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Most free-living bacteria can attach to surfaces and aggregate to grow into multicellular
communities encased in extracellular polymeric substances called biofilms. Biofilms are
recalcitrant to antibiotic therapy and a major cause of persistent and recurrent infections
by clinically important pathogens worldwide (e.g., Pseudomonas aeruginosa, Escherichia
coli, and Staphylococcus aureus). Currently, most biofilm remediation strategies involve
the development of biofilm-inhibition agents, aimed at preventing the early stages
of biofilm formation, or biofiim-dispersal agents, aimed at disrupting the biofilm cell
community. While both strategies offer some clinical promise, neither represents a
direct treatment and eradication strategy for established biofiims. Consequently, the
discovery and development of biofilm eradication agents as comprehensive, stand-alone
biofilm treatment options has become a fundamental area of research. Here we review
our current understanding of biofilm antibiotic tolerance mechanisms and provide an
overview of biofilm remediation strategies, focusing primarily on the most promising
biofilm eradication agents and approaches. Many of these offer exciting prospects for the
future of biofilm therapeutics for a large number of infections that are currently refractory
to conventional antibiotics.

Keywords: antibiotics, bacteria, biofilm, biofilm antibiotic tolerance, biofilm eradication agent, infection,
resistance

INTRODUCTION

Biofilm formation is a significant virulence mechanism in the pathogenesis of many medically
important bacterial pathogens, such as Pseudomonas aeruginosa (Gellatly and Hancock, 2013),
Staphylococcus aureus (Gordon and Lowy, 2008), and Escherichia coli (Beloin et al., 2008). The
number of diseases being attributed or associated with biofilm infections is large, with some
common examples including vaginitis (Machado et al., 2016), colitis (von Rosenvinge et al., 2013),
conjunctivitis (Behlau and Gilmore, 2008), gingivitis (Vieira Colombo et al., 2016), urethritis
(Delcaru et al.,, 2016), and otitis (Post, 2001). In fact, it is estimated that ~80% of all microbial
infections in humans are a direct result of biofilms (Davies, 2003). One biofilm-related infection
of particular medical concern is P. aeruginosa biofilms in the lungs of cystic fibrosis patients.
This opportunistic pathogen has been known to cause acute and chronic lung infections that
can result in significant morbidity and mortality (Wagner and Iglewski, 2008). A second area
of considerable concern is that of chronic wound infections. Highly persistent biofilm-related
wound infections, which commonly involve the pathogens P. aeruginosa and S. aureus (Omar
et al., 2017), are suggested to be responsible for over 80% of the 100,000 limb amputations carried
out on diabetic patients in each year (James et al., 2008). An additional area of importance when
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considering biofilm-related infection is implanted medical
devices. Microbial adhesion resulting in biofilm formation on
implanted medical devices is a common occurrence and can
lead to serious illness and death (Habash and Reid, 1999). These
implanted medical devices, which can include intravascular
catheters, urinary catheters, pacemakers, heart valves, stents, and
orthopedic implants, are commonly used to saves lives but can
present a significant health risk when colonized by bacterial
biofilms (Francolini and Donelli, 2010).

Most antimicrobial treatments available are generally
developed and evaluated against microorganisms in the
planktonic (free-living) mode of life. Consequently, these
treatments are often ineffective against pathogenic biofilms
(Costerton et al., 1987; Lebeaux et al., 2014), which can be up to
one thousand times more tolerant to antimicrobial treatments
(Stewart and William Costerton, 2001; Luppens et al., 2002;
Davies, 2003). The phenomenon of biofilm recalcitrance makes
them extremely difficult to treat and eradicate effectively. Thus,
new strategies for the prevention, dispersal and treatment of
bacterial biofilms are urgently required. This review presents
an overview of bacterial biofilm development and the current
methods used to prevent, disperse, and treat bacterial biofilms,
with a particular focus on the development of novel biofilm
eradication strategies.

BIOFILM FORMATION

Biofilms are complex three-dimensional communities of
microorganisms adhering to a surface and encased in a
protective exopolymeric substance. Biofilm formation progresses
over five main stages (Figurel). In stage one, individual
planktonic cells migrate and adhere to a surface. Providing the
correct conditions are present, these adherent cells then initiate
biofilm production on the surface and become encased in small
quantities of exopolymeric material. In stage two, adherent
cells exude an extracellular polymeric substance (EPS) and
become irreversibly attached to the surface, which results in cell
aggregation and matrix formation. In stage three, the biofilm
begins to mature by developing microcolonies and water channel
architecture, while also becoming significantly more layered. In
stage four, the fully mature biofilm reaches its maximum cell
density and is now considered a three-dimensional community.
In stage five, the mature biofilm releases microcolonies of
cells from the main community, which are free to migrate
to new surfaces spreading the infection to other locations
(Stoodley et al., 2002; Schachter, 2003).

THE EXTRACELLULAR POLYMERIC
SUBSTANCE (EPS)

The extracellular matrix encasing the cells in a biofilm, also
referred to as the EPS, is composed of a complex mixture
of proteins, lipids, nucleic acids (extracellular-DNA), and
polysaccharides (Annous et al., 2009). These constituents not
only assist in securing the biofilm to the surface, but also
trap nutrients, provide structural support, and shield against

host immune responses and antimicrobial treatments (Flemming
et al., 2007). In addition to the above functions, the EPS is also
responsible for holding the community of biofilm cells in close
proximity, thereby enabling cell-to-cell communication (quorum
sensing), and facilitating the exchange of genetic material
through horizontal gene transfer (Hausner and Wuertz, 1999).

CELL-TO-CELL COMMUNICATION
(QUORUM SENSING)

Biofilms are known to control their population density through
a cell-to-cell signaling mechanism known as quorum sensing
(Schachter, 2003). Cell-to-cell communication is a complex
regulatory process which prevents biofilm cell density from
reaching an unsustainable level (Nadell et al., 2008). Quorum
sensing is reliant on signaling molecules known as autoinducers
(Figure 2). These autoinducers are constantly being produced by
the bacterial cells, and thus, as cell density increases, so does
the level of autoinducers (Figure 3). At a specific cell density,
a critical threshold concentration of autoinducers is reached,
which is known as the quorum level (Annous et al, 2009).
During this time, autoinducer receptor binding leads to the
repression or activation of several target genes. This modulation
of the quorum sensing process allows bacteria to display a
unified response that benefits the entire bacterial community by
maintaining the optimal biofilm size and co-ordinating virulence
phenotypes (Nadell et al., 2008; Annous et al., 2009; Dickschat,
2010). This unified response allows the biofilm to behave
more like a multicellular organism, which enables the bacterial
community to adapt to changing environmental conditions.
The benefit of quorum sensing is not limited to controlling
population density. In fact, quorum sensing has also been shown
to aid the spread of beneficial mutations throughout the biofilm
colony, enhance access to nutrients, and contribute to antibiotic
tolerance (Hannan et al., 2010).

