producer
Microorganisms New Antimicrobial Metabolites References

(Selection)

Streptomyces diastaticus subsp.
ardesiacus strain YIM PH20246

New phenazine metabolites:
6-hydroxyphenazine-1-carboxamide and methyl

6-carbamoylphenazine-1-carboxylate—antimicrobial
activity against Staphylococcus aureus (ATCC 25923) and

Staphylococcus albus (ATCC 10231)

[135]

Streptomyces sp. strain FR7
Polyketides (with methylsalicylic acid

component)—antimicrobial activity against Micrococcus
luteus, S. aureus, L. monocytogenes and P. aeruginosa

[136]

Streptomyces chrestomyceticus
ADP4

Phenyl 2′α, 2′β, 6′β-trimethyl cyclohexyl ketone and
phenyl nonanyl ether—inhibiting biofilm formed by C.

albicans ATCC 10231
[137]

Streptomyces sp. Je 1–651
spiramycins, stambomycins and unidentified

compounds—antimicrobial activity against many
bacteria and yeast strains

[138]

Streptomyces agglomeratus 5-1-3 Nonribosomal peptide echinomycin showed excellent
anti-MRSA activity [139]

Streptomyces spectabilis

Metacycloprodigiosin—antimicrobial activity against
eight clinically common pathogens: S. aureus, B. subtilis,
E. coli, S. pyogenes, P. aeruginosa, B. typhi, C. albicans and

Trichophyton rubrum

[140]

Streptomyces sp. KIB-H1318
Three new phenoxazinone-related alkaloids—minor

antibacterial activity against E. coli ATCC 8099, B. subtilis
ATCC 6633 and S. aureus ATCC 6538

[141]

Streptomyces sp. (ERINLG-201)
Bluemomycin, a new naphthoquinone

derivative—antimicrobial properties against
Gram-negative bacteria

[142]

Streptomyces sp. (CL12-4)
New bicyclic diterpenoid, benditerpenoic acid—exhibits
moderate antibacterial activity against methicillin- and

multidrug-resistant S. aureus.
[143]

Fungi Penicillium herquei MA-370 α-pyrone derivatives—antimicrobial activity against P.
aeruginosa and E. coli [144]

Human Normal Microbiota

Bacteria

Staphylococcus lugdunensis
(nasal microbiota) Lugdunin (nonribosomally synthesized cyclic peptide) [145,146]

L. gasseri 1A-TV, L. fermentum
18A-TV, and L. crispatus

35A-TV (vaginal microbiota)

Metabolites produced by cell-free supernatants (CFSs)
and their combination—strong bactericidal effect on the

tested multidrug-resistant urogenital pathogens (S.
agalactiae, E. coli, KPC-producing K. pneumoniae, S. aureus,

P. aeruginosa, P. mirabilis, P. vulgaris)

[147]

Coagulase-negative
Staphylococcus (CoNS)

including S. epidermidis and S.
taphylococcus hominis isolates

(healthy skin)

Antimicrobial peptides (AMPs)—antibacterial activity
against S. aureus [148]

Gut microbiota

The microbial metabolites include amino acids,
nonribosomal peptides and ribosomally synthesized

post-translationally modified peptides, lipids,
glycolipids, oligosaccharides, terpenoids, polyketides

and others—antimicrobial activities

[149,150]

Archaea Methanobrevibacter smithii
(intestinal microbiota)

Archaebiotics (probiotics of archaeal origin)—potential
antagonists against gut pathogens [149]

Deep Sea Water Microbiota

Bacteria
Bacillus pumilus Pumilacidin active against Staphylococcus aureus [151]
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Table 2. Cont.

Taxonomic
Affiliation

Producer
Microorganisms New Antimicrobial Metabolites References

(Selection)

Streptomyces sp. ZZ745
(isolated from marine mud,

collected from a coastal area)

Bagremycins F and G showed antibacterial activity
against Escherichia coli [152]

Fungi

New Micromonospora strain,
designated 28ISP2-46T,

recovered from the
microbiome of a mid-Atlantic

deep-sea sponge

Kosinostatin and isoquinocycline B (isolated from
28ISP2-46T fermentation broths) exhibit antibiotic

properties against many MDR clinical isolates
[153]

* Microbial Type Culture Collection and Gene Bank (MTCC).

4.1. Antimicrobial Peptides and Enzymes

Antimicrobial peptides (APs) or host defense peptides seem to be viable alternatives
to traditional antibiotics because they present several advantages over others [154]. In
addition to antimicrobial activity, these compounds show immunostimulatory and anti-
inflammatory properties [155], which can provide a more robust and appropriate treatment
of bacterial infections. The ability of APs to neutralize some endotoxins (in in vivo models)
is another of their assets [156], to which is added their property to prevent the formation of
bacterial biofilms [157]. Furthermore, recent studies have shown that they can potentiate
the effects of other antibiotics, and it is feasible to develop medical products with APs for
topical application, also considering the antioxidant potential of some of them [158,159].
Currently, attempts are being made to overcome some obstacles, such as bacterial strategies
for resistance [160] and their toxicity through various strategies such as their chemical
modification (especially of terminal groups), the use of nanotechnologies and bioinformatics
studies [157], and some APs are already in clinical trials [157].

A promising strategy is based on matrix-degrading enzymes, able to dissolve the
matrix and biofilm architecture and integrity (e.g., dispersines, DNase, alginate lyase),
because they are able to recover the cells’ susceptibility [27,161] or to degrade the signal
molecules’ quorum-quenching (QQ) enzymes and inhibit the expression of genes controlled
by cell density, such as virulence genes [123,162]. Examples of QQ enzymes are lactonases,
decarboxylase, acylase and deaminase, and all are able to inactivate AHLs [133,163].

As it was previously mentioned, an important bacterial group of antimicrobial pro-
ducers is represented by different species of Bacillus, which produce a wide range of
antimicrobial substances, including peptide and lipopeptide antibiotics and bacteriocins
too [164] (see also Section 4.2).

Another example of an enzyme with antibacterial properties is the one produced
by Serratia marcescens, a protease named serrapeptase (SPT). Its antibacterial properties
are similar to or even superior to those of many antibiotics. For example, Katsipis and
Pantazaki (2023) reported that SPT has antibiofilm activity, demonstrated against two
reference strains of S. aureus—a methicillin-susceptible strain, MSSA (ATCC 25923), and a
methicillin-resistant strain, MRSA (ST80). The authors explain the antibiofilm activity of this
enzyme by the peptidic nature of the cell wall and extra-wall components of S. aureus such
as peptidoglycans (PGs) and amyloid proteins, which are essential for biofilm development
(together with the lipoteichoic acids) and for biofilm tolerance of S. aureus strains, including
methicillin-resistant S. aureus (MRSA) ones. So, SPT impairs the biofilm development of
staphylococci. It is proved that SPT treatment reduces biofilm formation and bacterial
viability, affecting the alkaline-phosphatase activity and phospho-homeostasis [161].

Since 2010, the use of enzymes able to disintegrate the biofilm matrix (e.g., DNase and
alginate lyase) and the use of QSIs have been considered promising strategies for BAIs, and
both are able to increase the susceptibility of biofilm cells to antibiotics [27].

Recently, a study reported about the biofilm produced by Pseudomonas aeruginosa, its
matrix acting as a protective diffusion barrier against antibiotics and immune system effec-
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tors [26]. The most abundant extracellular matrix polysaccharide formed by P. aeruginosa
is alginate, a homo- or hetero-polysaccharide composed of β-D-mannuronate and α-L-
guluronate monomers. The degrading enzymes of alginate, named alginate lyases, have
been proposed as potential therapeutic agents, able to disintegrate P. aeruginosa biofilms.
However, it should be mentioned that there are contradictory scientific reports concerning
the efficacy of these enzymes against biofilms or of combinations between these enzymes
and antibiotics. The most favorable results in dissolving biofilms were obtained with
commercial crude extracts containing alginate lyases produced by bacteria belonging to
Flavobacterium multivorum and Sphingomonas spp. [165].

Other antibiofilm and antivirulence drug targets are some enzymes such as bacte-
rial sortases (Srts), small molecules essential for the secretion and anchoring of many
wall or extra-wall proteins/adhesins. The inhibitors of Srt belong to vinyl sulfones,
3-aryl acrylic acids and derivatives, flavonoids, naphthoquinones, anthraquinones, in-
doles, pyrrolomycins, isoquinoline derivatives, aryl β-aminoethyl ketones, pyrazolethiones,
pyridazine, benzisothiazolinones, etc. [166]. This strategy is considered one of the most
promising antivirulence ones against Gram-positive bacteria. Srts were identified in al-
most 600 bacterial species [167], and in their absence, the adhesion to the substrate and
infectivity were proven to be drastically reduced [168]. Other inhibitors of sortases (Srts)
are the peptidomimetic molecules (diarylacrylonitriles) which exert a strong inhibitory
effect against S. aureus, inhibiting the secretion and anchoring of many wall proteins and
adhesins, including pili. Due to their high level of conservation in Gram-positive bacteria,
sortases are considered good targets for antipathogenic drugs [169].

