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Abstract

Biofilms are complex microbial architectures that encase microbial cells in a matrix comprising
self-produced extracellular polymeric substances. Microorganisms living in biofilms are much
more resistant to hostile environments than their planktonic counterparts and exhibit enhanced
resistance against the microbicides. From the human perspective, biofilms can be classified into
beneficial, neutral, and harmful. Harmful biofilms impact food safety, course plant and animal
diseases, and threaten medical fields, making it urgent to develop effective and robust strategies to
control harmful biofilms. In this review, we discuss various strategies to control biofilm formation
on infected tissues, implants, and medical devices. We classify the current strategies into three
main categories: (i) changing the properties of susceptible surfaces to prevent biofilm formation;
(ii) regulating signaling pathways to inhibit biofilm formation; (iii) applying external forces to
eradicate the biofilm. We hope this review would motivate the development of innovative and
effective strategies for controlling harmful biofilms.
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1. Introduction

Biofilms are microbial communities encased within a self-produced matrix of extracellular
polymeric substances (EPS) that attach to biotic or abiotic surfaces (Watnick and Kolter
2000; Lohse et al. 2018). About 20-80% of microorganisms on Earth exist as biofilms
(Flemming and Wuertz 2019). They can protect the microorganisms inside them, mostly
bacteria, from hostile environments, by acting as a layer of “protective clothing” (Yin et al.
2019). Biofilms can comprise single or multiple species (Wolcott et al. 2013; Lohse et al.
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2018), and a typical biofilm life-cycle usually includes five stages (Sauer et al. 2002;
Stoodley et al. 2002; Monds and O'Toole 2009; Koo et al. 2017; Rumbaugh and Sauer 2020)
(Figure 1): (i) Reversible attachment on surfaces. At this first stage, initial attachment of
cells occurs via non-covalent interactions, such as hydrogen-bonding or the van der Waals’
force; (ii) Irreversible attachment. At the second stage, microbial cells become robustly
attached to the surface via bacterial appendages such as flagella, pili, adhesive proteins, or
exopolysaccharides (Serra et al. 2015); (iii) Development of early biofilms. After stable
attachment, cells actively proliferate and produce abundant EPS; (iv) Maturation of
structured biofilms. At this stage, stable biofilm forms via constructing a three-dimensional
architecture; (v) Active dispersal. Finally, cells are disseminated from the biofilm and re-
enter into the planktonic phase upon receiving environmental cues, waiting for a new life-
cycle.

Microorganisms in biofilms are distinct from their planktonic counterparts (Hathroubi et al.
2017); they usually show increased resistance to hostile environments including chemical
biocides (Gupta et al. 2016), bacteriophages (Costerton et al. 1999), antibiotics (Wood 2017;
Roy et al. 2018; Wolfmeier et al. 2018), and antibodies (Msken et al. 2018). Here,
according to the microbial properties in the biofilm, biofilms are classified into three main
types, beneficial, neutral, and harmful biofilms, depending on their effects on humans, e.g.
environment, food safety, plant and animal production, and medical fields.

Beneficial biofilms play key roles in many processes, such as wastewater treatment (Lin et
al. 2019), biodegradation and bioremediation (Shukla et al. 2020), and geochemical cycles
(Boer et al. 1991; Edwards et al. 2000) (Figure 2). During wastewater treatment, biofilms are
massively formed in the bioreactor and participate in organic matter removal, adsorption of
suspended solids, and purification of raw sewage (Huang et al. 2018) (Figure 2). In the
processes of biodegradation and bioremediation, biofilms form unique microbial
communities to degrade herbicides (Li et al. 2019b), pesticides (Zhang et al. 2019),
antibiotics (Zhang et al. 2017), and plastics (Shah et al. 2008) and remediate contaminated
water and soil (Wang et al. 2019a; Zhao et al. 2019) (Figure 2). In terms of geochemical
cycles, biofilms comprising appropriate bacteria are able to decompose a wide variety of
organic compounds via redox, cleavage, and hydrolysis reactions to complete the
geochemical recycling of carbon, nitrogen, oxygen, phosphorus, sulfur, and other elements
(Cui et al. 2018; Meyer-Dombard et al. 2018; Zhang et al. 2020) (Figure 2). For example,
nitrifying and denitrifying bacteria in the biofilm play important roles in the nitrogen cycle
in the soil environment (Di Trapani et al. 2011; Han et al. 2018).

Harmful biofilms threaten food safety, cause plant and animal diseases (Figure 2). They are
widespread in food processing (Garcia-Sanchez et al. 2019), packaging (Ripolles-Avila et al.
2019), and storage (Sternisa et al. 2019) that can significantly affect food quality (Ng et al.
2017) (Figure 2). Meanwhile, many plant and animal diseases resulting from harmful
biofilms are quite difficult to control, which can significantly reduce the yield and quality of
the crops (Yaron and Romling 2014) and animal products (Wang et al. 2013; Merino et al.
2019) (Figure 2). Due to the space limits, we will not discuss these aspects further in this
review.
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Harmful biofilms greatly threaten medical fields causing multiple infections and
contaminating tissue implants and medical devices (Figure 2). Compared with the infections
caused by planktonic microorganisms, biofilm-related infections are more difficult to cure
and pose greater damage to human health (Abusrewil et al. 2020). For example, biofilm is
present in most patients with chronic rhinosinusitis, and when these patients undergo
surgery, the presence of biofilm will cause more severe diseases and result in worse surgical
outcomes (Hamilos 2014). Dental plaque biofilm is a key factor for dental caries and
periodontal disease (Seneviratne et al. 2011), and biofilms in the urinary tract often produce
intractable chronic infections (Hola et al. 2010). Thus, biofilm typically acts as a “protective
clothing” for bacteria and aggravates many tissue infection diseases. Biofilms are also a
major source of contamination in tissue implants and medical devices (Blackledge et al.
2013) (Figure 2). Approximately 5% of implanted internal fractured bone fixation devices
and almost 30% of open fracture devices are reported to be infected by biofilms (Rahim et
al. 2019). When such biofilm-harboring medical devices contact human tissues, the bacteria
will survive and proliferate, leading to harmful infection (Ribeiro et al. 2012). In fact,
biofilms formed on medical devices have caused many human diseases, and the strongly
attached biofilms are very difficult to eradicate from the medical devices with ordinary
disinfection and antibiotic treatments (Zheng et al. 2018). The National Institutes of Health
(NIH) in the USA report that 80% of all known human infections are associated with
biofilms. Similarly, the U.S. Centers for Disease Control and Prevention (CDC) report that
over 65% of all hospital-acquired infections are attributable to biofilms (Percival 2017). The
existence of the harmful biofilms thus not only causes human diseases directly but also
induces many hospital-acquired infections indirectly via contaminated tissue implants and
medical devices. In addition to causing infections, biofilms can corrode metal surfaces,
including those of tissue implants and prostheses (Beech and Sunner 2004; Beech et al.
2006). Therefore, effectively controlling harmful biofilms is important and urgent.

