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Abstract
Bio�lm, an aggregated form of microbial existence has been a major area of concern in the healthcare
units. These sessile microbes not only protect themselves from the host immune system but also exhibit
high resistance against several antimicrobials.  One such widely reported Gram-positive pathogen is
Staphylococcus aureus.  This human commensal is known to cause severe harmful diseases like
bacteremia, sepsis, pneumonia, etc.  Thus, strategies need to be undertaken to deal with such bio�lm
challenges. In this respect, we aimed to inhibit microbial bio�lm formation of Staphylococcus aureus
under the in�uence of a natural compound, piperine. Our study revealed that the higher concentrations of
piperine exhibited considerable antimicrobial activity against Staphylococcus aureus. Hence, lower
concentrations of piperine were tested to examine its antibio�lm activity.  Several experiments like crystal
violet (CV) assay, total bio�lm protein assay, and �uorescence microscopy observation established that
lower concentrations (8 µg/mL and 16 µg/mL) of piperine showed e�cient antibio�lm activity against
Staphylococcus aureus. It was also noticed that the lower concentrations of piperine did not compromise
the microbial growth of Staphylococcus aureus while exhibiting antibio�lm activity. In this connection, we
also noticed that the lower concentrations of piperine showed a considerable reduction in microbial
metabolic activity. Furthermore, we observed that the compound was found to accumulate reactive
oxygen species in the bacterial cells that could play an important role in the inhibition of bio�lm
formation. Thus, piperine could be considered as a potential antibio�lm agent against the bio�lm
formation caused by Staphylococcus aureus.

Introduction
Microorganisms are seen to exist in nature in two forms, one is known as the free-living planktonic cells,
other is termed as the bio�lm (Gupta et al. 2016; Chakraborty et al. 2018a). Bacterial bio�lm is the
aggregation of either homogeneous or heterogeneous conformations of bacteria on a biotic or abiotic
surface (Hurlow et al. 2015; Gupta et al. 2016). In this manner, the bacterial aggregates form a matured
cluster by producing a self-secreted extracellular polymeric substance. This matrix was found to obstruct
the movement of antibiotics thereby limiting the action of such medicines (Cortes et al. 2011). Bio�lms
have been reported to be ~ 1000 times resistant to antibiotics in contrast to their planktonic form (Gupta
et al. 2016; Paul et al. 2020). As per the literature survey, nearly 80% of bacterial infections are linked to
bio�lm (Davies 2003). Staphylococcus aureus is one such well-known bio�lm-forming Gram-positive
bacteria. This bacterium is a human commensal which under certain circumstances can also act as an
opportunistic pathogen consequently leading to the spread of pathogenesis (Das et al. 2016).
Staphylococcus aureus is linked to several chronic infections like wound infections, boils, cellulitis,
folliculitis, pneumonia, osteomyelitis, meningitis, and so on (Moreira et al. 2017). A major concern of the
present times is to deal with these bio�lm challenges and come up with effective strategies. In this
regard, several natural and synthetic molecules have been examined to understand their antibio�lm
activity against various bio�lm-forming organisms (Das et al. 2016; Chakraborty et al. 2018b;
Chakraborty et al. 2020). Since natural molecules are cost-effective and more bene�cial than synthetic
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ones, they have been paid more attention to bio�lm inhibition studies. Moreover, among the naturally
occurring alkaloids, the compound piperine (a bio-active component of pepper) has gained much interest
in recent reports for its diverse biological applications (antimicrobial, antiparasitic, anticancer effect, and
other pharmacological effects) (Quijia and Chorilli 2020). However, its antibio�lm activity is still under
investigation. Thus, for our present study, we have considered studying the antibio�lm effect of piperine
against the bio�lm-forming organism, Staphylococcus aureus. Our experimental analysis revealed that
piperine could be considered for the effective management of bio�lm threats.

