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ABSTRACT: Biofilm-associated infections are linked to chronic and recurring illnesses. These infections are often not
susceptible to current antibiotic treatments because of the protective exocellular matrix and subpopulations of dormant or
“persister” cells. Targeting bacterial circuitry involved in biofilm formation, including two-component systems, quorum sensing,
polysaccharide structural integrity, and cyclic nucleotide signaling pathways, has the potential to expand the existing arsenal of
therapeutics, thus catalyzing a second golden age of antibiotic development.

Bacteria grow and proliferate either as single, independent
cells (planktonic phenotype) or in organized aggregates

commonly referred to as biofilms.1−3 Conventional antibiotic
treatments target free-living planktonic bacterial populations
through cell membrane disruption4 or one of five essential
biosynthetic processes: the generation of protein,5 RNA,6

DNA,7 peptidoglycan,8 or folic acid.9 Unfortunately, these
processes are downregulated in biofilms via complicated
bacterial circuitry controlled through a number of conserved
feedback loops, severely limiting the effectiveness of conven-
tional treatments. Further exacerbating the issue is the facility
that resistance traits are exchanged within a biofilm through
horizontal gene transfer, which has led to the rapid evolution of
antibacterial resistance, emphasizing the critical need for novel
therapeutics.
Among the most successful at developing these ecological

advantages are the “ESKAPE” pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, Enterobacter sp.), which
were identified by the CDC as posing the greatest threat to
human health.10 Most acute infections are often dominated by
planktonic bacterial populations and can be cured within days
if the proper treatment is initiated timely and appropriately.11

Conversely, numerous chronic infections have revealed that
the infecting bacteria aggregate in the biofilm phenotype, and
are surrounded by a complicated matrix of extracellular
polymeric substances (EPS). Biofilm-associated infections
represent one of the major threats to modern medicine as
they jeopardize surgical procedures, implants, and basic
sterilization techniques in hospital settings. As a result,
significant research has focused on identifying mechanical,
physical, and chemical strategies for preventing biofilm
formation and promoting biofilm dispersion.
The focus of this Viewpoint is to introduce the burgeoning,

and somewhat understated, threat of chronic biofilms to
accentuate historical approaches by synthetic chemists in the
context of controlling the bacterial circuitry of biofilm
communities and to address pressing areas of underexplored

research avenues that require both significant investigation and
investment.

Relevance. Over 80% of human bacterial infections involve
biofilm-associated microorganism. Of the ESKAPE pathogens,
P. aeruginosa, S. aureus, and A. baumannii are involved in
biofilm infections. P. aeruginosa and S. aureus biofilms are
found in over 50% of patients with cystic fibrosis (CF) lung
infections,12 chronic wound infection, catheter-associated UTI,
chronic rhinosinusitis, chronic otitis media, and contact lens-
related keratitis. S. aureus is associated with chronic
osteomyelitis, chronic rhinosinusitis, endocarditis, chronic
otitis media, and orthopedic implants.10 More recently, A.
baumannii infections (commonly referred to as “Iraqibacter”)
have become a critical medical concern in conflict zones and
Veterans Affairs (VA) hospitals, particularly in biofilm-related
combat wounds.13

Often, a combination of microorganisms leads to severe
polymicrobial biofilm infections, thus increasing persistence
and tolerance to antibiotic treatments because these organisms
can trade resistance cassettes across species and even genus.14

Furthermore, adherence of bacteria to biotic and abiotic
surfaces plays a crucial role in the development of acute
infection particularly in the case of indwelling devices.15 Thus
far, the impact of biofilm formation has likely been under-
estimated, and the investigation of antibiofilm agents is of
critical importance and inadequately addressed by both
industry and academia.

