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Treatment of Pseudomonas
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Pseudomonas aeruginosa, a Gram-negative bacterium, is one of the major
pathogens implicated in human opportunistic infection and a common cause
of clinically persistent infections such as cystic fibrosis, urinary tract infections,
and burn infections. The main reason for the persistence of P. aeruginosa
infections is due to the ability of P. aeruginosa to secrete extracellular polymeric
substances such as exopolysaccharides, matrix proteins, and extracellular DNA
during invasion. These substances adhere to and wrap around bacterial cells
to form a biofilm. Biofilm formation leads to multiple antibiotic resistance in
P. aeruginosa, posing a significant challenge to conventional single antibiotic
therapeutic approaches. It has therefore become particularly important to
develop anti-biofilm drugs. In recent years, a number of new alternative drugs
have been developed to treat P. aeruginosa infectious biofilms, including
antimicrobial peptides, quorum-sensing inhibitors, bacteriophage therapy,
and antimicrobial photodynamic therapy. This article briefly introduces the
process and regulation of P. aeruginosa biofilm formation and reviews several
developed anti-biofilm treatment technologies to provide new directions for
the treatment of P. aeruginosa biofilm infection.

KEYWORDS

Pseudomonas aeruginosa, antibiotic resistance, biofilm, anti-biofilm molecules,
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Introduction

Most microorganisms have different survival mechanisms when facing stress
conditions, such as proteolytic systems and growth regulation (Kumar et al., 2017). Most
bacteria live in biofilms, which provide a protective niche for the survival of microorganisms
(Kumar et al., 2017; Flemming and Wuertz, 2019). Bacterial biofilms are defined as
structured microbial communities encapsulated in a self-synthesizing extracellular
polymeric substance (EPS) and attached to a tissue or surface (Costerton et al., 1999) that
include exopolysaccharides, matrix proteins, and extracellular DNA (eDNA; Wang et al.,
2020). Clinically, the long-term colonization of bacteria in humans causes chronic
infections, mainly because the bacteria in biofilms are resistant to host immune responses
and antibiotic therapy (Dufour et al., 2010). Research has shown that 65-80% of pathogenic
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infections in hospitals are associated with biofilms (Kumar et al.,
2017; Shrestha et al., 2022). Although numerous antimicrobial
agents are available for clinical use, these agents only inhibit
infection symptoms and are unable to eradicate bacteria
embedded in biofilms (Li et al., 2020).

Pseudomonas aeruginosa is a Gram-negative opportunistic
pathogenic bacterium that is widely found in nature. It has been
established that P. aeruginosa is involved in a diverse array of
infections, both community- and hospital-acquired, including
pneumonia, cystic fibrosis, urinary tract infections, and burn
infections (Al-Dahmoshi et al, 2021). Antimicrobial agents
approved for clinical use may be ineffective in treating
P, aeruginosa infections as this bacterium has the ability to form
biofilms (Azam and Khan, 2019). The formation of biofilms
enables P, aeruginosa to resist external adverse environments and
enhance its colonization in the host. Biofilms can also act as
diffusion barriers, restricting the entry of antibiotics into bacterial
cells (Drenkard, 2003; Pang et al., 2019).

As P, aeruginosa is one of the major pathogens involved in
opportunistic infections in humans, the clinical treatment and
control of P. aeruginosa infections have become major challenges
and have been the subject of extensive research (Azam and Khan,
2019; Das et al., 2020; Shao et al., 2020). The formation of biofilm
effectively aids P. aeruginosa colonization, improving bacterial
resistance to antimicrobial agents and countering the host
immune system (Maurice et al., 2018; Elmanama et al., 2020; Tuon
et al., 2022). Therefore, conventional single antibiotic therapy is
limited in the treatment of biofilm infections, and an increasing
number of studies have investigated the development of new
antimicrobial drugs and anti-biofilm therapeutic programs to treat
P, aeruginosa infection. This review will introduce the process of
biofilm formation as well as biofilm regulation and anti-biofilm
therapies in P. aeruginosa.

Composition, formation, and
regulation of Pseudomonas
aeruginosa biofilm

The biofilm matrix components that have been identified from
P aeruginosa mainly include exopolysaccharides, eDNA, and
matrix proteins, which play an important role in the structural
maintenance and drug resistance of biofilms (Ghafoor et al., 2011).
least three types of
exopolysaccharides: alginate, Pel polysaccharide, and Psl

P aeruginosa can synthesize at
polysaccharide (Mann and Wozniak, 2012). Alginate is an anionic
polysaccharide of a-L-guluronic acid and p-D-mannuronic acid
linked by p-1-4 glycosidic bonds (Moradali and Rehm, 2019). The
overproduction of alginate is responsible for the development of
excessive slimy or mucoid biofilms, while mucoid biofilms are more
resistant to host immune system attack and antibiotic treatment
than non-mucoid biofilms, resulting in persistent infections in the
body (Moradali et al., 2017; Moradali and Rehm, 2019). The Psl
polysaccharide consists of 15 co-transcribed genes (pslA to pslO)

Frontiers in Microbiology

02

10.3389/fmicb.2022.955286

that encode proteins to synthesize Psl, enhance cell-surface and
cell-to-cell adhesion in P. aeruginosa, and play an important role in
the initiation and maintenance of biofilm structure (Ma et al.,
2006). Pel is a positively charged exopolysaccharide composed
acetylated of
N-acetylgalactosamine and N-acetylglucosamine (Jennings et al.,

of partially 1—4 glycosidic linkages
2015), which is important for biofilm formation in air-liquid
interfaces (Byrd et al., 2009). Pel and Psl are the major structural
polysaccharides in non-mucoid and mucoid P, aeruginosa biofilms
(Colvin et al,, 2012; Ma et al., 2012). Cell lysis releases DNA into
the environment, and this eDNA can be used as a supporting
component of biofilms to provide nutrients to bacteria in biofilms
during periods of nutrient deficiency (Finkel and Kolter, 2001).
Aside from exopolysaccharides and eDNA, extracellular proteins
are also considered to be important components of biofilm
matrices, including appendages (mainly flagella and type IV
fimbriae), cytoadhesions, and lectins. Studies have found that these
components mainly play an auxiliary role as adhesion factors and
structural support in the process of P. aeruginosa biofilm formation
(Qi and Christopher, 2019).