There is also a third type of biofilms, which is neither harmful nor beneficial to environment,
food safety, plant and animal production, and medical fields. Such biofilms exist widely in
natural environments such as mountains (Hotaling et al. 2019), wetlands (Yan et al. 2018),
and marines (Kviatkovski et al. 2018; Angelova et al. 2019) that are far from human
activities. Others exist in human daily life but do not exhibit any harm or benefit. Due to the
absence of either harmful or beneficial effects, few reports regarding these biofilms are
available. Hence we temporarily classify them as neutral biofilms. However, these biofilms
can occasionally be transformed into useful biofilms under unique conditions, such as those
for wastewater treatment, environmental remediation, and waste degradation. Due to the
space limit, we will not describe this type of biofilms in more detail here.

In this review, we have tried to comprehensively discuss the current strategies used for
preventing, inhibiting, and eradicating harmful biofilms. We aim at inspiring further
developments of innovative and effective strategies for controlling harmful biofilms in
medical fields, including those in infected tissues, tissue implants, and medical devices.
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2. Strategies to control harmful biofilms

According to the different approaches to the task, we have divided the various strategies to
control harmful biofilms into three main categories (Figures 1 and 3): (i) changing abiotic
surface characteristics to prevent biofilm formation; (ii) regulating the signaling pathways to
inhibit biofilm formation and stimulate biofilm dispersal, and (iii) applying external forces to
eradicate the biofilm.

2.1. Changing abiotic surface characteristics to prevent biofilm formation

It is often said that “Prevention is better than a cure” (Ling et al. 2020). Preventing biofilm
formation usually requires less effort than inhibition and eradication of the biofilm. The
most common strategies for preventing biofilm formation are treating and coating natural
abiotic surfaces as described below.

2.1.1. Treating abiotic surfaces—Biofilm formation depends upon the
physicochemical characteristics of the adsorptive surfaces (Renner and Weibel 2011).
Therefore, changing the characteristics of the material surfaces, such as their smoothness,
wettability, or hydrophilicity, could help in preventing biofilm formation.

Bacterial surface attachment is the first step of biofilm formation. Compared with a smooth
surface, rough surface is more susceptible to microbial attachment and accumulation (Mei et
al. 2011; Garcia et al. 2016). For example, after clinical intraoral polishing, dental ceramic
materials usually result in greater surface roughness and lead to increased biofilm formation
(Kim et al. 2017). Vital bleaching is a popular treatment option for discoloring teeth.
However, after bleaching, the roughness of the resin composite and resin-modified glass-
ionomer cement can be greatly increased, leading to a significant streptococcal biofilm
formation (Wongpraparatana et al. 2018) (Figure 3A). These may be due to the fact that such
rough surface has more micropits, which can easily trap microorganisms and increase their
interception within the rough surface to enhance biofilm formation (Kim et al. 2017).

The thermal cycling treatment of the material can improve the smoothness of the surface and
inhibit the microorganism attachment. Thermal cycling is a temperature modulation process
that can improve the performance, longevity, and strength of a variety of materials, which
enables orthopedic implants to exhibit smoother, more uniform surfaces via molecular
reorganization (Akens et al. 2018). In one example of the thermal cycling process, the
material was exposed to the liquid nitrogen vapor and slowly cooled down to —148.9 °C in 2
h, followed by maintaining at this temperature for another 2 h before increasing it to 20°C
over a period of 16 h (Akens et al. 2018). Staphylococcus aureus is an opportunistic
pathogen and arguably the most common cause of infection in hospitalized patients. The
biofilm formed by S. aureus on medical implants makes it even more difficult to eradicate
and can trigger recalcitrant bacterial infections (Figueiredo et al. 2017). Thermal cycling of
orthopedic stainless steel and titanium implants can prevent S. aureus from forming biofilm
because of the increased smoothness (Akens et al. 2018) (Figure 3A).

Ultraviolet irradiation is another approach to provide titanium surfaces with enhanced
wettability and generate reactive oxygen species such as hydroxyl radicals to destroy the
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microbial cell membrane and cell wall (Foster et al. 2011) (Figure 3A). Indeed, it was found
that a 12-min ultraviolet treatment of titanium can transform its surface property from
hydrophobic to superhydrophilic, significantly preventing oral microbial attachment and
biofilm formation on the titanium implant material (de Avila et al. 2015).

The above data indicate that enhanced smoothness, wettability, and hydrophilicity are
helpful in preventing biofilm formation. In the future, hopefully, more methods will be
devised to alter the physicochemical properties of the solid surface for inhibiting microbial
attachment, thereby preventing biofilm formation. Changing the surface properties of the
material is often effective, and could play a preemptive role in controlling biofilm formation,
resulting in considerably less trouble later on.

2.1.2. Coating surfaces—Coating the attachment surfaces is another way to prevent
microbial attachment and biofilm formation (Figure 3B).

The surface free energy (SFE) of the attached material, which is commonly referred to as
wettability (Teughels et al. 2006), can influence the microbial attachment (Nakamura et al.
2016). One typical case is when denture materials are coated with salivary and/or blood
plasma proteins to change their SFE. This can prevent mature Candida albicans attachment
and biofilm formation (da Silva et al. 2015).

It is difficult for microorganisms to colonize surperhydrophilic surfaces (Almaguer-Flores et
al. 2012). For example, the biocompatible 2-methacryloyloxyethyl phosphorylcholine
(MPC)-polymers have a phospholipid polar group that mimics the biological membrane.
Due to their decent “super-hydrophilicity”, such MPC-polymers coated on saliva-coated
hydroxyapatite and oral epithelial cells can markedly decrease pathogenic microbial
attachment and prevent biofilm formation (Hirota et al. 2005; Hirota et al. 2011) (Figure
3B).

The coating of small molecules can also change the attachment properties of surface
materials. For example, coating the surfaces of silicone rubber with monomeric
trimethylsilane (TMS)/O,, which is often used in the fabrication of tissue implants, can
significantly change the microbial surface proteins adsorption, and prevent S. aureus from
forming biofilms (Xu et al. 2015) (Figure 3B). Since TMS/O, coating is an environmentally
friendly and efficient method, it has great potential for clinical applications.

Antimicrobial peptide coating is another valuable method for preventing biofilm formation
(Figure 3B). Since antimicrobial peptides have a broad spectrum of bactericidal activity and
low risk of microbial resistance, they have been studied widely in many different instances
(Kazemzadeh-Narbat et al. 2010; Di Somma et al. 2020). For example, bactericidal cationic
peptide GL13K was derived from the human parotid secretory protein BPIFA2 (Hirt and
Gorr 2013), and people found that titanium disks that are covalently-immaobilized with
GL13K exhibit excellent antimicrobial activity when exposed to Streptococcus gordonii
cultures and prevents the attachment of S. gordonii on the coated surface (Chen et al. 2014).
GL13K coating of titanium surfaces also effectively decreases the growth of Fusobacterium
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nucleatumand Porphyromonas gingivali and prevents biofilm formation by these organisms
(Lietal. 2017).

