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Mucus-Covered Intestinal Epithelial Monolayers Against Pathogenic Challenge
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Purpose.We examined the cytoprotective influences of the mucoadhesive polymer, poly(DMAEMA), on
human mucus-producing intestinal epithelial monolayers against two bacterial exotoxins and S.
typhimurium. Direct anti-bacterial effects were also assessed against S. typhimurium.
Methods. In the presence and absence of mucus, untreated or poly(DMAEMA)-exposed monolayers
were challenged with S. typhimurium or supernatants containing either cholera (CTx) or C. difficile
toxins. Assays included LDH, cytokine secretion, cyclic AMP (cAMP) and microscopy to visualise
bacterial adherence by monolayers. The minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of poly(DMAEMA) against S. typhimurium were established, along
with a time–kill study.
Results. CTx and C. difficile toxin induced LDH release from E12 monolayers. CTx also elevated
intracellular epithelial cAMP, while S. typhimurium induced basolateral IL-8 secretion. Pre-treatment of
E12 monolayers with poly(DMAEMA) reduced these effects, but only in the presence of mucus. The
polymer co-localised with S. typhimurium in mucus and reduced bacteria–epithelia association. Poly
(DMAEMA) was directly bactericidal against S. typhimurium at 1 mg/ml within 30 min.
Conclusions. Poly(DMAEMA) may have potential as a non-absorbed polymer therapeutic against
infection. These effects were mediated by a combination of physical interaction with mucus and by direct
bacterial killing.

KEY WORDS: anti-bacterial polymers; bacterial resistance; HT29 monolayers; living radical
polymerisation; poly(2-(dimethylamino-ethyl) methacrylate.

INTRODUCTION

The growing resistance of bacterial species to antibiotic
therapies is an issue of worldwide concern. Poor therapeutic
management and contamination of the food chain, coupled
with increasingly adaptive bacterial strains has led to the
emergence of “super bugs” such as methicillin-resistant
Staphylococcus aureus (MRSA) (1). This has led to a need
to shift away from antibiotics and a focus on investigating new
types of antimicrobial drugs with novel ways to deliver them
in high concentrations to the site of infection (2). The
intestinal epithelium is important for initiation and regulation
of immune responses against pathogens and their metabolites
(3). It achieves this through the innate immune system, an
inherent mechanism of resistance to disease, which provides

physical and chemical barriers to the passage of pathogens
from the lumen to the bloodstream (4). The first barrier
encountered by a pathogenic agent is the mucus-gel layer, a
dynamic, interactive mucosal defensive system active at the
mucosal surfaces (5). Intestinal barrier defences secrete
peptides with anti-microbial, anti-fungal and/or anti-viral
activity, which reside in the epithelial mucus-gel layer (6).
Host-originating molecules that inactivate bacteria include
cationic anti-microbial peptides such as defensins and cathelici-
dins and bacteriolytic enzymes such as lysozyme. The cationic
charge facilitates binding to anionic bacterial cell envelopes.
Recently, a small synthetic peptide modelled on a host-defence
defensin was shown to protect mice against a lethal bacterial
challenge through modulation of the innate immune response
(7). Overlying the intestinal epithelium, the mucus-gel itself
confers a degree of protection to the underlying epithelial cells.
Alteration of mucus-gel viscosity has been shown to impede
the migration of pathogenic bacteria towards the mucosal
surface (8). Thus far, there has been little focus on therapeutics
that mimic or enhance either of these defensive properties.
While anti-microbial peptides are one possible group to further
investigate, they tend to be labile and unstable and are
expensive to produce in pharmaceutical grade quantities (9).

In contrast, synthetic polymers are relatively easy to
produce and relatively inexpensive to make (10). Synthesised
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poly(propyleneimine) dendrimers (11), amphiphilic polyme-
thacrylates (12) and biomimetic amphiphilic agents (13) are
polymers that mimic defence peptides and have been shown
to exert anti-microbial properties. Similarly, the naturally
occurring mucoadhesive polymer, chitosan, has broad antimi-
crobial properties in gel and particulate format (14). Identi-
fication and application of non-absorbed antimicrobial
polymers may alleviate the growing risk from antibiotic-
resistant bacteria. Encouraging studies with synthetic non-
absorbed polymers such as polyethylene glycol (PEG) have
shown that prophylactic administration of PEG by lavage
conferred protection to mice against lethal sepsis upon chal-
lenge with Pseudomonas aeruginosa (15). Cationic polymers
including poly(hexamethylenebiguanide) are also bactericidal
against P. aeruginosa (16).