Biofilm Characterization and Composition. Biofilm
formation initiates when planktonic cells attach to biotic or
abiotic surfaces (Figure 1). Initial adhesion is reversible;
however, the committed formation of a biofilm is associated
with the production of an EPS matrix.16 This matrix consists of
microbial cells (2−5%), proteins (<1−2%, including enzymes),
exopolysaccharides (1−2%), extracellular DNA (eDNA, <1−
2%), and water (up to 97%).17 Adhesion of cells occurs
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through formation of microcolonies via cell division and EPS
matrix production, leading to the formation of mature three-
dimensional biofilm structures. At this stage, antibiotic
resistance through horizontal gene transfer and existence of
slow-growing or dormant (persister) cells is common and
results in chronic infection.18

Although qualitative data on biofilms is plentiful, quantita-
tive analyses, including specific chemical interactions within
the EPS matrix, remain elusive due to both the complexity and
insolubility of biofilms. Solid-state NMR techniques recently
developed by Cegelski provided a complete account of the
protein and polysaccharide components in the EPS matrix of
an E. coli biofilm.19 This technique could allow for the study of
contacts existing between biofilm components and analysis of
biofilm structures at the atomic level. Future investigations
utilizing biosynthetic labeling strategies will provide more
comprehensive data on biofilm development and assembly of
the EPS matrix and are sorely needed.
Challenges: Diagnosis and Infection Models. Diagnos-

ing biofilm-associated infections remains challenging as
traditional methods are often unsuccessful at detecting the
species responsible for infection. Multiple qualitative criteria
were described by Parsek and Singh to facilitate improved
identification of biofilm-associated infections:20 (1) The
existence of an aggregated bacteria, creating a localized
infection, (2) resistance to conventional antibiotics, and (3)
prolonged host-immune response.10 Although these criteria
allow for an initial assessment, it is critical to improve current
methods for early diagnosis of biofilm infections to increase
success of treatment options, specifically in patients at high risk
for developing biofilm-associated infections. Further, if one
were to develop narrow-spectrum therapies, then knowing the

identity of the infecting pathogen would be critical for
appropriate treatment.
In addition to diagnosis, investigations of biofilm formation

have been hindered by inconsistencies between in vivo and in
vitro biofilm models.21 Historically, these assays are notori-
ously difficult to repeat due to very minute changes (oxygen
concentration, media composition of growth surface) having
dramatic effects on the robustness of the biofilm. Other
complicating factors may arise from uncharacterized roles of
biofilm in infections and insufficient data regarding the role of
biofilms in health and disease settings. Furthermore, biofilms
often consist of polymicrobial infections, thus traditional in
vitro models may not account for the complexity of in vivo
systems.14 To improve in vitro models, continued investigation
of the physiological environment surrounding the specific
biofilm community is necessary. Recent advances from the
Whiteley lab have demonstrated the potential of this approach
as they have developed well-defined media recapitulating CF-
sputum for the analysis of bacterial growth and activity of
therapeutics under these conditions versus traditional media.22

■ DISRUPTION OF BIOFILMS
Herein, we briefly highlight promising approaches to hijack
chemical signaling that regulates biofilm processes. The
examples presented below seek to “short-circuit” or “hot-
wire” the bacterial circuitry instilled in these organisms.
Bacteria have evolved to maximize the use of resources to
not only multiply but also withstand assault from external
stresses. Therefore, they have evolved sophisticated systems
that rely on feedback loops, relay pathways, and threshold
concentrations to both turn on and off biological responses
akin to electrical circuits and light switches. The purpose of
this viewpoint is not meant to be exhaustive and we encourage
the reader to explore seminal reviews by Weinert23 and
Melander,24 and any of the cited material for in-depth analyses
of approaches to preventing biofilm formation and promoting
biofilm dispersion.