Targeting bacterial enzymes is not a new approach, but identifying compounds that
target metalloenzymes, especially carbonic anhydrase inhibitors (CAIs), has been inten-
sively studied in the last ten years. For example, the bacteriostatic effect of CAIs was
demonstrated for Helicobacter pylori, Escherichia coli and Mycobacterium tuberculosis [170].
In addition, CAI sulfonamides such as acetazolamide [171], its derivatives [172] and dor-
zolamide [173] have recently been shown to be effective against vancomycin-resistant
Enterococcus (VRE). Moreover, it is considered that these CAIs have little potential to de-
velop resistance, and, in some cases, they also have the advantage of clinical use for over
70 years (for other pathologies).

Other enzymes that are targeted in recent studies, identified in mammals and among
the candidate targets for which other inhibitory/blocking molecules that could be used
clinically have not yet been discovered would be the following: (i) prokaryotic bifunctional
FAD synthetases (FADSs) responsible for the synthesis of flavin mononucleotide (FMN)
and flavin adenine dinucleotide (FAD) [174]; (ii) bacterial transglycosylase (TG) [175]
and disulfide oxidoreductase (DsbA); (iii) redox enzymes represented by the DsbA/DsbB
system for example that catalyze the formation of disulfide bonds for many virulence
factors, essential for most pathogens [176].

4.2. Bacteriocins

Bacteriocins have been known for a long time (almost a hundred years—Gratia, 1925),
and it is estimated that 99% of all prokaryotes (bacteria and archaea) are able to produce one
or more bacteriocins. The ability of bacteriocins to inhibit the activity of certain bacteria and
to be noted—without distinguishing between antibiotic-resistant and -sensitive strains—is
of great interest, especially since the phenomenon of antibiotic resistance has reached a
pandemic level, with bacterial strains that have developed multidrug and even pandrug
resistance (PDR) to most common antibiotics [177].

Only a few characterized bacteriocins have been introduced into commercial prod-
ucts (Figure 1) [178], most of them, especially the bacteriocins produced by lactic acid
bacteria (LAB) being extensively and safely used in food fermentation [179]. Nisin (a
bacteriocin produced by Lactobacillus lactis, subsp. lactis) is a good example, being approved
as a food additive since 1960 in more than 50 countries for its antibacterial effect against
Gram-positive, sporogenic pathogens belonging to Clostridium spp. and Bacillus spp. [180].
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Thereafter, other new bacteriocin producers were searched for, and in the late 1990s, some
GRAS Bacillus spp. were discovered, their bacteriocins having a broader antimicrobial
spectrum than those produced by LAB [181].
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Bacillus spp. produce a wide range of antimicrobial substances, including peptide
and lipopeptide antibiotics, and bacteriocins, classified into three main classes (with sub-
classes): class I includes lantibiotics, or post-translationally modified peptides which are the
best-characterized bacteriocins; class II includes non-modified peptides; class III includes
bacteriocins with m.w. greater than 10 kDa [133,164].

According to their different chemical structures, bacteriocins also have various mecha-
nisms of action, such as pore formation, cell disintegration or protoplasm vesicularization
with bactericidal effect [182]. Bacteriocins synthesized by Bacillus spp. are becoming more
important than most LAB bacteriocins because they often manifest a broader spectrum
of activity, inhibiting not only Gram-positive bacterial species, but also Gram-negative
bacterial species and yeasts/microfungi, including different pathogenic species [164]. For
example, helveticin-M is a class III bacteriocin produced by Lactobacillus crispatus, and it
possesses antimicrobial activity against Staphylococcus aureus, S. saprophyticus and Enterobac-
ter cloacae, having as a main destructive target the cell wall of Gram-positive bacteria and
the outer membrane of Gram-negative bacteria [51].

Bacillus spp. also produce other antimicrobial substances; those which are not yet
well characterized are termed bacteriocin-like inhibitory substances, especially when the
peptidic composition is not confirmed [133,164].

4.3. Bacteriophages

Bacteriophages are present in all ecosystems where their specific hosts, bacteria, are
present. Despite human microbiota biodiversity, especially intestinal microbiota biodiver-
sity (bacteria, archaea, microfungi/yeast, protozoa), and its cellular density estimated at
1014, the virome diversity and abundance are even more significant, the number of viruses
being estimated at 1015, most of them being bacteriophages, with an important contribution
to the microbiota eubiosis status [183]. There are reports indicating that enteric viruses have
functional and genetic relationships with the host and other components of the intestinal
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microbiome. The viral community is in turn regulated by normal microbiota by processes
termed transkingdom interactions, which is a new paradigm in intestinal immunity to a
viral infection which could lead to some therapeutical applications [184].

Phage therapy for bacterial infections was glimpsed and even experienced by the
co-discoverer of bacteriophages—Félix d’Hérelle (1917) [185]. The actual premises of the
phage therapy development are the large number of different bacterial strains that are
already successfully targeted. Phage therapy to treat bacterial infections is not a new
treatment strategy but gained more attention in direct relation to the AR phenomenon.
Bacteriophages exhibit a significant bactericidal effect, especially the lytic bacteriophages
by their capacity to invade the bacterial cell and kill it [186]. Temperate phages could also
be used as genetic tools to increase bacterial susceptibility to antibiotics based on their
transduction mechanisms, but certain gene types such as drug resistance and bacterial
virulence factor genes are easily spread through this process [186].

Monophage products have been used in the last few years, but researchers expect
to accomplish multistrain or even multispecies products. In order to increase the phage
“depth” of activity, they have already prepared phage cocktails more efficiently and avoided
the potential of bacteria to evolve phage resistance. Such a cocktail must include at least
two phages, both able to infect a single strain, and against which bacterial mutation is
relatively rare [187].

The potential for a monophage to infect and control a specific bacterial pathogen is a
function called “breadth of that phage’s host range” which is pharmacologically similar
to the spectrum of activity of a chemical antibacterial agent [188]. One general means
of increasing the spectrum of activity breadth and efficiency of a monophage is to use
combinations of therapeutical solutions. For instance, phages can be combined with other
types of agents, such as antibiotics, or with other phages specific for other host bacteria; in
this last case, the combination is now named a polyphage or phage cocktail [187,189,190].

A benefit of phage therapy is its high selectivity, which reduces the side effects, mainly
the dysbiotic effect on normal microbiota. At the same time, this characteristic can be
limitative, and a specific phage can become inefficient on similar isolates of the same
pathogen. This inconvenience can be bypassed by phage cocktails screened against a
large number of isolates or by the engineering of phages to increase their spectrum of
activity. The resistance to a phage by a bacterium is considered to be a consequence of their
long-time co-evolution [191].

The phage cocktail spectrum of activity may be extended in order to target different
bacteria types or inhibit their potential to develop phage resistance. Some authors make
a distinction between the functions of a cocktail’s breadth and a cocktail’s depth of activ-
ity [187]. In further detail, the depth of activity resides in the potential of a single bacterial
mutation to lead toward the resistance of bacterial cells to phage lysis of two or more
different phage types; this property is named cross-resistance [192].

Phage cocktails can be composed of individual phages which target multiple species
and genera too, and these products can be used empirically to treat polymicrobial diseases,
especially skin/soft tissue infections. In this case, a product named Pyophage has been
developed to treat infections produced by strains belonging to Enterococcus sp., Escherichia
sp., Proteus sp., Pseudomonas sp., Staphylococcus sp. and Streptococcus sp. [187].

As infections with Acinetobacter baumannii raise serious problems, many clinical strains
being MDR, using phage therapy is sometimes the only option. Recently, a group of re-
searchers from Poland searched for phages specific to MDR A. baumannii strains in different
waters (environmental, municipal and hospital wastewater samples). They succeeded in
isolating 12 phages specific for A. baumannii, but only 1 was a lytic phage, and it showed the
capacity to form relatively large plaques with a clearly marked “halo” effect in vitro [193].

Bacteriophages, mainly their purified enzymes—bacteriolysins or simply lysins—could
be used especially in recombinant form as antibacterial agents [194]. These enzymes can be
used extracellularly and combined with antibiotics as enzybiotics, which can also attack
the metabolically latent or persister cells, being a potential antibiofilm strategy. These
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phage-derived enzymes have proved their efficiency in experimental in vivo infections
caused by Gram-positive and Gram-negative bacteria, and they have already entered
clinical trials [195].

The bactericidal effect of lysins on Gram-negative and Gram-positive bacteria has
recently been demonstrated for P9LY, an enzyme produced by Shigella dysenteriae infected
with the PSD9 phage, as well as for the lysins produced by Meiothermus bacteriophage (from
thermophilic media) [196,197]. Moreover, according to São-José and coworkers (2022), the
lytic enzymes of effective phages on Gram-positive bacteria, anti-streptococcal endolysins,
proved an in vivo bactericidal effect [198].