The formation of the biofilm structure of P. aeruginosa is a
continuous process that includes four main stages (Figure 1;
Kostakioti et al., 2013; Saxena et al., 2019). The first stage is the
initial attachment. At this stage, adhesion is reversible, and
bacteria can attach to the surface or revert back to planktonic cells
(Olivares et al., 2019). Many early studies on the initial attachment
of bacteria have suggested that bacterial cells initiate adhesion
through acid-base, hydrophobic, and electrostatic interactions
(Donlan, 2002). In addition, the production of polysaccharides
also contributes to cell-to-cell adhesion in P. aeruginosa (Ma et al.,
2006). In the second stage of biofilm development, attached
bacteria gradually reproduce into a more independent structure,
and bacterial cells undergo a transition from reversible to
irreversible attachment (Thi et al., 2020). In this stage, bacteria
grow and form microcolonies and begin to synthesize EPSs, which
acts as a blockade between biofilm cells and surroundings to
provide protection from various stress conditions such as
antimicrobial exposure or immune cell attack (Mitchell et al.,
2016; Roy et al., 2018). As the secretion of EPSs continues, the cells
forming microcolonies gradually mature and undergo various
physiological changes (Lee and Yoon, 2017; Roy et al,, 2018),
forming three-dimensional mushroom-like structures consisting
of small channels that transport nutrients, water, and waste, and
contribute to the distribution of nutrients and signaling molecules
as well as intercellular communication (Jamal et al., 2018; Thi
etal, 2020). As the biofilm matures, the bacteria produce stronger
resistance to environmental stress or antibiotics (Koo et al., 2017).
The final stage of biofilm development is detachment. Different
detachment mechanisms have been reported, such as erosion,
sloughing, and dispersal (Kim and Lee, 2016). The detachment of
biofilm marks the transition of biofilm cells to the planktonic
mode of growth (Rumbaugh and Sauer, 2020), which leads cells
to attach to the surface of other biomolecules or start a new cycle
of biofilm development (Kim and Lee, 2016).
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FIGURE 1

Cycle of Pseudomonas aeruginosa biofilm development. Biofilm formation includes four stages: initial attachment, microcolonies, mature biofilm,
and biofilm dispersal.

Matrix components of P. aeruginosa biofilms play different while the rhl system positively regulates the production of the
regulatory roles in different formation stages (Wei and Ma, 2013; biosurfactant rhamnolipid, which is important for late biofilm
Ma et al,, 2022). In the early stage of biofilm formation, Psl formation (Davey et al., 2003; Lequette and Greenberg, 2005;
polysaccharides can form a fibrous matrix that is spirally anchored Chrzanowski et al., 2012). The P. aeruginosa pqs system uses
to the surface of bacterial cells and wraps around bacteria, thus 2-alkyl-4-quinolones (AQs) as signaling molecules. These AQs
increasing the contact between bacteria and promoting the mainly include 2-heptyl-3-hydroxy-4-quinolone (PQS) and its
interaction between bacterial cells, resulting in the assembly and precursor 2-heptyl-4-hydroxyquinoline (HHQ), both of which are
early adhesion of biofilms (Ma et al., 2006, 2009). eDNA is also recognized by the cognate receptor MvfR (Multiple virulence
considered to be an important factor in promoting the formation factor regulator, a P. aeruginosa quorum-sensing transcription
of P. aeruginosa biofilm and is involved in the initial attachment factor, also known as PqsR; Lin et al., 2018a). Through interaction
of bacterial cells as well as cell-cell interconnection (Allesen- with this receptor, HHQ and PQS induce the expression of a
Holm et al., 2006). During the later maturation stages of biofilms, variety of genes, including their own biosynthetic enzyme cascade
Pel can serve a structural and protective role in the biofilm matrix and genes involved in biofilm formation (Schutz and
of P aeruginosa and enhance resistance to aminoglycoside Empting, 2018).

antibiotics (Colvin et al., 2011). The production of numerous EPSs

can promote biofilm growth through providing structural

scaffolds and maintaining their biofilm function (Ghafoor et al., Anti-biofilm strateg ies: Current
2011). Furthermore, quorum sensing (QS), as a cell-density- approa ches and pe rSpeCtiVES

dependent bacteria-cell signaling mechanism, plays a key role in

the regulation of P. aeruginosa biofilm formation (Bala et al, Antibiotics have been widely used to treat biofilm infections,
2015). There are at least four QS systems in P. aeruginosa: las, rhl, but clinical treatment still faces many challenges due to drug
pgs, and igs (Lee and Zhang, 2015). As the two main QS systems resistance issues, biofilm matrices that hinder drug penetration,
of P. aeruginosa, both las and rhl systems use acyl homoserine and drug-microbe interactions (Kamaruzzaman et al., 2018).
lactone (AHL) as a signal molecule, which binds to the signal Therefore, many new anti-biofilm technologies have been
molecule receptor protein to play a regulatory role (Huang et al., developed (Hughes and Webber, 2017), such as combining
2019). The las system represses the pel locus, an operon encoding antibiotics and using new strategies, for example, gallium, phage
for the synthesis of extracellular matrix polysaccharides that therapy, and antimicrobial photodynamic therapy (aPDT), to
induce biofilm formation and dispersion (Lin and Cheng, 2019), inhibit biofilm formation. Table 1 summarizes the strategies
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TABLE 1 Different strategies to treat Pseudomonas aeruginosa infectious biofilms.

10.3389/fmicb.2022.955286

Strategy Mechanism Molecules associated Reference
Antibiotics Antibiotics are used in combination with Gentamicin/ciprofloxacin, tobramycin/ Chauhan et al., 2012; Chanda et al., 2017;
antibiotics or other substances to destroy biofilms  clarithromycin, linolenic acid-tobramycin, Ghorbani et al., 2017; Wang et al.,, 2019;
and prevent the development of antibiotic gentamicin-EDTA, glutamine-ampicillin Zhao et al., 2021
resistance
AMPs? Interact and penetrate with the bacterial cell LL-37, P5, cationic peptide 1,037, MC1, WLBU2  Overhage et al., 2008; de la Fuente-Nunez
membrane to cause the death of the bacteria etal, 2012; Lin et al., 2018b
Martinez et al., 2019; Yu et al., 2019
QSIs® Inhibit the QS system and interfere with signaling ~Zingerone, trans-cinnamaldehyde and salicylic Kumar et al., 2015; Ahmed et al., 2019;
molecules and receptor proteins acid, chloroacetamide and maleimide analogs, O'Brien et al., 2015; Maura and Rahme,
halogenated furanone derivatives, M64, QSI4 2017; Chang et al., 2019; Schutz et al., 2021
Enzymes or Target extracellular polymeric substances (such as  DNase I, glycoside hydrolases PelA and PsIG, Jiang et al., 2011; Hymes et al., 2013;
polysaccharides exopolysaccharides, matrix proteins, and eDNA)  alginate lyase AlyP1400, A101, EPS273 Zhang et al., 2018; Daboor et al., 2021;
to disrupt biofilms Wu et al,, 2021
Ga®* Acts as a “Trojan horse” to disrupt bacterial Fe Desferrioxamine-gallium, Ga-Cit, Ga (NO;), Banin et al., 2008; Rzhepishevska et al.,
metabolism and inhibit P. aeruginosa growth 2011; Kang et al., 2021
NO Creates nitrosative stress or oxidative stress in the ~NO-sensing proteins Hossain and Boon, 2017
biofilm and aids in biofilm dispersal
Bacteriophages Encode enzymes to destroy the extracellular IME180, quorum quenching lactamase Pei and Lamas-Samanamud, 2014;
matrix Mi et al., 2019
aPDT* PS binds to the biofilm matrix and generates ROS  Tetra-Py*-Me, MB + GN, ICG-APTMS@SPION/  Beirao et al., 2014; Bilici et al., 2020;

under light, initiating multi-target damage laser

Perez-Laguna et al., 2020

*Antimicrobial peptides.
*Quorum-sensing inhibitors.
“Antimicrobial photodynamic therapy.

discovered in recent years for the treatment of P aeruginosa
biofilm infection and the different action mechanisms of related
anti-biofilm molecules.

