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Biofilms are complex three-dimensional structures formed at interfaces by the vast majority of bacteria
and fungi. These robust communities have an important detrimental impact on a wide range of
industries and other facets of our daily lives, yet their removal is challenging owing to the high tolerance
of biofilms towards conventional antimicrobial agents. This key issue has driven an urgent search for
new innovative antibiofilm materials. Amongst these emerging approaches are highly promising
materials that employ aqueous-soluble macromolecules, including peptides, proteins, synthetic
polymers, and nanomaterials thereof, which exhibit a range of functionalities that can inhibit biofilm
formation or detach and destroy organisms residing within established biofilms. In this Review, we
outline the progress made in inhibiting and removing biofilms using macromolecular approaches,
including a spotlight on cutting-edge materials that respond to environmental stimuli for “on-demand”
antibiofilm activity, as well as synergistic multi-action antibiofilm materials. We also highlight materials
that imitate and harness naturally derived species to achieve new and improved biomimetic and
biohybrid antibiofilm materials. Finally, we share some speculative insights into possible future directions
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for this exciting and highly significant field of research.

Introduction

Biofilms are dynamic surface-attached communities of bacteria
and/or fungi surrounded by a robust self-secreted polymeric
extracellular matrix."” Biofilms are ubiquitous in nature, with
the vast majority of bacteria being either surface-adhered or
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existing within a biofilm in natural environments.* The wide-
spread presence of biofilms has significant implications for a
range of applications including in healthcare, agriculture and
food processing and storage, industrial processes, and trans-
portation. Whilst biofilms can be harnessed for good to provide
innovative biotechnological solutions, such as their use as
biofertilizers,> in biodiesel production,® and in the degradation
of pollutants for water remediation,” the prevalence of biofilms
in other sectors costs the global economy billions of dollars
annually, as well as having significant social implications for
our daily lives. In the healthcare sector, up to an estimated 80%
of all microbial infections are associated with biofilm
formation.® These include chronic bacterial and fungal infections
that have great significance in cystic fibrosis-related pulmonary
infections, in chronic wounds, such as those associated with
diabetes, and in chronic middle ear infections.”'® Additionally,
biofilms strongly enable nosocomial infections, including those
associated with medical devices, such as catheter-associated
urinary tract infections (CAUTI), central line-associated bloodstream
infections (CLABI), and ventilator-associated pneumonia.’™'?* Such
hospital-acquired infections are solely estimated to cost between
$28-45 billion annually in the USA alone.” Biofilms also have a
significant negative impact on dental care,"* as well as in the food
industry, with biofilms being the dominant mode of growth for
food-borne pathogens.'>'® Furthermore, biofilms can be highly
detrimental to steel and other alloys through biofouling and
biocorrosion,'””'® placing a substantial economic burden on
industries that are reliant on marine applications, such as
maritime transportation and underwater mining.

Bacteria and fungi within biofilms are typically highly
resistant to conventional antimicrobials, making their eradication
and treatment exceptionally challenging.'® As such, there has been
extensive investigation into the development of new materials for
the elimination of established biofilms using small molecule
agents,**>* carbon nanomaterials,> as well as metal, metal oxide,
and other inorganic nanoparticles.”*>® These materials have been
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widely reviewed in the cited texts and will not be covered in this
Review. Aside from these newly emerging materials, aqueous-
soluble macromolecular species, such as peptides, enzymes,
synthetic polymers, and polymer nanoparticles, have also
shown great promise as antibiofilm agents. The focus of this
article is to give an overview of the approaches for inhibiting
and eliminating biofilms using either natural or synthetic
macromolecular antibiofilm agents. Note that surface-based
approaches, such as the development of new antiadhesive and
biocidal surface coatings and surface modification strategies, as
well as antiadhesive materials (e.g. hydrogels and other bio-
materials), will not be included in this article and are reviewed
elsewhere.>” ™ Similarly, this Review does not intend to detail
the chemistry and synthetic approaches for achieving such
macromolecular agents. For more information on this aspect of
the field, the reader is referred to the following texts.>*® In this
Review, an overview of biofilm formation will be given, including a
brief description of biofilm structure and function, which gives rise
to their resistance and tolerance towards conventional antibiotic
treatments. This will be followed by a review of strategies that
exploit antibiofilm peptides and proteins, as well as their synthetic
polymer counterparts, and nanoparticles thereof. A detailed
account of cutting-edge emerging strategies for tackling biofilms
will be also given, with a focus on multi-mechanistic approaches
and other highly novel unconventional approaches. Finally, we
share our outlook and offer some speculative views on the
future directions of this fascinating and vital field of research.

Overview of biofilm formation,
regulation, and resistance

Whilst bacteria and fungi have been widely studied in their
planktonic form, such microorganisms seldom exist in an
independent, free-swimming planktonic state in natural systems.”
Instead, bacteria and fungi typically exist in interdependent
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multicellular surface-adhered communities, surrounded by a
self-secreted extracellular matrix, known as biofilms.>”’ Bio-
films can form at the interface of both biotic and abiotic
surfaces, as well as at liquid-solid and liquid-air interfaces,”
and can comprise either a single species (monomicrobial
biofilms), or multiple diverse species (polymicrobial biofilms),
occasionally spanning different biological kingdoms.*® It is
typically observed that polymicrobial biofilms can exhibit even
higher tolerance to antimicrobial treatment, particularly in the
case of cross-kingdom polymicrobial biofilms.**

Biofilm formation and proliferation is a complex, multistep
process (Scheme 1).%**° Prior to initial microbial attachment,
the surface is typically fouled through non-specific adsorption
of proteins or other such species present in the surrounding
medium, providing a conditioning layer for attachment.*® This
conditioning layer alters the surface energy, electrostatic
charge, topography of the substrate surface, and surface elemental
composition, and typically aids microbial attachment.*' Microbes
are typically transported to the surface through passive sedimenta-
tion and mass transport mechanisms, but they can also be
propelled through active chemotaxis and flagella-driven motion
in some instances.*® Individual cells then attach to the surface in a
dual-phase process involving reversible electrostatic and hydro-
phobic interactions, followed by relatively irreversible covalent and
hydrogen bonding interactions.”® In certain cases, this initial
attachment is aided by the presence of wall teichoic acids or other
adhesive units present on the microbial surface.*” Bacterial pilli
and pillus-like adhesins are particularly important for host-
microbe interaction and attachment to living host tissue,*
whereas non-specific interactions are generally dominant in
the case of biofilm formation onto abiotic surfaces."

Following initial attachment and the generation of surface-
adhered microcolonies, the biofilm enters the proliferation
phase. During this period, the attached microbes proliferate,
whilst also secreting extracellular polymeric substances (EPS) to
form a biofilm matrix, comprised of a complex mixture of
exopolysaccharides, proteins, nucleic acids, and lipids.>**

—
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This provides mechanical stability and cohesion amongst the
individual microbes, as well as promoting further “anchoring”
interactions with the surface.*? In the subsequent maturation
phase, the biofilm restructures itself into a tall three-dimensional
morphology, often described as a mushroom-like or tower-like
structure.>** This structure is highly hydrated and typically
contains water channels between the tower-like structures.> To
facilitate this restructuring, enzymes such as proteases and
nucleases that can degrade the EPS are secreted by the biofilm
population.*” Finally, partial dispersal of the biofilm occurs to
allow the release of microorganisms from the biofilm into the
planktonic form, in turn facilitating the spread of the species to
colonize new surface regions.*’

Biofilm formation, maturation and dispersal is often driven
largely by cell-cell signalling pathways, known collectively
as quorum sensing.*>*® Quorum sensing is a mechanism for
regulating gene expression in response to changes in local
microbial population density and is driven by the secretion
and recognition of signalling molecules called autoinducers or
quorum sensing molecules.””*® Recognition of extracellular
quorum sensing autoinducers allows individual organisms to
monitor the population density of other microbes in their local
environment, and respond if above or below a certain auto-
inducer threshold. Their response is achieved by regulating
gene expression, thereby promoting phenotypic changes to
drive an appropriate biological process. Such processes include
regulation of virulence, sporulation, swarming motility, and
biofilm formation and dispersal.*>*” Autoinducer signalling
molecules in bacterial pathways include acyl homoserine lactones
in Gram-negative bacteria, oligopeptides in Gram-positive bacteria,
and the somewhat universal boron-containing autoinducer,
autoinducer-2.”” In fungi, quorum sensing molecules include the
terpene-based alcohol, farnesol, as well as alcohols derived from
aromatic amino acids, such as tyrosine (tyrosol), phenylalanine
(phenylethanol) and tryptophan (tryptophol).*®

The EPS secreted by organisms within the biofilm form the
hydrated crosslinked network of the biofilm matrix.> The role

Planktonic bacteria

2. Initial reversible attachment
followed by irreversible
attachment

3. Formation of microcolonies
and significant secretion of
EPS to form biofilm matrix

4. Proliferation to form
immature biofilm

5. Biofilm restructuring and
maturation

6. Dispersal to colonize new
regions

Scheme 1 Schematic illustrating the various biofilm stages of a monomicrobial biofilm's formation.
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of the biofilm matrix is highly multifaceted and includes
facilitating bacterial aggregation and providing biofilm cohesion,
allowing horizontal gene transfer and cell-cell communication
amongst the biofilm population, allowing sorption of inorganic
ions and organic small molecules and providing a source of
nutrients, allowing water retention, and exhibiting enzymatic
activity, amongst others.> The biofilm matrix also provides
extreme protection against both mechanical stresses and anti-
biotic treatments. Bacteria and fungi within a biofilm are typically
able to resist up to the order of one thousand-fold concentrations
of organic small molecule antibiotics or antimicrobial heavy
metals, relative to their planktonic form.**”° Note that the
mechanisms responsible for biofilm-associated resistance are
typically distinct from the genetic mutations or gene transfer
mechanisms observed in conventional antimicrobial resistance
pathways, with biofilm resistance mechanisms being structural
and environmental in nature.** Though debated,*® possible
mechanistic pathways proposed for the enhanced resistance of
biofilm-dwelling microorganisms include the retarded diffusion
and limited penetration of antibiotics through the biofilm matrix,
which hampers the antibiotic’s activity over its lifetime prior to
degradation or clearance. Additionally, the biofilm has an altered
chemical environment relative to the surrounding medium, for
example the formation of anaerobic regions and significant
changes in pH are common, which can alter the effectiveness
and stability of certain antibiotics.

Further to physicochemical resistance mechanisms, bio-
films can also include a discrete sub-population of phenotypically
distinct bacteria known as persister cells.”> These persister
cells comprise up to 1% of the total population and exist in a
protected, dormant state, and exhibit high multidrug tolerance.
Contrary to antibiotic resistance, whereby the antibiotic is
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degraded or prevented from reaching its intended target, anti-
biotic tolerance occurs when persister cells shut down the target
itself, thereby circumventing the antibiotic’s mode of action. As
such, persister cells typically exhibit non-metabolic behaviour
consistent with a dormant phenotype that is resistant to anti-
biotics that target metabolic pathways.>"** Fungal biofilms have
also been shown to contain a sub-population of persister cells
with inherent antifungal tolerance,> suggesting that persister
cells may be ubiquitous in providing antimicrobial tolerance to
biofilms across a diverse range of species.

Macromolecular antibiofilm agents

Owing to the high resistance and tolerance of biofilms towards
conventional small molecule antibiotics, there has been signifi-
cant attention given to less conventional treatments, such as
those that employ macromolecular species. These can directly
target biofilm-dwelling bacteria or fungi through alternative non-
metabolic pathways, or otherwise can inhibit the formation of the
biofilm matrix. Additionally, those that can degrade the biofilm
matrix components or interfere with cell-cell signalling can act as
biofilm dispersants, breathing new life into existing conventional
antibiotics, or can act synergistically with lethal macromolecular
antibiofilm species or functionalities. Macromolecular approaches
for the inhibition, dispersal and killing of biofilms using natural,
synthetic and semi-synthetic materials are discussed in the
following sections and are summarized in Table 1. In the
following sections, numerous techniques for assessing anti-
biofilm agents will be highlighted throughout the discussion,
however the techniques themselves will not be explicitly
described in this focused Review; for details of the assessment

Table 1 Condensed summary of the various antibiofilm macromolecules discussed in this Review

Material class Examples Mode of activity References
Antibiofilm peptides LL-37, IDR-1018, HD6 Multiple (see Fig. 1C) 56 and
58-61

Nucleases DNase I Degradation of extracellular DNA to destabilize =~ 62-64
the biofilm matrix

Polysaccharide depolymerases Dispersin B, lysozyme Degradation of exopolysaccahrides and/or 64-66
peptidoglycan

Oxidoreductases Glucose oxidase, lactoperoxidase Production of reactive oxygen species (ROS) and  67-69
other reactive species

Proteases Proteinase K, lysostaphin Degradation of protein/peptide components of 70-73
biofilm matrix and/or peptidoglycan

Quorum quenching enzymes Acylases, lactonases Interference with microbial cell-cell signalling 74 and 75

Antibodies

(Semi-)synthetic polycationic

materials

Peptidomimetics Peptoids, B-peptides

Nitric oxide-releasing

polymers

Photodynamic polymers
polymers

Quorum quenching synthetic

polymers

Biohybrid systems

1590 | Chem. Soc. Rev, 2021, 50, 15871616

Anti-($-1,6-poly-N-acetylglucosamine)

Poly(guanidine)s, poly(amine)s, chitosan

N-Diazeniumdiolate-functional polymers
Conjugated polymers, porphyrin-functional
Poly(diol)s, poly(catechol)s, polyanions

Bioconjugates, protein-loaded nanoparticles

Binding and subsequent deactivation or 76
disruption of biofilm components

Predominantly rupturing of bacterial 34 and
membranes 77-83
Predominantly rupturing of bacterial 84-86
membranes, among others

Release of nitric oxide in addition to 87-89
subsequent formation of related reactive species

Production of ROS upon illumination 90-92
Interference with microbial cell-cell signalling 93 and 94
Numerous, dependent on biologic and 95-98

synthetic material employed

This journal is © The Royal Society of Chemistry 2021
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of antibiofilm agents, the reader is referred to the following
dedicated text.>*

Antibiofilm strategies employing
peptides and proteins
Antibiofilm peptides

Antimicrobial peptides are a promising class of biocidal materials
that are widely found in nature as part of various organisms’
innate immune systems.>>>” Typically, these short peptides
(around 12-50 residues) contain both hydrophobic and cationic
residues and are capable of penetration and rupture of bacterial
membranes, giving rise to their biocidal properties.”> Such
peptides are typically easily cleared in vivo and are poorly
bioavailable, ensuring that they do not persist in the body or
in the environment for extended periods of time.”® The nature of
antimicrobial peptides’ membrane-rupturing biocidal mechanism,
along with their low bioavailability and rapid in vivo proteolytic
degradation lead to low levels of acquired resistance development
towards such treatments.>® The structure of one natural (LL-37)
and one synthetic (IDR-1018) peptide are shown in Fig. 1A and B,
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which illustrate the helical secondary structure typically observed
in such antimicrobial peptides. The use of antimicrobial peptides
for tackling biofilms has been reviewed in detail elsewhere,?*°%°%%°
however these will be briefly discussed in this section owing to their
similarity and overlap with other antibiofilm approaches. As will be
discussed, antimicrobial peptides show numerous modes of action
and can inhibit biofilm formation as well as being able to weaken
the matrix of established biofilms to directly kill microbes residing
within.

