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Abstract
Gram-positive and Gram-negative bacteria often develop biofilm through different mecha-
nisms in promoting pathogenicity. Hence, the antibiofilm molecule needs to be examined 
separately on both organisms to manage the biofilm threat. Since the antibiofilm activity of 
piperine against Staphylococcus aureus was already reported; here, we aimed to examine 
the antibiofilm activity of it against Pseudomonas aeruginosa. P. aeruginosa is an oppor-
tunistic Gram-negative pathogen that can cause several healthcare-associated infections by 
exploiting biofilm. Several experiments like crystal violet assay, estimation of total protein, 
measurement of extracellular polymeric substance, and microscopic analysis confirmed 
that lower concentrations (8 and 16  µg/mL) of piperine could inhibit the microbial bio-
film formation considerably. Besides, it could also reduce the secretion of virulence factors 
from P. aeruginosa. Further investigation showed that the cell surface hydrophobicity and 
microbial motility of the test organism got reduced under the influence of piperine. Pip-
erine exposure was found to increase the accumulation of reactive oxygen species (ROS) 
that resulted in the inhibition of biofilm formation. Furthermore, the molecular simulation 
studies suggested that piperine could affect the quorum sensing network of P. aeruginosa. 
Towards this direction, we noticed that piperine treatment could decrease the expression of 
the quorum sensing gene (lasI) that resulted in the inhibition of biofilm formation. Besides 
biofilm inhibition, piperine was also found to disintegrate the pre-existing biofilm of P. 
aeruginosa without showing any antimicrobial property to the test organism. Thus, piper-
ine could be used for the sustainable protection of public-healthcare by compromising the 
biofilm assembly of P. aeruginosa.
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Introduction

Pseudomonas aeruginosa is a Gram-negative opportunistic human pathogen which is listed 
as priority pathogen in Research and Development by the World Health Organization in 2017 
[1]. It causes statistically striking chronic diseases every year including chronic wound infec-
tions, urinary tract infections, cystic fibrosis, endocarditis, osteomyelitis etc. which are mainly 
attributed to its inherent resistance to antimicrobials [2]. Literature survey revealed that many 
factors including biofilm formation have been found to play a major role in exhibiting drug 
resistance [2]. Biofilm is an agglomeration of microorganisms that often get stabilized by the 
self-secreted extracellular polymeric substances (EPS) comprising of polysaccharides, pro-
teins, lipids, eDNA etc. [3]. Approximately, 85–90% of biofilm mass is composed of such EPS 
matrix thereby making the biofilm cells impervious to external challenges and therapeutics 
[4]. P. aeruginosa has been found to promote the secretion of several virulence factors such 
as rhamnolipid, pyocyanin, and proteolytic enzymes during biofilm development. Microbial 
biofilm allows bacteria to spread pathogenesis either by activating the virulence profile or 
offering resistance to a wide range of antibiotics [2]. Towards this direction, several natural 
molecules are being investigated to disarm and eradicate such biofilm-associated challenges. 
In this respect, we have considered one such natural molecule named as piperine which is an 
alkaloid of black pepper. According to literature, piperine shows various health benefits such 
as anti-diabetic, anti-inflammatory, anti-cancerous, anti-arthritic, and anti-parasitic effects [5, 
6]. Besides, piperine was reported to be an excellent bio-active compound which can enhance 
the bio-availability of several antibiotics such as ampicillin and nor-floxacin [7]. It was docu-
mented that piperine could show antimicrobial as well as antibiofilm activity against several 
biofilm-forming organisms such as Staphylococcus aureus and Klebsiella pneumoniae [8, 9]. 
Furthermore, piperine was also found to enhance the antibiofilm activity of streptomycin, kan-
amycin, and amikacin against Salmonella enterica [10]. The existing literature revealed that 
an antibiofilm molecule could behave differently with the change in the test organism [11–14]. 
In this connection, we have found that L-tryptophan, a natural amino acid, could efficiently 
inhibit the biofilm formation of a Gram-negative organism, P. aeruginosa [12]. However, we 
have also noticed that instead of biofilm inhibition, the same amino acid was found to promote 
the biofilm formation of a Gram-positive organism, Staphylococcus aureus [13]. Literature 
report also stated that molecule named as maipomycin A showed efficient antibiofilm activity 
against Gram-negative bacteria but failed to show such effect against the microbial biofilm 
formation of Gram-positive bacteria [14]. Besides, molecule named as Aryl rhodanines inhib-
ited microbial biofilm formation of Gram-positive bacteria but remained ineffective against 
biofilm formation of Gram-negative bacteria [11]. Towards this direction, we observed the 
antibiofilm activity of piperine against a Gram-positive S. aureus [8]. However, the antibiofilm 
property of the same against a Gram-negative P. aeruginosa remains unexplored. Therefore, 
in the present report, efforts have been targeted to examine the antibiofilm activity of piperine 
(if any) against P. aeruginosa. Further investigation suggested that piperine could show inhibi-
tion in biofilm formation as well as disintegration of the pre-existing biofilm of P. aeruginosa.
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Materials and Methods

Microbial Strain, Growth Media, and Culture Conditions

In the current report, the Gram-negative bacteria, P. aeruginosa (MTCC 424) was used as 
the test organism. The bacterium was cultivated in Luria Bertani (LB) media purchased 
from Himedia. The test organism was grown at 37  °C for 24  h to achieve its optimum 
growth. Piperine, the test compound used in the present report was dissolved in an organic 
solvent, dimethyl sulfoxide (DMSO) to prepare the stock solution.

Determination of the Antibiofilm Property of Piperine Against P. aeruginosa

Crystal violet (CV) assay happens to be a well acknowledged method that can be used 
to measure the extent of microbial biofilm formation under different conditions [15]. To 
understand the effect of piperine on microbial biofilm formation, an overnight culture of P. 
aeruginosa (1 × 105 CFU/mL) was inoculated into several tubes containing 5 mL of sterile 
LB media. Thereafter, the tested concentrations (8 and 16 µg/mL) of piperine were added 
to it and the tubes were subsequently incubated for 24 h at 37 °C. After the incubation, the 
non-adherent planktonic cells were discarded from each tube, rinsed with sterile double 
distilled water, and air-dried. Then, the dried tubes were stained with 5 mL CV solution 
(0.4%) for 30 min. After that, the CV solution was discarded and the tubes were then rinsed 
with sterile double distilled water. Finally, to measure the intensity of adhered biofilm cells 
on the glass surface, 33% glacial acetic acid was added to each tube and the optical density 
(OD) of the same was recorded at 630 nm.

Estimation of Total Biofilm Protein of P. aeruginosa

The extent of microbial biofilm formation could be measured indirectly by estimating the 
total biofilm protein as a directly proportional relationship prevails between protein estima-
tion and microbial abundance [16]. To understand the influence of piperine on the bio-
film association, overnight culture (1 × 105  CFU/mL) of the test bacteria was inoculated 
into several tubes containing 5 mL of sterile LB media. Subsequently, the respective cul-
ture tubes were challenged with the tested concentrations (8 and 16 µg/mL) of piperine. In 
this connection, a control set was prepared in which the cells were grown without being 
exposed to piperine. All the tubes were then incubated at 37  °C for 24  h. Post incuba-
tion, the LB media containing the planktonic cells were discarded and washed with sterile 
double distilled water. Thereafter, 5 mL of 0.3 (N) NaOH was added to all the tubes and 
boiled for 30 min at 100 °C. The prepared suspensions were then centrifuged at 8000 rpm 
for 10 min and the respective supernatant was subjected to protein estimation by following 
Lowry method [17].