Thus, coating tissue implants and medical devices with specific materials can decrease
microbial attachment to the material surface, prevent biofilm formation, and thereby reduce
bacterial infection. The materials for surface coating are easy to synthesize and modify.
Therefore, this method is simple and easy to develop and is well suited for the effective
control of harmful biofilms in tissue implants and medical devices. Development of efficient,
environmentally friendly, and stable coating materials for preventing the formation of
harmful biofilms is a major direction of biofilm control at present and in the future.

By regulating the signaling pathways to inhibit biofilm

The biofilm formation is regulated by several signaling pathways, such as quorum sensing
(QS) and nucleotide second messenger systems. Therefore, biofilm inhibitors can be
designed by targeting relevant proteins in the respective regulatory systems to block their
signaling pathways and thereby inhibit biofilm formation.

2.2.1. Biofilm inhibitors based on QS

2.2.1.1. Mechanism of QS: QS is a widespread mechanism of cell-cell communication in
bacteria. Bacteria can communicate with each other by secreting various signaling
molecules, called autoinducers (Als). When these signaling molecules bind to their
corresponding receptors, they can trigger a cascade of intracellular signaling events,
ultimately regulating different physiological phenotypes (Padder et al. 2018; Kalia et al.
2019).

To date, quite a few of QS signaling molecules have been discovered, including autoinducer
peptide (AIP), N-acyl homoserine lactones (AHLS), autoinducer 2 (Al-2), Pseudomonas
quinolone signal (PQS), diffusible signal factor (DSF), and others (Machado et al. 2020).
Among them, AIP, AHLs, and Al-2 are arguably the most widely studied.

AIPs are commonly exploited molecules in the Gram-positive bacteria for significant signal
transduction. The most typical example of AIP-mediated QS is the Accessory gene regulator
(Agr) system, in which the AgrD peptide is expressed in the cells, modified by AgrB on the
membrane, and secreted out of cells to become mature AIP. The concentration of
extracellular AIP proportionally increases with the increase in cell density, leading to a high
concentration of AIP that activates the AgrC-AgrA two-component system to regulate the
physiological functions of bacteria. The activated Agr system inhibits the expression of
AtIE, which is an important adhesion protein for biofilm formation; inhibition of AtIE
expression would inhibit biofilm formation (Yang et al. 2016). Accordingly, addition of
exogenous AIP has been found to activate the agr-mediated S. aureus biofilm detachment
(Boles and Horswill 2008).

Gram-negative bacteria, on the contrary, mostly use AHLSs as signaling molecules, with the
Luxl/LuxR system being perhaps the best well-studied signaling system among them
(Galloway et al. 2011). In the LuxI/LuxR regulatory network, the LuxI protein is responsible
for the AHL production, while LuxR serves as a receptor for the AHL molecule, which
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activates LUxR to regulate the expression of downstream genes. Indeed, a LuxI/LuxR
homolog consisting of a conserved AHL synthase gene (/ux/) and a transcriptional regulator
gene (/uxR) was identified in Pseudomonas fluorescens PFO7, and in the deletion mutants
Alux/and AluxR, the biofilm biomass and EPS production were significantly decreased,
leading to thinner and looser biofilm structures. This result demonstrates that the LuxIl/LuxR
system plays a crucial regulatory role in the process of biofilm formation in £ fluorescens
(Tang et al. 2019).

Another QS system that is mediated by LuxS/Al-2 was found in both Gram-positive and
Gram-negative bacteria and is involved in the mixed-species biofilm regulation (Wang et al.
2019c). LuxS is involved in the production of Al-2, which is a furanosyl borate diester that
functions as a universal signal for the bacterial species interaction. Streptococcus mutans
that forms mixed-species biofilms with S. gordonii is related to the development of dental
caries. The LuxS/Al-2 QS system of S. gordonii modulates the dual-species biofilm
formation with S. mutans. luxS disruption in S, gordonii can alter the dual-species biofilm
formation, architecture, and composition. Besides, it was reported to influence the S. mutans
biofilm formation when the synthesized Al-2 was added /n vitro by incubating the cells with
both recombinant LuxS and methylthioadenosine/S-adenosylhomocysteine nucleosidase
from S. gordonii (Bao et al. 2015; Wang et al. 2017).

A large number of previous studies have shown that formation, development, and functional
regulation of most biofilms require the participation of QS signaling molecules. A great
number of researches have convincingly shown that QS inhibitors can indeed inhibit biofilm
development (Ouyang et al. 2016; Chen et al. 2018b) (Figure 3C). These data suggested that
controlling the QS signaling system could serve as an effective method of controlling
biofilm formation.

2.2.1.2. Biofilm inhibitorsbased on QS: Interfering with the QS signaling pathway to
inhibit the expression of biofilm-related genes is thus one of the good methods to inhibit
biofilm formation (Figure 3C and Table 1).

There are many natural biofilm inhibitors based on the QS phenomenon, with most of them
produced by plants. For example, curcumin from Curcuma longa (turmeric) inhibited the
biofilm formation in several uropathogens, such as Pseudomonas aeruginosa PAO1L,
Escherichia coli, Serratia marcescens, and Proteus mirabilis, via reducing QS-dependent
production of exopolysaccharide (such as alginate) and slowing the bacterial motility
(Packiavathy et al. 2014) (Table 1). Similarly, resveratrol, another natural product, interfered
with the QS signal by binding to the protein receptor LasR of 2 aeruginosa PAO1 to inhibit
its biofilm formation and expression of virulence factors (Vasavi et al. 2017) (Table 1). This
was also the case for carvacrol, which inhibited 2 aeruginosa biofilm formation and
pyocyanin production (Tapia-Rodriguez et al. 2017) (Table 1). Naturally occurring
furocoumarins from grapefruit showed a >95% inhibition of Al-1 and Al-2 activities and
also inhibited the biofilm formation by £. coli O157:H7, P, aeruginosa, and Salmonella
enterica serovar Typhimurium (Girennavar et al. 2008) (Table 1). Clove bud oil could both
inhibit biofilm formation and disrupt the preformed biofilms of 2. aeruginosa. At a
concentration of 1%, it can reduce biofilm formation by 85.3% while promoting biofilm
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dispersal by 50.4% (Kalia et al. 2019). These natural biofilm inhibitors are non-toxic and
appear harmless for both human body and the environment; therefore, they exhibit good
potential for application in various fields.

In addition to these natural compounds, synthetic compounds can also inhibit the QS
signaling pathway. For example, synthetic furanone C-30 was found to significantly inhibit
biofilm formation by S. mutans and its /uxS mutant strain v/a a dose-dependent effect but
did not affect the growth rate of planktonic cells (He et al. 2012) (Table 1). 2(5H)-Furanone
reduced Campylobacter jejuni motility and biofilm formation by disturbing its QS activity
(Castillo et al. 2015) (Table 1). Meta-bromo-thiolactone inhibited the pyocyanin production
and biofilm formation of £ aeruginosa by binding to two QS signal receptors, LasR and
RhIR (O'Loughlin et al. 2013) (Table 1).