Okuda and Mizunoe studied the antibiofilm activity of
various ribosomally-synthesized bacteria-derived antimicrobial
peptides (nisin A, lacticin Q, and nukacin ISK-1) against bio-
films formed by methicillin resistant Staphylococcus aureus
(MRSA) clinical isolates."” They found that whilst all three
showed effective anti-planktonic activity, nisin showed the
greatest antibiofilm activity, with lacticin Q having significantly
reduced antibiofilm activity. Nukacin ISK-1 was ineffective at
dispersing or eradicating biofilms despite its activity against
the planktonic form, which was similar to vancomycin, a
control small molecule antibiotic with ineffective antibiofilm
properties. Mechanistic studies showed that peptides like nisin
A could form stable pores in the bacterial membranes and lead

& Blocking signalling
pathways
ap

Destruction of
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planktonic cells

Biofilm EPS
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Stress signal
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Weakening

’

+ 1018 + tobramycin

.

+ 1018 + ceftazidime

+ tobramycin

neumoniae o

+ ceftazidime

<}
=
2
S
s
=
=
i

+1018 + ciprofloxacin  + 1018 + ciprofloxacin

=
2
I~
=
=~
o~

P aeru

+ tobramycin + 1018 + tobramycin

Fig. 1 Structure and function of the antibiofilm peptides LL-37 and IDR-1018. (A) Helical wheel structure of LL-37 reproduced with permission from
ref. 59. Published by the Royal Society of Chemistry. (B) Primary structure of IDR-1018 along with its secondary helical structure calculated from NMR
spectroscopy of the peptide in dodecylphosphocholine micelles. Reproduced with permission from ref. 104. Copyright©2010 Elsevier Ltd. All rights
reserved. (C) Various mechanisms of biofilm disruption and elimination demonstrated for antibiofilm peptides. (D) CLSM micrographs of established
biofilms with either no treatment or treatment with the IDR-1018 peptide, a model antibiotic as indicated, or a combination of IDR-1018 and antibiotic,
after staining with a BacLight LIVE/DEAD viability stain. Adapted with permission from the American Society for Microbiology, ref. 105.
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to efflux of adenosine triphosphate (ATP), which was important
for bactericidal activity against biofilm cells."®

Whilst peptides that show activity against planktonic cells
and those that exhibit antibiofilm activity are structurally
similar with regards to their cationic and hydrophobic balance,
they show distinct structure-property relationships for each
process. For example, the human cathelicidin peptide LL-37
showed inhibition of Pseudomonas aeruginosa biofilm formation
at 1/16™ of its minimum inhibitory concentration (MIC)
obtained against the planktonic form of this bacterium.'*!
Furthermore, it was able to significantly reduce the thickness
of established biofilms at this same sub-lethal concentration in
a flow cell assay.'”" This observation highlights that aside from
direct killing of bacteria through membrane rupture, anti-
microbial peptides have other distinct mechanisms for the
eradication of biofilms (Fig. 1C),'°* for example the interruption
of bacterial signalling pathways. In the case of LL-37, the
peptide was shown to interfere with two major quorum sensing
pathways required for biofilm formation, as well as stimulating
twitching motility.'**

Certain antimicrobial peptides show an immunomodulatory
effect both in vitro and in vivo, including natural peptides such
as LL-37, and synthetic peptides such as the innate defense
regulator peptide, IDR-1018.°®> Whilst both peptides show only
limited direct antimicrobial activity under physiological condi-
tions, they can trigger a host immune response in eukaryotic
cells. For IDR-1018, this includes influencing macrophage
differentiation to release anti-inflammatory mediators and
upregulating wound healing genes, amongst other host immuno-
modulatory effects.®® Furthermore, there is also evidence to
suggest that IDR-1018 can induce a bacterial cellular stress
response by suppressing guanosine pentaphosphate ((p)ppGpp),
an important signalling nucleotide for biofilm development."*
Many of these modulatory mechanisms require translocation
across eukaryotic or prokaryotic membranes and typically such
peptides exhibit high arginine functionality, which is known to
also feature heavily in other cell penetrating peptides.'®”

Whilst charge is important for antimicrobial activity and
translocation, too many cationic residues can hamper the peptide’s
ability to penetrate into the biofilm’s EPS. The extracellular DNA and
exopolysaccharides within this matrix are typically highly charged
and enact strong attractive or repulsive interactions towards cationic
peptides, thus significantly reducing the peptide’s effectiveness and
mobility through the biofilm."®> However, some synthetic peptides
have been postulated to suppress EPS secretion or limit the inter-
actions between key extracellular polymers in the biofilm matrix,
thus resulting in poorly adhered cellular aggregates that are easily
detached, rather than strongly adhered biofilm networks in the
untreated control.'®® Finally, it is important to note that biofilm
dispersal alone may be inappropriate in a clinical setting as the
dispersed pathogens remain a threat to other organs or regions in
the body and septic shock can also occur upon rapid dispersal.>®
Therefore, peptides that are able to disperse biofilms as well as
actively destroy the resultant planktonic bacteria are highly
desirable. Whilst the design of such peptides is complex, many have
been demonstrated to show synergistic activity with conventional

1592 | Chem. Soc. Rev, 2021, 50, 15871616
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small molecule antibiotics for combination therapy, for example
work by Hancock et al. using IDR-1018 (Fig. 1D)."® Many of the
previously discussed biofilm-dispersing peptides are therefore also
highly promising adjuvant materials for use in combination with
other conventional approaches.

One notable non-lethal antibiofilm peptide that exhibits
strong anti-adhesion activity, particularly towards inhibiting
fungal biofilm formation, is human a-defensin 6 (HD6).°" This
short 32 residue peptide is naturally expressed as part of the
human innate immune system and like many other defensins
is rich in cysteine-disulfide bridges, which stabilize a three-
stranded B-sheet tertiary structure, thereby providing the peptide
strong resistance towards proteolysis. However, in contrast to typical
defensins, HD6 shows negligible lethal antimicrobial activity against
Gram-positive or Gram-negative bacteria,'” nor antifungal activity
against fungal species."'® Nevertheless, the peptide undergoes
unique self-assembly behavior to form oligomeric fibrils, observable
by electron microscopy, which can act as “nanonets” by entrapping
bacteria, causing non-lethal aggregation and sedimentation. In the
case of the opportunistic fungal pathogen Candida albicans, HD6
was shown to prevent the yeast cell from adhering to human
intestinal epithelial cells, thereby preventing subsequent fungal
invasion and systemic dissemination."'® Furthermore, HD6 was
found to significantly suppress the formation of fungal biofilms
but was ineffective at disrupting established biofilms, thereby
providing mechanistic insight through the “nanonet” entrapment
and entanglement of these fungal cells, which inhibited initial
attachment. The non-lethal nature of HD6 was proposed to
allow C. albicans to reside commensally within the intestine,
whilst preventing systemic invasion events and suppressing
other virulence traits."*°

Antimicrobial peptides remain amongst the most promising
antibiofilm materials for clinical translation'"" and form the
basis of numerous antibiofilm strategies employed by other
material classes. Their well-defined sequence and multiple possible
modes of action make them highly promising therapeutic agents for
a range of antibiofilm clinical applications, yet their instability
in the environment poses a challenge for certain indications.
Other synthetic materials discussed in later sections aim to
address this significant limitation, however the relatively low
environmental persistence of peptides is advantageous to
ensure the development of acquired antimicrobial resistance
towards such agents is minimized.

Antimicrobial proteins

Antimicrobial functional proteins such as enzymes and anti-
bodies are another promising class of naturally occurring
antibiofilm materials. The use of certain antimicrobial enzymes
for general antimicrobial applications, including a brief over-
view of some of their antibiofilm properties, has been reviewed
in the following texts.®**>''? In this section, we aim to high-
light the main classes of enzymes and other functional proteins
that exhibit antibiofilm activity. Enzymes are the broadest class of
antibiofilm proteins and these can be further divided into various
subclasses, including proteolytic enzymes, which degrade essential
microbial proteins and peptides, oxidoreductases, which produce

This journal is © The Royal Society of Chemistry 2021
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reactive oxygen and (pseudo)halide species, polysaccharide
depolymerases and nucleases, which degrade polysaccharides
or extracellular DNA respectively, and quorum quenching
enzymes, which interfere with cell-cell signalling. We will
briefly outline these subclasses using a few selected examples.

Proteolytic enzymes. Proteases are essential enzymes produced
by both eukaryotic and prokaryotic cells, which are responsible for
the degradation of proteins into their corresponding amino
acids. As with most lytic enzymes, including polysaccharide
depolymerases discussed later, innate microbe-derived proteases
play a role in regulating the dynamic structure of biofilms, which
is essential for controlling microbially-driven biofilm processes
like matrix restructuring and biofilm dispersal, the latter of which
allows viable bacteria to colonize new surface regions. Examples
of microbe-derived antibiofilm proteases include the serine
protease Esp from S. epidermidis,""® LasB elastase from
P. aeruginosa,"** and proteinase K,”® typically obtained from
fungal species such as Engyodontium album (formerly known as
Tritirachium album).”> Whilst these proteases play a key role in
biofilm regulation in the organism in which they are expressed,
they can also influence the biofilms of other species. For example,
Iwase and co-workers demonstrated that the S. epidermidis-
produced serine protease Esp was responsible for the inhibitory
nature of this commensal bacterium against S. aureus biofilm
formation in the human nasal cavity.""®> By investigating clinical
isolates of human nasal samples, two strains of S. epidermidis were
identified, which were classified based on their ability to inhibit S.
aureus growth in a coculture. The strain that inhibited S. aureus
biofilm formation in a dose-dependent manner was found to
express Esp. Upon protein isolation, this protease was shown to
inhibit S. aureus biofilm formation in the nM range, as well as
killing established biofilms when used in conjunction with the
human-derived antimicrobial peptide, human beta-defensin 2.'*?
The antimicrobial peptide was ineffective against S. aureus bio-
films when used alone, whilst the protease itself was non-biocidal,
indicating that protease-mediated biofilm dispersal and antimi-
crobial peptide killing were synergistic when employed together.'*?
This study highlights the importance of commensal microflora in
mitigating bacterial infections, as well as the interplay of bacterial
enzymes with human defensins to prevent the establishment of
pathogenic biofilms.

As well as non-biocidal destruction of the biofilm matrix,
other proteases directly degrade the bacterial cell wall to enact
bactericidal properties. The peptidoglycan is a major structural
component of the cell walls of both Gram-positive and Gram-
negative bacteria and typically contains p-(1,4)-linked N-acetyl-
glucosamine and N-acetylmuramic acid crosslinked into a 3D
network through pendant tri-, tetra- and pentapeptide bridges,
which link the polysaccharides together."> The 27 kDa glycyl-
glycine endopeptidase bacteriolysin, lysostaphin, is a classic
example of such a cell wall-degrading enzyme, which acts
through selective cleavage of pentaglycine crosslinking bridges
found in the peptidoglycan of certain staphylococci.”® For
example, recombinant lysostaphin was shown to effectively
eradicate established S. aureus and S. epidermidis biofilms,
including those of drug-resistant strains, whereas small molecule
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antibiotics such as oxacillin and vancomycin were ineffective.”*
Whilst lysostaphin is highly selective for staphylococcal strains,
and therefore does not show broad-spectrum antibiofilm activity,
it shows an advantage in its ability to both degrade the biofilm
matrix as well as enact a biocidal bacteriolysis mechanism.

Polysaccharide depolymerases. Exopolysaccharides are a
major component of the extracellular matrix across a number
of species® and as such, enzymes that act to degrade polysac-
charides show biofilm-disrupting activity.®* These fall into the
broad category of polysaccharide depolymerases and include
examples such as hexosaminidases, alginate lyase, cellulases,
chitosanases and amylases amongst others. For example, dis-
persin B is a 40 kDa P-hexosaminidase that hydrolyses the
polysaccharide PGN (Fig. 2(I)), which contains N-acetylglucosamine
residues held together by B-(1,6)-linkages and is present in the
extracellular matrix of biofilms formed by S. epidermidis and
Actinobacillus actinomycetemcomitans."”” Ramasubbu and co-workers
isolated dispersin B from A. actinomycetemcomitans and showed that
it exhibited excellent biofilm-dispersing activity against a range of
established S. epidermidis biofilms grown on poly(styrene) rods.""”
The authors later reported the structure of this protein and demon-
strated that its active site is similar to other p-hexosaminidases in
the family 20 glycoside hydrolases and cleaves the p-(1,6)-linkages in
PGN,* leading to PGN depolymerization and biofilm dispersal.

PGN is present in a range of biofilms formed by bacterial
pathogens, however it is absent in P. aeruginosa biofilms. The
EPS of biofilms formed by this bacterium are comprised of at
least three biosynthetic exopolysaccharides; Psl, a pentasaccharide
containing p-mannose, r-rthamnose, and p-glucose units; Pel, a
cationic polysaccharide containing partially deacetylated N-acetyl-
p-glucosamine and N-acetyl-p-galactosamine; and the anionic poly-
saccharide, alginate."'® Howell and co-workers identified enzymes,
PsIG and PelA, which showed glycoside hydrolase activity against
Psl and Pel, using bioinformatics analysis."*® They purified
and characterized corresponding enzyme sequence segments (con-
structs), PsIGy, and PelAy,, which contained the catalytic and binding
domains but unlike the parent enzymes were water-soluble. Addition
of these rationally designed enzyme constructs resulted in the
removal of up to 99% biomass of P. aueruginosa biofilms, whereas
variants with site-specific mutations in the catalytic domain were
inactive, supporting the importance of the enzyme’s active sites to
their biofilm dispersing activities."'®

Aside from the degradation of exopolysaccharides in the
biofilm matrix, other enzymes such as lysozyme attack bacteria
directly by degrading the polysaccharides in the peptidoglycan
of the bacterial cell wall. Lysozyme is a 14 kDa glycoside
hydrolase that is expressed as part of various animals’ innate
immune systems, and cleaves the 1,4-B-linkages between the
N-acetylmuramic acid and N-acetyl-p-glucosamine residues in
the peptidoglycan, thus destabilizing the bacterial cell wall and
leading to bacterial lysis.°® In one study, Nagarsenker and
co-workers developed an inhalable spray-dried formulation
comprised of a small molecule antibiotic encapsulated within
liposomes, levofloxacin, supplemented with additional lysozyme.""®
The formulation removed 85% of S. aureus biofilms at sub-MIC
concentrations of the antibiotic in vitro. They further demonstrated
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Fig. 2 Typical enzymatic processes of various classes of antibiofilm enzymes.