Determination of EPS

EPS happens to be a common indicator of microbial biofilm assembly [18]. To determine 
the amount of EPS produced by the test organism under the presence and absence of pip-
erine, an equal number of cells (1 × 105 CFU/mL) from an overnight culture were added in 
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sterile LB media. To it, the respective concentrations (8 and 16 µg/mL) of piperine were 
added to the test tubes and all the tubes were further incubated for 24 h at 37 °C. Post incu-
bation, the non-adherent planktonic cells were discarded from each tube and subsequently 
rinsed with sterile phosphate buffer saline. Then, 5 mL Congo red (1% w/v) solution was 
added to the tubes and incubated for 30 min at dark. Thereafter, the adhered cells were 
washed and DMSO was subsequently added to the tubes to record the absorbance of the 
same at 490 nm.

Analysis of Microbial Colonization Under Fluorescence Microscope

Fluorescence microscopic analysis was carried out to observe the effect of piperine on the 
microbial biofilm formation [19]. In this direction, overnight inoculum (1 × 105 CFU/mL) 
of the test organism was inoculated into several tubes containing sterile LB media. To it, 
sterile cover slips were added so that microorganisms could develop biofilm over the sur-
face. The tubes were later incorporated with the tested concentrations (8 and 16 µg/mL) 
of piperine. A control set was also prepared wherein the test organism was grown in the 
absence of piperine. After an incubation of 24 h at 37 °C, the cover slips were recovered 
aseptically and stained with acridine orange (4 µg/mL). Then, the stained cover slips were 
observed under a fluorescence microscope (under green FITC filter) to analyze the pattern 
of microbial colonization over the cover slips.

Measurement of Protease Activity

Microbial biofilm has often been found to enhance the production of several virulence fac-
tors including the release of protease enzyme [2]. To determine the effect of piperine on 
the production of protease enzyme from the test organism, equal number of the test organ-
ism (1 × 105 CFU/mL) was allowed to grow into glass tubes containing 5 mL of autoclaved 
LB media. Thereafter, the tubes were supplemented with various concentrations (8 and 
16  µg/mL) of piperine. Alongside, another set was also kept where the bacterial inocu-
lum was not treated with any concentrations of piperine. All the experimental sets were 
then incubated for 24 h at 37 °C. After that, all the experimental sets were centrifuged at 
10,000 rpm for 15 min. Afterward, 2 mL of supernatant from each set was mixed with 500 
μL of azo-casein (0.3%) solution followed by incubating them at 37 °C for 1 h. Then, the 
reaction of the same was stopped by adding 10% trichloroacetic acid. Afterward, the solu-
tion of each tube was centrifuged at 10,000 rpm for 5 min and the absorbance of the result-
ing supernatant was measured at 440 nm.

Measurement of Rhamnolipid Production

The amount of rhamnolipid produced by the test organism under the presence and absence 
of piperine was measured by following the orcinol-sulfuric acid assay as described in 
Cheng et al. (2017) [20]. To perform this assay, an overnight grown culture of P. aerugi-
nosa was inoculated in several tubes containing sterile LB media. To this, the tested con-
centrations (8 and 16 µg/mL) of piperine were added to the respective tubes. Alongside, 
a control set was also prepared in which the cells were grown in the absence of piper-
ine. All the tubes were then incubated for 48 h at 37 °C. Thereafter, the planktonic cells 
were decanted and the adhered biofilm cells were collected followed by dissolving them 
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in sterile phosphate buffer saline (PBS) solution. Then, 1 mL biofilm cell suspension was 
mixed with 9 mL of orcinol (0.19%) in 53% sulfuric acid solution. After that, the mixture 
was incubated at 80 °C for 30 min followed by cooling at room temperature for 15 min. 
Thereafter, the absorbance of the same was measured at 420 nm.

Measurement of Pyocyanin Production

The amount of pyocyanin produced by the test organism under the presence and absence 
of piperine was determined by following the protocol described in Chatterjee et al. (2020) 
[21]. In brief, equal inoculums (1 × 105  CFU/mL) of the test organism were inoculated 
in sterile LB media. To it, different concentrations (0, 8 and 16 µg/mL) of piperine were 
added. The tubes were then incubated for 4 days at 37 °C. Post incubation, each culture was 
centrifuged at 10,000 rpm for 10 min. Then, the supernatant was separately collected and 
mixed with chloroform in the ratio 5:3. After vigorous vortexing, 1.5 mL of 0.2 M HCl was 
added to each tube. Thereafter, the upper pink layer was collected and its absorbance was 
recorded at 520 nm.

Measurement of Cell Surface Hydrophobicity

Cell surface hydrophobicity of the test organism under the presence and absence of piper-
ine was determined by bacterial adherence to hydrocarbon (BATH) assay as described by 
Rosenberg et al. (1981) [22] with minor modification. At first, test organism (1 × 105 CFU/
mL) was inoculated in sterile glass tubes having 5 mL of autoclaved LB broth. Selected 
concentrations (8 and 16 µg/mL) of piperine were added to it. In the control set, no pip-
erine was added. After overnight incubation of all the test tubes at 37 °C, planktonic cells 
were discarded from each tube and subsequently washed with sterile double distilled water. 
Following this step, 5 mL of sterile phosphate buffer (pH 8.0) was added to each tube and 
vortexed vigorously. After that, the suspension collected from each tube was centrifuged at 
6000 rpm for 10 min. Afterward, pellet was collected, suspended in 3.4 mL of sterile dou-
ble distilled water and OD of each suspension was measured at 420 nm. Then, 0.6 mL of 
chloroform was mixed with the suspension. Following adequate shaking, all the tubes were 
kept aside for 30 min to allow the phase separation. Finally, the aqueous phase from each 
tube was collected separately and OD was measured again. The following formula could be 
used to understand the cell surface hydrophobicity of the test organism:

Measurement of Swarming Motility

To understand the effect of piperine on the swarming motility of the test organism, equal 
number (1 × 105 CFU/mL) of cells were inoculated in sterile LB media supplemented with 
selected concentrations (8 and 16 µg/mL) of piperine and was incubated at 37 °C for 24 h. 
One control set of the test organism was also incubated in similar condition where no pip-
erine was added. After the incubation, an equal number of cells were separately spotted 
onto the middle of the semi-solid tryptone soy agar media. Then, all the plates were kept in 
aseptic condition at 37 °C for 24 h. Thereafter, the diameter (in mm) of bacterial motility 
was measured from the respective spot.

Cellsurfacehydrophobicity(in%) = ×100{(initialOD − finalOD)∕initialOD}
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Measurement of the Generation of Reactive Oxygen Species

To estimate the amount of ROS generated by the test organism under the influence of 
piperine, a DCFDA (2′, 7′-dichlorofluorescein diacetate)-dependent ROS measurement 
assay kit (ab113851) was used for the same. Cellular esterase enzyme has been reported 
to deacetylate DCFDA into a non-fluorescent DCF which gets further oxidized to fluo-
rescent DCF under high ROS profile. The amount of fluorescent DCF produced by the 
organism (if any) under the influence of piperine was recorded through a fluorescence 
spectrophotometer.

To do the test, overnight grown cells (1 × 108 CFU/mL) were treated with different 
concentrations (8 and 16 µg/mL) of piperine. A control set was also prepared wherein 
the cells were not exposed to piperine. Then, all the tubes including the control were 
incubated at 37  °C for 30  min. Post incubation, the DCFDA exposed cells were cen-
trifuged at 10,000  rpm for 8  min. Thereafter, the supernatant was discarded and cell 
pellets were collected followed by washing them with sterile Luria broth. Then, the cell 
pellets were further exposed to the selected concentrations (8 and 16 μg/mL) of piper-
ine. In this connection, some piperine exposed cells were also challenged with ascor-
bic acid (50 µg/mL). To validate the observations, a negative control was also made in 
which microbial cells were neither exposed to piperine nor ascorbic acid. Finally, the 
amount of DCF produced by the test organism under piperine exposure was measured 
by a fluorescence spectrophotometer [23].

