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Abstract
The quorum sensing network of Pseudomonas aeruginosa mediates the regulation of genes controlling biofilm formation 
and virulence factors. The rise of drug resistance to Pseudomonas aeruginosa infections has made quorum sensing–regulated 
biofilm formation in clinical settings a major issue. In the present study, LasR inhibitors identified in our previous study 
were evaluated for their antibiofilm and antiquorum sensing activities against P. aeruginosa PAO1. The compounds selected 
were (3-[2-(3,4-dimethoxyphenyl)-2-(1H-indol-3-yl)ethyl]-1-(2-fluorophenyl)urea) (C1), (3-(4-fluorophenyl)-2-[(3-meth-
ylquinoxalin-2-yl)methylsulfanyl]quinazolin-4-one) (C2) and (2-({4-[4-(2-methoxyphenyl)piperazin-1-yl]pyrimidin-2-yl}
sulfanyl)-N-(2,4,6-trimethylphenyl)acetamide) (C3). The minimum inhibitory concentrations of C1 and C2 were 1000 μM, 
whereas that of C3 was 500 μM. At sub-MICs, the compounds showed potent antibiofilm activity without affecting the 
growth of P. aeruginosa PAO1. Electron microscopy confirmed the disruption of biofilm by the selected compounds. The 
antiquorum sensing activity of the compounds was revealed by the inhibition of violacein in Chromobacterium violaceum 
and the inhibition of swimming and swarming motilities in P. aeruginosa PAO1. Furthermore, the compounds also attenu-
ated the production of quorum sensing–mediated virulence factors. The qRT-PCR revealed the downregulation of quorum 
sensing regulatory genes, namely lasI, lasR, rhlI, rhlR, lasB, pqsA and pqsR. The selected compounds also exhibited lower 
cytotoxicity against peripheral blood lymphocytes. Thus, this study could pave a way to explore these compounds for the 
development of therapeutic agent against Pseudomonas aeruginosa biofilm–related infections.
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Introduction

One of the biggest challenges faced by the healthcare sector 
and a major health concern worldwide is the rising inci-
dence of microbial resistance to conventional antibiotics. 
Numerous resistant bacterial species have emerged due to 
the widespread microbial resistance brought about by the 
overuse of antibiotics (Rashiya et al. 2021). The bacteria 

develop such a resistant nature through biofilm formation, 
persister cells, exopolysaccharide (EPS) matrix protection, 
limited antibiotic penetration, slower growth rate, efflux 
pumps and horizontal gene transfer (Qin et al. 2022; Ciofu 
and Tolker-Nielsen 2019; Sharma et al. 2019). Among them, 
one essential resistance mechanism is biofilm development 
since the therapy for diseases caused by biofilm formation 
results in antibiotic resistance due to their prolonged expo-
sure to antimicrobial agents (Rabin et al. 2015; Singh et al. 
2017). The Gram-negative bacteria with the highest level of 
clinical concern are Pseudomonas aeruginosa. Their unscru-
pulous characteristics lead to various clinical complications 
in humans including pneumonia, bacteraemia, bronchiecta-
sis and cystic fibrosis. It is the third most common pathogen 
contributing to nosocomial infections, accounting for about 
57% of cases (Kostylev et al. 2019; Rashiya et al. 2021). 
They are highly resistant to various antibiotics including 
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cephalosporins, carbapenems, aminoglycosides and fluoro-
quinolones (Pang et al. 2018).

P. aeruginosa produces multiple virulence factors respon-
sible for disease progression through mechanisms including 
modification of immune response, enforcement of adhesion 
ability, evasion of phagocytosis and destruction of host tis-
sues (Moghaddam et al. 2014). It infects people by express-
ing virulence traits, namely lipopolysaccharide, elastase, 
pyocyanin, cyanide, rhamnolipids, exotoxin, alginate, anti-
microbial resistance and flagellar motility, which lead to the 
formation of biofilm (Parasuraman et al. 2020). The secreted 
virulence factors enable P. aeruginosa to establish a sta-
ble structural architecture called biofilm that implicates in 
its associated infections (Teerapo et al. 2019). Biofilms are 
conglomerate of microorganisms encased in an exopolymer 
matrix of DNAs, proteins, polysaccharides, lipids and other 
constituents. Bacteria within biofilms are protected from 
clearance by the immune system and therefore become a 
causative agent of chronic infections in humans (Ganesh and 
Rai 2017). Antibiotic resistance among bacteria in biofilms 
is higher than that of organisms in planktonic states due to 
differences in their physiology and phenotypic characteris-
tics (Teerapo et al. 2019).

Quorum sensing (QS) is a communication system in P. 
aeruginosa regulated by signalling molecules known as 
autoinducers (AIs). The P. aeruginosa–associated quorum 
sensing system influences and coordinates primary physi-
ological functions that contribute to pathogenicity by con-
trolling the genes involved in the creation of biofilms and 
the generation of virulence factors (Kalia et al. 2019). Acyl 
homoserine lactone (AHL) molecules are coordinators of 
the QS networks with three established systems, namely las 
consisting of lasI and lasR, rhl consisting of rhlI and rhlR 
and pqs (Pseudomonas quinolone signal) systems that are 
activated in a cascade manner with lasI/R holding the high-
est position in the hierarchy (Kostylev et al. 2019; Zhong 
et al. 2020). When the autoinducer of the lasI/R system 
N-(3-oxododecanoyl)-L-homoserine lactone (3OC12-HSL) 
binds to LasR, it triggers the expression of downstream 
genes, such as lasI synthase, and produces 3OC12-HSL. 
The LasR-3OC12-HSL complex regulates the expression 
of rhlI, rhlR, pqsR and pqsABCDE genes. The other sys-
tem rhlR, when binds to N-butanoyl-L-homoserine lactone 
(C4-HSL), drives up the expression of genes necessary for 
biofilm development and the production of virulence factors 
(O’Reilly et al. 2018). Finally, pqs utilises its autoinducer 
2-heptyl-3-hydroxy-4-quinolone and controls the lasI/lasR 
system to induce rhlI/rhlR expression (Luo et al. 2017).

An established finding that P. aeruginosa regulate vir-
ulence traits by QS offered a new strategy for developing 
robust and novel drug targets (Defoirdt 2018; Deryabin et al. 
2019). Many researchers have already reported that QS sup-
pression effectively reduces P. aeruginosa pathogenicity and 

the development of biofilms (Scoffone et al. 2019). Quo-
rum sensing inhibitors (QSIs) appear to have reduced risk 
of resistance in contrast to existing antibiotics since they 
decrease the pathogenicity of bacteria without affecting their 
growth pattern (Whiteley et al. 2017). Therefore, targeting 
QS-mediated gene expression would be one potential tech-
nique to be considered for treating infections and biofilm 
development in multi-drug-resistant (MDR) P. aeruginosa 
(Kalia et al. 2019). Generally, there are two ways to interfere 
with QS: enzyme degradation and small molecule binding. 
In the latter, AHL analogues were frequently used to bind 
to the QS receptor region. Recent research has suggested 
that P. aeruginosa QS suppression through small molecule 
leads has remarkably reduced the development of biofilms. 
Due to the hierarchical pattern of the QS system in P. aer-
uginosa, extensive studies are targeted towards LasR (Zhou 
et al. 2017).