Poly(2-(dimethylamino-ethyl) methacrylate, Poly(DM-
AEMA), is a mucoadhesive cationic polymer that adheres
to the intestinal epithelial-derived mucus (17) and increases
mucus-gel barrier function (18). Confocal microscopy studies
showed that the polymer co-localised with the mucus layer.
We hypothesised that increased mucus gel density was the
reason for the impeded passage of drugs across mucus-
covered human E12 monolayers (18). There is also in vitro
evidence to suggest that poly(DMAEMA) may have poten-
tial as an antimicrobial agent (19). When applied as a surface
coating to inert surfaces, poly(DMAEMA) inhibits growth
and colonisation by B. subtilis and E. coli (20) and P.
aeruginosa (21). These properties indicate that the polymer
may have potential as a non-absorbed topically-administered
mucoadhesive antimicrobial agent, which might eventually
have potential for treatment of dental caries, wounds to the
skin, oral and gastrointestinal mucositis or inflammatory
bowel disease. The polymer has the advantage of being
non-cytotoxic to human epithelial cells (18) and ultimately of
being formulated into particulate gels and pastes. To date,
there has been few attempts to investigate anti-microbial
effects of poly(DMAEMA) in biological systems.

The aims of this study were to examine the effects of the
polymer in prevention of bacterial-induced epithelial damage
in E12 monolayers. Monolayers were challenged with two
bacterial exotoxins and an invasive bacterium. The cytopro-
tective potential of poly(DMAEMA) against these different
types of challenges was examined by pre-treating monolayers
with poly(DMAEMA) followed by examination of epithelial
function through a selection of biochemical and metabolic
endpoints, as well as by measurement of the effect of the
polymer on bacterial adherence and uptake. Finally, we
investigated direct antimicrobial affects of poly(DMAEMA)
against S. typhimurium for which minimum inhibitory con-
centration (MIC), minimum bacteriocidal concentrations
(MBC) and time–kill curves were determined.

MATERIALS AND METHODS

Materials

All tissue culture reagents were from Gibco (Biosciences,
Ireland). Cholera toxin (CTx) was from Sigma-Aldrich, Ire-
land. Tissue culture filters and plates were from Corning
Costar (Fannin Healthcare, Ireland). The cyclic-AMP (cAMP)
ELISA (Cat#DE0450) and IL-8 ELISA (Cat#MAB208) kits,

as well as the detection antibody, biotinylated IL-8 (Cat.
#BAF208), were from R&D Systems (UK). The lactate
dehydrogenase (LDH) kit, cholera toxin (CTx) and N-acetyl
cysteine (NAC) were obtained from Sigma Aldrich, UK.

Polymer Synthesis

The poly(methacrylate) used was a quaternised derivative
of poly(2-(dimethylamino)-ethyl methacrylate (DMAEMA)
monomer (10), untagged or tagged with the fluorescent probe
hostasol. Hostasol is a fluorescent marker in the green
spectrum range (465 nm excitation/570 nm emission). Poly-
mer synthesis was carried out using living radical polymeri-
sation exactly in accordance with our previously described
methods (17,18). The molecular weight of poly(DMAEMA)
was 12,300 Da and the poly-dispersity index was 1.08 (18).
This batch was used in most studies. A second batch was used
in MIC, MBC and time–kill studies and it had a molecular
weight of 6,600 Da and a poly-dispersity index of 1.16.

Cell Culture

HT29-MTX-E12 (E12) is a mucus-producing sub-clone of
the human adenocarcinoma intestinal cell line, HT29, which
has been used in drug transport studies (22). E12 cells between
passages 50 and 57 were seeded at a density of 2×104 cells/
filter on 1 cm2 Transwell® polycarbonate membrane inserts
(pore size 3 μm, Corning Costar cat.# 3402) as previously
described (18). The cells were fed apically and basolaterally
every 2 days and differentiated to form monolayers over
21 days. Monolayer integrity was examined by measuring
transepithelial electrical resistance (TEER) across confluent
cell monolayers 21 days post-seeding, and directly before and
after adhesion experiments. TEER was measured using an
EndOhm® electrode system.

