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Abstract
Staphylococcus aureus causes a range of chronic infections in humans by exploiting its 
biofilm machinery and drug-tolerance property. Although several strategies have been pro-
posed to eradicate biofilm-linked issues, here, we have explored whether piperine, a bioac-
tive plant alkaloid, can disintegrate an already existing staphylococcal biofilm. Towards 
this direction, the cells of S. aureus were allowed to develop biofilm first followed by treat-
ment with the test concentrations (8 and 16 µg/mL) of piperine. In this connection, sev-
eral assays such as total protein recovery assay, crystal violet assay, extracellular polymeric 
substances (EPS) measurement assay, fluorescein diacetate hydrolysis assay, and fluores-
cence microscopic image analysis confirmed the biofilm-disintegrating property of piper-
ine against S. aureus. Piperine reduced the cellular auto-aggregation by decreasing the cell 
surface hydrophobicity. On further investigation, we observed that piperine could down 
regulate the dltA gene expression that might reduce the cell surface hydrophobicity of S. 
aureus. It was also observed that the piperine-induced accumulation of reactive oxygen 
species (ROS) could enhance biofilm disintegration by decreasing the cell surface hydro-
phobicity of the test organism. Together, all the observations suggested that piperine could 
be used as a potential molecule for the effective management of the pre-existing biofilm of 
S. aureus.
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Introduction

The biofilm-forming ability of Staphylococcus aureus, an opportunistic human patho-
gen, has been widely known to cause a plethora of pathogenic infections such as surgi-
cal site infections, catheter implant-related infections, central line-associated blood-
stream infections, ventilator associated pneumonia, and endocarditis [1]. Biofilm mode of 
growth essentially provides a chronic reservoir of infections with an elevated resistivity to 
immune defenses and conventional antibiotics up to 10 to 1000 times than its planktonic 
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counterpart [1]. Bacterial biofilm is defined as an aggregation of bacterial cells which are 
embedded within a complex hydrated matrix made up of self-produced extracellular poly-
meric substances (EPS) that are usually attached to a surface. In this connection, EPS acts 
as a protective shield for the matrix encased cells by intercepting the entry of harmful sub-
stances such as antibiotics into the bacterial community [2]. However, efforts have been put 
forward to explore compounds having efficient antibiofilm therapeutics against S. aureus 
[3]. In this regard, literature stated some effective strategies to control biofilm-linked chal-
lenges such as inhibition of microbial biofilm formation and disintegration of developed 
biofilm [4, 5]. Thus, we sought to explore natural molecules having either biofilm inhibit-
ing activity or disintegrating activity or both. Towards this direction, piperine (a bioactive 
compound of pepper) has been selected for the present study due to its diverse biological 
activities (anti-parasitic, anticancer, antimicrobial, and other pharmaceutical effects) [6]. 
Besides, in our previous study, it was showed that piperine could efficiently inhibit micro-
bial biofilm formation of S. aureus [7]. However, the disintegrating property of the same 
has not been tested on the pre-existing biofilm developed by S. aureus. Therefore, in the 
current study, we aimed to examine the disintegrating property of piperine against our test 
organism S. aureus. In this connection, a series of experiments have been conducted and 
the results of the same showed that piperine could disintegrate the developed biofilm of S. 
aureus efficiently.

Materials and Methods

Microbial Strain, Growth Media, and Culture Conditions

Staphylococcus aureus (MTCC 96) has been used as organism of interest for the present 
study. Luria–Bertani (LB) broth media (HiMedia, India) was used for cultivating the test 
organism. The organism was grown in sterile Luria–Bertani broth media at 37 °C for 24 h. 
In this study, piperine (purchased from Merck; SKU: P49007-5G) was dissolved into dime-
thyl sulfoxide (DMSO) for the preparation of the stock solution (10 mg/mL). The prepared 
stock solution was diluted further in the growth media as per requirements.

Measurement of Biofilm Development by S. aureus

Crystal Violet (CV) Assay

To determine the time kinetics of S. aureus biofilm formation, cells (1 ×  105  CFU/mL) 
were inoculated in sterile LB media (5 mL). After that, sterile coverslips were also added 
to it. All the tubes were then incubated at 37 °C for various time periods (6 h, 12 h, 18 h, 
and 24 h). Post incubation, the degree of microbial biofilm development was measured by 
conducting CV assay [8]. In brief, planktonic cells were discarded from the growth media 
followed by washing the tubes with sterile double distilled water. After that, 0.4% of CV 
solution (5 mL) was added to each tube and incubated at room temperature for 30 min to 
stain the tube adhered biofilm mass (if any). After the incubation, the excess stain was 
washed and tubes were air-dried. Thereafter, 33% of glacial acetic acid (5 mL) was added 
to the respective tubes to dissolve the biofilm-bound CV, and the  OD600 was measured to 
estimate the intensity of the dissolved CV in each tube.
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Microscopic Image Analysis

The degree of biofilm formed by S. aureus with the progression of time was tested by 
microscopic image analysis [5]. To perform this experiment, the coverslips were recovered 
from the respective tubes at different time intervals (6 h, 12 h, 18 h, and 24 h) and stained 
with 0.4% CV solution for 30 min. Thereafter, these coverslips were washed, air-dried, and 
seen under a light microscope (OLYMPUS CX21i).

EPS Measurement Assay

The extent of EPS production has often been measured to understand the extent of 
microbial biofilm development over a surface [9]. To perform this experiment, cells 
(1 ×  105 CFU/mL) were allowed to grow in sterile LB for various periods (6 h, 12 h, 18 h, 
and 24  h) of time as described above. Post incubation, planktonic cells were discarded 
from the respective tube and washed gently, followed by the addition of 5 mL of phosphate 
buffer saline (PBS) (pH 7.4). Then, each tube was vortexed adequately and suspension of 
biofilm was centrifuged for 20 min at 6000  rpm at 4  °C. Post centrifugation, the super-
natant was separately collected. The cell pellet was suspended again in 10  mM EDTA, 
vortexed, and re-centrifuged for 10 min at 6000  rpm to extract the cell-bound EPS. The 
supernatant was collected and mixed with the earlier supernatant. Then, 2.2 volumes of 
chilled absolute ethanol were mixed with total pooled supernatant and incubated for 1 h 
at − 20 °C. Post incubation, it was centrifuged at 8000 rpm for 10 min to collect the pellet. 
The EPS pellet was dissolved in sterile PBS and was quantified by following the protocol 
of phenol–sulfuric acid method [10].