Materials And Methods
Microbial strain, growth media, and culture conditions

The test organism considered for the present study was Staphylococcus aureus (MTCC 96). This Gram-
positive bacterium was offered to us as a kind gift from Dr. Surajit Bhattacharjee (Assistant Professor,
Department of Molecular Biology and Bioinformatics, Tripura University, India). Luria-Bertani (LB) media
purchased from Himedia, India, was used for securing the optimum growth of the test organism.
Staphylococcus aureus was grown at 370C as per the requirement of the experiments. The test
compound, piperine used for the present study was given to us by Dr. Amlan Das (Department of
Chemistry, NIT Sikkim, India). Piperine was dissolved into an organic solvent, dimethyl sulfoxide (DMSO)
to prepare its stock solution. Thereafter, the piperine solution was further transferred to sterile LB broth as
per the requirement of the study.

Assessment of microbial viability

The antimicrobial effect of piperine against Staphylococcus aureus was estimated by colony forming
units (CFU) method. To test the same, an equal number of Staphylococcus aureus(1X105 CFU/mL) was
inoculated in freshly autoclaved LB media. To it, varying concentrations (250, 500, 750, and 1000 µg/mL)
of piperine were aseptically incorporated in the respective tubes. Additionally, a control set was also
maintained in which only the test organism was added without supplementing it with piperine. All the
experimental sets were further incubated at 370C for 24 h. Post incubation, an equal volume of microbial
cultures was collected from each growth media and serially diluted with 0.85% NaCl solution. After that,
the microbial viability in each experimental set was determined by measuring the CFU count assay as
described by Chakraborty et al. (2018a).

Assessment of microbial bio�lm formation

Previous literature revealed that the Crystal violet (CV) assay could be used to determine the extent of
microbial bio�lm formation under different conditions (Mukherjee et al. 2013). To measure the bio�lm
formation of Staphylococcus aureus under the in�uence of piperine, an equal number of organisms
(1X105CFU/mL) were separately inoculated in several test tubes containing 5 mL of sterile LB media. To
it, different concentrations (8 and 16 µg/mL) of piperine were separately added. However, in the control
set, a similar number of organisms were grown without exposing it to piperine. All the growth media
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including the control were then incubated at 370Cfor 24 h. After the incubation, the planktonic cells were
removed from each set followed by washing the tubes with sterile double distilled water. The tubes were
further air-dried and exposed to 5 mL of (0.4%) CV solution for 30 min. Then, the CV solution was
discarded from all the tubes and washed with sterile double distilled water. To estimate the degree of
microbial bio�lm formation, the CV-stained bio�lm cells were dissolved with 33% glacial acetic acid and
its absorbance was estimated at 630 nm.

Assessment of bio�lm protein

The determination of total bio�lm protein could be considered as an indirect estimation of the degree of
microbial colonization (Tribedi et al. 2015). The previous literature recommended that there has been a
directly proportional relationship between the extent of protein recovery and the degree of microbial
colonization (Tribedi et al. 2015; Paul et al. 2020). A greater protein recovery could be expected from a
dense microbial association and vice versa. Thus, to measure the total bio�lm protein count both in the
presence and absence of the test compound, a similar number of cells (1X105 CFU/mL) were added into
several test tubes containing sterile LB media. A control set was also taken into consideration in which
the cells were grown without any exposure to piperine. All the test tubes were then incubated at 370C for
24 h. After the incubation, the planktonic cells were discarded from all the test tubes. Next, the tubes were
washed, adequately dried and 5 mL of 0.3 (M) NaOH was added to it. After boiling the tubes at 1000C for
30 min, the respective suspensions in each tube were subjected to centrifugation for 10 min at 8000 rpm.
Afterward, the supernatant was recovered from each tube and the protein content of the supernatant was
measured by following the protocol of Lowry et al. (1951).

Analysis of microbial colonization

The degree of microbial colonization under different conditions could be observed under a �uorescence
microscope as mentioned by Paul et al. (2020). Thus, to test the effect of piperine on microbial
colonization, an equal number of cells (1X105 CFU/mL) were inoculated in 5 mL of sterile LB media
challenged with different concentrations (8 and 16 μg/mL) of piperine. Alongside, a control set was also
kept in which a similar number of the organism was grown in the absence of piperine. To all the
experimental sets, sterile cover-slips were incorporated aseptically. After that, all the growth media
including the control was incubated at 370C for 24 h. Post incubation, the cover-slips were recovered
carefully and stained with acridine orange (4 μg/mL). After that, the stained coverslips were observed
under a �uorescence microscope to observe the degree of microbial colonization under the given
conditions.

