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Engineering Microbial Physiology with
Synthetic Polymers: Cationic Polymers
Induce Biofilm Formation in Vibrio
cholerae and Downregulate the
Expression of Virulence Genes.
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Here we report the first application of non-bactericidal synthetic polymers to
pathogen.  Poly(N-[3-
(P1) poly(N-(3-
aminopropyl)methacrylamide) (P2), cationic polymers that bind to the

modulate the physiology of a bacterial

(dimethylamino)propyl] methacrylamide) and
surface of V. cholerae, the infectious agent causing cholera disease, can
sequester the pathogen into clusters. Upon clustering, V. cholerae transitions
to a sessile lifestyle, characterised by increased biofilm production and the
repression of key virulence factors such as the cholera toxin (CTX). Moreover,
clustering the pathogen results in the minimisation of adherence and toxicity
to intestinal epithelial cells. Our results suggest that the reduction in toxicity
is associated with the reduction to the number of free bacteria, but also the
downregulation of toxin production. Finally we demonstrate that these
polymers can reduce colonisation of zebrafish larvae upon ingestion of water
contaminated with V. cholerae. Overall, our results suggest that the
physiology of this pathogen can be modulated without the need to genetically
manipulate the microorganism and that this modulation is an off-target effect
that results from the intrinsic ability of the pathogen to sense and adapt to its
environment. We believe these findings pave the way towards a better
understanding of the interactions between pathogenic bacteria and
polymeric materials and will underpin the development of novel antimicrobial
polymers.

Introduction

Infectious diseases are one of the greatest medical challenges
today, because of the increase in occurrence of antimicrobial
resistance in bacterial infections.” Thus, new approaches to
tackle these diseases are needed. In particular novel ap-
proaches that can replace or enhance current antimicrobials are
highly desired.>” Polymeric materials have often been postu-
lated as alternatives in these areas, either as delivery vehicles
for antimicrobials,®” or as novel antimicrobial polymers,a'11 and

12-15 POly—

materials that can interfere with microbial adhesion.
meric materials are especially attractive in these applications
because of their multivalency, ease of manufacturing and the
potential to precisely control polymer length and composi-
tion."®
Despite this vast progress in polymer technology, and the
amount of “antimicrobial” polymeric structures described to
date, little is known about the effect of these materials on the
physiology of the targeted pathogens. However, the ability of
pathogenic bacteria to sense and respond to changes in their
environment is responsible for their ability to adapt to different
lifestyles, and colonise different niches, including new hosts. For

instance, the transition from free-living to an adherent state in

bacteria is often mediated by a combination of chemical and
physical cues. This transition leads to changes in gene expres-
sion, and in microbes with pathogenic potential it can result in
the upregulation of virulence genes. At present, our under-
standing of how polymeric materials may be triggering these
complex chemical and physical cues is very limited, and this lack
of understanding is compromising our ability to develop these
materials.

As a first approach towards this understanding, in this manu-
script we report the effect of poly(N-[3-(dimethylamino)propyl]
methacrylamide) (P1) and poly(N-(3-aminopropyl)methacryla-
mide) (P2) on the human pathogen Vibrio cholerae. We demon-
strate that cationic polymeric materials that can sequester this
pathogen into clusters and thus have the potential to inhibit its
adhesion to the host, result in a complex modulation of viru-
lence factors and gene expression. While biofilm production is
increased, other virulence factors are suppressed, including the
main causative agent of the cholera disease, the cholera toxin.
Finally, we demonstrate that these polymeric materials can in-
deed inhibit the colonisation by V. cholerae of relevant in vitro
and in vivo models.

RESULTS AND DISCUSSION

V. cholerae is a Gram-negative bacterium responsible for sev-
eral million incidences of gastrointestinal disease and up to
142,000 deaths every year.”’18 Within the human host, the bac-
terium initiates a virulence programme including the induction
of colonisation factors and toxins, in response to the chemical
and physical cues experienced during colonisation and adhe-
sion. In aquatic environments, V. cholerae persists by forming
biofilms on the surfaces of phytoplankton, zooplankton and chi-
tin debris.’®* Biofilms offer a protective environment both
against aquatic predators or in the host environment. Overall,
the ability to switch between motile and biofilm lifestyles, along
with the carefully controlled induction of virulence factors, is
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Scheme 1. Schematic representation of V. cholerae infection and the effect of the pol-
ymers reported in this work. A) V. cholerae infection is associated with the colonisation
of the gut epithelia and the upregulation of biofilm formation and virulence. B) In the
presence of the polymers reported herein, colonisation is minimised by sequestering
the pathogen in clusters. Additionally, a repression of virulence is observed.
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Fifg. 1 Optical micrographs of V. cholerae N16961 suspensions incubated in PBS (pH 7.4) in the absence (Ag and in the presence of P1 (B) at a polymer concentration
of 5