4.4. Competition—Probiotics

In the Joint FAO/WHO Working Group on Drafting Guidelines for the Evaluation
of Probiotics in Food (2002) [199], a new definition of a probiotic was adopted, stating
that “a probiotic = a viable microbial food component which has a demonstrated bene-
fit on human health when given in specific amounts” [200]. So, probiotics, as mono- or
multispecific products, are essential dietary viable components that can reduce the risk of
infectious diseases due to their main direct and indirect mechanisms: production of antimi-
crobial substances (such as organic acids, H2O2, bacteriocin-like substances, bacteriocins,
biosurfactants) [201], competition for nutrients, adherence to host receptors, competitive
rejection of pathogenic microbiota, and stimulation of nonspecific and specific host immune
responses [202]. Apart from direct implications in promoting intestinal homeostasis by
maintaining the symbiotic balance of the gut microbiome and the host, probiotics have
proven many other beneficial effects and protective mechanisms against infectious diseases.
For instance, in a rat gastrectomy model, high-dose probiotics (Lactiplantibacillus plantarum,
L. rhamnosus and Lacticaseibacillus acidophilus) produced a downregulation of inflammatory
protein levels caused by the activation of Toll-like receptor 4 (TLR4)/nuclear factor kappa B
(NF-κB) signal pathway [203]. Moreover, probiotics produce short-chain fatty acids (SCFAs)
by dietary fiber fermentation, altering the acid–base environment in the intestinal lumen
and thereby inhibiting the growth of pathogens [201].

The discovery of communication systems regulating bacterial virulence has afforded
a novel opportunity to control infectious bacteria without interfering with growth. For
example, Chifiriuc and coworkers [204] have studied the effect of phenyllactic acid (PLA) (a
major LAB metabolite) in sub-MICs on the pathogenicity of Pseudomonas aeruginosa in mice.
The study showed that the animals infected with PLA-pretreated cultures exhibited good
survival rates (0% mortality) and almost complete abolition of the pathogen’s invasive
capacity. Thus, it was demonstrated that D-3-phenyllactic acid (PLA) can act as a potent
antipathogenic drug, without interfering with bacterial growth, also having the capacity to
eliminate the pathogen from the animal host [204].

It has also been demonstrated that probiotics may stimulate innate immune pathways
such as those stimulated by respiratory viruses, thereby modulating the antiviral immune
response [205]. In this context, there are some studies concerning the role of probiotics in
restoring the oropharyngeal microbiota as a complementary method against SARS-CoV-2.
Characterization of the oropharyngeal microbiome in recovered COVID-19 patients showed
an increased abundance of the butyrate-producing Fusobacterium that could promote in-
testinal mucosal barrier repair, which can contribute to recovery from COVID-19, and a
decreased abundance of the lipopolysaccharide (LPS)-producing opportunistic pathogen
Leptotrichia, a risk factor for an induced systemic proinflammatory status during COVID-19
development [206].

To achieve their beneficial effects on human health, the probiotic strains must maintain
their viability, which can be affected by inappropriate conditions of the processing, storage,
distribution, preparation and administration [207]. Since probiotics raise a series of prob-
lems related to the safety of certain risk groups such as children or immunocompromised
people, a new concept of postbiotics is defined and proposed as an alternative for clinical
applications (Figure 2).
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The new concept of postbiotics was defined in 2021, bringing together a series of
terms already used in the literature, such as paraprobiotics, ghostbiotics, heat-inactivated
probiotics, non-viable probiotics, cell fragments and cell lysates, all terms referring to mi-
crobial components incapable of colonizing the host, to spread virulence and/or antibiotic
resistance genes from live cells to the gut microbiota via horizontal transfer [208]. Thus,
in 2021, postbiotics were defined as a “preparation of inanimate microorganisms and/or
their components that confers a health benefit on the host”, according to the International
Scientific Association of Probiotics and Prebiotics [209].

In a comparative study regarding the beneficial effects of probiotics and postbiotics in
mitigating dextran sulfate sodium (DSS)-induced colitis using a mouse model, Zhang et al.
(2022) demonstrated that a postbiotic product (represented by non-viable Bifidobacterium
adolescentis B8589 powder) exhibited a stronger ability to modulate the gut microbiota
and its functional metagenomic potential compared with a probiotic product (represented
by live Bifidobacterium adolescentis B8589) [210]. Short-term administration of Lactobacillus
gasseri CP2305 improves stress-associated symptoms and clinical symptoms in healthy
young adults and in patients with irritable bowel syndrome [211].

A randomized controlled trial was performed by Satomi et al. (2021) in order to
investigate whether a combination of heat-killed Levilactobacillus brevis KB290 (KB290) and
β-Carotene (KB290 + βC) could reduce the incidence of influenza and common colds as
well as alleviate clinical symptoms in healthy Japanese adults. They demonstrated, in
a first large-scale human clinical trial, that these combined food components might be a
possible candidate for protection against seasonal influenza virus infections in humans
aged <40 years [212].

4.5. Predatorism

The exploitation of antagonistic relationships, including the predation of pathogenic
bacteria, is also considered a solution for the global problem of AR. A well-known preda-
tory bacterium, discovered 60 years ago [213] when isolated from a soil sample during an
experiment attempting to isolate bacteriophages, is the species named Bdellovibrio bacteri-
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ovorus (gr. Bdellos = leech, parasite) which presents a life cycle similar to the phage cycle.
B. bacteriovorus is a predatory species, cultivable in the lab, Gram-negative, mobile, and
present in aquatic and terrestrial environments, acting as a community balancer [99,214].
The cells of this predator live as free bacteria and are able to attack other Gram-negative
bacteria, penetrating into periplasmic space (this form is named bdelloplast).

There are reports about the therapeutical value of predatory species, for instance, for
treating chronic bacterial infections, associated with biofilm formation, such as periodontal
infections [215,216].

Bdellovibrio bacteriovorus is also present in animal and human guts. Moreover, it
is present in abundant populations only in healthy persons and in a reduced number in
patients (e.g., IBD, Celiac disease). Another observation is its presence as mucosa-associated
cells, with a major dominance in the duodenum and a decreased dominance along the gut.
B. bacteriovorus is considered by some authors as a new therapeutic strategy, having the
potential of a probiotic able to balance the intestinal ecosystem [99].

Current studies suggest that B. bacteriovorus can be used as an alternative solution
to antibiotherapy, being a real “living antibiotic”. Researchers are now interested in its
interaction with biofilms and MDR strains, and supplementary studies about the interaction
with host immune response, susceptibility of different pathogens to this predator, and
in vivo models are necessary [214]. There are already data about the remarkable potential
of B. bacteriovorus to kill MDR bacteria, such as the group of the most life-threatening
pathogens, often implicated in the etiology of nosocomial infections, such as the Enterobacter
genus, Klebsiella pneumoniae, Staphylococcus aureus, Acinetobacter baumannii, Pseudomonas
aeruginosa and Escherichia coli [214,217].

4.6. Plant Extracts with Antimicrobial, Antibiofilm and Antipathogenic Effects

Among the proposed solutions for MDR pathogens, a strategy with chances of suc-
cess is represented by the screening of therapeutics able to modulate key phenotypes of
microbial virulence and control the progression of the infectious process without select-
ing resistant mutants. In this category of new therapeutics, natural compounds are ideal
candidates, especially because their therapeutic activity is already proven. The medicinal
properties of plants have been known since ancient times, but now is the moment to pass
from ethnomedicine to the scientific phase. So, medicinal plants are now investigated at the
molecular level, in order to identify the mechanisms of action, efficiency and lack of cyto-
toxicity, since their use has to be scientifically based, in definite amounts, and for a specific
target, completely characterized, using the same methods as in the case of allopathic drugs.
The potential synergistic activity with antibiotics should also be explored [218,219]. How-
ever, not only medicinal plants have such properties, but also other plants (edible plants,
spices) were investigated and proven to contain antimicrobials. Thus, plants are considered
an important source of bioactive substances; all plants have immune defense mechanisms
mediated by anti-infectious phytocompounds, such as phytoanticipins and phytoalexins,
and the more recently described QSIs. The QSIs, even when used in subinhibitory con-
centrations (sub-MICs), exhibit an indirect antimicrobial effect manifested by inhibiting
bacterial cell-to-cell communication by the QS mechanism and coordinated expression of
virulence genes depending on cellular density. The use of QSIs could represent an efficient
and intelligent strategy to control resistance/tolerance, virulence, and colonization/biofilm
formation, without selective pressure and other side effects [13,220–224].

For instance, among edible plants containing QSIs and having antibiofilm potential is
Caparis spinosa; its extract inhibited the biosurfactant production in Pseudomonas aeruginosa
PAO1, swimming and swarming motility, EPS synthesis and biofilm formation in Escherichia
coli, Proteus mirabilis, Serratia marcescens and PAO1, and all these effects were manifested
without affecting the bacterial growth [225].

Another extract from a common herb/spice (Anethum graveolens) was tested on S.
marcescens, an opportunistic pathogen frequently associated with urinary tract infections
(UTIs) and often multidrug resistance, and it exhibited antibiofilm formation activity and
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antipathogenic potential, interfering with the QS system and reducing virulence factor
production (the downregulation of virulence genes being assayed by molecular tests). One
of its major active principles, 3-O-methyl ellagic acid, is able to inhibit the prodigiosin and
protease synthesis in S. marcescens [226].

