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Abstract

Bacterial biofilms can cause serious health care complications associated with increased morbidity and mortality. There is
an urge to discover and develop new biofilm inhibitors from natural products or by modifying natural compounds or
understanding the modes of action of existing compounds. Cinnamaldehyde (CAD), one of the major components of cinnamon
oil, has been demonstrated to act as an antimicrobial agent against a number of Gram-negative and Gram-positive
pathogens, including Pseudomonas aeruginosa, Helicobacter pylori and Listeria monocytogenes. Despite the mechanism of
action of CAD against the model organism P. aeruginosa being undefined, based on its antimicrobial properties, we
hypothesized that it may disrupt preformed biofilms of P. aeruginosa. The minimum inhibitory concentration (MIC) of CAD for
planktonic P. aeruginosa was determined to be 11.8 mM. Membrane depolarization assays demonstrated disruption of the
transmembrane potential of P. aeruginosa. CAD at 5.9 mM (0.5 MIC) disrupted preformed biofilms by 75.6 % and 3mM CAD
(0.25 MIC) reduced the intracellular concentrations of the secondary messenger, bis-(3’-5")-cyclic dimeric guanosine
monophosphate (c-di-GMP), which controls P. aeruginosa biofilm formation. The swarming motility of P. aeruginosa was also
reduced by CAD in a concentration-dependent manner. Collectively, these findings show that sub-MICs of CAD can disrupt

biofilms and other surface colonization phenotypes through the modulation of intracellular signalling processes.

INTRODUCTION

Pseudomonas aeruginosa is an opportunistic Gram-negative
bacterium that is responsible for persistent and difficult-to-
treat nosocomial infections, especially in immune-compro-
mised patients [1]. Patients with cystic fibrosis are highly
susceptible to chronic infections caused by P. aeruginosa,
leading to increased rates of morbidity and mortality [2, 3].
To establish a chronic infection, P. aeruginosa initially grows
into a biofilm [4], providing protection from host immune
defences and from the action of antibiotics [5, 6]. Antibiotic
resistance is often suggested to result from alteration of the
physiological state of biofilm organisms [7], as well as
through reduced diffusion of antibiotics through the biofilm
matrix due to interaction with the various matrix constitu-
ents [8]. Therefore, it is often argued that there is a strong
need to identify compounds that can interfere with the bio-
film mode of growth to induce the conversion of bacteria
back into the less protected planktonic form.

Interference in the expression of bacterial pathogenic traits
(e.g. biofilm formation), rather than killing the bacteria, is a
specific goal in pathogen control, since this approach repre-
sents a significantly lower selection pressure and hence may
delay the development of resistance [9]. For example, bio-
film control agents that target quorum sensing (QS) have
been shown to be effective as anti-virulence compounds
[3, 10] and show activity in vivo [11]. Similarly, compounds
such as nitric oxide induce biofilm dispersal [12] by modify-
ing intracellular concentrations of bis-(3’—5")-cyclic dimeric
guanosine monophosphate (c-di-GMP) [13], a key regulator
of biofilm development in many Gram-negative bacteria
[14]. High intracellular levels of c-di-GMP are typically
associated with biofilm formation, whereas low c-di-GMP
levels are associated with a motile or planktonic phenotype
[15]. Sodium nitroprusside, a nitric oxide donor compound,
has been found to trigger the dispersal of biofilm cells at
sub-lethal concentrations through the modulation of intra-
cellular ¢-di-GMP concentrations [16].
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The identification of novel compounds that control biofilm
development may be facilitated by studying traditional
medicinal plants and their extracts [17]. Many natural com-
pounds of plant origin are well known for their anti-biofilm
activity [18]. Essential oils (EOs) derived from traditional
medicinal plants are promising candidates in the search for
natural anti-biofilm compounds [18]. EOs are typically sec-
ondary metabolites of plants that show no noticeable func-
tion in the growth or development of the plants [19].
Instead, it has been suggested that these EOs have evolved as
a means for plants to protect themselves against insects, her-
bivores, competing plants and, via their antimicrobial prop-
erties, against bacteria, fungi and viruses [20, 21]. EOs are
volatile liquid extracts from plant materials, such as flowers,
roots, bark, leaves, seeds, peel, fruits, wood and whole plants
[22, 23]. Cinnamaldehyde (CAD), a phenyl propanoid, is
one of the major components in Chinese cinnamon essential
oil (Cinnamomum cassia) as well as cinnamon bark oil (Cin-
namomum zeylanicum) [24]. CAD has been reported to be a
potential antimicrobial agent against P. aeruginosa [25, 26].
A recent study of Pseudomonas fluorescens and CAD at sub-
lethal concentrations revealed that CAD significantly inhib-
ited QS-dependent phenotypes (e.g. biofilm formation,
swimming and swarming motility, and extracellular pro-
teases), but did not interfere with Nacylhomoserine lactone
production [27]. However, the anti-biofilm activity of CAD
against P. aeruginosa is unknown.