Estimation of Biofilm Disintegration

CV Assay

The biofilm-disintegrating property of piperine against S. aureus was determined by allow-
ing the test organism to develop biofilm first and then the developed biofilm was either 
treated with piperine or left untreated (control set) [5]. Bacterial cells (1 ×  105 CFU/mL) 
were inoculated in autoclaved LB broth for 24 h at 37 °C to develop biofilm over the glass 
surface. Post incubation, the developed biofilm was either treated with the selected piper-
ine concentrations or left untreated for various time periods (2 h, 4 h, 6 h, and 8 h). Finally, 
the CV assay was conducted to determine the degree of biofilm-disintegrating property of 
piperine against S. aureus [5].

Total Biofilm Protein Measurement

Total recovered biofilm protein represents an indirect quantification of microbial associa-
tion over the glass tube as the robust biofilm often exhibits a higher protein recovery and 
vice versa [11]. To quantify the degree of residual biofilm under the exposure of piperine, 
24-h developed biofilm cells were either exposed to piperine of left unexposed for another 
6 h at 37  °C. Post incubation, the planktonic cells were removed and biofilm cells were 
taken into consideration. Then, 5 mL of NaOH (0.3 N) was added to each tube followed by 
boiling at 100 °C for 10 min. Then, supernatant was collected after centrifugation and the 
protein content of the supernatant was assessed by following the Lowry method [12].
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Estimation of EPS Matrix

To understand the effect of piperine on the extent of biofilm disintegration, cells were 
allowed to develop biofilm on the glass surface by following the methods described 
above. Thereafter, the developed biofilm was either treated with piperine or left 
untreated at 37  °C for 6  h. After the required incubation, non-biofilm cells were dis-
carded and tubes were washed and dried adequately. Afterwards, the degree of biofilm 
remained on the tube was estimated by EPS measurement assay [10].

Measurement of Metabolic Activity

The metabolic activity of the developed biofilm of S. aureus under the exposure of pip-
erine was evaluated by fluorescein diacetate (FDA) hydrolysis assay [13]. To do the test, 
the existing biofilm on the glass surface was either treated with piperine or kept untreated 
(control) for 6  h at 37  °C. Thereafter, the non-biofilm cells were discarded followed by 
gentle washing of the tubes with sterile distilled water. Then, phosphate buffer (5 mL) (pH 
7.4) was added to each tube and vortexed to resuspend the tube adhered biofilm cells into 
the buffer. Afterwards, 500 µL of FDA (5  mg/mL) dissolved in dimethyl sulfoxide was 
transferred to each tube and kept aside in dark for 1 h at room temperature. The tubes were 
then centrifuged for 10 min at 10,000 rpm. Finally, the amount of fluorescein present in the 
supernatant was estimated by measuring the absorbance of fluorescein at 490 nm.

Fluorescence Microscopic Image Analysis

The biofilm-disintegrating property of piperine against S. aureus was analyzed by fol-
lowing the protocol of fluorescence microscopy [11]. Briefly, cells (1 ×  105  CFU/mL) 
were allowed to develop biofilm on coverslips by following the methods described 
above. Then, the developed biofilm on the coverslips was stained with acridine orange 
(4 μg/mL) for 15 min. Post staining, the coverslips were rinsed with autoclaved distilled 
water, air-dried, and finally viewed under a fluorescence microscope (FITC filter) at an 
excitation and emission wavelengths of 491 nm and 516 nm, respectively.

Scanning Electron Microscopic Image Analysis

The disintegrating property of piperine against pre-existing biofilm of S. aureus was 
tested by performing scanning electron microscopic image analysis. Briefly, cells 
(1 ×  105 CFU/mL) were allowed to develop biofilm over the coverslips for 24 h at 37 °C 
following either being treated with piperine or left untreated for another 6 h under simi-
lar conditions. Post treatment, the coverslips were washed with sterile phosphate buffer 
saline (pH 7.4) solution, and the biofilm over the coverslips (if any) was fixed with 2.5% 
glutaraldehyde for 1 h. Then, the coverslips were dried in a vacuum, coated with gold, 
and finally viewed under SEM.

Measurement of Non‑biofilm Cells

Biofilm disintegration leads to an increase in the count of the non-biofilm cells. Hence, 
to understand the effect of piperine on the count of non-biofilm cells of S. aureus, the 
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developed biofilm was treated with piperine (8 and 16 µg/mL) for 6 h. One similar set 
was also kept as a control wherein the existing biofilm was not exposed to piperine. 
After the desired period of incubation, the broth culture was collected from the experi-
mental sets and the degree of non-biofilm cells present in it was measured by counting 
the colony-forming units (CFU) [5].

Effect of DNase I on Biofilm Disintegration

DNase I often cleaves the eDNA of biofilm matrix that results in the disintegration of the 
pre-existing biofilm structure efficiently [5]. In this connection, to understand the effect 
of DNase I on the developed biofilm of the test organism, the biofilm was treated with 
either 10 µL (1 mg/mL) of DNase I or left untreated for 6 h at 37 °C. Post incubation, the 
degree of biofilm cells remained on the surface was determined by CV assay as described 
previously.