Assessment of antimicrobial activity

To examine the antimicrobial effect of piperine against Staphylococcus aureus, a series of experiments
were performed. At �rst, the pattern of microbial growth curve was compared between the piperine treated
and untreated conditions. To do the test, an equal number of the cells (1X105 CFU/mL) were inoculated
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into different conical �asks carrying 100 mL of autoclaved LB media. To it, varying concentrations (8 and
16 µg/mL) of piperine were separately added. However, in the control set, a similar number of cells were
grown in the sterile LB without exposing it to piperine. All the growth media were then incubated at 370C
for 24 h. At different time intervals, microbial cultures were recovered from each growth media and the
optical density of the same was recorded through a spectrophotometer at 600 nm. However, in the
second experiment, the microbial cultures (1 mL) were separately collected from both piperine treated and
untreated growth media after 24 h of incubation at 37°C. The collected cultures were serially diluted with
9 mL of autoclaved 0.85% NaCl solution. Post dilution, the aliquots (100 µL) from different dilutions of
both piperine treated and untreated growth media were separately spread on sterile LB agar plates and
incubated at 37°C for another 24 h. After the incubation, the colony-forming unit (CFU) of each sample
was calculated by following the protocol mentioned by Paul et al. (2020). Besides, a spot assay was also
performed in which the dilutions (10-1 to 10-5) prepared from both piperine treated and untreated growth
media were separately spotted on the sterile LB agar plate. Again, the plate was incubated at 37°C for 24
h. Post incubation, the developed microbial spots corresponding to each dilution were analyzed. To gain
further con�dence, the clear zone assay was performed to test the antimicrobial effect of piperine against
Staphylococcus aureus. To do the test, �rstly, 100 µL culture of Staphylococcus aureus was spread over
the LB agar plate to prepare the microbial lawn over the plate. Thereafter, three discrete wells were
punctured on the LB agar plates and each well was loaded with the tested concentrations (8 and 16
µg/mL) of piperine. One of the wells was considered as the control in which instead of piperine DMSO
was applied. Plates were then incubated at 37°C for 24 h to observe the clear zone (if any) around the
punctured wells.

Assessment of metabolic activity

The metabolic activity of the test organism was estimated by adhering to the protocol of Fluorescein
diacetate (FDA) hydrolysis assay as stated by Chakraborty and Tribedi (2019). To examine the metabolic
activity of Staphylococcus aureus under the presence and absence of piperine, a similar number of the
organism (1X105 CFU/mL) were inoculated into various test tubes containing sterile LB media. After that,
the cells in the tubes were either challenged to piperine or left unexposed. All the tubes were incubated for
24 h at 37 °C. After the incubation, planktonic cells were discarded from all the tubes. Thereafter, the
tubes were washed with sterile Milli-Q water and air-dried adequately. Then, 5 mL (60 mM) phosphate
buffer (pH of 7.6) was added to each tube and gently vortexed. Afterward, FDA (10 mg/mL) dissolved in
acetone was added to each tube and further incubated for 1 h at 370C. Post incubation, the tubes were
centrifuged at 10000 rpm for 10 min. After that, the supernatant was collected from each tube and the
absorbance of the same was recorded at 490 nm.