In the present study, the effect of CAD on P. aeruginosa
biofilm formation and dispersal was investigated. Sub-
growth-inhibitory concentrations of CAD prevented biofilm
formation and dispersed preformed biofilms. The results
also showed that CAD interfered with the swarming motil-
ity of P. aeruginosa in a concentration-dependent fashion.
Since the effects on surface motility and biofilm develop-
ment were independent of growth inhibition, experiments
were designed to test whether CAD interfered with c-di-
GMP production. Using a c-di-GMP-responsive reporter
strain [13] it was observed that the addition of CAD
reduced reporter activity by reducing c-di-GMP expression.
In contrast, growth-inhibiting concentrations of CAD dis-
rupted the membrane potential, while there was no effect on
the membrane potential at sub-inhibitory concentrations.

METHODS

Bacterial strains and culture conditions

The bacterial strains used in this study were wild-type
P. aeruginosa PAOL, P. aeruginosa tagged with a mini-Tn7
GFP [28] that constitutively expresses GFP (=PAO1 gfp)
and P. aeruginosa AwspF, which is a high c-di-GMP-pro-
ducing mutant carrying P44 : gfp (ASV) (=PAO1 pCdrA
gfp) [13]. For all experiments, except for the measurement
of c-di-GMP expression, bacteria were grown in Mueller-
Hinton broth (MHB; Oxoid) overnight at 37 °C, with shak-
ing at 180 r.p.m., unless specified otherwise. An overnight
MHB culture of P. aeruginosa PAO1 was adjusted to a
McFarland standard of 0.5 [which was determined to be
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equal to an optical density at 600 nm (ODgpo) of 0.1] with
MHB and used as inocula for different experiments. To
measure c-di-GMP, bacteria were grown in ABTGC
medium (overnight, 37°C, with shaking at 180r.p.m.).
ABTGC medium is AB minimal medium [29] containing
7.4 uM thiamine, 0.01 M glucose and 0.01 M casamino acids
[28]. AB minimal medium consists of 15.1 mM ammonium
sulfate, 33.7 mM sodium phosphate dibasic, 22 mM potas-
sium dihydrogen phosphate, 50 mM sodium chloride, 1 mM
magnesium chloride hexahydrate, 100 uM calcium chloride
dehydrate and 1uM iron (III) chloride hexahydrate
(28, 29].

Effect of CAD on P. aeruginosa PAO1 growth

The minimum inhibitory concentration (MIC) of CAD for
P. aeruginosa PAO1 was determined in 96-well polystyrene
microtitre plates (Corning, Australia) using the broth
microdilution method [30]. CAD (Sigma-Aldrich,
Australia) was dissolved in dimethyl sulfoxide (DMSO) and
sterilized by membrane filtration through a 0.22 um filter
(MicroAnalytix, Australia). A volume of 100 pl of 1510 mM
CAD was added to an equal volume of MHB and twofold
serial dilutions with MHB achieved a concentration gradient
of CAD from 755 to 0.8 mM. A volume of 100 ul of P. aeru-
ginosa inoculum was added to each microtitre plate well,
further halving the CAD concentrations, and the plate was
incubated at 37°C for 18-20h with shaking (180 r.p.m.).
Bacterial growth (assessed by turbidity) in the wells contain-
ing CAD was visually compared with growth in wells with
no CAD (positive growth control) and with growth in wells
containing 8.7 uM colistin (negative growth control). The
lowest concentration of CAD inhibiting growth was
recorded as the MIC. Growth curves for P. aeruginosa
PAO1 with different concentrations of CAD (11.8, 5.9, 3
and 1.5 mM) were generated to determine the effect of CAD
on bacterial growth in 96-well plates, as described above,
with incubation at 37°C and shaking at 180r.p.m. The
ODyggo was determined using a microplate reader M200
(Tecan, Switzerland) at hourly intervals for 20 h.