0 or 500 ug/mL for 15 or 60 min. Area within the square has been expanded (right row) for clarity. C

Spinning disk fluorescent micrograph of GFP-V. cholerae

N16967 incubated in PBS (pH 7.4) in the presence of P1 at a polymer concentration of 500 pg/mL for 15 min. Color coding represents z-depth.

central to the establishment of disease and the emergence of
cholera epidemics.21’22

Cholera is a particular concern in environments where there is poor
sanitation and thus, access to clean water is not available. Therefore,
efforts have been made to develop prophylactic approaches to the
treatment of cholera, including the development of vaccines,” or
filtration devices to clean water. Most of these filtration devices
simply physically restrict the passage of V. cholerae (and other
pathogens) through the pores of a membrane, although recent
efforst are being made to develop polymeric materials that can

g

25 .
Based on our previous work

. . . . . 26,27
with closely related microorganism Vibrio harveyi,

selectively bind to microbial strains.2*
we decided to
investigate what would be the response of V. cholerae to polymeric
materials designed to bind to its surface and sequester the pathogen
into clusters. Previously reported microbial sequestrant poly(N-[3-

(dimethylamino)propyl] methacrylamide) (P1)27’28

was synthetised
via free radical polymerisation, using 2-mercaptoethanol as a chain-
transfer agent (see ESI: section 4.1, Fig. S1% for experimental
details and characterisation). This polymer carrying tertiary
amine residues should be mainly protonated at physiological pH

- I 28,29
providing an overall polycationic charge.

We anticipated
that this cationic polymer should therefore bind to the surface
the

microorganism into clusters. Optical microscopy revealed that

of negatively charged V. cholerae, and sequester
cluster formation proceeded via initial nucleation of small layers
or sheets of bacteria, which increased in size both by lateral
interaction with additional bacteria, as well as stacking of
bacteria on existing sheets to form clusters over the first 15
minutes, and then remained stable over the duration of the
experiment (Fig. 1A and B). Polymer-induced bacterial clusters
were stable and had an extended three-dimensional structure
(Fig. 1C and Fig. S3). This capture of bacteria in polymer clusters
also compromised motility, as evidenced by the reduced
migration in soft agar plates of V. cholerae in the presence of P1
(Fig. S4). This effect was dose dependent, with lower motility
observed for the higher concentration of polymer. Full motility
to high
concentration (Fig. S4, bottom), confirming that clustering was

was restored upon exposure of clusters salt

driven by electrostatic interactions that could be easily
disrupted in the presence of competing electrolytes.

Having identified that P1 was able to sequester V. cholerae into
clusters, we then evaluated the viability of the pathogen in the
presence of this polymer. Cationic polymers are commonly reported
as bactericidal materials,®** although small changes in structure and
dose can result in significant differences in activity and toxicity. This
effect is often microbe specific, and in particular P1 has been
reported to have a minimum inhibitory concentration of 10-25

ug/mL for Escherichia coli,*® while showing no effect on V. harveyi's
viability and growth at concentations as high as 500 ug/mL.27
Viability in V. cholerae was therefore analysed by monitoring the
effect of P1 in bacterial proliferation and viability under physiological
conditions. Bacterial proliferation is often measured by monitoring
the effect of a substance over the optical density at 600 nm (ODgg)
of a culture of bacteria, since the optical density of the sample can
be correlated to the number of bacterial cells in the culture.®*
However, ODgyy can be affected by clustering. The presence of
clusters can result in an increase in the optical density of the culture
due to the bigger size and slower disfussion of these clusters, or a
reduction of ODgq, due to coaccervation of the clusters once they
reach a critical size.”* Due to this limitation, we monitored
production of green fluorescent protein (GFP) as a proxy of bacterial
growth. Co-incubation of GFP expressing V. cholerae with different
concentrations of P1 was followed by monitoring GFP fluorescence
over 25 hours which showed that bacterial proliferation was not
significantly affected (Fig. 2A). However, it was unclear from these
experiments whether there could be cellular damage commonly
observed with highly charged cationic polymers. Flow cytometry of
bacterial samples exposed to polymers and LIVE/DEAD® cell viability
stains allowed us to determine membrane integrity of V. cholerae
sequestered in clusters at the experimental endpoint (Fig. 2B).
Again, membrane integrity was largely unaffected even following
overnight incubation.
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Fig. 2 A) Relative Fluorescent Units (RFU) for GFP expressing V. cholerae N16961
in the absence and presence of increasing amounts of P1. Initial ODgy, = 0.2. Re-
sults are means * s.e.m. of three independent experiments. B) Normalised popu-
lation of V. cholerae N16961 incubated in the absence and presence of P1. Nor-
malised population is presented as the percentage of green (hollow bars, non-
Bermeable viable) and red (grey bars, hégh permeability/dead) cells as measured

