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Abstract: Pseudomonas aeruginosa is an opportunistic nosocomial pathogenic microorganism causing majority of acute
hospital-acquired infections and poses a serious public health concern. The persistence of bacterial infection can be attributed
to the highly synchronised cell-to-cell communication phenomenon, quorum sensing (QS) which regulates the expression of a
number of virulence factors and biofilm formation which eventually imparts resistance to the conventional antimicrobial therapy.
In this study, the anti-quorum sensing and anti-biofilm potential of ferulic acid encapsulated chitosan-tripolyphosphate
nanoparticles (FANPs) was investigated against P. aeruginosa PAO1 and compared with native ferulic acid. Dynamic light
scattering and transmission electron microscopic analysis confirmed the synthesis of FANPs with mean diameter of 215.55 nm.
FANPs showed significant anti-quorum sensing activity by downregulating QS-regulated virulence factors. In addition, FANPs
also significantly attenuate the swimming and swarming motility of P. aeruginosa PAO1. The anti-biofilm efficacy of FANPs as
compared to native ferulic acid was established by light and confocal laser scanning microscopic analysis. The promising results
of FANPs in attenuating QS highlighted the slow and sustained release of ferulic acid at the target sites with greater efficacy
suggesting its application towards the development of anti-infective agents.

1Introduction
Pseudomonas aeruginosa is an important nosocomial and
opportunistic pathogen causing severe morbidity and mortality in
majortity of the hospital-acquired infections particularly in the
immune-compromised patients [1]. The emergence of multidrug
resistance phenomenon in P. aeruginosa can be attributed to the
extensive and irrational utilisation of traditional antibiotics. In
addition, the signs of resistance and biofilm formation in P.
aeruginosa are due to the highly complex regulatory cell-to-cell
communication behaviour termed as quorum sensing (QS). QS in
P. aeruginosa is well studied with interrelated QS hierarchy such as
Las, Rhl and PQS system regulating the coordination of virulence
gene expression. According to an estimation, more than 600 genes
are regulated by QS circuits with the production of an array of
virulence factors such as toxins, proteases and haemolysins [2].
Due to the increasing multidrug resistance phenomenon with
concomitant decrease in the efficiency of traditional antimicrobial
drugs, considerable interest has been shifted towards developing
alternative approach targeting bacterial virulence. In that scenario,
bacterial QS has been considered as a plausible therapeutic target
to attenuate bacterial virulence and associated biofilm formation,
development and maturation [3].

From last few decades a number of synthetic, semi-synthetic
chemical moieties were investigated for their QS inhibition
potential. However, the extensive use of these compounds and their
analogues lead to serious problem of toxicity and lack of
bioabsorpibility [4]. In this context, natural products from plant as
well as microbial origin represent the current drug discovery
scenario in the quest for novel anti-infective strategies [5]. In
recent years, plant phytoconstituents especially flavonoids,
polyphenolic compounds and terpenoids are gaining considerable
attention for their QS attenuation properties due to their other
therapeutic excellence. In this regard, quercetin (flavonol),
zingerone (phenolic compound) and phytol (diterpenes) are some

of the examples of phytoconstituents with potential anti-quorum
sensing and anti-biofilm activity [6–8].

Ferulic acid is a common phenolic compound found in many
plants and constitutes one of the main components in the
polyphenolic compounds. Ferulic acid shows tremendous
therapeutic properties with potent antioxidant, antibacterial, anti-
viral, anti-inflammatory, anti-cancer, anti-diabetic and
cytoprotective properties [9–11]. Though ferulic acid excels in
therapeutics, its limitation lies in its bioavailability and
pharmacokinetic properties. In this context, investigating an
alternative delivery system to counteract the bioavailability issues
is gaining importance and nanotechnology provides a strong
platform for efficient and targeted delivery with the advantage of
controlled and sustained release and capacity to cross biological
barriers as compared to the bulk counterparts [12]. Among the
nanomaterials used for efficient delivery of drugs, chitosan has
received emerging interest due to its physical and chemical
properties. Besides, its combination with tripolyphosphate (TPP)
not only enhances the entrapment efficiency of the drug but also
results in controlled and targeted delivery [13]. Ferulic acid in
combination with chitosan was already exploited for improved
antioxidant activity than the native materials [14]. Recently, ferulic
acid encapsulated chitosan nanoparticles are reported for its anti-
biofilm activity against Candida albicans biofilm and suggested its
efficacy towards the development of novel anti-infectives [15].