Membrane permeabilization

To determine the mechanism of action of CAD on P. aeru-
ginosa PAO1, a membrane potential-sensitive dye, 3,3-
dipropylthiacarbocyanine  (diSC3;5, Thermo  Fisher
Scientific), was used as described by Zhang et al. [31].
Briefly, a 9h mid-log phase culture of P. aeruginosa in
MHB was centrifuged and the pellet was washed in 5mM
HEPES (Sigma-Aldrich, Australia) (pH 7.8). The cells were
resuspended in 5mM HEPES to an ODgy of 0.05 and
treated with 20 pl of 0.2 mM EDTA (Sigma-Aldrich, Aus-
tralia) (pH 8.0) to permeabilize the outer membrane and
allow uptake of the dye. DiSC;5 was added to a final con-
centration of 0.4 pM and quenching occurred at room tem-
perature for 20-30min. KCl was added to a final
concentration of 100mM to equilibrate the cytoplasmic
and external K* concentrations. CAD (to final concentra-
tions of 11.8 and 5.9 mM) and colistin (to final concentra-
tions of 8.7 uM, as the control) were added to separate cell
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suspensions. Fluorescence was continuously recorded with
an excitation wavelength of 584 nm and an emission wave-
length of 610/620 nm using a Tecan plate reader.

Swarming motility

The swarming motility of P. aeruginosa PAO1 was assessed
in the presence of CAD. The swarming medium contained
0.5% w/v bacto agar, 0.5% w/v peptone, 0.2% w/v yeast
extract and 1.0 % w/v glucose [32]. Appropriate amounts of
CAD (to achieve 5.9, 3, 1.5 and 0.8 mM) were mixed with
15ml of molten agar, poured into 15cm petri dishes and
dried for 30 min. Then 2 pl of the P. aeruginosa PAO1 cul-
ture were spot inoculated at the centre of the agar surface
and incubated for 16 h at 37 °C. The extent of swarming was
determined by measuring the swarming area (um®) using
Image] software and compared with the control lacking
CAD [33].

Biofilm assays

The biofilm formation of P. aeruginosa PAO1 was assessed
using a Calgary Biofilm Device (CBD) consisting of a 96-
well microtitre plate and a lid with 96 pegs to fit into the
wells (Nunc, Thermo Fisher Scientific, Australia). A volume
of 100 pl of inoculum was added into the wells of a 96-well
plate with an equal volume of sterile MHB. The plate was
covered with the peg lid and incubated at 37 °C with shaking
at 180 r.p.m. for different time periods (2, 4, 6, 8 and 22 h).
To quantify biofilm formation, the peg lid was washed with
phosphate-buffered saline (PBS; 137 mM sodium chloride,
2.7mM potassium chloride, 10mM sodium phosphate
dibasic and 2mM potassium dihydrogen phosphate) to
remove loosely attached bacterial cells and stained in 200 pl
of 0.1 % aqueous crystal violet (CV) for 20 min at 37 °C with
shaking (180 r.p.m.). The peg lid was then rinsed twice with
200 pl PBS, followed by the addition of 200 pl of ethanol
(100 %) to solubilize the CV, and the ODs, of the CV solu-
tion was measured.

To determine the effect of CAD on biofilm formation, CAD
was added in 100 ul aliquots to achieve final concentrations
0f 11.8, 5.9, 3 and 1.5 mM prior to inoculation with bacteria
and biofilm formation as described above. The plate was
covered with the peg lid and incubated at 37 °C with shaking
at 180r.p.m. for 6h. The biofilm formation inhibition
achieved by CAD was determined in two ways. In the first,
the peg lid was placed in a new 96-well plate with sterile
MHB and sonicated for 30 min to dislodge cells from the
pegs. Then the ODgq of the liquid in the wells was deter-
mined to calculate the biofilm formation inhibition percent-
age using equation 1:

Biofilm formation inhibition %

OD experimental well without CAD
—OD experimental well with CAD
OD experimental well without CAD

x 100
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In the second, CV staining (see above) after a 6 h incubation
period was used. The biofilm formation inhibition percent-
age in the CV method was determined using equation 1.