The proposed pyocyanine demethylase mechanism (bottom) was adapted

with permission from ref. 116. Copyright©2017 American Association for the Advancement of Science. The red dashed oval indicates an unfavorable
coulombic interaction between the substrate intermediate and the enzyme, which likely leads to release of this intermediate from the active site,
followed by subsequent spontaneous hydrolysis to yield the reduced and inactivated 1-hydroxyphenazine and formaldehyde byproduct.

that the formulation resulted in up to around a 2-log reduction in
bacterial burden in vivo, whilst not inducing inflammatory markers
in a rat model of S. aureus pulmonary infection after administration
by inhalation."*

Oxidoreductases. One other commonly used antibiofilm
enzyme that acts on oligosaccharides is cellobiose dehydro-
genase (CDH). This enzyme is produced by various wood-
degrading fungi and has a species-dependent molar mass
ranging between roughly 90-110 kDa.®® CDH acts through the
oxidation of glycans and oligosaccharides to form the corres-
ponding lactones, which are subsequently hydrolytically
unstable and form the corresponding ring opened carboxylic
acid upon spontaneous hydrolysis (Fig. 2(II)). However, unlike
the polysaccharide depolymerases discussed previously, the
main antimicrobial mechanism is through accumulation of the
oxidative reactive oxygen species hydrogen peroxide, produced as
a byproduct during the oligosaccharide oxidation. Depending on
the species from which CDH is derived, the oligosaccharide
specificity and selectivity can be highly variable, with a wide

1594 | Chem. Soc. Rev,, 2021, 50, 1587-1616

range of reported substrates including cellobiose (the major
product of cellulose enzymatic degradation), lactose, soluble
cellodextrins, mannobiose, thiocellobiose, -1,4-galactosylmannose,
B-1,4-glucosylmannose, sorbose and raffinose.®® As such, CDH
shows high likelihood for broad-spectrum activity against the
wide-ranging oligosaccharides present in bacterial, fungal and
polymicrobial biofilms, particularly if used in conjunction with
other polysaccharide-degrading enzymes. For example, Nyan-
ghongo and co-workers showed that a recombinant CDH from
Myriococcum thermophilum was effective at inhibiting S. aureus
biofilm formation when the media was supplemented with
cellobiose." Furthermore, the production of hydrogen peroxide
was significantly enhanced when the exopolysaccharides from
S. aureus and E. coli monomicrobial biofilms were pre-treated
with other glycoside hydrolases such as a-amylase, mannanase
and endoglucanase, thus demonstrating its potential for use in
combination enzymatic antibiofilm treatments."””® Further
information on the antimicrobial properties of CDH can be
found in the following text.'*!

This journal is © The Royal Society of Chemistry 2021
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Other oxidoreductases such as hexose oxidase and glucose
oxidase facilitate the oxidation of monosaccharides to their
corresponding lactones, whilst similarly producing the reactive
oxygen species, hydrogen peroxide (Fig. 2(III)). Glucose oxidase
(GOx) is a 160 kDa homodimer that is commercially isolated
from filamentous fungi Aspergillus species and shows relatively
high specificity for its substrate p-glucose.’® By contrast, hexose
oxidase is a genetically modified enzyme produced by the yeast
Hansenula polymorpha, which shows promiscuity in its sub-
strate reactivity and can oxidise a range of monosaccharides,
including glucose, maltose, lactose and galactose.'*” Both are
used extensively in the food technology industry'>* and in
toothpaste formulations,"** typically as part of a cocktail with
other enzymes.

GOx also contributes to the antimicrobial properties of
natural honeys.'**'**> In one study, Hammer and co-workers
investigated the antibiofilm effect of various honeys derived
from Australian flora, including Eucalyptus marginata and
Corymbia calophylla.**® The authors showed that treatment of
established S. aureus, E. faecalis and P. aeruginosa biofilms with
20-50% honey formulations resulted in a significant reduction
in biofilm viability."*® The authors proposed that the antibio-
film activity of the honeys resulted from a complex interplay
between GOx-produced hydrogen peroxide and other honey
components, such as bee defensin and plant-derived compounds,
as well as osmotic stress and low pH, which likely acted synergisti-
cally, however further studies of these honeys are necessary to fully
elucidate their various modes of activity.">® More recently, phenolox-
idases and prophenoloxidases are of growing interest as antibiofilm
oxidoreductases.’*”'*® These are expressed as part of the immune
system of various insects and crustaceans and produce reactive
oxygen and nitrogen species from phenols.

Peroxidases such as lactoperoxidase (LPO) and myleo-
peroxidase,’** which also belong to the subclass of haloperox-
idases, generate reactive antimicrobial hypothiocyanite, hypo-
chlorite, hypobromite and hypoiodite from hydrogen peroxide
and endogenous (pseudo)halides (Fig. 2(IV) and (V)), thereby
showing excellent applicability for use in combination with
oxidative enzymes such as GOx. For example, Johansen and
co-workers investigated a cocktail of oxidoreductases, glycoside
hydrolases and proteases in their antibiofilm activity against
S. aureus, S. epidermidis, Pseudomonas fluorescens, and P. aeruginosa
biofilms formed on steel and polypropylene substrates, as well as
Streptococcus mutans, Actinomyces viscosus, and Fusobacterium
nucleatum biofilms grown on saliva-coated hydroxyapatite.®”
They found that whilst a combination of GOx and LPO showed
bactericidal activity against the biofilms, they did not effectively
remove the adhered biofilms, leaving a non-viable surface-adhered
biomass. In the same study, Pectinex Ultra SP (a complex mixture
of polysaccharide depolymerases and proteases) showed effective
biofilm removal, however it was non-bactericidal. Therefore,
combination of Pectinex Ultra SP with GOx and LPO was positioned
to likely exhibit ideal biofilm-removal and bactericidal activities,
employing multiple modes of action.”’

Nucleases. Extracellular DNA (eDNA) is another essential and
ubiquitous adhesive component of bacterial and fungal biofilms,
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and is of particular importance for species such as P. aeruginosa.'
This DNA is held together through eDNA-binding proteins that
enhance biofilm formation and further crosslink the biofilm
matrix to improve its stability.*° Aside from providing structural
integrity, eDNA has been linked to migration of interstitial
biofilms,"*! biocidal resistance within the biofilm,"**
gene transfer,'** the latter being a key driver of the development of
conventional antimicrobial resistance. As such, targeting eDNA
is a promising and worthwhile strategy for the elimination of
biofilms. Enzymatic approaches include nucleases and deoxyribo-
nucleases (DNases), such as human- or bovine-derived DNase I,
restriction endonucleases, or the Staphylococcus-secreted nuclease,
Nuc (also known as micrococcal nuclease). These enzymes cleave
the phosphodiester backbone of eDNA into shorter sequences
(Fig. 2(V1)), thus disrupting its adhesive properties and prohibiting
its ability to store genetic information. In the case of P. aeruginosa,
addition of DNase I has been found to exhibit a significant
inhibitory antibiofilm activity, as well as being able to disperse
immature biofilms, yet the enzyme is less effective against mature
biofilms."®® This indicates that eDNA is essential for biofilm
formation of this bacterium at the early stage, whereas other
components such as proteins and exopolysaccharides may play a
more significant role in biofilm stability at the later maturation
stage. Alternatively, it was also thought possible that such biofilms
upregulate the production and release of exoproteases, which can
degrade nucleases, as a mechanism for DNase tolerance in mature
biofilms.”” The notion that eDNA becomes interdispersed
amongst other extracellular matrix components in the mature
biofilm, such as proteins and polysaccharides, which thereby
limits the accessibility of this DNA by DNase I, provides one
further possible explanation for the lower effectiveness of DNase
I against mature biofilms. However, it should be reiterated that
this behavior is likely to be species-dependent owing to differences
in extracellular matrix composition, for example DNase I has been
shown to be effective at disrupting mature biofilms formed by
S. aureus."®® Singh et al. found that DNase I from bovine pancreas
exhibited strong antibiofilm activity in the presence of its Mg>"
cofactor, against biofilms pre-formed by P. aeruginosa, as well as
polymicrobial biofilms comprised of P. aeruginosa, S. aureus,
Salmonella typhimurium, E. faecalis and Klebsiella species.®® The
polymicrobial biofilm system in this study was designed such to
be highly relevant to the food industry and the authors proposed
DNase I treatment as part of a clean-in-place regime,*® followed
by DNase deactivation by proteases present in the stomach
upon ingestion of the treated food.

DNases have also been shown to be effective at increasing
the susceptibility of Gram-positive biofilms towards small molecule
biocides. For example, Kaplan and co-workers evaluated the anti-
biofilm activity of a recombinant human DNase (dornase alpha) and
found that pre-treatment of a range of pre-formed S. aureus biofilms
with the DNase rendered them much more susceptible to small
molecule antibiotics.*” The DNase-pretreated biofilms showed a
6-log reduction in viability when exposed to small molecule biocides
such as chlorhexidine gluconate, whereas either the biocide or
DNase alone were ineffective. The authors further demonstrated
that use of DNase in conjunction with tobramycin resulted in better

as well as
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in vivo survival rate for the nematode Caenorhabditis elegans infected
with S. aureus, compared to use of either tobramycin or DNase
alone. In the same study, a cocktail of the glycoside hydrolase
dispersin B with DNase was found to also greatly improve the
effectiveness of vancomycin and tigecycline against S. epidermi-
dis biofilms.*

One indirect mechanism for targeting eDNA is through the
degradation of small signalling molecules that drive the extra-
cellular release of DNA, or those that bind DNA. Pyocyanine is
one such bacterium-derived small signalling molecule and DNA
intercalator, which has recently been used as an enzymatic
target for inhibiting P. aeruginosa biofilm formation."'® Newman
and co-workers characterized the structure of a tautomerizing
pyocyanine demethylase, PodA, which oxidizes the methyl group
of pyocyanine, thereby reducing the pyrazine ring structure
through a spontaneous, hydrolysis-driven demethylation reaction,
ultimately releasing formaldehyde as a byproduct (Fig. 2(1X))."*®
Upon addition of this 45.6 kDa trimeric enzyme to P. aeruginosa,
biofilm formation was partially inhibited after 5 h. A control group
where DNase I was used in place of PodA showed identical biofilm
inhibition, whereas the use of a combination of DNase I and PodA
did not show an additive antibiofilm effect. This is consistent
with the mechanism that PodA influenced DNA release through
degradation of pyocyanine, thereby hampering the structural
role of eDNA during early biofilm formation by P. aeruginosa."*®

Quorum quenching enzymes. Another mode of action in the
arsenal of antibiofilm enzymes is through the destruction
of quorum sensing autoinducers. In doing so, disruption of
microbial communication processes can be achieved, in a
process known as quorum quenching.”*”* One class of quorum
quenching enzymes are lactonases, which act through the
degradation of a major class of quorum sensing autoinducers,
acyl homoserine lactones (AHLs), through the ring-opening
hydrolysis of the lactone ring (Fig. 2(VII)).”> Pei and Lamas-
Samanamud investigated the antibiofilm activity of a T7 bacterio-
phage, which was engineered to express a lactonase, AiiA."*®
Bacteriophages are viruses that can infect and replicate within
bacteria, and consequentially lead to bacterial lysis. As an aside,
bacteriophages themselves show bacteriolytic properties and also
express polysaccharide depolymerases.'>” However, these are
typically highly specific for degrading only the host-derived
exopolysaccharides and often do not show broad-spectrum
antibiofilm activity. The expressed lactonase AiiA was found to
be effective at degrading AHLs from Agrobacterium tumefaciens
as well as P. aeruginosa. Through this enzymatic activity, the
engineered bacteriophage could inhibit the formation of
P. aeruginosa and E. coli monomicrobial and polymicrobial
biofilms. The AiiA lactonase expressing bacteriophage also
showed superior antibiofilm properties relative to the bacter-
iophage absent of this gene, demonstrating its synergistic lytic
and quorum-quenching activity. Of note, AiiA was shown to
exclusively degrade AHLs with >7 carbon atoms in their acyl
side chain, and thus only interfered with one of the two AHLSs
produced by P. aeruginosa. However, this could still effectively
disrupt communication within the bacterium, which was sufficient
for enhanced antibiofilm activity."*® Another important group of
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quorum quenching enzymes are acylases, which cleave AHLs at the
amide bond to produce the corresponding fatty acid and homo-
serine lactone (Fig. 2(VIIT)).”> For example, Kweon and co-workers
demonstrated that acylase I from porcine kidney could effectively
prevent biofouling of environmental strains of Aeromonas hydrophila
and Pseudomonas putida biofilms onto polystyrene, borosilicate, and
reverse osmosis membrane substrates; the latter of which are
typically used in wastewater treatment."*® The reader is referred to
the following texts for a broad overview of quorum quenching
enzymes.”>'®

Non-enzymatic antibiofilm proteins. While enzymatic pro-
teins have received significant attention, fewer reports detail
non-enzymatic functional proteins as antibiofilm agents. As
mentioned previously, bacterial proteases are essential for
regulating biofilm formation and degradation, as well as other
bacterial processes. As such, they also present a therapeutic
target for antibiofilm activity. Aside from biofilm regulation,
proteases also play a key role in virulence and tissue invasion
of the oral periodontal pathogen Porphyromonas gingivalis.**°
Reynolds and co-workers showed that native bovine lactoferrin,
an 80 kDa non-enzymatic iron-binding protein, could bind to
and inhibit key protease and protease-adhesin complexes
found in P. gingivalis."*° Consequently, addition of this protein
resulted in >84% inhibition of P. gingivalis biofilm formation
in vitro, whilst the protein itself was shown to exhibit only
limited direct biocidal activity against this bacterium.'*® Mono-
clonal antibodies also represent a relatively underutilized class
of antibiofilm proteins; an overview of which is given in the
following text.”® These can be designed to act through an array
of different antibiofilm mechanisms, for example through
binding and subsequent inactivation of essential biofilm forming
units on the bacterial surface, such as adhesins, or through
binding to components of the biofilm matrix such as DNA-
binding proteins, which stabilize extracellular DNA.”®

As can be seen in this section, enzymatic and non-enzymatic
proteins are a richly diverse class of antibiofilm agents with
numerous mechanisms for biofilm eradication and dispersal.
As with peptides, a major challenge in using proteins for
biofilm removal is their low in vivo residence time, high relative
cost and somewhat difficult synthetic modification. However,
advances in scale-up technology for protein manufacture can
rapidly decrease the cost of identified candidates, which we
believe will be pivotal for the wide adoption of protein-based
antibiofilm agents.