In this study, ferulic acid encapsulated chitosan-TPP
nanoparticles were synthesised by simple ionic-gelation method,
characterised and evaluated for its efficacy in attenuating QS
associated virulence and biofilm formation in P. aeruginosa PAO1
as compared to the native ferulic acid.
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2Materials and methods
2.1 Chemicals and reagents

Chitosan, low molecular weight (75–85% deacetylation) and
pentasodium TPP (technical grade 85%) were procured from
Sigma-Aldrich, USA. Ferulic acid and acetic acid glacial, aldehyde
free were obtained from Hi media Pvt. Ltd., Mumbai, India.

2.2 Preparation of chitosan and TPP solutions

For the preparation of chitosan solution (0.25% w/v), chitosan
flakes were agitated in 1% aqueous solution of glacial acetic acid at
ambient room temperature (25 ± 2○C). Sodium TPP (0.25% w/v)
solution was used as cross-linker and prepared by dissolving it in
distilled water [16].

2.3 Synthesis of ferulic acid encapsulated chitosan-TPP
nanoparticles (FANPs)

FANPs were synthesised by the ionic gelation method. Briefly,
ferulic acid was added gradually into chitosan solution (0.25%
w/v) under magnetic stirring at ambient temperature for 30–45 min
followed by dropwise addition of 0.25 mg/ml of TPP solution in a
ratio of 1:5 with respect to chitosan under continuous stirring at
1000 rpm for 30 min to yield FANPs. The suspension of
nanoparticles was then centrifuged at 12,000 rpm for 60 min and
washed with deionised water (three times) to remove the unloaded
compounds [17, 18].

2.4 Physicochemical characterisation of synthesised FANPs

Ultra-violet–visible (UV–Vis) spectroscopic analysis was
performed to monitor the formation of FANPs. The UV–Vis
absorption spectra were recorded for the reaction mixture over a
wavelength range of 200–800 nm using a UV–Vis
spectrophotometer. Dynamic light scattering (DLS) was used to
measure the mean particle size of synthesised FANPs using particle
size analyser (Malvern-Nano Series) at 25°C with scattering angle
of 90°. The particle size was described as the mean diameter, the Z-
average value. The size and morphology of synthesised FANPs
were analysed using high-resolution transmission electron
microscope (Jeol/JEM 2100) at an accelerating voltage of 200 kV
[15, 16].

2.5 Fourier transform infrared (FTIR) analysis

FTIR spectra of chitosan, ferulic acid and FANPs were recorded to
analyse the bonds and functional groups present. The samples were
grinded thoroughly with potassium bromide (KBr) in ∼1:100
sample to KBr ratio to form very fine powder. Then it was
compressed to thin pellet and subjected for spectral analysis at the
range of 500–4500 cm−1 at a resolution of 1 cm−1 [19].

2.6 Determination of encapsulation efficiency (EE)

The EE% of FANPs was determined to validate the amount of
ferulic acid loaded into the nanoparticle using UV/Vis
spectrophotometry (Cary 60 Agilent technology). The supernatant
was collected after centrifugation and non-encapsulated ferulic acid
was quantified spectrophotometrically at 310 nm using ferulic acid
standard curve [15]. The EE (%) was calculated by using the
following equation:

EE %

=
Total ferulic acid loaded − Non‐encapsulated ferulic acid

Total ferulic acid loaded

× 100

2.7 In-vitro controlled release of ferulic acid

The in-vitro release of ferulic acid from the encapsulated FANPs
was studied to evaluate the controlled and sustained release of

ferulic acid. The dried nanoparticles were suspended in phosphate
buffered saline (PBS, 0.15 M, pH 7.4) at a concentration of 1.0 
mg/ml of nanoparticles and incubated at 37°C. At predetermined
time intervals (4 h) up to 24 h, samples were withdrawn and
centrifuged at 8000 rpm for 10 min to separate the released ferulic
acid. The supernatant was used for analysis by UV–Vis
spectrophotometry at 310 nm following the entrapment efficiency
procedure outlined above to quantify the ferulic acid content [19].
The percentage of ferulic acid released was determined from the
following equation:

Release % =
Released ferulic acid from nanoparticle

Total amount of ferulic acid in nanoparticle

× 100

2.8 Anti-quorum sensing activity of FANPs

2.8.1 Determination of minimum inhibitory concentration
(MIC): The MIC for the native ferulic acid and FANPs were
determined as per the guidelines of Clinical and Laboratory
Standards Institute [20]. Briefly, overnight P. aeruginosa PAO1
culture (adjusted to 0.5 McFarlands standard corresponds to 1.5 × 
108 CFU/ml) was added to freshly prepared LB medium
supplemented with the native ferulic acid and FANPs to attain the
final concentrations ranging from 32 to 1000 µg/ml and incubated
at 37°C for 24 h. All further assays were carried out using the 0.5
McFarland standard (1.5 × 108 CFU/ml).

2.8.2 Pyocyanin inhibition assay: The pyocyanin pigment
production by P. aeruginosa PAO1 on treatment with sub-MIC
concentrations of ferulic acid and FANPs was measured by the
method described by Luo et al. [20] with slight modification.
Briefly, overnight P. aeruginosa PAO1 with ferulic acid and
FANPs was kept for incubation for 16–18 h. After the incubation,
the culture was pelleted by centrifugation at 13,000 rpm for 10 
min. The cell-free supernatant containing the pyocyanin was then
extracted with 0.6 ml of chloroform. The organic layer was
reextracted with 0.2 ml of 0.2 M HCl. The absorbance of the
supernatant was measured at 520 nm.

2.8.3 Growth curve analysis: Overnight culture of P. aeruginosa
PAO1 was inoculated in freshly prepared LB broth supplemented
with sub-MIC concentration (500 μg/ml) of ferulic acid and
FANPs. The treated culture was incubated at 37°C under 100 rpm
in a rotatory shaker. The cell density was measured in UV–Vis
spectrophotometer at every 2 h interval up to 24 h [21].

2.8.4 LasA staphylolytic activity: The LasA staphylolytic activity
was measured to determine the ability of P. aeruginosa PAO1 to
lyse Staphylococcus aureus cells. Briefly, 30 ml of an overnight S.
aureus culture was boiled for 10 min and then centrifuged for 10 
min at 13,000 rpm. The resulting pellet was resuspended in 10 mM
Na2PO4 (pH 4.5). Overnight P. aeruginosa PAO1 on treatment
with ferulic acid and FANPs were centrifuged at 13,000 rpm for
10 min. A 100 µl aliquot of P. aeruginosa test supernatant was
added to 900 µl of the S. aureus suspension. Optical density of the
mixture (OD600) was determined and percentage of inhibition in
staphylolytic activity was determined [22].

2.8.5 Anti-motility assay: For swimming assay, overnight culture
of P. aeruginosa PAO1 was point inoculated at the centre of the
swimming medium consisting of 1% tryptone, 0.5% NaCl and
0.3% agar with various concentrations (250 and 500 μg/ml) of
ferulic acid and FANPs. For swarming assay, test bacteria were
point inoculated at the centre of the swarming medium (1%
peptone, 0.5% NaCl, 0.5% agar and 0.5% of sterilised D-glucose)
containing sub-MIC concentrations of ferulic acid and FANPs (250
and 500 μg/ml). The plates were incubated at 37°C for 16–18 h and
swimming and swarming migration of P. aeruginosa PAO1 was
evaluated [23].
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2.9 Anti-biofilm efficacy of ferulic acid and FANPs against P.
aeruginosa PAO1 biofilm

2.9.1 Biofilm formation assay (microtitre plate method): For
biofilm quantification, a microtitre plate based method was
followed as per the protocol given by Zhang et al. [24] with slight
modification. Briefly, ferulic acid and FANPs treated P. aeruginosa
PAO1 culture was incubated overnight in a microtitre plate. After
24 h of incubation, biofilms formed by bacterial culture were
stained with crystal violet (0.1% w/v) for 20 min. After washing
with water, the liquid was discarded from the wells and the
material that remained fixed to the polystyrene (containing biofilm)
was washed with PBS (thrice). Crystal violet bound to biofilm was
dissolved in absolute ethanol at 37°C for 30 min. The absorbance
of the suspension was measured at 540 nm.