Antibiotics

It is well known that antibiotic therapy is the most important
and effective measure to control bacterial infection. However,
bacterial biofilms are highly resistant to antibiotic treatment and
immune response (Shrivastava et al., 2018; Srinivasan et al., 2021).
Due to the low outer membrane permeability of P aeruginosa and
its own adaptive mechanisms, it is less susceptible to most
antibiotics and readily achieves clinical resistance. The use of
single antibiotics to treat P. aeruginosa biofilm infections therefore
presents significant challenges, and various strategies have been
developed to treat biofilms and prevent the development
of antibiotic resistance, including increasing antibiotic
concentrations or the use of antibiotics in combination (Khan
et al., 2020). Here, we divide the mechanism of action of combined
antibiotics into two main categories: the synergistic effect between
different antibiotics and the combined use of other substances
and antibiotics.

The combined use of different antibiotics against P. aeruginosa
biofilms has been described in detail in a previous review (Yadav

et al.,, 2021). The antibiotic combinations that have been found to
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be effective against P aeruginosa biofilm include gentamicin/
ciprofloxacin (Wang et al., 2019) and tobramycin/clarithromycin
(Ghorbani et al., 2017). These combinations all increase the
therapeutic efficacy of antibiotics against P. aeruginosa biofilm. In
addition to the synergistic effect between antibiotics, substances
such as metal chelators, fatty acids, and amino acids combined
with antibiotics will also help to prevent the formation of
P, aeruginosa biofilms. Linolenic acid (LNA) is an essential fatty
acid that has antibacterial effects on various microorganisms.
Studies have found that LNA can not only interfere with
intercellular communication and reduce the production of
virulence factors, but can also enhance the potency of tobramycin
and synergistically inhibits biofilm formation by affecting
P, aeruginosa quorum-sensing systems (Chanda et al., 2017). The
cation chelator EDTA acts as a therapeutic adjuvant to destabilize
biofilm matrices (Lebeaux et al., 2015). Some studies have found
that the combination of EDTA and antibiotics can quickly and
persistently remove biofilms formed in vivo compared with the
use of antibiotics alone (Chauhan et al.,, 2012; Lebeaux et al,,
2015). Glutamine is an amino acid that is used as a nutritional
source, and the exogenous addition of glutamine can stimulate the
influx of ampicillin, resulting in the accumulation of intracellular
antibiotic concentrations that exceed the amount tolerated by
multidrug-resistant bacteria. Glutamine-enhanced ampicillin-
mediated killing has been found to be effective against
P. aeruginosa biofilms in a mouse model of urinary tract infection.
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Moreover, glutamine also retards the development of ampicillin
resistance, which may help in the future development of effective
antibiotic drugs to prevent or manage difficult-to-treat bacterial
biofilms (Zhao et al., 2021). In addition, the addition of extra
O, via hyperbaric oxygen therapy (HBOT) can increase
the susceptibility of pathogens to several antibiotics against
metabolically active bacteria by activating aerobic respiration.
When combined with tobramycin or ciprofloxacin, re-oxygenation
with HBOT enhanced the killing of clinical P. aeruginosa and the
eradication of biofilms (Lichtenberg et al., 2022).

In vitro and in vivo experiments showed that the minimum
inhibitory concentration (MIC) and minimum bactericidal
concentration of biofilm bacterial cells were usually much higher
than those of planktonic cells (by about 10-1,000 times; Hoiby
et al, 2010, 2011). Therefore, it is difficult to achieve the
eradication of biofilms in vivo with the use of conventional single
antibiotics (Wu et al., 2015; Sharma et al., 2019), while the
combination of antibiotics with different antibiotics or other
substances to increase their effect as a new strategy for the
treatment of biofilm infections has broad prospects. In addition to
antibiotics, a variety of compounds have been clinically used to
treat P. aeruginosa biofilm infection (Soren et al., 2020; Pang and
Zhu, 2021). These treatment methods can be roughly divided into
two categories: preventing biofilm formation and destroying
formed biofilms. For example, antimicrobial peptides (AMPs) and
quorum-sensing inhibitors (QSIs) can prevent biofilm formation
by regulating the biofilm formation process, while some
exopolysaccharide hydrolases and DNases can target biofilm
matrix components to destroy biofilms.

AMPs

The clinical application of AMPs is accelerating with
increasing antibiotic resistance worldwide (Mahlapuu et al., 2016).
AMPs are tiny macromolecules composed of amino acids that
have the ability to stimulate innate immune responses and exhibit
potent activity against a broad range of bacterial species, fungi,
protozoa, and encapsulated viruses (Mahlapuu et al., 2016; Abdi
et al,, 2019; Seyfi et al,, 2020). It is generally acknowledged that
most AMPs can directly bind to the bacterial surface, such as the
lipopolysaccharide (LPS) of Gram-negative bacteria, and then
depolarize and permeate the membrane (Wen et al., 2013; Chou
etal, 2019). LL-37, a classic human AMP, has been identified as
capable of disrupting bacterial membranes, leading to cell death
and inhibiting P. aeruginosa biofilm formation (Overhage et al.,
2008), but subsequent study has shown that at sub-inhibitory
concentrations it can promote P. aeruginosa DNA mutations and
induce its resistance to antibiotics (Limoli et al., 2014). Despite
this, as potential biofilm inhibitors, AMPs still hold great promise
for the targeted elimination of biofilm proliferation in multi-drug
resistant and extensively drug-resistant bacteria (Pontes et al.,
2022). The target of these AMPs in the cell is typically the cell
membrane. Through interacting with the bacterial cell membrane
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and penetrating the cell membrane, AMPs cause the death of the
bacteria, thereby reducing the possibility of bacterial resistance
(Annunziato and Costantino, 2020). As a promising class of
compounds to overcome antimicrobial resistance, AMPs have
been shown to have some advantages over traditional antibiotics.