Antibiofilm strategies employing
solution-based polymer materials
Cationic polymers and polymer nanoparticles

Whilst peptides are highly effective agents for eliminating
biofilms, they suffer from low stability and early clearance
in vivo. Additionally, their ease of preparation is complicated
by multi-step solid phase synthesis, which limits their scope
and significantly increases production costs. Many researchers
have turned to investigating synthetic mimics of antimicrobial
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peptides (sometimes abbreviated to SMAMPs, or similar acronyms)
to remove or inhibit biofilms, which combine the benefits of low
production costs and high proteolytic stability, with the benefit of
antimicrobial bacterial membrane rupturing properties.>*””79-83:141
These polymeric materials are chemically similar to antimicrobial
peptides in that they contain repeating units with cationic and
lipophilic functionality and are typically low molar mass and soluble
in aqueous solutions. There are four main types of cationic moieties
that give rise to antimicrobial activity in synthetic polymers: amine
groups that mimic the structure of lysine residues, guanidine
groups that mimic the structure of arginine residues, as well as
quaternary ammonium moieties and phosphonium functionalities,
neither of which typically exist in naturally occurring peptides.
Whilst these materials have been extensively investigated as
antimicrobial agents against planktonic bacteria, fewer studies
have focused on the interaction of such polymers with established
biofilms.

Qu and Locock et al. investigated the ability for guanidine-
functional methacrylate polymers to disperse and eradicate
both monomicrobial and polymicrobial biofilms in vitro.”®
Copolymers of poly(2-guanidinoethyl methacrylate hydrochloride-
co-methyl methacrylate) (P(GMA-co-MMA)) with a GMA content of
50 mol% and 68 mol% were tested as they had previously shown
optimal antimicrobial activity against a range of planktonic
species, whilst exhibiting low hemolytic properties (shown in
Fig. 3A)."** It was observed that these polymers, when employed
at concentrations of up to 16 times their planktonic MIC,
outperformed state-of-the-art clinical small molecule antibio-
tics, antifungals, and combinations thereof, when these small
molecule agents were tested at their highest serum-achievable
concentrations.”® The polymers were effective against both
S. aureus and C. albicans monomicrobial biofilms, as well as a
cross-kingdom polymicrobial biofilm comprised of both
species, as shown in Fig. 3A. It was demonstrated that the
polymers were somewhat hampered by the presence of the
extracellular matrix, with the planktonic MICs increasing by
up to 4-fold in the presence of the isolated biofilm matrix,
compared with a 16-fold increase in the case of fluconazole.”®
Building from this in vitro study, the optimized guanidine
copolymers were investigated as a topical treatment against
epithelial-associated C. albicans biofilms in an in vivo murine
vulvovaginal candidiasis (VVC) model."** The results from this study
showed that the polymers displayed negligible local toxicity and
resistance to vaginal acidity, and that this formulation outperformed
conventional antifungal agents at concentrations 50-fold lower than
the over-the-counter concentration of the conventional antifungal
drugs. Furthermore, topical treatment using these polymers
resulted in fewer persister cell survivors in the fungal biofilms in
comparison with conventional antifungals."*® This highlights the
numerous advantages of using guanidine-functional polymeric
materials over conventional small molecule drugs in the treatment
of biofilm-related local infections. Furthermore, they are able to be
used as a sole therapeutic agent for cross-kingdom polymicrobial
infections, replacing conventional combination therapies.

Hedrick and Yang et al. developed biodegradable antimicrobial
polycarbonates with quaternary ammonium functionality.*®
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These polymers were found to reduce the cell viability of both
S. aureus and E. coli monomicrobial biofilms upon treatment at
8 times the MIC, resulting in around 10% viability relative to a
non-treated control. Furthermore, the adhered biomass was
reduced to around 25% under the same conditions, highlight-
ing the polymers’ ability to both disrupt the biofilm structure
and kill embedded bacteria. Owing to their biodegradability,
the polymers showed significantly higher lethal dose concen-
trations (LDs, = 99 mg kg~ ') compared with a small molecule
antiseptic (chlorhexidine, LDs, = 12.5 mg kg™ ') and a peptide
antibiotic (polymyxin B, LDs, = 5.4 mg kg™ ') in a mouse model.
Furthermore, liver and kidney function and polyelectrolyte
balance remained normal after two intravenous administra-
tions of 30 mg kg™ polymer, supporting the biocompatibility of
these polymers. The polymers were shown to significantly
reduce the bacterial viability in a S. aureus mouse sepsis model
and that unlike the control PBS treatment, the mice in the
polymer-treated cohort showed an 80% survival rate 48 h post-
infection and did not show symptoms associated with sepsis
such as lethargy, dehydration and weight loss.**°

Kuroda and co-workers developed polycationic poly(4-amino-
butyl methacrylate-co-ethyl methacrylate) copolymers for eliminating
Streptococcus mutans biofilms commonly found in dental cavities."*”
Whilst both the small molecule disinfectants, chlorhexidine, and the
copolymers were both shown to inhibit biofilm formation, the
polymers led to 85% reduction in the biomass of established
biofilms, whereas chlorhexidine was ineffective at biofilm removal.
It was speculated that the interaction of the cationic polymer with
the EPS weakened the integrity of the biofilm matrix, facilitating
biofilm removal and effective killing. Furthermore, the copolymers
were found to be effective at removing S. mutans biofilms in an
in vitro “swishing” simulation assay, designed to mimic the
mechanical/chemical nature of mouthwash treatments.**’

Antimicrobial polymers have also been investigated in
combination with conventional antibiotics to eradicate established
biofilms. Our aforementioned study using a mouse VVC model
showed that antimicrobial polymers could even further eradicate
persister cells pre-selected by conventional antifungal agents.'*?
Francolini and co-workers investigated the synergistic effects of
using an antimicrobial tertiary amine-functional polymer, poly(2-
dimethylamino acrylamide), with either daptomycin or moxiflox-
acin against biofilms formed by a range of methicillin-susceptible
and methicillin-resistant S. aureus.**® Here, the authors found that
the synergy was dependent on the antibiotic’s mechanism of
action, with synergy being observed in the case of the membrane
disrupting lipopeptide, daptomycin, but no additional benefit
being observed for the topoisomerase inhibitor, moxifloxacin.'*®
Similarly, Haldar and co-workers showed that the addition of
amino acid conjugates of poly(maleic anhydride-alt-isobutylene)
with a quaternary ammonium-functional linker in the side chain
(shown in Fig. 3B) facilitated a 4-log reduction in multi-drug
resistant P. aeruginosa and E. coli monomicrobial biofilms when
used in combination with rifampicin, a bacterial RNA polymerase
inhibitor."** The polymer alone showed no antibiofilm activity and
the free drug only resulted in one-log viability reduction. More
recently, Wong and Boyer et al. showed that water-in-oil emulsions
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of antimicrobial essential oils stabilized with amphiphilic primary
amine-functional copolymers and block copolymers showed
synergistic antibiofilm activity against P. aeruginosa biofilms
(Fig. 3C).**°

Aside from unimer polycations, cationic nanoparticles
formed by polymer self-assembly have also been investigated as
antibiofilm agents. Tzanov and co-workers developed electro-
static alternating layer-by-layer (LbL) coated nanoparticles using
two polysaccharides, anionic hyaluronic acid and cationic
aminocellulose.’*® The nanoparticles were able to inhibit the

1598 | Chem. Soc. Rev, 2021, 50, 1587-1616

formation of S. aureus and E. coli biofilms up to 99% and 62%
respectively. However, interestingly when the nanoparticles with
anionic hyaluronic acid on their outer layers were employed, the
best biofilm inhibition resulted, the reason for which was not
investigated further.'*® One possible mechanism for this counter-
intuitive behaviour is exemplified by Yang and Park et al., who
developed block copolymer core-shell nanoparticles comprised
of dextran-block-poly((3-acrylamidopropyl) trimethylammonium
chloride-co-butyl methacrylate).">® Here, the nanoparticles had
a cationic, lipophilic core-forming block and a neutral dextran

This journal is © The Royal Society of Chemistry 2021
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polysaccharide corona-forming block. These were investigated as
antibiofilm agents against biofilms of either MRSA, vancomycin-
resistant Enterococci (VRE), or Enterococcus faecalis. Whilst the
particles had excellent antimicrobial activity against planktonic
MRSA, they were ineffective against VRE or E. faecalis. However,
the authors showed that the micelles were able to attach to
biofilm-embedded bacteria, without inducing bactericidal effects,
and disrupt established biofilms through biofilm debridement.
The authors explained that binding of the nanoparticles to the
bacterial membranes altered the surface properties and increased
the microorganisms’ solubility in the medium, leading to desta-
bilization of the biofilm."® This new non-lethal mechanism for
tackling biofilms may be important for reducing the evolutionary
pressure for the development of acquired antimicrobial resis-
tance towards such agents.

Aside from synthetic polymers, polymers derived from
natural materials also show promise as effective antibiofilm
agents. Chitosan is a polysaccharide material, prepared from
treatment of natural chitin obtained from the exoskeleton of
shellfish and crustaceans.’®® Chitosan’s structure consists of
randomly distributed B-linked p-glucosamine and N-acetyl-p-
glucosamine repeating units. Being a polycationic material,
many researchers have shown chitosan materials exhibit effective
antibiofilm properties.***™**> For example, Pintado and co-workers
developed chitosan nanoparticles held together electrostatically
using the anionic binding agent tripolyphosphate."®® These
nanoparticles were effective at inhibiting planktonic growth
of methicillin-resistant and methicillin-susceptible strains of
S. aureus (MRSA and MSSA, respectively), as well as a methicillin-
resistant strain of S. epidermidis (MRSE). The nanoparticles
showed moderate activity in disrupting MRSE’s ability to bind
onto a protein-coated polystyrene substrate, whilst minimal
activity was observed for S. aureus strains. However, the nano-
particles were able to strongly inhibit biofilm formation of both
S. aureus strains in microwell plates at sub-MIC concentrations
but showed only moderate inhibitory activity against biofilm
formation by MRSE. This was explained by the distinct mechan-
isms for biofilm formation between the two staphylococcal
species, with S. epidermidis relying more heavily on hydrophobic
interactions for initial attachment, whilst S. aureus exhibited greater
reliance on an active adhesin-dependent binding mechanism.">

Chitosan is also amenable to further modification in order
to impart additional antimicrobial functionality. Sahariah and
co-workers developed a range of chitosan materials functionalized
with various quaternary ammoniumyl derivatives, as well as
lipophilic groups.'® They demonstrated that the presence of
cationic charge and short alkyl chains resulted in enhanced
activity towards planktonic S. aureus, while longer alkyl chains
resulted in reduction in the antibacterial activity. However, in
the case of S. aureus biofilms, the ideal candidate had a
combination of trimethylamine and acetyl moieties, as well as
long, lipophilic stearoyl functionality, which allowed for deep
penetration into the biofilm network.'”® This work highlights
the importance of identifying structure-activity relationships in
polymer materials using application-specific assays. Similarly,
Guo and co-workers developed chitosan functionalized with

This journal is © The Royal Society of Chemistry 2021
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N-phosphonuim cationic groups."® They showed that at 3%
and 13% phosphonium substitution, these materials showed
superior inhibitory activity against S. aureus and E. coli biofilms than
comparable chitosan derivates functionalized with quaternary
ammonium species.">*

Cationic polymer materials are excellent alternatives to
antimicrobial peptides for the eradication of biofilms and show
greatly improved in vivo stability, ease of tunability and low cost
of production. However, as with peptides, the poor penetration
of highly charged species through the biofilm matrix, as well as their
hemotoxicity, must be carefully considered when designing such
systems. Studies from our group and others have revealed the
influence of hydrophobicity, molar mass, end group, and monomer
sequence, which play a significant role in determining selectivity
against planktonic bacteria.””’#14>1567161 Through detailed
structure-property relationship studies such as these, we believe
that ideal antibiofilm candidates from within this class of
materials can be developed for a range of applications.