Measurement of cellular accumulation of reactive oxygen species (ROS)

To determine the cellular accumulation of ROS under different conditions, a DCFDA (2′,7′-
dichloro�uorescein diacetate) based ROS detection assay kit (ab113851) was practiced in the present
study. Fluorescent DCFDA upon entering into the microorganisms gets deacetylated by the microbial
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esterase to a non-�uorescent molecule {2′,7′-dichloro�uorescein (DCF)}. The cellular accumulation of ROS
can further oxidize this DCF to a �uorogenic DCF which can be estimated with the help of a �uorescence
spectrophotometer at an excitation and emission wavelength of 488 nm and 535 nm, respectively. To
determine the effect of piperine on the cellular accumulation of ROS, DCFDA was added to both piperine
treated and untreated cells (1X108 CFU/mL) followed by the incubation at 370C for 30 min. After the
incubation, the DCFDA exposed cells were centrifuged at 8000 rpm for 10 min. Thereafter, the pellet was
collected, washed with sterile LB, and subsequently exposed to different concentrations (8 and 16
μg/mL) of piperine. To validate our results, an antioxidant (ascorbic acid) was also incorporated in the
cells which were previously exposed to the varying concentrations of piperine. A control set was also kept
which contained only the microbial cells. Neither piperine nor ascorbic acid was applied to the cells in the
control set. Finally, the extent of the production of �uorogenic DCF was estimated by a �uorescence
spectrophotometer (Dwivedi et al. 2014).

Assessment of the microbial motility

Literature reports stated that the motility of Staphylococcus aureus could be analyzed over soft agar
media (Kaito and Sekimizu 2007; Tsompanidou et al. 2011; Paul et al. 2020). To test the same, a semi-
solid agar media was prepared (30 g/L tryptone soya broth along with 5 g/L of glucose and 8 g/L of
agar), autoclaved, and poured in sterile Petri plates. After that, an equal number of cells was separately
recovered from both piperine treated and untreated growth media and spotted at the center of each Petri
plate. Following this, the plates were kept aside under aseptic conditions for 30 min to allow the microbial
spots to dry. Afterward, the plates were incubated at 37°C for 24 h. Also, the motility on each plate was
estimated by measuring the diameter (in mm) from the point of spot inoculation (Kumar et al. 2013).

Statistical Analysis

One-way analysis of variance (ANOVA) was used to analyze all the statistical tests of our current study.
The mean value was presented after repeating each experiment three times. Error bars indicated standard
deviations. The P values incorporated specify the measure of signi�cance in contrast to the control. P
values < 0.05 marked with (*),<0.01 marked with (**), and < 0.001 marked with (***) in comparison to the
control. P values that were above 0.05 were marked as N.S. (no statistical difference).

Results And Discussion
Higher concentrations of piperine exhibited e�cient antimicrobial activity against Staphylococcus aureus

Since alkaloids were reported to show different biological activities including antimicrobial properties
(Cowan 1999), in the present study, antimicrobial activity of piperine was estimated against
Staphylococcus aureus by determining the colony-forming units (CFU). To determine the viable microbial
counts of Staphylococcus aureus under the in�uence of piperine, an equal number of the organism was
inoculated into sterile LB media in which varying concentrations of piperine were separately added. A
control set was also made wherein the organism was grown in the absence of piperine. All the treated
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and control growth media were incubated for 24 h at 370C. Post incubation, it was observed that the
control set showed the highest number of CFU count. The result also revealed a notable decrease in the
CFU count in the presence of the test compound (Figure 1). The present report suggested that at the
highest concentration(1000 µg/mL) of piperine, the lowest number of viable colonies were estimated
thereby indicating an inversely proportional relationship between the concentrations of the compound
and microbial viability (Figure 1). Thus, the result revealed the notable antimicrobial activity of piperine
against Staphylococcus aureus at its high concentrations. 