Biofilm inhibitors based on QS have been widely used in inhibiting various biofilms, but
many more QS inhibitors are still under development to treat infections caused by biofilms
(Yu et al. 2018) or to eradicate biofilms on tissue implants (Luo et al. 2017). There are also
additional approaches to using biofilm inhibitors based on QS, such as supplementing QS
inhibitors with antibiotics for better biofilm control (Thomann et al. 2016).

2.2.2. Biofilms inhibitors based on nucleotide second messenger molecules
—Nucleotide second messenger molecule-based signaling plays an important role in
regulating various physiological functions of bacteria (Rémling et al. 2013; Chou and
Galperin 2016; He et al. 2020). The concentrations of these second messengers in the cells
are maintained through dedicated synthesizing and degrading enzymes, which are activated
by specific environmental cues. In the following sections, we mainly discuss the regulation
of biofilm formation by c-di-GMP, c-di-AMP, and (p)ppGpp, and the corresponding
inhibitors that have been developed to control the respective regulatory processes (Figure 4).

22.2.1. C-di-GMP signaling pathway and biofilm inhibitors based on c-di-GMP: C-
di-GMP is synthesized from two molecules of GTP by diguanylate cyclases (DGCs) (Su et
al. 2016) and degraded into GMP or pGpG by c-di-GMP-specific phosphodiesterases
(PDES) (Fu et al. 2018). C-di-GMP is a highly versatile secondary messenger in bacteria,
and through combining with a wide variety of different receptors, such as PliZ (Pratt et al.
2007; Wang et al. 2016a), transcriptional regulators (Krasteva et al. 2010), MshE protein
(Wang et al. 2016b), or c-di-GMP riboswitch (Tang et al. 2016; Zhou et al. 2016), it can
regulate numerous bacterial physiological functions such as motility-to-sessility transition
(Christen et al. 2007; Baraquet and Harwood 2013), cell cycle control (Abel et al. 2011),
virulence factor production (Tang et al. 2016; Fu et al. 2018), and biofilm formation (Boyd
and O'Toole 2012) or dispersal (Su et al. 2016).

C-di-GMP mainly regulates biofilm formation through the following three mechanisms: (i)
Diminishing bacterial mobility to promote bacterial attachment onto a solid surface.
Transition of bacteria from motility to sessility is a necessary stage during biofilm
formation. In E. coli, the c-di-GMP-bound form of the flagellar brake protein YcgR interacts
with the flagellar motor protein MotA, thus controlling motor output in a brake-like fashion
(Hou et al. 2020). Clearly, c-di-GMP plays a role in suppressing bacterial motility and
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promoting bacterial surface attachment (Figure 4A). (ii) Regulating pilus formation. In
Vibrio cholerae, the mannose-sensitive haemagglutinin (MSHA) pilus helps bacterial cells
attach onto solid surfaces in the early stages of biofilm formation (Jones et al. 2015). It is
regulated by MshE, which is an ATPase responsible for pilus polymerization (Wang et al.
2016b). When c-di-GMP binds to MshE, it promotes the assembly of MSHA pilus and
increases biofilm formation (Jones et al. 2015) (Figure 4B). With the increase of intracellular
c-di-GMP concentration, the number of MSHA pili on the bacterial surface also increases,
leading to rapid biofilm formation. (iii) Regulating the production of various biofilm
components. In £. coli K-12 strain W3110, production of biofilm matrix components curli
fibers is regulated by the DGC YdaM and the PDE YciR through controlling the c-di-GMP
concentrations (Lindenberg et al. 2013). YdaM can synthesize c-di-GMP or activate
transcription factor MIrA, whereas YciR can degrade c-di-GMP or inhibit the activity of
MIrA and YdaM. When c-di-GMP concentration reaches a certain threshold, YciR starts to
exert its PDE function to release the inhibition of YdaM and MIrA. At the same time, YdaM
can activate MIrA to enhance the central curli regulator CsgD, thereby inducing the
transcription of curli genes and facilitating the curli formation (Lindenberg et al. 2013)
(Figure 4C). Production of bacterial cellulose, another important component of the biofilm
matrix, is also regulated by c-di-GMP (Romling and Galperin 2015; Galperin and Shalaeva
2018). The bacterial cellulose synthase (BcsA), which is anchored in the inner membrane,
contains a catalytic glycosyltransferase domain and a c-di-GMP-binding PilZ domain in its
intracellular part (Morgan et al. 2013) (Figure 4D). When c-di-GMP binds to the PilZ
domain of BcsA, it activates the adjacent glycosyltransferase domain, allowing the bacterial
cell to assemble the nascent polysaccharide with the help of the BcsB/BesC/BcsZ complex
to form extracellular cellulose (Figure 4D). Poly-p—1,6-N-acetylglucosamine (poly-
GIcNAC) is another exopolysaccharide that is widely present in biofilms. The
polymerization and secretion of poly-GIcNAc are carried out by the Pga machinery, which is
encoded by the pgaABCD operon. Among them, PgaA and PgaB are responsible for
transporting poly-GIcNAc outside the cell, while PgaC and PgaD form a PgaCD
glycosyltransferase complex that produces poly-GIcNAc under the control of c-di-GMP.
When the c-di-GMP concentration is low, PgaD cannot combine with PgaC to form the
PgaCD complex, and is degraded by protease, thereby stopping the polymerization of poly-
GIcNAC and leading to an eventual decrease in extracellular poly-GIcNAc levels (Steiner et
al. 2013) (Figure 4E). These and other results convincingly show that high concentrations of
c-di-GMP promote biofilm formation (R6mling et al. 2005; Valentini and Filloux 2016;
Mukherjee et al. 2018).

Designing DGC inhibitors to decrease intracellular c-di-GMP concentrations, or screening
compounds that would inhibit the interaction between c-di-GMP and its receptors, are both
effective approaches for controlling biofilm formation (Cho et al. 2020). For example, seven
small molecules that antagonize the activity of VC2370 DGC have been found to inhibit
biofilm formation by V/ cholerae (Sambanthamoorthy et al. 2012), and four small molecules
that could antagonize the DGCs from Thermotoga maritima and WspR from £ aeruginosa
inhibited biofilm formation by P, aeruginosa and Acinetobacter baumannii
(Sambanthamoorthy et al. 2014). At present, c-di-GMP signaling inhibitors are mostly c-di-
GMP analogs or non-nucleotide small molecules that inhibit DGCs. They can significantly
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reduce c-di-GMP concentrations to inhibit biofilm formation (Jakobsen et al. 2017). Up till
now, these inhibitors were mostly tested /n vitro, and validating new biofilm inhibitors based
on interfering with the c-di-GMP signaling pathway will require more studies in the near
future.