Drug-releasing polymer systems

Whilst antibiofilm polycations have been the focus of signifi-
cant research attention, others have focused on polymer systems
that can better deliver conventional antibiotics. These often show
advantages over the use of free antibiotics alone because they can
often circumvent traditional resistance mechanisms and better
penetrate into the biofilm matrix, as well as having other
pharmacokinetic advantages owing to the additional size and
stability that the polymer material imparts. For example, Benoit
and Koo et al. developed antibiotic-loaded pH-responsive polymeric
micelles comprised of poly(2-(dimethylamino)ethyl methacrylate)-
block-(2-(dimethylamino)ethyl methacrylate-co-butyl methacrylate-
co-propyl acrylic acid) (P DMAEMA-bDMAEMA-co-BMA-co-PAA)) for
the treatment of oral biofilms associated with dental cavities.'®
Here, the cationic pPDMAEMA corona could effectively target anionic
surfaces resulting in adherence to the hydroxyapatite tooth surface,
including saliva-coated hydroxyapatite and exopolysaccharide-
coated hydroxyapatite. Upon exposure to a reduced pH environ-
ment, a virulence factor for cavity-producing biofilms, the core of
the micelles became destabilized owing to core ionization, which
led to the release of the loaded antimicrobial, farnesol. Note that as
previously mentioned farnesol is a fungal quorum sensing mole-
cule, but it also displays antimicrobial properties against S. mutans.
The loaded micelles were 4-fold more effective at disrupting
S. mutans biofilms than the free antibiotic and it was further
demonstrated in a rodent model that the loaded micelles
reduced the occurrence and severity of carious legions, whilst
the free drug showed no effect."®>

Rotello and co-workers developed drug-loaded biodegrad-
able nanocomposites from guanidine-functional polynorbornenes
with additional poly(ethylene glycol) and maleimide moieties in the
polymer’s side chain.'®® Upon crosslinking an oil-in-water emulsion
containing the naturally occurring membrane disrupting antibiotic,
carvacrol, using a disulfide-based crosslinker, drug-loaded nano-
composites were prepared, which could readily degrade in the
presence of either glutathione or esterases to release the anti-
microbial payload. The nanocomposites were shown to readily
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penetrate into E. coli biofilms and were found to be highly
effective at killing biofilms formed by four clinical isolates,
including multi-drug resistant strains. This was in stark contrast
to treatment with the carvacrol alone, or the non-crosslinked
guanidine polymer, which were both ineffective. The authors
demonstrated the nanocomposites could selectively kill bacteria in a
co-culture in vitro model using P. aeruginosa biofilms grown on top of
mammalian fibroblasts, and that unlike the conventional antibiotic,
the development of resistance to such treatment was negligible after
20 serial passages at subinhibitory concentrations.'®

Liu and co-workers developed antibiotic delivery vehicles
based on chitosan nanoparticles surface-functionalised with
various compositions of zwitterionic 2-methacryloyloxyethyl
phosphorylcholine (MPC) and cationic N-(3-aminopropyl)
methacrylamide.'® These could be loaded with the small
molecule antibiotic triclosan and were shown to rapidly release
this cargo upon acidification from pH 7.4 to pH 5.0. It was
demonstrated that greater zwitterionic functionality present on
the particle surface led to greater particle penetration and
accumulation within S. aureus biofilms, thus leading to better
antimicrobial efficacy of the released cargo.'>® This highlights
the importance of electrostatic interactions between the bio-
film’s extracellular matrix and the drug delivery vehicle, with
highly charged cationic species generally being hampered by
the anionic matrix.

Cavallaro and co-workers prepared hierarchical drug delivery
vehicles for superior biofilm penetration for the treatment of
cystic fibrosis pulmonary infections.'®* An anionic polymer was
synthesized by grafting p-(+)-glucuronic acid y-lactone onto a
a,B-poly-(N-2-hydroxyethyl)-p,L-aspartamide and used the resul-
tant anionic graft copolymer to formulate a polyion complex
with the cationic antibiotic tobramycin at a 1:1 charge ratio.
These nanosized polyion complexes were formulated into
microparticles of a mucus-disrupting sugar, mannitol, using a
spray drying technique to produce nano into micro formulations
(NiMs). These formulations were shown to sustainably release the
polyion complexes and were amenable to pulmonary administration
as an inhalable dry powder. The NiMs interrupted the mucoadhesive
properties of an artificial cystic fibrosis mucus and it was demon-
strated that the NiMs led to faster initial penetration through the
artificial mucus but slow and sustained release after longer time
periods owing to the polyion complexation of the tobramycin. After
loading with other optimising agents such as cysteamine, these
hierarchical drug delivery vehicles significantly outperformed
the free antibiotic, as well as a market leading porous inhalable
formulation for cystic fibrosis treatment, at removing P. aeruginosa
biofilms in the presence of the artificial mucus.'®*

Outside of polymer self-assemblies, Zhang and co-workers
developed unimolecular core-crosslinked micelles prepared
from quaternary ammonium-functional lipids employing an acid
and/or lipase labile linker.'”” These crosslinked micelles were
shown to degrade and disassemble in under low pH conditions
or in the presence of lipase and showed greater penetration into
established S. aureus biofilms, resulting in significantly lower
biofilm biomass and viability at equal concentration to the
non-crosslinked lipid micelles. Furthermore, owing to their
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crosslinked nature, which permanently shielded the lipid
hydrophobic tails from solution, the crosslinked micelles were
far less hemolytic than the non-crosslinked micelles under non-
acidic, physiological pH conditions, demonstrating the importance
of site-directed toxicity or antimicrobial activity."®”

Delivery of small molecule and peptide agents using polymeric
nanoparticles can greatly improve their antibiofilm properties and
can allow for complementary functionality to be installed, such as
biofilm targeting agents. Furthermore, these systems can exploit
environmental stimuli to release their cargo more exclusively at the
infection site. However, such systems do not alleviate the issues
surrounding acquired antimicrobial resistance to their cargo.
Whilst these drug delivery systems effectively repurpose existing
antibiofilm agents, new strategies must be developed that can
overcome the growing threat of antimicrobial resistance through
employing both unconventional killing mechanisms, as well as
non-lethal biofilm removal strategies.

New directions in antibiofilm materials
Peptidomimetics

Whilst both synthetic and natural antimicrobial peptides with
well-defined primary sequence and secondary structure have
been used extensively for antibiofilm applications, others have
developed biomimetic antibiofilm materials, known collectively
as peptidomimetics (Fig. 4).2*%® For the purpose of this Review,
we also include poly(peptide)s under the bracket of peptidomi-
metics but it is worth clarifying at the start of this section that
there is some ambiguity in the nomenclature of such materials.
IUPAC describe “polypeptides’ as any peptide containing 10 or
more amino acids, however for certain synthetic poly(peptide)s,
often one is referring to synthetic polymers prepared by the
polymerization of amino acids or their precursor monomers to
form (co)polymer materials with a distribution of molar masses
and an ill-defined sequence, as opposed to a mass-defined and
sequence-defined peptide. In this regard, we refer to poly-
(peptide) peptidomimetics as synthetic materials that have
the same peptide backbones as naturally occurring peptides,
but are prepared through the ring opening polymerization of
strained cyclic monomers, such as N-carboxyanhydrides,
or through polycondensation of amino acids, as opposed to
iterative solid phase synthesis in the case of synthetic peptides.
As such by this definition, whilst poly(peptide)s possess similar
properties to antimicrobial peptides, they do not exhibit the
same level of control over their primary sequence, nor length
homogeneity. However, these materials show an advantage over
peptides through their ease of preparation, often in a one-pot
methodology from the starting monomers, which significantly
reduces the production cost of these materials.

For poly(peptide)s, the side chain residue is present on the
carbon adjacent to the peptide bond to give an identical backbone
to peptides. Conversely, in a distinct class of peptidomimetics
known as peptoids, the side chain functionality is N-substituted to
give a secondary amide peptide backbone (each structure shown
for comparison in Fig. 4A).*" This results in stark differences in the

This journal is © The Royal Society of Chemistry 2021
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self-assembly and in vivo behaviour of peptides and peptoids.
Whilst peptoids can be prepared by either iterative solid phase
methods or through ring opening polymerization, contrary to both
peptides and poly(peptide)s, peptoids show no backbone chirality
or inter-backbone hydrogen bonding, whilst showing significant
proteolytic stability.?* As previously discussed, the persistence of
non-degradable materials in the environment is cause for some
concern over antimicrobial resistance development. However, the
enhanced proteolytic stability of peptoids may be important for
certain therapeutic indications.

The design principles for peptidomimetics are similar to
that of antibiofilm peptides, in that those with cationic and
hydrophobic side chains typically show good antibiofilm prop-
erties, with poly(i-lysine) being commonly used in the case of
poly(peptide)s. Whilst bacterial membrane rupture is thought
to be a major mechanism, similarly to antibiofilm peptides,
peptidomimetics can show multiple modes of therapeutic
action.®® For example, Hervé and co-workers showed that a
commercial poly(r-lysine) compacted DNA in cystic fibrosis
sputum clinical isolates, exerting mucolytic activity.'®® The
compacting of DNA was important for allowing natural and
exogenous protease inhibitors, which are hampered by the
presence of DNA in cystic fibrosis patients, to control neutro-
phil serine protease activity in the cystic fibrosis sputum. In
such a way, treatment with poly(r-lysine) provided a fluid phase

This journal is © The Royal Society of Chemistry 2021

in the sputum that improved ciliary beating frequency in an
in vivo mouse model after aerosol administration, whilst also
destroying opportunistic bacteria such as P. aeruginosa and
S. aureus."®® In a later study, the authors utilized poly(i-lysine) to
treat ex vivo P. aeruginosa biofilms formed on endotracheal tubes
collected from mechanically ventilated clinical patients.’®® They
showed that the poly(peptide) removed 90% of the endotracheal
tube biofilm after a single 2 min administration and was also well
tolerated by the lung tissue of mechanically ventilated pigs in an
in vivo porcine model.'® These studies demonstrate the potential
of a simple poly(peptide) for the treatment of biofilms accompany-
ing both cystic fibrosis and ventilator-associated pneumonia.
Cobb and Lundy et al. investigated the in vitro antibiofilm
activity of 18 sequence defined peptoids, containing N-substituted
side chains with cationic primary amine groups as well as hydro-
phobic aromatic functionalities, against established polymicrobial
cross-kingdom bacterial/fungal biofilms comprised of either
S. aureus/C. albicans or E. coli/C. albicans species.””® Optimal peptoid
candidates that could facilitate up to a 2-log reduction in bacterial
cell counts, as well as up to a 3-log reduction in fungal cell counts
were identified, whilst it was also demonstrated that the peptoids
exhibited a membrane-rupturing mechanism of action against all
three species.'”® The authors further explained that the modified
polymerase chain reaction quantification technique employed for
assessing biofilm viability was a powerful tool for including species
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that are viable but non-culturable in the viability quantification, as
opposed to traditional colony forming unit counting assays.'”
Similarly, Jenssen and co-workers identified a synthetic peptide
GN-2 through quantitative structure activity relationship (QSAR) in
silico methods and prepared a range of sequence-defined synthetic
peptides and their corresponding peptoids, which mimicked the
GN-2 structure, as well as the GN-2 peptide itself.'”" Interestingly,
they found that structures that showed high planktonic antimicro-
bial activity showed poorer antibiofilm activity and vice versa.
Peptoid materials generally showed superior E. coli antibiofilm
activity, compared to the corresponding peptides, despite showing
lower activity against planktonic bacteria. The authors explained
this through consideration of the differences in backbone rigidity,
different spatial arrangements of the charged and hydrophobic
residues, as well as differences in hydrogen bonding capability,
which were competing factors in determining potency against
planktonic bacteria and biofilms.'”*

One other important class of peptidomimetics are B-peptides.®
Whilst typical a-peptides have both the amino and carboxylic acid
functionality bound to the same carbon (the o-carbon), B-peptides
are bound through the B-carbon (Fig. 4A), present on the side
chain of each natural amino acid except glycine. As such, whilst all
B-peptide residues, except for B-alanine, retain their chirality in a
similar manner to peptides, they are also proteolytically stable, as
observed with peptoids. f-Peptides are also emerging materials as
anti-biofilm agents, particularly in the case of fungal biofilms.
Palecek and co-workers investigated the antibiofilm effect of a
range of amphiphilic 14-helical B-peptides, which form helical
secondary structures in aqueous solution.'*>”>'”® In one study,
the authors identified a B-peptide, Y-(ACHC-V-K);, that inhibited
the further growth of C. albicans established biofilms.'”> Here,
ACHC is a helix stabilizing residue containing trans-2-amino-
cyclohexanecarboxylic acid, linking the B> and B> positions (see
Fig. 4B), whilst Y, V and K are residues containing tyrosine, valine
and lysine mimicking groups in the #? position.'”* In a later study,
they developed a range of 14-helical f-peptides with the structure
X-(ACHC-R,-R;)-NH, (Fig. 4B), which inhibited the formation
of fungal biofilms by C. albicans, C. glabrata, C. parapsilosis and
C. tropicalis."® However, it was demonstrated that the B-peptides
did not show potency against pre-formed biofilms from these
species.’®® More recently, small molecule modulators for fungal
morphogenesis, which inhibit the hyphal elongation of C. albicans,
were shown to markedly improve the biofilm inhibitory activity of
these B-peptides, demonstrating their applicability to be used in
combination with complementary antibiofilm agents."”® One
further related structural class, B-peptoids, which are bound
through the B-carbon, similar to p-peptides, but have their side
chain functionality present on the nitrogen atom, similar to
peptoids (structure shown in Fig. 4A), also show antibiofilm
properties. For example, Folkesson and co-workers prepared
B-peptoid-peptide hybrid oligomers and demonstrated their
in vitro activity against established S. epidermidis biofilms (an
example structure is shown in Fig. 4C)."°® It was demonstrated
that the hybrid oligomers could inhibit biofilm formation at
concentrations equal to the MIC, whereas much higher concen-
trations were required to tackle established immature biofilms
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grown for 6 h. For established mature biofilms grown for 24 h,
even higher concentrations were required and after treatment, a
layer of dead bacteria was still present, unlike in the case of the
immature biofilms (Fig. 4C).*®¢

Peptidomimetics can also be utilized to form hybrid structures
with non-peptidomimetic polymers. Recently, Pethe and Chan-
Park reported a convenient one pot, two-step protocol for
preparing diblock copolymers based on a glycopolymer block
and a P-peptide block, poly(amido-p-glucose)-block-poly(p--
lysine).'”® Here, the authors utilized the anionic ring opening
polymerization of 4-membered ring precursor monomers, followed
by a global deprotection step to afford the cationic hybrid polymer.
Owing to the vastly different homopolymerization rates of the two
monomers, a block-like structure was formed. It was demonstrated
that these hybrid polymers at just 2 x MIC showed high efficacy
against S. aureus persister cells pre-selected by antibiotics from
planktonic cultures and that they could disrupt and kill preformed
MRSA biofilms, reducing the biofilm viability by 99.9%, and
significantly reducing the adhered biomass. It was theorized that
the polymer underwent a coil-to-helix transition in response to
bacterial membranes, which upon insertion of the -peptide block,
created a surface layer of the glycopolymer block. This low-fouling
layer promoted detachment of the bacteria from the surface, which
was not observed for the B-peptide alone.'”®

Peptidomimetic materials share many of the strengths of
antimicrobial peptides but offer additional advantages such as
low production costs in certain cases, such as poly(peptide)s, or
higher proteolytic stability in the case of peptoids and f-peptides.
Whilst antibiofilm peptidomimetics have been known for longer
than other synthetic antibiofilm materials detailed in this Review,
none have currently been granted clinical approval, although the
poly(peptide) e-polylysine has received “Generally Regarded As
Safe” (GRAS) status by the Food and Drug Administration (FDA)
and can be used as a food additive. As with peptides, their
translation is broadly hampered by off-target effects, toxicity
(particularly hemotoxicity), and a high cost-benefit factor for
development and clinical trials. For non-sequence defined
peptidomimetics, additional challenges exist pertaining to their
ill-defined structure, which are discussed in more detail towards
the end of this Review.