Toxin Studies

E12 monolayers were left untreated or treated with
0.1 mg/ml poly(DMAEMA) for 30 min under physiological
conditions. The apical medium was then replaced with either
DMEM–HEPESmedium, 1 ng/500 μl CTx in DMEM–HEPES
or 10 ng/500 μl CTx in DMEM–HEPES and incubated for 2 h
at physiological conditions. Binding of CTx to GM1membrane
receptors increases intracellular cAMP levels (23). The
physiological buffer was supplemented with 1 mM 3-isobutyl-
1-methylxanthine (IBMX) to prevent metabolism by phospho-
diesterase (24). The apical medium was sampled for LDH
assay. Cells were lysed with 0.1 M HCl and the lysate was
centrifuged for 10 min at 600×g. Cell lysates were dried in an
evaporation centrifuge (Concentrator 5301, Eppendorf) and
assayed for cAMP. Cells were also stimulated with the
adenylate cyclase activator, forskolin (10 µM), as a positive
control. Clostridium (C.) difficile supernatants were taken from
a 24 to 72-h anaerobic culture and passed through a 0.4 μm
filter to remove cells. Each sample was assayed for the EC50

required to produce E12 cell death by LDH assay to provide a
dilution factor. Supernatants were diluted in DMEM–HEPES.
E12 monolayers were pre-treated with 0, 0.01, 0.1 or 1 mg/ml
poly(DMAEMA) in the apical compartment for 30 min in
DMEM–HEPES medium. The apical medium was then
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replaced with either fresh DMEM–HEPES medium or super-
natants and incubated for 12 h. The apical medium was
periodically sampled for LDH assay.

S. Typhimurium Culture and Infection Studies

Primary bacterial cultures of Salmonella (S.) typhimurium
(isolated from food, Strain A) were streaked on Columbia
blood agar plates and incubated overnight at 37°C. Colonies
were isolated cultured in LB broth for 3 h at 37°C resulting in
a bacterial population of 1×108 CFU/ml. S. typhimurium-
infected LB broth (1×108 CFU/ml) was centrifuged at 3,000×g
for 10 min. The resulting pellet was re-suspended in DMEM–
HEPES buffer to give a concentration of 1.25×107 CFU/ml.
The apical side of the monolayers were exposed to poly
(DMAEMA) for 30 min and the apical medium was then
replaced and washed, leaving only mucus-bound polymer. The
apical medium was then replaced with S. typhimurium-infected
DMEM–HEPES. Plates were then either incubated at 37°C
with bacteria for 5 min (fluorescent imaging), 10 min
(immunohistochemistry) or for 24 h (IL-8 studies). The apical
medium was replaced with fresh uninfected DMEM–HEPES
buffer in controls. Basolateral samples were taken at regular
intervals over 24-h and stored for ELISA. Monolayer integrity
was examined by measuring the TEER of monolayers after
24-h (data not shown). All microscopy was carried out using
a Nikon Eclipse E400 Light/Fluorescent Microscope with
Nikon Digital Camera (Model:DXM 1200) and captured
using Nikon ACT-1 imaging software (version 2.0).

Preservation of E12 Mucus-Gel for Histology

Monolayers were washed in DMEM–HEPES medium.
Wafer-thin strips (approximately 200 μm thick) were cut from
frozen blocks of chicken liver with a razor and the monolayer-
membranes were gently and compactly sandwiched between
the liver-wafers. The resulting tissue-monolayer “sandwiches”
were snap-frozen in liquid nitrogen. This tissue sandwiching
process prevented loss of the mucus-gel layer. The tissues
were embedded in optimal cutting temperature compound,
cut into 20 μm cross sections with a cryo-microtome and
transferred to glass slides. To visualise the mucus-gel layer,
sections were stained with alcian blue (1%) in distilled water
adjusted to pH 2.5 with glacial acetic acid (3%) for 10 min at
room temperature and washed with distilled water.