Measurement of Extracellular DNA (eDNA)

To understand the effect of piperine on the eDNA of the developed biofilm of S. aureus, 
eDNA was extracted and measured from the biofilm that was either treated or untreated 
with piperine [5, 14]. To do the test, similar number (1 ×  105  CFU/mL) of cells was 
inoculated into glass petri plates having 20 mL of sterile LB and incubated at 37 °C for 
24 h. After the incubation, the developed biofilm was either treated (8 and 16 μg/mL) or 
untreated with piperine for 6 h at 37 °C. Post incubation, the extents of the biofilm cells 
remained on the Petri dish under different conditions were scrapped and centrifuged at 
8000 rpm for 8 min. Post centrifugation, supernatant was collected as it carries the EPS 
part. To extract the cell-bound EPS, cell pellets were collected, suspended in 500 μL of 
EDTA (10 mM), and centrifuged again at 8000 rpm for 8 min. Then, the supernatant was 
collected and pooled with the previous supernatant. The pooled fraction was mixed with 
2.2 volumes of chilled absolute ethanol and incubated further for 1 h at 8 °C. Then, the 
suspension was centrifuged at 8000 rpm for 8 min. After that, the pellet was collected and 
suspended in 500 μL of Tris–EDTA buffer and 150 μL of ice-cold isopropanol. After-
wards, the suspension was incubated at 4  °C for 3  h followed by centrifuging the same 
at 12,000 rpm for 15 min. Then, the pellet was collected, 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 to degrade the contaminated protein (if any). After the incubation, 150 μL ice-cold 
isopropanol was added into it. Then, the suspension was centrifuged at 8000 rpm for 8 min. 
Finally, the pellet was collected and suspended again in 50 μL of Tris-buffer. The con-
centrations of the extracted eDNA were subsequently analyzed through spectrophotometric 
analysis and agarose gel electrophoresis.

Analysis of the Effect of Piperine on Cell Auto‑aggregation

Microbial auto-aggregation plays a vital role in the assembly as well as colonization to a 
surface [15]. Thus, efforts were given to understand the influence of piperine on the auto-
aggregation profile of the already existing biofilm cells of S. aureus. To understand the 
same, an equal number of cells (1 ×  105 CFU/mL) were grown in sterile LB media for 24 h 
at 37 °C. Post incubation, biofilm cells was either treated with the selected concentrations 
(8 and 16 µg/mL) of piperine or left untreated (as control). All the tubes were incubated at 
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37 °C for 6 h. After the incubation, an equal number of biofilm cells under different condi-
tions were suspended in phosphate buffer saline (PBS) (pH 7.4) and incubated at 37 °C for 
20 h. After the incubation, the upper portion of the suspension was collected and  OD600 
was measured with the perception that higher OD would indicate an enhanced auto-aggre-
gation of bacterial cells and vice versa [15].

Measurement of Cell Surface Hydrophobicity

Cell surface hydrophobicity of the biofilm cells was measured under the presence and 
absence of piperine by following the bacterial adherence to hydrocarbon (BATH) assay 
[16]. To perform this experiment, the developed biofilm cells were either treated with the 
selected doses (8 and 16 µg/mL) of piperine or left untreated (control) for another 6 h at 
37  °C. Post treatment, the tubes were washed with sterile double distilled water. Then, 
5 mL of phosphate buffer saline (pH 7.4) was added to each tube and vortexed vigorously 
such that the glass adhered biofilm cells (if any) got suspended into the PBS. Thereafter, 
the PBS suspended cells were centrifuged at 6000 rpm for 10 min followed by suspending 
the cell pellet in 3.4 mL of sterile double distilled water. The OD of each suspension was 
measured at 420 nm which would be considered initial OD. Thereafter, 0.6 mL chloroform 
was mixed with the collected suspension and vortexed adequately. Then, all the tubes were 
kept standing for 30 min at room temperature for the separation of aqueous and organic 
phase. Finally, the upper phase (aqueous) was collected from each tube and the OD of the 
same was measured again that would be considered the final OD.

The cell surface hydrophobicity of the test organism was calculated by adhering to the 
following formula:

Real‐Time PCR Analysis

The dltA gene expression of the biofilm cells of S. aureus was measured under the pres-
ence and absence of piperine by real-time PCR. To do the test, the pre-existing biofilm 
cells were either exposed to varying concentrations (8 and 16 μg/mL) of piperine or left 
untreated for 6 h at 37 °C. Post incubation, a similar number of biofilm cells were collected 
from each set and Trizol reagent (Invitrogen) was used to extract the mRNA of the test 
organism. Spectrophotometric analysis was conducted to determine the purity and yield 
of the extracted RNA. After that, the first-strand cDNA was synthesized from the mRNA 
using reverse transcriptase M-MLV (Takara). One milligram of cDNA was collected for 
further real-time amplification by SYBR Premix kit (Applied Biosystems). A negative con-
trol reaction mixture was also taken into consideration where cDNA was absent. The dltA 
gene expression level was calculated by comparative threshold cycle method  (2−ΔΔCt) with 
16S rRNA as the control gene. Primer sequences of the mentioned genes are mentioned in 
Table 1.

Measurement of Intracellular ROS Accumulation

To measure the intracellular ROS generation under the presence of piperine, the DCFDA 
(2′,7′-dichlorofluorescein diacetate)-dependent ROS measurement assay was performed 
[5]. Microbial esterase converts DCFDA (a fluorogenic probe) into a non-fluorescent 

Cell surface hydrophobicity(in%) = 100 × {(initial OD − final OD)∕initial OD}
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counterpart (2′,7′-dichlorofluorescein [DCF]) [5]. The intracellular ROS (if any) can oxi-
dize this non-fluorogenic DCF to a fluorogenic DCF which can be further estimated by a 
fluorescence spectrophotometer. To determine the effect of piperine on the cellular accu-
mulation of ROS in the biofilm cells, the biofilm cells of S. aureus were either treated with 
piperine or kept untreated for 6 h under similar conditions. Post incubation, both piperine-
treated and piperine-untreated biofilm cells (1 ×  108 CFU/mL) were further incubated with 
DCFDA at 37 °C for 30 min. To validate our observations, a similar set of experiment was 
also conducted where biofilm cells were exposed to an antioxidant (ascorbic acid) along 
with the piperine. A control experiment was also performed in which the biofilm cells were 
neither exposed to piperine nor ascorbic acid. Finally, the amount of fluorogenic DCF was 
measured by a fluorescence spectrophotometer at the excitation and emission wavelength 
of 488 nm and 535 nm, respectively. [17].