In silicoDocking Study of LasR with Piperine

The PDB file of the quorum-sensing signaling protein LasR (PDB id: 3JPU) of P. aer-
uginosa was downloaded from the RCSB PDB database (last accessed on 26th Decem-
ber 2021). After the removal of non-standard residues, the protein molecule was pre-
pared with the Quick Prep module of Molecular Operating Environment (MOE) 2019. 
The Protonated 3D module of MOE 2019 was used to add hydrogen and assign the ioni-
zation state of amino acid residues. It was followed by energy minimization to a 0.1-unit 
RMS gradient to get the final structure of the receptor protein. The DOCK application 
of MOE 2019 was used for the receptor-ligand docking studies. Initially, the receptor 
was considered ‘rigid’ and the ‘Triangle Matcher’ replacement method was used for the 
generation of 30 poses that were screened on the basis of London dG score. It was fol-
lowed by the refinement of poses with the ‘Induced Fit’ method to get the top five poses 
based on GBVI/WSA dG score.

Molecular Dynamics Simulations

The molecular dynamics (MD) simulations of 3JPU, and its complex with piperine was 
performed using NAMD (Nanoscale Molecular Dynamics) program; v 2.8. Amber10: 
EHT force field was applied and a generalized Born Implicit solvent model was fol-
lowed for MD simulation. The complex was initially subjected to a restraint energy 
minimization process where the ligand atoms were kept restrained. It was followed by 
constant pressure and temperature discrete-time Langevin molecular dynamics [24] for 
120 ns. At first, the system was heated to 310 K from 300 K at a time period of 100 ps, 
and equilibrated at 310 K for 100 ps. Then, the MD simulation was continued for 120 ns 
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at 310 K temperature and 1-atm pressure. Finally, the system was cooled to 300 K at a 
time period of 100 ps. The equation of motion was discretized at a 2-fs interval. Frames 
were assembled at 5-ps intervals. A total of 24,060 frames were collected per simula-
tion. The trajectory files were studied with VMD [25]. The VEGA ZZ 3.2.1 program 
[26] was considered for constructing the data of RMSD, RMSF, gyration radius, and 
polar surface area (PSA).

Measurement of Quorum Sensing Gene expression by Real‑time PCR

The expression of a quorum sensing gene (lasI) under the influence of piperine was meas-
ured by real-time PCR as per the protocol published by Paul et al. [27]. To carry out this 
experiment, an equal number of organisms were allowed to grow separately under the 
selected concentrations (8 and 16 µg/mL) of piperine. In the control set, similar numbers of 
cells were grown in sterile LB without piperine. All the experimental sets were incubated at 
37 °C for 24 h. After the incubation, similar numbers of biofilm cells were collected from 
both piperine treated and untreated set. The RNA was extracted from them using the Trizol 
reagent. The purity of the collected RNA was measured by a spectrophotometer. Next, the 
entire RNA from each sample was allowed to get transcribed into the first strand of cDNA 
using the reverse transcriptase enzyme of M-MLV (Takara). Then, the same amount of 
cDNA (1 mg) was taken from each experimental set and subsequently real-time-amplified 
using the SYBR Premix kit (Applied Biosystems). In the negative control, a reaction mix-
ture was prepared in which cDNA was not used. The expression level of the quorum sens-
ing gene (lasI) was calculated under the influence of piperine using the comparative thresh-
old cycle method (2 − ΔΔCt) with 16S rRNA as the control gene. The gene-specific primers 
along with the sequences were mentioned in the supplementary table 1.

Determination of Biofilm‑Disintegrating Property of Piperine

To determine whether the tested concentrations (8 and 16 µg/mL) of piperine could disin-
tegrate the pre-formed biofilm of P. aeruginosa, overnight grown inoculum (1 × 105 CFU/
mL) of the test organism was allowed to grow in several test tubes having sterile LB media. 
Sterile cover slips were separately added to the tube for the development of biofilm over 
it. After an incubation of 24 h at 37  °C, the developed biofilm was challenged with the 
selected concentrations (8 and 16  µg/mL) of piperine followed by incubating them for 
another 4 h at 37 °C. One control set was also taken into consideration where no piperine 
was exposed to pre-developed biofilm but incubated for the same extent of time. Then, the 
degree of disintegration of pre-existing biofilm under the influence of piperine was meas-
ured by conducting CV assay [3]. The total protein recovery assay was also conducted to 
estimate the extent of biofilm disintegration of the test organism under the exposure of 
piperine. Besides, the cover slips were separately recovered from the respective tubes and 
stained with acridine orange (4 µg/mL) to observe the extent of disintegration of the pre-
existing biofilm under a fluorescence microscope.

The eDNA Extraction and Quantification

The eDNA happens to be an important component that offers considerable stability to 
the biofilm [28]. Therefore, to observe the effect of piperine on the eDNA of microbial 
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biofilm, eDNA was extracted from the cells by following the protocol described in 
Sahu et al. [29]. In brief, similar numbers (1 × 105 CFU/mL) of cells were inoculated 
into glass petri-plates having 20 mL of sterile LB. All the plates were then incubated 
for 24 h at 37 °C. After the incubation, the developed biofilm cells were either treated 
(8 and 16 µg/mL) or untreated with piperine for 4 h at 37 °C. Post incubation, biofilm 
cells were scrapped from the bottom of the petridish followed by centrifuging them at 
8000  rpm for 8 min. After the centrifugation, supernatant was collected as it carries 
the EPS part. To extract the cell-bound EPS, cell pellets were re-suspended in 500 µL 
of EDTA (10 mM) and centrifuged again at 8000  rpm for 8 min. Then, the superna-
tant was collected and pooled with the previous supernatant. The pooled fraction was 
then mixed with 2.2 volume of chilled absolute ethanol and incubated for 1 h at 8 °C. 
Afterward, the suspension was centrifuged at 8000  rpm for 8 min wherein the pellet 
was collected as the source of EPS. The pellet was suspended in 500 µL of Tris–EDTA 
buffer and 150 µL of ice-cold isopropanol. The suspension was incubated at 4 °C for 
3  h followed by centrifugating at 12,000  rpm for 15  min. Then, the pellet was col-
lected, mixed with Tris–EDTA buffer (500 µL), treated with 10 µL of Proteinase K 
(10 mg/mL) and incubated for another 1 h at 37 °C. After the incubation, 150 µL ice-
cold isopropanol was added to it. Then, the suspension was centrifuged at 8000 rpm for 
8 min. Finally, the pellet was collected and re-suspended in 50 µL of Tris-buffer. The 
concentrations and purity of the extracted eDNA was subsequently measured through a 
spectrophotometer.

Determination of the Antimicrobial Property of the Selected Concentrations 
of Piperine

To test whether the selected concentrations (8 and 16 µg/mL) of piperine could show 
any microbial growth inhibitory property, a series of experiments were conducted. In 
this regard, organisms (1 × 105  CFU/mL) were allowed to grow in sterile LB media 
(100  mL) for 24  h at 37  °C. After that, various concentrations (8 and 16  µg/mL) of 
piperine were added to the media. A control set was also prepared in which cells were 
grown without being exposed to piperine. During the incubation period, microbial cul-
tures were recovered at different time points (2-h interval) followed by recording the OD 
of the same at 600 nm. After that, the viable microbial counts were determined in both 
piperine treated and untreated cultures. In this connection, 1 mL microbial culture was 
collected from each conical flask and serially diluted (10−1 to 10−5) with sterile 0.85% 
NaCl solution. Thereafter, 100 µL samples were transferred from each dilution to an 
autoclaved LB agar plate and subsequently spread over the plate. After an overnight 
incubation at 37 °C, the number of colony forming unit (CFU) of each plate was calcu-
lated [3]. In addition, spot assay and clear zone assay were also performed to find out 
the antimicrobial activity of the selected concentrations (8 and 16 µg/mL) of piperine. 
To perform the spot assay, 10 µL samples was collected from each dilution and subse-
quently spotted on autoclaved Luria agar plate followed by incubating the same for 24 h 
at 37 °C. Post incubation, the developed spot of the respective dilutions was analyzed. 
Besides, to perform the clear zone assay, 100 µL of P. aeruginosa was spread over dif-
ferent LB agar plates to form bacterial lawn. Then, 3 wells were punched in each plate 
wherein desired concentrations (0, 8, and 16 µg/mL) of piperine were added. After an 
overnight incubation at 37ºC, clear zone (if any) around the well was measured.
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Analysis of the Effect of Piperine Removal on the Formation of Microbial Biofilm