Fluorescent Staining of Bacteria

In order to fluorescently visualize Salmonella, the bacte-
ria were prelabeled with 5- (and 6-) carboxytetramethylrhod-
amine, succinimidyl ester [5-(6)-TAMRA, SE] (catalogue no.
C-1171; Molecular Probes). TAMRA stain (1 μl of 10 mg/ml)
was added to a 1 ml bacterial suspension to give a final
concentration of 10 µg/ml TAMRA stain. The bacteria were
incubated static at 37°C in the dark for 30 min and washed
repeatedly in sterile PBS, before resuspension in DMEM–
HEPES. Immunostaining for Salmonella was carried out as
previously described (25). Bacterial preparations and chal-
lenge were performed as described above and Transwell®

membranes of infected E12 cells were cut from their frames
and fixed and processed for bacterial quantification. Samples

were stained for Salmonella (Mouse anti-S. typhimurium-
Abcam #ab13633) and counterstained with haematoxylin.

Quantification of Bacterial Adherence and Uptake

Bacteria were counted manually on transverse sections
under a light microscope. For each monolayer, bacteria were
counted in 20 random fields, each 500 μm in length, and the
average number of bacteria calculated. Each section width
was 10 μm and bacterial adhesion per 1 cm2 Transwell
membrane was calculated. Results were expressed as
bacteria/cell and were calculated based on an average count
of 5×105 E12 cells/cm2.

IL-8 ELISA

A 96-well Elisa plate was coated with anti-human IL-
8 (40 μg/μl in PBS) capture monoclonal antibody per well and
incubated overnight at 4°C. Thereafter all incubations were at
room temperature. The plate was washed and blocked for 1 h.
Standards and samples were added and the plate was
incubated for 2 h. The plate was washed, and detection
antibody (biotinylated anti-human IL-8, 20 ng/ml in assay
diluent) was added and incubated for 2 h. The wash steps were
repeated and the wells were incubated with Streptavidin-HRP
solution (Sigma cat #S5512) for 20 min in the dark. The plate
was washed and developed with 1% tetramethylbenzidine
(TMB) for 20 min. The reaction was stopped with 1 M H2SO4

and the optical density (OD) was read on an ELISA plate
reader at 450 nm with the reference filter at 570 nm.

MIC and MBC of Poly(DMAEMA)

MICs were calculated as the lowest concentration of
polymer to completely inhibit growth of the bacterial cultures
examined. The method of calculation was adapted from the
microdilution broth dilution procedure as outlined in the
Clinical and Laboratory Standards Institute (formerly
NCCLS) protocol (26). Two strains of S. typhimurium (Strain
A and Strain B, bovine origin) were seeded on microtitre
plates at a density of 5×105 CFU/ml in tryptic soy broth (TSB)
at 37°C. Cells were incubated with varying concentrations of
poly(DMAEMA) in fresh media. Plates were incubated at
37°C for 18 h and growth was determined at 600 nm. For
MBC calculations (27), bacteria were then spread on bacterial
agar plates and incubated at 37°C for 24 h. MBC’s were
calculated as the lowest concentrations of poly(DMAEMA)
that produced 99.9% reduction in resulting CFU values
compared to initial inoculum. Poly(DMAEMA) was considered
bactericidal if the MBC was ≤4× the MIC concentration (28).

Cytotoxicity Assays

Cytotoxicity was assessed by release of LDH from cell
monolayers as previously described (18). Apical samples were
centrifuged to remove debris and assayed for LDH release.
LDH concentrations were expressed as percentage LDH
release relative to treatment with Triton-X 100 in 30 min. The
haemolytic assessment of poly(DMAEMA) was adapted
from the protocol outlined by Shin et al. (29). Briefly, blood
samples were drawn from male Wistar rats. Erythrocytes
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were collected by centrifugation (2,000×g, 5 min, 4°C) and
washed three times in PBS. The final pellet was re-suspended
in PBS (4% w/v) and 100 μl aliquots were plated in 96-well
microtitre plates. Cells were exposed to poly(DMAEMA) for
1 h at 37°C and were then centrifuged at 1,000×g for 5 min.
Aliquots (100 μl) of the supernatant were transferred to a
fresh 96 well microtitre plate where haemoglobin release was
measured spectrophotometrically at 414 nm. Percent haemo-
lysis was calculated relative to that detected with 1% Triton-
X 100.