Analysis of the Effect of Piperine on Cell Autolysis

To characterize the effect of piperine on the autolysis (induced) of the pre-existing biofilm 
cells of S. aureus, an equal number of cells (1 ×  105 CFU/mL) were inoculated into sterile 
tubes containing sterile LB broth (supplemented with 1 M NaCl) for 24 h at 37 °C. Post 
incubation, planktonic cells were discarded and the adhered biofilm cells were taken into 
consideration. In this regard, 5 mL of LB media (supplemented with 1 M NaCl) was added 
in each tube and further treated with either selected concentrations (8 and 16 µg/mL) of 
piperine or left untreated (control). Then, all the tubes were incubated for 6 h at 37  °C. 
After 6 h of treatment, cells (if any) were centrifuged at 6000 rpm for 10 min. The cell pel-
lets were collected and an equal number of cells were suspended in autolysis buffer (0.1% 
Triton X-100 and 50 mM Tris–HCl). The induced autolysis was estimated by measuring 
OD at 580 nm in every 1-h interval over a period of 3 h [15].

Cell Membrane Permeability Assay (EtBr Influx Assay)

Ethidium bromide (EtBr) influx method was followed to measure the cell membrane per-
meability under different treatment conditions [18]. In this connection, the developed bio-
film cells were challenged with either piperine or left untreated for 6 h at 37 °C. Post incu-
bation, biofilm cells were collected by scrapping and subsequently centrifuged at 8000 rpm 
for 8 min. Thereafter, an equal number of biofilm cells were dissolved in 1 mL of sterile 
phosphate buffer. Then, EtBr was added into it to attain a final concentration of 0.5 µg/mL. 
After an incubation of 30 min, the amount of fluorescence developed under different condi-
tions was determined by a fluorimeter at an excitation wavelength of 520 nm and emission 
wavelength of 590 nm [19].

Table 1  List of primer sequences used in real-time PCR

Name of bacteria used Name of gene Primer sequences used

Staphylococcus aureus (MTCC 96) dltA F 5′ CTT CAG GAA GTA CAG GAA AGCC 3′
R 5′ TCC ATG GAT AAG ACC AGG GTA 3′

16 s rRNA F 5′ ACT CCT ACG GGA GGC AGC AGT 3′
R 5′ TAT TAC CGC GGC TGC TGG C 3′
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Analysis of the Effect of Piperine on the Catheter‑Associated Biofilm

To test the effect of piperine on the developed biofilm of S. aureus on catheter, the bio-
film was first developed on catheter and further challenged with piperine. Catheter pieces 
(width 0.3  cm and length 1  cm) were sterilized by washing them with 70% ethanol. In 
short, an equal number of cells (1 ×  105 CFU/mL) were allowed to grow in tubes containing 
sterile LB. After that, catheter piece was added to each tube under aseptic condition. After-
wards, all the tubes were incubated at 37 °C for 24 h to develop biofilm on the catheter 
surface. Post incubation, catheters were recovered from the tube and the adhered biofilm 
on the catheter was either challenged with piperine or left untreated for 6 h under similar 
condition. After 6 h of exposure, catheter was recovered from each tube under aseptic con-
ditions. In this connection, CV assay, total protein recovery assay, EPS measurement assay, 
and FDA hydrolysis assay were conducted to confirm the biofilm-disintegrating property 
of piperine against the developed biofilm on catheter.

Statistical Analysis

To achieve statistical confidence, each experiment was repeated thrice. The significance 
test was performed by one-way analysis of variance (ANOVA). Here, the significance level 
was represented as p value < 0.05 (*), p value < 0.01 (**), and p value < 0.001 (***) in 
comparison with control. The p values > 0.05 indicated no significant difference, thereby 
presented as N.S. (no statistical difference).

Results and Discussion

S. aureus Developed Substantial Biofilm with the Advancement of Time

S. aureus, being an opportunistic human pathogen, can cause several infections by involv-
ing biofilm [20]. Towards an effective management of biofilm threats, piperine has been 
reported as a promising molecule against S. aureus [7]. However, the disintegrating prop-
erty of piperine against the existing biofilm of S. aureus has not been tested yet. In this 
connection, the time-dependent biofilm formation of the test organism was determined by 
growing cells in sterile LB media for different lengths of time (up to 30 h). Several experi-
ments (CV assay, light microscopy, and measurement of EPS) were conducted to under-
stand the degree of biofilm formation of the test organism with the progression of time. 
Post incubation, the degree of microbial biofilm development at respective time points was 
estimated by performing CV assay. The result of CV assay revealed that with the advance-
ment of incubation period, the degree of microbial biofilm formation got increased consist-
ently (Fig. 1A). The result also suggested that the maximum biofilm formation took place 
at 24 h of incubation (Fig. 1A). Beyond this time, no significant increase in biofilm devel-
opment was noticed (Fig. 1A). To confirm this observation, light microscopic image analy-
sis was carried out in which we observed that the highest level of microbial colonization 
occurred when the cells were grown for 24 h in sterile LB (Fig. 1B). The result showed that 
with the increasing time of incubation of the test organism, the extents of microbial clus-
ters were found to increase considerably (Fig. 1B). To gain further confidence, we meas-
ured the EPS of staphylococcal biofilm at different time points as it was already reported 
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that 85% of the biofilm mass are composed of EPS matrices [21]. The result suggested that 
the amount of EPS was found to increase with the progression of incubation (Fig. 1C). As 
expected, the amount of EPS production was found to be the highest when the cells were 
grown for 24 h (Fig. 1C). Therefore, all these experiments demonstrated that the extent of 
biofilm formation of the test organism got increased considerably with the progression of 
time.