Nitric oxide-releasing polymers and polymer nanoparticles

Nitric oxide-releasing polymers are a relatively new class of
antibiofilm materials that have gained significant attention in
recent years (Fig. 5).* 7 Nitric oxide (NO) itself is an endogenous
small molecule gasotransmitter, which is involved in a number of
normal physiological processes. As a free radical, nitric oxide
shows inherent reactivity towards proteins, metabolic enzymes,
DNA, and cell surfaces, and as such exhibits broad-spectrum
antimicrobial activity through both oxidative and nitrosative
processes.®””!”® Furthermore, upon reaction with molecular
oxygen and other reactive oxygen species, nitric oxide readily
converts into further reactive species such as nitrogen dioxide
(NO,), dinitrogen trioxide (N,O3) and peroxynitrite (ONOO™),
which also exhibit separate antimicrobial modes of activity.*”'”®
Whilst nitric oxide itself is a promising antimicrobial agent,
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it has a very short half-life in vivo and is challenging to handle
and deliver owing to its gaseous nature. Therefore, materials
that can slowly release nitric oxide from a polymeric scaffold
provide a convenient means for local delivery of nitric oxide to
biofilms.*”"%°

Two major classes of nitric oxide donor moieties are typically
employed; these include N-diazeniumdiolates (NONOates) and
S-nitrosothiols (RSNOs, which are discussed in a later section),
both of which release nitric oxide under certain physiological
conditions. NONOates are formed through the reaction of NO
with secondary amine species and readily degrade back to the
parent amine to release two NO molecules in a passive manner
under physiological conditions. Boyer and co-workers developed
poly(oligo(ethylene glycol) acrylate monomethyl ether) based
star-like polymers crosslinked in their core through a secondary
amine containing spermine linker (Fig. 5A). Upon reaction with
gaseous NO, star polymers containing NONOate-functional
cores were achieved. In contrast to the spermine NONOate
conjugate alone, which rapidly released NO with ¢;,, = 40 min,
the star-like polymer was shown to steadily release NO over a
70 h period. This slow, sustained release enabled inhibition
of P. aeruginosa biofilm formation at non-biocidal polymer
concentrations. This was consistent with the notion that the

This journal is © The Royal Society of Chemistry 2021

star-like NONOate polymers prevented the bacterial behavioral
switch from planktonic free-swimming, to biofilm-forming
behavior, which was further confirmed using mutant strains."”*
More recently, work from the same group investigated amphiphilic
block copolymer self-assembled nanoparticles formed by
polymerization-induced self-assembly (PISA) as precursors for
NONOate functionalization, through employing a reactive
epoxide-containing core-forming monomer.'® By ring-opening of
the reactive epoxide group with benzylamine to form a secondary
amine, followed by reaction with gaseous NO, NONOate-functional
nanoparticles were obtained. Interestingly, the authors showed
that two self-assembled nanoparticle morphologies, spherical
micelles and non-spherical worm-like micelles, exhibited markedly
different NO release kinetics. Slow releasing worm-like micelles
were less effective against established P. aeruginosa biofilms than
the fast releasing spherical micelles after 30 min treatment.
Conversely, the opposite was true when a 60 min nanoparticle
treatment regime was employed, whereby the worm-like micelles
after a 60 min treatment outperformed the spherical micelles’
antibiofilm activity after either 30 min or 60 min treatment.'®°
These studies highlight the importance of slow, sustained
NO-releasing polymer systems for the effective inhibition and
killing of biofilms.
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Synthetically enhanced biomaterials have also been used as
NO-releasing materials. For example, Schoenfisch and co-workers
developed chitosan oligosaccharides functionalized with NONO-
ates and demonstrated their antibiofilm activity against estab-
lished P. aeruginosa biofilms."®" Though chitosan itself is typically
biocidal, the short oligomers used in this study did not exhibit
biocidal activity. However, the NONOate-functional chitosan
oligomers were able to disperse and kill established P. aeruginosa
biofilms."®" As an aside, under aerobic conditions, oxygen, super-
oxide and hydrogen peroxide play a complex role in determining
NO biocidal activity. These reactive oxygen species facilitate the
conversion of NO into the previously mentioned higher oxidation
biocidal species, however they also play a role in converting NO
into relatively benign species such as nitrate (NO;™) and nitrite
(NO,")."”® Therefore, Schoenfisch and co-workers used the
NO-releasing chitosan oligomers to study the influence of oxygen
availability on the antimicrobial and antibiofilm activity of
NO donors in the aforementioned study.'®’ Under anaerobic
conditions, the NO-releasing chitosan was shown to release more
bioavailable NO than under aerobic conditions, which typically led
to lower MICs of the NO-releasing chitosan under anaerobic
conditions against planktonic P. aeruginosa bacteria. However, this
corresponded to higher concentrations of bioavailable NO. The
NO-releasing chitosan was much more effective at killing both
mucoid and non-mucoid P. aeruginosa biofilms under anaerobic
conditions, in stark contrast to the small molecule antibiotic
tobramycin, which showed up to an 8-fold reduction in efficacy
under anaerobic conditions. Furthermore, the NO-releasing
chitosan was shown to kill both phenotypes (mucoid and non-
mucoid biofilms) with equal efficacy, whereas tobramycin showed
phenotypic dependency, with mucoid biofilms exhibiting 4-fold
lower susceptibility.'®" More recently, work from the same group
demonstrated that NONOate-functional alginate polysaccharides
showed superior antibiofilm activity against Gram-positive bio-
films formed by S. aureus including MRSA under anaerobic
conditions, compared to tobramycin.'® These studies demon-
strate the influence of environmental factors, such as oxygen
availability, on the effectiveness of antibiotics against established
biofilms and showcase how NO-releasing materials can use these
conventionally challenging conditions to their advantage.

NO-releasing materials show excellent promise in their own
right through their relative ease of preparation from both vinyl
commodity monomers and natural polymers. However, as
discussed in the next section, their true strength is in their
compatibility with other antibiofilm moieties to produce multi-
action materials with a broad arsenal of antibiofilm functionalities.

Multi-action antibiofilm materials

An emerging trend in antibiofilm materials research includes those
that combine the synergistic benefits of two or more distinct
antibiofilm mechanisms. Unlike the materials with single modal-
ities discussed previously, multi-action materials couple both bioci-
dal functionality and biofilm dispersal moieties, or can undergo
staged release of multiple synergistic biocidal drugs. For example,
Schoenfisch and co-workers investigated modified antimicrobial
amine-terminal poly(amidoamine) (PAMAM) dendrimers of different
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molar masses (different dendritic generations, G1 through to G4)
as dual-action biocides/NO donors (Fig. 5B)."”* Following function-
alization of the PAMAM amine groups through epoxide ring
opening using alkyl monoepoxides and subsequent reaction of
the resulting secondary amines with NO, dual-action NONOate-
functional dendrimers were achieved. Note that dendrimers
with greater generations (i.e. G4 as opposed to G1), have more
terminal amine groups per dendrimer molecule and as such
had a higher NO loading capacity onto these terminal units.
Both NO-loaded and non-loaded modified dendrimers showed
antimicrobial activity against a range of planktonic bacteria,
demonstrating the dual-action capability of the NONOate-
functional materials. Whilst each dendrimer in the series
showed similar NO release kinetics, the terminal group chemistry
and dendrimer generation had a marked effect on the species-
dependent antibiofilm activity. The higher molar mass G3 and
G4 dendrimers that were functionalized with hexyl groups
exhibited the best broad-spectrum in vitro antibiofilm activity
against established mature P. aeruginosa, drug-susceptible
S. aureus, and MRSA biofilms grown for 24 h. This was shown
to be a result of the improved penetration of these species into
the biofilm matrix, owing to their greater functional group
density and greater hydrophobicity, which enabled better asso-
ciation with and disruption of exopolysaccharides and bacterial
cell membranes. However, the butyl-functional dendrimers
from this study favorably showed reduced cytotoxicity profiles
against mouse fibroblasts, demonstrating a trade-off between
antibiofilm activity and mammalian toxicity."”>

Boyer and co-workers developed dual-action NO-releasing
antimicrobial polycations formed by reversible addition-
fragmentation chain transfer (RAFT) polymerization."”® To this
end, optimized antimicrobial acrylate/acrylamide copolymers,
containing hydrophobic ethylhexyl groups, hydrophilic oligo-
(ethylene glycol) groups, and primary amine groups in their
side chains, were partially loaded with NO to form NONOates
(Fig. 5C). These could passively release NO in vitro, and sub-
sequently restore the antimicrobial bacteriolytic primary amine
functionality. The NO-loaded polymer outperformed both
the non-loaded antimicrobial polymer, the small molecule
spermine-NO conjugate, or a blended mixture of the two,
against established P. aeruginosa biofilms pre-grown for 6.5 h,
resulting in 80% biomass reduction and over 5-log reduction in
biofilm viability, relative to the untreated control."”® The same
group investigated block copolymer micelles with oligo(ethylene
glycol) shells and benzaldehyde-functional cores, which could
be core-loaded with the small molecule antibiotic, gentamycin,
through a pH-cleavable imine bond."”” The attached gentamycin,
which contains multiple primary and secondary amines, could be
further loaded with NO to form polymer-gentamycin-NONOate
conjugates (Fig. 5D). Similarly, these antibiotic/NO dual-releasing
micelles outperformed the antibiofilm activity of free gentamycin,
a spermine-NO conjugate, or the polymer-gentamycin conjugate,
all of which showed <20% reduction in P. aeruginosa biofilm
viability, whereas the dual-action system resulted in 90% reduction
in biofilm viability relative to the untreated control."”” These
studies demonstrate the importance of multi-action synergistic

This journal is © The Royal Society of Chemistry 2021
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materials, which show superior antibiofilm activity compared to
their individual components, or mixtures thereof.

Recently, Du and co-workers developed dual corona vesicles
comprised of a co-assembled mixture of poly(e-caprolactone)-
block-poly(lysine-stat-phenylalanine) (PCL-b-P(Lys-stat-Phe)) and
poly(ethylene oxide)-block-poly(e-caprolactone) (PEO-b-PCL), as
shown in Fig. 6A."® These showed intrinsic broad-spectrum
antimicrobial activity imparted by the polypeptide P(Lys-stat-
Phe) corona and stealth-like protein repellence imparted by the
PEO corona, as well as biodegradability imparted by the hydro-
lytic properties of the PCL core. The latter property allowed
these nanoparticles to penetrate deeper into S. aureus and E. coli
biofilms. These particles could be further loaded with the small
molecule antibiotic ciprofloxacin. The combined antimicrobial
properties of the dual-corona vesicles, along with their
enhanced stealth properties, allowed for superior delivery of the
small molecule antibiotic relative to the single corona vesicle
controls, resulting in greater biomass removal. Additionally, the
release of lipases and other hydrolytic enzymes upon lysis of the
bacterial membranes were thought to enhance the degradation of
the particles, thus leading to faster burst release of the loaded
antibiotic (Fig. 6B). Topical treatment with the antibiotic-loaded
vesicles was shown to significantly reduce bacterial plaque
formation, gingival bleeding and periodontal inflammation in
a rat periodontitis model, whilst requiring just 50% of the

Degradable PCL core

View Article Online
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loaded antibiotic to achieve similar bactericidal effects.'®?
Similarly, van der Mei and Shi et al. developed surface adaptive
mixed corona micelles comprised of a PCL core and a mixed
corona of both PEO and a pH-responsive poly(B-amino ester).'®*
PEO provided stealth properties until acidification in the
S. aureus biofilm environment, which led to cationization of
the poly(B-amino ester) block. This resulted in lysis of anionic
bacterial membranes, subsequent release of secretory bacterial
lipases, enzyme-mediated degradation of the PCL core, and
release of the loaded antibiotic cargo, triclosan (similar to the
schematic mechanism shown in Fig. 6B).'®> Materials that
exploit such “kill-degrade-release” cascades are promising
candidates for combination treatment of biofilms through
their multiple mechanisms of action, which subverts biofilm
defences against conventional antibiotics, as well as reducing
antimicrobial resistance often observed in single mechanism
approaches.

One intricate example of a dual-antibiotic-loaded nanoparticle
that exploits a similar multi-stage release mechanism was given
by Li and co-workers, who developed a mixed corona micelle drug
delivery system based on functionalized poly(aspartamide)
copolymers.'®* The authors prepared a cationic homopolymer
of poly(aspartamide) grafted with the hydrophobic antibiotic
azithromycin through diethylene triamine spacers and an ester
linkage (Fig. 6C, structure shown in green). This was combined
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with an ABA triblock copolymer, poly(diisopropylaspartamide)-
block-poly(ethylene  oxide)-block-poly(diisopropylaspartamide)
(Fig. 6C, blue and red block copolymer), in aqueous solution
to form self-assembled micelles. These micelles had cationic
poly(ethylene oxide)/poly(aspartamine-diethylenetriamine) shells
and a poly(diisopropylaspartamide) core, stabilizing the grafted
hydrophobic azithromycin (Fig. 6C). An anionic small molecule
biofilm dispersing prodrug, cis-aconityl p-tyrosine, could be
electrostatically sequestered to the cationic shell, resulting in
the formation of anionic nanoparticles. Upon acidification in the
biofilm environment, the acid-labile cis-aconityl group of the
sequestered small molecule prodrug was cleaved releasing
the now zwitterionic p-tyrosine, which was able to disperse the
biofilm matrix. Release of p-tyrosine resulted in charge switching
of the micelles from anionic back to cationic, resulting in the
subsequent shrinkage of the micelles from 79 nm to 24 nm. In
the presence of the resulting secretory bacterial lipases following
biofilm disruption, the ester linkages between the poly(peptide)
and the antibiotic azithromycin were cleaved, resulting in
local drug release within the biofilm to destroy the dispersed
P. aeruginosa bacteria. The mixed poly(peptide) micelles were
highly efficient at killing biofilms present on implanted catheters
in an in vivo rat model. Close to 3-log reduction in viable counts
of P. aeruginosa biofilms was observed upon treatment, relative to
the negative control group.'®* This study demonstrates the design
of highly complex delivery vehicles with multiple controlled release
mechanisms that can effectively exploit the biofilm micro-
environment for stepwise payload delivery, more examples of
which will be described in a later section.