The issue of implant-associated infections brought on 
by antibiotic-resistant P. aeruginosa biofilms has gained 
attention due to the rapid growth of implantable biomedical 
equipment (Arciola et al. 2018). Implantable and prosthetic 
devices may get infected during surgery or at any point of 
time. Infection rates in implants are impacted by elements 
such as variations in implant surface hydrophilicity, surface 
charge, surface energy and biomaterial composition. One of 
the reasons implantable devices become infected is that, in 
comparison to natural tissue, a biomedical device requires 
a 10,000 times lower bacterial load to colonise it (Roehling 
et al. 2017).

Infections brought on by bacterial contamination of 
implants and prosthetic medical devices can be fatal, result-
ing in device failure, persistent infections and high rates of 
death and morbidity. The treatments employed to treat these 
infections are ineffectual due to antibiotic-resistant strains 
like P. aeruginosa and high possibilities of re-infection on 
the new implant (Sohns et al. 2017). It was believed that 
altering the implant surface with antimicrobial surface 
coatings would effectively solve the issue of these implants 
associated bacterial infections. Hence, coating the implant 
surface with compounds that possess antimicrobial, antiquo-
rum sensing and antivirulence properties would be a promis-
ing remedy to prevent bacterial colonisation (Esteves et al. 
2022).

Many biofilm and QSIs have been so far identified, 
including berberine (Zhao et al. 2022), clove oil (Razdan 
et al. 2022), eugenol (Shariff et al. 2022), ginkgolic acid 
(Suo et al. 2022), hispidulin (Anju et al. 2022), carvacrol 
(Walczak et al. 2021), cuminaldehyde (Chatterjee et al. 
2021), 6-methyl coumarin (Bajire et al. 2021), epigallocat-
echin-3-gallate (Hao et al. 2021), 1,8-cineole (Karuppiah 
et al. 2021), wogonin (Wang et al. 2021), butein (Zhong 
et al. 2020, b), naringenin (Hernando-Amado et al. 2020), 
andrograpanin (Majumdar et al. 2020), α-terpineol (Bose 
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et al. 2020), salicylic acid (Ahmed et al. 2019), 5-hydroxy-
methylfurfural (Rajkumari et al. 2019), hordenine (Zhou 
et al. 2018), baicalin (Luo et al. 2017), resveratrol (Chen 
et al. 2017), 6-gingerol (Kim et al. 2015), meta-bromo-
thiolactone (O'Loughlin et al. 2013), ellagic acid (Sarabhai 
et al. 2013), 7-fluoroindole (Lee et al. 2012) and ajoene 
(Jakobsen et al. 2012).

Despite numerous attempts have been made to identify 
a lead molecule with antibiofilm and antiquorum sensing 
activities, the spread of bacterial resistance continues at 
an alarming rate (Rasamiravaka et al. 2015). In our previ-
ous study, we identified three lead compounds against the 
LasR protein of P. aeruginosa by structure-based virtual 
screening (SBVS) approach (Vetrivel et al. 2021). Then, 
this study was carried out to validate the efficacy of the 
selected compounds for antibiofilm and antiquorum sens-
ing properties using in vitro studies.

Materials and methods

Selected compounds

T h re e  L a s R  i n h i b i t o r s ,  n a m e ly  ( 3 - [ 2 - ( 3 , 4 - 
dimethoxyphenyl)-2-(1H-indol-3-yl)ethyl]-1-(2-f luo-
rophenyl)urea), (3-(4-fluorophenyl)-2-[(3-methylqui-
noxalin-2-yl)methylsulfanyl]quinazolin-4-one) and 
(2-({4-[4-(2-methoxyphenyl)piperazin-1-yl]pyrimidin-
2-yl}sulfanyl)-N-(2,4,6-trimethylphenyl)acetamide), were 
chosen from the Schrödinger small molecule database in 
our previous study by a molecular docking–based virtual 
screening process (Vetrivel et al. 2021), and they were 
given the designations C1, C2 and C3, accordingly. The 
three selected compounds are synthetic small molecules 
purchased from Mcule (https://​mcule.​com/), Hungary, and 
Life Chemicals (https://​lifec​hemic​als.​com/), Canada.

Microbial strain and culture conditions

The wild-type bacterial strain Pseudomonas aeruginosa 
PAO1 (MTCC 2453) was acquired from the Microbial 
Type Culture Collection and Gene Bank (MTCC), Chandi-
garh, India. The strain was grown on Nutrient Agar plates 
and kept at 4 °C for storage. Stock cultures of the strain 
were preserved in 50% glycerol at − 20 °C. A single col-
ony of bacteria was cultured in Luria–Bertani (LB) broth 
before each experiment for 16–18 h at 37 °C. The over-
night grown culture was then diluted at a ratio of 1:100 in 
LB broth and calibrated to an optical density (OD) of 0.5 
at 600 nm which corresponds to 1 × 105 colony-forming 
units (CFU/ml).

Determination of minimum inhibitory 
concentration of selected compounds

The minimum inhibitory concentration (MIC) of the 
selected compounds against Pseudomonas aeruginosa 
PAO1 was identified using micro broth dilution (Sarkar 
et  al. 2018). In brief, twofold serial dilution of the 
compounds whose concentrations ranged from 1.95 to 
4000 μM was performed in LB broth. About 100 μl of 
overnight P. aeruginosa PAO1 culture (diluted 1:100) was 
added to all wells of a 96-well microtitre plate consisting 
of serially diluted samples. The microtitre plate was kept 
for 18–24 h at 37 °C. The MIC was described as the low-
est concentration of the compound that entirely prevented 
the ability of the organism to grow visibly. A concentra-
tion range below the MIC referred to as sub-minimum 
inhibitory concentrations (sub-MICs) was taken for further 
experimental analysis.

Biofilm inhibition assay

The assay for biofilm inhibition was conducted using the 
crystal violet staining protocol mentioned by Lee et al. 
(2011). The overnight P. aeruginosa PAO1 culture (diluted 
1:100) was treated with selected compounds in a 96-well 
microtitre plate and incubated for 24 h at 37 °C. Prior to 
the biofilm assay, the growth of the bacteria in the pres-
ence of the compounds was assessed by measuring their 
OD at 600 nm using Bio-Rad iMark Microplate Absorbance 
Reader. Thereafter, the plates were washed with phosphate-
buffered saline (PBS), pH 7.4, to completely eliminate the 
free-floating planktonic cells. The remaining biofilm cells 
were stained at room temperature for 20 min using a 0.1% 
crystal violet solution. The excess stain was drained out, 
and the wells were rinsed with PBS and resuspended in 95% 
ethanol. The cells suspended in ethanol were measured at 
570 nm to quantify the biofilm.

Effect of selected compounds on preformed 
matured biofilm

The ability of the selected compounds to destroy the pre-
formed matured biofilm was measured using an overnight 
culture of P. aeruginosa PAO1 (diluted 1:100) in LB broth 
contained in a microtitre plate and incubated at 37 °C for 
24 h. Post incubation, planktonic cells were removed and 
LB broth was used to wash the wells. To each well, fresh 
LB broth containing the compounds was added. After 24 h 
of incubation, the remaining biofilm cells were measured by 
crystal violet staining procedure as described in the section 
“Biofilm inhibition assay”.

https://mcule.com/
https://lifechemicals.com/
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Evaluation of bacterial cell viability‑MTT reduction 
assay

The MTT assay method reported earlier by Saising et al. 
(2012) was employed to determine the metabolic activity 
of viable biofilm cells. P. aeruginosa PAO1 biofilms were 
established and treated with selected compounds as pre-
viously stated in the crystal violet staining assay (section 
“Biofilm inhibition assay”). After incubation, the media 
from the wells were aspirated and the attached biofilm 
was rinsed with 0.01 mol l−1 of PBS. To each of the wells, 
200 μl of freshly prepared media with 0.5 mg ml−1 of MTT 
reagent was added and incubated at 37 °C for 2 h in the 
dark. After incubation, the media was aspirated, followed 
by 200 μl of dimethyl sulfoxide (DMSO) was added to 
solubilise the formazan crystals formed. The optical den-
sity of the solution was recorded at 570 nm.