Piperine Could Disintegrate the Developed Biofilm of S. aureus 

To test whether piperine could disintegrate the already existing biofilm of S. aureus, the 
developed biofilm was challenged with the different concentrations (0, 8, 16, and 24 µg/
mL) of piperine for a period of 6 h at 37 °C. Post incubation, the extent of biofilm disin-
tegration under different concentrations of piperine was measured by following CV assay. 
The result of the CV assay revealed that with the increase of piperine concentrations, the 
extent of biofilm disintegration got increased considerably (Supplementary Fig.  1A and 
1B). However, we had noticed no significant difference in the extent of biofilm disinte-
gration between the piperine concentration of 16  µg/mL and 24  µg/mL (Supplementary 
Fig. 1A and 1B). Besides, we had also observed that the biofilm disintegration was found 
to be the highest when the developed biofilm was incubated with piperine (16 µg/mL) for 
a period of 6 h (Fig. 2A and B). Furthermore, no significant changes in biofilm disintegra-
tion were observed beyond 6 h of incubation period (Fig. 2A and B). Therefore, in the cur-
rent study, piperine was incubated with the pre-existing biofilm for a period of 6 h. Since 
piperine was dissolved in DMSO, the effect of DMSO on S. aureus was also taken into 

Fig. 1  S. aureus efficiently developed biofilm with the progression of time. An equal number of cells were 
grown in sterile LB media at 37 °C for varying periods of time. To it, several coverslips were also incor-
porated to allow the formation of biofilm over it. Post incubation, planktonic cells were discarded and bio-
film cells were taken into consideration. A CV assay profile. The degree of biofilm formation at different 
time intervals was quantified by performing CV assay. 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. B Light microscopic image analysis. Respective coverslips were recovered from each experi-
mental set followed by staining with CV (0.4%) and viewed under a light microscope. The figure is a repre-
sentative image of 20 different fields of three independent experiments. C EPS profile. The amount of EPS 
formation at different time intervals was measured by following phenol–sulfuric acid method. Each experi-
ment was repeated thrice. Error bars represented the standard 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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account. In this study, the antibacterial and antibiofilm activities of the working concentra-
tions of DMSO (0.08 and 0.16% [v/v]) were used in which we observed that the mentioned 
concentrations of DMSO did not exhibit any antibacterial as well as antibiofilm activity 
against S. aureus (Supplementary Fig. 2A and 2B). Thus, the result suggested that piperine 
could be the causative agent behind biofilm disintegration. To study further, we had meas-
ured the protein content of the already existing biofilm under the presence and absence of 
piperine as the higher protein recovery indicates the formation of a matured biofilm and 
vice versa. The result revealed that the recovery of protein got reduced considerably when 
the pre-existing biofilm was treated with rising concentrations of piperine (Fig. 2C). EPS 
happens to be the major functional and structural components of biofilm and could be con-
sidered an indicator of the extent of biofilm formation [22]. Thus, we had determined the 
EPS profile of the test organism and noticed that the amount of EPS got reduced consid-
erably when the developed biofilm was challenged with the increasing concentrations of 
piperine (Fig. 2C). Hence, the result of CV assay, recovery of total biofilm protein, and 
EPS measurement assay indicated the considerable disintegration of the already existing 
biofilm under the presence of piperine. Then, we measured the metabolic activity of the 
already existing biofilm cells under the presence and absence of piperine through FDA 
hydrolysis test. The result of the FDA hydrolysis assay revealed that the extent of the meta-
bolic activity was found to decrease when the pre-existing biofilm was incubated with the 
selected doses (8 and 16 µg/mL) of piperine (Fig. 2C). Thus, all the results indicated the 
biofilm-disintegrating property of piperine against the pre-existing biofilm of S. aureus. 
Besides, it was noticed from the fluorescence microscopic image that the maximum num-
ber of microbial clusters was observed when the developed biofilm was not exposed to 
piperine (Fig. 2D). However, the degree of such clusters was reduced noticeably when the 
developed biofilm cells were exposed to the rising concentrations of piperine (Fig.  2D). 
Further confirmation was done by SEM image analysis. The result revealed that maximum 
microbial cells adhered over the coverslip when the pre-existing biofilm of S. aureus was 
not exposed to piperine (Fig. 2E). However, the extent of adhered biofilm cells got reduced 
substantially when the pre-existing biofilm was incubated with piperine (Fig. 2E). Biofilm 
disintegration reveals the dissociation of cells from the pre-existing biofilm that increases 
the count of non-biofilm cells [5]. A schematic diagram has been presented to address 
the non-biofilm cells in a microbial population (Fig. 2F). In this context, the non-biofilm 
cells were measured under the presence and absence of piperine by determining the viable 
microbial counts. The result showed that the number of non-biofilm cells was found to be 
the lowest in the control set in which the pre-existing biofilm was incubated without piper-
ine (Fig. 2G). However, the count of non-biofilm cells was increased significantly when the 
developed biofilm was challenged with piperine (Fig. 2G). Therefore, the result suggested 
that piperine could promote the disintegration of the pre-existing biofilm that resulted in 
the increase of the count of non-biofilm cells (Fig. 2G). Thus, all the results demonstrated 
the biofilm-disintegrating property of piperine against the pre-existing biofilm of S. aureus. 
In the present study, attempts have been taken to test the antibiofilm activity of piperine 
against a drug-resistant strain of S. aureus (methicillin-resistant Staphylococcus aureus 
[MRSA]) as MRSA could cause several acute infections involving biofilm. The result 
showed that piperine could efficiently disintegrate the pre-existing biofilm of MRSA (Sup-
plementary Fig. 3A and 3B). Taken together, the result suggested that piperine exhibited 
substantial biofilm disintegration against S. aureus as well as MRSA.
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Fig. 2  Piperine exhibited efficient disintegration of the pre-existing biofilm of S. aureus. Equal numbers 
of cells were allowed to develop microbial biofilm for 24 h. Then, the developed biofilm was either treated 
with piperine for different time periods or left untreated. Post incubation, planktonic cells were discarded 
and the degree of residual biofilm was analyzed. A CV staining profile. The degree of residual biofilm 
adhered to glass tube was analyzed by CV staining at different time points. B CV assay profile. The extent 
of biofilm disintegration of S. aureus under the influence of piperine was estimated by measuring the OD of 
CV-stained acetic acid solution at 630 nm. C Measurement of biofilm disintegration. The extent of biofilm 
disintegrations of S. aureus under the exposure of piperine was determined by total biofilm protein recovery 
assay, EPS measurement assay, and FDA hydrolysis assay. Each experiment was repeated three times. 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. D Fluorescence microscopic image analysis. The extent of the disintegration of the 
pre-formed biofilm of the test organism under the exposure of piperine was observed under a fluorescence 
microscope. The figure is a representative image of 20 different fields of three independent experiments. 
E Scanning electron microscopy. The degree of disintegration of the pre-formed biofilm of S. aureus was 
observed under a scanning electron microscope. The figure is a representative image of 20 different fields 
of three independent experiments. F Non-biofilm cells profile. A schematic diagram of the accumulation 
of non-biofilm cells under piperine exposure. Planktonic as well as piperine-induced biofilm-disintegrated 
cells were together considered non-biofilm cells. G Estimation of non-biofilm cells. The pre-formed biofilm 
cells were challenged with piperine for a period of 6 h followed by measuring the abundance of non-biofilm 
cells by CFU method. Each experiment was repeated thrice. Error bars represented the standard error of the 
mean. The p values < 0.05 were marked with (*) and p values < 0.01 were marked with (**) to show the sta-
tistical difference among the observations
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Degradation of Extracellular DNA (eDNA) Could Promote the Disintegration 
of the Developed Biofilm of S. aureus