Two-Component Systems. Two-component systems
(TCSs) are an attractive target for antibacterial therapeutics
because they are found primarily in prokaryotes, with few
reported cases in lower eukaryotic organisms.24 These
regulatory systems are utilized by bacteria to control gene
expression in response to chemical or physical changes in the
environment (Figure 2). Typically, a TCS consists of a
membrane-bound sensor histidine kinase (HK) and a DNA-
binding response regulator (RR). In response to an
extracellular change, the sensor HK is phosphorylated at a
conserved histidine residue. The phosphoryl group is
subsequently transferred to the RR at a conserved aspartate

Figure 1. Biofilm life cycle. In the canonical view of the biofilm life-
cycle, formation begins following the initial adhesion of free-moving
planktonic cells to a surface (i). Early development of the EPS matrix
correlates with committed adhesion of bacterial cells to a surface or
aggregate regulated by quorum sensing and the TCS BfiRS (ii). The
growing biofilm, regulated by the TCS BfmRS, is resilient to
conventional antibiotic treatments and develops resistance rapidly
through horizontal gene transfer (iii). Maturation of biofilms to stage
(iv) is regulated by the TCS MfiRS. Biofilms begin to form three-
dimensional fortresses with subpopulations of persister colonies. Late
stage dispersal is controlled by quorum sensing to revert sessile cells
to planktonic form (v).

Figure 2. Two-component systems are composed of a histidine kinase
sensor that responds to extracellular signals. Phosphorylation of the
sensor triggers a response from the regulator receptor, resulting in
gene expression.
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residue, resulting in a conformational change that leads to
dimerization of the regulators and high-affinity DNA binding.25

TCSs have been linked to biofilm formation in three of the
six ESKAPE pathogens, including P. aeruginosa, A. baumannii,
and S. aureus. In P. aeuriginosa, the TCSs BfiRS, BfmRS, and
MifRS have been demonstrated to control irreversible surface
adhesion from stage i to ii, growth of biofilm from stage ii to iii,
and maturation from stage iii to iv, respectively (Figure 1).26

BfmRS has also been found to regulate surface adhesion via pili
formation in A. baumannii.27 In Gram-positive bacteria, LytRS
regulates S. aureus production of eDNA, a key component of
the EPS and biofilm formation.24

Although TCSs have been linked to biofilm formation,
several challenges remain in designing an inhibitor of these
regulatory systems to act as an antibiofilm agent. Agents could
potentially act by blocking recognition of external stimulus by
the HK, kinase autophosphorylation, kinase dimerization,
phosphotransfer from kinase to regulator, RR dimerization,
and binding of regulator to DNA.24 Sensor domains of HK are
typically unique to each kinase, making them challenging drug
targets. Additionally, small molecules that bind to sensor
domains have not been elucidated. More promising targets of
TCSs include the catalytic domain of the HK and the receiver
domain of the RR. Structural homology between the catalytic
domain of the HK and receiver domain of the RR suggests a
single agent could simultaneously disrupt the activity of sensor
and regulator.25 Additionally, these similarities reduce the
probability that mutations will result in resistance that is
associated with a lower binding affinity of the inhibitor to HK
or RR.
The 2-aminoimidazole (2-AI) based agents developed by

Melander and Blackwell represent first examples of a small
molecule inhibitor of a TCS that is associated with biofilm
growth.28−30 Target identification of 2-AIs was completed by
Melander and Cavanagh in 2012 through a pull-down assay,
suggesting BfmRa TCS involved in P. aeruginosa biofilm
maturationas a potential target. Further computational
docking studies were completed with a BfmR model based
on a high-resolution PhoP structurea member of the OmpR
response regulator family that has homology with the predicted
BfmR structure. The computational data suggests 2-AI and its
analogs bind to the interface between the N- and C-terminal
regulatory and output domains.31 With the success exhibited
by 2-AIs, high-throughput screens to identify additional small
molecular inhibitors of TCSs known to regulate biofilm
formation in A. baumannii and S. aureus may prove promising
avenues for drug discovery to inhibit nonessential life processes
in the future. Additionally, investigating the cyclic di-GMP
two-component signaling pathway may provide insight on its
role in biofilm formation and maturation.
Quorum-Sensing. Quorum-sensing (QS) is the intercel-

lular communication between bacteria and occurs when a
critical density (or quorum) is reached (Figure 3). When the
threshold is achieved, it triggers a switch in the bacterial
circuitry that results in production of small molecules and
elicits a phenotypic change. These small molecules, referred to
as autoinducers, are released into the EPS matrix and
recognized by others of the same species (or sometimes
different species) to trigger a community response, such as
biofilm formation or virulence.32 Within the biofilm growth
cycle, QS causes the committed adhesion (i−ii) and dispersal
stages (v). Thus, investigating both antagonists and agonists or
QS to prevent biofilm adhesion or to promote premature