Biofilm detachment assay

Biofilm detachment assay was performed in accordance 
with the protocol suggested by Davies et al. (1998). Bio-
films were allowed to grow on microtitre plates as pre-
viously mentioned and exposed to selected compounds 
for 24 h at 37 °C. After incubation, 4 μl of 10% sodium 
dodecyl sulfate (SDS) was added to each of the wells and 
incubated for 30 min. The detached bacterial cells were 
measured at an OD of 600 nm. The loosely adhered cells 
were removed, and the wells were rinsed with PBS. The 
leftover attached biofilm cells were measured by crystal 
violet staining procedure as described in the section “Bio-
film inhibition assay”.

EPS inhibition assay

The amount of EPS produced by P. aeruginosa PAO1 in 
treated and untreated conditions was evaluated by the 
phenol–sulphuric acid method as reported by Rasamira-
vaka et al. (2015). In brief, the diluted overnight cul-
ture of P. aeruginosa PAO1 was grown with and without 
selected compounds at 37 °C for 24 h. The cells were 
centrifuged for 15  min at 10,000  rpm. The obtained 
pellets were collected and resuspended in high-salt 
buffer containing 10 mM KPO4, pH 7.0, 5 mM NaCl 
and 2.5 mM MgSO4 and again centrifuged for 30 min at 
10,000 rpm. Post centrifugation, the supernatant fraction 
was incubated overnight with three volumes of chilled 
100% ethanol for EPS precipitation at 4 °C. A mixture 
of cold phenol and concentrated sulphuric acid (H2SO4) 
was added to the precipitated EPS, and the OD was read 
at 490 nm.

Alginate inhibition assay

Production of alginate was assayed in accordance with the 
procedure previously reported by Owlia et al. (2007). In 
brief, 70 μl of compounds treated with P. aeruginosa PAO1 
culture supernatants was added to a mixture containing boric 
acid/H2SO4 (4:1) (600 μl) and vortexed. To this mixture, 
carbazole (0.2%) solution (20 μl) was added. The contents 
were mixed well and kept at 55 °C for 30 min. The OD of 
the solution was recorded at 530 nm.

Estimation of biofilm total protein concentration

The amount of protein extracted from the biofilm was esti-
mated according to the procedure mentioned by Das et al. 
(2016). To determine the concentration of total extractable 
protein, diluted overnight P. aeruginosa PAO1 culture was 
incubated for 48 h with and without selected compounds at 
sub-MICs. After incubation for 48 h, the planktonic cells 
were drained, and the attached biofilm cells were gen-
tly rinsed with PBS and boiled with 0.5 N NaOH (5 ml) 
for 30 min. The mixture was subjected to centrifugation 
(10,000 rpm) for 5 min. The obtained supernatant fraction 
was used to determine the protein concentration by Lowry’s 
method (Lowry et al. 1951).

Field emission scanning electron microscopy 
analysis

The changes in biofilm architecture and morphology of cells 
on treatment with selected compounds were observed by 
field emission scanning electron microscopy (FESEM) fol-
lowing the procedure reported by Singh et al. (2017) with 
minor modifications. The biofilms were allowed to grow 
on glass slides immersed in LB broths containing selected 
compounds for 48 h at 37 °C. Post incubation, glass slides 
with biofilms were incubated with glutaraldehyde (2.5%) at 
4 °C overnight. After fixation with glutaraldehyde, gradient 
ethanol series (10–95%) was used to dehydrate the samples 
for 10 min. The dried slides were gold sputter coated and 
examined using FESEM (Sigma Carl Zeiss, Jena, Germany).

Violacein inhibition assay

The antiquorum sensing ability of the selected compounds 
was observed using an agar disc diffusion assay reported 
by Chu et al. (2013) with few modifications. The overnight 
cultured quorum sensing reporter strain Chromobacterium 
violaceum (MTCC 2656) was diluted in LB broth to attain 
OD600 = 0.132. LB agar plates were prepared, and 100 μl of 
diluted suspension was streaked onto the plates. Sterile discs 
with sub-MICs of selected compounds were kept on the agar 
plates and then incubated (30 °C) for 24 h. A colourless 
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zone surrounding the disc indicates inhibition of violacein 
pigment production.

Swimming and swarming motility assays

The method described by Packiavathy et al. (2014) was 
used to assess the swimming and swarming motilities of 
P. aeruginosa PAO1. Diluted overnight cultures containing 
selected compounds were inoculated on the swimming agar 
medium plates containing 1% tryptone, 0.5% NaCl and 0.3% 
agar, respectively. In case of swarming motility, the culture 
was inoculated on the swarming agar medium plates made 
up of 1% peptone, 0.5% NaCl, 0.5% agar and 0.5% filter-
sterilised glucose. The inoculated plates were examined for 
swimming and swarming motilities after 24 h of incubation 
at 37 °C.

Assays for virulence factors

Diluted P. aeruginosa PAO1 (OD600 = 0.5) overnight culture 
was added into LB broth containing sub-MICs of selected 
compounds and kept for 24 h at 37 °C. After incubation, 
bacterial cells were taken for centrifugation (10,000 × g) at 
4 °C for 8 min. The obtained supernatants were filtered using 
a 0.22-μm syringe filter. The various biochemical assays to 
study the effectiveness of selected compounds on virulence 
factors, namely pyocyanin, rhamnolipid, protease, alkaline 
protease and lipase, were subsequently carried out using this 
filter-sterilised filtrate.

Pyocyanin assay

Briefly, the treated and untreated cell-free P. aeruginosa 
PAO1 supernatants were added to an equal volume of chlo-
roform and mixed thoroughly for extraction of pyocyanin. 
The recovered pyocyanin pigment from the chloroform layer 
was dispensed into another tube, and re-extraction was done 
with 0.2 M HCl to obtain a solution of crimson to deep red 
colour. The inhibition of pyocyanin pigment was analysed 
by recording the OD of the solution at 520 nm (Essar et al. 
1990).

Rhamnolipid assay

Rhamnolipid assay was carried out following the protocol 
reported by Kim et al. (2015). The cell-free culture superna-
tants (300 μl) of P. aeruginosa PAO1 were extracted using 
diethyl ether (600 μl). The organic phase was evaporated at 
35 °C under reduced pressure, and deionised water (100 μl) 
was added. One hundred microlitres of the sample was 
mixed with orcinol solution containing 900 μl (0.19%) in 
53% H2SO4. The contents were heated (80 °C) for 30 min 

and cooled (RT) for 15 min. The production of rhamnolipid 
was analysed from the absorbance measured at 421 nm.

Protease assay

The impact of compounds on protease secretion by P. aer-
uginosa PAO1 was evaluated using the skim milk agar plate 
method reported previously by Lee et al. (2012) with slight 
modifications. Skim milk agar plates were prepared using 
skim milk agar, and wells were punctured on the surface of 
the agar plates. The cell-free supernatant (25 μl) was added 
to the wells, and the plates were kept for 24 h at 35 °C. Pro-
tease activity was observed by the zone of clearance around 
the wells.