y flow cytometry. Bacteria were treated with i-PrOH as a negative control. Initial
ODggo = 1. Results are means * s.e.m. of three independent experiments.
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Having identified that P1 was non-toxic to V. cholerae, and that it was
able to induce clustering of this pathogen, we then decided to
investigate whether the physiology of the pathogen was being
affected following this clustering. Visual inspection by optical
microscopy suggested similarities between V. cholerae biofilms and
these polymer-induced clusters (Fig. 1). Interestingly, infectious V.
cholerae are often taken up as small biofilms, from which bacteria
escape to colonise the epithelium. Once bound to host cells, bacteria
initiate microcolony formation, before eventually exiting the host’s
into

gastrointestinal often

32,33

tract, following re-organisation

biofilms, to cause environmental dispersal and onward-
transmission (Scheme 1A). The ability to transition between motile
and sessile states is thus key to V. cholerae’s virulence regulation.
With our polymers bacterial motility was largely abolished, by
physical deposition into polymer-based clusters. We therefore
investigated whether polymer-induced clustering would also affect
in vitro biofilm formation. V. cholerae biofilms are mainly composed

22,34
)

of Vibrio exopolysaccharide (VPS which can be stained

using crystal violet,** a chromogenic probe that interacts with
negatively charged biopolymers. UV-Vis analysis of these polymer-
induced clusters revealed an increased retention of the dye in the
of P1,

exopolysaccharides (Fig. 3A). Additionally, staining of these cultures

presence suggesting higher levels of extracellular
with Hoechst revealed increased amounts of extracellular DNA
(eDNA) in the presence of P1 (Fig. 3C). eDNA is another common
component of V. cholerae biofilms,”? and in our case, patches of
diffuse staining could be seen around the polymer-induced clusters.
In an attempt to quantify the levels of eDNA, the intensity of the blue
channel was measured (Fig. S6A). We observed an increase in the
intensity of this blue channel for some of the samples incubated with
P1, although the variablity in the samples prevented quantification
of this increase. Interestingly, treatment of polymer-induced biofilms
with DNAse | abolished the additional blue fluorescence, confirming
the released substance was indeed eDNA (Fig. S6A, grey dots).

In the environment, transition of V. cholerae from planktonic to
biofilm-associated growth leads to suppression of virulence-
specific genes. Since sequestration into polymer-induced
clusters promoted a sessile state, similar to biofilm-associated
growth, we investigated what impact this clustering would have
on the transcriptional regulation of key virulence factors. We
were particularly interested in the regulation of cholera toxin
(CTX), which is the main causative agent of cholera disease. For
this purpose, we created a series of transcriptional reporter

strains, by introducing, via conjugation, a variant of the pRW50
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Fig. 3 A) Absorbance at 595 nm for V. cholerae N16961 cultures in the absence
and presence of P1. Analysis of variance (ANOVA), followed by Tukey’s post hoc
test, was used to test for significance. Statistical significance was defined as p<0.05
(*), p<0.01 (**) or p<0.001 (***). Confocal fluorescence micrographs of GFP ex-
pressing V. cholerae N16961 cultures in the absence LB) and presence of 500
pg/mL P1 (C). Scale bar, 50 um. Area within the square has been expanded (bot-
tom row) for clarity.
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Fig. 4 A) Schematic depiction of the reporter plasmid (pPRW50-o0riT) and promoter regions
of aphA, toxT, ctxA and tcpA cloned as transcriptional fusions to lacZ in pRW50-oriT.
Numbering refers to base number relative to the transcriptional start site and promoter
binding sites for HapR, ToxR and ToxT are indicated. B) Promoter activities of aphA-, toxT-
, CtxAB- and tcpA-lacZ fusions following infection of Caco-2 cells for 7 hours in the ab-
sence (black) or presence of 500 pg/mL P1 (hollow). Student’s paired t-test was used to
test for significance. Statistical significance was defined as p<0.05 (*), p<0.01 (**),
p>0.001 (***), or p>0.0001 (****).

plasmid containing oriT into V. cholerae (Fig. 4A). Thus, we
could follow transcription from V. cholerae promoters using [3-
galactosidase assays. An infection model with Caco-2 intestinal
epithelial cells was used because contact with cultured
epithelial cells has been described as a strong activating cue for
expression of virulence factors.”’