BIOFILM ANTIBIOTIC TOLERANCE (BAT)

Bacteria in biofilms are inherently more tolerant to antimicrobial
treatment when compared directly to planktonic cells of the
same strain. In fact, studies have shown that bacteria growing
in biofilms are often thousands of times more tolerant to
antimicrobial treatment than their planktonic counterparts
(Stewart and William Costerton, 2001; Luppens et al., 2002;
Davies, 2003). While, the mechanisms of antibiotic resistance
in planktonic bacteria are generally well-understood (Munita
and Arias, 2016), those same mechanisms (mutations, efflux
pumps, and antibiotic modifying enzymes) do not appear to
be the main cause of biofilm-mediated antibiotic tolerance.
For example, inherently drug-susceptible bacterial strains often
exhibit significant antibiotic tolerance when in the biofilm
mode of life, however, when biofilm-residing cells are dispersed
(released) from the main community, antimicrobial susceptibility
is quickly restored for these cells (Anderl et al, 2000).
Thus, biofilm antibiotic tolerance (BAT) is thought to involve
alternative mechanisms to bacterial antimicrobial resistance.
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FIGURE 1 | A model showing the typical stage-wise development of a bacterial biofilm accompanied by transmitted light microscopy images showing these different
stages for a R aeruginosa biofilm. Republished with permission of Annual Reviews, Inc. (Stoodley et al., 2002); permission conveyed through Copyright Clearance

FIGURE 2 | Chemical structure of two predominant types of small molecule
autoinducers involved in quorum sensing.

BAT has been defined as the ability of biofilm-residing bacteria
to survive antimicrobial treatment by utilizing their existing
complement of genes (Anderson and O'Toole, 2008). BAT can
be grouped into two categories: innate (resulting from growth in
a biofilm) and induced (resulting as a response to antimicrobial
treatment). Several major innate factors have been identified
which directly influence BAT (Costerton et al., 1999; Lewis, 2001;
Donlan and Costerton, 2002; Dunne, 2002; Stewart, 2002; Hoiby
etal., 2010) and are briefly discussed below (Figure 4).

INNATE FACTORS MEDIATING BAT

Restricted Penetration

The EPS of a biofilm has long been considered the major
contributor to BAT (Donlan and Costerton, 2002). However,
the supporting evidence for this is conflicting. The EPS of
several biofilm-forming species have demonstrated an innate
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FIGURE 3 | Quorum sensing illustration. During planktonic cell growth (blue
ovals), the relative amount of autoinducers (red triangles) is proportionally low.
As cells enter a densely populated mode of growth (green ovals) the relative
proportion of autoinducers increases.

ability to prevent antibiotic penetration (Campanac et al,
2002; Davenport et al, 2014). However, this phenomenon
is not conserved between the EPS of all biofilm-forming
species and also appears to be antibiotic specific. For example,
ciprofloxacin and ampicillin were found to effectively penetrate
and diffuse through Klebsiella pneumoniae biofilms, ultimately
reaching distal cells (Anderl et al, 2000). Furthermore,
ciprofloxacin also exhibited similar penetration and diffusion
activity in P. aeruginosa biofilms (Walters et al., 2003).
Likewise, tetracycline was able to effectively reach all cells
within E. coli biofilms (Stone et al., 2002). Interestingly,
many of these antibiotics are still ineffective at eradicating
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FIGURE 4 | Proposed mechanisms contributing to biofilm antimicrobial
tolerance (BAT). The biofilm shown is comprised of bacteria (circles and ovals),
which are encapsulated by the extracellular polymeric substance (EPS)
(dark-brown line surrounding biofim and multi-colored background within
biofilm). Red stars represent antibiotics which are in contact with the biofilm.
Restricted penetration of antibiotics through the biofim EPS is depicted by the
black arrows (indicating antibiotics failing to penetrate the EPS of the biofilm)
and the red stars at the surface of the biofilm (indicating antibiotics that have
failed to diffuse past surface-residing cells). Orange circles and ovals
surrounded with yellow/tan background represent surface-residing cells which
are in contact with the antibiotics (red stars). Green circles and ovals
surrounded by a blue/gray background are indicative of microenvironments
within the biofilm (areas of reduced oxygen concentration and reduced cell
replication). Purple circles indicate persister cells present within the biofilm
(small subpopulation of cells within the biofim that enter a protected
metabolically quiescent state recalcitrant to the action of antimicrobials). Image
adapted from Penesyan et al. (2015).

the biofilm. While restricted penetration may be a major
contributing factor of BAT for some antibiotics in some
biofilms, its effects are certainly not wuniversal. Thus,
additional or complementary mechanisms that facilitate
BAT also exist.

Reduced Growth Rate

While restricted pentation does not always explain BAT, reduced
growth rate appears to play a far more evident role in BAT.
The complex internal structure of a biofilm is known to
produce microenvironments, which are deprived of oxygen
and nutrients (Brown et al., 1988). Deprivation of oxygen and
nutrients are well-established cues for slowed bacterial growth
and antimicrobial resistance in many species (Brown et al., 1988;
Field et al., 2005). Considering most antibiotics target rapidly
replicating bacterial cells, it is of little surprise that areas of slow-
growing or dormant cells within a biofilm would be unaffected
by antibiotics and thus exhibit high levels of antibiotic tolerance.
Several studies have demonstrated a direct link between biofilm
microenvironments, which produce slow-growing cells and BAT

(Anderl et al., 2003; Walters et al., 2003; Borriello et al., 2004).
However, not all antimicrobial agents require rapidly replicating
cells to facilitate their mode of action, and many of these agents
are still highly tolerated by biofilms, for example, chlorine in
the treatment of multi-species biofilms (Barraud et al., 2009).
Thus, slow bacterial growth alone is not sufficient to confer
BAT either.