Alkaline protease assay

The activity of alkaline protease was determined using the 
supernatants of P. aeruginosa PAO1 (diluted 1:100) over-
night cultures in the presence and absence of selected com-
pounds. To 500 μl of the supernatant, assay buffer (1500 μl) 
containing 20 mM Tris–HCl and 1 mM CaCl2 (pH 8.0) with 
Hide-Remazol blue powder (50 mg) was added. Tubes were 
incubated with constant rotation for 1 h at 37 °C. Post 1 h, 
the tubes were kept on ice to halt the reaction and the con-
tents were centrifuged (4000 × g) for 5 min. The absorbance 
of the solution was observed at 590 nm (Howe and Iglewski 
1984).

Lipase assay

Lipase assay was performed using the reaction mixture con-
taining 600 μl of the filtered supernatant, 600 μl of 10% 
Tween 20 in Tris buffer, 100 μl of 1 M CaCl2 and 1600 μl of 
double-distilled water. The mixture was incubated for 24 h 
with continuous agitation (200 rpm) at 37 °C. After incu-
bation, the OD of the mixture was recorded at 400 nm for 
assessment of lipase activity (Alhajlan et al. 2013).

Gene expression study of QS genes by qRT‑PCR

P. aeruginosa PAO1 biofilms were formed in LB broth with 
and without the selected compounds at their sub-MICs for 
24 h at 37 °C. Total RNA extraction was carried out using an 
RNA isolation kit following the manufacturer’s instructions 
(TIANGEN Biotech Co., Ltd., Beijing, China). The prim-
ers used for lasI, lasR, rhlI, rhlR, lasB, pqsA and pqsR were 
synthesised by Eurofins Scientific (Eurofins, Europe) and 
are enlisted in Table S1. The reaction for reverse transcrip-
tion was done with a PrimeScript RT Reagent Kit (TaKaRa, 
Tokyo, Japan) utilising the template (total RNA) for 15 min 
(reverse transcription) at 37 °C thrice and for 5 min (inacti-
vation of reverse transcription) at 85 °C.
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The qRT-PCR was performed following the instructions of 
the manufacturer using the SYBR® Premix Ex Taq™ II Kit 
(TaKaRa, Japan). Complementary DNA (cDNA) was used 
as the template for qRT-PCR, and the entire reaction system 
consisted of SYBR® Premix Ex Taq™ II (2 ×) (10 μl), for-
ward primer (0.8 μl), reverse primer (0.8 μl), ROX reference 
dye (50 ×) (0.4 μl), cDNA template (2 μl) and double-distilled 
water (6 μl). The Rotor-Gene Q 2Plex real-time PCR system 
from Qiagen (Qiagen Sciences, Hilden, Germany) was used as 
the qRT-PCR experiment. The qRT-PCR reaction conditions 
were as follows: initial denaturation for 30 s at 95 °C, followed 
by subsequent denaturation (40 cycles) for 5 s at 95 °C, with 
annealing and extension at 60 °C for 30 s. Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was employed as a ref-
erence positive control. The relative changes in gene expres-
sion were observed using the 2−ΔΔCT method.

Determination of cytotoxicity of selected 
compounds

Cytotoxicity of the compounds was studied using human 
peripheral blood lymphocyte (PBL) cells. The cells were 
maintained in RPMI 1640 medium supplemented with 10% 
foetal bovine serum (FBS), 0.5% penicillin–streptomycin 
and phytohaemagglutinin. The medium containing PBL 
was centrifuged (5000 × g) for 10 min. The supernatant was 
removed, and the pellet was resuspended with fresh medium 
(1 ml). The cells were seeded at a density of 1 × 106 cells 
in a 96-well plate and treated with the selected compounds 
based on the MIC values (125–850 μM). The optimal dose 
was identified on incubating the cells with different concen-
trations of compounds for 24 h. Then, MTT reduction assay 
was carried out to measure the cytotoxicity as previously 
reported by Igarashi and Miyazawa (2001).

Statistical analysis

Each of the experiment was carried out in triplicates, and the 
results are provided as mean ± standard deviation (SD). One-
way ANOVA was done to analyse statistical differences, with 
p values < 0.05 and < 0.01 defined as statistically significant.

Results

Determination of MIC and sub‑MIC of selected 
compounds

The MIC of the selected compounds (C1–C3) against P. aerugi-
nosa PAO1 was ascertained by the method of micro broth dilu-
tion. The MIC was found to be 1000 μM for C1 and C2, whereas 
500 μM for C3. The ½ and ¼ MICs referred to as sub-MICs of 

the compounds were used to assess the antibiofilm and antiquo-
rum sensing potencies in subsequent studies (Table S2).

The effect of the selected compounds at sub-MICs on P. 
aeruginosa PAO1 growth was initially analysed, which dif-
ferentiated the antibiotic activity from the antiquorum sens-
ing activity of the compounds. The bacteria were incubated 
in a 96-well microtitre plate with sub-MICs of the selected 
compounds for 24 h. Growth was evaluated by the cloudi-
ness of the media measured at 600 nm. The results (Fig. 1) 
inferred that sub-MICs of the compounds had no significant 
impact on P. aeruginosa PAO1 growth. Therefore, sub-MICs 
of the compounds were used in subsequent studies.

Biofilm inhibition assay

Crystal violet staining assay was employed to assess the 
impact of the selected compounds on P. aeruginosa PAO1 
biofilm development. A significant (p < 0.01) decline in 
biofilm formation was observed for all three compounds as 
shown in Fig. 2. The compounds could prevent the forma-
tion of biofilm to about more than 50%. The percentage of 
biofilm inhibition by C1 at ½ MIC and ¼ MIC was found to 
be 84.86% and 80.94%, respectively, while the percentage 
of inhibition by C2 at ½ MIC and ¼ MIC was 83.66% and 
80.70%, followed by C3 at 83.06% and 81.81%, respectively.

Effect of selected compounds on preformed 
matured biofilm

The P. aeruginosa PAO1 biofilm eradication ability of the 
selected compounds was investigated by crystal violet stain-
ing assay method. The free-floating cells from the matured 
biofilm were discarded after 24 h of incubation, and the 
attached cells were incubated with fresh LB broth contain-
ing sub-MICs of compounds. The compounds showed a 

Fig. 1   Impact of sub-minimum inhibitory concentrations of the 
selected compounds on P. aeruginosa PAO1 growth measured after 
24 h. Data represented as mean ± standard deviation (SD) of triplicate 
values. Error bars define the SD of triplicate values.
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dose-dependent potential to destroy the preformed matured 
P. aeruginosa PAO1 biofilms (Fig. 3) where the biofilm dis-
ruption ability was higher for ½ MICs compared to ¼ MICs. 
The highest (67.32%) disruption ability was exhibited by 
C1 at ½ MIC and the lowest (46.37%) was by C2 at ¼ MIC, 
respectively.

Evaluation of bacterial cell viability

MTT assay was used to validate bacterial cell viability 
after treatment with the compounds. Results of the MTT 
assay (Fig. 4) proved the crystal violet data that was previ-
ously obtained (Fig. 2) and revealed that the viability of 
bacterial cells was decreased compared to the control. This 
demonstrates that the percentage of metabolically active 

biofilm-forming cells decreased after treatment with ½ MIC 
of compounds C1, C2 and C3, whereas the percentage of 
viable biofilm cells was higher at a lower concentration of 
¼ MIC.