The viability of this cell line in the presence of the polymer was
assessed first, using a lactate dehydrogenase release (LDH)
assay to probe cellular membrane integrity (Fig. S9). Not
suprisingly, P1 compromised membrane integrity of the
mammalian cells at the highest concentrations tested (= 50
pg/mL), in agreement with the reported toxicity of cationic

11 However, we anticipated that this toxicity could

materials.
be reduced following incubation with bacteria, as the cationic
charge will not be exposed following interaction with the
pathogen’s negatively charged membrane. This was indeed the
case when we evaluated the potential of this polymer to inhibit
colonisation by V. cholerae of this intestinal epithelial cell line
(Fig. 6C). No additional toxicity was observed when compared
to that of V. cholerae alone, suggesting that incubation of P1
with the bacteria resulted in a reduction of this polymer’s
toxicity.

Then, we investigated expression of a series of regulators of
virulence (Fig. 4A). AphA is a master regulator of virulence that
is required for the activation of tcpP.38 TcpP, in turn, activates
toxT, which
including those responsible for the production of cholera toxin
(ctxAB) (tcpA).
experiments, V. cholerae was first incubated with the polymer,

activates downstream virulence regulators,

and the toxin-coregulated pilus In our

to induce clustering, and these clusters where then used to
colonise Caco-2 monolayers. Cells were then incubated for 7
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hours, a time we determined to yield a maximum level of
adherence and cytotoxicity.39 It was evident from these
experiments that both toxT and ctxAB promoters were
significantly repressed in the presence of P1, with up to 85% and
75% reduction respectively (Fig. 4B). Overall, neither aphA and
tcpA were significantly activated, when compared to a
promoterless strain.

Repression of ctxAB was very intriguing because V. cholerae
uses quorum sensing regulation to repress virulence factor
production and biofilm formation at high cell densities.*>*
However, virulence regulation is a complex phenomenum,
where not only quorum sensing is involved, but complex

chemical and physical cues are
2,43

integrated to determine
phenotypic expression.4 Based on this we decided to
investigate whether this regulation was unique for P1, or other
cationic polymer could trigger the same response in V. cholerae.
Primary amine containing polymer p2*° (Fig. 5) was thus
N-(3-
aminopropyl)methacrylamide hydrochloride, using a similar

prepared from commercially available
experimental procedure (see ESI: section 4.2, Fig. S2% for
experimental details and characterisation). Overall, the effect of
P2 in V. cholerae was very similar to that of P1. Clustering (Fig.
5A-C), reduced motility (Fig. S4) and a similar modulation of
virulence was observed (Fig. 5E-H), although the presence of a
primary amine in this polymer made it more toxic to both the
pathogen (Fig. 5D and Fig. $3) and the host cells (Fig. $9). Thus,
for functional experiments, we focused on investigating the
effects of the highest effective, non-toxic to V. cholerae
concentration of both polymers, i.e. 500 pug/mL for P1 and 50

pug/mL for P2.
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Since sequestration of V. cholerae into polymer-induced
clusters repressed the transcription of key virulence factors
during infection of Caco-2 cells, we asked what impact this
clustering would have on the colonisation and toxicity by V.
cholerae to these intestinal epithelial cells. In principle,
sequestration should minimise the amount of free pathogen,
thus minimising its potential to colonise this cell line. Repression
of CTX under these conditions should give the additional benefit
of reducing the toxicity of this bacteria to the cells. As expected,
incubation of V. cholerae with both polymers prior to infection
led to a significant reduction in bacterial attachment to host
cells, as determined by dilution plating/CFU counts, and the
effect of P2 on this colonisation was much more pronounced
than for P1 (Fig. 6A). Imaging of Caco-2 cells infected with either
planktonic (Fig. 6B, No polymer) or clustered V. cholerae (Fig.
6B, 5-500 pg/mL) also revealed a decrease in V. cholerae
mediated toxicity as a result of bacterial clustering. Host cells
infected with clustered bacteria showed more intact cell-cell
junctions than cells infected with planktonic bacteria, in
particular at low concentrations where no significant toxicity of
the polymers to Caco-2 cells was observed (Fig. S9). This
protective effect of the polymers was also observed when
cytotoxicity was measured by LDH release assays, following
infection with planktonic (Fig. 6C, 0 pg/mL) or clustered V.
cholerae (Fig. 6C, 0.05-500 pg/mL). As described before, there
was a cumulative effect, and the toxicity of polymer treated
bacteria was lower than that of the individual components. This
observation is in agreement with polymers sequestering
bacteria and minimising the pathogenic burden, but conversely,