Time–Kill Studies

Time–kill studies were adapted from the time–kill method
for determining bactericidal activity as outlined in the NCCLS
protocol (27). S. typhimurium (strain A) were inoculated into
flasks at 5×105 CFU/ml and incubated for 90 min in TSB at
37°C, 170 rpm. An initial sample was taken for colony
counting. Poly(DMAEMA) at ×0.1, 0.25, 0.5, and ×1 the
MIC, or medium alone was added to the flasks. Incubation
was continued at 37°C, 170 rpm and samples taken at 0.5, 1,
1.5, 2, 4, 6 and 24 h for colony counts. Bacteria were grown on
tryptic soy agar for all time points except 24 h which were
grown on the selective media, xylose lysine deoxycholate
agar, to ensure resulting colonies were Salmonella. Viable
counts were calculated to give CFU/ml and time–kill curves
plotted of log10 CFU/ml against time. A bactericidal effect
was defined as a ≥3 log10 decrease in CFU/ml after 24 h.

Statistics

Values are given asmean ± S.E. of themean. Comparisons
were made using Student’s t-tests, paired or unpaired as
appropriate.

RESULTS

Poly(DMAEMA) Reduces Cell Killing by C. Difficile Toxins

We examined the influence of E12 exposure to poly
(DMAEMA) on cytotoxicity induced by C. difficile toxins.
Cells were challenged with a range of supernatant dilutions
and the dilution of toxins that returned 50% LDH release
into the apical compartment buffer from monolayers was
selected as the challenge. C. difficile toxins bind to epithelial
cells causing disruption of actin filaments, rearrangement of
the cell cytoskeleton and breakdown of intracellular junctions
(30). Pre-treatment of E12 monolayers with 0.1 and 1 mg/ml
poly(DMAEMA) significantly reduced the LDH release
induced by C. difficile toxins in a concentration-dependent
manner after 12 h by more than 50% (Fig. 1). In the absence
of monolayer exposure to C. difficile toxin and poly
(DMAEMA), the control LDH release value was 98±1% in
30 min.

Poly(DMAEMA) Prevents the cAMP Elevation and Cell
Death Induced by Cholera Toxin

Poly(DMAEMA)-exposed E12 monolayers were chal-
lenged with cholera toxin (CTx) and LDH release and the
resulting intracellular cAMP levels were measured. Both 1

and 10 ng/ml CTx induced significant cAMP levels in E12
cells, of the same order as those seen with the adenylate
cyclase activator, 10 µM forskolin (225±20 pmol/ml). The
increase in cAMP induced by CTx was statistically reduced by
30–50% by pre-exposing monolayers to both 0.1 and 1 mg/ml
poly(DMAEMA) for 30 min followed by CTx challenge for
120 min (Fig. 2A, data shown for 1 mg/ml polymer). CTx
induced levels of cytotoxicity of 9 and 14% at polymer
concentrations of 1 and 10 ng, respectively. This relatively low
level of cytotoxicity is consistent with the action of CTx,
which induces electrogenic chloride and fluid secretory
transport across intestinal cells but does not actively kill cells
(23). Exposure of E12 monolayers to poly(DMAEMA) at
concentrations of 0.1 and 1.0 mg/ml decreased the cytotoxic
effects of both the 1 ng and 10 ng CTx challenges to 2–3%,
similar to those of polymer-treated cells (Fig. 2B, data shown
for 1 mg/ml polymer).

Poly(DMAEMA) Inhibits S. Typhimurium Adherence
and Uptake by E12 Monolayers

In order to assess whether poly(DMAEMA)’s cytopro-
tective nature was limited to exotoxins, control- and poly
(DMAEMA)-exposed E12-monolayers were treated with
fluorescently labelled S. typhimurium and adhesion and
invasion of the bacteria to E12monolayers assessed. Adherence
(Fig. 3A) and invasion (Fig. 3B) were examined microscopi-
cally. Adherence to and uptake by poly(DMAEMA)-pre-
treated monolayers were significantly reduced compared to
polymer-untreated controls (Fig. 3C, D; P=0.005; P=0.04
respectively). Normal histological processes such as formalin
fixation or snap-freezing readily disrupt the mucus-gel layer
and these fixation techniques usually result in the capture of
only cytoplasmic and residual surface mucins (31). In order to
preserve the E12 mucus-gel, membranes were cut from the
Transwell® and sandwiched in chicken liver wafers before
snap-freezing. Wafer-thin slices of liver tissue were found to
provide the best results for embedding due to ease of
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Fig. 1. Concentration-dependent effects of poly(DMAEMA) against
LDH release induced by C. difficile supernatant on E12 monolayers
at 12 h following incubation with increasing concentrations of
polymer for 30 min. N=7 per group; single asterisk P<0.05, double
asterisk P<0.01 vs C. difficile alone.
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manipulation and density of the liver tissue. Following a 5 min
challenge, bacteria were observed co-localised with the gel
(Fig. 4A). Similarly, in poly(DMAEMA)-treated (1.0 mg/ml)
E12monolayers infected with bacteria, there was co-localisation
of poly(DMAEMA) throughout the E12 mucus-gel, but
Salmonella were excluded (Fig. 4B). The mucus-gel layer was
previously shown to be required for poly(DMAEMA) to bind
the E12 monolayer (18) and the combination of gel with
polymer appears also to be important in allowing the polymer
to reduce bacterial access to the epithelium.