Several studies have reported the mechanism of action of
AMPs in detail (Annunziato and Costantino, 2020; Talapko and
Skrlec, 2020). This review divides the anti-biofilm action
mechanism of AMPs into two categories. AMPs in the first
category exhibit anti-biofilm activity through their membrane
dissolution mechanism, which directly affects the integrity of
bacterial cell membranes and cell walls. The anti-biofilm peptide
P5 has been found to have the ability to target the membrane
permeability of P. aeruginosa and has synergistic and bactericidal
effects with the carbapenem antibiotic meropenem (Martinez
etal, 2019). An outer membrane permeability assay showed that
P5 could easily permeate the cell membrane at concentrations
below 0.5 x MIC, which occurred because meropenem entered the
cytoplasmic space to interfere with the formation of
peptidoglycans in the cell wall. In addition to meropenem, other
antibiotics can also act on P. aeruginosa biofilms synergistically
with AMPs, such as imipenem (Feng et al., 2015) and tobramycin
(Beaudoin et al., 2018).

AMPs in the second category affect the growth pattern of
biofilms by inhibiting bacterial adhesion and interfering with
gene expression. While AMPs are generally considered to
be membrane-active molecules that disrupt biofilms by perturbing
the cell wall/membrane, AMPs also possess multifunctional
activities such as protein synthesis and gene expression at multiple
sites within the membrane or within the cell, enabling efficient
killing (Le et al., 2017). A novel synthetic cationic peptide, 1,037,
can significantly reduce P. aeruginosa biofilm formation and lead
to cell death in biofilms at certain concentrations. Analysis of its
effect on gene expression has revealed that 1,037 directly inhibits
biofilms by reducing swimming and swarming motilities,
stimulating twitching motility, and inhibiting the expression of
various genes involved in biofilm formation, such as PA2204
(de la Fuente-Nunez et al., 2012). Recent studies have found that
the anti-biofilm peptide MC1 can inhibit biofilm formation by
down-regulating the relative expression levels of pelA, algD, and
psIA genes in P aeruginosa and reducing the synthesis of
exopolysaccharides (Yu et al., 2019). Another well-studied AMP,
called WLBU2, and its D-amino acid enantiomer D8 have also
shown gene modulating activity against P aeruginosa in the
biofilm mode of growth, as well as increased safety, stability, and
antimicrobial efficacy when substituting the L-amino acids in
WLBU2 with D-amino acids (Lashua et al., 2016; Lin et al., 2018b;
Di et al., 2020).

As anti-biofilm peptides can inhibit the formation of biofilms
or remove mature biofilms, they have been gradually recognized
by an increasing number of researchers as a potential new drug for
the prevention and treatment of bacterial biofilm infections.
However, there are still many obstacles to clinical application. For
example, anti-biofilm peptides tend to show a certain degree of
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hemolysis or cytotoxicity to eukaryotic cells, and they are easily
hydrolyzed by protease and cannot exist stably in vivo (Aoki and
Ueda, 2013). In addition, the high production cost of anti-biofilm
peptides and long drug development cycle also limit their
potential clinical application.

QSls

In recent years, an increasing number of studies have
developed new antibacterial drugs by targeting specific virulence
factors or their regulatory mechanisms to reduce the emergence
of drug-resistant strains (Muhlen and Dersch, 2016; Kamal et al.,
2017). One of these strategies is directed toward interference with
QS-mediated signaling. The QS system of P. aeruginosa consists of
four systems that interact to form a complex intercellular
communication network that regulates the expression of its
virulence-related genes and biofilm formation in a cell-density-
dependent manner by generating QS signaling molecules
(Rutherford and Bassler, 2012; Yong et al., 2018; Lin et al., 2018a).

QSIs can be either natural or synthetic, and both types of QSIs
can inhibit the formation of biofilms by targeting different sites
(Kalia, 2013). This review divides QSIs into two categories: QSIs
that inhibit the expression of the QS system and QSIs that interfere
with the combination between signaling molecules and receptor
proteins. The first type of QSI interferes with and inhibits the
expression of the QS system, altering the P. aeruginosa biofilm
architecture and enabling antibiotics to better penetrate and more
efficiently kill bacterial cells. In a previous study, the naturally
isolated plant compounds trans-cinnamaldehyde and salicylic
acid effectively down-regulated both the las and rhl QS systems,
significantly inhibited the expression of QS regulatory and
virulence genes in P. aeruginosa PAO1, and also reduced biofilm
formation concomitantly with repressed rhamnolipid gene
expression (Rajkumari et al., 2018; Ahmed et al,, 2019). In
addition, a host of synthetic biofilm inhibitors have also been
developed. Chloroacetamide and maleimide analogs, as potent,
drug-like small molecule inhibitors of QS in P. aeruginosa, are
anticipated to be of significant medical interest. These inhibitors
exhibit potent LasR antagonist activity and inhibit the expression
of the P. aeruginosa virulence factor pyocyanin, as well as biofilm
formation in PAO1 and PA14 (O'Brien et al., 2015). In addition,
Chang et al. identified a new series of halogenated furanone
derivatives and found that they effectively inhibited lasB
expression in a dose-dependent manner and showed remarkable
biofilm formation in P, aeruginosa (Chang et al., 2019).

The second category of QSI molecules functions by interfering
with and inhibiting the combinations between signaling molecules
and receptor proteins that are required for bacterial cell-to-cell
communication, the production of virulence factors, and biofilm
formation (Soukarieh et al., 2018). Ginger has been widely used
as a medicinal herb with strong antimicrobial properties.
Zingerone is one of the main components of dry ginger root, is
found in many herbal spices, and can effectively regulate the
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biofilm structure of P aeruginosa (Kumar et al, 2013). In
P, aeruginosa, zingerone inhibits the las, rhl, and pgs systems by
binding to their respective cognate receptors (LasR, RhIR, and
MvfR), which silences the cell communication network and
ultimately suppresses the virulence and biofilm formation of
P, aeruginosa (Kumar et al., 2015). Furthermore, Mv{R, as a crucial
transcriptional regulator of the PQS system of P. aeruginosa, is
considered to a potential target for inhibiting the PQS-MvfR QS
system (Kitao et al, 2018). The benzamide-benzimidazole
compound M64 can inhibit the P. aeruginosa QS regulator Mv{R,
resulting in reduced biofilm formation and the increased
susceptibility of P aeruginosa to antibiotics (Maura and Rahme,
2017). Recently, a study has reported a novel class of QSIs called
QSI4, which possesses excellent activity in inhibiting pyocyanin
production and the MvfR reporter-gene; when combined with
antibiotics, QSI4 has a significant synergistic effect on the
elimination of P. aeruginosa biofilm (Schutz et al., 2021).