2.9.2 Exopolysaccharides (EPS) inhibition assay: The role of
ferulic acid and FANPs on production of EPS by P. aeruginosa
PAO1 was determined according to the method described by
Rasamiravaka et al. [25]. Briefly, P. aeruginosa PAO1 was
incubated for 18 h with ferulic acid and FANPs (250 and 500 μg/
ml). After incubation, the culture was centrifuged at 10,000 rpm for
15 min. The pellets were resuspended in high salt buffer and
recentrifuged at 10,000 rpm for 30 min and 3 volume of 95%
ethanol were added to it, followed by overnight incubation at 4°C.
After incubation, the suspension was recentrifuged and the
precipitate was resuspended in deionised water. Equal volume of
5% phenol was added to the extract followed by addition of 2.5 ml
of H2SO4. Then, the absorbance was measured at OD490 in a
microplate reader.

2.9.3 Rhamnolipids inhibition assay: For rhamnolipids
extraction, P. aeruginosa PAO1 was grown at 37°C with agitation
at 100 rpm for 18 h in LB medium supplemented with ferulic acid
and FANPs. Bacterial cultures were centrifuged (10,000 rpm, 5 
min) and 1 ml of cell-free supernatant was mixed with 1 ml of
ethyl acetate and vigorously vortexed. After phase separation the
upper rhamnolipid-containing phase was transferred to a new
reaction tube. This procedure was repeated three times. Finally, the
organic solvent was removed by evaporation. Rhamnolipids were
quantified by a methylene-blue-based method as described by
Rasamiravaka et al. [25] with some modification.

2.9.4 Cell surface hydrophobicity assay: Cell surface
hydrophobicity was determined by estimating the percentage of
cells transferred from an aqueous phase to an organic one,
following the protocol described by Garcia-Lara et al. [26]. Briefly,
P. aeruginosa PAO1 cultures with and without ferulic acid and
FANPs were grown in LB medium, centrifuged at 13,000 rpm for
2 min and the cell pellet was washed twice with PUM buffer [2.22 
g of potassium phosphate trihydrate, 7.26 g of monobasic
potassium phosphate, 1.8 g of urea and 0.2 g of magnesium
sulphate heptahydrate/litre (pH 7.1)]. The cells were then
resuspended in 1 ml of PUM buffer, 100 μl were taken to
determine the initial cell density in the aqueous phase and 400 μl of
hexadecane (Sigma) were added to the 900 μl of remaining PUM
suspended cells, the mixtures were then vortexed thoroughly for 5 
min. The aqueous phase was then removed and the OD600 was
measured to determine the cell density that remained in the
aqueous phase. The percentage of cell surface hydrophobicity was
determined using the formula

Cell surface hydrophobicity %

=
Initial cell density − final cell density

initial cell density
× 100

2.9.5 Microscopic analysis of P. aeruginosa PAO1
biofilms: To find out the impact of ferulic acid and FANPs on the
biofilm forming ability of P. aeruginosa PAO1, the biofilm
architecture was examined microscopically on treatment with sub-
MIC concentrations of ferulic acid and FANPs. For light

microscopic analysis, biofilms were grown on glass slides
submerged with tryptic soy broth in 24-well microtitre plate, and
incubated at 37°C for 24 h. Following incubation, the glass slides
were washed with carbinol and stained with 0.1% crystal violet.
The glass slides were dipped in water for removal of extra stain
and observed under microscope at 40× magnification [27]. For
confocal laser scanning microscope (CLSM) analysis, overnight P.
aeruginosa PAO1 culture was inoculated into LB broth
supplemented with native ferulic acid and FANPs and incubated
for 24 h in a 12-well microtitre plate and coverslips were dipped
into it. After incubation, the coverslips were transferred onto slides.
The slides were kept for air drying for 2–3 min. The slides were
stained with acridine orange and kept for 5 min and observed under
CLSM at 20× magnification [28].

2.10 Statistical analysis

All the experiments were conducted in triplicate (n = 3). All the
results were presented as mean ± standard deviation. One-way
analysis of variance followed by the Tukey–Kramer multiple
comparison test (Q-test) was used to determine significant
differences at varied level of significance as compared to control
and native ferulic acid. For statistical analysis, P<0.05 was
considered significant [15].