Persister Cells

Persister cells represent a minute subpopulation of bacterial
cells, which exist in a dormant state and exhibit extreme
antimicrobial tolerance (Wood et al., 2013). The presence of
persister cells within a bacterial population is not a recent
discovery; in fact, their existence was first described as early as
1942 (Hobby et al., 1942). Early studies discovered that when
a planktonic population of S. aureus cells was treated with
penicillin, ~1% of the cells were not killed. Two years later,
Bigger supported this finding and documented that one out
of a million S. aureus cells was not killed by treatment with
penicillin (Bigger, 1944). Furthermore, Bigger also determined
that these surviving cells, which he termed persisters to
differentiate them from resistant mutants, had not undergone
a genetic alteration, but instead were simply a phenotypic
variant that was tolerant to antibiotics. Despite their early
discovery, the role of persister cells in bacterial pathogenesis
remained largely unexplored until the study of bacterial biofilms
uncovered the significant role of persister cells in BAT (Lewis,
2010).

Unlike planktonic bacterial populations the presence of
persister cells within a biofilm community affords them
protection from elimination by the immune system, and despite
their small numbers, their contribution to pathogenesis becomes
more significant in biofilm infections (Lewis, 2005, 2010).
Several studies have now demonstrated that after treating
a biofilm with antibiotics, a small population of persister
cells will remain regardless of the concentration of antibiotic
utilized (Spoering and Lewis, 2001; Harrison et al., 2005a,b).
Once the treatment ceases and the antibiotic concentration
decreases, these remaining persister cells can act as a nucleation
point to repopulate the biofilm, ultimately producing a
relapsing biofilm infection (Lewis, 2001). Interestingly, the
majority of these repopulated biofilm residing cells exhibit
no additional antimicrobial tolerance or resistance compared
to the original cells that were eradicated, strongly supporting
that the persister state is a phenotypic variant rather than
a mutation.

The universal presence of persister cells within biofilms is
perhaps the most plausible innate mechanism of BAT described
so far, and while persisters do not harbor antimicrobial resistance
genes directly, they certainly provide a perfect platform for
the development of resistant mutants. Consequently, many
research groups have focused their efforts on investigating the
mechanisms of persister cell formation (Keren et al., 2004a,b;
Spoering et al., 2006), with the hope that their findings will enable
the development of antibacterial agents which can target and
eradicate these fascinating cells.
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INDUCED BAT MECHANISMS

The mechanisms of induced BAT appear to be more complicated
than the innate factors contributing to this phenomenon and
are less well-understood with only a few studies on the
topic (Bagge et al, 2004a,b; Szomolay et al., 2005; Redelman
et al, 2014; Zhao et al, 2015). Antimicrobial treatment
represents a significant stress signal for biofilm-residing cells,
and consequently, it is reasonable to assume that antimicrobial
treatment could select biofilm-specific antimicrobial resistance
genes, and these genes would contribute to BAT. An interesting
example of how antibiotics can induce such a response in
biofilms is the effect that some antibiotics have on EPS
production. Ziebuhr et al. documented how administering sub-
inhibitory concentrations of several common antibiotics to
Staphylococcus epidermidis biofilms activated the expression
of the ica gene cluster, which mediates the production of
polysaccharide intercellular adhesin (PIA), a vital factor for
S. epidermidis biofilm formation (Rachid et al,, 2000). Young
et al. and Hoiby et al. found similar effects, albeit with
different genes in E. coli and P. aeruginosa, respectively (Sailer
et al., 2003; Bagge et al., 2004b). While these examples have
not specifically been linked to BAT the idea that biofilm
residing bacteria may regulate the expression of specific
genes in response to antimicrobials to facilitate BAT certainly
appears plausible.

BIOFILM INHIBITION STRATEGIES

The material matrix of implanted medical devices and
biomaterials provide an ideal site for bacterial adhesion
promoting mature biofilm formation (Arciola et al, 2012).
Thus, methods which prevent bacterial attachment to these
materials represent an obvious preventative strategy. The most
common method for preventing bacterial adhesion is surface
modification. Here, the exterior surface of the implanted medical
device or biomaterial is altered, either directly or with the
aid of a coating, to produce a barrier which is inhospitable to
bacteria (Bazaka et al., 2012). This strategy has shown significant
promise for preventing biofilm-related infections resulting from
orthopedic implants (Arciola et al., 2012). Thus, the area of
surface modification to prevent biofilm formation is a large field,
and many comprehensive reviews on this topic already exist
(Katsikogianni and Missirlis, 2004; Arciola et al., 2012; Bazaka
et al,, 2012; Campoccia et al., 2013).

The use of small molecule biofilm inhibitors is another
approach used to prevent biofilm formation. In fact, the anti-
biofilm properties of a biofilm inhibitor are often employed
to passivate the surface of an implanted medical device or
biomaterial (Nablo et al., 2005; Boase et al., 2018). The use
of biofilm inhibitors is one of the largest areas in biofilm
remediation research with a plethora of unique biofilm inhibitors
currently described (e.g., phenols, imidazoles, furanone, indole,
bromopyrrole, etc.) (Rabin et al., 2015). As such, there are many
comprehensive reviews on the topic of biofilm inhibition agents
(Simdes et al., 2010; Worthington et al., 2012; Rabin et al., 2015).

BIOFILM DISPERSAL AS A TREATMENT
STRATEGY

Biofilm dispersal agents generally interfere with chemical
pathways or processes, such as quorum sensing, which are
required for bacteria to maintain the biofilm mode of existence
(McDougald et al., 2012). As disperser cells are generally more
susceptible to antimicrobial treatment than biofilm-residing cells,
this strategy has recently become an intense area of study.
Consequently, a variety of new and promising biofilm dispersal
agents have been discovered and reviewed by others (Fleming and
Rumbaugh, 2017; Guilhen et al., 2017; Roy et al,, 2018). While
promising, the use of biofilm-dispersal agents as a treatment
strategy can be problematic, as disperser cells, if left untreated, are
likely to translocate and seed infection in new areas, ultimately
spreading the initial infection. Hence, most dispersal agents are
utilized as a combined treatment where the dispersal agent is
co-administered with an antimicrobial agent (Marvasi et al,
2014; Reffuveille et al., 2015). Co-treatment generally involves
administering a combination of drugs concurrently, in this
case, a biofilm dispersal agent and an antibiotic, to exert a
synergistic effect. While co-administering a dispersal agent with
an antibiotic has yielded some promising results in vitro (Barraud
et al., 2006; Reftuveille et al., 2015; Roizman et al., 2017), this
treatment strategy can be challenging to translate in the clinic,
as ensuring that both agents are present at the target site in the
correct concentration is often difficult (Fleming and Rumbaugh,
2018). Furthermore, drug co-administration treatments are often
associated with several challenges, including complex treatment
schedules, increased risk of adverse effects, increased treatment
costs, and antagonism (Rybak and McGrath, 1996; Tamma
et al., 2012). Consequently, standalone treatments, such as the
development of biofilm eradication agents (BEAs) have become
an attractive option.