Piperine exhibited e�cient antibio�lm activity against Staphylococcus aureus

Literature survey highlights the major challenges of healthcare units linked to bio�lm infections
(Dewasthale et al. 2018). It has also been noted that bacterial infections linked to bio�lm have been
found to promote pathogenicity considerably (Cortes et al. 2011). Moreover, the drug resistance property
of such bio�lm aggregates is a major area of concern and thus demands the need for urgent and
effective strategies to inhibit them (Crossley et al. 2009). In this direction, to study the effect of the test
compound, piperine, on the bio�lm pro�le of Staphylococcus aureus, crystal violet (CV) assay was carried
out by following the protocol of Mukherjee et al. (2013). The result revealed that in the control set where
the test compound was not added, maximum bio�lm formation was seen to take place (Figure 2A). On
the other hand, a gradual increase in the concentrations of piperine revealed a signi�cant decrease in the
bio�lm formation(Figure 2A). Further, the result indicated that piperine (16 µg/mL) exhibited the highest
inhibition in bio�lm formation of Staphylococcus aureus (Figure 2A). To reassure the CV assay results,
the total protein count of the adhered microbial cells was also estimated as the proteins originate from
those microorganisms thereby establishing a directly proportional relationship between the degree of
microbial associations and the extent of protein recovery. Thus, to compare the microbial associations
between the piperine treated and untreated growth media, an equal number of microbial cells of
Staphylococcus aureus was inoculated both in the presence and absence of piperine. Then, all the sets
were incubated at 370C for 24 h. Post incubation, the highest protein recovery was found to take place in
the control set, which was not exposed to piperine (Figure 2B). However, the protein count decreased
signi�cantly with the gradual increase in the concentration of the test compound (Figure 2B). The protein
recovery was found to be the lowest when the cells were treated with 16 µg/mL of piperine (Figure 2B).
Thus, from CV assay and protein recovery data, it could be stated that the tested concentrations of
piperine signi�cantly inhibited the bio�lm formation of Staphylococcus aureus. Besides, a microscopic
observation was also undertaken to further con�rm the antibio�lm activity of piperine against
Staphylococcus aureus. To do so, a nearly equal number of cells were grown in sterile LB under the
presence and absence of piperine. Sterile coverslips were separately added to each growth media so that
the organism could form bio�lm over the coverslip surface. After an incubation of 24 h at 37°C, coverslips
were taken out from each growth media, stained with acridine orange, and observed under a �uorescence
microscope. A signi�cant variation in microbial bio�lm population was observed among the coverslips
taken from each growth media. We observed the maximum bio�lm aggregates on the coverslips which
were not exposed to piperine (Figure 2C). We also noticed that the bio�lm clusters got reduced
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considerably when the cells were exposed to piperine (Figure 2C). Taken together, all the results
demonstrated that the tested concentrations of piperine exhibited e�cient antibio�lm activity against
Staphylococcus aureus.

The tested concentrations of piperine did not show any considerable antimicrobial activity against
Staphylococcus aureus

The current study aims to come up with an effective antibio�lm agent which does not show any
antimicrobial property. Though we have observed that the lower concentrations (8µg/mL and 16 µg/mL)
of piperine exhibited e�cient antibio�lm activities, however, the antimicrobial effect of the same is yet to
be examined against Staphylococcus aureus. Thus, the microbial growth pro�le of Staphylococcus
aureus was examined under the presence and absence of piperine. To do the same, an equal number of
the organism was separately inoculated in 100 mL of sterile LB media. Similarly, a control set was also
prepared where the cells remained unexposed to piperine. All the growth media were further incubated at
370C for a period of 24 h. At different time intervals, an equal volume of microbial culture was
individually recovered from each set (control and treated) and its absorbance was recorded at 600 nm.
The observations exhibited no substantial variation in the microbial growth pattern in either of the
experimental sets (Figure 3A). Thus, the result of the same indicated that the growth pro�le of
Staphylococcus aureus remained unaffected due to piperine exposure. To validate our results further,
viable microbial counts were also determined in both piperine treated and untreated growth media by
following the CFU method (Chakraborty et al. 2018a). The result showed that the number of microbial
colonies estimated was almost the same for all the experimental sets (Figure 3B). The result further
indicated that the tested concentrations (8µg/mL and 16 µg/mL) of piperine did not show any
antimicrobial action against Staphylococcus aureus. In support of our observations, spot assay and clear
zone assays were also performed to reassure the antimicrobial effect of piperine (if any) against
Staphylococcus aureus. In the case of spot assay, the diluted samples collected from both piperine
treated and untreated cultures were spotted on sterile LB agar plates and incubated at 37°C for 24 h. After
the incubation, the pattern of the developed microbial spots was analyzed. The result showed that no
considerable variation in microbial growth was spotted between piperine-treated and untreated cultures
(Figure 3C). Thus, the result again indicated that the used concentrations (8 µg/mL and 16 µg/mL) of
piperine did not exhibit any antimicrobial activity against Staphylococcus aureus. Moreover, for the clear
zone assay, the tested concentrations of piperine (0 µg/mL, 8 µg/mL, and 16 µg/mL) were placed in the
wells of the microbial lawn prepared on LB agar plate. After an incubation of 24 h at 37°C, the clear zone
around the well (if any) was examined. Post incubation, no zone of inhibition was observed around any
of the punctured wells on the LB agar plates (Figure 3D). Thus, the results demonstrated that the used
concentrations of piperine for the bio�lm inhibition studies did not exhibit any antimicrobial activities
against Staphylococcus aureus.