Combining synergistic mechanisms of action through the
use of antimicrobial enzyme/peptide/antibiotic cocktails has
recently been systematically analyzed by Jorge and co-workers
in the treatment of S. aureus and P. aeruginosa biofilms."®” This
has led to the curation of an available online resource, the
Antimicrobial Enzyme Combinations Database (https://www.
ceb.uminho.pt/aecd), which details enzyme combination therapies
and their effectiveness against these microbial biofilm systems.
Such databases will be key to identifying knowledge gaps and new
research opportunities, with the authors identifying the study of
polymicrobial biofilms as a future focus area.’® In a similar
initiative, the recently updated Data Repository of Antimicrobial
Peptides (DRAMP; http://dramp.cpu-bioinfor.org) holds infor-
mation on the structure and antimicrobial properties of over
20000 peptides and peptide sequence entries.'*®"%°

“On-demand” stimuli-responsive materials

The ability of highly active solution-based macromolecular
antimicrobials to penetrate biofilms is often severely hampered
by the size of the antimicrobial and through virtue of attractive
and repulsive coulombic interactions with the biofilm matrix.
Additionally, the robustness of synthetic polymer materials
over that of peptides enables their prolonged environmental
persistence at lethal and sub-lethal concentrations, which may
eventually lead to the emergence of acquired antimicrobial
resistance to such polymeric agents. Emerging strategies to
tackle these newly found issues have led to the design of
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stimuli-responsive materials with “on-demand” antibiofilm
activity. Whilst endogenous factors that stimulate the release
of small molecule antibiotics has been discussed in previous
sections, here we highlight a few examples where external
stimuli have been employed, or where a stimuli-responsive
change in the polymer chemistry results in an intrinsic change
in antibiofilm activity. These include photodynamic polymer
materials that respond to light, materials that employ dynamic
covalent chemistries or host-guest complexation, and materials
with stimuli-responsive “on-demand’” NO release.

Wang and Liu et al. prepared conjugated polymers with
cationic amine-functional side chains, which showed photo-
responsive antibiofilm activity."®® Through zeta-potential measure-
ments, the polymers were shown to adhere to the surface of
S. aureus, increasing the concentration of the polymer on
the bacterial surface. Upon illumination with white light, the
conjugated polymer produced reactive oxygen species, which led
to bacterial death in a process known as photodynamic therapy.
These polymers were shown to effectively inhibit S. aureus
biofilm formation, as well as Kkilling established mature
biofilms.'®® In a more elaborate example, Xu and co-workers
designed dual stimuli-responsive supramolecular polymers held
together through cucurbit[8]uril-mediated host-guest and metal
coordination interactions.”® A cationic porphyrin moiety (Por)
was non-covalently attached to an intermediate linker (NpDi)
through metal coordination interaction with the porphyrin
guest Sn(IV) ion. The linker allowed the porphyrin to be non-
covalently bound to the side chain of a cationic polymer (BPB)
using cucurbit[8]Juril host-guest interactions, forming the poly-
mer complexation product (SPP) (Fig. 7A). The porphyrin moiety
could be used as a photosensitizer, producing antimicrobial
reactive oxygen species upon illumination with white light
(Fig. 7B and C). The cationic supramolecular polymer adhered
to negative bacterial membranes, thereby increasing the local
concentration of porphyrin moieties around these pathogens.
Therefore, this polymer showed higher biofilm-killing activity
than the free porphyrin after illumination, whilst the mammalian
toxicity was significantly reduced. Upon addition of a competitive
binding agent, cucurbit[7]uril, the supramolecular polymer could
be controllably disassembled, thus reducing their antibiofilm
activity to match that of the free porphyrin.”® This study high-
lights the potential of dynamic non-covalent interactions in
designing antibiofilm agents that controllably degrade, so as
not to persist in the environment. For more information on
photodynamic therapy in the treatment of biofilms (including
inorganic and carbon nanomaterials), the reader is referred to
the following text.””

Another example of dynamic interactions exploited in anti-
biofilm materials is in the use of dynamic covalent Schiff base
chemistry."®® Such imine-functional materials are highly
pH-sensitive, with the equilibrium strongly favoring the hydro-
lysis degradation products (amine plus carbonyl) at low pH,
whilst the imine bond remains intact under physiological
conditions. Rotello and Guo reported the preparation of
dynamic covalent nanocomposites of an oil-in-water emulsion of
the antibiotic oil, carvacrol, in aqueous solution.**® The emulsion

This journal is © The Royal Society of Chemistry 2021
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was stabilized through use of a cationic poly(oxonorbornene)
copolymer present in the aqueous phase (PONI-GAT), which
contained guanidine, amine and tetra(ethylene glycol) functional-
ity in its side chains, in combination with a tetra functional
aldehyde, adamantyl-core tetrakisaldehyde (ATA) present in the
carvacrol oil phase (Fig. 7D). Upon emulsification, the amine side
chain groups of PONI-GAT formed Schiff base dynamic covalent
bonds with the aldehyde functionality of ATA at the oil-water
interface. These nanocomposites remained stable under physiolo-
gical conditions but became destabilized under acidic conditions
(pH 5.0-6.5), leading to release of the antimicrobials PONI-GAT
and carvacrol. Unlike the individual components, the nanocom-
posites could penetrate deep within biofilms and resulted in near
complete loss of viability in biofilms formed by P. aeruginosa,
E. coli, S. aureus and Enterobacter cloacae drug-resistant clinical
isolates respectively, whereas PONI-GAT and carvacrol alone were
ineffective.'®®

Aside from stimuli-responsive polymer materials, Zhou and
co-workers have reported the use of stimuli-responsive moieties

This journal is © The Royal Society of Chemistry 2021

built into synthetic antimicrobial peptides to modulate their
antibiofilm properties.'®' Here, the authors synthesized isomeric
tripeptides based on either Gly-Gly-Ala or Ala-Gly-Gly with a
butyl azobenzene moiety present at the N terminus of each
peptide. These were shown to self-assemble into twisted nano-
wires or untwisted nanofibers in their native form. It is note-
worthy that in these tripeptides, the entire sequence, including
the trans-azobenzene moiety, is hydrophobic and that the pep-
tides are amphiphilic only through the charge in their terminal
carboxylate group. Upon complexation with B-cyclodextrin, an
amphiphilic host molecule for the hydrophobic guest trans-
azobenzene moiety, circular dichroism spectroscopy and electron
microscopy indicated disassembly of the chiral self-assemblies,
owing to an increase in the overall hydrophilicity. Upon further
addition of a competitive guest molecule, adamantane, to disrupt
the B-cyclodextrin-azobenzene complexation, the self-assembly
could be reformed. Similarly, photoirradiation of the native
tripeptides with UV light could invoke a trans-to-cis isomerisation
in the azobenzene unit, thus greatly increasing its hydrophilicity
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and resulting in disassembly. Again, this process was reversible
by further irradiating with visible light to afford the ¢rans isomer.
By varying the host-guest complexation, or photoirradiation
conditions, the biofilm inhibitory activity against a range of
Gram-negative and Gram-positive pathogens could be effectively
modulated.”" The activation/deactivation of antibiofilm activity
in response to external triggers is a promising strategy for
controlling antimicrobial environmental persistence, as well as
potentially providing a future platform for spatiotemporal anti-
biofilm control using photoirradiation.

Aside from the passive release of NO from NONOates discussed
previously, other materials based on S-nitrosothiols show
on-demand release of NO in response to stimuli such as enzymes,
heat, light, metal ions or reduction.*”*° Small molecule S-nitro-
sothiols such as S-nitroso-N-acetyl-p-penicillamine (SNAP) employ
such NO-release mechanisms, as well as the tripeptide S-nitro-
soglutathione. For example, S-nitrosoglutathione has been shown
to be an effective antibiofilm agent against P. aeruginosa biofilms
grown on medical grade polyurethane.'®® Whilst numerous reports
of S-nitrosothiol-functional polymers and polymer nanoparticle
delivery of S-nitrosothiol small molecules exist for the treatment of
planktonic bacteria, reports of their use against established bio-
films are rarer, thereby presenting excellent opportunities for
stimuli-responsive delivery of NO to treat biofilms using such
materials. A recent report by Hu and Yu et al. described a new,
distinct type of NO donor based on a photoresponsive coumarin-
containing monomer, whose secondary amine moiety could be
loaded with NO upon treatment with the gaseous biocide.">® The
monomer could be directly polymerized in a RAFT chain extension
process, starting from a poly(ethylene glycol) macro chain transfer
agent, to form amphiphilic block copolymers. These formed self-
assembled micelles with NO-loaded hydrophobic cores in aqueous
solution. Upon photoirradiation at 410 nm, NO could be control-
lably released from the micelles, which was also associated with
restoration of the fluorescence of the coumarin unit, thereby
providing an in situ probe for monitoring NO release at the
administration site. Furthermore, light-mediated NO release was
associated with a reduction in the micelle core hydrophobicity,
which was exploited as a mechanism for the dual release of NO
and the sequestered small molecule antibiotic, ciprofloxacin. After
light irradiation, these dual-loaded micelles outperformed micelles
loaded with the individual antibiotic or NO alone, against estab-
lished P. aeruginosa biofilms, but showed no activity under dark
conditions, demonstrating their controlled temporal release.'*?

The ability to externally control antibiofilm activity will likely
give rise to the next generation of biofilm removal strategies.
This control will be particularly important for overcoming
challenges related to the overuse and persistence of biocidal
agents. Additionally, the on-demand antibiofilm properties are
expected show fewer off-target effects and lower toxicity in vivo,
which could potentially show synergy with other strategies
employed in nanomedicine, such as site-specific targeting.

Polymers for quorum sensing modulation

Whilst quorum quenching enzymes are promising antibiofilm
agents through their effective elimination of quorum sensing
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autoinducers, others have more recently designed polymers
that are able to modulate quorum sensing in order to influence
biofilm formation. For example, Duarte and co-workers pre-
pared linear anionic copolymers poly(methyl methacrylate-co-
methacrylic acid) and poly(methyl methacrylate-co-itaconic
acid) and demonstrated their ability to interact and interfere
with quorum sensing AHL autoinducers. The copolymers
reduced the quorum sensing-moderated bioluminescence in
Vibrio fischeri, as well as reducing biofilm formation of
A. hydrophila. The phenotypical effects reverted after subsequent
addition of additional AHLs, indicating an autoinducer seques-
tration mechanism. Shepherd and co-workers designed a
highly branched non-biocidal polymer with its multiple end
groups functionalized with AHLs.*®* Through the use of colori-
metric biosensor assays, it was demonstrated that this polymer
could block AHL-mediated quorum sensing in Chromobacterium
violaceum. The authors explained that these polymers could
show potential as antibiofilm materials owing to their quorum
quenching activity, but no further antibiofilm experiments were
performed in this very recent study.'**

Another interesting approach to passive quorum quenching
is through the use of molecular imprinted polymer materials
(MIPs). These materials are prepared through the polymerization
of a monomer and crosslinker in the presence of a non-poly-
merizable template molecule, which is subsequently removed
after curing. These MIPs selectively bind and sequester the
template molecule of interest. Piletska and co-workers used
molecular dynamics simulations to investigate in silico the
suitability of a range of monomers to interact with the template
quorum sensing autoinducer, N-(3-oxododecanoyl)-.-homoserine
lactone (3-ox0-C;,-AHL)."* After identifying itaconic acid as an
ideal monomer for interacting with the autoinducer, MIPs were
prepared by polymerizing this monomer in the presence of 3-oxo-
Cio-AHL and a dimethacrylate crosslinker. MIP microparticles
sized 38-125 um were shown to sequester 3-oxo-C;,-AHL and
inhibit the formation of P. aeruginosa biofilms, which relied on
the 3-0x0-C;,-AHL quorum sensing pathway for upregulation of
this phenotype.'*®

Whilst some polymers are able to reduce quorum sensing,
other polymers such as polycations have been shown to cluster
bacteria, which in turn enhances quorum sensing.'**'®” Whilst this
effect is advantageous for certain applications, this inadvertently
promotes quorum sensing-induced processes like biofilm for-
mation."*'®” Alexander, Krasnogor and Fernadez-Trillo et al.
investigated the interaction with bacteria of a tertiary amine-
functional polycation, which was shown to cluster bacteria, and
a polyol (poly(vinyl alcohol)), which was shown to competitively
bind to the boron species present in the quorum sensing
autoinducer, autoinducer-2, leading to autoinducer inactivation.*?
Additionally, a copolymer containing both catechol units and
cationic units was included in the study, which could facilitate both
bacterial clustering through the cationic functionality and AI-2
inactivation through the diol present in the catechol unit. It was
shown that the polycation induced quorum sensing-mediated
bioluminescence in Vibrio harveyi, whereas the polyol reduced
this phenotype. By contrast, the copolymer showed concentration
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dependency and could facilitate both induction and suppression
of bioluminescence under certain concentration regimes.’?
Krachler and Fernandez-Trillo et al. in a later study showed that
polycations induced the formation of biofilms in Vibrio cholerae
but downregulated the expression of virulence genes."®”

These studies highlight the complex processes involved in
quorum sensing modulation, which occasionally lead to non-
intuitive biological outcomes. The design of polymers that interfere
with quorum sensing for the treatment and dispersal of biofilms is
non-trivial and therefore presents excellent opportunities for future
research; more in-depth investigation of these promising materials
is required to fully understand their properties and take advantage
of their therapeutic potential. Indeed, the ability to remove
biofilms from surfaces without inducing microbial destruction
is an attractive approach for overcoming some of the challenges
associated with antimicrobial resistance.