To examine whether the antibiofilm effect of piperine persists even after its exclusion from 
the growth media, cells (1 × 105 CFU/mL) were allowed to grow at 37 °C for 24 h in the 
presence (8 and 16 µg/mL) and absence of piperine. Post incubation, microbial cultures 
were centrifuged at 8000 rpm for 10 min. After that, supernatants were discarded to remove 
piperine from the growth media. The cell pellets collected from both piperine treated and 
untreated set were suspended again in sterile LB media and incubated at 37 °C for another 
6 h, 12 h, 18 h, and 24 h. After the incubation, CV assay was conducted to understand the 
degree of biofilm formation of the test organism under different conditions.

Measurement of Antibiofilm Property of DMSO

As piperine is insoluble in water, DMSO was used as a solvent to prepare the stock solu-
tion of the same. Hence, we examined whether DMSO alone could show any antibiofilm 
activity against the same organism. In this connection, an equal number (1 × 105 CFU/mL) 
of P. aeruginosa was allowed to grow in sterile LB media (5 mL) for 24 h at 37 °C. After 
that, instead of piperine, various concentrations (0, 0.08, and 0.16% in v/v) of DMSO were 
added to the cells. A control set was also incubated under the same condition where DMSO 
was not introduced. Post incubation, CV assay was performed to understand the antibiofilm 
effect of DMSO (if any) on the test organism.

Statistical Analysis

Each experiment was repeated three times to achieve statistical confidence. One-way analy-
sis of variance (ANOVA) was used to perform the significance test. The degree of sig-
nificance was incorporated as p value < 0.05 (*), p value < 0.01 (**), and p value < 0.001 
(***) in contrast to control. The p values with more than 0.05 indicated that there were no 
significant difference and hence presented as N.S. (no statistical difference). A trial version 
of Minitab 19 was used for the present study.

Results

Piperine Exhibited Effective Antibiofilm Property Against P. aeruginosa

To assess the antibiofilm effect of piperine against P. aeruginosa, a similar number of the 
bacteria were inoculated in several tubes containing sterile LB media. Thereafter, different 
concentrations (0, 8, 16, 24, and 32 µg/mL) of piperine were independently added into in. 
Post incubation, the degree of biofilm formation of the test organism was examined under 
the absence and presence of piperine by following the CV assay [15]. The result showed 
that the intensity of CV stain was found to be the highest in the control set whereas the 
intensity of the stain got decreased considerably under the influence of piperine (Fig. 1A). 
It was noted that the level of biofilm formation got decreased by ~ 45% and ~ 55% when the 
cells were exposed to 8 and 16 µg/mL concentrations of piperine, respectively (Fig. 1B). 
Beyond this concentration (16 µg/mL), no such change in biofilm inhibition was observed 
(Fig. 1B). Since piperine was dissolved in DMSO, the effect of DMSO on the microbial 
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biofilm formation was also taken into account. The result indicated that the cells treated 
and untreated with DMSO revealed the similar extent of biofilm formation (Supplementary 
Fig. 1). Thus, it appears that instead of DMSO, piperine could show the biofilm inhibiting 
property. To further confirm the antibiofilm effect of piperine, total biofilm protein was 
estimated under the absence and presence of piperine by following the Lowry assay [17]. 



3239Applied Biochemistry and Biotechnology (2023) 195:3229–3256	

1 3

The result showed that the intensity of color corresponding to the availability of protein 
was found to vary between the piperine treated and untreated conditions (Fig.  1C). We 
observed that the highest amount of protein was measured in the control set where piperine 
was not added (Fig. 1D). However, with the increase of the concentrations of piperine, the 
estimation of total biofilm protein got reduced significantly (Fig. 1D). The level of protein 
recovery got decreased by ~ 39% and ~ 53% when the cells were treated with piperine at 8 
and 16 µg/mL concentrations, respectively (Fig. 1D). To gain further confidence, the effect 
of piperine on EPS production from the test organism was measured under the absence and 
presence of piperine by following Congo red assay. Congo red has been reported to inter-
act with the polysaccharide part of EPS [30]. The result showed that the maximum color 
was developed in the control set (Fig. 1E). However, the intensity of the same got reduced 
considerably under the influence of piperine (Fig. 1E). Furthermore, the highest reduction 
(~ 88%) in the EPS production was noticed when the test bacterium was treated with pip-
erine at a concentration of 16  µg/mL (Fig.  1F). Thus, the result suggested that piperine 
could inhibit the formation of biofilm by inhibiting the production of EPS. To gain more 
confidence, the change in the degree of biofilm formation of the test organism under the 
influence of piperine was analyzed through a fluorescence microscope. The microscopic 
image analysis suggested that the maximum number of biofilm clusters were spotted in the 
control set which were free from piperine (Fig. 1G). However, on increasing the concen-
trations of the test compound, the clusters were seen to decrease considerably (Fig. 1G). 
Thus, the results demonstrated the antibiofilm effect of piperine against P. aeruginosa. To 
comprehend the transient or lasting role of piperine on the biofilm of P. aeruginosa, cells 
were either treated or untreated with piperine for 24 h at 37 °C. Post incubation, cells were 
harvested from both piperine treated and untreated growth media. After that, the cells were 
re-inoculated in sterile LB media and incubated further up to 24 h. In this connection, we 
observed that with the advancement of time, the biofilm-forming pattern remained almost 
same for the cells which were collected from both piperine treated and untreated growth 
media (Supplementary Fig.  2). Thus, the result indicated that the effect of piperine on 
microbial biofilm inhibition was found to be transient.

Piperine Curbed the Secretion of Virulence Factors from P. aeruginosa Biofilm

The existing literature revealed that microorganisms associated with biofilm could secrete 
a number of virulence factors thereby promoting pathogenicity considerably [31]. Hence, 

Fig. 1   Piperine showed efficient biofilm inhibitory activity against P. aeruginosa. A similar number of cells 
of P. aeruginosa were grown in sterile LB media under the presence and absence of the selected concen-
trations of piperine. After the desired period of incubation, planktonic cells were discarded followed by 
measuring the antibiofilm activity of piperine against the test organism. A Biofilm profile. The CV staining 
profile of both piperine treated and untreated cells. B Estimation of biofilm formation. Crystal violet assay 
was conducted to estimate the percentage of microbial biofilm formed on the glass surface under the pres-
ence and absence of piperine. C Total biofilm protein profile. Total biofilm protein profile of both piperine 
treated and untreated cells. D Estimation of total biofilm protein. Total biofilm protein on the glass surface 
under the influence of piperine was measured by Lowry method. E EPS profile. Congo red staining pro-
file of both piperine treated and untreated cells. F Measurement of EPS. Congo red assay was conducted 
to quantify the extent of EPS produced by P. aeruginosa under the piperine exposed and unexposed con-
ditions. Each experiment was performed three times. Error bars represented standard error of the mean. 
The p values < 0.001 were marked with (***) to show the statistical difference among the observations. G. 
Fluorescence microscopic image analysis. The cover slips were recovered from both piperine treated and 
untreated culture media, stained with acridine orange and observed under a fluorescence microscope. The 
figure is representative image of 20 different fields and from three independent experiments
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in the present study, besides biofilm inhibition, efforts were put through to understand the 
effect of piperine on the production of several virulence factors namely protease secre-
tion, rhamnolipid and pyocyanin synthesis from the test organism. In this connection, we 
noticed that the highest level of protease activity was obtained in the control set which was 
not exposed to piperine (Fig. 2A). However, the extent of protease activity was found to be 
reduced by ~ 24% when the cells were treated with piperine at a concentration of 16 µg/mL 
(Fig. 2A). The extent of the production of rhamnolipid and pyocyanin were also measured 
under the presence and absence of the test compound. As expected, the result revealed 
that the amount of rhamnolipid production was found to be the highest in the cells which 
were not treated with piperine (Fig.  2B). On contrary, the rhamnolipid production got 
reduced by ~ 35% when the cells were exposed to piperine at a concentration of 16 µg/mL 
(Fig. 2B). The pyocyanin production by the test organism followed the same trend wherein 
we observed that the exposure of piperine could reduce the pyocyanin production by ~ 46% 
(Fig. 2C). Hence, the results suggested that the tested concentrations of piperine could con-
siderably curb the virulence factors production from P. aeruginosa.