2.2.2.2. C-di-AMP signaling pathway and biofilm inhibitors based on c-di-AMP: C-
di-AMP is another second messenger molecule widely present in bacteria. It is synthesized
from two molecules of ATP by diadenylyl cyclases (DACs) (Zheng et al. 2015) and
degraded to pApA or AMP by distinct c-di-AMP-specific phosphodiesterases (PDES)
(Corrigan and Grundling 2013; Tang et al. 2015; Stiulke and Kruger 2020; Yin et al. 2020).
C-di-AMP also binds to specific receptors such as TetR family transcription factor DarR
(Zhang et al. 2013), histidine kinase KdpD (Moscoso et al. 2016), pyruvate carboxylase
(Choi et al. 2017), and the c-di-AMP-specific riboswitch ydaO (Wang et al. 2019b), to affect
bacterial growth, regulate cellular morphology, and control biofilm formation.

In some strains, high concentrations of c-di-AMP were found to promote biofilm formation,
which could be due to the role of c-di-AMP in regulating EPS formation. A typical example
is that from Streptococcus pyogenes HSC5, in which the c-di-AMP synthetase DacA and the
degradation enzyme Pde2 encoding genes were separately knocked out to construct a low-
concentration and high-concentration c-di-AMP mutants, respectively. It was later
discovered that the low-concentration c-di-AMP mutant does not produce biofilm, while the
high-concentration c-di-AMP strain produces a large amount of biofilm (Fahmi et al. 2019).

In S. mutans, when c-di-AMP concentration is high, it binds to its protein receptor CabP to
regulate the activity of transcription factor VicR, which then promotes the expression of
GtfB that is responsible for the production of water-insoluble glucan, another important
extracellular polymer. Therefore, c-di-AMP at high concentrations can enhance biofilm
formation by S. mutans through signal transduction and multiple regulatory processes (Peng
et al. 2016). Meanwhile, a small molecule inhibitor named ST056083 was found to
significantly reduce the activity of DisA (the main DAC) in Enterococcus faecalis, thereby
reducing the intracellular c-di-AMP concentration and inhibiting the exopolysaccharide
production and biofilm formation (Chen et al. 2018a) (Figure 3C).

At the same time, there are reports that high concentrations of c-di-AMP in certain bacteria
can inhibit biofilm formation. For example, in Bacillus subtilis, accumulated c-di-AMP
affected the activity of SinR, which controls the biofilm gene expression, subsequently
inhibiting biofilm formation (Gundlach et al. 2016). Similarly, knocking out c-di-AMP
phosphodiesterase gapPin Strepotoccus gallolyticus produced a strain with a higher c-di-
AMP level but reduced biofilm formation and lower attachment to the intestinal cells (Teh et
al. 2019).

Although the detailed mechanisms by which c-di-AMP affects biofilm formation remain to
be further studied, regulating the bacterial c-di-AMP concentration has been proved to be an
effective and feasible way to control the harmful biofilm formation. Since c-di-AMP in
different strains has different effects on biofilm formation, studying the regulation
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mechanism of c-di-AMP signaling in various pathogens is a pre-requisite to using it to
control biofilm formation in practice.

2.2.2.3. (p)ppGpp signaling pathway and biofilm inhibitors based on

(P)PPGpp: (p)ppGpp is synthesized from GTP and GDP by the RelA/SpoT homolog (RSH)
enzymes, generating AMP as a by-product, by GppA (also known as pppGpp
phosphohydrolase) and other GTPases to catalyze the interconversion of pppGpp to ppGpp.
pppGpp and ppGpp are degraded by SpoT to form GTP and GDP, respectively (Hauryliuk et
al. 2015). The functions of (p)ppGpp are also exerted through binding to various target
enzymes, such as polyphosphate kinase, translational GTPases, DNA primase, to regulate
many different bacterial physiological functions, including biofilm formation.

Although (p)ppGpp can affect biofilm formation, the specific mechanism of this regulation
remains unclear. In Bordetella pertussis, accumulation of (p)ppGpp accelerates biofilm
formation (Sugisaki et al. 2013). However, in Actinobacillus pleuropneumoniae S8, low-
concentration (p)ppGpp was found to contribute to biofilm formation (Li et al. 2015). Such
data indicate that in different organisms, (p)ppGpp concentration can exhibit different effects
on biofilm formation. Furthermore, a potent anti-biofilm peptide 1018 that targets (p)ppGpp
could inhibit biofilm formation in both Gram-negative and Gram-positive bacteria (de la
Fuente-Nunez et al. 2014) (Figure 3C). With increasing research in this aspect, the mystery
of the relationship between (p)ppGpp and biofilm will eventually be solved, and more anti-
biofilm compounds will probably be found.

In general, second messenger molecules play important regulatory roles in biofilm
formation. Many potential small molecule inhibitors of DGCs (Sambanthamoorthy et al.
2012; Fernicola et al. 2016) or DACs (Opoku-Temeng and Sintim 2016a; b) have been
identified and more can be expected in the future. Although the efficacies of these
compounds against biofilms await further validation, interference with the second
messenger-based signaling pathways can be a powerful strategy for inhibiting biofilm
formation.

Since biofilm inhibitors based on the above signaling systems do not directly kill bacteria,
the drug resistance phenomenon can be potentially reduced (Scoffone et al. 2016; Galperin
2018). Therefore, biofilm inhibitors can serve as adjuvants and alternatives to the
conventional antibiotic therapy. At the same time, they can also work synergistically with
antibiotics to enhance their efficacy (Rajput et al. 2018). Hence, these biofilm inhibitors
have certain advantages in controlling biofilms.

2.3. By applying external pressures to eradicate biofilm

To eradicate an already formed biofilm, one could use several different physical and
biochemical approaches (Figure 5).

2.3.1. Physical methods—Many physical methods, such as treatment with ultrasound
and magnetic fields, can be applied to effectively eradicate biofilms (Figure 3D).
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Ultrasonic eradication of biofilms mainly depends on the forces generated from cavitation
bubbles and fluid flow to trigger biofilm dispersion (Erriu et al. 2014) (Figure 5A). In a
recent experiment, when an ultrasonic scaler tip was held 2 mm away from the
Streptococcus sanguinis biofilm for 2 s, the process of cavitation bubbles contacting the
surface was captured by a high-speed camera, which revealed that most of the biofilm was
eradicated within 2 s (Vyas et al. 2020).

The magnetic iron oxide nanoparticles in combination with magnetic fields can also cause
significant mechanical damage to the biofilm matrix and lead to biofilm eradication. Using a
rotating magnetic field (Li et al. 2019a), found that nanoparticles placed on top of the
biofilm were dragged across the biofilm to pull away microbial cells and matrix, thus
leading to an effective biofilm eradication. Under a treatment force of 30 mg mL~1 and a
rotating magnetic field with 11 nm nanoparticles, the S. aureus biofilm was reduced by
nearly five orders of magnitude (Li et al. 2019a). Similarly, under a low-intensity rotating
magnetic field, magneto-responsive gallium-based liquid metal droplets can also disrupt the
biofilm matrix and result in bacterial cell lysis through both the nanosharp edges developed
from shape transform and mechanical shear force generated from the movement of droplets
(Elbourne et al. 2020).