Enzyme-mimicking materials

One highly novel approach towards eliminating biofilms is
through the use of macromolecular structures that can mimic
antibiofilm enzymes. These materials can show an advantage
over biosynthesized enzymes in their greater stability in vivo
and more cost-effective preparation. This approach is at the
very forefront of antibiofilm technology and we anticipate that
such materials will form a new class of therapeutic agents with great
future potential. One example is given by Ellis, Locock and Qu et al.,
who prepared antibiofilm materials from guaninerich DNA
sequences that can assemble into three-dimensional complexes
known as G-quadraplexes.”” These DNA sequences could be
coupled to a f-lactam antibiotic, oxacillin, and complexed with
the iron-containing protoporphyrin IX (hemin) to form a drug
conjugated oxacillin-G-quadraplex-hemin complex. Given the oxi-
doreductase capability of the iron present in hemin, this species can
mimic the enzymatic activity of peroxidases through the production
of reactive, oxidized species such as hypothiocyanite ((OSCN]") in
the presence of hydrogen peroxide. Against established S. aureus
biofilms and in the presence of 0.5% H,0,, the G-quadraplex—
hemin complex (without oxacillin) showed a 50% reduction in
biofilm viability at the concentration as hemin alone, which showed
reduced activity (30% reduction), demonstrating that complexation
with the G-quadraplex improved penetration of hemin through the
biofilm. In the absence of H,O, (where hemin is inactive), the
oxacillin-G-quadraplexes, with or without hemin, showed around a
25% reduction in viability, where the oxacillin alone showed only
11% reduction. Whilst more mechanistic investigation is required
to fully elucidate the various modes of action, taken together, these
findings demonstrate how the catalytic nature of hemin, along with
the enhanced biofilm penetration of the DNA-drug conjugate, could
be used to synergistically eliminate established biofilms.>** For
more information on non-macromolecular enzyme mimics for
biofilm eradication, such as inorganic nanoparticles, the reader is
referred to the following text.”*®

Biohybrid materials

Biohybrid materials are those that incorporate both synthetic
materials, such as polymers and nanoparticles, with biologically
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derived species. As with the biomimetic structures discussed
above, biohybrid materials can possess the beneficial properties
of both classes; they can exhibit high specificity and selectivity
associated with peptides and proteins, combined with greater
stability, tunability and cost-effectiveness associated with syn-
thetic materials. For example, encapsulation of enzymes inside
semi-permeable self-assembled polymersomes to form thera-
peutic nanoreactors has been shown by Blackman, Gibson and
O'Reilly et al.,"*®*°* which was shown to significantly reduce the
immunogenicity and proteolytic susceptibility of the encapsulated
species, relative to both the native free enzyme and a PEGylated
conjugate (Fig. 8A, LHS).'”® This polymerization-induced self-
assembly (PISA) encapsulation technique has recently been
exploited by Blackman and Locock et al. to encapsulate the anti-
microbial enzyme GOx to form antimicrobial nanoreactors (Fig. 8A,
RHS).” The subsequent nanoreactors were permeable to the small
molecule substrates p-glucose and molecular oxygen, as well as the
products d-glucono-1,5-lactone and the antimicrobial reactive oxy-
gen species, hydrogen peroxide, yet retained the active enzyme
inside the polymersome lumen. Subsequently, the encapsulated
enzyme was highly effective against planktonic Gram-positive sta-
phylococcal bacteria and showed glucose-dependent activity against
planktonic Gram-negative bacteria. Meanwhile, the nanoreactors
retained their antibiofilm activity against an established MRSA
clinical isolate biofilm, relative to the native free enzyme.”® This
PISA approach offers a simple encapsulation strategy for antibiofilm
agents and could potentially be used as a future platform for
modulating antibiofilm activity, for example through the use of
further complementary antibiofilm functionalities or biofilm
targeting groups.

Using the same GOx active species, Kim and Dordick et al.
developed a strategy for GOx immobilization onto the surface of
chitosan nanoparticles."*® In one formulation, the enzyme was
immobilized onto the chitosan surface via precipitation, along
with magnetic iron oxide nanoparticles to produce biohybrid
nanocomposites with both oxidative activity and magnetic
properties for simple extraction from solution (Fig. 8B). These
nanocomposites showed significantly enhanced anti-biofilm
activity against established S. aureus biofilms, relative to treat-
ment with the chitosan nanoparticles alone, demonstrating the
importance of the additional catalytic functionality (Fig. 8B,
insets I and 11)."°

Other antimicrobial enzymes have been incorporated into
biohybrid systems. For example, Han and co-workers immobilized
dispersin B within hydrogel nanoparticles formed by linoleic acid-
modified carboxymethyl chitosan through a sonication method.*®
These nanoparticles showed enhanced thermal and storage stabi-
lity compared with the native free enzyme, as well as improved
dispersin B reusability. Owing to the synergistic action of dispersin
B with the chitosan material, which also independently showed
antibiofilm properties, the loaded nanoparticles showed superior
inhibitory and killing activity against A. actinomycetemcomitans,
S. aureus and S. epidermidis biofilms.*®

Biohybrid materials provide a convenient platform for
co-localization of synergistic antibiofilm or therapeutic compo-
nents (Fig. 8C). For example, Torrents and co-workers developed
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Fig. 8 Biohybrid systems. (A) Schematic of the protective nature of semi-permeable enzyme-loaded nanoreactors formed by PISA (LHS) and the
antimicrobial and antibiofilm activity of GOx-loaded nanoreactors (RHS). LHS adapted with permission from ref. 198 (https://pubs.acs.org/doi/10.1021/
acscentsci.8000168) Copyright@©2018 American Chemical Society. Further permissions related to this excerpted material should be directed to
the American Chemical Society. RHS adapted from ref. 95. Copyright©2020 American Chemical Society. (B) Preparation and antibiofilm activity of
GOx-functionalized magnetic chitosan nanocomposites. The insets show established S. aureus biofilms treated with the chitosan particles alone (I) and
the nanocomposites (Il). Adapted with permission from ref. 199. Copyright@©2019 American Chemical Society. (C) Schematic of DNase I-functional
ciprofloxacin-loaded poly(lactic-co-glycolic acid) nanoparticles (blue)?°® and DNase I/cellobiose dehydrogenase (CDH) co-immobilized onto chitosan
nanoparticles (red).®” (D) Enzyme-responsive activation of the cyclic peptide colistin from the biohybrid colistin-dextrin conjugate used in antibiofilm
PUMPT treatments. Adapted with permission from ref. 201 (https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.9b00393). Copyright©2019 American

Chemical Society. Further permissions related to this excerpted material should be directed to the American Chemical Society.

poly(lactic-co-glycolic acid) nanoparticles, which were loaded
with the small molecule antibiotic ciprofloxacin, and surface
decorated with immobilized DNase I from bovine pancreas.**°
These nanoparticles were shown to passively release the anti-
biotic and showed biocidal properties against planktonic
S. aureus and P. aeruginosa. The nanoparticles outperformed
each of the individual components, as well as a cocktail of the
individual components, which had not been covalently immobilized
to the nanoparticles, in inhibition of P. aeruginosa biofilm
formation, as well as killing 99.8% of 48 h mature biofilms
upon repeated exposure over a 3-day period.”*® Similarly, Tan
and co-workers co-immobilized two antibiofilm enzymes,
DNase I and cellobiose dehydrogenase, onto the surface of
chitosan nanoparticles.”” In the presence of cellobiose, the
co-immobilized biohybrid nanoparticles outperformed nano-
particles decorated with just a single enzyme and were found
to penetrate into cross-kingdom polymicrobial biofilms com-
prised of C. albicans and S. aureus. The co-immobilized enzymes
could effectively inhibit mono- and polymicrobial biofilms, as

1610 | Chem. Soc. Rev, 2021, 50, 15871616

well as removing established mono- and polymicrobial biofilms
formed on silicone.”” These examples highlight the power
of biohybrid nanoparticles to co-localize various antibiofilm
components, leading to local synergistic modes of action, which
surpass the activity of the individual components.

The conjugation of polymers with controllable degradability
to therapeutic peptides and proteins, forms the basis of poly-
mer masked-unmasked protein therapy (PUMPT).>*"2%5207
Upon a stimulus such as enzymatic hydrolysis, the polymer
component of the relatively inactive polymer-protein or polymer—
peptide conjugate degrades, releasing the active peptide or protein
component to enact its therapeutic function at the disease site
(Fig. 8D). This strategy has been investigated for a range of
applications, including cancer therapy and wound healing, as well
as the effective treatment of planktonic bacteria.”**>>*” Recently,
Ferguson and co-workers demonstrated that dextrin—colistin con-
jugates could be used as effective amylase-responsive PUMPT
agents against established biofilms.>*" Colistin (also known as
polymyxin E) is a biosynthesized cyclic cationic peptide that enacts

This journal is © The Royal Society of Chemistry 2021
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a membrane-rupturing mechanism of action against bacterial
membranes; dextrin is a semi-synthetic polysaccharide prepared
from the hydrolysis of starch. After treatment of the dextrin-colistin
conjugate with a-amylase from human saliva, which could
selectively degrade the dextrin, the unmasked peptide was
purified by size exclusion chromatography and its ability to
inhibit E. coli biofilm formation was confirmed.**" In previous
studies, the authors demonstrated that such bioconjugation
resulted in significantly lower toxicity and an extended in vivo
plasma halfife, compared with free colistin sulfate.>*> Aside
from peptide-polymer conjugates used in PUMPT approaches,
more information about the general antimicrobial applications
of peptide-polymer conjugates, including biohybrid antibiofilm
coatings and hydrogel materials, can be found in the following
recent Review.”®

Biohybrid materials aim to combine the advantages of
natural and synthetic materials, whilst minimizing the inherent
limitations of each material class. The term captures a wide
range of materials from highly complex multicomponent
systems, down to simple bioconjugates. The barriers to their
clinical translation increase along with the complexity of the
antibiofilm system and whilst these materials show numerous
advantages over their natural or synthetic components, signifi-
cant challenges exist in obtaining approval for clinical applica-
tions. Nevertheless, we anticipate that further investigation into
new biohybrid materials could lead to revolutionary advances in
biofilm removal and eradication.

Challenges for the translation of
macromolecular antibiofilm agents

Whilst macromolecules and polymers hold significant promise
for the inhibition and elimination of biofilms, challenges
remain for their translation into real-world applications,
particularly for clinical applications. To date, natural species
such as peptides and enzymes lead the way in obtaining clinical
approval, with numerous species approved by the FDA for
antimicrobial indications, either through topical or systemic
administration.”>""" These include recombinant human DNase
I (Pulmozyme®™) for cystic fibrosis treatments, the topical
antimicrobial peptide bacitracin for bacterial skin infections,
and members of the non-ribosomal antimicrobial peptide
family of polymyxins; polymyxin B and polymyxin E. Meanwhile,
the antimicrobial peptide nisin, the poly(peptide) e-polylysine,
and the enzymes, glucose oxidase and lysozyme, amongst
others, have received ‘“Generally Regarded As Safe”” (GRAS)
status and are approved for used as food additives. However,
particularly when designing new bacteriolytic peptides, a major
challenge is in reducing hemotoxicity whilst still ensuring high
antibiofilm and antimicrobial efficacy against a broad spectrum
of clinically relevant pathogens. As with any new therapeutic
agent, ensuring low cytotoxicity of these agents towards tissue in
the local environment is important for external topical indications,
whereas material pharmacokinetics and biodistribution play a
much larger additional role in determining suitability for systemic
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indications. Finally, other factors such as the immunogenicity of
the species in question, as well as the biocompatibility of any
metabolites, must be understood in detail to ensure off-target
effects lie within acceptable tolerances.

Whilst peptides and enzymes have been successful in
obtaining approval for use, their stability in vivo is still limited,
making them non-optimal candidates for certain indications
where long-acting therapeutics are required, for instance in
chronic or recurring infections. In this respect, synthetic materials,
including biomimetic and biohybrid materials, can show a
significant advantage. However, these synthetic materials face
additional hurdles for entering the clinic, which pertain to their
relatively ill-defined sequence, molar mass and chemical com-
position, along with a host of other challenges.?’® Furthermore,
batch-to-batch variability and reproducibility of processing
techniques are particularly important for polymer nanoparticle
formulations. Indeed, detailed reporting of therapeutic nano-
particles, using a range of complementary characterization
techniques, will be important for widespread translation of
these nanomedicines into clinical applications.??® Despite these
challenges, hope remains that such polymeric materials will be
able to overcome these hurdles to obtain approval for clinical
use in antibiofilm indications. Furthermore, these materials
face significantly lower barriers for adoption in non-clinical
antibiofilm applications.

As mentioned throughout this Review, the long-term use of
biocidal antibiofilm agents is cause for concern over resistance
development. Strict stewardship over the use of both existing
and newly approved biocidal agents is vital for ensuring that
the development of acquired resistance towards such agents is
minimized and that newly resistant strains are rapidly identified.”*
This stewardship includes the reservation of certain antimicrobials
as lastresort treatments in the clinic, or employing agents that do
not persist in the environment. Here, we believe that materials with
on-demand activity, including those with spatiotemporal control,
will be important for addressing such challenges, in addition to
materials that have programmable degradation for on-demand
deactivation after use.

Conclusions and outlook

Macromolecular approaches for the inhibition and killing of
biofilms are promising alternatives to the use of small molecule
antibiotics and inorganic materials. These approaches employ
a range of material classes, including naturally occurring bio-
logical species refined through evolutionary processes, or
synthetic materials with expansive scope in their design space
and ease of tunability. With the threat of antimicrobial resistance
already constraining global healthcare systems, and with its
expanding and impending impact just on the horizon, it is
imperative that the scientific community find novel, innovative
solutions for the effective treatment of biofilms. In this article, we
have highlighted the composition of biofilms and their impor-
tance in a wide range of biomedical and industrial fields. The use
of naturally occurring and synthetic peptides and proteins were
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emphasized as exceptional candidates for biofilm inhibition,
destruction and/or dispersal. Modern strategies using synthetic
and semi-synthetic polymer materials were also discussed,
including those with intrinsic antibiofilm properties, or those
that deliver conventional small molecule antibiotics. Finally,
emerging areas in the treatment of biofilms were highlighted,
which we envisage could lead to greater advancements in this
important field. These include materials that deliver reactive
oxygen and nitrogen species, or that interfere with bacterial
communication pathways, those with multiple modes of action
and “smart” stimuli-responsive systems. Furthermore, materials
that combine the benefits of both synthetic and natural materials,
either through biomimicry or through uniting both classes
to form biohybrid systems, were highlighted as promising
emerging approaches. In our future outlook for this field, we
expect to see further advanced strategies, such as those that
combine biofilm-targeting functionality and mucoadhesion
with multi-modal dispersing/killing activity and sensing proper-
ties as anti-infective theranostic agents. It is envisioned that
detailed studies investigating the prevalence of antimicrobial
resistance upon exposure to these new materials will become
more numerous, as well as strategies to controllably switch on/
off antibiofilm activity, and if necessary, degrade these antibio-
film agents after their intended use. We anticipate that the
study of polymicrobial growth models, in vivo and ex vivo
models, and the design of materials that can eradicate persister
cells, also represent great challenges and research opportunities.
Furthermore, we expect that the curation of databases and the
use of advanced statistical analysis of material libraries to provide
more comprehensive structure-activity relationships in antibio-
film materials will also be key for identifying new candidate
systems. We hope that this article highlights the importance of
identifying new antibiofilm strategies for improving a vast array
of aspects in our daily lives, and that this Review gives further
insights into the design of new advanced materials for the
inhibition and killing of microbial biofilms.
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