3Results and discussion
3.1 Synthesis of FANPs

Ferulic acid was encapsulated into chitosan biopolymer where TPP
was used as a crosslinker, in order to synthesise FANPs. The
nanoparticle was successfully formed by the electrostatic
interaction between deacetylated chitosan (which have positively
charged –NH2 group) and TPP (having negatively charged
phosphate group).

3.2 Physico-chemical characterisation of synthesised FANPs

UV–Vis spectroscopic analysis showed the formation of FANPs
with a characteristic change in the SPR pattern as compared to
native ferulic acid and chitosan. The DLS analysis confirmed the
formation and size distribution of FANPs. The size of FANPs,
analysed by DLS showed a Z-average value of 215.55 nm
(Fig. 1a). The FANPs dispersion showed a polydispersity index of
0.272. The transmission electron microscopic (TEM) image
presented in Fig. 1b showed predominantly anisotropic FANPs
with approximate size of 215 nm (Fig. 1b). The size of the ferulic
acid encapsulated chitosan nanoparticles observed in the present
study was in agreement with the previous results [29]. 

3.3 FTIR spectrophotometer analysis

In order to confirm the successful formation of FANPs, FTIR
studies were carried out. The presence of similar kind of functional
group in FANPs in comparison to native ferulic acid and chitosan
signifies that ferulic acid was successfully encapsulated into
chitosan carrier where TPP act as crosslinker. The FTIR spectra of
chitosan have the peaks located at 3463.2, 2880.7, 1642.4, 1361.4
and 1101.1 which correspond to O–H stretch for alcohols, C–H
stretch alkane, –C≡C–, C–H rock, alkanes and C–N stretch for
aliphatic amines, respectively (Fig. 2). The successful loading of
ferulic acid to chitosan carrier was identified by the introduction of
a new peak, i.e. at 1686.3 which corresponds to aldehyde (C = O)
stretch which was present in both ferulic acid as well as FANPs.
The FTIR spectra of FANPs inferred the presence of similar
functional groups to that of ferulic acid and chitosan with slight
band shifting indicating the encapsulation of ferulic acid on the
chitosan-TPP nanoparticles. Similar shift in the FTIR spectrum was
reported earlier for kaemferol loaded chitosan nanoparticles [30]. 

3.4 EE and in-vitro drug release studies

The EE was measured with the help of using a standard curve of
ferulic acid. The EE (%) of ferulic acid to chitosan carrier was
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observed to be 67.34 ± 4.09%. The in-vitro drug release profile
showed that 34% drug was released in the time interval of 12 h in
the initial burst. After that ∼67% drug was released in the next 12 
h. From the size analysis study and observance of more than 65%,
EE confirmed that nanoparticles were synthesised and loaded into
the chitosan-TPP carrier successfully. This result suggested a slow
and sustained release of the targeted drug from the encapsulated
nanoparticles. In previously reported studies of delivery of
phytochemicals by using PLGA nanoparticles, the release studies
showed ∼20–50% release of drugs in a span of 24 h [31].

3.5 Anti-quorum sensing activity of FANPs

3.5.1 Determination of MIC and sub-MIC: The MIC of ferulic
acid and FANPs against P. aeruginosa PAO1 was found to be 1000 
µg/ml where the growth and cell density were significantly
inhibited as evident from the absence of turbidity. Hence, sub-MIC

concentrations of 250 and 500 µg/ml (i.e. 1/2 and 1/4 MIC,
respectively) were used for further activities.

3.5.2 Pyocyanin inhibition assay: Pyocyanin is an important
virulence factor produced by P. aeruginosa PAO1 and is regulated
by Rhl QS system. Pyocyanin plays a critical role in altering the
host immune system by generating reactive oxygen species and it
has profound importance in the development of acute and
persistent respiratory infections [32]. In this study, pyocyanin
production was significantly decreased with the increasing sub-
MIC concentrations of FANPs as well as native compound ferulic
acid. FANPs significantly exhibited 74.85 ± 4.83 and 89.47 ± 
3.16% of inhibition as compared to 50.29 ± 2.81 and 70.17 ± 6.62%
inhibition in case of native ferulic acid at 250 and 500 µg/ml,
respectively (Fig. 3a). In previously studied reports, the presence
of sub-MIC levels of baicalein attenuated the production of
pyocyanin up to 69.87% [20]. 