S. Typhimurium-Induced IL-8 secretion from E12
is Prevented with Poly(DMAEMA)

E12 monolayers were challenged with S. typhimurium and
examined after 24 h for additional indices of S. typhimurium
pathogenicity in vitro. S. typhimurium challenge induced
significantly higher IL-8 secretion from E12 monolayers than
controls not exposed to bacteria. Pre-incubation of E12
monolayers with 0.1 mg/ml poly(DMAEMA) prior to 24 h of
S. typhimurium exposure decreased the ability of the bacteria
to induce IL-8 secretion from the basolateral side of mono-
layers to 122±11 pg/ml compared to a value of 159±8 pg/ml for
monolayers exposed to bacteria alone (N=18; P<0.001).

Direct Inhibitory Effects of Poly(DMAEMA)
on S. Typhimurium Growth

Actions of poly(DMAEMA) on S. typhimurium growth
were examined. Poly(DMAEMA) reduced S. typhimurium
growth at a threshold concentration of 0.25 mg/ml within
30 min and was bactericidal at 1 mg/ml (Fig. 5). This may
indirectly contribute to poly(DMAEMA)’s ability to reduce S.
typhimurium-associated IL-8 secretion in bacterial-exposed E12
monolayers. While there was evidence of resistant bacteria
growing back at 24 h for low concentrations of poly
(DMAEMA), this did not occur at 1 mg/ml polymer. MIC
and MBCs were also carried out on two different S. typhimu-
rium isolates, strains A and B. The MICs obtained for both
isolates were 1 mg/ml and the MBCs were 1 and 4 mg/ml for the
strain A and B, respectively. The polymer was also found to
induce negligible haemolysis on rat red blood cells at the highest
MIC concentration of poly(DMAEMA) used, in agreement
with its non-cytotoxic actions in E12 epithelia (18) (Table I).

DISCUSSION

Based on previous work indicating that poly(DMAEMA)
augments the cytoprotective function of the mucus-gel layer
(18), we investigated whether poly(DMAEMA) could prevent
intestinal monolayer damage induced by two bacterial toxins
and by bacteria, which must migrate through the mucus-gel to
the epithelium. The criterion for protection against the two
toxins was a reduction in LDH release following pre-incubation
of monolayers with the polymer, in addition, for CTx there was
attenuation of the increase in intracellular cAMP. For Salmo-
nella, poly(DMAEMA) prevented attachment and uptake by
epithelia, reduced IL-8 secretion and inhibited bacterial
growth. We previously demonstrated that treatment of E12
monolayers with poly(DMAEMA) reduces the passage of a
paracellular marker FD-4 across the monolayer and caused
minimal cytotoxicity to the epithelium (18). Confocal micros-
copy suggests that muco-integration of poly(DMAEMA) into
the mucus-gel layer may decrease the molecular weight cut off
of the mucus layer, normally 600–700 Da (32). Similarly,
calcium-mediated mucin cross-linking also reduces diffusion
of 500 nm microspheres through salivary mucus (33), and other
studies have shown that mucus viscosity limits bacterial
migration to intestinal epithelium (8). Interaction of potentially
harmful compounds and toxins with the intestinal epithelium
may therefore be reduced by poly(DMAEMA) via actions on
the mucus-gel layer.
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A non-absorbed epithelial-protective compound may
avoid some disadvantages of antibiotic therapies concerning
bacterial resistance from systemic delivery. For example,
tolevamer sodium is a polymer with inherent drug-like
properties and is in Phase III trials as an oral therapy against
C. difficile toxins A and B (34). Tolevamer acts by chelating
the toxins and preventing epithelial cell–toxin interactions
(35). By a different mechanism dependent on integration into
mucus, poly(DMAEMA) prevented the cytotoxic effects of
C. difficile supernatants and also prevented CTx interaction
with GM1 receptors on the E12 cell surface. C. difficile toxins
A and B are high molecular weight molecules over 300 kDa
in size (36) while CTx is approximately 84 kDa in size (37), so
poly(DMAEMA) may lower molecular weight cut-off point
for toxin permeation through the gel. In addition to limiting