In addition, plants used as spices and flavors, such as vanilla extract (Vanilla planifo-
lia), demonstrated the potential of QS inhibition on the Tn-5 mutant of Chromobacterium
violaceum CV026, inhibiting violacein production in a concentration-dependent manner.
Vanilla-containing food might promote human health by inhibiting QS and preventing bac-
terial pathogenesis [227]. Sotolon is an aromatic compound that gives fenugreek its typical
smell. Aldawsari and coworkers (2021) conducted in vitro and in vivo experiments proving
the antipathogenic activities of sotolon (in sub-MIC) against Pseudomonas aeruginosa [228].
However, using natural products has some limitations due to their low availability and
stability, high volatility and great diffusion ability that do not support their implementation
in the current medical practice. These features make it necessary to develop vectorization
and delivery agents to improve their efficiency and optimized assay methods adapted to
their specific properties. However, the research efforts are fully justified by their great
potential [4].

Some extensively studied options with multiple applications are essential oils and
polyphenols.

4.6.1. Essential Oils (EOs)

The essential oils (and their components) obtained by the hydrodistillation of aromatic
plants have been shown to have antimicrobial properties. Previous studies have shown that
certain EOs or purified EO-derived compounds interfere with microbial virulence, reducing
biofilm formation and modulating the expression of virulence genes in bacteria [229].

Unfortunately, some of their properties, such as volatility, instability and high doses
required for an efficient therapy, currently limit their use in biomedical practice. Still,
these drawbacks could be overcome by combination with nanocarriers or other controlled
delivery systems of bioactive substances at the target sites. So, many studies are focusing
on the research of the antimicrobial activity of EOs and their components alone against
biofilms [230–232] or combined with nanocarriers/nanomaterials [233,234].

EOs are mixtures of molecules such as terpenoids, phenol-derived aromatic compo-
nents and aliphatic components. Their quality, quantity and composition can vary depend-
ing on plant species, subsp., growth conditions (seasonal variation, climate, phenophase at
the moment of harvesting), plant organ, age and oil extraction method [235].

For example, an EO mixture of Artemisia annua exhibited antimicrobial properties
against reference strains of Gram-positive and Gram-negative bacteria and yeast strains;
EOs used in subinhibitory concentrations were proven to inhibit the phenotypic expres-
sion of different virulence factors—soluble (hemolysins, gelatinase, DNase, lipase and
lecithinase) and cell-associated ones/adhesins—and adherence capacity [219].

Therefore, the antimicrobial activity of EO mixtures and other fractions may be differ-
ent, so researchers focus on their main components, such as carvacrol, thymol and eugenol,
with proven antibacterial properties [236].

For instance, carvacrol (5-isopropyl-2-methyl phenol) is a natural compound, a pheno-
lic monoterpenoid found in leaves of some plants including oregano, thyme and pepper-
wort. Many studies describe carvacrol as a compound with a wide range of bioactivities,
including antimicrobial, antioxidant and anticancer activities. As an antimicrobial com-
pound, it showed activity against Gram-positive and Gram-negative bacteria and fungi,
as well as against planktonic and sessile human pathogens [237,238]. The activity against
sessile bacteria indicates that carvacrol interferes with the QS mechanism, which had al-
ready been demonstrated by Burt and coworkers (2014), working on the reference strain C.
violaceum ATCC 12472 exposed to a sub-MIC of carvacrol that reduced expression of the
gene cviI (coding for the N-AHL synthase), synthesis of the pigment violacein, chitinase
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activity (both regulated by QS), and biofilm formation; these results clearly indicated that
these effects of carvacrol are correlated to the interruption of the QS mechanism [239].

Carvacrol and its isomer thymol (isopropylmetacresol, 2-isopropil-5- methylphenol)
are recognized for their antibacterial and antifungal activities [240]. Thymol is also a con-
stituent of thyme essential oil (up to 50%), found in plants such as Thymus vulgaris L. (or
thyme) or oregano. Carvacrol and thymol are generally considered safe for consumption,
with medical applications in periodontal infections, and also as antibacterial additives [241].
Recently, it was reported that EOs extracted from Thymus daenensis and Satureja hortensis by
hydrodistillation and analyzed by chromatography–mass spectrometry exhibited antimicro-
bial and antibiofilm effects against E. coli serotype O157:H7 (EHEC), a virulent food-borne
pathogen with global spread. The authors investigated the QS inhibition potential of EOs at
sub-MIC levels by inhibition of swimming and swarming motility and confirmed the effects
on QS-system-related genes by RT-qPCR [242]. Mobility and chemotaxis are key factors
that mediate host invasion in Salmonella serovars, and generally, for enteric pathogens,
such as EPEC pathotype cells, flagellar motility is very important for the adherence to
the host intestinal epithelial cells, favoring the movement across the mucus layer and the
contact with host cell receptors [128].

4.6.2. Polyphenols

An example of a polyphenol is epigallocatechin gallate (EGCG), which is a bioactive
compound present in the fruit and leaves of plants such as Camellia sinensis, the source of
green and black tea [243]. EGCG has previously been demonstrated to have antibacterial
activity against many bacterial species [244], alone and also in combination with antibiotics
and other phytochemicals against multidrug-resistant (MDR) Gram-positive and Gram-
negative bacteria [245]. EGCG has a wide variety of antibacterial effects [246] and also
acts as a QSI; thus, it inhibits the swarming mobility of P. aeruginosa PAO1 cells and
downregulates the genes Las and PQS of the QS mechanism [162]. EGCG also plays an
important role in binding with various proteins responsible for biofilm formation [247–249].

Inhibition of intercellular signaling by natural QSIs is a very attractive alternative to
antibiotherapy and is an ecological strategy for fighting chronic infections and BAIs.

QSIs are secreted by all organisms, including plants, microorganisms and animals [11,13],
as an expression of innate anti-infectious defense mechanisms. For instance, some insect
extracts (hive products, such as propolis (a very complex product) and melittin (the main
component of honeybee venom)) have shown antimicrobial and antibiofilm properties. More-
over, melittin, a natural peptide extracted from honeybee venom, in a non-toxic concentration,
exhibited synergistic activity with antibiotics (doripenem and ceftazidime) combinations used
against MDR isolates of Acinetobacter baumannii and Pseudomonas aeruginosa [11].

QSI treatment for BAIs seems the obvious indication, allowing a quick assessment of
their in vivo efficiency [13].

Natural compounds can present some disadvantages, such as their presence in small
quantities in plants and the isolation and purification methods being expensive; they
sometimes raise problems of stability and availability (dependency on the vegetative cycle
and development in certain climates) or do not meet the ADMET conditions (absorption,
distribution, metabolism, excretion and toxicity) [250]. In addition, their antimicrobial
mechanisms of action should be fully elucidated, and, at the same time, the potential
synergistic effects with conventional antibiotics as a solution to combat bacterial resistance
phenomena would also be worth studying [251].

In general, natural substances have some limitations due to their low availability and
stability, high volatility and great diffusion capacity which do not support their current
clinical use. These disadvantages lead to the necessity to develop new delivery methods
for these therapeutical agents (vectorization and controlled delivery at target/infection site)
to improve their efficiency. However, their great potential completely justifies the research
efforts [4].
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Once the efficacy of certain natural substances is proven, synthetic biology can be
used to produce these substances in large amounts [252], because this strategy also has to
be sustainable.

4.7. Combination-Based Antipathogenic Therapies

Combination-based strategies are now considered the most appropriate strategies for
treating infections with MDR strains and/or biofilm-associated infections. Although the
first recommended and recognized combinations of antibiotics date back a long time (1950),
the number of those with a synergistic effect is limited, while the syncretic combinations of
antibiotics with various adjuvant compounds are targeted more in literature nowadays [253]
(some of them were already mentioned in Table 1—antibiofilm strategies).

For instance, the antibacterial activity of polyphenols such as epigallocatechin gal-
late (EGCG) against many bacterial species is well known [243]. However, EGCG has
been demonstrated to be active alone or in combination with antibiotics and other phy-
tochemicals against multidrug-resistant (MDR) Gram-positive and Gram-negative bac-
teria [244,245]. Its antibacterial activity and synergism with antibiotics are explained by
different potential mechanisms such as interaction with the structure or synthesis of the
bacterial cell wall, enzyme inhibition, oxidative stress, leakage of cell content and in-
creased membrane permeability [254]. A study from 2019 [255] demonstrated that there
is a synergy demonstrated in vitro and in vivo between aztreonam and EGCG against
multidrug-resistant (MDR) clinical strains of P. aeruginosa. It is also shown that EGCG is
able to restore the antibacterial activity of aztreonam in the normal concentration used for
P. aeruginosa [255]. Thus, it is also proved that the tolerance of biofilm cells represents a
transitory, reversible state [256].