Extracellular DNA (eDNA), an important component of EPS, plays a key role in maintain-
ing the structural integrity of biofilm network [23]. Literature report suggested that eDNA 
could stabilize the ionic interactions in assembling the biofilm network [24]. Therefore, 
in this study, the possible role of eDNA in holding the structural integrity of the existing 
biofilm of S. aureus was explored. To this end, 24-h matured biofilm of the test organism 
was either treated with DNase I or left untreated for another 6 h at 37 °C. Post incubation, 
CV assay was performed to assess the degree of residual biofilm in each tube. The result 
showed that the degree of biofilm disintegration got enhanced by ~ 39% under the influence 
of DNase I (Fig. 3A). Thus, it could be stated that DNase I could degrade the eDNA con-
tent of the pre-existing biofilm matrix, thereby disintegrating the same efficiently. Further-
more, the existing biofilm of S. aureus was either treated with piperine or kept untreated 
under similar condition for 6 h. Post incubation, the eDNA was extracted from both piper-
ine-treated and piperine-untreated sets of experiment and quantified by spectrophotometer. 
The result showed that eDNA content reduced by ~ 64% under piperine exposure (16 µg/
mL) (Fig. 3B). For reassurance, the extracted eDNA was run through an agarose gel elec-
trophoresis. The result revealed that the band intensity of extracted eDNA from piperine-
treated biofilm was much dimmer than that of eDNA from piperine-untreated biofilm 
(Fig. 3C). Therefore, the result revealed that the extent of eDNA recovery got decreased 
with the increasing concentrations of piperine. Thus, the results indicated that the selected 
concentrations (8 and 16  µg/mL) of piperine could disintegrate the existing biofilm by 
decreasing the amount of eDNA.

Fig. 3  The amount of eDNA associated with biofilm got reduced during biofilm disintegration. A Role of 
eDNA in holding the integrity of biofilm structure. The developed biofilm was either treated with DNase 
I or left untreated followed by incubating the same for 6 h. Post incubation, the degree of residual biofilm 
under the exposure of DNase I was estimated by CV assay. B Quantification of eDNA content. Both pip-
erine-treated and piperine-untreated biofilm were taken into consideration for eDNA extraction. The con-
centration of extracted eDNA was measured by recording the absorbance at 260 nm. Each experiment was 
repeated thrice. Error bars represented the standard error of the mean. The p values < 0.001 were marked 
with (***) to show the statistical difference among the observations. C Agarose gel electrophoresis analysis 
of the extracted eDNA. The qualitative analysis of the extracted eDNA of both piperine-treated and piper-
ine-untreated biofilm was done by agarose gel electrophoresis. The figure is a representative image of three 
independent experiments
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Piperine Promotes Biofilm Disintegration by Inhibiting Microbial Auto‑aggregation 
and Cell Surface Hydrophobicity

Auto-aggregation happens to be a well-known phenomenon which leads to microbial bio-
film formation that enables the cells to establish an effective communication [25]. Besides, 
it has also been reported that the microbial auto-aggregation often helps to develop bio-
film by strengthening the colonization process [26, 27]. In this connection, we had meas-
ured the degree of microbial auto-aggregation of the biofilm cells both in the presence 
and absence of piperine. The result showed that the auto-aggregation of microbial biofilm 
cells got reduced by ~ 69% while treated with desired concentration of piperine, i.e., 16 µg/
mL (Fig. 4A). Thus, the result indicated that the reduced microbial auto-aggregation pro-
file did not allow the cells to withstand in the biofilm network. In this context, literature 
report indicated that the cell surface hydrophobicity could play an important role in the 
microbial auto-aggregation part [28]. An increase or decrease in the cell surface hydropho-
bicity could enhance or decrease the microbial auto-aggregation part, respectively [29]. 
Therefore, cell surface hydrophobicity of both piperine-treated and piperine-untreated bio-
film cells were estimated where the maximum cell surface hydrophobicity was observed 
in piperine-untreated biofilm cells (Fig.  4B). However, significant reduction of the cell 
surface hydrophobicity was found to take place with the rising concentrations of piper-
ine (Fig.  4B). The maximum reduction in cell surface hydrophobicity took place when 
the biofilm cells were treated with the piperine at a concentration of 16 µg/mL (Fig. 4B). 
Therefore, the experimental result indicated that piperine could reduce the cell surface 
hydrophobicity of the biofilm cells that resulted in the inhibition of microbial auto-aggre-
gation which could promote the disintegration of the developed biofilm. Furthermore, the 
literature survey revealed that the d-alanination of teichoic acid was found to enhance the 
cell surface hydrophobicity of S. aureus [5]. It was reported that DltA could function as a 
d-alanine: d-alanyl carrier protein ligase that resulted in the increase of cell surface hydro-
phobicity of the bacteria by introducing more d-alanine in the teichoic acid [30]. Hence, we 