Biofilm detachment assay

Detachment assay was carried out to determine the impact 
of the selected compounds on biofilm adherence to the sub-
strate. The compounds exhibited an alteration in the capac-
ity of biofilm cells to adhere to a surface. They showed a 
gradual reduction in bacterial attachment compared to the 
control (Fig. 5). A decrease in the absorbance at 570 nm 
(Fig. 5) on treatment with compounds suggested significant 
(p < 0.01) biofilm detachment.

Fig. 2   Effect of selected compounds C1, C2 and C3 on the formation 
of biofilm by P. aeruginosa PAO1 assayed post 24  h of incubation 
through crystal violet staining by recording the absorbance at 570 nm. 
Data represented as mean ± standard deviation (SD) of triplicate val-
ues. Error bars define the SD of triplicate values. **p < 0.01: signifi-
cance compared with control

Fig. 3   Effect of selected compounds on the disruption of preformed 
matured biofilm of P. aeruginosa PAO1 determined by crystal vio-
let staining assay after 24 h of incubation with selected compounds 
in LB broth. Data represented as mean ± standard deviation (SD) 
of triplicate values. Error bars indicate the SD of triplicate values. 
*p < 0.05; **p < 0.01: significance compared with control

Fig. 4   Effect of selected compounds at sub-MIC doses on P. aerug-
inosa PAO1 cell viability. The viability of bacterial cell was evalu-
ated by MTT assay, and the percentage of cell viability was indicated 
compared to control which was considered as 100%. Data represented 
as mean ± standard deviation (SD) of triplicate values, and error bars 
define the SD of triplicate value

Fig. 5   Detachment assay of the P. aeruginosa PAO1 biofilms grown 
adhering to a surface and subsequent treatment with selected com-
pounds. Bacterial detachment was identified by measuring the OD at 
570 nm. Data represented as mean ± standard deviation (SD) of trip-
licate values. Error bars define the SD of triplicate values. **p < 0.01: 
significance compared with control
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EPS inhibition assay

P. aeruginosa PAO1 biofilm formation is closely linked to 
EPS production, contributing to its architecture and stabil-
ity. The effect of selected compounds on EPS production 
was assessed using the phenol–sulphuric acid method. The 
compounds inhibited EPS production significantly (p > 0.01) 
with the maximum attenuation (69.93%) of EPS found at ½ 
MIC of C1 (Fig. 6).

Alginate inhibition assay

Alginate is one of the important constituents of the matrix 
material in P. aeruginosa PAO1 biofilms. Hence, the efficacy 
of selected compounds in impairing the production of algi-
nate was evaluated. The compounds decreased the produc-
tion of alginate when exposed to their dosage at sub-MICs. 
The highest inhibition of alginate production was observed 
at ½ MIC of C1 (63.57%) followed by C2 (60.14%), and C3 
showed a lower effect (54.17%) compared to the other two 
compounds (Fig. 7).

Estimation of biofilm total protein concentration

The concentration of extractable protein in a biofilm is pro-
portional to the number of bacteria present. The amount of 
extractable protein in P. aeruginosa PAO1 biofilms measured 
by Lowry’s method (Fig. 8) showed that treatment with ½ 
MIC of C1, C2 and C3 had significantly (p < 0.01) reduced 
the protein concentrations to 99.65 μg/ml, 112.43 μg/ml and 
112.04 μg/ml compared to control (261.73 μg/ml). In the 
presence of ¼ MICs of compounds, the protein concentra-
tion in the biofilm was increased.

FESEM analysis

The morphological and structural changes of the biofilm in 
untreated and treated conditions were observed using FESEM 
(Fig. 9). The observations revealed that the control group 
appeared as a dense multi-layered EPS matrix with many col-
onies of varying sizes (Fig. 9a). In contrast, the treated groups 
showed a reduction in biofilm biomass and were found to be 
scattered in appearance (Fig. 9b–d). The results of FESEM 
analysis further confirm the efficacy of the selected com-
pounds as potent disruptors of P. aeruginosa PAO1 biofilms.

Violacein inhibition assay

The antiquorum sensing activity was assessed by evaluat-
ing the effect of the selected compounds on QS-regulated 
violacein production in C. violaceum. The presence of 

Fig. 6   Effect of selected compounds on exopolysaccharide (EPS) 
production by P. aeruginosa PAO1 quantified using the phenol–sul-
phuric acid method after 24  h of incubation. Data represented as 
mean ± standard deviation (SD) of triplicate values. Error bars define 
the SD of triplicate values. **p < 0.01: significance compared with 
control

Fig. 7   Effect of selected compounds on alginate production by P. aer-
uginosa PAO1 measured by reading the absorbance at 530 nm. Data 
represented as mean ± standard deviation (SD) of triplicate values. 
Error bars define the SD of triplicate values. *p < 0.05; **p < 0.01: 
significance compared with control

Fig. 8   Estimation of biofilm total protein concentration in P. aer-
uginosa PAO1 exposed to selected compounds. Data represented as 
mean ± standard deviation (SD) of triplicate values. Error bars define 
the SD of triplicate values. **p < 0.01: significance compared with 
control
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a creamy white halo around the well against the purple 
lawn of bacteria indicates the antiquorum sensing activ-
ity whereas the translucent zone indicates the inhibition 
of the bacterial growth. The colourless zone of inhibi-
tion around the compound-treated wells was found to be 
opaque (Fig. S1) which indicated that halos are due to the 
quorum sensing inhibition and not the growth of bacteria. 
The diameter (mm) of zone of violacein pigment inhibi-
tion on treatment with ½ MIC and ¼ MIC of compounds 
is illustrated in Fig. 10. The zone diameter of violacein 
inhibition by the compounds ranged from 10.3 ± 0.04 
to 15.08 ± 0.08 mm at ½ MICs whereas the zone diam-
eter of violacein inhibition at ¼ MICs was found to be 
11.66 ± 0.47 mm and 7.0 ± 0 mm for C1 and C2, respec-
tively. It is noted that C3 at ¼ MIC did not exhibit any 
effect on violacein production (Fig. 10).

Fig. 9   SEM images of biofilm architecture and morphology in the presence of selected compounds visualised after 48 h of incubation. a Control. 
b C1-treated biofilm. c C2-treated biofilm. d C3-treated biofilm

Fig. 10   Antiquorum sensing activity of selected compounds, namely 
C1, C2 and C3, identified by its potential to inhibit pigment produc-
tion (violacein) in C. violaceum. Data represented as mean ± standard 
deviation (SD) of triplicate values. Error bars define the SD of tripli-
cate values
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Effect of selected compounds on the motility 
behaviour of P. aeruginosa PAO1

The flagellum-driven swimming motility and swarming 
motility of P. aeruginosa PAO1 were affected by the selected 
compounds at their sub-MIC levels (Fig. 11). The swim-
ming and swarming migration by P. aeruginosa PAO1 in 
the presence and absence of compounds noted after 24 h 
are given in Fig. S2 and Fig. S3. The maximum reduction in 
swimming motility diameter was recorded as 33 ± 1.0 mm by 
C1 at ½ MIC compared to the control (41.3 ± 0.57 mm). On 
the other hand, the findings of swarming motility (Fig. 11b) 
varied from those of swimming motility (Fig. 11a) where 
the selected compounds shrunk the zone of swarming motil-
ity to 4.8 ± 0.28 mm, 5.6 ± 0.57 mm and 6.5 ± 0.5 mm at ½ 
MIC of C1, C2 and C3, respectively, compared to the control 
(37.6 ± 0.57 mm).