As an important intercellular communication system in
P, aeruginosa, the QS system plays a key role in the regulation of
biofilm formation. QSIs inhibit biofilm formation through anti-
virulence or a pathoblocker approach, which can synergize the
efficacy of antibiotics but does not affect the viability of bacteria.
Clinical application of QSIs will reduce the development of
antibiotic resistance as well as some toxic side effects (Wagner
etal, 2016). Therefore, QSIs are currently promising drug targets
for the prevention and treatment of P. aeruginosa infection.

Targeting polysaccharides

As functionally rich and dynamically changing communities,
biofilms can modify matrix components to adapt to changes in
various environmental conditions and pressures. In P. aeruginosa,
enzymes targeting biofilm EPSs may offer a general strategy to
prevent clinical biofilm infections (Zhao et al., 2018). The bacteria
themselves also synthesize polysaccharides or certain endogenous
matrix-degrading enzymes to induce the dispersion of the biofilm,
such as glycoside hydrolases (Srinivasan et al., 2021).

A key component of biofilm formation is the biosynthesis of
the exopolysaccharides Pel, Psl, and alginate (Limoli et al., 2015).
Enzymes targeting the extracellular matrix could serve as targets
to disrupt biofilms. Alginate lyase can degrade alginate through
the B-elimination of glycosidic bonds to disrupt the structure
and integrity of biofilms and significantly increase biofilm
diffusion (Kovach et al., 2020). Recently, a study has reported an
alginate lyase (AlyP1400) purified from a marine bacterial
Pseudoalteromonas species that can treat P. aeruginosa infections in
cystic fibrosis lungs or other P. aeruginosa biofilm-related infections
by combining the use of the alginate lyase with antibiotics (Daboor
etal, 2021). The glycoside hydrolases alpha-amylase and cellulase
can also break down complex polysaccharides, convert the bacteria
into a planktonic state, effectively destroy P. aeruginosa biofilm, and
increase antibiotic efficacy (Fleming et al., 2017; Redman et al.,
2020). In addition, PelA and PsIG, as naturally derived glycoside
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hydrolases, can selectively target and degrade exopolysaccharides
in the biofilm matrix, thus destroying the biofilm (Baker et al,
2016; Zhang et al,, 2018). In a previous study, overexpressed or
exogenously supplied PsIG prevented biofilm formation by
degrading Psl (Yu et al,, 2015). As a hydrolase, PelA can scavenge
polysaccharides in the periplasm, and its deacetylase activity is
related to the formation of biofilms and the morphology of
wrinkled colonies (Colvin et al., 2013; Marmont et al., 2017).
Recently, our team has used P. aeruginosa as the starting strain to
construct an engineered bacterium for the targeted transport and
delivery of functional proteins that can use two polysaccharide
hydrolases, PelA and PslG, to target biofilms (Figure 2). First, the
engineered bacterium was constructed through synthetic biology
so that it could initiate the lysis of its own cells, and then, the
recombinant vectors were introduced to overexpress the two
exopolysaccharide hydrolase genes pelA and psIG. Finally, the effect
of engineered bacteria on P. aeruginosa biofilm was detected by
biofilm formation experiments. It was found that overexpression of
pelA and pslG could accumulate polysaccharide hydrolases in the
intracellular matrix and release them to the extracellular matrix
through the cell lysis site to disrupt the biofilm cytoskeletal
components Psl and Pel, eventually destroying the biofilm and
preventing further biofilm formation (Wang et al., 2021).

10.3389/fmicb.2022.955286

The extracellular biofilm matrix of P aeruginosa is mainly
composed of exopolysaccharides, which are involved in the
formation and maintenance of the structural biofilm (Franklin
et al, 2011). However, some bacterial exopolysaccharides can
perform functions that inhibit or destabilize the biofilm (Rendueles
etal, 2013). A former study showed that P. aeruginosa extracellular
products, mainly polysaccharides, disrupted established biofilms
(Qin et al,, 2009). Recently, more exopolysaccharides have been
found to show negative activity against biofilm formation in
P aeruginosa. A bacterial exopolysaccharide (A101) not only
inhibits the biofilm formation of many bacteria but also disrupts
established biofilms. In addition, A101 increased the ability of
aminoglycoside antibiotics to eliminate P. aeruginosa biofilm,
which may indicate that A101 has potential in the design of new
therapeutic strategies for bacterial biofilm-associated infections
and in limiting biofilm formation on medical indwelling devices
(Jiang et al, 2011). A recent experiment has reported an
exopolysaccharide, EPS273, that reduces biofilm formation in
P aeruginosa by reducing the expression levels of the
two-component system phoP-phoQ, which then regulates the
expression levels of the QS systems lasI/lasR and rhlI/rhIR. The QS
system further regulates the genes involved in biofilm formation,
such as the genes involved in the production of the extracellular
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FIGURE 2

Schematic diagram of targeted delivery of extracellular glycoside hydrolase by engineered bacteria to destroy Pseudomonas aeruginosa biofilm.
The biofilm formation and virulence-related genes pelA-B, pelF, and T3SS of P. aeruginosa were knocked out as parental strains, and exogenous
recombinant vectors were introduced to overexpress the exopolysaccharide hydrolases PelA and PslG. PelA and PslG accumulated in cells and
were then released into the extracellular matrix through cell lysis. There are two ways in which hydrolases are released into the extracellular
matrix. The first is through regulating the prtN gene to activate the expression of cell lysis protein genes, thereby releasing PelA and Ps|G. The
second is by deleting the Pf4 filamentous prophage-encoding gene cluster to sensitize it to the Pf4 phage in biofilms, thereby initiating the passive
lysis mechanism of its own cells to release PelA and PslG. The PelA and PslG are released to the extracellular matrix to destroy the biofilm skeleton
components Pel and Psl through enzymatic hydrolysis, thereby destroying the P. aeruginosa biofilm.
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matrix and virulence factors, genes involved in flagella and cell
motility, and genes involved in iron acquisition (Wu et al., 2021).

DNase

eDNA plays a structural role in the formation of biofilms
(Allesen-Holm et al., 2006). eDNA can serve as a source of
nutrients for bacteria under starvation and is involved in
facilitating the twitching motility-mediated expansion of biofilms
(Finkel and Kolter, 2001; Wei and Ma, 2013). In addition, eDNA
interacts with Psl to form eDNA-Psl to provide structural support
for biofilms (Wang et al., 2015). Based on these factors, drug
pathways for targeting biofilm matrices via eDNA are emerging.