dispersion of biofilms may prove advantageous when
developing biofilm-controlling agents.24 Additionally, inves-
tigating the differences between QS small molecules specific to
Gram-negative and Gram-positive bacteria may facilitate the
development of narrow-spectrum agents.
Many Gram-negative bacteria, including the ESKAPE

pathogen P. aeruginosa, utilize acylated homoserine lactones
(AHLs) as QS autoinducers.33 Conversely, Gram-positive
bacteria like S. aureus communicate via small cyclic auto-
inducing peptides (AIPs).34 Several small molecules have been
investigated as QS inhibitors. Bassler identified two P.
aeruginosa QS receptors, LasR and RhlR (pyocyanin and
biofilm formation), as targets of a library of meta-bromo-
thiolactones (mBTLs), which is thought to mimic the native
QS ligand. Bassler notes that LasR and RhlR reciprocally
control critical virulence factors, thus tuning rather than total
inhibition is crucial for blocking pathogenesis in vivo.32

Although LasR leads the QS cascade and has been a traditional
QS target, Bassler showed that the ΔLasR strain possesses
virulence, thus concluding RhlR is pertinent for in vivo QS
regulation and a promising target for QS-controlled biofilm
formation.35

Flustramine-inspired analogs were also investigated as QS
antagonists. Analogs were designed by Cavanaugh and
Melander based on trends correlating amphipathic small
molecules with increased biofilm inhibition noted in a previous
study of the 2-AI scaffold TCS inhibitor (Figure 3). The
pyrroloindole triazole amide flustramine C demonstrated A.
baumannii biofilm inhibition by 30% at 100 μM. Additionally,
two analogs (Figure 4, 10 and 24) were deemed active against
biofilm via a nontoxic mechanism.36

Although many QS antagonists are known, agonists remain a
relatively unexplored field. In Gram-positive populations,
specifically S. aureus, high concentrations of a small RNA
(RNAIII) promote the productions of exotoxins, resulting in
the dispersal of biofilms. Low concentrations of RNAIII
promote the production of surface molecules that are critical

Figure 3. Quorum sensing in Gram-positive and Gram-negative
bacteria relies on the production and recognition of small molecules
to regulate virulence behavior.

ACS Infectious Diseases Viewpoint

DOI: 10.1021/acsinfecdis.9b00104
ACS Infect. Dis. XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acsinfecdis.9b00104


for initial biofilm adhesion. Uziel linked the initial production
of RNAIII to RNAIII-activating protein (RAP) binding to
TRAP (target of RAP), and high concentrations of RNAIII to
the QS molecule AIP that activates RNAIII synthesis via agr
signal transduction system. RNAIII-inhibiting peptide (RIP)
was shown to block RAP binding to TRAP, but production of
RNAIII still occurred via the AIP agr system.37 Thus, further
understanding of the complex RNAIII production system is
necessary for improving either an inhibitor of RNAIII
production to prevent biofilm adhesion, or to promote RNAIII
synthesis that results in dispersal of biofilms. Additionally,
Bassler demonstrated appending AIPs to abiotic surfaces can
prevent biofilm formation of S. aureus.34 Strategies to promote
biofilm dispersal in Gram-negative bacteria, however, remain
relatively unexplored.
Recently, Blackwell disclosed one of the first examples of

agonists to regulate QS in Gram-negative bacteria. Modifica-
tion of the native ligand of P. aeruginosa QS, N-butanoyl L-
homoserine (HSL) was performed to probe the effect of non-
native ligands on the regulation of QS. Non-native ligands
promoted QS via regulation of RhlR activity, further
supporting Bassler’s claim that RhlR is essential for in vivo
virulence of P. aeruginosa.33 Although applications of HSL have
yet to be discussed, non-native ligands may have the potential
to upregulate quorum sensing to promote premature dispersal
of biofilms, rendering the population more susceptible to
conventional antibiotics.
Polysaccharide Mimics. Competition between two or