To assess the biofilm dispersion activity of CAD, biofilms
were formed as described above for 6 h. The preformed bio-
films on the pegs were transferred to fresh plates where
CAD was added to achieve final concentrations of 11.8, 5.9,
3 and 1.5 mM. The plate was incubated at 37 °C with shak-
ing at 180r.p.m. for 3h. The biofilm dispersal activity of
CAD was assessed by CV staining (see above) and using
equation 2:

Preformed biofilm dispersion %

OD experimental well without CAD
—OD experimental well with CAD

- p x 100
OD experimental well without CAD

The effect of CAD on the preformed biofilms was deter-
mined by the BacTitre Glo Microbial Cell Viability Assay
kit (Promega, USA). After treatment with CAD, the pegs
were rinsed in PBS and the lids were transferred to a black
96-well plate containing 100 ul of the BacTitre Glo reagent
mixed with 100 pl of fresh MHB. Luminescence (LUM) val-
ues were determined after 5min incubation at 37 °C with
shaking (180 r.p.m.). The impact of CAD on the preformed
biofilms was calculated using equation 3:

Cell viability inhibition %

LUM in experimental well without CAD
—LUM in experimental well with CAD
LUM in experimental well without CAD

x 100

It should be noted that this assay does not differentiate
between dispersal of the biofilm and viability. Therefore, the
results from the Bactitre assay were compared in conjunc-
tion with the CV staining of preformed biofilms after expo-
sure to CAD.

To further elucidate the impact of CAD on biofilms, the via-
bility of biofilm cells cultivated in eight-well chamber slides
was also determined. The P. aeruginosa PAO1 inoculum
(150 ul) was aliquoted into each well of an eight-well cham-
ber slide (ibidi, Germany) with 150 ul of fresh MHB. The
slide was incubated at 37 °C for 18 h, which was the optimal
time of biofilm formation on the glass substratum of the
eight-well slides. After 18 h incubation, the wells were rinsed
in PBS to remove loosely attached bacterial cells. In four of
the wells, 300 pl of CAD was added to achieve a final con-
centration of 3mM in fresh MHB; in the remaining four
wells 300 pl of MHB was added (control wells). After 3h at
37°C, all wells were washed gently with PBS and stained
using the Live/Dead Baclight viability kit (Invitrogen Life
Technologies, Australia) according to the manufacturer’s
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instructions. Biofilm cells were observed by confocal laser
scanning microscopy (Olympus FV1000, Australia) with an
argon ion laser (excitation 488 nm/emission 528 nm) to
detect syto 9 (live cells) and a helium/neon laser (excitation
543 nm/emission 617 nm) to detect propidium iodide (dead
or damaged cells). For quantitative analysis, 10 z-stack
images taken at random positions were evaluated by Com-
stat v2.1 in Image] software [33]. Biomass volume per unit
base area was calculated as um® um ™~ of the entire stack for
each confocal image. The results of the image analyses are
reported as the average percentage of biomass coverage per
field of view. All biofilm experiments were performed at
least three times as independent experiments with triplicates
for each condition.

Intracellular c-di-GMP

To determine the relative amount of c-di-GMP expressed
by bacteria in the presence of CAD, the GFP expression lev-
els of a c-di-GMP reporter strain were measured as
described by Rybtke et al. [13]. P. aeruginosa AwspF was
used as c-di-GMP monitoring strain, as it was found to
have good control over the cellular level of c-di-GMP in
P. aeruginosa. It was concluded that it is an indicator of
novel antipathogenic activity that can target c-di-GMP sig-
nalling [13]. Overnight cultures of the reporter strain or a
control strain expressing a constitutively expressed GFP
were grown in ABTGC medium and adjusted to a McFar-
land Standard of 0.5 (ODg of 0.1) with ABTGC, and then
100 ul of each strain was inoculated in the wells of a 96-well
plate. CAD was added to some of the wells to achieve a final
concentration of 3mM. The plate was incubated at 37°C
with shaking at 180r.p.m. for 7h. The OD¢y and GFP
expression (excitation 485-512 nm/emission 520-530 nm)
were determined at various time intervals using a FLUOstar
Omega microplate reader (BMG LABTECH, Germany).
GFP expression was measured as relative fluorescence units
(RFU), normalized by dividing the GFP value by the corre-
sponding OD,s, value measured at the same time point.