Effect of selected compounds on virulence factor 
production by P. aeruginosa PAO1

The impact of selected compounds on the production of QS-
dependent virulence traits, namely pyocyanin, rhamnolipid, 
protease, alkaline protease and lipase, was determined to 
further confirm its antiquorum sensing ability. Pyocyanin 
is a greenish-blue phenazine pigment and contributes to the 
progression and pathogenesis of chronic infections in P. aer-
uginosa (Parai et al. 2018). All three compounds showed 
a significant decrease in pyocyanin production, with C1 
showing the maximum (78.51%) at ½ MIC concentration 
(Fig. 12a).

Rhamnolipids are essential biosurfactants for biofilm 
architecture and swarming motility (Rashiya et al. 2021). 
The production of rhamnolipids was decreased at both ½ 
MIC and ¼ MIC upon treatment with C1, C2 and C3, 
respectively (Fig. 12b). Proteases hold a significant role in 
the formation of biofilm, motility and antibiotic resistance 

mechanisms in P. aeruginosa (Kida et  al. 2013). The 
compounds inhibited protease activity, as evidenced by a 
decrease in the zone of clearance (Fig. 12c) on skim milk 
agar plates containing casein protein. The other factors, 
namely alkaline protease (Fig. 12d) and lipase (Fig. 12e), 
were also found to be significantly (p < 0.01) decreased on 
treatment with the selected compounds.

Gene expression study of QS‑regulated genes of P. 
aeruginosa PAO1 by qRT‑PCR

The mRNA expression levels of various QS-regulated 
genes of P. aeruginosa PAO1 in the presence of com-
pounds were detected by qRT-PCR. The compounds were 
found to negatively affect the QS-controlled gene expres-
sions such as lasI, lasR, rhlI, rhlR, lasB, pqsA and pqsR 
based on real-time PCR data (Fig. 13). In particular, C1 
drastically reduced the expression of genes including lasI, 
lasR, rhlI, rhlR and lasB by greater than 85% compared to 
C2 and C3. All three compounds significantly (p < 0.01) 
decreased the expression of pqsA and pqsR genes by 
greater than 90% (Fig. 13). These results suggested that 
the selected compounds could significantly downregulate 
the genes of the QS regulatory networks of P. aeruginosa 
PAO1.

Cytotoxicity of selected compounds

The cytotoxicity of the selected compounds on mammalian 
cells (human PBL cells) was investigated by performing 
MTT reduction assay. The percentage of cytotoxicity was 
found to be less than 40% on exposure to different con-
centrations of compounds (Fig. 14). This suggested that 
the compounds show lower cytotoxicity against human 
peripheral blood lymphocyte cells.

Fig. 11   Effect of selected compounds on the motility of P. aerugi-
nosa PAO1 measured after incubation at 37 °C (24 h). a Swimming 
motility diameters of P. aeruginosa PAO1 with and without the 
compounds. b Swarming motility diameters of P. aeruginosa PAO1 

in the presence and absence of compounds. Data represented as 
mean ± standard deviation (SD) of triplicate values. Error bars define 
the SD of triplicate values. *p < 0.05; **p < 0.01: significance com-
pared with control
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Discussion

Extensive antibiotic usage in humans has led to the spread 
of pathogens with enhanced resistance worldwide. Con-
ventional approaches to the development of new antibi-
otics have failed in the therapy for infections caused by 
strains that are resistant to antibiotics. As a result, novel 
approaches to prevent the emergence of drug resistance 
should be pursued (Sarkar et al. 2015). P. aeruginosa, a 

multi-drug-resistant pathogen, forms strong biofilms regu-
lated by a communication network called quorum sensing. 
Biofilms of P. aeruginosa are highly resistant to antimi-
crobial treatments because of their strong exopolysaccha-
ride matrix material (Ganesh and Rai 2017). Inhibition 
of QS in P. aeruginosa, which aids in biofilm formation, 
could be a potential alternative for treating its associated 
infections. This strategy could be exploited, as the quo-
rum sensing inhibitors do not affect bacterial growth and 
could attenuate pathogenesis alone to prevent antibiotic 
resistance (Scoffone et al. 2019). Hence, this approach of 
QS interference might address MDR strains of P. aerugi-
nosa and may be developed as anti-infective agents or as 

Fig. 12   Inhibitory effect of selected compounds on the QS-mediated 
secretion of virulence factors by P. aeruginosa PAO1. a Pyocyanin. 
b Rhamnolipid. c Protease. d Alkaline protease. e Lipase. Production 
levels of each virulence factor are quantified as a relative measure 

to that of the control. Data represented as mean ± standard deviation 
(SD) of triplicate values. Error bars define the SD of triplicate values. 
*p < 0.05; **p < 0.01: significance compared with control

Fig. 13   Relative gene expression of QS-controlled genes, namely 
lasI, lasR, rhlI, rhlR, lasB, pqsA and pqsR, of P. aeruginosa PAO1. 
Cultures were treated with selected compounds for 24 h, and their rel-
ative gene expression was quantified by qRT-PCR. Data represented 
as mean ± standard deviation (SD) of triplicate values. Error bars 
define the SD of triplicate values. *p < 0.05; **p < 0.01: significance 
compared with control

Fig. 14   Cytotoxicity of selected compounds studied on human 
peripheral blood lymphocyte (PBL) cells by MTT reduction assay. 
Data represented as mean ± SD of triplicate values
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a combinatorial therapy along with available antibiotics 
(Zhong et al. 2020).

The study demonstrated the potential of three syn-
thetic compounds, namely (3-[2-(3,4-dimethoxyphenyl)-
2-(1H- indol-3-yl)ethyl]-1-(2-f luorophenyl)urea), 
(3-(4-fluorophenyl)-2-[(3-methylquinoxalin-2-yl)methyl-
sulfanyl]quinazolin-4-one) and (2-({4-[4-(2-methoxyphenyl)
piperazin-1-yl]pyrimidin-2-yl}sulfanyl)-N-(2,4,6-trimeth-
ylphenyl)acetamide) (C1–C3), as antibiofilm and antiquo-
rum sensing inhibitors. The compounds were retrieved as 
hits against the specific target protein LasR of P. aerugi-
nosa through a molecular docking–based virtual screening 
approach used in our previous work (Vetrivel et al. 2021). 
These compounds were selected as they possessed the high-
est docking scores in the screening deck and did not form 
a significant hydrogen bond contact with the amino acid 
residue Trp60 in the active site which is required for the 
activation of LasR. Also, the lack of the ability of these 
compounds to form hydrogen bonds with crucial active site 
residues, namely Tyr56, Trp60, Asp73 and Ser129, will lead 
to the inactivation of LasR and attributed to its QS inhibi-
tory activity (Vetrivel et al. 2021). Thus, the inactivation of 
the QS pathway would lead to the suppression of biofilm 
formation and virulence factor production in P. aeruginosa. 
The current investigation was done to ascertain whether the 
selected compounds could retard bacterial communication 
and bacterial attachment and reduce preformed biofilms and 
secretion of virulence factors at sub-MIC levels. Addition-
ally, we looked at the impact of these compounds on the 
QS-controlled gene expression patterns.