The tested concentrations of piperine exhibited a considerable reduction in the microbial metabolic
activity
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Microorganisms in bio�lm secrete protease enzyme during the evasion to the host tissue (Chakraborty
and Tribedi 2019). Thus, in the current study, efforts have been made to analyze whether the test
compound could reduce the microbial metabolic activity of Staphylococcus aureus. The metabolic
activity of the organisms under the presence and absence of piperine was determined by FDA hydrolysis
assay under similar conditions. To do the same, an equal number of Staphylococcus aureus cells were
either exposed to piperine or left unexposed to piperine. Later, all the experimental sets were incubated at
370C for 24 h. After the completion of the incubation, the planktonic cells were discarded and the
metabolic activity of the adhered bio�lm cells was measured by following the FDA assay. The result of
the FDA hydrolysis assay showed that the metabolic activity of piperine exposed cells was signi�cantly
less in contrast to the unexposed control set (Figure 4). The data also revealed that the maximum
metabolic activity was shown by the cells which were not exposed to piperine (Figure 4). Thus, the result
indicated that the selected concentrations of the compound (8 µg/mL and 16 µg/mL) were found to
reduce the metabolic activity of the organism e�ciently. The results so far also suggested that the
compound exhibited bio�lm inhibition as well as a reduction in metabolic activity of Staphylococcus
aureus e�ciently.

The tested concentrations of piperine showed considerable accumulation of cellular ROS in
Staphylococcus aureus

Reactive oxygen species include highly reactive molecules formed by the inappropriate transferring of
electrons to O2. Peroxides, hydroxyl radical, singlet oxygen, superoxide, etc. belong to the components of
ROS(Bergamini et al. 2004). Previous literature reported that the generation of ROS could be considered
as one of the potential causes of bio�lm inhibition (Dwivedi et al. 2014; Paul et al. 2020). Thus, in the
present study, the cellular accumulation of ROS under the presence and absence of the compound
(piperine) was examined by following the DCFDA assay. The result revealed a signi�cant difference in the
ROS pro�le between the piperine treated and untreated cells (Figure 5A). It is noticeable from the results
that the control set, which was not exposed to any concentration of piperine showed the lowest
accumulation of ROS, whereas the same gradually increased with the increase in the piperine
concentration (Figure 5A). The results further showed that the maximum ROS accumulation was seen to
take place at a piperine concentration of 16 µg/mL (Figure 5A). To further validate our results, ascorbic
acid was taken into consideration as it has been reported as a potential antioxidant molecule (Fukumura
et al. 2012). To test the role of ascorbic acid on the cellular accumulation of ROS, a varying concentration
of ascorbic acid was added to the cells which were previously exposed to piperine. The result showed
that the ROS which was accumulated due to piperine treatment got reduced considerably under the
exposure of ascorbic acid (Figure 5A). Thus, the result indicated that the inhibition in bio�lm formation of
Staphylococcus aureus could be attributed to the cellular accumulation of ROS. To understand the effect
of ROS accumulation on bio�lm inhibition, several experiments were carried out wherein in the �rst set,
cells were neither exposed to piperine nor ascorbic acid. In the second set, a similar number of cells were
exposed only to piperine. However, in the third set, a similar number of cells were exposed to both piperine
and ascorbic acid. All the sets were incubated at 370C for 24 h. After the incubation, the extent of
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microbial bio�lm formation was examined in each experimental set. The result showed that the control
set which was neither exposed to piperine nor ascorbic acid exhibited the maximum bio�lm formation
(Figure 5B). However, the extent of bio�lm formation got considerably inhibited when the cells were
exposed to piperine (Figure 5B). The result also revealed that ascorbic acid treatment was found to
restore the bio�lm formation ability of Staphylococcus aureus e�ciently (Figure 5B). Thus, the results
suggested that piperine-treated cells accelerated the generation of ROS in Staphylococcus aureus which
in turn led to a signi�cant inhibition in bio�lm formation of the bacteria.