Elucidation of the Underlying Mechanism of Microbial Biofilm Inhibition Under 
the Influence of Piperine

Existing literature revealed that cell surface hydrophobicity could play an important role in 
the formation of microbial biofilm [32]. In the present study, efforts were given to under-
stand the effect of piperine on the cell surface hydrophobicity of the test organism. Hence, 
cells were grown under the absence and presence of piperine followed by measuring the 
cell surface hydrophobicity of the test organism. The result showed that the cell surface 
hydrophobicity was found to be the highest in the cells which were not exposed to piper-
ine (Fig. 3A). The cell surface hydrophobicity got decreased by ~ 20% when the cells were 
treated with piperine at a concentration of 16 µg/mL (Fig. 3A). Therefore, the result stated 
that the selected concentrations of piperine could reduce the cell surface hydrophobicity 
of the test organism. Furthermore, the contour plot confirmed that the increase in piper-
ine concentration affected the cell surface hydrophobicity of the organism that resulted 
in the inhibition of microbial biofilm formation (Supplementary Fig. 3). Besides, efforts 
were put together to test whether the selected concentrations of piperine could compro-
mise microbial motility (swarming) of P. aeruginosa. The result exhibited that the high-
est motility was noticed in the semi-solid agar plate which was not challenged with piper-
ine (Fig. 3B). On treatment with piperine, the bacterial cells were observed to impede its 
motility (Fig. 3B). To confirm this result, the diameter (in mm) of microbial motility was 
measured from the center of inoculation under the absence and presence of piperine. It was 
observed that the microbial motility got decreased by ~ 56% when the cells were treated 
with piperine at a concentration of 16 µg/mL (Fig. 3C). Thus, it could be stated that the 
selected concentrations of piperine effectively inhibited the swarming motility of the P. 
aeruginosa. Since swarming motility has been found to promote microbial biofilm forma-
tion, the interference in swarming motility under the influence of piperine could inhibit the 
biofilm formation considerably. Further literature survey revealed that reactive oxygen spe-
cies (ROS) could inhibit microbial biofilm formation considerably [8, 19]. To understand 
the effect of piperine on the accumulation of ROS, similar numbers of cells were allowed 
to grow under the absence and presence of piperine. Post incubation, cells were collected 
followed by measuring the accumulation of ROS using DCFDA (2′, 7′-dichlorofluorescein 
diacetate)-dependent ROS measurement assay kit (ab113851). The result showed that the 
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maximum (5-folds increase from control) ROS accumulation took place when the cells 
were treated with piperine at a concentration of 16 µg/mL (Fig. 3D). However, the cells 
showed a twofolds decrease in ROS accumulation when the cells were treated with both 
piperine and ascorbic acid (Fig. 3D). Furthermore, by following the CV assay, it was found 
that the bacterial cells which were not exposed to either piperine or ascorbic acid, showed 

Fig. 2   Piperine attenuated the 
secretion of various virulence 
factors from P. aeruginosa. 
An equal number of the test 
organism was inoculated into 
the sterile LB media either 
challenged with piperine or left 
untreated with the same. After 
an incubation of 24 h at 37 °C, 
protease activity, rhamnolipid 
and pyocyanin production was 
measured in both piperine treated 
and untreated growth media. 
A Determination of protease 
activity. Protease activity of 
both piperine exposed and 
unexposed cells were quantified 
by performing azo-casein assay. 
B Rhamnolipid measurement. 
The percentage of rhamnolipid 
secreted by P. aeruginosa 
under the influence of piperine 
was determined by orcinol-
sulfuric acid assay. C Pyocyanin 
measurement. The percentage 
of pyocyanin produced by the 
test organism under the presence 
and absence of piperine was 
determined. Each experiment 
was repeated thrice. The result 
represented the average of the 
three independent observations. 
Error bars represented stand-
ard error of the mean. The p 
values < 0.01 were marked with 
(**), and p values < 0.001 were 
marked with (***) to show the 
statistical difference among the 
observations
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Fig. 3   Piperine showed antibiofilm activity by targeting cell surface hydrophobicity, microbial motility and 
ROS profile of the test organism. A similar number of test organisms were either challenged with piperine 
or left untreated with same. All the cultures were subsequently incubated at 37 °C for 24 h. Post incubation, 
different mechanisms were explored to observe the antibiofilm activity of piperine against the test organism. 
A Cell surface hydrophobicity profile. The percentage of cell surface hydrophobicity of the test organism 
under the presence and absence of piperine was measured by BATH assay. B Microbial motility profile. 
Piperine treated and untreated culture was spotted individually on semi-solid TSB agar plates followed by 
incubating the same at 37 °C for 24 h. Post incubation, the microbial motility was observed under the pres-
ence and absence of piperine. C Measurement of colony diameter. The zone of diameter of each micro-
bial colony either treated or untreated with piperine was measured (in mm) independently. D. ROS profile. 
DCFDA-based assay kit was followed to measure the accumulated ROS in both piperine exposed and unex-
posed cells. E The effect of ROS on biofilm profile. CV assay was taken into account to analyze the effect 
of ROS accumulation on the degree of biofilm formation. Each experiment was repeated thrice. Error bars 
represented the standard error of the mean. The p values < 0.05 were marked with (*), p values < 0.01 were 
marked with (**), and p values < 0.001 were marked with (***) to show the statistical difference among the 
observations
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the maximum biofilm formation (Fig.  3E). However, on exposing the cells to piperine, 
inhibition in biofilm formation was noticed significantly (Fig. 3E). On adding ascorbic acid 
to the piperine treated cells, it was found that the biofilm-forming ability of the test organ-
ism got restored efficiently (Fig. 3E). Hence, the results indicated that piperine enhanced 
the accumulation of ROS in the bacterial cells that could affect the biofilm-forming ability 
of the test organism.