access to the epithelium, poly(DMAEMA) has direct actions
as an antimicrobial agent. Poly(DMAEMA) acts as an
antimicrobial surface coating, prohibiting growth of B. subtilis
and E. coli and impeding the binding of P. aeruginosa to glass,
paper and polymer discs (20,21). Other studies have used
PEG as a non-absorbed intestinal prophylactic agent against
bacterial challenge in vivo (15), while non-absorbed oral
antibiotics including rifamycin are being investigated for
localised treatment of intestinal infection (38). Polymeric
conjugation to antibiotics is a logical next step.

Interactions between the enteric pathogen S. typhimu-
rium and intestinal epithelia provoke an acute inflammatory
response, mediated in part by epithelial cell secretion of IL-
8 and other pro-inflammatory molecules from the basolateral
membrane (39). This response is partly due to the activation

Fig. 3. Interaction of S. typhimurium (indicated by arrows) with E12 monolayers in the presence and absence of poly(DMAEMA; 1 mg/ml). A
Adherence. B Uptake. C Quantitative analysis of adherence. D Quantitative analysis of S. typhimurium uptake. Single asterisk P<0.05, double
asterisk P<0.005 vs untreated. N=11 per group. Horizontal bars=10 µm.
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of Toll-like receptor-5 (TLR5) by interaction with bacterial
flagellin resulting in the subsequent activation of the tran-
scription factor NF-kappaB in a MyD-88 dependent manner
(40). As TLR5 is expressed exclusively on the basolateral side
of epithelial cells (41), flagellin-promoted inflammation could
arise from apical-to-basolateral translocation of small bacte-
rial epitopes and peptides. E12 monolayers challenged with
S. typhimurium have increased TLR5 expression (unpub-
lished data), correlating with increased levels of IL-8 secretion
to the basolateral side. In order to reach the epithelium,
S. typhimurium must penetrate the intestinal mucus-gel layer,
but there is evidence that the mucus gel is an inhibitor of
S. typhimurium movement (42). When Salmonella reach the
epithelium, they adhere to cell membranes causing actin
rearrangement and forming ruffles in the cell membrane

through which they may invade (43). Previous tissue cell
culture studies examining the interaction of epithelial cells
and S. typhimurium have mainly focused on Caco-2 and
HT29 cell lines as intestinal epithelial models. As these lines
do not secrete mucus or form a mucus-gel layer, the role of
mucus in Salmonella translocation cannot be fully investigat-
ed. E12 mucus gel layers however both impede the transport
of lipophilic drugs (44) and limit the cytotoxicity of cationic
polymers similar to data seen in excised tissue models (18).
Thus, E12 monolayers may be a physiologically relevant in
vitro cell culture model for examining host–pathogen epithe-
lial interactions.

Prior exposure of E12 monolayers to poly(DMAEMA)
reduced adhesion, uptake and the subsequent provocation of
IL-8 secretion due to S. typhimurium challenge. Decrease in
Salmonella-associated IL-8 secretion from E12 monolayers
arising from pre-treatment with poly(DMAEMA) occurred
only in the presence of a mucus-gel layer. In combination
with the polymer, mucus is likely to limit accessibility of S.
typhimurium and flagellin components to the E12 monolayer
and prevent IL-8 secretion being stimulated. Fluorescent
imaging of Salmonella and poly(DMAEMA) within the gel
layer also suggested that poly(DMAEMA) limits Salmonella
migration through the mucus-gel similar to the mechanism of
the toxin interaction with the polymer-enhanced mucus gel.
Regarding effects on bacterial growth, populations of Salmo-
nella were reduced by over 99.9% after 30 min co-incubation
with the polymer and an MIC value of 1 mg/ml was obtained
against two strains.