The most important feature to be considered in devel-
oping any antimicrobial agent is its ability to target bac-
terial virulence rather than destroying the bacterial strain 
(Pattnaik et al. 2018). In this context, our results showed 
that the compounds possessed lower MICs (Table S2) and 
did not possess natural antimicrobial properties. The sub-
minimum inhibitory concentrations (½ MIC and ¼ MIC) of 
the compounds were evaluated for their impact on bacterial 
growth. The results revealed that the compounds did not 
affect the growth pattern of P. aeruginosa PAO1 at its sub-
MIC doses (Fig. 1). Yet, it possesses an inhibitory effect on 
both the earliest and matured levels of the biofilm cycle. As 
a result, the ability of the selected compounds to prevent 
the formation of P. aeruginosa PAO1 biofilms, as well as 
their anti-QS efficacy and the production of QS-associated 
virulence factors, was investigated at sub-MIC levels.

In general, P. aeruginosa utilises signalling molecules 
referred to as AHLs to synchronise the gene expression in 
forming biofilm, motility and secretion of virulence factors 
(Chan et al. 2015). The emergence of various topological 
changes including cell–cell communications, overproduction 
of EPS, extracellular fibrillar networks, pellicles, multiple 
layers and microcolony contributed to stable biofilm states 

(Rollefson et al. 2011). Therefore, during the beginning 
phase of biofilm development, growth of bacteria is rapid 
and surface adhesion occurs reversibly within a few hours 
(Sarkar et al. 2015).

The crystal violet staining assay revealed that all three 
compounds effectively prevented P. aeruginosa PAO1 from 
forming biofilms (Fig. 2). C1 exhibited the highest potency 
to inhibit biofilm formation at ½ MIC dose compared to 
C2 and C3. A similar study by Rierra et al. (2010) reported 
that inhibition of P. aeruginosa biofilms by cephalosporin 
CXA-101 occurred dose dependently. Disruption of pre-
formed matured biofilm is an important characteristic as it 
triggers the dispersion of biofilms (Rendueles et al. 2013). 
Our results (Fig. 3) demonstrated that the compounds pos-
sessed the capacity to disrupt preformed matured biofilm of 
P. aeruginosa PAO1 with the highest eradication of 67.32% 
at ½ MIC level of C1 followed by C2 with 48.73%, and C3 
with 61.05%. The activity of metabolically active biofilm 
cells was quantified by MTT reduction assay to validate the 
crystal violet data. Due to cell inactivation, the number of 
active biofilm-forming cells in P. aeruginosa PAO1 exposed 
to ½ MIC of C1, C2 and C3 was drastically reduced (Fig. 4). 
This finding suggested that as the number of biofilm-forming 
cells decreased, the compounds could further reduce the 
amount of biofilm formed.

The initial step in biofilm formation is the adherence 
of bacteria in the planktonic state to a tissue or an abiotic 
surface (Jorge et al. 2012). Our findings showed that the 
compounds could prevent bacterial attachment to the sur-
face with a remarkable decrease in absorbance at 570 nm 
(Fig. 5). Hence, this antiadhesive activity of the compounds 
may further impact the development of biofilm by P. aerugi-
nosa PAO1. The structured matrix consisting of exopolysac-
charides, lipids, proteins and biofilm persistence are well 
correlated as they block the invasion of antimicrobial agents 
into cells by serving as a protective shield (Flemming and 
Wingender 2010; Zhou et al. 2017). In connection to various 
reports, it is also suggested that inhibition of EPS has a posi-
tive effect on antibiotic activity by enhancing drug penetra-
tion and thereby arresting progression of biofilm formation, 
disruption of biofilm structure and demolition of entrapped 
bacterial cells (Viju et al. 2013).

P. aeruginosa PAO1 biofilms showed a significant 
decrease in EPS production after exposure to sub-MICs of 
the selected compounds. The maximum inhibition of EPS 
to 69.93% was exhibited by C1 (Fig. 6). The rhl QS system 
regulated EPS, alginate and rhamnolipid production in P. 
aeruginosa PAO1  holds a predominant role in the develop-
ment of biofilm and protects bacteria from adverse condi-
tions inside hosts as well as aids in the attachment to host 
cells (Kalishwaralal et al. 2010). As shown in Figs. 6 and 
7, the compounds inhibited EPS and alginate production 
at ½ MIC with the highest attenuation rate compared to ¼ 
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MIC level. These findings agreed with Rasamiravaka et al. 
(2015), who stated that increasing the concentration of the 
QSI quercetin increased the inhibition of EPS and alginate 
in a concentration-dependent manner. A decrease in the pro-
duction of EPS would likely seem to enhance the penetra-
tion capacity of antibiotics into the bacterial cells. Thus, 
these characteristics to inhibit or destroy biofilm formation, 
disruption, attachment and EPS production could portray 
these compounds as better antibiofilm agents. In addition, 
the reduced total protein concentration in P. aeruginosa 
PAO1 biofilms treated with compounds (Fig. 8) suggested 
that they may interfere the EPS matrix material made up of 
sugars and proteins.

SEM results (Fig. 9) further confirmed our in vitro stud-
ies and proved that the compounds could reduce biofilm by 
preventing and disrupting bacterial cell attachment to the 
surface. These results agreed with the previous report by 
Kim et al. (2015), who examined the same pattern of biofilm 
inhibition on treatment with the QSI 6-gingerol. Violacein is 
a purple pigment regulated by a LuxR homologue and CViR 
in Chromobacterium violaceum and responds to AHL mol-
ecule (Singh et al. 2017). The selected compounds exhib-
ited an inhibitory effect on violacein pigment production at 
sub-MIC (Fig. 10 and Fig. S3). Ravichandran et al. (2018) 
have observed that the QS mechanism in C. violaceum was 
inhibited by QSIs, namely catechin 7-xyloside, sappanol and 
butein and represented wide-spectrum anti-infective activity. 
According to Pattnaik et al. (2018), Diaporthe phaseolorum 
SSP12 fungal extract which was successful in destroying P. 
aeruginosa biofilms inhibited the production of violacein in 
C. violaceum in a concentration-dependent way.

P. aeruginosa biofilm formation is invariably mediated by 
colonisation and attachment, which are initiated via swim-
ming and swarming motilities (Luo et al. 2017). Earlier 
reports have suggested that downregulation of motility and 
attachment decreases the severity in pathogenesis and would 
directly impact biofilm development in P. aeruginosa (Gut-
ierrez et al. 2013; El-Mowafy et al. 2014). The experimental 
evidence obtained in this study revealed that the compounds 
did not markedly reduce swimming motility (Fig. 11a). In 
contrast, it showed a more significant impact on the swarm-
ing motility of P. aeruginosa PAO1 at sub-MIC levels com-
pared to the control (Fig. 11b). These results agreed with 
the report by Luo et al. (2017) who evidenced that the QSI 
baicalin derived from Scutellaria baicalensis had a minimal 
effect on swimming motility but had a significant impact on 
swarming motility that eventually demonstrated the QSI’s 
capacity to disrupt type IV pili and flagella function.

The pathogenicity of P. aeruginosa–mediated infec-
tions is widely dependent on the virulence factors. Hence, 
the effect of QSIs at sub-MIC levels on the QS-controlled 
secretion of virulence factors by P. aeruginosa PAO1 was 
studied. Pyocyanin is a secondary redox metabolite and a 

phenazine derivative that mediates chelates iron uptake and 
various cellular functions that influence the expression of 
virulence (Stehling et al. 2008). Pyocyanin production by P. 
aeruginosa PAO1 was significantly (p < 0.01) reduced when 
treated with sub-MIC of C1 (78.51%), C2 (77.53%) and C3 
(68.85%) (Fig. 12a). Our findings agreed with those of Ouy-
ang et al. (2016), who discovered that P. aeruginosa PAO1 
produces less pyocyanin in the presence of QSI quercetin at 
a concentration of 16 μg/ml.