Brackman and coworkers have studied the effect of some QSIs by targeting the QS sys-
tem of Pseudomonas aeruginosa and Burkholderia cepacia complex organisms (using baicalin
hydrate, cinnamaldehyde) or the QS system of Staphylococcus aureus (with hamamelitan-
nin). The effects of these substances were evaluated by comparison with antibiotic activity,
namely tobramycin for the P. aeruginosa and B. cepacia complex and clindamycin or van-
comycin for S. aureus strains. The authors also tested the combinations of these antibiotics
with QSIs, all variants being evaluated in different in vitro and in vivo biofilm models,
and proved that the combination of an antibiotic and a QSI generally led to increased
killing effects, by comparison with the killing activity of an antibiotic alone, but the reduced
concentrations were strain- and model-dependent. These data suggested that QSIs may
amplify the success of antibiotherapy by increasing the susceptibility of biofilm-embedded
bacteria, as well as by possibly increasing host survival post-infection [257].

Such experiments have oriented research toward the production of hybrid antibiotics;
examples are the coumarin-based antibiotic hybrids which have shown their activity against
both Gram-positive and Gram-negative bacterial pathogens. These hybrid antibiotics
represent a potential and promising perspective for overcoming the problem of multidrug
resistance/PDR, with an increasing mortality rate. Now, the interest of researchers is
focused on details concerning the structure–activity relationship which will lead to the
improvement of these hybrids and their efficient clinical use [258].

As bacterial antibiotic resistance is continuously increasing and there are reports about
multidrug- and pandrug-resistant strains, there is an urgent need for new antibacterials,
based on different mechanisms of action than conventional antibiotics. One such alternative
or complementary strategy is the use of enzybiotics; the term, first used in 2001 [259] is
a combination of the words “enzyme” and “antibiotic”, denoting endolysins, their syn-
thesis being coded by the phagic genome and classified in two groups: (a) peptidoglycan
hydrolases (lysins) used as purified lysins, especially in recombinant form as antibacterial
agents [194], and (b) polysaccharide depolymerases able to degrade bacterial exopolysac-
charides, including biofilm matrix, slime layers, capsules or lipopolysaccharides [260].
Both enzymes can be used extracellularly, and in contrast to antibiotics, enzybiotics can
also attack the metabolically latent or persister cells. These phage-derived enzymes have
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proved their efficiency in experimental in vivo infections caused by Gram-positive and
Gram-negative bacteria; moreover, in recent years, peptidoglycan hydrolases were included
in clinical trials [195].

In principle, antibiotic combination therapy presents several advantages, such as im-
proving the effectiveness of antibacterial activity (synergism), broadening the spectrum of
activity (extremely useful in infections of unknown etiology), combating polymicrobial in-
fections, suppressing antibiotic resistance and decreasing toxic effects on the host. However,
there are also a number of disadvantages that they could generate, such as the reduction in
antimicrobial activity (antagonism) and the unnecessary consumption of antibiotics in the
case of unregulated combinations, associated with the additional exposure of patients and
the environment to antibiotics, which favors the transmission of MDR bacteria.

For infections with vancomycin-resistant Enterococcus (VRE) and those with A. bau-
mannii, P. aeruginosa and Enterobacterales resistant to carbapenems, the literature mentions
treatment options based on last-generation antibiotics or, in some cases, combinations of antibi-
otics [261]. However, the recent recommendations of the Infectious Diseases Society of America
(IDSA) only mention a few combinations of antibiotics (ampicillin–sulbactam, ceftazidimex–
avibactam, ceftazidime–avibactam–aztreonam, ceftolozane–tazobactam, imipenem--cilastatin–
relebactam, meropenem–vaborbactam, trimethoprim–sulfamethoxazole).

P. aeruginosa is an ESKAPE pathogen and, at the same time, a research model for antivir-
ulence agents. Rezzoagli et al. (2020) [262] used it as a model pathogen in a study regarding
the combination therapy with four antibiotics and two antivirulence compounds in different
variants. The results showed a synergistic effect for colistin–tobramycin and an antagonistic
effect for ciprofloxacin–meropenem in combination with antivirulence compounds for both.
On the other hand, this research revealed that selection for antibiotic resistance using antivir-
ulence compounds could be reduced (ciprofloxacin–gallium, colistin–furanone), abrogated
(meropenem–gallium, tobramycin–gallium) or reversed (tobramycin–furanone).

Recent meta-analyses have revealed unexpected results for the synergistic and well-
known combination for Gram-negative bacteria between β-lactams and aminoglycosides.
For example, out of 64 randomized controlled trials that looked at severe infections in
patients without neutropenia (abdominal infections, UTIs, pneumonia and sepsis), 12 did
not record a significant difference between monotherapy and therapy combinations in terms
of all-cause mortality. Furthermore, the difference in bacteriological failure between the two
therapies was not significant, while combined therapy seemed to increase clinical failure
compared to beta-lactam monotherapy [263]. Moreover, nephrotoxicity seems to be more
substantial in combination therapy than monotherapy, at least in the case of MDR Gram-
negative bacteria infections (e.g., colistin—combination therapy versus monotherapy) [263].
Khayyat and coworkers (2021) used secnidazole as a virulence mitigator; secnidazole is a
substance from the imidazole class of drugs that has a similar structure to metronidazole
used to treat bacterial vaginitis and protozoal infections. The study proved that secnidazole
(in sub-MIC) acts analogously to AHLs and inhibited QS, leading to the attenuation of P.
aeruginosa pathogenesis [264].

Surprisingly, even other drugs, conceived for other purposes, proved an antipathogenic
effect, such as tenoxicam. In a study performed by Askoura and coworkers (2020), this non-
steroidal anti-inflammatory drug decreased the production of many virulence factors of P.
aeruginosa, such as pyoverdin, pyocyanin, rhamnolipids, proteases, elastase and hemolysins.
Moreover, qRT-PCR revealed a significant reduction in the expression of QS genes in P.
aeruginosa cells exposed to tenoxicam compared to the control, an effect also confirmed by
a mice infection model; these results encourage the use of tenoxicam in combination with
antibiotics for the efficient therapy of P. aeruginosa infections [265].

Similarly, Saqr and coworkers (2021) investigated the antivirulence and anti-QS ac-
tivities of the drug allopurinol (a urate-lowering drug) against the P. aeruginosa PAO1
strain. Allopurinol (in 1/10 MIC) significantly decreased the synthesis of the pigment
violacein in Chromobacterium violaceum CV026, which is QS-controlled, and other P. aerugi-
nosa QS-controlled virulence factors. Moreover, allopurinol decreased the infiltration of P.
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aeruginosa and leucocytes and reduced liver and kidney congestion in infected mice. By
in silico study, it was shown that allopurinol could compete with the signaling molecules
binding to the receptors LasR and RhlR. By qRT-PCR, it was proved that allopurinol has a
significant downregulation effect on all tested QS-encoding genes that control virulence
factor expression [266].

Recent studies highlighted the antipathogenic effects of metformin (biguanide), an
antidiabetic drug used as first-line therapy for T2DM. It was proved that metformin had an
in vitro effect of significantly attenuating the virulence features of P. aeruginosa, reducing
the production of extracellular enzymes and inhibiting bacterial motility and biofilm
development. It was proved that the antivirulence activity of metformin is due to its ability
to interfere with QS and the expression of QS-controlled genes [267].

Another illustrative example is offered by the study of Cavalu and coworkers (2022)
who performed a screening of twenty-two β-adrenoreceptor blockers for the anti-QS
activities and identified atenolol as a promising candidate. This drug was tested for its
anti-QS, antibiofilm and antivirulence activities against Gram-negative bacterial strains of
P. aeruginosa, Proteus mirabilis and Serratia marcescens, firstly by in silico study, and thereafter
the results were verified by in vitro and in vivo experiments. The authors proved the ability
of atenolol to reduce the biofilm formation, virulence enzyme production and motility and
finally its potential to protect infected mice. They concluded that atenolol exerts anti-QS
and antivirulence activities and can be used as a complementary/adjuvant anti-infectious
drug [268].

4.8. Vaccines and Immunotherapy

An attractive strategy as an alternative or complement to antibiotics is immunopro-
phylaxis by vaccination and the use of specific monoclonal antibodies (mAbs) targeting
MDR and virulent strains of common pathogens.

Concerning the vaccination against adherent and biofilm-forming pathogens it is im-
portant to use bacterial cells with an adherent phenotype or purified adhesins for vaccine
production. There were many attempts, but at the global level, only the pneumococ-
cal vaccination was successful [6]. The main obstacle to obtaining efficient anti-adhesin
vaccines is their antigenic variation; this obstacle can be by bypassed producing polyspe-
cific/polyvalent vaccines (such as in the previous example, the pneumococcal vaccine)
containing antigens from the most frequent strains circulating in the human community.

Another example of a polyvalent vaccine is a 24-valent one, anti-K. pneumoniae strains
isolated from cases of bacteremia. Klebsiella pneumoniae is a capsulated bacterium that easily
evades the immune system and is the most common carbapenem-resistant opportunistic
enterobacteria causing frequent hospital-acquired infections that are difficult to treat. The
previous Klebsiella-specific vaccine was proven to cover numerous serotypes among the
70 serologically distinct capsular types identified within this species [269], but there are
also current attempts at immunotherapy targeting the capsular antigens [270].