There are also many other physical methods that can effectively eradicate mature biofilms,
such as using high-velocity spray or jet irrigator to brush biofilms, or using photodynamic or
photothermal therapy to destroy biofilms and kill the bacteria in them directly (Koo et al.
2017; Karygianni et al. 2020). Meanwhile, the weak electric field produced by Ag/Zn can
eradicate the biofilm through electrical stimulation to accelerate wound healing (Barki et al.
2019).

Therefore, external physical factors can eradicate biofilm to a certain extent. These are
simple, rough, and effective methods that are suitable for decontamination in the food
industry, for biofilm eradication in the dental field and removal of biofilms adsorbed on
tissue implants and medical devices. However, these methods are not suitable for infected
tissues, which require more gentle approaches, such as the application of phage lysins or
degradative enzymes. These approaches are described below.

2.3.2. Biochemical methods—For planktonic microorganisms, antibiotics are the
main means of inhibiting bacterial growth, but for those living in biofilms, they are much
less useful. Therefore, for effective eradication of microorganisms in biofilms, many
biochemical methods have been applied, such as application of phage lysins, degradative
enzymes, and microbial metabolites (Figure 3D and Table 2).

2.3.2.1. Phagelysins: Pathogenic bacteria are the enemies of humans, and bacteriophages
are the enemies of bacteria. The enemy’s enemy could be a friend, and phage lysins, which
are the bacteriophages’ weapons, could be utilized to fight multidrug-resistant
microorganisms and harmful biofilms (Drulis-Kawa and Maciejewska 2015; Melo et al.
2018; Sharma et al. 2018; t.usiak-Szelachowska et al. 2020) (Figures 5B and 6). Phage
lysins are peptidoglycan hydrolases expressed by bacteriophages in the later stage of
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infection. They can cleave the peptidoglycan layer of the cell wall, thereby killing the
bacteria (Schuch et al. 2017; Zhang et al. 2018).

LysGH15, a phage lysin derived from the staphylococcal bacteriophage GH15, did not only
eliminate staphylococcal planktonic cells of S. aureus, Staphylococcus epidermidis,
Staphylococcus haemolyticus, and Staphylococcus hominis, but also eradicated preformed
biofilms (Zhang et al. 2018) (Table 2). Phage lysin CF-301 was highly effective in
eradicating S. aureus biofilms and killing microorganisms in the biofilm and has been shown
to be a potential anti-biofilm agent to cure staphylococcal infections (Schuch et al. 2017)
(Table 2).

Phage lysins are effective not only against growing bacteria but also against persisters,
which are certain phenotypic variants that can withstand lethal doses of antibiotics (Orman
and Brynildsen 2016). In fact, formation of persisters has been considered the cause of
biofilm-related microbial recurrence in tissue implants and medical devices (Yan and Bassler
2019). Diminishing or killing persisters is thus crucial for biofilm eradication and infection
prevention. Some phage lysins have the ability to Kill persisters (Sharma et al. 2018). For
example, phage lysin LysH5 was active against staphylococcal persisters both in the
planktonic state and in biofilms (Gutierrez et al. 2014) (Table 2). Similarly, a chimeric
recombinant phage lysin P128 showed good activity against coagulase-negative
staphylococci (Poonacha et al. 2017) (Table 2). These data demonstrate that phage lysins
could effectively fight against persisters in the planktonic state and biofilm state.

Phage lysins also have a species-targeted bactericidal ability and exhibit certain advantages
over conventional chemotherapeutic agents in controlling biofilm formation. Therefore,
using phage lysins to eradicate biofilms, especially in destroying persisters, has certain
unique advantages. On the one hand, due to the species-specific bactericidal ability, a given
phage lysin may only eradicate specific biofilm infections, and may not be able to treat
infection of mixed species. To achieve a better therapeutic effect, several phage lysins could
be mixed together in a cocktail or used in combination with other methods.

2.3.2.2. Degradative enzymes: The biofilm matrix of EPS is mainly composed of nucleic
acids, proteins, lipids, and exopolysaccharides (Flemming and Wingender 2010; Karygianni
et al. 2020). Because biofilm serves as a “protective clothing” for microorganisms (Yin et al.
2019), one can eradicate the harmful biofilm by degrading the EPS and removing this
protective clothing (Figure 5C).

Candida auris is an emerging nosocomial pathogen (Lamoth and Kontoyiannis 2018; Meis
and Chowdhary 2018), and the matrix of C. aurisbiofilms is rich in mannan-glucan.
Applying mannosidase or glucanase to hydrolyze mannan-glucan in the biofilm matrix was
found to effectively cure infections caused by this organism (Dominguez et al. 2019) (Table
2). Also, Pseudomonas cells enclosed within alginate-rich biofilms have been observed in
human lung tissue and sputum in cystic fibrosis patients (Bayer et al. 1992). Alginate lyase
has been applied to degrade alginate into unsaturated uronic acid-containing
oligosaccharides, thus removing exopolysaccharide from the £ aeruginosa cell surface and
subsequently promoting biofilm eradication (Jang et al. 2016) (Table 2).
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Degradation of extracellular DNA (eDNA) in the matrix by DNase is also helpful for
eradicating biofilms. Since eDNA is an important component essential for biofilm
formation, DNase can efficiently inhibit biofilm formation and also eradicate biofilms
already formed (Whitchurch et al. 2002; Farisa Banu et al. 2019). For example, the
extracellular DNase from Bacillus licheniformis was found to be capable of eradicating
biofilms both from Gram-positive and Gram-negative bacteria including B. licheniformis, B.
subtilis, E. coli, and Micrococcus luteus (Nijland et al. 2010) (Table 2). Also, by hydrolyzing
eDNA, DNase could inhibit as well as disrupt Gardnerella vaginalis biofilms (Hymes et al.
2013) (Table 2). These results indicate that application of efficient and stable DNase could
successfully degrade eDNA in biofilms and be used as a promising means of controlling
biofilms.

Therefore, by careful analysis of the individual biofilm, and by treating it with enzymes
capable of hydrolyzing different components of the biofilm, one could effectively eradicate
different biofilms. Besides, by combining different degrading enzymes or use them as non-
antibiotic assistants, we may be able to further improve the effectiveness of biofilm
eradication.

2.3.2.3. Using metabolitesto eradicate biofilm: Secondary metabolites have been found
to serve as intercellular signals to regulate gene expression, subsequently regulating various
microbial physiological functions, including biofilm formation (Dufour and Rao 2011; Yang
et al. 2012). Thus, metabolites can also be used to control biofilm formation (Figure 5D).