Docking Analysis Revealed that Piperine Could Interfere with Quorum Sensing 
Property of P. aeruginosa

The literature report stated that quorum sensing could play an important role in the devel-
opment of biofilm over a surface [2]. Hence, in the present study, efforts were targeted 
to understand whether piperine could affect the quorum sensing profile of the test organ-
ism. In this connection, the docking studies has been performed to indicate the putative 
interaction/s between piperine and LasR (PDB Id: 3JPU) protein. The three-dimensional 
image indicated prominent interactions between piperine and 3JPU (Fig.  4A). The two-
dimensional image also confirmed the interactions between piperine and 3JPU (Fig. 4B). 
The binding energy of the interactions between piperine and 3JPU was found to be 
-7.92 kcal/mole. Piperine formed alkyl-alkyl interactions with TRP 88 and LEU 110 residue 
of 3JPU (Fig. 4B). The pi-alkyl interaction was observed between piperine with ALA 127, 
ALA 50, LEU 40, TYR 47, and VAL 76 residue of 3JPU (Fig. 4B). The pi-electron-rich 
benzene ring of piperine was found to show pi-pi T-shaped interaction and pi-anion inter-
action with TYR 56 and ASP 73 resides of 3JPU, respectively (Fig. 4B). We also observed 
a carbon-hydrogen bond between VAL 76 residue of 3JPU and the carbonyl O-atom of pip-
erine (Fig. 4B). All these favorable interactions might contribute to the exhibition of high 
affinity of piperine binding to 3JPU. To gain further confidence of the interaction between 

Fig. 4   Molecular Docking analysis (A 3D interactions between piperine and 3JPU and B 2D interactions 
between piperine and 3JPU) revealed that piperine could interact with the 3JPU protein efficiently
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piperine and 3JPU, molecular dynamics study was carried out. At first, the system was 
heated to 310 K from 300 K for a time period of 100 ps, and equilibrated at 310 K for 
100 ps. Then, the MD simulation was continued for 120 ns at 310 K temperature and 1-atm 
pressure. Finally, the system was cooled to 300 K for a time period of 100 ps. The RMSD 
plot of free 3JPU and 3JPU-piperine complex were shown in Fig. 5A. The average RMSD 
value of free 3JPU (2.80 ± 0.09 Å) and 3JPU-piperine complex (3.41 ± 0.21 Å) were found 

Fig. 5   Molecular dynamics study of the interactions between piperine and 3JPU complex. A RMSD plot. 
B RMSF plot of backbone residues. C Plot for Gyration radius at the different time points of study. D Plot 
surface area (PSA) analysis at different time points of study. E Real-time PCR profile of lasI gene. Equal 
number of cells was allowed to grow at 37 °C for 24 h under the presence and absence of piperine. Post 
incubation, RNA was isolated from both piperine exposed and unexposed cells and the expression of the 
quorum sensing gene (lasI gene) was estimated by real-time PCR. Each experiment was repeated thrice. 
Error bars represented standard error of the mean. The p values < 0.01 were marked with (**) to show the 
statistical difference among the observations
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to be almost similar. Since there was no abrupt change in RMSD value, it was suggested 
that a stable complex has been formed between 3JPU and piperine [33]. Besides RMSD, 
the RMSF plot was also prepared and presented in Fig.  5B. The RMSF value of 3JPU 
(0.9632 ± 0.425 Å) and 3JPU-piperine complex (0.8736 ± 0.315 Å) was found be close sug-
gesting no substantial difference between them. The reduction in RMSF values of different 
amino acid residues within 1 to 60 could be attributed to the interactions between piperine 
and some amino acid residues of 3JPU. Though there was an increase in RMSF values of 
amino acid residues within 95 to 105 and 132 to 145, the stability of the complex has not 
been compromised as the plot of Radius of Gyration (Fig. 5C) and PSA (Fig. 5D) showed 
overlapping graph for free 3JPU and 3JPU-piperine complex. The average values of Gyra-
tion Radius of 3JPU (14.65 ± 0.07 Å) alone and 3JPU-piperine complex (14.66 ± 0.06 Å) 
were found to be similar. There was no considerable difference observed in the PSA values 
of 3JPU (1826.63 ± 76.62 Å) and 3JPU-piperine complex (1891.71 ± 69.34 Å). The exist-
ing literature supported that the obtained results confirmed the stability of 3JPU-piperine 
complex [34]. To understand the effect of piperine on the quorum sensing linked gene 
expression, we selected lasI gene as it comes under the regulation of LasR protein [27]. 
In this regard, we found that the expression of lasI gene got reduced considerably with 
the increasing concentrations of piperine (Fig. 5E). To gain confidence, we also measured 
the expression of 16S rRNA gene under the presence and absence of piperine as this gene 
(16S rRNA) does not offer any function to quorum sensing property of the test organism. 
The result indicated that piperine treated and untreated cells showed a similar level of 16S 
rRNA gene expression profile (Fig. 5E). Hence, the results demonstrated that piperine was 
found to affect the quorum sensing property that could lead to compromise the microbial 
biofilm formation.

Piperine Could Disintegrate the Pre‑existing Biofilm of P. aeruginosa

To test the potential of piperine as a biofilm-disintegrating agent, efforts were given to 
develop biofilm first followed by challenging the same with piperine. In this connection, 
an overnight grown culture of P. aeruginosa was allowed to grow in sterile LB media at 
37 °C for 24 h. The extent of biofilm formed by the test organism at different time inter-
vals (6, 12, 18, 24 h) was measured by following the CV assay (Fig. 6A). The result indi-
cated that with the increase in the time of incubation, biofilm formation of the test bacteria 
gradually increased (Fig. 6A). The maximum biofilm formation took place when the cells 
were incubated for 24 h (Fig. 6A). Beyond this time, no further increase in biofilm devel-
opment was observed (data not shown). To reassure this observation, fluorescence micro-
scopic analysis was carried out. To do the same, sterile LB media was prepared in several 
tubes in which sterile cover slips were incorporated. All the tubes were then inoculated 
with the test organism and further incubated at 37 °C for 24 h. At different time points (6, 
12, 18, 24 h), the respective cover slips were recovered, stained with acridine orange and 
viewed under a fluorescence microscope. It was noticed that the biofilm clusters gradually 
got increased with the progression of time (Fig. 6B). Thus, all the results suggested that the 
bacteria could develop substantial biofilm after an incubation of 24 h. Thereafter, efforts 
were directed to understand whether piperine could disintegrate the pre-existing biofilm of 
the test organism. The concentrations of piperine selected for this study was 8 and 16 µg/
mL as these concentrations showed effective biofilm inhibition against this bacterium. In 
this context, the developed biofilm cells were exposed to piperine (8 and 16 µg/mL) for 
another 4 h at 37 °C. Post incubation, CV assay was performed in which we observed the 
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maximum staining for the biofilm cells which were not challenged with piperine (Fig. 7A). 
However, the intensity of CV staining got reduced considerably when the pre-existing bio-
film was challenged with piperine (Fig. 7A). Further analysis revealed that piperine at a 
concentration of 16 µg/mL showed ~ 40% disintegration of pre-existing biofilm (Fig. 7B). 
To confirm the results of CV assay, protein assay was also performed wherein we observed 
the presence of maximum biofilm protein in the control set (Fig. 7C). However, the amount 
of the same got reduced under the influence of piperine (Fig. 7C). Further studies revealed 
that piperine (16 µg/mL) could exhibit ~ 37% reduction in total biofilm protein recovery in 
contrast to the control set (Fig. 7D). To gain more confidence, fluorescence microscopic 
study was conducted between the piperine treated and untreated conditions. The result 
stated that the test organism could develop substantial biofilm in the absence of piperine 
(Fig. 7E). However, the test compound was found to reduce such clusters indicating the 
biofilm-disintegrating property of it against P. aeruginosa (Fig.  7E). Hence, the results 
indicated that piperine could disintegrate the pre-formed biofilm considerably. In literature, 