BIOFILM ERADICATION AGENTS

BEAs are antibiotics which can target and eradicate biofilm-
residing cells as a standalone treatment. The design and discovery
of BEAs constitute an emerging area in biofilm remediation
research. A variety of promising BEAs have already been
developed, and their activity, design, and potential uses are
reviewed below.

ANTIMICROBIAL PEPTIDES

Antimicrobial peptides (AMPs) are one of the most well-studied
classes of BEAs and are often considered an attractive alternative
to antibiotics (Baltzer and Brown, 2011). They are ubiquitous
compounds, produced in a variety of plant, invertebrate, and
animal species. AMPs can vary greatly in size (between five to
over ninety amino acids) and molecular mass (between 1 and
5 kDa). They are most commonly cationic in nature (overall
positive charge), which has led to them being referred to as
cationic antimicrobial peptides (Brown and Hancock, 2006);
however, anionic forms have also been reported (Harris et al.,
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FIGURE 5 | Helical wheel illustration of residues 11-28 of the mature LL-37.
Republished with permission of American Society for Microbiology (Turner
et al., 1998); permission conveyed through Copyright Clearance Center, Inc.

2009). Their antimicrobial mechanism of action is still not fully
understood, but their activity is often linked to cytoplasmic
membrane disruption and inhibition of protein folding or
enzyme activity (Shai, 1999; Bechinger and Gorr, 2017). While
the potential use of AMPs as an alternative to antibiotics has
received a great deal of attention over the past several decades,
their use against microbial biofilms is far most recent.

LL-37 (Figure5) was one of the first AMPs reported as
possessing the potential for biofilm eradication (Overhage et al.,
2008). LL-37 is a human cathelicidin-derived broad spectrum
AMP, which is amphipathic and found in most bodily fluids
(Burton and Steel, 2009; Nijnik and Hancock, 2009). Hancock
first reported that low concentrations (0.11 M) of LL-37
were able to decrease P. aeruginosa cell attachment to plastic
surfaces, while higher concentrations (0.9 M) reduced the
overall thickness of established biofilms (40% reduction in
thickness) (Overhage et al, 2008). In a subsequent study by
Cohen, LL-37 was found to eradicate P. aeruginosa biofilms in an
in vivo animal model at a concentration of 556 uM (Chennupati
et al, 2009). Interestingly, in a separate study by Marchini,
LL-37 was also shown to exhibit anti-biofilm activity against
the Gram-positive pathogen Staphylococcus epidermidis with
low concentrations (0.22 uM) preventing cell attachment and
higher concentrations (0.22-7.12 pM) preventing mature biofilm
establishment (Hell et al., 2010). While the study did not directly
examine S. epidermidis biofilm eradication by LL-37, similarities
in its biofilm inhibition concentrations with P. aeruginosa would
suggest that its eradication activity is likely to be broad-spectrum.
In a more recent study by Li and co-works, LL-37 was found to
exhibit potent S. aureus biofilm eradication activity (Kang et al.,
2019). LL-37 was able to significantly eradicate S. aureus biofilm

residing cells (>4-log reduction in CFU) (Kang et al., 2019).
LL-37 certainly appears to exhibit many of the characteristics
of a promising BEA, it has both Gram-negative and Gram-
positive efficacy, and low human cell toxicity (Gordon et al,
2005), however, its use as a BEA remains limited. Instead, LL-
37 seems to function better as a biofilm inhibitor (Overhage
et al., 2008) rather than a true BEA. Nevertheless, the potential
of this AMP has undoubtedly been demonstrated, and hopefully
investigations into its use as a BEA will continue.

Another AMP with promising biofilm eradication activity
is oritavancin (Figure6). Oritavancin is a semi-synthetic
lipoglycopeptide, which has been developed for the treatment
of medically problematic Gram-positive infections, such as
methicillin-susceptible S. aureus (MSSA), methicillin-resistant
S. aureus (MRSA), and vancomycin-resistant S. aureus (VRSA)
(Allen, 2010). Moeck and coworkers demonstrated that
oritavancin possessed both impressive planktonic and biofilm
eradication activity (Belley et al., 2009). Oritavancin was able
to completely eradicate (99.9%) MSSA, MRSA, and VRSA
biofilms at concentrations between 0.3 and 4.5uM. Most
importantly, the concertation required to completely eradicate
established biofilms were within one doubling dilution of the
respective concertation required to kill planktonic cells of the
same strain. Thus, it appears that the activity of oritavancin
is not significantly diminished by the formation of a biofilm.
Interestingly, oritavancin, which is a structurally related analog
of vancomycin, is significantly less toxic to humans than other
lipoglycopeptides, such as vancomycin and telavancin (Darpo
et al., 2010). This property along with the high potency of this
AMP certainly suggests that oritavancin is a promising BEA, at
least against Gram-positive pathogens.

While several other AMPs have exhibited some level of
biofilm eradication activity (Wei et al., 2006; Beckloff et al.,
2007; Hou et al., 2010), most AMPs appear to exhibit more
potent anti-biofilm action (inhibition or dispersal) than biofilm
eradication activity (Overhage et al., 2008; Flemming et al., 2009;
Hou et al., 2009). Consequently, many AMPs are often utilized
in combination with antimicrobial treatment (Dashper et al.,
2005; Eckert et al., 2006). For example, G10KHc, a novispirin
G10 derived AMP, acted synergistically with tobramycin
when administered as a co-treatment against P. aeruginosa
biofilms (Eckert et al., 2006). Considering the promising anti-
biofilm properties of these compounds and their demonstrated
synergistic effect with antimicrobials, AMPs represent one
promising avenue for the development of treatments for biofilm-
related infections. However, as their inherent structures are often
quite large and complicated, compared to other antibiotic classes,
such as fluoroquinolones and beta-lactams, their modification,
development and utilization as BEAs may ultimately be limited.