Fig. 4. A Light and fluorescent microscopy images of Salmonella-
infected E12 monolayers. (i) Alcian blue stained E12 mucus-gel under
light microscope. (ii) Fluorescent red TAMRA/SE stained Salmonella.
(iii) green fluorescent field, showing an absence of poly(DMAEMA).
(iv) Composite overlay of (i), (ii) and (iii). B Light and fluorescent
microscopy images of Salmonella infected E12 monolayers pre-treated
with poly(DMAEMA). (i) Alcian blue stained E12 mucus-gel under
light microscope. (ii) Fluorescent red TAMRA/SE-stained Salmonella.
(iii) Green fluorescent hostosol-labelled poly(DMAEMA). (iv) Com-
posite overlay of images (i), (ii) and (iii). Asterisk denotes apical side of
epithelial monolayer. Horizontal bar=10 µm.
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Fig. 5. Time–kill curve of effect of poly(DMAEMA) on S. typhimurium
growth. Closed square=0 poly(DMAEMA), open square=0.1 mg/ml
poly(DMAEMA), closed triangle=0.25 mg/ml poly(DMAEMA), open
circle=0.5 mg/ml poly(DMAEMA), closed circle=1 mg/ml poly
(DMAEMA). N=3 in each group. Note that from 1.5 h the values
for the 1 mg/ml group were zero.

Table I. MICs andMBCs for Poly(DMAEMA)Against S. Typhimurium

Organism (Gram) MICa MBCa (%) Haemolysis

S. typhimurium (Strain A) 1 1 1.1 (T0.4)

S. typhimurium (Strain B) 1 4 1.1 (T0.4)

aMIC and MBC are given in mg/ml. Percent haemolysis refers to
capacity to lyse rat erythrocytes at the MIC concentration. N=2–3
on triplicate measurements.
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The exact nature of the interaction between poly
(DMAEMA) and bacteria is not currently known, but many
defensin-like peptides that inactivate bacteria are also cationic
(6). Poly(DMAEMA) halts growth and impedes bacterial
adherence and invasion of epithelial cells. These actions are
reminiscent of the bactericidal effects of the cationic polymer,
chitosan, which causes alterations to the outer membrane of
Gram-negative bacteria leading to increased sensitivity to
surfactants (45,46). Importantly, Salmonella mutants with a
cationic outer membrane are less susceptible to the antimicro-
bial action of chitosan (45). This is consistent with the growth
inhibitory effects the cationic poly(DMAEMA) polymer had
for the Gram negative S. typhimurium, a bacterium which has
more anionic membranes due to the presence of LPS.

The ability of a mucoadhesive polymer such as poly
(DMAEMA) to act not only as an antimicrobial agent but
also as an epithelial barrier enhancer, could lead to its
eventual use if formulated as a prophylactic. Immune-
enhancing anti-bacterial approaches including probiotic
drinks are widely accepted by patients and some strains have
proved successful in management of acute infectious diar-
rhoea (47). Since the polymer can be conjugated to drug
cargoes (48), poly(DMAEMA) could potentially act to protect
inflamed or compromised epithelium while also delivering
antibiotic/probiotic agents. Finally, poly(DMAEMA) may be
synthesised by an economic and relatively simple process (10)
and may not have the toxicity of many natural host defence
peptides (49). Furthermore, as its major action is to combine
with the mucus gel to defend mucosal surfaces against toxin
and bacterial attachment to epithelia, induction of bacterial
resistance appears unlikely.

In summary, poly(DMAEMA) has potential as a non-
absorbed antimicrobial therapy. Poly(DMAEMA) prevented
the cytotoxic effect of two high molecular weight toxins, CTx
and C. difficile toxins on cultured human intestinal epithelial
monolayers bearing a mucus covering. It also reduced
Salmonella adherence, invasion and IL-8 secretion in the
presence of the mucus-gel layer. An additional direct
antimicrobial action of poly(DMAEMA) was also demon-
strated against S. typhimurium in vitro. In vivo studies will be
designed to show the potential of poly(DMAEMA) as a
mucoadhesive antimicrobial prophylactic against intestinal
bacterial pathogens.
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