Fig. 4  Microbial auto-aggregation of the biofilm cells got reduced under the influence of piperine. A Micro-
bial auto-aggregation profile. The percentage of auto-aggregation of the microbial biofilm under the expo-
sure of piperine was evaluated by recording the absorbance of the aggregated biofilm cells. B Cell surface 
hydrophobicity profile. The cell surface hydrophobicity of biofilm cells under the exposure of piperine was 
measured by performing BATH assay. C Expression profile of dltA gene. The dltA gene expression (respon-
sible for cell surface hydrophobicity of S. aureus) under the influence of piperine was quantified by con-
ducting RT-PCR analysis. Each experiment was repeated thrice. Error bars represented the standard error of 
the mean. The p values > 0.05 were marked as N.S. (no statistical difference), 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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had measured the expression of dltA gene of the biofilm cells of S. aureus under the pres-
ence and absence of piperine. The result revealed that the expression level of dltA gene got 
reduced in the biofilm cells with the increasing concentrations of piperine (Fig. 4C). Thus, 
the observation indicated that the treatment of piperine was found to minimize the expres-
sion of dltA gene that resulted in the decrease of cell surface hydrophobicity of the bacte-
ria. Taken together, all observations suggested that piperine treatment could reduce the cell 
surface hydrophobicity of the test bacteria that could lead to the disintegration of biofilm 
by inhibiting microbial auto-aggregation.

Piperine‑Induced ROS Accumulation Could Promote the Disintegration of the Pre‐
existing Biofilm

A previous report suggests that accumulated ROS could be a causative agent for the disinte-
gration of the existing biofilm [5]. In this context, we tested whether the ROS profile of the 
biofilm cells got changed under the influence of the piperine. Towards this direction, the devel-
oped biofilm cells were either incubated with piperine or left untreated at 37 °C for 6 h. Post 
incubation, DCFDA method was considered to measure the ROS profile of the biofilm cells. 
As a result, the lowest ROS accumulation was found in case of control wherein the highest 
ROS accumulation was found in piperine-treated set (~ 5-folds higher than control) (Fig. 5A). 
However, being an antioxidant, ascorbic acid scavenged the piperine-induced ROS accumu-
lation in the cells (Fig.  5A). To further understand the effect of ROS accumulation on the 
extent of biofilm disintegration, the CV assay was followed to measure the amount of biofilm 
remained under the exposure of piperine and ascorbic acid. The result revealed that the biofilm 
disintegration and ROS accumulation shared a directly proportional relationship (Fig.  5B). 
The result further showed that the piperine-induced biofilm disintegration got reduced under 
the influence of ascorbic acid (Fig. 5B). Thus, the result suggested that the piperine-mediated 
biofilm disintegration could be attributed to the cellular accumulation of ROS. Since the cell 
surface hydrophobicity could play a vital role in biofilm assembly, we assessed whether the 
cell surface hydrophobicity of microbial biofilm cells got changed under the influence of pip-
erine and ascorbic acid. To analyze the effect of ROS accumulation on the cell surface hydro-
phobicity of the biofilm cells, a similar set of experiment was taken into consideration wherein 
the developed biofilm cells were treated with piperine and ascorbic acid for 6 h. After the 
incubation, the similar numbers of cells were collected from each condition and BATH assay 
was conducted to determine the cell surface hydrophobicity of the biofilm cells. The result 
showed that the cell surface hydrophobicity of the biofilm cells got decreased by ~ 75% when 
the biofilm cells were treated with piperine only (Fig. 5C). However, the extent of the cell 
surface hydrophobicity got increased considerably when the biofilm cells were treated with 
both piperine and ascorbic acid (Fig. 5C). To further validate the observation, a contour plot 
was constructed to understand the relationship among three variables, namely accumulation of 
ROS, cell surface hydrophobicity, and degree of biofilm disintegration under the presence and 
absence of piperine. The result revealed that with the enhancement of ROS accumulation, the 
cell surface hydrophobicity of the biofilm cells got decreased that resulted in the promotion of 
biofilm disintegration (Fig. 5D). Taken together, the results suggested that the exposure of pip-
erine was found to generate ROS which could reduce the cell surface hydrophobicity, thereby 
causing the disintegration of the developed biofilm of the test organism.
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Piperine‑Treated Biofilm‑Disintegrated Cells Showed Increased Susceptibility 
to Induced Autolysis

Biofilm offers considerable protection against external agents and hence is able to develop a 
robust microbial community structure on a given surface [31]. Therefore, we wanted to exam-
ine the extent of induced autolysis of the piperine-treated and piperine-untreated biofilm cells 
under external stress, namely Triton X. In this connection, the result showed that the biofilm 
cells which were not treated with piperine could show higher microbial growth under the 
exposure of Triton X (Fig. 6A). However, the result indicated that with the increase of piperine 
concentrations, the biofilm cells could show reduced microbial growth under the exposure of 
Triton X (Fig. 6A). Thus, the result revealed that the piperine-treated cells showed increased 
susceptibility under the influence of Triton X. The result suggested that piperine exposure was 
able to disintegrate the pre-existing biofilm matrix and hence the disintegrated biofilm cells 
could show increased susceptibility against Triton X. To further understand the mechanism, 