Another immunological way to fight against MDR and virulent pathogens is im-
munotherapy. For example, recently, Nielsen and coworkers reported the development of a
humanized bispecific monoclonal antibody (mAb) with specificity for clinical isolates of A.
baumannii, in order to improve the avidity, efficacy and strain coverage of two previous
anticapsular mAbs. They proved that such a novel therapy targeting an opportunistic
pathogen with a high level of AR and which provokes difficult-to-treat infections could be
efficient, the bispecific antibodies having properties superior to the original mAbs alone or
combined, concerning binding affinity, opsonization and in vivo efficacy [271].

5. Conclusions

Antibiotic resistance and virulence are not two independent features of pathogens;
sometimes they are co-located and transmitted together. Their association influences
the fitness of bacterial strains and their dissemination capacity in the community. It is
well known that for a manageable infection due to a certain microbial strain, the most
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appropriate treatment is an active antibiotic. However, due to the increasing rates of
multidrug resistance and even PDR between strains of clinically important pathogens,
there is an urgent need to find and test new alternative or complementary anti-infectious
strategies, efficient and without the capacity to exert selective pressure. Unconventional
strategies have already been discovered, and the search continues. Some of these strategies
use natural active substances, including those with antimicrobial, QS inhibition, QQ and
immunomodulatory properties, which are a huge reservoir of efficient drugs. These natural
molecules (especially those of vegetal origin) have been empirically known and used in
ethnomedicine, prophylaxis or immune stimulation, but now we have to move to the next
level—the scientific one, with known active principles, used alone or in combination with
antibiotics or nanocarriers, with determined dosages and mechanisms of action.

As the route of dissemination of resistance and virulence is represented by the mobile
genetic elements, the emergence of new strains more resistant and/or virulent could
represent an important health problem. Therefore, in the near future, we will need new
antibiotics/antimicrobials, as well as antipathogenic molecules, interfering with virulence
gene expression and converting a virulent strain into one less able to induce an infectious
process, being more susceptible to the immune system; using this strategy, the spread of
resistant strains will also be avoided.

There are also preoccupations regarding the selection of new probiotics, even archae-
biotics, which are able to re-establish the eubiosis status or to increase the anti-infectious
barrier effect in order to actively prevent infections. These live drugs are a matter of debate
for international organizations concerning food safety and compliance with current rules
in order to obtain their approval for large clinical use.

It is important to intensify the translational research in microbial ecology, with appli-
cations in the environment and human health, because, in fact, we are speaking now about
the “one health” concept.
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7. Glasner, C.; Albiger, B.; Buist, G.; Tambić Andrašević, A.; Cantón, R.; Carmeli, Y.; Friedrich, A.W.; Giske, C.G.; Glupczynski, Y.;
Gniadkowski, M.; et al. Carbapenemase-Producing Enterobacteriaceae in Europe: A Survey among National Experts from 39
Countries, February 2013. Eurosurveillance 2013, 18, 20525. [CrossRef]

https://doi.org/10.1021/bk-2015-1198.ch002
https://doi.org/10.3389/fmicb.2013.00004
https://doi.org/10.3389/fmicb.2013.00015
https://doi.org/10.1155/2018/5063437
https://doi.org/10.1016/S0140-6736(21)02724-0
https://apps.who.int/iris/handle/10665/310970
https://doi.org/10.2807/1560-7917.ES2013.18.28.20525


Pathogens 2023, 12, 746 27 of 37

8. Schroeder, M.; Brooks, B.; Brooks, A. The Complex Relationship between Virulence and Antibiotic Resistance. Genes 2017, 8, 39.
[CrossRef]

9. Von Wintersdorff, C.J.H.; Penders, J.; van Niekerk, J.M.; Mills, N.D.; Majumder, S.; van Alphen, L.B.; Savelkoul, P.H.M.; Wolffs,
P.F.G. Dissemination of Antimicrobial Resistance in Microbial Ecosystems through Horizontal Gene Transfer. Front. Microbiol.
2016, 7, 173. [CrossRef]

10. Cepas, V.; Soto, S.M. Relationship between Virulence and Resistance among Gram-Negative Bacteria. Antibiotics 2020, 9, 719.
[CrossRef]

11. Akbari, R.; Hakemi-Vala, M.; Pashaie, F.; Bevalian, P.; Hashemi, A.; Pooshang Bagheri, K. Highly Synergistic Effects of Melittin
with Conventional Antibiotics Against Multidrug-Resistant Isolates of Acinetobacter baumannii and Pseudomonas aeruginosa. Microb.
Drug Resist. 2019, 25, 193–202. [CrossRef]

12. Levy, S.B. The Antibiotic Paradox; Springer: Boston, MA, USA, 1992; ISBN 978-0-306-44331-2.
13. Lazar, V.; Colta, T.; Marutescu, L.; Ditu, L.-M.; Chifiriuc, M.C. New Antiinfectious Strategy Based on Antimicrobial and Quorum

Sensing Inhibitors from Vegetal Extracts and Propolis. In Microbial Pathogens and Strategies for Combating Them: Science, Technology
and Education; Méndez-Vilas, A., Ed.; FORMATEX Research Center: Badajoz, Spain, 2013; pp. 1209–1219. ISBN 8493984396,
9788493984397.

14. Lazar, V.; Holban, A.M.; Curutiu, C.; Chifiriuc, M.C. Modulation of Quorum Sensing and Biofilms in Less Investigated Gram-
Negative ESKAPE Pathogens. Front. Microbiol. 2021, 12, 676510. [CrossRef]

15. Donlan, R.M.; Costerton, J.W. Biofilms: Survival Mechanisms of Clinically Relevant Microorganisms. Clin. Microbiol. Rev. 2002,
15, 167–193. [CrossRef]

16. Lazar, V. Quorum Sensing in Biofilms—How to Destroy the Bacterial Citadels or Their Cohesion/Power? Anaerobe 2011,
17, 280–285. [CrossRef]

17. Roy, R.; Tiwari, M.; Donelli, G.; Tiwari, V. Strategies for Combating Bacterial Biofilms: A Focus on Anti-Biofilm Agents and Their
Mechanisms of Action. Virulence 2018, 9, 522–554. [CrossRef]

18. Bowler, P.; Murphy, C.; Wolcott, R. Biofilm Exacerbates Antibiotic Resistance: Is This a Current Oversight in Antimicrobial
Stewardship? Antimicrob. Resist. Infect. Control 2020, 9, 162. [CrossRef]

19. Costerton, J.W.; Lewandowski, Z.; Caldwell, D.E.; Korber, D.R.; Lappin-Scott, H.M. Microbial biofilms. Annu. Rev. Microbiol. 1995,
49, 711–745. [CrossRef]

20. Salinas, N.; Povolotsky, T.L.; Landau, M.; Kolodkin-Gal, I. Emerging Roles of Functional Bacterial Amyloids in Gene Regulation,
Toxicity, and Immunomodulation. Microbiol. Mol. Biol. Rev. 2021, 85, e00062-20. [CrossRef]

21. Aguilar, C.; Vlamakis, H.; Losick, R.; Kolter, R. Thinking about Bacillus Subtilis as a Multicellular Organism. Curr. Opin. Microbiol.
2007, 10, 638–643. [CrossRef]

22. Hall-Stoodley, L.; Stoodley, P. Evolving Concepts in Biofilm Infections. Cell. Microbiol. 2009, 11, 1034–1043. [CrossRef]
23. Stewart, P.S.; William Costerton, J. Antibiotic Resistance of Bacteria in Biofilms. Lancet 2001, 358, 135–138. [CrossRef]
24. Costerton, J.W.; Stewart, P.S.; Greenberg, E.P. Bacterial Biofilms: A Common Cause of Persistent Infections. Science 1999,

284, 1318–1322. [CrossRef]
25. Hamilton, W.A.; Characklis, W.G. Relative activities of cells in suspension and biofilms. In Structure and Function of Biofilms;

Characklis, W.A., Wielderer, P.A., Eds.; John Wiley & Sons: New York, NY, USA, 1993; pp. 199–219.
26. Ciofu, O.; Tolker-Nielsen, T. Tolerance and Resistance of Pseudomonas Aeruginosa Biofilms to Antimicrobial Agents—How P.

aeruginosa Can Escape Antibiotics. Front. Microbiol. 2019, 10, 913. [CrossRef] [PubMed]
27. Høiby, N.; Bjarnsholt, T.; Givskov, M.; Molin, S.; Ciofu, O. Antibiotic Resistance of Bacterial Biofilms. Int. J. Antimicrob. Agents

2010, 35, 322–332. [CrossRef]
28. Povolotsky, T.L.; Keren-Paz, A.; Kolodkin-Gal, I. Metabolic Microenvironments Drive Microbial Differentiation and Antibiotic

Resistance. Trends Genet. 2021, 37, 4–8. [CrossRef]
29. Holban, A.M.; Gestal, M.C.; Grumezescu, A.M. Control of Biofilm-Associated Infections by Signaling Molecules and Nanoparticles.