3.5.3 Growth curve analysis: From the growth curve assay, sub-
MIC concentration (500 µg/ml) of ferulic acid and FANPs treated
P. aeruginosa PAO1 exhibited normal growth like that of the
untreated control but with slow growth rate as compared to control
(Fig. 3b). The result was in accordance to the earlier report
suggesting the anti-quorum sensing property instead of bactericidal
properties [20].

3.5.4 LasA staphylolytic activity: The QS gene expression in P.
aeruginosa has interconnection with other signalling regulatory
systems which respond to various environmental signals. The
virulence factor, LasA protease is under the control of the lasI-lasR
system. This protease has inhibitory effect on the growth of S.
aureus, which was significantly reduced on treatment with sub-
MIC concentrations of both ferulic acid and FANPs [22]. A
significant decrease in LasA staphylolytic activity was observed
compared to that of the control when P. aeruginosa test supernatant
was grown on treatment with sub-MIC concentrations of FANPs
and ferulic acid (Table 1). 

3.5.5 Anti-motility assay: The flagellar mediated swimming and
pili mediated swarming motility of P. aeruginosa PAO1 play a
crucial role in biofilm formation, development and maturation. The
presence of sub-MIC concentration (500 µg/ml) of ferulic acid and
FANPs significantly altered the swimming and swarming motility
of P. aeruginosa PAO1 suggesting its role in biofilm disruption
which is in accordance with the previous report (Fig. 4) [24]. 

3.6 Anti-biofilm efficacy of FANPs

3.6.1 Biofilm formation assay (MTP method): The sub-MIC
concentrations of ferulic acid and FANPs exhibited significant
reduction in biofilm formation as compared to untreated control in
a concentration-dependent manner. On treatment with sub-MIC
concentrations of FANPs, the reduction in biofilm formation were
67.41 ± 4.13 and 84.33 ± 3.11% at 250 and 500 µg/ml which were
significantly higher than the native ferulic acid (Table 1). The
present result was in accordance to the earlier report depicting the
biofilm disruption potential of gum Arabic capped silver
nanoparticles [33].

3.6.2 EPS inhibition assay: The production of EPS also plays an
important role in formation and development of biofilm [25]. In
this study, the production of EPS on treatment with sub-MIC
concentrations of FANPs and native ferulic acid was significantly
altered suggesting the efficacy of FANPs and ferulic acid in
inhibition of biofilm formation and development. Table 1 shows
the concentration-dependent inhibition of EPS production by P.
aeruginosa PAO1 on treatment with sub-MIC concentrations of
ferulic acid and FANPs. At 500 µg/ml the reduction in EPS
production observed were 74.07 ± 5.23 and 61.37 ± 4.51% for
FANPs and native ferulic acid, respectively.

Fig. 1 Size, morphology and distribution of ferulic acid encapsulated
chitosan nanoparticles
(a) DLS analysis of FANPs showing the mean diameter of nanoparticles (215.55 nm),
(b) TEM image of FANPs showing spherical shape of nanoparticles with a diameter of
215.55 nm

 

Fig. 2 FTIR analysis
(a) Ferulic acid, (b) Chitosan, (c) FANPs, recorded in the range of 500–4500 cm−1 at

a resolution of 1 cm−1 showing the shift of identical absorption peaks corresponding
to change in chemical groups during the encapsulation of ferulic acid into chitosan
nanoparticles
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3.6.3 Rhamnolipids inhibition assay: The production of
rhamnolipids by P. aeruginosa PAO1 has a greater influence on
biofilm formation and development. A significant and
concentration-dependent inhibition of production of rhamnolipids
was observed when P. aeruginosa PAO1 was treated with sub-MIC
concentrations of ferulic acid and FANPs (Table 1). In this study,
on treatment with sub-MIC concentration (500 µg/ml) of FANPs
and ferulic acid, 73.55 and 53.09% of reduction in rhamnolipids
production was observed as compared to the untreated control. The
result of FANPs was significantly higher than the earlier report.
The potential role of FANPs in inhibiting the production of
rhamnolipids could be attributed to its role in governing the QS-
regulated rhlAB operon encoding the enzymes responsible for
rhamnolipids biosynthesis [34, 35].