Fig. 6   P. aeruginosa efficiently developed biofilm with the advancement of time. A similar number of cells 
were allowed to grow at 37 °C for various time periods. In every set, cover slips were added aseptically. 
After the desired time period, planktonic cells were removed and the degree of biofilm formed by the test 
organism was analyzed. A CV assay profile. CV assay was followed to analyze the degree of biofilm formed 
by the test organism at different time intervals. Each experiment was repeated thrice. Error bars represented 
the standard error of the mean. The p values < 0.05 were marked with (*), p values < 0.01 were marked with 
(**), and p values < 0.001 were marked with (***) to show the statistical difference among the observa-
tions. B Fluorescence microscopic image analysis. Cover slips were recovered from the growth media at 
different time intervals followed by staining them with acridine orange and observed under a fluorescence 
microscope. The figure is representative image of 20 different fields of three independent experiments
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Fig. 7   Piperine showed efficient disintegration of the pre-formed biofilm of P. aeruginosa. An equal numbers of 
test organism were allowed to grow in fresh LB media at 37 °C for 24 h to develop biofilm. Then, the developed 
biofilm was either treated or untreated with piperine for 4 h at 37 °C. After that, planktonic cells were discarded, 
followed by measuring the disintegrating property of piperine against the test organism. A Biofilm profile. CV 
staining profile of both piperine treated and untreated biofilm cells. B Evaluation of biofilm disintegration profile. 
CV assay was taken into consideration to estimate the degree of biofilm disintegration under the influence of pip-
erine. C Total biofilm protein profile. Total biofilm protein profile of both piperine treated and untreated cells were 
addressed by Lowry assay. D Estimation of total biofilm protein. Total biofilm protein was recovered, subjected 
to Lowry assay, and finally OD was recorded for both piperine treated and untreated cells. Each experiment was 
repeated thrice. Error bars represented standard error of the mean. The p values < 0.05 were marked with (*), p val-
ues < 0.01 were marked with (**), and p values < 0.001 were marked with (***) to show the statistical difference 
among the observations. E. Fluorescence microscopic image analysis. The degree of the change of the pre-formed 
microbial biofilm on the glass cover slips under the influence of piperine was observed under a fluorescence micro-
scope. The figure is representative image of 20 different fields and from three independent experiments
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it was revealed that eDNA plays an important role in holding the biofilm integrity [3]. To 
understand the role of eDNA in biofilm integrity of P. aeruginosa, the developed biofilm 
was incubated with either DNase I or left untreated with the same. The result showed that 
the pre-existing biofilm got disintegrated under the influence of DNase I (Fig. 8A). The 
result suggested that eDNA could hold the biofilm structure efficiently. Then, we meas-
ured the amount of eDNA associated with biofilm under the absence and presence of 

Fig. 8   Piperine exhibited considerable reduction in the production of eDNA during biofilm disintegration. 
A Role of eDNA in biofilm disintegration. An equal number of cells were allowed to grow for 24 h at 37 °C 
in glass tubes containing sterile LB to form biofilm over the tubes. Then, the pre-formed biofilms were 
either treated or untreated with DNase I. After that, the degree of biofilm remaining over the tubes under 
different conditions was determined by following CV assay. B Estimation of eDNA concentration. The 
eDNA was separately extracted from the piperine treated and untreated biofilm followed by measuring the 
concentration of the eDNA by recording the absorbance at 260 nm. Each experiment was repeated thrice. 
Error bars represented standard error of the mean. The p values < 0.001 were marked with (***) to show 
the statistical difference among the observations. C Gel electrophoresis of the extracted eDNA. The eDNA 
extracted from the piperine treated and untreated biofilm was run through an agarose gel electrophoresis. D 
Densitometry analysis. The density of each band of eDNA was measured by densitometry analysis. Each 
experiment was repeated thrice. Error bars represented standard error of the mean. P values < 0.05 were 
marked with (*) to show the statistical difference among the observations
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piperine. The result indicated that the amount of eDNA was found to be the highest when 
the developed biofilm was not challenged with piperine (Fig. 8B). However, the amount of 
eDNA got reduced significantly when the pre-existing biofilm was incubated with piper-
ine (Fig. 8B). To gain further confidence, the eDNA collected from both piperine treated 
and untreated biofilm was run through an agarose gel electrophoresis. The result suggested 
that the eDNA collected from the piperine untreated cells showed prominent band intensity 
(Fig. 8C). The band intensity got reduced noticeably for the eDNA which was collected 
from piperine treated cells (Fig.  8C). Further, the densitometry analysis was undertaken 
in which we noticed that the intensity of eDNA band of piperine untreated cells was found 
to be ~ 3.8 times higher than the eDNA band of piperine treated cells (Fig. 8D). Thus, the 
results demonstrated the biofilm-disintegrating property of piperine against P. aeruginosa.

The Tested Concentrations of Piperine Did not Exhibit any Antimicrobial Property 
Against P. aeruginosa

The current report so far stated that piperine at the concentrations of 8 and 16  µg/mL 
showed promising antibiofilm activity. However, the antimicrobial effect of the same con-
centrations of piperine is yet to be addressed against the test organism. To understand the 
effect of the tested concentrations (8 and 16 µg/mL) of piperine on the growth profile of the 
test organism, the pattern of the microbial growth curve was compared between the pip-
erine treated and untreated cells. The result demonstrated that the bacterial growth curve 
remained almost similar for both piperine treated and untreated cells (Fig. 9A). This result 
indicated that the tested concentrations of piperine were found to show no antimicrobial 
action. Furthermore, the microbial viability was determined and compared between the 
piperine treated and untreated conditions. In this connection, we observed no significant 
difference in the viable microbial counts between the piperine treated and untreated cells 
(Fig. 9B). Additionally, clear zone assay and spot assays were also performed to affirm that 
piperine did not exhibit any antimicrobial activity against the test bacteria. In case of clear 
zone assay, bacterial lawn was prepared by pour plate method on LB agar plates. Thereaf-
ter, three holes were prepared in the plates which were loaded with different concentrations 
of piperine (0, 8, and 16 µg/mL). After the desired period of incubation, we did not notice 
any clear zone around any of the created holes (Fig. 9C). In the case of spot assay, bacterial 
cells (in equal number) were collected from both piperine treated and untreated set, seri-
ally diluted and further incubated for 24 h at 37 °C. The result did not show any effective 
variation in the growth of the bacterial culture in either of the treated or untreated samples 
(Fig. 9D). Thus, the results collectively confirmed that the tested doses (8 and 16 µg/mL) 
of piperine did not exhibit any antimicrobial property against the test organism.

Discussion

P. aeruginosa, a Gram-negative human commensal, has been reported to cause chronic 
bacterial biofilm mediated infections at an alarming rate [1, 35]. The inefficacy of the con-
ventional drugs on the biofilm matrix has become a major area of concern in the healthcare 
units. Thus, the current priority is to explore certain natural molecule/s that can effectively 
control the chronic infections by compromising the biofilm network. In this regard, piper-
ine, a natural component of black pepper, has been selected for the present study as this 
molecule has been reported to show promising antibiofilm activity against Staphylococcus 
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aureus [8]. However, the effect of the same on the microbial biofilm formation of P. aerug-
inosa is still unexplored. Thus, in the present study, efforts were targeted to understand the 
effect of piperine on the microbial biofilm profile of P. aeruginosa. Towards this direction, 
we started with the lower concentrations (8 and 16  µg/mL) of piperine for the biofilm 