The tested concentrations of piperine exhibited considerable inhibition in microbial motility

Microbial motility happens to be a key factor for the promotion of bio�lm formation as it considerably
enhances microbial colonization to various surfaces (Merritt et al. 2007). The existing literature reported
that microbial motility is regulated by quorum sensing (Daniels et al. 2004). Quorum sensing is a density-
dependent phenomenon in which the microorganism exhibits various functions including microbial
motility after reaching the threshold density (Chakraborty et al. 2020). Thus, in the present study, the
effects of piperine on the quorum sensing property of Staphylococcus aureus were tested by targeting
microbial motility. Hence, to understand the in�uence of piperine on the microbial motility of
Staphylococcus aureus, an equal number of cells were independently collected from both piperine treated
and untreated growth media and spotted accordingly at the center of the plate. Post incubation, the result
revealed that the culture media that was not treated with piperine showed the highest motility (Figure 6A).
On contrary, the cells which were exposed to piperine showed reduced motility in comparison to the
control (Figure 6A). Thus, the result indicated that the increase in the concentrations of piperine could
decrease microbial motility signi�cantly. To support this observation further, the zone of diameter (in mm)
of microbial motility was also measured from the center of the culture plates (Figure 6B). The result
showed that the highest diameter of microbial motility was found for the experimental set which was not
exposed to piperine (Figure 6B). However, the diameter of microbial motility decreased under the exposure
of the tested concentrations of the compound (Figure 6B). Thus, the results revealed that the tested
concentrations of piperine interfered with the quorum sensing property of the organism by inhibiting its
motility property.

Conclusion
The alarming rise in bio�lm-linked infections is a major area of concern in recent times in the �eld of
public healthcare. The high resistance of bio�lm aggregates against several antimicrobial agents calls
for urgent attention in the scienti�c world. Thus, effective strategies need to be adopted in this direction.
From this study, it appears that a natural compound, piperine, could act as a potential antibio�lm agent
against the bio�lm formation of Staphylococcus aureus by accumulating ROS. Thus, this natural
compound could be used alone or in combination with other potential antibio�lm agents to curb the
bio�lm challenges.
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Figure 1

Higher concentrations of piperine exhibited signi�cant antimicrobial activity against Staphylococcus
aureus. Viable microbial counts were determined in both piperine treated and untreated growth media by
performing the CFU assay under similar conditions as described in the Material and methods section.
Each of the experiments was performed thrice. The result happened to be the average of the three
experiments. Error bars signi�ed the standard error of the mean. P values were incorporated after
statistical analysis using ANOVA. P values < 0.001was marked with (***) to express the contrast in the
data to control.
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Figure 2

The tested concentrations of piperine showed e�cient antibio�lm activity against Staphylococcus
aureus. An equal number (1X105 CFU/mL) of cells were individually inoculated in sterile LB media
challenged with different concentrations of piperine. In the control set, the cells were left untreated with
piperine. All the experimental sets were incubated at 37°C for 24 h. Post incubation, planktonic cells were
removed and tubes were air-dried. Then, the CV assay (A) and total bio�lm protein assay (B) were
diligently performed as per the methodology described in the material and methods section. The result
revealed the average of three experiments. Error bars signi�ed the standard error of the mean. P values
were incorporated after statistical analysis using ANOVA. P values < 0.05 were marked with (*), P values <
0.01was marked with (**) to express the contrast in the data to the control set. (C) Fluorescence
microscopic observation. To analyze the difference in the degree of microbial colonization, coverslips
were recovered from both piperine treated and untreated growth media after the desired time of
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incubation. The recovered coverslips were stained with acridine orange and viewed under a �uorescence
microscope. The �gure indicated the representative of the images taken from 20 different �elds and three
separate experiments.