more bacterial species has been shown to reduce biofilm
formation, possibly through the release of nonantibiotic
molecules. Ghigo demonstrated that when grown in a
polymicrobial community, E. coli produce group II capsular
polysaccharides that inhibit biofilm formation in both Gram-
negative and Gram-positive pathogens, including ESKAPE
pathogens P. aeruginosa and S. aureus. The polysaccharides

likely interfere with biofilm formation through repulsion of cell
adherence to biotic or abiotic surfaces.14

Polysaccharides may also interfere with biofilm formation by
improper incorporation into the mature biofilm three-dimen-
sional matrix. Townsend demonstrated this effect with human
milk oligosaccharides (HMOs) that possess antibiofilm activity
in S. aureus. His findings suggest supplementing bacterial
colonies with HMOs results in the incorporation of non-native
polysaccharides into biofilm matrices, thus disrupting structural
integrity and resulting in collapse of the three-dimensional
biofilm structures. The main advantage of HMOs is their
nontoxic profile. However, due to variability of the content of
HMOs between samples tested, antibiofilm results are
inconsistent.38 Isolating the critical polysaccharide in HMOs
for antibiofilm activity may provide more accurate and precise
bioactivity data. Additionally, investigating complex micro-
biomes or cocultures of bacteria may reveal key information on
utilizing bacteria competition to inhibit biofilm formation.

Cyclic Dinucleotides. Cyclic dinucleotide secondary
messengers have been linked to biofilm formation and
biofilm-related characteristics including antibiotic resistance
and the development of persistence.23 Cyclic dimeric
guanosine monophosphate (c-di-GMP) plays a crucial role in
the activation of biofilm formation, specifically the expression
of EPS matrix components including eDNA, exopolysacchar-
ides, adhesive pili, and surface-anchored adhesins necessary for
three-dimensional biofilm structures. Furthermore, c-di-GMP
is hypothesized to control the switch between free-swimming
and sessile bacteria, and subsequently acute and chronic
infections. Although commonly found in prokaryotes, c-di-
GMP is not found in eukaryotes, rendering it an attractive
target for antibacterial agents.39

Mechanistically, c-di-GMP binds to a protein or RNA
receptor, which in turn regulates biofilm-associated processes
at transcriptional, post-transcriptional, and post-translational
levels. Regulation of c-di-GMP is controlled by a plethora of

Figure 4. Native small molecule signals (top) and chemical modulators (bottom) highlighted in this viewpoint.
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proteins (over 40 in P. aeruginosa), emphasizing the complexity
of this signaling pathway.40 Proteins containing c-di-GMP
binding sites or involved in turnover often possess a sensory or
signaling domain, suggesting that these enzymes likely respond
to environmental cues and are akin to TCSs.39 Additionally,
elevated levels of c-di-GMP are associated with chronic P.
aeruginosa infections.40 Sequestering c-di-GMP with high
affinity binders has also been linked to premature dispersal
of biofilms.39 This evidence suggests developing small
molecule or protein signals to down-regulate production of
or sequester c-di-GMP may be potential therapies for biofilm-
associated infections.
Current Research and Unidentified Targets. Many