Int. J. Pharm. 2016, 510, 409–418. [CrossRef] [PubMed]
30. Davies, D.G.; Parsek, M.R.; Pearson, J.P.; Iglewski, B.H.; Costerton, J.W.; Greenberg, E.P. The Involvement of Cell-to-Cell Signals

in the Development of a Bacterial Biofilm. Science 1998, 280, 295–298. [CrossRef]
31. Fuqua, W.C.; Winans, S.C.; Greenberg, E.P. Quorum Sensing in Bacteria: The LuxR-LuxI Family of Cell Density-Responsive

Transcriptional Regulators. J. Bacteriol. 1994, 176, 269–275. [CrossRef]
32. Shapiro, J.A. Thinking about bacterial populations as multicellular organisms. Annu. Rev. Microbiol. 1998, 52, 81–104. [CrossRef]

[PubMed]
33. Bryers, J.D. The Biotechnology of Interfaces. J. Appl. Bacteriol. 1993, 74, 98S–109S. [CrossRef]
34. Cegelski, L.; Pinkner, J.S.; Hammer, N.D.; Cusumano, C.K.; Hung, C.S.; Chorell, E.; Åberg, V.; Walker, J.N.; Seed, P.C.; Almqvist,

F.; et al. Small-Molecule Inhibitors Target Escherichia Coli Amyloid Biogenesis and Biofilm Formation. Nat. Chem. Biol. 2009,
5, 913–919. [CrossRef]

35. Williams, P.; Winzer, K.; Chan, W.C.; Cámara, M. Look Who’s Talking: Communication and Quorum Sensing in the Bacterial
World. Philos. Trans. R. Soc. B Biol. Sci. 2007, 362, 1119–1134. [CrossRef]

36. Perlman, R.L. Life Histories of Pathogen Populations. Int. J. Infect. Dis. 2009, 13, 121–124. [CrossRef] [PubMed]

https://doi.org/10.3390/genes8010039
https://doi.org/10.3389/fmicb.2016.00173
https://doi.org/10.3390/antibiotics9100719
https://doi.org/10.1089/mdr.2018.0016
https://doi.org/10.3389/fmicb.2021.676510
https://doi.org/10.1128/CMR.15.2.167-193.2002
https://doi.org/10.1016/j.anaerobe.2011.03.023
https://doi.org/10.1080/21505594.2017.1313372
https://doi.org/10.1186/s13756-020-00830-6
https://doi.org/10.1146/annurev.mi.49.100195.003431
https://doi.org/10.1128/MMBR.00062-20
https://doi.org/10.1016/j.mib.2007.09.006
https://doi.org/10.1111/j.1462-5822.2009.01323.x
https://doi.org/10.1016/S0140-6736(01)05321-1
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.3389/fmicb.2019.00913
https://www.ncbi.nlm.nih.gov/pubmed/31130925
https://doi.org/10.1016/j.ijantimicag.2009.12.011
https://doi.org/10.1016/j.tig.2020.10.007
https://doi.org/10.1016/j.ijpharm.2016.02.044
https://www.ncbi.nlm.nih.gov/pubmed/26945736
https://doi.org/10.1126/science.280.5361.295
https://doi.org/10.1128/jb.176.2.269-275.1994
https://doi.org/10.1146/annurev.micro.52.1.81
https://www.ncbi.nlm.nih.gov/pubmed/9891794
https://doi.org/10.1111/j.1365-2672.1993.tb04346.x
https://doi.org/10.1038/nchembio.242
https://doi.org/10.1098/rstb.2007.2039
https://doi.org/10.1016/j.ijid.2008.07.003
https://www.ncbi.nlm.nih.gov/pubmed/18922717


Pathogens 2023, 12, 746 28 of 37

37. Alby-Laurent, F.; Lambe, C.; Ferroni, A.; Salvi, N.; Lebeaux, D.; Le Gouëz, M.; Castelle, M.; Moulin, F.; Nassif, X.; Lortholary, O.;
et al. Salvage Strategy for Long-Term Central Venous Catheter-Associated Staphylococcus aureus Infections in Children. Front.
Pediatr. 2019, 6, 427. [CrossRef] [PubMed]

38. Powers, M.E.; Wardenburg, J.B. Igniting the Fire: Staphylococcus aureus Virulence Factors in the Pathogenesis of Sepsis. PLoS
Pathog. 2014, 10, e1003871. [CrossRef]

39. Paharik, A.E.; Horswill, A.R. The Staphylococcal Biofilm: Adhesins, Regulation, and Host Response. Microbiol. Spectr. 2016,
4, 529–566. [CrossRef] [PubMed]

40. Geraci, J.; Neubauer, S.; Pöllath, C.; Hansen, U.; Rizzo, F.; Krafft, C.; Westermann, M.; Hussain, M.; Peters, G.; Pletz, M.W.; et al.
The Staphylococcus aureus Extracellular Matrix Protein (Emp) Has a Fibrous Structure and Binds to Different Extracellular Matrices.
Sci. Rep. 2017, 7, 13665. [CrossRef] [PubMed]

41. Schenck, L.P.; Surette, M.G.; Bowdish, D.M.E. Composition and Immunological Significance of the Upper Respiratory Tract
Microbiota. FEBS Lett. 2016, 590, 3705–3720. [CrossRef] [PubMed]

42. Parsek, M.R.; Singh, P.K. Bacterial Biofilms: An Emerging Link to Disease Pathogenesis. Annu. Rev. Microbiol. 2003, 57, 677–701.
[CrossRef]

43. Rasmussen, T.B.; Givskov, M. Quorum Sensing Inhibitors: A Bargain of Effects. Microbiology 2006, 152, 895–904. [CrossRef]
44. Francolini, I.; Donelli, G. Prevention and Control of Biofilm-Based Medical-Device-Related Infections. FEMS Immunol. Med.

Microbiol. 2010, 59, 227–238. [CrossRef]
45. Bouguénec, C. Le Adhesins and Invasins of Pathogenic Escherichia Coli. Int. J. Med. Microbiol. 2005, 295, 471–478. [CrossRef]
46. Vukotic, G.; Obradovic, M.; Novovic, K.; Di Luca, M.; Jovcic, B.; Fira, D.; Neve, H.; Kojic, M.; McAuliffe, O. Characterization,

Antibiofilm, and Depolymerizing Activity of Two Phages Active on Carbapenem-Resistant Acinetobacter Baumannii. Front. Med.
2020, 7, 426. [CrossRef]

47. Landlinger, C.; Tisakova, L.; Oberbauer, V.; Schwebs, T.; Muhammad, A.; Latka, A.; Van Simaey, L.; Vaneechoutte, M.; Guschin, A.;
Resch, G.; et al. Engineered Phage Endolysin Eliminates Gardnerella Biofilm without Damaging Beneficial Bacteria in Bacterial
Vaginosis Ex Vivo. Pathogens 2021, 10, 54. [CrossRef]

48. Shahed-Al-Mahmud, M.; Roy, R.; Sugiokto, F.G.; Islam, M.N.; Lin, M.-D.; Lin, L.-C.; Lin, N.-T. Phage ΦAB6-Borne Depolymerase
Combats Acinetobacter Baumannii Biofilm Formation and Infection. Antibiotics 2021, 10, 279. [CrossRef]

49. Molham, F.; Khairalla, A.S.; Azmy, A.F.; El-Gebaly, E.; El-Gendy, A.O.; AbdelGhani, S. Anti-Proliferative and Anti-Biofilm
Potentials of Bacteriocins Produced by Non-Pathogenic Enterococcus sp. Probiotics Antimicrob. Proteins 2021, 13, 571–585.
[CrossRef]

50. Krishnamoorthi, R.; Srinivash, M.; Mahalingam, P.U.; Malaikozhundan, B.; Suganya, P.; Gurushankar, K. Antimicrobial, Anti-
Biofilm, Antioxidant and Cytotoxic Effects of Bacteriocin by Lactococcus lactis Strain CH3 Isolated from Fermented Dairy
Products—An In Vitro and In Silico Approach. Int. J. Biol. Macromol. 2022, 220, 291–306. [CrossRef]

51. Lu, Y.; Aizhan, R.; Yan, H.; Li, X.; Wang, X.; Yi, Y.; Shan, Y.; Liu, B.; Zhou, Y.; Lü, X. Characterization, Modes of Action, and
Application of a Novel Broad-Spectrum Bacteriocin BM1300 Produced by Lactobacillus Crustorum MN047. Braz. J. Microbiol.
2020, 51, 2033–2048. [CrossRef]

52. Lopes, B.S.; Hanafiah, A.; Nachimuthu, R.; Muthupandian, S.; Md Nesran, Z.N.; Patil, S. The Role of Antimicrobial Peptides
as Antimicrobial and Antibiofilm Agents in Tackling the Silent Pandemic of Antimicrobial Resistance. Molecules 2022, 27, 2995.
[CrossRef]

53. Mergoni, G.; Manfredi, M.; Bertani, P.; Ciociola, T.; Conti, S.; Giovati, L. Activity of Two Antimicrobial Peptides against
Enterococcus faecalis in a Model of Biofilm-Mediated Endodontic Infection. Antibiotics 2021, 10, 1220. [CrossRef]

54. Krishnan, M.; Choi, J.; Jang, A.; Kim, Y. A Novel Peptide Antibiotic, Pro10-1D, Designed from Insect Defensin Shows Antibacterial
and Anti-Inflammatory Activities in Sepsis Models. Int. J. Mol. Sci. 2020, 21, 6216. [CrossRef]