Carolacton, a secondary metabolite isolated from Sorangium cellulosum, showed high
eradication activity against S. mutans biofilms by causing cell chain elongation, cell
morphology changes, and even cell death of S. mutansin biofilm (Kunze et al. 2010).
Rhamnolipid, the biosurfactant produced by Pseudomonas spp. showed the ability to disrupt
and eradicate S. aureus biofilms (E Silva et al. 2017) (Table 2). D-amino acids could be
incorporated into the bacterial cell wall to disengage the TasA fibers that anchor to the cell
wall, resulting in the release of amyloid fibers which link cells in the biofilms together,
thereby eradicating B. subtilis, S. aureus, and R aeruginosa biofilms (Kolodkin-Gal et al.
2010). Further research revealed that exogenous D-tyrosine could contribute to the repulsive
nature of the £. coli cells to inhibit bacterial attachment (Xing et al. 2015) (Table 2). These
characteristics may provide us a new way to control biofilm formation via adding exogenous
D-amino acids to eradicate harmful biofilm. Metabolites from plants can also be used to
control biofilms. A secondary metabolite of Actinidia deliciosa has been found to reduce
exopolysaccharides, protein, and eDNA contents in the EPS of A. baumannii, and can be
used to eradicate its biofilm (Tiwari et al. 2017).

Rhamnolipid coated silver (Ag) and iron oxide (Fe3O4) nanoparticles also show good anti-
biofilm properties in preventing and inhibiting the biofilms formed by S. aureusand P
aeruginosa (Khalid et al. 2019). They are potentially useful in medical fields, e.g. for
antimicrobial coating and wound dressing. These results suggest that metabolites can not
only eradicate the biofilms already formed but also prevent and inhibit biofilm formation.
Therefore, metabolites exhibit great potential to be used in multifunctional preparation to
control biofilm formation.
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2.3.2.4. Nitric oxide: Nitric oxide (NO) can also play a role in biofilm eradication
(Rumbaugh and Sauer 2020). NO produced by the anaerobic respiration processes inside the
P, aeruginosa biofilm can initiate biofilm dispersal at low and non-toxic concentrations
(Barraud et al. 2006). Further research revealed that NO signaling in the 2. aeruginosa
biofilm can stimulate PDE activity, thereby decreasing the intracellular c-di-GMP levels and
enhancing biofilm dispersal. In addition to 2 aeruginosa, NO-induced biofilms dispersal
were observed in many other bacteria including £. coliand S. aureus (Barraud et al. 2015).

Exogenous NO addition treatment can similarly induce biofilm dispersal (Barraud et al.
2009). For example, NO-releasing polymers are able to reduce the metabolic activity of
various biofilms in a dose-dependent manner (Yang et al. 2020). In addition, NO-releasing
cyclodextrins can eradicate £ aeruginosa biofilm irrespective of the matrix composition
(Rouillard et al. 2020). By integrating NO prodrug with the glutathione-sensitive a-
cyclodextrin and chlorin e6 prodrug, the generated supramolecular nanocarrier was reported
to exhibit rapid NO release under the trigger of overexpressed glutathione in the biofilm,
leading to effective eradication of S. aureus biofilm (Hu et al. 2020).

Due to the small size and easy penetration, NO represents a powerful potential agent to
eradicate the biofilm. Therefore, development of NO-releasing carriers, such as NO prodrug-
coated devices or nanoparticles might be a promising avenue for biofilm eradication.

Overall, disrupting the biofilm matrix with biochemical methods has been proven to be an
efficient approach to remove EPS, disaggregate microorganisms, and eradicate the biofilm.
Compared with the above-mentioned physical methods, biochemical methods are more
specific, safer, and can be more widely applied for treating specific biofilm-related
infections.

3. Concluding remarks

The existence of biofilms turns out to be a double-edged sword for humans. Beneficial
biofilms can bring much benefit, but harmful biofilms can bring enormous damages. In this
review, we discuss the currently available strategies to prevent, inhibit, and eradicate harmful
biofilms in the medical fields.

There have been many strategies to control harmful biofilms. Due to the complex
composition of the biofilm and its strong resistance to stress, it is difficult to completely
eradicate biofilm by a single method. Therefore, using a cocktail approach by combining
different strategies may be more effective in treating biofilm-related infections.

Although the research on biofilms is continuously deepening, the mechanisms of biofilm
formation still need further research. A clear understanding of the details of the biofilm
formation process and regulation of its signaling pathways can help one discover new
targets, which can be used to develop small molecules, peptides, or protein inhibitors to
produce excellent anti-biofilm effects. We can also design synthetic derivatives with
structural modification to develop more effective inhibitors or changes application methods
to achieve more efficient and rapid eradication of harmful biofilms.
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Once the biofilm is formed, antibiotics will be less effective. Although there are many
physical and biochemical methods that can be used to prevent microbial attachment to tissue
implants and medical devices, which are, however, difficult to apply for infected tissues. The
use of vaccines to prevent biofilm formation may be an effective strategy. Due to the
diversity of microbial antigens, the proteins involved in the specific signaling pathway of
biofilm formation may serve as better targets for designing vaccines to eradicate biofilms.

Bacteriophages and phage lysins have also been found to be effective as anti-biofilm agents
in recent years. Using bacteriophage directly or immaobilizing phage lysin as a biological
coating on the surface of tissue implants and medical devices can inhibit biofilm formation;
combining multiple bacteriophages or phage lysins could achieve an even more broad-
spectrum antibacterial effect. At present, the clinical application of this method is still under
active research, but we believe such products will appear in the near future. Compared with
phage lysins, bacteriophages can not only kill bacteria directly, but also induce host bacteria
to express degrading enzymes for EPS, thereby accelerating the eradication of mature
biofilm. Therefore, the bacteriophage can be engineered to expand its bactericidal spectrum
to better control the biofilm (Lu and Collins 2007; Pires et al. 2016; Fang et al. 2020; Melo
et al. 2020).

Since some anti-biofilm agents do not kill bacteria directly, such agents possibly won’t cause
bacterial drug resistance. Compared with antibiotics, anti-biofilm agents have no restriction,
which has certain advantages in controlling biofilms. In the future, after research on the
mechanism of biofilm life-cycle is intensified, more and stronger anti-biofilm agents may be
found.

Studies have shown that the EPS produced by bacteria can maintain a high osmotic pressure
in the biofilm, thus enhancing the ability of biofilm to absorb nutrients from the outside to
drive biofilm expansion (Yan et al. 2017). Thus, how to modulate the osmotic pressure of
biofilms to control harmful biofilm formation yet enhance beneficial biofilm formation may
be a new research focus in the future.