QUATERNARY AMMONIUM COMPOUNDS

Quaternary ammonium compounds (QACs) are a large class
of broad-spectrum bactericidal agents. Their core structure
is amphiphilic comprising a hydrophobic alkyl chain and a
hydrophilic quaternary ammonium group, and they are often
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referred to as AMP mimics, however, their structures are far
simpler. Their activity is associated with disruption of the
bacterial plasma membrane, which leads to metabolite leakage,
and eventual cell lysis (Ioannou et al., 2007). The antibacterial
activity of this class of compounds is well-documented, and
consequently, many of these types of compounds are already
in common commercial use as antiseptics, disinfectants, and
preservatives (Russell, 2003). However, their use as BEAs has only
recently been explored.

Wouest et al. developed a variety of mono-, bis-, and tris-
QACs and demonstrated biofilm eradication activity against pre-
formed S. aureus and E. faecalis biofilms (Jennings et al., 2014).
In particular, tris-QAC-10 (Figure 7) was able to completely
eradicate established biofilms of S. aureus at 50 uM, and E.
faecalis at 25 M (Jennings et al., 2014). While tris-QAC-10
also exhibiting potent planktonic activity against E. coli and
P. aeruginosa (MIC 0.5 and 1M, respectively), its biofilm
eradication activity against these Gram-negative species was not
investigated (Jennings et al., 2014). The reported QACs exhibited

significant eukaryotic cell toxicity, with authors noting that
the development of less toxic analogs was currently underway
(Jennings et al., 2014). In a follow-up publication by the same
group, a set of multiQACs was reported that not only exhibited
impressive biofilm eradication activity (complete eradication of
S. aureus biofilms at 25 uM) but were also considerably less toxic
compared to earlier QACs (Forman et al., 2016). Considering the
development of these compounds as BEAs is relatively recent,
their potency and spectrum of activity are highly impressive.
Providing that human cell toxicity can be reduced further in
subsequent derivatives, these compounds are certainly one of the
more promising approaches for the development of BEAs.
Another recent study reported on two unique dicationic
porphyrin QACs XF-70 and XF-73 (Figure 8) with demonstrated
potent planktonic antibacterial activity (Farrell et al., 2010).
Chopra et al. evaluated these two QACs for biofilm eradication
activity against S. aureus biofilms (Ooi et al., 2010). Both XF-70
and XF-73 completely eradicated pre-formed S. aureus biofilms
at a concentration of only 2.6 uM. In addition, XF-70 and
XF-73 were also compared to a diverse panel of commonly
administered antimicrobial agents and were found to be >128-
fold more potent than all other tested agents under the same
assay conditions against the same S. aureus strain. Furthermore,
in a subsequent study by Love et al, XF-73 demonstrated
a remarkably low propensity for inducing bacterial resistance
(Farrell et al., 2011). With the impressive properties of these
QAG:s there is little surprise that at the time of writing Destiny
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FIGURE 8 | Chemical structures of XF-70 and XF-73.

Pharma has already completed and passed phase 1 clinical trials
with XF-73 (Yendewa et al., 2019).

The biofilm eradication properties of QACs position them as a
promising strategy for the treatment of biofilm-related infections,
however, their inherent toxicity is still a hurdle which will need
to be overcome or may limit their clinical use to mostly topical
treatments. Furthermore, much like AMPs, the BEA activity of
QACs appears to be far more conducive to the treatment of
Gram-positive pathogens as opposed to Gram-negative ones.
However, as their structures are considerably less complicated
and smaller than AMPs, the potential to synthetically modify
their core structures to enhance Gram-negative activity is
certainly a more plausible task.

ANTIMICROBIAL LIPIDS

Antimicrobial lipids, which include fatty acids and
monoglycerides, are defined as single-chain lipid amphiphiles
(Yoon et al., 2018). The antimicrobial properties of these
compounds have been known since the 1800s after Koch
et al. first documented the antibacterial effects of soap, and
later observed that fatty acids could inhibit the growth of
Bacillus anthracis the causative pathogen of anthrax (Thormar,
2010). Since then the antimicrobial properties of fatty acids
and monoglycerides have been extensively explored (Kabara
and Vrable, 1977; Desbois and Smith, 2010; Desbois, 2012).
Antimicrobial lipids are known to act through a variety of
mechanisms, such as increased membrane permeability, cell
lysis, disruption of electron transport chain, and inhibition of
bacterial enzymes (Yoon et al., 2018). While the antimicrobial

OH

Eicosapentaenoic acid

FIGURE 9 | Chemical structures of glycerol monolaurate, docosahexaenoic
acid, and eicosapentaenoic acid.

properties of these compounds have been known for some time
their use as anti-biofilm agents or BEAs is far more recent.

Marshall and Oh were among the first to investigate the use
of the monoglyceride, glycerol monolaurate (Figure 9) for the
treatment of biofilms (Oh and Marshall, 1995). They examined
the biofilm eradication potential of glycerol monolaurate and
heat on the foodborne pathogen Listeria monocytogenes. Glycerol
monolaurate (182 wM) combined with heat (65°C) were found
to complete eradicate 7-days-old adherent cells (biofilms) with
only 5min of contact time (Oh and Marshall, 1995). In a
subsequent publication by Peterson and Schlievert, glycerol
monolaurate alone was found to completely eradicate S. aureus
and Haemophilus influenzae biofilms at a concentration of
1,822 uM (Schlievert and Peterson, 2012). Recently, Santos
et al. developed a glycerol monolaurate nanocapsule that was
reduced P. aeruginosa biofilm biomass by up to 78% when
administered at a concentration of 228 WM. These studies clearly
evidence that glycerol monolaurate has some level of biofilm
eradication potential. However, the active concentration required
for biofilm eradication is still quite high compared to other
BEAs, particularly for some pathogens. Nevertheless, results
using glycerol monolaurate certainly suggest that monoglycerides
may someday find use as BEAs.