Fig. 5  Piperine exhibited considerable accumulation of ROS in the test organism that resulted in the dis-
integration of the pre-existing biofilm. A ROS profile. The developed biofilm cells were either challenged 
with piperine or left untreated for 6 h followed by measuring the intracellular ROS in the test organism by 
DCFDA method. B Effect of ROS on biofilm disintegration. The effect of ROS accumulation on the disin-
tegration of the pre-formed biofilm was evaluated by performing CV assay. C Effect of ROS on cell surface 
hydrophobicity. The effect of ROS on the cell surface hydrophobicity of biofilm cells was estimated by 
BATH assay. Each experiment was repeated thrice. Error bars represented the standard error of the mean. 
The p values > 0.05 were marked as N.S. (no statistical difference), 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. D Analysis of surface plot. A surface plot was constructed to understand 
the relation among accumulated ROS, biofilm disintegration, and cell surface hydrophobicity of the biofilm 
cells of S. aureus 
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we had measured the membrane permeability of the cells under the presence and absence of 
piperine as membrane permeability often influences the diffusion of molecules into the cells 
[19]. Therefore, we allowed the cells to develop biofilm, and subsequently, the biofilm cells 
were either treated or untreated with piperine for 6 h. After the incubation, the cells were col-
lected from either source and membrane permeability was measured by following ethidium 
bromide influx assay. The result showed that the treatment of piperine was able to increase the 
membrane permeability of S. aureus (Fig. 6B). The result indicated that the increased mem-
brane permeability might allow the compound (piperine) to enter into the cells, thereby show-
ing increased potential towards biofilm disintegration. In this regard, further investigation is 
required to unveil the underlying mechanism.

Piperine Could Disintegrate the Microbial Biofilm Developed on Catheter

Catheter-associated infections are increasingly gaining attention as it is one of the most 
widespread causes of biofilm-mediated nosocomial contagion [32, 33]. Therefore, man-
agement of catheter-mediated infections has become the imperative need of the hour [34]. 
Furthermore, several studies have implicated S. aureus as one of the major microbial path-
ogens responsible for catheter-associated infections [35, 36]. Thus, in this connection, an 
in vitro investigation was employed wherein the pre-existing biofilms of S. aureus on cath-
eter tubes were challenged with the selected concentrations (0 and 16 µg/mL) of piperine. 
The results of CV staining assay clearly indicated that there was considerable disintegra-
tion of S. aureus biofilms in the presence of the test concentrations of piperine (Fig. 7A, B, 
and C). Furthermore, the result revealed that the protein recovery from the biofilm cells got 
reduced by ~ 54% under the presence of piperine at a concentration of 16 µg/mL (Fig. 7B 
and C). Furthermore, the EPS content of biofilms cells got reduced by ~ 40% when treated 
with piperine at a concentration of 16 µg/mL (Fig. 7B and C). A disruption of EPS matrix 
could lead to reduced metabolic activity of the microbial cells. Hence, we had measured 

Fig. 6  Piperine treatment made the biofilm-disintegrated cells more susceptible towards induced autolysis 
and increased the membrane permeability considerably. The developed biofilm cells were treated under the 
presence and absence of piperine for 6 h. A Induced autolysis profile. An equal number of piperine-treated 
and piperine-untreated biofilm cells were further challenged with autolysis buffer for 3  h. The microbial 
growth in the presence of autolysis buffer was estimated by measuring the OD at 600 nm. B Membrane 
permeability profile. The piperine-treated and piperine-untreated biofilm cells were centrifuged followed by 
EtBr influx assay. Each experiment was repeated three times. Error bars represented the standard error of 
the mean. The p values < 0.05 were marked with (*), and p values < 0.01 were marked with (**) to show the 
statistical difference among the observations
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the FDA hydrolysis activity of the biofilm cells under the presence and absence of piper-
ine. In this regard, we observed that the metabolic activity of the biofilm cells got reduced 
significantly when the cells were challenged with piperine (Fig. 7B and C). Taken together, 
the results of this smart in vitro investigation demonstrably established that piperine treat-
ment could significantly disintegrate the pre-existing biofilm of S. aureus on the catheter 
tubes. Therefore, the findings of this study (under laboratory conditions) may provide vital 
insights into the management of catheter-associated nosocomial biofilm-mediated infec-
tions of S. aureus.

Conclusion

An alarming rise of biofilm-induced drug resistance often exhibits serious threat to pub-
lic healthcare, and hence, it demands an optimistic solution for the effective manage-
ment of the same. In this connection, piperine, a natural compound, has disintegrated the 

Fig. 7  Piperine efficiently disintegrated the pre-formed biofilm of S. aureus from the catheter surface. An 
equal number of cells was allowed to develop biofilm on the catheter surface followed by treating the same 
with either piperine or left untreated. Post treatment, catheter tubes were recovered and the degree of bio-
film disintegration from the catheter surface was analyzed. A CV staining profile. The residual biofilm 
adhered to the catheter tube was taken into consideration for CV staining. B Residual biofilm profile. The 
extent of residual biofilm present on the catheter tube under the presence and absence of piperine was car-
ried out by performing CV staining, Lowry method, FDA hydrolysis, and EPS extraction method. C Quan-
titative measurement of biofilm disintegration. The degree of piperine-induced disintegration of the pre-
existing biofilm from the catheter surface was measured by recording the absorbance at 630 nm, 720 nm, 
and 490 nm, respectively. Each experiment was repeated thrice. Error bars represented the standard error of 
the mean. The p values < 0.001 were marked with (***) to show the statistical difference among the obser-
vations
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pre-existing biofilm of opportunistic human pathogen, S. aureus. Therefore, on further 
exploration, piperine could be used as an efficacious molecule to curb such biofilm-associ-
ated diseases.
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