55. Casciaro, B.; Loffredo, M.R.; Cappiello, F.; Fabiano, G.; Torrini, L.; Mangoni, M.L. The Antimicrobial Peptide Temporin G:
Anti-Biofilm, Anti-Persister Activities, and Potentiator Effect of Tobramycin Efficacy Against Staphylococcus aureus. Int. J. Mol. Sci.
2020, 21, 9410. [CrossRef]

56. Jung, C.-J.; Liao, Y.-D.; Hsu, C.-C.; Huang, T.-Y.; Chuang, Y.-C.; Chen, J.-W.; Kuo, Y.-M.; Chia, J.-S. Identification of Potential
Therapeutic Antimicrobial Peptides against Acinetobacter baumannii in a Mouse Model of Pneumonia. Sci. Rep. 2021, 11, 7318.
[CrossRef]

57. Cebrián, R.; Xu, C.; Xia, Y.; Wu, W.; Kuipers, O.P. The Cathelicidin-Derived Close-to-Nature Peptide D-11 Sensitises Klebsiella
pneumoniae to a Range of Antibiotics In Vitro, Ex Vivo and In Vivo. Int. J. Antimicrob. Agents 2021, 58, 106434. [CrossRef]

58. Talukdar, P.K.; Turner, K.L.; Crockett, T.M.; Lu, X.; Morris, C.F.; Konkel, M.E. Inhibitory Effect of Puroindoline Peptides on
Campylobacter Jejuni Growth and Biofilm Formation. Front. Microbiol. 2021, 12, 702762. [CrossRef]

59. Ko, S.J.; Park, E.; Asandei, A.; Choi, J.-Y.; Lee, S.-C.; Seo, C.H.; Luchian, T.; Park, Y. Bee Venom-Derived Antimicrobial Peptide
Melectin Has Broad-Spectrum Potency, Cell Selectivity, and Salt-Resistant Properties. Sci. Rep. 2020, 10, 10145. [CrossRef]

60. Shamim, A.; Ali, A.; Iqbal, Z.; Mirza, M.A.; Aqil, M.; Kawish, S.M.; Siddiqui, A.; Kumar, V.; Naseef, P.P.; Alshadidi, A.A.F.; et al.
Natural Medicine a Promising Candidate in Combating Microbial Biofilm. Antibiotics 2023, 12, 299. [CrossRef]

61. Somrani, M.; Debbabi, H.; Palop, A. Antibacterial and Antibiofilm Activity of Essential Oil of Clove against Listeria monocytogenes
and Salmonella enteritidis. Food Sci. Technol. Int. 2022, 28, 331–339. [CrossRef]

https://doi.org/10.3389/fped.2018.00427
https://www.ncbi.nlm.nih.gov/pubmed/30740390
https://doi.org/10.1371/journal.ppat.1003871
https://doi.org/10.1128/microbiolspec.VMBF-0022-2015
https://www.ncbi.nlm.nih.gov/pubmed/27227309
https://doi.org/10.1038/s41598-017-14168-4
https://www.ncbi.nlm.nih.gov/pubmed/29057978
https://doi.org/10.1002/1873-3468.12455
https://www.ncbi.nlm.nih.gov/pubmed/27730630
https://doi.org/10.1146/annurev.micro.57.030502.090720
https://doi.org/10.1099/mic.0.28601-0
https://doi.org/10.1111/j.1574-695X.2010.00665.x
https://doi.org/10.1016/j.ijmm.2005.07.001
https://doi.org/10.3389/fmed.2020.00426
https://doi.org/10.3390/pathogens10010054
https://doi.org/10.3390/antibiotics10030279
https://doi.org/10.1007/s12602-020-09711-1
https://doi.org/10.1016/j.ijbiomac.2022.08.087
https://doi.org/10.1007/s42770-020-00311-3
https://doi.org/10.3390/molecules27092995
https://doi.org/10.3390/antibiotics10101220
https://doi.org/10.3390/ijms21176216
https://doi.org/10.3390/ijms21249410
https://doi.org/10.1038/s41598-021-86844-5
https://doi.org/10.1016/j.ijantimicag.2021.106434
https://doi.org/10.3389/fmicb.2021.702762
https://doi.org/10.1038/s41598-020-66995-7
https://doi.org/10.3390/antibiotics12020299
https://doi.org/10.1177/10820132211013273


Pathogens 2023, 12, 746 29 of 37

62. Van, L.T.; Hagiu, I.; Popovici, A.; Marinescu, F.; Gheorghe, I.; Curutiu, C.; Ditu, L.M.; Holban, A.-M.; Sesan, T.E.; Lazar, V.
Antimicrobial Efficiency of Some Essential Oils in Antibiotic-Resistant Pseudomonas aeruginosa Isolates. Plants 2022, 11, 2003.
[CrossRef]

63. Ashrafudoulla, M.; Mizan, M.F.R.; Ha, A.J.; Park, S.H.; Ha, S.-D. Antibacterial and Antibiofilm Mechanism of Eugenol against
Antibiotic Resistance Vibrio parahaemolyticus. Food Microbiol. 2020, 91, 103500. [CrossRef]

64. Tapia-Rodriguez, M.R.; Bernal-Mercado, A.T.; Gutierrez-Pacheco, M.M.; Vazquez-Armenta, F.J.; Hernandez-Mendoza, A.;
Gonzalez-Aguilar, G.A.; Martinez-Tellez, M.A.; Nazzaro, F.; Ayala-Zavala, J.F. Virulence of Pseudomonas aeruginosa Exposed to
Carvacrol: Alterations of the Quorum Sensing at Enzymatic and Gene Levels. J. Cell Commun. Signal. 2019, 13, 531–537. [CrossRef]

65. Samoilova, Z.; Tyulenev, A.; Muzyka, N.; Smirnova, G.; Oktyabrsky, O. Tannic and Gallic Acids Alter Redox-Parameters of the
Medium and Modulate Biofilm Formation. AIMS Microbiol. 2019, 5, 379–392. [CrossRef]

66. Kannappan, A.; Durgadevi, R.; Srinivasan, R.; Lagoa, R.J.L.; Packiavathy, I.A.S.V.; Pandian, S.K.; Veera Ravi, A. 2-Hydroxy-4-
Methoxybenzaldehyde from Hemidesmus indicus Is Antagonistic to Staphylococcus epidermidis Biofilm Formation. Biofouling 2020,
36, 549–563. [CrossRef]

67. Shehabeldine, A.M.; Ashour, R.M.; Okba, M.M.; Saber, F.R. Callistemon Citrinus Bioactive Metabolites as New Inhibitors of
Methicillin-Resistant Staphylococcus aureus Biofilm Formation. J. Ethnopharmacol. 2020, 254, 112669. [CrossRef]

68. Liu, N.; Zhang, N.; Zhang, S.; Zhang, L.; Liu, Q. Phloretin Inhibited the Pathogenicity and Virulence Factors against Candida
albicans. Bioeng. 2021, 12, 2420–2431. [CrossRef]

69. Kerkoub, N.; Panda, S.K.; Yang, M.-R.; Lu, J.-G.; Jiang, Z.-H.; Nasri, H.; Luyten, W. Bioassay-Guided Isolation of Anti-Candida
Biofilm Compounds from Methanol Extracts of the Aerial Parts of Salvia officinalis (Annaba, Algeria). Front. Pharmacol. 2018,
9, 1418. [CrossRef]

70. Rosato, A.; Sblano, S.; Salvagno, L.; Carocci, A.; Clodoveo, M.L.; Corbo, F.; Fracchiolla, G. Anti-Biofilm Inhibitory Synergistic
Effects of Combinations of Essential Oils and Antibiotics. Antibiotics 2020, 9, 637. [CrossRef]
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188. Dąbrowska, K.; Abedon, S.T. Pharmacologically Aware Phage Therapy: Pharmacodynamic and Pharmacokinetic Obstacles to

Phage Antibacterial Action in Animal and Human Bodies. Microbiol. Mol. Biol. Rev. 2019, 83, e00012–e00019. [CrossRef] [PubMed]
189. Torres-Barceló, C.; Hochberg, M.E. Evolutionary Rationale for Phages as Complements of Antibiotics. Trends Microbiol. 2016,

24, 249–256. [CrossRef]
190. Abedon, S.T. Phage-Antibiotic Combination Treatments: Antagonistic Impacts of Antibiotics on the Pharmacodynamics of Phage

Therapy? Antibiotics 2019, 8, 182. [CrossRef] [PubMed]
191. Kincaid, R. Treatment and Prevention of Bacterial Infections Using Bacteriophages: Perspectives on the Renewed Interest in the

United States. In Phage Therapy: A Practical Approach; Springer International Publishing: Cham, Switzerland, 2019; pp. 169–187.
192. Wright, R.C.T.; Friman, V.-P.; Smith, M.C.M.; Brockhurst, M.A. Cross-Resistance Is Modular in Bacteria–Phage Interactions. PLoS

Biol. 2018, 16, e2006057. [CrossRef]
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