Shu et al. recently explored the biofilm eradication
capabilities of the two fatty acids, docosahexaenoic acid and

eicosapentaenoic acid (Figure9) against Porphyromonas
gingivalis and  Fusobacterium nucleatum biofilms (Sun
et al., 2016). Administration of docosahexaenoic acid or

eicosapentaenoic acid (100 uM) to mature P. gingivalis biofilms
eradicated a significant proportion of the live cell population
(61 and 47%, respectively). The same effect was also evident,
albeit to a lower degree, for F. nucleatum biofilms (19 and 32%,
respectively) (Sun et al., 2016). In a follow-up publication by the
same group, these same two fatty acids were assessed for activity
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against Streptococcus mutans biofilms (Sun et al., 2017). Both
docosahexaenoic acid and eicosapentaenoic acid were found to
significantly damaged the outer membrane of biofilm residing
cells (58.8 and 62.5%, respectively), and consequently reduced
biofilm thickness by 19 and 42%, respectively, in S. mutans (Sun
et al, 2017). Importantly, several studies have demonstrated
that both docosahexaenoic acid and eicosapentaenoic acid are
relatively non-toxic to human cells at concentrations up to
100 uM (docosahexaenoic acid) and 200 uM (eicosapentaenoic
acid) (Peng et al., 2012; Yang et al., 2013; Sun et al.,, 2016).

Considering the low toxicity and promising anti-biofilm and
biofilm eradication activity of antimicrobial lipids, there is little
question that their use as BEAs merits further investigation.
However, as both monoglycerides and fatty acids are present
in typical human diets the potential for frequent exposure to
these compounds and the subsequent development of resistance
is something that must be considered and investigated.

ANTICANCER DRUGS MITOMYCIN C AND
CISPLATIN

Mitomycin C (Figure 10) is an FDA approved chemotherapy
agent with antitumor activity (Doll et al., 1985). It is currently
administered for the treatment of a variety of cancers, including
cervical, lung, gastric, breast, bladder, head and neck, and
pancreatic (Bradner, 2001). Mitomycin C is an amphipathic
compound, which enters the cell membrane through passive
diffusion (Byfield and Calabro-Jones, 1981) and subsequently
initiates DNA crosslinking between adjacent guanine nucleotides
(Tomasz, 1995). While the anti-tumor properties of mitomycin
C are well-established, its potential as a BEA is only a fairly
recent discovery (Kwan et al, 2015). Kwan et al. initially
demonstrate that mitomycin C possessed potent planktonic
antimicrobial activity against both actively replicating and
quiescent (persister) cells against a range of pathogenic bacterial
species including E. coli, S. aureus, and P. aeruginosa (Wood
et al., 2013). However, the MICs of mitomycin C against the
above species were often higher than that of ciprofloxacin
(Wood et al., 2013). Interestingly, when mitomycin C was
administered to established biofilms of either E. coli O157:H7
or S. aureus ATCC 25219 almost complete eradication resulted
(<1 x 10! CFU remaining after treatment, >7-log reduction)
(Wood et al., 2013). Conversely, under the same conditions
ciprofloxacin was significantly less active than mitomycin C
against biofilms of E. coli O157:H7 (>1 x 10’ CFU remaining
after treatment) or S. aureus ATCC 25219 (>1 x 10° CFU
remaining after treatment) (Wood et al, 2013). The biofilm
eradication activity of mitomycin C has been attributed to its
ability to target and eradicate both actively replicating and
persister cells and while encouraging, the concentrations utilized
in these experiments (30-40 uM) was significantly higher than
the therapeutic concentrations approved for cancer treatment
(1.5-6 wM) (Bradner, 2001; Kwan et al., 2015). Thus, the toxicity
of these higher concentrations on human health would need to
be considered. In an additional study by Wood et al., mitomycin
C was also demonstrated to possess potent eradication activity

Mitomycin C

Cisplatin

FIGURE 10 | Chemical structures of mitomycin C and cisplatin.

against established Acinetobacter baumanni biofilms; however,
the concentrations required in this case were even higher
(~750 wM) (Cruz-Muniz et al., 2017).

A second anticancer drug with demonstrated biofilm
eradication activity is cisplatin (Figure 10) (Chowdhury et al,,
2016; Yuan et al., 2018). Cisplatin is also an FDA approved
treatment for head and neck, bladder, ovarian, and testicular
cancers (Eastman, 1987). Like mitomycin C, cisplatin is also a
DNA crosslinker; however, crosslinks occur mostly on the same
strand rather than opposing strands like mitomycin C (Eastman,
1987). Wood and coworkers were the first to document the
potent eradication activity of cisplatin against established P.
aeruginosa biofilms (<1 x 10! CFU remaining after treatment,
>7-log reduction), however, the dose required for this activity
was quite high (833 puM) (Chowdhury et al, 2016). In a
subsequent study by Nielsen and colleagues, cisplatin was also
shown to have potent P. aeruginosa biofilm eradication activity
(>1-log reduction) (Yuan et al., 2018). However, complete
eradication of biofilms was not observed at the maximum
concentration tested (42 wM).

While the biofilm eradication activity of anticancer drugs,
such as mitomycin C and cisplatin, might be encouraging, strong
consideration must be given to their clinical toxicity. Mitomycin
C is known to cause bone marrow damage, lung fibrosis, renal
failure, and haemolytic anemia (Doll et al, 1985). Cisplatin
can cause bone marrow suppression, kidney damage, hearing
impairment, and heart disease (Oun et al., 2018). Interestingly,
mitomycin C has also been investigated as a topical treatment
for extensive, recurrent conjunctival-corneal squamous cell
carcinoma (Shields et al., 2002). In this study, Shields et al. found
that mitomycin C was not only highly effective as a topical
treatment, but also safe at concentrations up 2.6 mM (Shields
et al., 2002). Thus, while anticancer drugs, such as mitomycin
C may be too toxic for the treatment of internal biofilm-related
infections, they may find use in the treatment of external biofilm-
related infections, such as those seen in chronic wounds, diabetic
foot ulcers or in skin burns. Furthermore, as both drugs are
already FDA-approved and have been in clinical use, they are
certainly worth considering as last-resort treatment options for
biofilm infections highly recalcintrant to antibiotic therapy.
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FIGURE 11 | Chemical structures of bromopheazine-8 and halogenated
phenazine-14.