Statistical analysis

Statistical analysis was performed using SPSS version 25.0
software (IBM Corporation). The results of biofilm assays
and intracellular c-di-GMP were compared using one-way
analysis of variance (ANOVA) followed by the Tukey post
hoc test and differences between each group with P values
<0.05 were considered statistically significant.

RESULTS

Effect of CAD on P. aeruginosa PAO1 growth

The MIC of CAD for P. aeruginosa was determined to be
11.8 mM (0.16 %) by the visual microtitre plate method and
by growth curve analyses (Fig. 1). At 5.9 mM CAD, the lag
phase was extended by approximately 5 h, at which time the
cells achieved the same OD as the untreated control culture
(Fig. 1). Growth with CAD at 3 and 1.5 mM was similar to
the untreated control and there was no difference in the
growth rate or final culture OD (Fig. 1).
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Membrane permeabilization

Colistin, a known membrane displacement agent, was used
as a positive control and rapidly led to depolarization of the
cytoplasmic membrane of P. aeruginosa, as determined by
high fluorescence levels (Fig. 2). At the MIC (11.8 mM),
CAD gave similar results to colistin (Fig. 2). The result for
CAD at 5.9 mM was similar to that for the untreated con-
trol. Thus, it was concluded that CAD depolarized the cyto-
plasmic membrane of P. aeruginosa at the MIC, but not at a
sub-MIC (5.9 mM).

Swarming motility

A concentration-dependent inhibition of swarming and
growth by CAD was demonstrated (Fig. 3). At 5.9mM
CAD, P. aeruginosa grew but could not swarm (Fig. 3a) and
bacterial growth coverage was 2.8 % compared to the no-
CAD control (Fig. 3e). At 3 and 1.5mM CAD (Figs 3b and
¢, respectively), the swarming of P. aeruginosa was 41.8 and
61.4 %, respectively, of the growth coverage of the no-CAD
control. At 0.8 mM CAD (Fig. 3d), there was little or no
clear reduction in swarming behaviour compared to the no-
CAD control (Fig. 3e).

Biofilm assays

Peak biofilm formation in CBDs was observed after 6h of
incubation, after which the biofilm began to disperse
naturally (data not shown). The effect of CAD on biofilm
formation was assessed in two ways, using the crystal violet
(CV) and sonication methods. All CAD concentrations
caused a reduction in biofilm cells compared to the no-
CAD control (Fig. 4) according to both methods. A statisti-
cal analysis was performed to compare the results for each
sub-MIC against the MIC (11.8 mM). This was carried out
because the main objective of this study was to look for the
effects of CAD at sub-MICs in comparison to the MIC. At
5.9 and 11.8 mM CAD, 40.6 and 91.9 % inhibition (sonica-
tion method) and 79.7 and 97.1 % inhibition (CV method),
respectively, were found (Fig. 4). At 1.5 and 3mM CAD,
10.7 and 10.9 % inhibition (sonication method) and 28.2
and 37.9 % inhibition (CV method), respectively, were dem-
onstrated. Thus, in every case, the CV method yielded
higher biofilm inhibition results compared to the sonication
method (Fig. 4). However, according to both methods, CAD
at sub-MIC significantly (P value <0.05) inhibits biofilm for-
mation in a dose-specific manner compared to CAD at
MIC.

Based on the CV results, (Fig. 5), preformed biofilms were
significantly reduced in the presence of CAD. A CAD con-
centration of 1.5 mM reduced preformed biofilms by 47.3 %
(Fig. 5), while higher concentrations (3-11.8 mM), reduced
biofilms by up to 77.9 %. Based on the ATP measurements
(Bactitre Glo), there was little change in the preformed bio-
films at 1.5 and 3 mM, but there were significant differences
at 5.9 and 11.8 mM. This indicates that the viability of the
cells was minimally affected at 1.5 and 3 mM, but these con-
centrations were able to disperse preformed biofilms effec-
tively. Thus, the strong cell removal observed by CV
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Fig. 3. The effect of CAD on the swarming behaviour of P. aeruginosa with (a) 5.9 mM, (b) 3mM, (c) 1.5 mM, (d) 0.8 mM and (e) 0 mM
(control) of the CAD. This experiment was repeated three times with similar results; representative images are shown from one

experiment.

staining and the low change in ATP concentration suggest
that biofilm and matrix dispersal rather than general effects
on viability occur at 1.5 and 3 mM. Given that the biofilm
was removed at 11.8 mM (CV staining), it is also likely that
the reduction in ATP is a reflection of the dispersal of bio-
film cells rather than the inhibition of viability. Thus, CAD
at sub-MIC can disperse biofilms without substantial killing
of the cells in a biofilm matrix.