Deoxyribonuclease I (DNase I) is the only enzyme used
clinically to disrupt the biofilm of P. aeruginosa. This therapeutic
enzyme disrupts biofilms through the hydrolysis of DNA in the
extracellular matrix (Hymes et al., 2013). DNase is involved in
breaking the phosphodiester linkage in the eDNA molecular
backbone in biofilms. As eDNA is essential for the initial
attachment and aggregation of EPSs on the surface, this makes it
difficult for bacteria to form an intact biofilm (Das et al., 2010;
Srinivasan et al., 2021). Immature P. aeruginosa biofilms are
therefore more sensitive to DNase treatment than mature biofilms
(Hymes et al., 2013). Some studies have found that L-methionine
(L-Met) can destroy P. aeruginosa biofilms through up-regulating
DNase genes and inducing the expression of DNase, thereby
targeting eDNA in biofilms (Gnanadhas et al., 2015). In addition,
some DNase-like proteins have also been found to prevent and
destroy bacterial biofilms. DNasel-like 2 (DNaselL2) expressed
in human stratum corneum has enzymatic activity, can degrade
eDNA, and can effectively inhibit P. aeruginosa biofilm formation
(Eckhart et al., 2007). In addition, DNase I coatings are used as
antimicrobial coatings for modern medical equipment. DNase I
immobilization on surfaces has shown promise in reducing
bacterial adhesion to surfaces, as this enzyme targets single
biofilms and can effectively cleave eDNA on bacterial cell surfaces
that are essential for bacterial adhesion (Swartjes et al., 2013;
Sharma and Pagedar Singh, 2018). With the ongoing rise in
antibiotic resistance, DNase I coating may provide a timely, potent
new approach to prevent the formation of biofilms on biomaterial
implants and devices.

When the biofilm matures to a certain extent, DNase
treatment is no longer effective (Whitchurch et al., 2002). This
resistance to DNase may be due to the replacement or
supplementation of eDNA by other extracellular matrix
components, or the binding of eDNA to another component that
protects it from enzymatic degradation (Okshevsky et al., 2015).
Therefore, enzymatic hydrolysis methods that destabilize biofilms
eDNA should
polysaccharides or proteins bound to eDNA. For example, the

by enzymatically degrading also target
interactions between eDNA with Psl and Type IV pili play
important roles in biofilm formation (Barken et al., 2008), and

disrupting these interactions could also be a potentially interesting
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target for biofilm treatment. In addition to DNase, the
accumulation of eDNA itself in biofilms and infection sites can
acidify the local environment (Wilton et al., 2016). The acidic
environment stimulated increased P. aeruginosa biofilm formation,
promoted faster bacterial evolution to improve antibiotic
resistance, and increased the expression of multiple biofilm/
virulence-related genes. Therefore, the use of simple pH-buffering
agents alongside antibiotics may be a novel treatment strategy for
combating chronic infection in the acidic, DNA-enriched lungs of
clinic patients (Lin et al., 2021).

Gallium (Ga)

Recently, Ga ions have shown excellent anti-Pseudomonal
activity and have been used as a novel biofilm treatment approach
(Smith et al., 2017; Tummler, 2019; Tovar-Garcia et al., 2020).
Previous research has used Ga as a “Trojan horse” to disrupt
bacterial iron metabolism and exploit the Fe stress of in vivo
environments because Ga has an ionic radius nearly identical to
that of Fe, and many biological systems are unable to distinguish
Ga’ from Fe’* (Kaneko et al., 2007). While Ga*" chemically
resembles Fe®*, unlike iron, Ga cannot be reduced under
physiological conditions, which also inhibits some of its basic
functions (Minandri et al., 2014). Iron is not only a necessary
element for growth but is also a cue in biofilm formation (Banin
etal,, 2005). Thus, interfering with bacterial iron homeostasis may
serve as a potential therapeutic target that can block P. aeruginosa
virulence in both the free-living and biofilm states.

Previous research found that low concentrations of Ga
inhibited P. aeruginosa growth and prevented biofilm formation.
This inhibition was mediated by the repression of the
transcriptional regulator pvdS, as overriding pvdS repression
partially protected bacteria from the growth-inhibitory action of
Ga (Kaneko et al., 2007). Besides Ga alone, some complexes with
Ga can also target P. aeruginosa iron metabolism to inhibit biofilm
formation, such as desferrioxamine-Ga (DFO-Ga) and Ga citrate
(Ga-Cit). Desferrioxamine (DFO) is a hydroxamate-based
siderophore that induces proteins related to iron citrate and iron
DFO uptake in iron-starved P. geruginosa (Llamas et al., 2006;
Marshall et al., 2009). The complex DFO-Ga, which can kill free-
living bacteria and prevent biofilm formation, has been approved
for clinical use (Banin et al., 2008). However, recent research
indicates that Ga-Cit has an anti-biofilm effect and is more
bactericidal than Ga-DFO (Rzhepishevska et al., 2011). Like other
Ga complexes, Ga-Cit significantly inhibited biofilm production
in P, aeruginosa at concentrations as low as 10 pM (Rzhepishevska
etal., 2011). Moreover, several studies have explored the activity
of Ga in combination with antibiotics in search of useful
synergistic effects. Ga nitrate has been found to be an effective
antimicrobial agent that inhibits P. aeruginosa growth. A recent
study found that Ga(NO,); and tetracycline alone had a
bactericidal effect, and the combined use of the two strongly
inhibited the formation of P. aeruginosa biofilm (Kang et al., 2021).

frontiersin.org


https://doi.org/10.3389/fmicb.2022.955286
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yinetal.

Ga™' is effective in destroying bacterial biofilms, and many
drugs based on Ga have been approved for clinical treatment with
remarkable results (Goss et al., 2018). For example, Ga(NO;)s,
which is approved by the US Food and Drug Administration
(FDA) for the treatment of infections, can be used to treat both
acute and chronic pneumonia caused by P. aeruginosa infection
(Bonchi et al., 2015). In addition to Ga and its compounds,
combined use with antibiotics has achieved remarkable results in
clinical treatment. Therefore, Ga, as a target for destroying
biofilms, has potential in the development of more effective drugs
for the treatment of biofilm infections.

Nitric oxide

Pseudomonas aeruginosa is a facultative anaerobe that can
breathe under anaerobic conditions and denitrify in the presence
of nitrate and nitrite. These abilities are associated with the
virulence of bacteria (Cutruzzola and Frankenberg-Dinkel, 2016).
NO is a radical diatomic gas molecule that plays important
signaling roles in both eukaryotes and bacteria at low
concentrations (Arora et al, 2015). NO has also been
demonstrated to be an effective P. aeruginosa biofilm disruption
agent that creates nitrosative or oxidative stress in the biofilm and
induces the dispersal of P. aeruginosa and other bacterial biofilms
by reducing c-di-GMP levels (Williams and Boon, 2019).