Future research on biofilm controlling may require multidisciplinary research. In general,
there seem to still have many difficulties ahead, but with the deepening of research, we
believe that these difficulties will eventually be overcome. We hope this summary can
motivate more innovative and effective strategies for preventing, inhibiting, and eradicating
harmful biofilms.
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Figure 1. Schematic diagram of biofilm effects.
On one hand, biofilms play beneficial roles in wastewater treatment, biodegradation and

bioremediation, and geochemical cycles of various elements. On the other hand, biofilms
affect human life and health, contaminating medical implants and devices and causing a
variety of infections.
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Figure 2. Strategiesfor controlling harmful biofilms.
(A) Material surfaces can be treated through thermal cycling and UV irradiation. (B)

Surfaces can be coated by 2-methacryloyloxyethyl phosphorylcholine (MPC)-polymers,
trimethylsilane (TMS)/O,, and antimicrobial peptides. (C) Biofilm formation can be
inhibited by chemical agents that influence quorum sensing (QS), ¢c-di-GMP, c-di-AMP, and
(p)ppGpp related pathways. (D) External force, including biochemical substances and
ultrasound, can also be applied to eradicate mature biofilms.
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Figure 3. Cyclic di-GM P regulates biofilm formation by inhibiting bacterial motility and
increasing EPS production.

(A) Binding of c-di-GMP to the bacterial flagellar brake protein YcgR inhibits the rotation
of the flagellar motor, reduces cell motility, and promotes bacterial attachment to the solid
surface. (B) Binding of ¢c-di-GMP to MshE promotes the assembly of mannose-sensitive
haemagglutinin pilus and helps the bacterial attachment to the solid surface. (C-E) C-di-
GMP promotes the synthesis of bacterial EPS and solidifies biofilm formation: (C) When
intracellular c-di-GMP concentration reaches a certain threshold, the inhibition of YdaM and
MIrA proteins by YciR is relieved. YdaM can activate MIrA to interact with the central curli
regulator CsgD, which induces the transcription of curli genes and facilitates curli

formation; (D) Bacterial cellulose synthetase catalytic subunit BcsA is anchored on the inner
membrane. When c-di-GMP binds to BcsA, its glycosyltransferase domain is activated to
assemble the nascent polysaccharide with the help of BcsB/BcsC/BcesZ complex to form
extracellular cellulose; (E) The PgaABCD complex promotes formation of the
exopolysaccharide poly-GIcNAc. PgaC and PgaD interact with the help of c-di-GMP to
form the PgaCD glycosyltransferase complex, which is used for the polymerization and
extension of poly-GIcNAc. PgaA and PgaB are responsible for the transport of poly-GIcNAc
outside the cell. IM, inner or plasma membrane; PG, peptidoglycan; OM, outer membrane.
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Figure 4. Applying external pressureto eradicate mature biofilm.

(A) Ultrasound directly eradicates biofilm from the solid surface. (B) Phage lysins
effectively Kill bacteria in the biofilm through cleaving bacterial peptidoglycan. (C)
Degradative enzymes eradicate biofilm by degrading the polysaccharide and eDNA in the
EPS matrix. (D) Microbial metabolites disrupt bacterial cell membrane or regulate bacterial

physiological activity to eradicate the biofilm.
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Figure 5. Applying phage lysinsto eradicate mature biofilm.
Phage lysins such as LysGH15, CF-301, LysH5, and P128 can cleave the peptidoglycan of

microbial cell walls enzymatically and therefore promote biofilm dispersal.
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Figure 6. Applying phage lysinsto eradicate mature biofilm.
Phage lysins such as LysGH15 (Zhang et al. 2018), CF-301 (Schuch et al. 2017), LysH5

(Gutierrez et al. 2014), and P128 (Poonacha et al. 2017) can enzymatically cleave the
peptidoglycan of cell walls to kill staphylococci.
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Biofilm inhibitors based on quorum sensing

Page 34

Compounds Structures Target microorganisms References
Natural compounds
Curcumin o E. coli, P, aeruginosa, Proteus (Packiavathy et al. 2014)
mirabilis, Serratia marcescens
HO. O OH
= = C 0
0 O !
Resveratrol OH P, aeruginosa (Vasavi et al. 2017)
G = . OH
HC

Carvacrol P, aeruginosa (Tapia-Rodriguez et al. 2017)

Furocoumarins

Synthetic compounds

Furanone C-30 Br
Br. /
| O
[0}
2(5H)-Furanone 0O

Meta-bromo-thiolactone

E. coli, S. typhimurium, P
aeruginosa

S. mutans

C. jejuni

P, aeruginosa

(Girennavar et al. 2008)

(He et al. 2012)

(Castillo et al. 2015)

(O'Loughlin et al. 2013)
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Table 2

Biochemical substances for eradicating biofilm
Factors Target microorganisms M echanisms References
Phagelysins
LysGH15 Staphylococcus Cleaves Staphylococcus peptidoglycan (Zhang et al. 2018)
CF-301 S. aureus Cleaves S. aureus peptidoglycan (Schuch et al. 2017)
LysH5 S. aureus Cleaves S. aureus peptidoglycan (Gutierrez et al. 2014)
P128 Staphylococcus Cleaves Staphylococcus peptidoglycan (Poonacha et al. 2017)
Degradative enzymes
Mannosidase, C. auris Degrades C. auris mannan and glucan in (Dominguez et al. 2019)

Glucanase
Alginate lyases
DNase

DNase
Metabolites
Carolacton

Rhamnolipid

D-amino acids

P, aeruginosa

B. licheniformis, B. subtilis, E.
coli, Micrococcus luteus

Gardnerella vaginalis

Sorangium cellulosum

S. aureus, S. enteritidis, L.
monocytogenes

E. coli

EPS
Degrades exopolysaccharide alginate

Degrades eDNA

Degrades eDNA

Causes S. mutans biofilm cells death, cell
chains elongation, and cell morphology
changes

Possesses anti-biofilm and antimicrobial
activities

Contribute to the cell-cell repulsion

(Jang et al. 2016)
(Nijland et al. 2010)

(Hymes et al. 2013)

(Kunze et al. 2010)

(E Silva et al. 2017; Khalid et al.
2019)

(Kolodkin-Gal et al. 2010; Xing et
al. 2015)

Crit Rev Microbiol. Author manuscript; available in PMC 2022 February 01.



	Abstract
	Introduction
	Strategies to control harmful biofilms
	Changing abiotic surface characteristics to prevent biofilm formation
	Treating abiotic surfaces
	Coating surfaces

	By regulating the signaling pathways to inhibit biofilm
	Biofilm inhibitors based on QS
	Mechanism of QS
	Biofilm inhibitors based on QS

	Biofilms inhibitors based on nucleotide second messenger molecules
	C-di-GMP signaling pathway and biofilm inhibitors based on c-di-GMP
	C-di-AMP signaling pathway and biofilm inhibitors based on c-di-AMP
	(p)ppGpp signaling pathway and biofilm inhibitors based on (p)ppGpp


	By applying external pressures to eradicate biofilm
	Physical methods
	Biochemical methods
	Phage lysins
	Degradative enzymes
	Using metabolites to eradicate biofilm
	Nitric oxide



	Concluding remarks
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1
	Table 2