Vandeputte et al. (2011) stated that when exposed to 
4 mM naringenin, virulence factors like pyocyanin and 
elastase were reduced. Furthermore, the other indicators 
of QS, namely rhamnolipid, protease, alkaline protease and 
lipase, were also analysed (Fig. 12b–d). Rhamnolipids are 
amphiphilic biosurfactants that facilitate motility in P. aer-
uginosa and are linked with dispersion of matured biofilm 
(O’May and Tufenkji 2011). They also serve as protective 
shields in the innate immune system (Jensen et al. 2007). 
In such context, rhamnolipid production was significantly 
affected in the presence of C1, C2 and C3 (Fig. 12b) with 
the highest inhibition of 73.97% exhibited by C1 (½ MIC). 
Kim et al. (2015) proved that rhamnolipid production was 
decreased in P. aeruginosa PAO1 by around 36–60% on 
treatment with the QSI 6-gingerol at a concentration of 
0.1–100 μM. Inhibition of rhamnolipids is crucial as it aids 
in creating and maintaining fluid channels around the biofilm 
base which help in oxygen and water flow (Rashiya et al. 
2021).

Proteases are hydrolytic enzymes that counteract the 
effects of the host defence system and aid in the damage of 
host tissues (Andrejko et al. 2013). P. aeruginosa produces 
various extracellular proteases, namely protease IV, alkaline 
protease, elastase A (LasA protease) and elastase B (LasB 
elastase) (Le Berre et al. 2008). The impact of selected com-
pounds to degrade casein protein in skim milk agar plates 
determines its effect on the protease activity of P. aerugi-
nosa PAO1. The results (Fig. 12c) revealed a smaller zone 
of protease clearance around the wells treated with com-
pounds. Inhibition of protease production suggested that 
the compounds could further retard biofilm formation by P. 
aeruginosa. Elastases are prototypes that promote bacterial 
invasion by degrading infected tissues (Hoge et al. 2010). 
Together, lasA protease and lasB elastase are essential for 
the expansion of infections by rupturing the interstitial tis-
sues in hosts (Stehling et al. 2008).

Alkaline protease is an exoprotease that helps in the matu-
ration of lasA protease. However, it is less effective than the 
post-lysine cleaving enzyme and elastase. It is a metallopro-
tease that actively participates in the hydrolysis of important 
biological proteins like matrix metalloproteinases, comple-
ment factors, cytokines, human IFN-γ and TNF-α (Aybey 
and Demirkan 2016). In our study, we noticed a consider-
able decline in alkaline protease secretion by P. aeruginosa 
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PAO1 exposed to sub-MICs of compounds (Fig. 12d) with 
the highest inhibition shown by C1 (70.12%) compared to 
control. As the las QS system controls the production of 
alkaline protease, a decrease in the production of alkaline 
protease might be due to the inhibitory effect of the com-
pounds on las system. The compounds were also found to 
be effective in inhibiting lipase production by P. aeruginosa 
PAO1 with the highest inhibition of 78.46% exhibited by C1 
(Fig. 12e).

The P. aeruginosa regulatory QS system (las and rhl) 
plays a crucial role in controlling the synthesis of these 
virulence components and their activity. When cell density 
reaches a threshold, an increased number of AHLs binds 
to lasR and activates the expression of essential regulatory 
genes of QS in P. aeruginosa PAO1. Additionally, several 
pieces of evidence have also reported that the las system 
is majorly attributed to biofilm formation and regulates 
rhl expression. Furthermore, the cells that significantly 
expressed las genes were found during the initial phase of 
biofilm formation and were stable throughout the infection 
(Furiga et al. 2016; Teerapo et al. 2019). Therefore, qRT-
PCR was done to corroborate the results of gene expression 
analysis of QS-regulated genes with that of the virulence 
factor production in P. aeruginosa PAO1 investigated previ-
ously through various biochemical assays.

lasI, lasR, rhlI, rhlR, lasB, pqsA and pqsR are the major 
QS genes that are linked to biofilm formation and virulence 
factor production in P. aeruginosa. Downregulating these 
genes would possibly shut down the entire QS network of 
P. aeruginosa and prevent the spread of biofilm develop-
ment. According to qRT-PCR results, the expression of 
target QS genes, namely lasI, lasR, rhlI, rhlR, lasB, pqsA 
and pqsR, was downregulated compared to untreated con-
trol. Downregulation of the aforesaid downstream QS genes 
supports our above observations with respect to the anti-
virulence activity of the compounds (Fig. 13). Generally, 
lasIR circuit controls the genes, namely toxA (exotoxin A), 
lasA (protease) and lasB (elastase); rhlIR system regulates 
genes rhlAB (rhamnolipids), lecA (lectins) and aprA (alka-
line protease); and pqs controls phzABCDEFG and phzM 
(pyocyanin) genes (Jakobsen et al. 2013). In particular, lasR 
regulates the expression of genes necessary for elastase and 
protease activity, along with the genes of the rhl QS system 
(Singh et al. 2017). The rhl system aids in the expression of 
genes required for the production of pyocyanin and rham-
nolipid. Aside from that, the rhl system is also necessary for 
the maintenance of non-colonised channels surrounded by 
macrocolonies in structured biofilms and promotes mush-
room-shaped structures in later stages of the biofilm cycle. 
On the other side, the rhlR and pqsR genes on binding to 
their specific signalling molecules initiate the formation 
of biofilm in P. aeruginosa by mediating the synthesis of 

eDNA release, swarming motility, pyocyanin and rham-
nolipid (Chatterjee et al. 2017).

From Fig. 13, a significant reduction in the expression 
of lasI and lasR on binding of QSIs would have led to the 
decrease in the production of virulence factors, namely pro-
tease, elastase, rhamnolipids, alkaline protease and pyocyanin 
in P. aeruginosa along with downregulation of the rhl QS sys-
tem. The downregulation of genes of the rhl system, namely 
rhlI and rhlR, might have suppressed the production of pyocy-
anin and rhamnolipid. Downregulation of lasR influenced the 
gene necessary for elastase activity (lasB), whose expression 
was also found to be decreased and could lead to inhibition of 
elastase production in P. aeruginosa. A substantial decrease 
in the expression of pqsA and pqsR genes (Fig. 13) further 
enhanced the capacity of these compounds to eradicate P. aer-
uginosa biofilms along with the key regulators (las and rhl) of 
QS circuitry. These findings concord with the study of Zhong 
et al. (2020) who stated that QSIs of LasR, namely catechin 
7-xyloside, sappanol and butein, downregulated the expression 
of lasI, lasR, rhlI and rhlR genes. This type of reduced gene 
expression not only lowers the virulence factor production but 
also impacts the synthesis of QS signalling molecules and the 
formation of biofilm since these functions are interlinked in the 
QS network of P. aeruginosa. Thus, it would be suggested that 
interference with such critical systems rather than directly kill-
ing bacteria would decrease the problem of developing resist-
ance which is, currently, an issue of concern.

Finally, the cytotoxicity of the compounds against eukar-
yotic cells may represent a barrier that eventually limits 
their utilisation in clinical fields (Kang et al. 2014). The 
compounds showed low toxicity against human peripheral 
blood lymphocyte (PBL) cells (Fig. 14). Thus, these findings 
confront the application of the three selected compounds as 
leads towards the development of potent therapeutic agent 
with antibiofilm, antiquorum sensing and antivirulence 
properties.
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