An early study of the effect of NO on biofilm formation
showed that nanomolar NO caused biofilm dispersal in
P aeruginosa and enhanced the efficacy of antimicrobial
compounds when combined with antibiotics (Barraud et al,
2006). This finding was confirmed in the clinical treatment of
cystic fibrosis patients (Howlin et al., 2017). However, another
study found that the exogenous addition of high concentrations
of iron inhibited the diffusion of NO-induced biofilms and
promoted the rapid attachment of plankton cells and resumed
diffusion after the addition of iron chelator agents (Zhu et al.,
2019). This is not due to the scavenging of NO by free iron but was
related to an iron-induced cellular response that led to the
increased production of the exopolysaccharide Psl and restored
P. aeruginosa biofilm diffusion. Very recently, a novel family of
heme-based NO binding proteins termed NO-sensing proteins
(NosP) have been discovered in P, aeruginosa in the same operon
as PA1976 (NahK). NahK has been identified as a NosP-associated
histidine kinase, and it has been previously associated with biofilm
regulation (Hossain and Boon, 2017). Experiments have suggested
that NosP binds to NO, which controls the phosphorylation of a
histidine-containing phosphotransfer domain, thus resulting in
biofilm dispersal. However, the specific players involved in the
signaling pathway have yet to be identified.

Although NO has attracted particular interest due to its role
in biofilm dispersal, this approach still presents many practical
issues in clinical trials. For example, the current inhaled NO
therapy method is extremely expensive, largely owing to the
difficulty in handling the gas and its incompatibility with oxygen,
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which results in the formation of toxic nitrogen dioxide (NO,;
Yang et al., 2015). Therefore, while the bactericidal effect of
antibacterial agents on biofilm-infected sites can be enhanced in
a targeted manner, the NO-mediated toxicity should also
be reduced so that it can be used in clinical anti-biofilm therapy
(Barraud et al., 2012). In addition, the use of NO in combination
with antibiotics can enhance the NO-mediated bactericidal effect
and improve the specificity of NO delivery, so the use of NO is still
very promising (Poh and Rice, 2022).

Bacteriophage therapy

Bacteriophages are natural bacterial viruses (Clokie et al,
2011). As they are unaffected by antibiotic resistance, bacteriophages
have been used as therapeutic agents in early clinical practice
(Kutter et al., 2010; Abedon et al., 2011). With the emergence of
antibiotic-resistant strains, phage therapy has once again drawn
attention, and a growing body of research has validated the use of
bacteriophages in therapy and prophylaxis in the fight against drug-
resistant bacteria (Kutateladze and Adamia, 2010). Phages can
encode enzymes that degrade polymers and inhibit P. aeruginosa
biofilm formation by disrupting the extracellular matrix and
increasing the permeability, allowing antibiotics to reach the inner
layer of biofilms (Harper et al., 2014). Therefore, an increasing
number of studies have used bacteriophages to develop drugs to
treat biofilm infections (Soothill, 2013).

The pathways by which phages destroy biofilms can be divided
into two categories. First, phages can destroy biofilm structures by
inducing the synthesis of enzymes such as polysaccharide
depolymerases in P. aeruginosa (Pires et al., 2016; Chegini et al.,
2020). Polysaccharide depolymerase is a polysaccharide hydrolase
encoded by bacteriophages that can specifically degrade
macromolecular carbohydrates on the host bacterial envelope
(Yan et al.,, 2014). IME180, a P. aeruginosa phage isolated from a
hospital, encodes an exopolysaccharide-degrading enzyme that is
highly homologous to deglycans and can effectively degrade
exopolysaccharides, inhibiting the formation of host bacterial
biofilms and destroying established biofilms (Mi et al., 2019). In
addition to polysaccharide hydrolases, bacteriophages can also
produce endolysins, which inhibit bacterial cell wall synthesis by
hydrolyzing peptidoglycan (Schmelcher et al., 2012). Another way
in which bacteriophages inhibit biofilms is through the production
of enzymes that inhibit biofilm production. A study has reported
that phages can be genetically modified to induce the synthesis of
quorum quenching lactamase, thereby inhibiting bacterial biofilm
formation (Pei and Lamas-Samanamud, 2014). An engineered T7
phage incorporating the AHL lactonase aiiA gene can hydrolyze
acyl AHL and inhibit QS activities in P. aeruginosa, ultimately
inhibiting biofilm production (Whiteley et al., 2017). Unlike
polysaccharide depolymerases, which can degrade one or several
related polysaccharides, the T7aiiA phage can affect multiple
bacteria in mixed-strain biofilms, rather than the host
bacteria alone.
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In addition to being directly used as a tool to destroy biofilms,
phages can also indirectly aid in other strategies to destroy
biofilms. In P. aeruginosa PAO1, Pf4 filamentous phages naturally
parasitize by integrating into the genome and play critical roles in
PAOL1 virulence, biofilm development, and structural stability.
Studies have shown that P. aeruginosa lacking the Pf4 filamentous
phage-encoding gene cluster is highly susceptible to Pf4
filamentous phages. Therefore, we mutated the gene cluster
encoding Pf4 filamentous phage when constructing the engineered
bacteria, which made it very sensitive to Pf4 filamentous phage in
biofilms. Upon contact, Pf4 filamentous phage could infect and
lyse the engineered bacteria to release the intracellular
accumulation of exopolysaccharide hydrolase PelA and PslG,
thereby destroying the biofilm of P. aeruginosa (Figure 2; Wang
etal., 2021).

As mentioned earlier, bacteriophages are considered to
be potential drugs for the prevention and control of biofilms due
to their infection diversity and specificity (Melo et al., 2019).
However, the application of phages in biofilm control still has
some limitations (Abedon et al., 2021). For example, a reduction
in the metabolic activity of biofilm bacterial cells due to phage
infection is dependent on host growth conditions (Chegini et al.,
2020) and stimulates the rapid release of bacterial endotoxins,
leading to an inflammatory response (Ferriol-Gonzalez and
Domingo-Calap, 2020).

aPDT

aPDT is an emerging non-invasive treatment method that
uses non-toxic photosensitizer (PS), specific wavelengths of visible
or near-infrared light, and molecular oxygen around or inside
pathogens to produce phototoxic reactions to kill pathogens
(Rajesh et al.,, 2011). aPDT can also destroy microbial biofilms in
a process that consists of two steps. The first step is the binding of
PSs to the biofilm matrix. Although some types of PSs only bind
to the cell surface, most types of PSs can pass through the
cytoplasmic membrane and enter the cytoplasm. PSs bound to the
biofilm matrix generate reactive oxygen species (ROS) under light,
thereby initiating multi-target damage (Hu et al., 2018), which
attacks various biofilm components, leading to disintegration,
including the disintegration of lipids, proteins, DNA, and
exopolysaccharides in the matrix (Dosselli et al., 2012; Martins
Antunes de Melo et al, 2021). Studies have reported many
examples of aPDT used in the treatment of biofilm infections, and
some have been used in clinical trials (Tahmassebi et al., 2015;
Liang et al., 2020).