Fig. 9   Selected concentrations (8 and 16 µg/mL) of piperine did not exhibit any microbial growth inhibitory 
activity against P. aeruginosa. A Microbial growth curve analysis. A similar number of the test organism 
was inoculated in the sterile LB media under the presence and absence of piperine. Microbial cultures were 
taken out from all the growth media at regular time intervals followed by measuring the OD of the same 
at 600 nm. B Viable microbial count analysis. An equal volume of microbial culture was individually col-
lected from both piperine-treated and untreated growth media. After that, viable microbial count was deter-
mined following CFU method. Each of the experiments was performed thrice. Error bars represented stand-
ard error of the mean. The p values above 0.05 were marked as N. S (no significant difference). C Clear 
zone analysis. A microbial lawn of the test organism was prepared by spreading the culture of the organism 
over the sterile LB agar plate. Different concentrations of piperine were loaded into the wells and incu-
bated for 24 h at 37 °C to observe the development of the clear zone (if any) around the wells. D Microbial 
spot assay. An equal volume of microbial culture was separately collected from both piperine-treated and 
untreated growth media followed by performing the serial dilution of the same. After that, serially diluted 
samples were spotted on a sterile LB agar plate and incubated overnight at 37 °C to observe the change in 
microbial growth pattern (if any)
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management studies as it’s concentrations beyond 20 µg/mL started showing cytotoxicity 
[8]. Hence, several experiments such as crystal violet assay, estimation of total biofilm pro-
tein, EPS extraction assay and fluorescence microscopic observations were taken into con-
sideration to confirm the biofilm inhibitory potential of the selected concentrations (8 and 
16 µg/mL) of piperine against the test organism. It has also been reported in the literature 
that microorganisms associated with biofilm often release various virulence factors that 
resulted in the promotion of microbial pathogenicity [3]. Hence, in the present report, we 
examined whether the tested concentrations of piperine could affect the production of viru-
lence factors (protease enzyme, rhamnolipid and pyocyanin production) from P. aerugi-
nosa. Microorganisms associated with biofilm have been found to promote the production 
of protease enzyme that could help the causative organisms to get through the host tissue 
[30]. In this regard, we noticed that piperine was found to attenuate the secretion of pro-
tease enzyme from the test organism. Apart from the protease enzyme, we also looked into 
the secretion of rhamnolipid and pyocyanin from the test organism under the presence and 
absence of piperine. Rhamnolipid and pyocyanin happen to alter the cell membrane integ-
rity and electron transport chain, respectively thereby affecting the host cell viability con-
siderably [36, 37]. Hence, in the present study, we measured the production of rhamnolipid 
and pyocyanin from the test organism under the presence and absence of piperine wherein 
we noticed that piperine could inhibit the production of the mentioned virulence factors 
(rhamnolipid and pyocyanin) considerably. Thus, the results so far revealed that piperine 
could show efficient antibiofilm activity against the test organism. However, the underlying 
mechanism of microbial biofilm inhibition under the influence of piperine remains unex-
plored. In this connection, the literature survey suggested that cell surface hydrophobicity 
could be an important target for the management of biofilm as it has been reported to influ-
ence the biofilm formation of S. aureus considerably [3]. Therefore, by performing BATH 
assay, it was found that piperine could inhibit the cell surface hydrophobicity of P. aerugi-
nosa. To understand the effect of the cell surface hydrophobicity on biofilm formation 
under the influence of piperine, a contour plot was constructed. Contour plot happens to be 
a 2-dimensional view of three variables. The contour plot suggested that with the rise of 
piperine concentrations, the cell surface hydrophobicity got decreased that resulted in the 
inhibition of microbial biofilm formation. Further studies revealed that microorganism 
showing effective motility could enhance biofilm formation considerably [12]. In this 
report, piperine was examined whether the compound could interfere with the swarming 
motility of the test organism. The result suggested that piperine was found to interfere with 
the microbial swarming motility that could reduce the microbial colonization leading to the 
formation of a compromised biofilm. Besides, existing literature revealed that accumula-
tion of reactive oxygen species (ROS) could affect the microbial biofilm formation substan-
tially [15]. Hence, in the present report, we measured the accumulation of ROS in the test 
organism under the presence and absence of piperine. We observed that piperine was found 
to accumulate ROS in the test organism that could attenuate the biofilm formation consid-
erably. Further literature suggested that quorum sensing could be a sensitive target for the 
management of biofilm challenges as it happens to regulate various activities including 
microbial motility and biofilm formation [38, 39]. Quorum sensing happens to be a com-
munication process in which microorganisms respond to external signal through a density 
dependent fashion [40]. After reaching a threshold density, microorganisms start secreting 
auto-inducers that lead to control the expression of quorum sensing genes [12]. P. aerugi-
nosa has been reported to use LasI and LasR protein to practice quorum sensing [41]. LasI 
protein has been found to synthesize auto-inducer which interacts with the LasR protein 
and thereby activates LasR protein [42]. Activated LasR (when bound with auto-inducer) 
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protein then promotes the expression of quorum sensing genes including lasI [38]. Towards 
exploring the underlying mechanism, we investigated whether piperine could affect the 
quorum sensing property of the test organism. To understand the same, we performed 
docking studies wherein we noticed that piperine could interact with the LasR protein as 
several interactions were noticed between them. To gain further confidence, molecular 
dynamics study was carried out in which we observed that a stable interaction was dis-
played between piperine and LasR protein. Then, to observe the impact of this interaction, 
we hypothesized that the expression of lasI gene could be affected under the influence of 
piperine. The result revealed that the extent of lasI gene expression got reduced under the 
increasing concentrations of piperine. Therefore, the result suggested that piperine could 
interfere with the quorum sensing property of the test organism. Thus, the results demon-
strated that piperine was found to inhibit the microbial biofilm formation by targeting cell 
surface hydrophobicity, accumulating ROS, attenuating microbial motility, and affecting 
quorum sensing property of the test organism. Besides, efforts were put through to under-
stand whether piperine could disintegrate the pre-existing biofilm of P. aeruginosa as the 
developed biofilm often exhibits serious threats to public healthcare [43]. Thus, in the pre-
sent study, cells were grown first to develop biofilm followed by challenging the same with 
piperine. In this regard, we noticed that the organism could develop substantial biofilm 
after 24  h of growth as fluorescence microscopic image clearly stated that the highest 
degree of microbial clusters was spotted after 24 h of growth. After that, the developed bio-
film was incubated with piperine to understand the effect of piperine on biofilm disintegra-
tion. Experiments like CV assay, estimation of total biofilm protein and fluorescence 
microscopic observations revealed that piperine showed efficient biofilm disintegrating 
potential against the test organism. We noticed that the extent of biofilm disintegration got 
increased with the rising concentrations of piperine. Existing literature documented that 
extracellular polymeric substances (EPS) could play an important role in holding the integ-
rity of biofilm [44]. Further investigation indicated that among the several bio molecules 
spotted in EPS, eDNA happens to play a pivotal role as the degradation of the eDNA could 
promote the disintegration of the pre-existing biofilm [3]. To understand the effect of 
eDNA on the pre-existing biofilm stability of the test organism, the developed biofilm was 
separately incubated with the presence and absence of DNase I. In this regard, we observed 
that the degradation of eDNA by DNase I was found to exhibit biofilm disintegration con-
siderably. Thus, the result stated that the availability of eDNA could increase the stability 
of biofilm considerably. Since piperine showed microbial biofilm disintegration, we 
hypothesized that the amount of eDNA might be reduced with the increasing concentra-
tions of piperine. To understand the same, we recovered the eDNA from the test microor-
ganisms growing under the presence and absence of piperine. In this connection, several 
experiments like eDNA concentration determination through spectrophotometer, eDNA 
band profile investigation through agarose gel electrophoresis and eDNA band intensity 
analysis through densitometry study revealed that the amount of eDNA got reduced con-
siderably with the rising concentrations of piperine. All these experiments demonstrated 
that piperine could show efficient biofilm inhibition and disintegration against the test 
organism. To understand the antimicrobial effect (if any) of the tested concentrations (8 
and 16 µg/mL) of piperine against the test organism, we performed a series of experiments 
(growth curve analysis, microbial viability estimation through colony counting, clear zone 
assay and spot assay) in which we observed that the selected concentrations (8 and 16 µg/
mL) of piperine did not show any antimicrobial activity while showing antibiofilm action 
against P. aeruginosa.
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Conclusion

Beneficial effects of plant derived natural molecules are found to contribute towards 
the emergence and spread of biofilm-associated health concern. Towards this direction, 
in this study, piperine, a plant derived alkaloids demonstrated evidence to become an 
excellent antibiofilm compound against a Gram-negative opportunistic human pathogen, 
P. aeruginosa by offering both biofilm inhibiting as well as disintegrating property.
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