PHENAZINES AND QUINOLINES

Phenazines are redox-active secondary metabolites, which are
produced naturally by many Gram-negative and Gram-positive
bacterial species for example, P. aeruginosa (Cezairliyan et al.,
2013), Streptomyces spp. (Karnetova et al., 1983), and Pantoea
agglomerans (Ali et al., 2016). They consist of a dibenzo annulated
pyrazine, and the most well-known example (pyocyanin)
originates from P. aeruginosa (Lau et al., 2004). Phenazines and
their derivatives exhibit activity against both Gram-negative and
Gram-positive species; however, Gram-positive species appear
to be more susceptible (Baron and Rowe, 1981). Interest in the
potential use of phenazines as BEAs arose from the finding
that pyocyanin allowed P. aeruginosa biofilm infections to
outcompete S. aureus biofilm infections in the lungs of cystic
fibrosis patients (Saiman, 2004; Dietrich et al., 2013).

Huigens et al. were the first to investigate the biofilm
eradication activity of phenazine based compounds and
demonstrate their impressive biofilm eradication activity against
S. aureus biofilms (Garrison et al., 2015b). The most potent
of these derivatives was bromophenazine-8 (Figure 11) which
completely eradicated biofilms at concentrations between 62.5
and 100 M. In a subsequent publication by the same group, they
prepared an additional library of halogenated phenazines, which
this time exhibited biofilm eradication activity against several
Gram-positive species (S. aureus, Staphylococcus epidermidis
and Enterococcus faecium) (Garrison et al., 2015a). Halogenated
phenazine-14 (Figure 11) exhibited the most potent biofilm
eradication activity against all three pathogens with complete
eradication occurring at concentrations between 0.2 and
12 M (Garrison et al.,, 2015a). Furthermore, the authors also
demonstrated that halogenated phenazines are non-toxic to
mammalian cells indicating that these compounds or their
derivatives represent promising therapeutic candidates for
the treatment of Gram-positive biofilm-related infections
(Garrison et al, 2015a). The biofilm eradication activity of
halogenated quinolones is impressive, at least against Gram-
positive pathogens. However, considering the origins of the
core phenazine structure (Gram-negative bacterial species),
it is doubtful that the activity of this class of BEA will ever

extent to Gram-negative pathogens, such as P. aeruginosa.
Furthermore, bacterially derived phenazines, for example,
pyocyanin from P. aeruginosa, are well-established virulence
factors and key quorum sensing molecules (Lau et al., 2004;
Karatuna and Yagci, 2010). Thus, it would also be important
to investigate the response of Gram-negative species to these
BEAs to ensure that halogenated phenazines do not trigger
biofilm formation or increased virulence in bacterial species
known to utilize these molecules for quorum sensing. This
would be of particular clinical importance in cases where mixed
biofilms are typically observed, such as oral and skin infections
(Elias and Banin, 2012).

Quinolines are heterocyclic aromatic compounds which
bear some structural resemblance to phenazines. However,
unlike phenazines, quinolines are generally associated with
antimalarial drugs (Foley and Tilley, 1998). Interestingly, the
structural similarities between these two compounds have
led to quinolines being investigated as BEAs. Huigens et al.
utilized a scaffold hopping strategy (Sun et al, 2012) to
develop quinolines based on the halogenated phenazine-14 core
structure (Abouelhassan et al., 2014). They produced a variety
of halogenated quinolines which exhibited biofilm inhibition
activity against S. aureus and S. epidermidis but possessed
little biofilm eradication activity. In subsequent studies by the
same group, they improved the biofilm eradication activity of
halogenated phenazines against S. epidermidis and E. faecium
(Basak et al.,, 2015, 2016). Of those, halogenated quinoline-3
(Figure 12) completely eradicated S. epidermidis biofilms at only
3.0 .M, while halogenated quinoline-4 eradicated (Figure 12)
E. faecium biofilm at just 1.0 uM (Basak et al., 2015, 2016).
The potential of phenazines as biofilm eradication agents was
comprehensively reviewed by the same authors recently (Huigens
etal., 2019).

Both halogenated phenazines and quinolines have certainly
demonstrated potent biofilm eradication activity. However, their
activity appears to be limited to the Gram-positive pathogens S.
aureus, S. epidermidis, and E. faecium. Despite the impressive
activity and low cytotoxicity of these compounds, no in vivo
analyses have been conducted to date. Nevertheless, these
compounds are some of the most promising BEAs documented
thus far.

NITRIC OXIDE-RELEASING ANTIBIOTICS

The use of nitric oxide in biofilm dispersal has been well-
documented (Barraud et al., 2006, 2015), however, nitric
oxide is a notoriously challenging molecule to handle, and
thus its administration and delivery to a target site is often
difficult. Furthermore, nitric oxide induces biofilm dispersal at
specific concentrations that are sub-lethal to bacteria (below
MIC), which means treatment with nitric oxide will require
subsequent or combinational treatment with an antimicrobial
agent to eradicate dispersed cells. To address the issues
surrounding the use of nitric oxide, an innovative approach
has been to develop antimicrobials which release nitric oxide
or a nitric oxide donor upon interaction with the target
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FIGURE 13 | Chemical structure of cephalosporin-3'-diazeniumdiolate.

site. Kelso and team were able to produce a nitric oxide-
releasing prodrug based on the cephalosporin core structure
(Barraud et al., 2012). Here they covalently linked the nitric
oxide donor diazeniumdiolate (NONOQate) to the 3’ position
of Cefaloram to produce cephalosporin-3’-diazeniumdiolate
(Figure 13), which upon interaction with the bacterial enzyme
p-lactamase released the nitric oxide donor that subsequently
decomposes to release nitric oxide. When cephalosporin-3'-
diazeniumdiolate was administered to established P. aeruginosa
biofilms, a significant reduction in biofilm-residing cells (70%)
was achieved at a concentration of only 10 puM (Barraud et al,,
2012). It is not clear however, if these removed cells were killed
or remained viable and thus the potential of cephalosporin-
3'-diazeniumdiolate as a BEA remains to be demonstrated.
Yet this study clearly demonstrated the use of cephalosporin-
3’-diazeniumdiolate as a targeted nitric oxide-releasing agent,
and more agents have now been reported by the same group
that significantly reduce a biofilm population, however, these
compounds remain to be tested for biofilm eradication (Yepuri
etal., 2013).

In a similar approach, Schoenfisch et al. functionalised an
alkyl chain modified poly(amidoamine) (PAMAM) dendrimer
with a nitric oxide donor to produce a nitric oxide-releasing
antimicrobial agent (Worley et al., 2015). Their lead compounds
exhibited a 6-log reduction against P. aeruginosa biofilms and a
4-log reduction against S. aureus biofilms (Worley et al., 2015).
Furthermore, most nitric oxide functionalised conjugates were
found to be significantly more potent (2-fold) than their non-
nitric oxide containing parent molecules (Worley et al., 2015), a
result which suggests that the ability to release nitric oxide greatly
improved the biofilm eradication activity of these conjugates.