Preformed biofilms (18 h) of P. aeruginosa PAOL1 in eight-
well chamber slides without CAD formed a dense biofilm
(Fig. 6a), while 3 mM CAD-treated biofilms showed a bio-
mass reduction of 95 % (Fig. 6b) compared to the no-CAD
control wells. This is supported by the CV assay (Fig. 5),
where the addition of 3mM CAD resulted in 73.8£3.9 %
biofilm dispersion.

Intracellular c-di-GMP

The untreated P. aeruginosa PAO1 P4 gfp c-di-GMP
reporter strain showed a >fourfold increase in GFP expres-
sion between 3 and 5h after the beginning of biofilm
development, suggesting that this corresponded with maxi-
mal c-di-GMP expression at this time. By 7h, c-di-GMP
production was slightly lower than at 5h (black bars in
Fig. 7a). The addition of 3 mM CAD significantly (P value
<0.05) reduced the expression of c-di-GMP (by 66.2+4.6 %
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and 60.3+9.5 %) compared to the untreated controls, at 5
and 7 h, respectively (white bars in Fig. 7a). To determine
whether the reduction in fluorescence was related to growth
inhibition or non-specific effects on GFP production, CAD
was added to a P. aeruginosa strain that constitutively
expressed GFP under the same conditions. No substantial
difference between the no-CAD (light grey bars in Fig. 7b)
and CAD-treated cultures (white bars in Fig. 7b) was
observed at any time point, demonstrating that CAD does
not interfere directly with the stability or fluorescence of
GFP.

DISCUSSION

Rapid antibiotic resistance development in pathogenic bac-
teria such as P. aeruginosa has been widely documented.
Although the search for new antibiotics is a vigorous field of
endeavour, they have been elusive and their development is
no longer considered to be as economically viable for the
pharmaceutical industry [34]. Therefore, there is an urgent
need to look for alternative strategies to treat chronic, bio-
film-mediated infections of P. aeruginosa. Humans have a
long history of using natural products to treat infections,
and currently there is a renewed focus on such sources of
antimicrobial compounds. Given the relative importance of
biofilms in mediating chronic infections that do not
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Fig. 6. CLSM images of biofilms formed by P. aeruginosa after 18 h incubation followed by (a) 3 h treatment with MHB and (b) 3 h treat-
ment with 3mM CAD. This experiment was repeated three times with similar results; representative images are shown from one

experiment.

respond well to antibiotic therapy, natural products repre-
sent one potential promising solution to this problem. For
example, ginger extract has been found to reduce P. aerugi-
nosa biofilms by 39-56 % [35].

In this study, CAD was selected as a natural product for
investigation and, in particular, its activities against P. aeru-
ginosa were explored. The antibacterial activity of CAD has
been demonstrated previously [25, 26]. However, its mecha-
nism of action and the details of its impact on P. aeruginosa
biofilms, including preformed biofilms, have not been inves-
tigated. Therefore, we assessed the effects of CAD on plank-
tonic cells and biofilms of P. aeruginosa. The MIC of CAD
was determined to be 11.8 mM (0.16 % v/v). This MIC value
is similar to those in other reports, where, for example, the
MIC of cinnamaldehyde was found to be 0.1 % [36]. Previ-
ous reports on cinnamon oil [of which CAD is a major
component (64.49 %)] suggested that CAD could be the
major contributor to the growth inhibitory activity against
P. aeruginosa [36-38].