3.6.4 Cell surface hydrophobicity assay: Cell surface
hydrophobicity assay inferred the potential of sub-MIC
concentrations of ferulic acid and FANPs in decreasing the
hydrophobicity of bacterial cells as compared to untreated control.
The hydrophobicity percentage of 16.94 ± 2.43 and 35.38 ± 2.6 on
treatment with 500 µg/ml of FANPs and ferulic acid, respectively,
suggested its role in altering the ability of P. aeruginosa PAO1 to
form biofilm [26].

3.6.5 Microscopic observation of biofilms: The light
microscopic analysis of the biofilm formed by P. aeruginosa PAO1
showed visible clumping with complex morphology of the biofilm
architecture which was significantly altered on treatment with sub-
MIC concentration (500 µg/ml) of FANPs and native ferulic acid
suggesting its efficacy in attenuating the antibiotic-resistant biofilm
formation and development (Fig. 5) [27]. The visual observation of
biofilm disruption potential of FANPs and ferulic acid was further
validated by CLSM analysis. The results suggested the altered
biofilm architecture with significant reduction in biofilm formation
in the treated sample as compared to the clumped and complex
biofilm architecture in the untreated control [8]. 

The results from the present study suggested the efficacy of
FANPs in QS attenuation and reduced biofilm formation as
compared to the native ferulic acid suggesting the efficacy of
nanocarriers in attenuating the QS-controlled virulence factors and
biofilm formation due to its slow, sustained and target specific
release of ferulic acid at the target sites with a long-term activity in
comparison to its native form.

Fig. 3 Effect of sub-MIC concentrations (250, 500 µg/ml) of ferulic acid
and FANPs on
(a) Pyocyanin production in P. aeruginosa PAO1, (b) Growth curve of P. aeruginosa
PAO1 on supplementation of native ferulic acid and FANPs (500 µg/ml) as compared
to the untreated control

 
Table 1 Effect of sub-MIC concentrations (250 and 500 
µg/ml) of ferulic acid and FANPs on LasA staphylolytic
activity and production of rhamnolipids, EPS and biofilm by
P. aeruginosa PAO1
Concentration,
µg/ml

QS inhibitory
activity

Percentage of inhibition,
%

Ferulic acid FANPs
250 LasA staphylolytic

assay
32.44 ± 4.02 51.45 ± 2.53

biofilm formation
assay (MTP)

51.35 ± 3.51 67.41 ± 4.13

EPS inhibition
assay

45.61 ± 3.46 57.48 ± 3.74

Rhamnolipids
inhibition assay

37.11 ± 2.26 55.26 ± 3.65

500 LasA staphylolytic
assay

48.16 ± 2.67 63.24 ± 3.07

biofilm formation
assay (MTP)

68.58 ± 4.18 84.33 ± 3.11

EPS inhibition
assay

61.37 ± 4.51 74.07 ± 5.23

Rhamnolipids
inhibition assay

53.09 ± 2.95 73.55 ± 4.58

 

Fig. 4 Swimming and swarming motility
(a) Untreated control swimming plate, (b) Swimming motility of native ferulic acid
treated P. aeruginosa PAO1, (c) Swimming motility of FANPs treated P. aeruginosa
PAO1, (d) Untreated control swarming plate, (e) Swarming motility of native ferulic
acid treated P. aeruginosa PAO1, (f) Swarming motility of FANPs treated P.
aeruginosa PAO1

 

Fig. 5 Microscopic analysis of P. aeruginosa PAO1 biofilm
(a) Light microscopic observation of biofilm of untreated control, (b) Light
microscopic observation of biofilm treated with ferulic acid, (c) Light microscopic
observation of biofilm treated with FANPs, (d) CLSM image of biofilm of untreated
control, (e) CLSM image of biofilm treated with ferulic acid, (f) CLSM image of
biofilm treated with FANPs
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4Conclusion
In this study both ferulic acid and synthesised FANPs showed
potential anti-quorum sensing and biofilm inhibitory activity. As
compared to native ferulic acid, the attenuation efficacy of FANPs
was found to be significantly higher suggesting the role of a
biocompatible nanocarrier system for effective targeting of the
virulence with slow and controlled release of encapsulated drugs.
The slow and sustained release of drugs from FANPs suggested its
persistence to be used as effective QS inhibitor. Owing to
tremendous potential in QS inhibition in the present study, FANPs
have a great perspective to be used as QS inhibitor against other
pathogenic bacteria in the near future.
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