processes involved in biofilm formation remain underexplored,
such as nonself AIPs or QS small molecules, cyclic nucleotides
(beyond c-di-GMP), and multispecies infections. Nonself AIPs
inhibit RNAIII synthesis in S. aureus species, but these findings
have not been applied to other systems.37 Furthermore, anti-
RAP antibodies have been proposed as a potential biofilm
vaccine to prevent RNAIII synthesis and initial adhesion of
cells to biotic or abiotic surfaces.37 Although the role of c-di-
GMP in biofilm formation is forefront, many nucleotide
secondary messengers are involved in biofilm formation
including cyclic adenosine monophosphate (cAMP), cyclic
guanosine monophosphate (cGMP), cyclic-diadenosine mono-
phosphate (c-di-AMP), and cyclic guanosine monophosphate-
adenosine monophosphate (cGAMP).40 Both cAMP and c-di-
AMP are common to bacterial systems;41 however, cGMP and
cGAMP remain more elusive. Signaling pathways relying on c-
di-AMP likely play critical roles in Gram-positive pathogen
virulence42 and cGMP was shown to regulate virulence and
biofilm formation in the phytopathogen Xanthomonas
campestris,43 but its role is unexplored in the ESKAPE
pathogens. Investigations of cAMP, cGMP, c-di-AMP, and
cGAMP are still in the early stages and further studies are
necessary to fully understand the role they play in regulating
biofilm formation.
Perhaps the most clinically relevant, but still unexplored case

is polymicrobial infections as most biofilm infections are a
result of multiple bacterial species.10 There is much ambiguity
surrounding interspecies interactions involved in promoting or
preventing biofilm formation. Group II capsular producing
strains of E. coli were shown to inhibit production in P.
aeruginosa and S. aureus, but other bacterial strains may
promote biofilm formation in a multispecies setting. Addition-
ally, over 50% of CF patients are often coinfected with P.
aeruginosa and S. aureus. Coinfection is associated with
decreased lung function and increased frequency of pulmonary
exacerbations. Polymicrobial infections likely lead to more
rapid pulmonary decline in CF patients, but an understanding
of the dynamic relationship of coinfections as a predictor for
patient outcome remains unclear.12 Thus, there is critical need
to study biofilm formation in complex polymicrobial
communities to better predict and improve patient outcome.

■ CONCLUSIONS AND FUTURE DIRECTIONS
The urgency of identifying new treatments for biofilm-
associated infections cannot be overstated. The combined
socioeconomic costs both in terms of dollars (prevention/
treatment) and lives is significant and continues to increase.15

From the literature discussed in this viewpoint, it is clear that
although some progress has been made, more is needed. We
would argue that there is high demand for additional support

in this arena and from a personal perspective can articulate
several reasons to enter the field. Foremost, biofilms effect
virtually every aspect of life, ranging from ecological to health
to combat, rendering a surplus of funding agencies and
corporate entities interested in investing in this type of
research. In addition, there are significant unmet needs that
could easily become entire research careers for aspiring
academics, for example:

(1) The engineering of methods for detecting small
molecules produced both in single species and, more
importantly, multispecies biofilm matrices are lacking.
Novel scalable metabolic approaches, potentially using
innovate nanotechnology, would be incredibly enabling,
particularly as interest in the human microbiome
increases.

(2) The development of species-specific, narrow-spectrum
chemical tools, which can be used in a chemical genetic
approach to deconvolute multispecies communities
would provide critical information on the roles of
certain commensal and pathogenic microbes in these
ecological niches.

(3) Methods to better understand the biofilm architecture at
the atomic level would allow one to better comprehend
the dynamics between species and permit the develop-
ment of new antimicrobial surfaces.

(4) Recent examples have demonstrated that agents specific
to either biofilms or persister cells can potentiate existing
antibiotics.44 Further investigation of the synergy of
biofilm agents and established drugs may lead to the
development of antimicrobial cocktails that target a
multitude of processes.

(5) Systematic analysis of biofilm processes should lead to
the identification of new biological targets or critical
protein−protein interactions for the development of new
therapeutics. This may open the door for antivirulence
compounds which could limit resistance development.

We are at the threshold of a second golden age of
antimicrobial development. With the confluence of break-
throughs in genome sequencing, microscopy (both confocal
and cryo-EM), microbiological techniques, and chemical
synthesis, several new tools and skills are now at our fingertips.
Akin to how our understanding of electrical circuitry has
allowed us to move from a simple light bulb to intricate
networks and renewable energy, so too has our abilities to
better comprehend the chemical signaling and bacterial
circuitry necessary for pathogen proliferation. It is our hope
that the next generation of chemical biologists will also aspire
to be chemical electricians and tackle these pressing health
crises.
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