bacteria “sequestering” the polymers and minimising the
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Fig. 5. Optical micrographs of V. cholerae N16961 suspensions incubated in PBS (pH 7.4) in the absence (A) and in the presence of P2 (B) at a polymer concentration of 50 or 500
ug/mL for 15 or 60 min. Area within the square has been expanded (right row) for clarity. C) Spinning disk fluorescent microscopy of GFP-V. cholerae N16961 incubated in PBS (pH
7.4) in the presence of P2 at a polymer concentration of 500 ug/mL for 15 min. D) Normalised population of V. cholerae N16961 incubated in the absence and presence of P2.
Normalised population is presented as the percentage of green (hollow bars, non-permeable/viable) and red (grey bars, high permeability/dead) cells as measured by flow cytom-
etry. Bacteria were treated with i-PrOH as a negative control. Initial ODgy = 1. Results are means + s.e.m. of three independent experiments. E) Absorbance at 595 nm for V.
cholerae N16961 cultures in the absence and presence of P2. Analysis of variance (ANOVA), followed by Tukey’s post hoc test, was used to test for significance. Statistical significance
was defined as p<0.05 (*), p<0.01 (**) or p<0.001 (***). Confocal fluorescence micrographs of GFP expressing V. cholerae N16961 cultures in the absence (F) and presence of 50

ug/mL P2 (G). Scale bar, 50 um. Area within the square has been expanded (bottom row) for clarity. H) Promoter activities of toxT- and ctxAB-lacZ fusions following infection of
Caco-2 cells for 7 hours in the absence (black) or presence of 50 pug/mL P2 (hollow). Student’s paired t-test was used to test for significance. Statistical significance was defined as

p<0.05 (*) or p<0.001 (***).
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Fig. 6. A) Number of colony forming units per mL (CFU/mL) of GFP expressing V. cholerae N16961 from Caco-2 cells incubated in the absence and presence of polymer treated GFP
expressing V. cholerae N16961 cultures, following washing and lysis of Caco-2 cells. B) Confocal fluorescence micrographs of Caco-2 cells incubated in the absence and presence of
polymer treated GFP expressing V. cholerae N16961 cultures. V. cholerae (green), DNA (blue), and F-actin (red). C) Percentage of extracellular LDH in Caco-2 cultures incubated in
the absence and presence of polymer treated V. cholerae N16961 cultures. Results were normalised to untreated Caco-2 cells (0%) and cells lysed with Triton X-100 (100%). D)
Levels of cAMP production in Caco-2 cells in the absence and presence of polymer treated V. cholerae N16961 cultures. V. cholerae cultures were adjusted to an MOI of 10, and
incubated in the absence or presence of polymers for 1 h prior to infection of cultured Caco-2 intestinal epithelial cells for 7 h. Results are means + s.e.m. of three independent
experiments. Analysis of variance (ANOVA), followed by Tukey’s post hoc test, was used to test for significance. Statistical significance was defined as p<0.05 (*), p<0.01 (**) or

p<0.0001 (****).

amount of cationic moieties exposed. Thus, the overall toxicity
of the
Additionally, we tested the specific effect of clustering on CTX

is reduced below that individual compontent.
activity, by measuring cAMP activity in infected cells (Fig. 6D).
Elevated cAMP production due to CTX activity is the main
hallmark of cholera infection, and is responsible for diarrhea in
humans. While cAMP levels were significantly elevated in V.
cholerae infected Caco-2 cells (Fig. 6D, 0 pg/mL), clustering of
bacteria with both polymers decreased cAMP levels during
infection, in agreement with the ctxAB
transcription observed before (Fig. 4B and Fig. 5H).