Figure 3

The lower concentrations of piperine did not exhibit any antimicrobial activity against Staphylococcus
aureus. (A) Microbial growth curve analysis. A similar number of Staphylococcus aureus was allowed to
grow separately in glass conicals containing 100 mL of sterile LB media. In the control set, the organisms
were grown without exposure to piperine. All the experimental sets were incubated at 370C. At regular
time intervals, an equal volume of microbial cultures was collected from the respective growth media and
its optical density was recorded at 600 nm. (B) Viable microbial count analysis. An equal volume of
microbial cultures was individually collected from both piperine treated and untreated growth media
followed by determining the CFU count on sterile LB agar plates. Each of the experiments was performed
thrice. Error bars signi�ed the standard error of the mean. P values were incorporated after statistical



Page 17/20

analysis using ANOVA. P values above 0.05 were marked as N.S (Non-signi�cant) to the control. (C)
Microbial spot analysis. An equal volume of microbial cultures was separately collected from both
piperine treated and untreated growth media followed by performing the serial dilution of the same. After
that, 5 µL sample collected from each dilution of both piperine treated and untreated growth media was
separately spotted on a sterile LB agar plate. Then, the spotted LB agar plate was incubated for 24 h at
37°C. (D) Clear zone analysis. A microbial lawn of Staphylococcus aureus was prepared by spreading the
culture of the organism over the sterile LB agar plate. Wells were punctured on the microbial lawn wherein
DMSO was added in one of the wells and piperine was loaded in the other two. After that, the plate was
incubated for 24 h at 37°C to see the development of the clear zone (if any) around the wells.

Figure 4

Piperine exhibited a considerable reduction in microbial metabolic activity. An equal number of cells were
allowed to grow in sterile LB media either challenged with piperine or left unexposed. All the experimental
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sets were incubated at 370C for 24 h. Post incubation, FDA hydrolysis assay was carried out in both
piperine treated and untreated growth media. Each of the experiments was performed thrice. Error bars
signi�ed the standard error of the mean. P values were incorporated after statistical analysis using
ANOVA. P values < 0.01was marked with (**) to express the contrast in the data to the control set.

Figure 5

ROS generated under the in�uence of piperine inhibited the microbial bio�lm formation considerably. (A)
ROS pro�le. Cellular accumulation of ROS was measured in both piperine treated and untreated
microorganisms by following the DCFDA based assay kit as mentioned in the material and methods
section. (B) Bio�lm pro�le. Microbial bio�lm formation in both piperine treated and untreated growth
media was determined by following the CV assay. Each of the experiments was performed three times.
The result represented the average of the three. Error bars signi�ed the standard error of the mean. P
values < 0.05 was marked with (*), P values <0.01 was marked with (**), and P values < 0.001 was
marked with (***) in comparison to control.
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Figure 6

Piperine exhibited a considerable reduction in microbial motility. A similar number (~ 1 X 105 CFU/mL) of
cells were independently recovered from both piperine treated and untreated growth media and
individually spotted on the plates carrying sterile TSB supplemented with glucose (5 gL-1) and agar (8 gL-
1). Plates were then incubated at 37 °C for 24 h. Post incubation, the microbial motility was analyzed (A)
and the zone of colony diameter (B) was measured in (mm). The result represented the average of three
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observations. Error bars happened to be mean ± standard error of the mean. ANOVA was used to perform
the statistical analysis. The P values < 0.05 were marked with (*), and < 0.01 was marked with (**) that
showed a signi�cant difference in contrast to the control.