Since CAD is an essential oil component, it is possible that
it disrupts the cell membrane, resulting in growth inhibi-
tion. Therefore, the effect of CAD on membrane integrity
was assessed using diSC;5, which localizes in the cyto-
plasmic membrane and self-quenches its own fluorescence
under normal conditions [31]. Upon exposure to com-
pounds that permeabilize the cytoplasmic membrane, and
hence disrupt the membrane potential, diSC;5 is released,
resulting in an increase in fluorescence. Cell membranes
were depolarized at the MIC level, but not sub-MIC levels,
of CAD, indicating that at least one CAD antibacterial
mechanism is cytoplasmic membrane disruption. A similar
effect of CAD on the cytoplasmic membrane of Listeria
innocua was observed at its MIC [39]. A possible
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mechanism of CAD’s effect on the cytoplasmic membrane
could be a reduction in cellular ATP levels [40] inhibiting
membrane-bound ATPase activity [41] and interfering with
electron transfer, as CAD has electro-negative characteris-
tics [42]. A previous study with other aldehydes demon-
strated that their antimicrobial activity was caused by their
highly electro-negative arrangement and interaction with
proteins [17]. Therefore, the carbon atoms in CAD could
bind to nitrogen-containing components (e.g.protein) in the
cytoplasmic membrane and change the protein structure,
resulting in loss of membrane integrity.

Surface motility (e.g. swarming motility) plays an important
role in P. aeruginosa’s establishment of microcolonies and
biofilm development [43] and we found that CAD affected
swarming behaviour in a concentration-dependent fashion.
Similar results were also observed in the study with P. fluo-
rescens and CAD, indicating that CAD might potentially be
used against biofilm-forming bacteria [27]. P. aeruginosa
biofilm formation was inhibited at sub-MICs of CAD. Pre-
vious studies also reported biofilm-inhibitory activity of
CAD against P. aeruginosa at sub-MICs (concentrations
less than 0.1 %) [36]. In toxicological studies with rats, CAD
demonstrated a lethal dose (LDsq) at 1850 p.p.m. [44]. In
this study, a substantially lower concentration of CAD of
5.9mM (780 p.p.m.) showed good levels of biofilm inhibi-
tion and dispersion as well as inhibition of swarming motil-
ity for P. aeruginosa, indicating that this concentration of
CAD could possibly be an acceptable physiological level.

Nitric oxide (NO) can induce the dispersion of P. aerugi-
nosa biofilms [12] and does so through the modulation of
c-di-GMP levels without being biocidal. We showed that at
3mM CAD, which is not growth inhibitory, the expression
of c-di-GMP after 5h was reduced by 66.2 % compared to
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Fig. 7. Effect of 3mM CAD compared to 0 mM CAD on the relative fluorescence units (RFU) of planktonic grown bacteria: (a) a c-di-
GMP-responsive reporter strain, P. aeruginosa PAO1 P44 gfp (white bars and black bars, respectively) and (b) P. aeruginosa PAQO1 gfp
(white bars and light grey bars, respectively) at 1, 3, 5 and 7 h incubation. The data represent the mean values of six technical repli-
cates from three independent experiments and the error bars indicate +standard deviation. Significant inhibitions (*, P<0.05) were cal-
culated using Tukey post hoc test (95 % confidence interval) across the experiments with c-di-GMP-responsive reporter strain in

comparison of 3mM CAD and no-CAD treated at 5 and 7 h.

the untreated control. Similarly, ginger extract reduced the
expression of c-di-GMP and the biofilm formation of P. ger-
uginosa [35]. What remains to be explored is the molecular
mechanism by which CAD mediates changes in c-di-GMP.
For example, NO exposure can been linked to changes in
c-di-GMP by modulating phosphodiesterase activity, which
degrades c-di-GMP, leading to dispersal in P. aeruginosa
[16]. In Vibrio harveyi, a membrane-bound receptor
H-NOX/HgsK binds to and translates the recognition of
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NO to the quorum-sensing system to modulate biofilm for-
mation [45].

To conclude, the growth-inhibitory effects of CAD may be
mediated through membrane depolarization, while at sub-
inhibitory concentrations, it controls biofilm formation
through the modulation of intracellular c-di-GMP levels.
Collectively, the results show that CAD alters the biofilm
development of P. aeruginosa at sub-MICs and hence CAD
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could represent a novel anti-virulence compound. Such
compounds are promising candidates for the treatment of
P. aeruginosa biofilm infections. Further experiments are in
progress to understand the cellular pathways affected by
non-MICs of CAD and understand how they impact on bio-
film development or dispersion, which is necessary to opti-
mize this activity. Similarly, in vivo experiments are
essential to show that the compounds can ameliorate
chronic biofilm-associated infections without compromis-
ing the host.
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