reduction in

While these results suggested that the polymers were able to
reduce the pathogenic burden towards Caco-2 cells, with the
corresponding decrease in colonisation and toxicity, at this
stage, it was unclear if this was a consequence of the
sequestration into clusters, or a cumulative effect was being
observed, where the repression of virulence, in particular of
ctxAB, was contributing to this lower toxicity. Thus, we
performed experiments with a quorum sensing mutant
(BH1651), that is locked in a low-density phenotype, and thus is
unable to switch off the production of CTX toxin at the high-cell

42,44,45 Interestingly the effect of

densities seen in biofilms.
clustering on the colonisation of Caco-2 cells by this quorum
sensing mutant was very similar to that of the wild type (Fig.
S8). However, the ability of the polymers to reduce the toxicity
of this mutant was significantly compromised (Fig. $10 and Fig.
S11), suggesting that the repression of virulence is a significant
contributor to the reduced toxicity observed with the wild type.
reflected that

sequestration of this pathogen into clusters can result in a

These results were very encouraging, and

reduction of the pathogenic burden, with lower colonisation
and toxicity. We thus decided to evaluate the potential of these
polymers to prevent colonisation by V. cholerae upon ingestion
by an animal model. Zebrafish (Danio rerio) have been
established as an aquatic host which can be colonised and
infected by V. cholerae in a concentration dependent manner,
and infection eventually leads to mortality.%‘"48 Zebrafish are a
suitable natural host model for V. cholerae colonisation and
transmission as their gastrointestinal development and physiol-
ogy closely mimics that of mammalian organisms.49 Addition-
ally, ease of propagation and live imaging made them a good
choice of host for our in vivo studies, in particular at this early
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Fig. 7. A) Number of colony forming units per mL (CFU/mL) of GFP expressing V. cholerae N16961 from zebrafish larvae incubated in the absence and presence of polymer treated
GFP expressing V. cholerae N16961 cultures, following euthanisation and homogenisation of the zebrafish larvae. Zebrafish larvae (n=10 per experimental condition). [P1] = 500

ug/mL, [P2] = 50 pg/mL. Analysis of variance (ANOVA), followed by Tukey’s post hoc test, was used to test for significance. Statistical significance was defined as p<0.001 (***). B)
Overlay of Fluorescence and Optical micrographs of zebrafish larvae left uninfected (panel i), infected with GFP-V. cholerae (ii), V. cholerae clustered with P1 (iv) or P2 (iii), or the

remaining decanted supernatant following removal of clustered V. cholerae with P1 (vi) or P2 (v). [P1] = 500 pg/mL, [P2] = 50 pg/mL.

stage. Zebrafish larvae exposed to media containing 10’
CFU/mL of GFP-expressing V. cholerae for 6 hours were first
imaged and then sacrificed, and intestinal V. cholerae were
extracted from the tissue and enumerated by dilution plating on
selective TCBS agar (Fig. 7A). Images of infected fish showed
that GFP-expressing V. cholerae had specifically colonised the
gastrointestinal tract, with the majority of bacteria attached to
the (Fig. 7B). the V.
contaminated media with polymers significantly reduced the

mid-intestine Treating cholerae
ability of ingested clustered bacteria to colonise zebrafish
(~1000-fold) when compared to untreated bacteria (Fig. 7A,
top). Ingestion of the residual liquid following removal of the
clusters reduced bacterial burdens by only ~100-fold (Fig. 7A,

bottom).

CONCLUSIONS

Here, we have demonstrated that cationic polymers P1 and P2,
designed to sequester the human pathogen V. cholerae into
clusters, can modulate the pathogen’s physiology and induce a
transition towards a non-virulent sessile lifestyle. Using a com-
bination of phenotypic and transcriptional assays, we demon-
strate that upon clustering, biofilm production is increased,
while key virulence factors such as the cholera toxin are re-
pressed. As a result, these polymers can reduce the pathogenic
burden in both in vitro and in vivo models. Sequestration into
clusters minimises the ability of the pathogen to colonise both
Caco-2 cells and zebrafish, while a reduction in the toxicity of V.
cholerae to Caco-2 is observed in the presence of the polymers.
We anticipate that these findings will be beneficial in the devel-

opment of novel cost-effective prophylactic or therapeutic pol-
ymers, that can engineer microbial responses in unprecedented
ways. However, further understanding of the physical and
chemical cues that these materials may trigger will need to be
developed. Our efforts in this area, as well as in the synthesis of
materials with decreased toxicities and higher specificities for
the pathogen will be reported in due course.
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