Polysaccharides are the most abundant polymers in
biofilm matrices In the presence of a certain concentration of
Tetra-Py*-Me, the polysaccharide concentration in the
P aeruginosa biofilm was significantly reduced after
irradiation, and its biofilm substrate was attacked by
photodynamic force and destroyed (Beirao et al., 2014). aPDT
targeting related proteins also affect P. aeruginosa biofilm
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formation. The PS methylene blue (MB) combined with the
antibiotic gentamicin (GN) has a synergistic antibacterial
effect on plankton. Adding GN at a concentration where MB
alone does not have a significant antibacterial effect can exert
a positive bactericidal effect against P. aeruginosa biofilms.
This synergistic killing mechanism may be caused by GN
acting on the level of protein synthesis, changing the
permeability of the bacterial wall and thereby promoting the
accumulation of MB, but its potential mechanism needs
further research (Perez-Laguna et al., 2020). Recently,
(aPTT)
demonstrated to be a promising method to eliminate
planktonic cells and biofilms (Al-Bakri and Mahmoud, 2019;
Lietal, 2019). The combined use of aPDT and aPTT has also
become an effective local replacement therapy for the

antimicrobial — photothermal therapy was

treatment of antibiotic-resistant bacterial infections and
biofilms (Bilici et al., 2020). While 3-aminopropylsilane-
coated superparamagnetic iron oxide nanoparticles have no
significant inhibition on biofilms without laser treatment, the
addition of laser treatment significantly reduces P. aeruginosa
biofilms. Furthermore, after combining nanoparticles with
PS, the biofilm can be reduced again. This combination of
nanoparticles and PS may enhance the treatment of drug-
resistant bacteria and their biofilms through the dual aPDT/
aPTT mechanism (Bilici et al., 2020).

Due to its multi-targeted damage to microbial cells and its
inability to induce drug resistance, aPDT has received increasing
attention as an alternative treatment (Cieplik et al., 2018), and it is
also effective in combination with antibiotics (Feng et al., 2021).
However, the application of aPDT has certain limitations. The
limitation of light transmission conditions makes it more effective
in the clinical treatment of local infections. In addition, the
characteristics of PS and the corresponding light source affect its
application. PS with low molecular weight and high penetrating
power should be selected, and the cost should also be controlled
(Wainwright et al., 2017).

Conclusions and prospective
applications

Pseudomonas aeruginosa biofilm includes three main
parts: exopolysaccharides, eDNA, and matrix protein.
Different components play different roles in its adhesion,
maturation, and dispersal processes and are regulated by
factors such as the QS system. The most commonly used
treatment of P. aeruginosa biofilm infection is mainly a single
antibiotic treatment, but this clinical treatment faces many
challenges due to drug resistance. With the development of
drug-resistant strains, many promising therapeutic strategies
have been developed to address these issues, such as
combining antibiotics, targeting biofilms through enzymes or
quorum-sensing systems, or using new photodynamic
therapies and other compounds to prevent or inhibit
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P. aeruginosa biofilm formation by targeting the diffusion of
biofilm formation. NO has also been shown to regulate
biofilms through targeted diffusion (McDougald et al., 2011),
exerting an inhibitory effect in the final stages of biofilm
formation. However, when using dispersion as a therapeutic
strategy, it is uncertain how efficient the dispersion reaction
needs to be to become an effective therapeutic agent, and
clinical treatments are mostly conducted on mixed biofilms
(Lee and Yoon, 2017), which requires researchers to further
explore diffusing agents and diffusion-inducing agents.

In addition to the above-mentioned therapeutic strategies,
there are many other interesting methods that can be used
to remove P aeruginosa biofilms in clinical practice.
P. aeruginosa itself can produce signal molecules that have
inhibitory activity on its formed biofilm. For example, cis-2-
decenoic acid, a short-chain fatty acid produced by
P. aeruginosa, acts as a dispersal signal targeting the biofilm
of some bacteria (Rahmani-Badi et al., 2014; Vuotto and
Donelli, 2019; Jiang et al., 2020). In addition, some new
materials such as nanoparticles, a class of emerging
antibacterial agents, exhibit an antibacterial mechanism that
includes the destruction of bacterial biofilms, and many
innovative anti-biofilm nanomedicines and nanomaterials
have been developed for clinical treatment (Xiu et al., 2021).
A recent study developed a novel photocatalytic quantum
dot-armed bacteriophage nanosystem that combined phage
therapy and photodynamic therapy, not only specifically
binding to host P. aeruginosa, but also targeting host bacteria
through the inherent infectivity of phages, locally generating
massive amounts of ROS under visible light irradiation, and
thereby demonstrating potent anti-biofilm activity (Wang
etal., 2022). However, microorganisms adhere to the surfaces
of medical devices and are prone to forming biofilms, leading
to inevitable and challenging issues with P. aeruginosa biofilm
infection caused by the use of clinical medical devices (Wi
and Patel, 2018). The surface modification of biomaterials has
been the focus of extensive research to decrease microbial
colonization and biofilm formation, and has been reviewed
in detail (Yadav et al., 2021). An effective antimicrobial
surface coating can prevent P. aeruginosa from adhering,
achieving an anti-biofilm effect. One study achieved zero
P. aeruginosa biofilm adhesion by adding lubricating fluids,
of
polytetrafluorethylene (PTFE) to fabricate liquid-infused

consisting perfluorinated liquids, to porous
surfaces (Epstein et al., 2012). In addition, the production of
P. aeruginosa biofilms was reduced by four orders of
magnitude after using a slippery omniphobic covalently
attached liquid surface compared to polydimethylsiloxane
(PDMS), a widely used medical implant material (Zhu et al.,
2022). This biofilm-resistant liquid-like solid surface provides
a novel strategy for the treatment of P. aeruginosa biofilms.
In addition to P. aeruginosa, there are multiple
microorganisms that cause biofilm-related diseases, such as

Staphylococcus aureus, Candida albicans, and Mycobacterium
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tuberculosis, which cause serious global health problems due
to their resistance to antimicrobial agents. The rapid
development of new antimicrobial agents to overcome
resistance is urgent, and gaining insights into the specific
mechanisms of biofilm occurrence and their interactions with
the host is key to solving the problem. Although biofilms have
been studied through genomics, proteomics, and RNA
sequencing, the rapid evolution of microorganisms has
exceeded the pace of therapeutic technology development.
New technologies to monitor biofilm formation and the
responses of biofilm to antibiotic therapy are required.
Furthermore, direct eradication becomes difficult as
pathogens evolve defenses against antimicrobial agents, and
inhibiting bacterial virulence may be more effective than
killing bacteria while also providing new possibilities for the
treatment of biofilm infections.
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