Interestingly, these compounds appear to exhibit a dual action
which incorporates the anti-biofilm activity of nitric oxide with
the antimicrobial activity of the alkyl chain modified PAMAM
dendrimers. As such they represent an interesting new class of
BEAs which are potentially dual-acting. Such dual-acting BEAs,
combine the activity of two individual compounds to produce
a single compound which is more effective than either of its
comprising moieties.

NITROXIDE FUNCTIONALISED
ANTIBIOTICS

The use of nitric oxide in the BEAs discussed above is
complicated by its requirement for release upon contact with
the target site (nitric oxide donors must decompose to release
nitric oxide). Thus, an another approach that does not require
release from the antimicrobial agent would be to utilize a nitric
oxide alternative Recently Fairfull-Smith et al. have utilized
this approach in the development of nitroxide functionalised
antibiotics as BEAs (Verderosa et al., 2016, 2017, 2019a).
Nitroxides are not bound by the same limitations as nitric oxide
(such as low stability, high reactivity, and gaseous at room
temperature). Thus, nitroxides, which have documented anti-
biofilm properties (de la Fuente-Nunez et al., 2013; Boase et al.,
2018; Woehlk et al., 2019), do not require a delivery or release
system. Consequently, they can be synthetically incorporated or
linked to other agents, such as antibiotics, without negatively
impacting their anti-biofilm properties.

Fairfull-Smith et al. were the first to produce and demonstrate
the biofilm eradication activity of nitroxide functionalised
antibiotics (Verderosa et al., 2016). Here they synthesized
two different ciprofloxacin-nitroxide hybrids (Figure 14) that
showed biofilm eradication efficacy against P. aeruginosa
biofilms (Verderosa et al, 2016). Ciprofloxacin-nitroxide-10
eradicated 95% of biofilm-residing cells at only 40 uM. This
represented a major improvement over the parent compound
ciprofloxacin, which had little to no effect on biofilm-residing
cells in the same assay system (Reffuveille et al, 2014).
These studies also evidenced the fundamental role of the
free radical nitroxide to the activity of the compound as
removal of the free radical character from the hybrid compound
significantly reduced its activity as a BEA. In a follow
up publication by the same group, a second generation of
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FIGURE 14 | Chemical structures of ciprofloxacin-nitroxide-10 and
ciprofloxacin-nitroxide-16.

ciprofloxacin-nitroxide hybrids (Figure 15) were produced and
shown to be almost twice as potent as the first-generation
hybrids (94% eradication at 20 wM) against P. aeruginosa
biofilms and also had no mammalian cell toxicity (Verderosa
et al, 2017). Recently, Fairfull-Smith et al. produced the
third generation of ciprofloxacin-nitroxide hybrids with an
optimized nitroxide to antibiotic ratio (Verderosa et al., 2019a).
These new hybrids were shown to have improved potency
against uropathogenic E. coli biofilms (99.7% eradication at
12.5uM) (Verderosa et al., 2019a). The mechanism of action
of these promising BEAs was recently investigated through
the development of profluorescent fluoroquinolone nitroxides
(Verderosa et al., 2019¢). This was the first demonstration
that nitroxide-functionalised fluoroquinolones can enter and
eradicate both Gram-negative (P. aeruginosa and E. coli)
and Gram-positive pathogen cells (S. aureus and Enterococcus
faecalis) (Verderosa et al, 2019c), demonstrating the broad-
spectrum potential of this group of BEAs. In a subsequent
publication by Totsika et al., the activity of ciprofloxacin-
nitroxides-23, ciprofloxacin-nitroxides-25, and ciprofloxacin-
nitroxides-27 (Figure 15) were investigated for efficacy against
S. aureus biofilms (Verderosa et al, 2019b). Here they found
that ciprofloxacin-nitroxide-27 was able to completely (99.9%)
eradicate established S. aureus biofilm at a concentration of only
64 LM (Verderosa et al., 2019b).

Overall, nitroxide functionalised antibiotics are highly potent
(low uM range), exhibit a broad spectrum of activity, have no
or low mammalian cytotoxicity, and are based on the structure
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FIGURE 15 | Chemical structures of ciprofloxacin-nitroxide-23,
ciprofloxacin-nitroxide-25, and ciprofloxacin-nitroxide-27.

of a well-established class of antibiotics (fluoroquinolones),
making them attractive BEA candidates. In the future, it would
be important to examine if other classes of antibiotics can
be successfully functionalised with nitroxides to expand this
promising group of BEAs.

CONCLUSIONS

Most bacteria in nature exist in the form of biofilms. For the
medical profession, biofilms present a considerable challenge, as
not only are they associated with most infections in humans, but
they are also extremely difficult to treat due to their inherent
tolerance to immune responses and antimicrobials. Despite this,
most antibiotics are developed and tested against free-living
bacteria. Yet our understanding of biofilm formation by several
clinically important bacteria and the mechanisms contributing to
bacterial antibiotic tolerance has significantly advanced over the
past 20 years. This new knowledge has led to the development
of several biofilm remediation strategies and the discovery
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of many promising agents. While the development of anti-
biofilm agents that inhibit or disperse biofilms have received
significant attention their inherent lack of antimicrobial activity
necessitates their use in conjunction with antibiotics, which
distances them from offering a clinically reliable standalone
solution. The development of BEAs, even though still at early
stages, appears capable to address many of these issues with
several promising agents already described. The advantage of
BEAs is that they do not require supplementation with other
drugs and are designed to specifically target biofilm-residing cells.
In addition, many BEAs exhibit both anti-biofilm and biofilm
eradication activities, such as AMPs and nitroxide functionalised
antibiotics. This feature, coupled with their low human cell
toxicity, positions BEAs as a potentially complete strategy for
the treatment of both planktonic and biofilm-related infections.
The BEAs presented in this review exemplify how increasing
understanding of biofilm antibiotic tolerance mechanisms can
lead to the design and development of new antibiotics that could
offer effective solutions against biofilms. As our understanding
of these mechanisms continues to improve, so will our ability
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to develop compounds which can circumvent them. In the near
future, research will hopefully unravel the complete mechanisms
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