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Abstract
Microorganisms embedded within an extracellular polymeric matrix are known as biofilm. The extensive use of antibiotics 
to overcome the biofilm-linked challenges has led to the emergence of multidrug-resistant strains. Staphylococcus aureus 
is one such nosocomial pathogen that is known to cause biofilm-linked infections. Thus, novel strategies have been adopted 
in this study to inhibit the biofilm formation of S. aureus. Two natural compounds, namely, 1,4-naphthoquinone (a quinone 
derivative) and tryptophan (aromatic amino acid), have been chosen as they could independently show efficient antibiofilm 
activity. To enhance the antibiofilm potential, the two compounds were combined and tested against the same organism. 
Several experiments like crystal violet (CV) assay, protein estimation, extracellular polymeric substance (EPS) extraction, and 
estimation of metabolic activity confirmed that the combination of the two compounds could significantly inhibit the biofilm 
formation of S. aureus. To comprehend the underlying mechanism, efforts were further directed to understand whether the 
two compounds could inhibit biofilm formation by compromising the cell surface hydrophobicity of the bacteria. The results 
revealed that the cell surface hydrophobicity got reduced by ~ 49% when the compounds were applied together. Thus, the 
combinations could show enhanced antibiofilm activity by attenuating cell surface hydrophobicity. Further studies revealed 
that the selected concentrations of the compounds could disintegrate (~ 70%) the pre-existing biofilm of the test bacteria 
without showing any antimicrobial activity. Hence, the combined application of tryptophan and 1,4-naphthoquinone could 
be used to inhibit the biofilm threats of S. aureus.
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Introduction

The biofilm mode of existence is the most predominant 
form of bacterial existence in nature (Gebreyohannes et al. 
2019). Moreover, the growing resistance of microbial 

biofilm is the leading cause of nosocomial infections in the 
healthcare units (Sharma et al. 2014; Pachori et al. 2019). 
The biofilm aggregates could show antibiotic resistance 
up to 1000 times higher than their planktonic (free-living) 
counterpart (Gebreyohannes et al. 2019). The drug-resistant 
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property of the biofilm could be attributed to the production 
of the extracellular polymeric substances (EPS). The EPS 
matrix has been reported to impede the diffusion of several 
antibiotics, thereby strategically helping the bacterial 
biofilm to survive against different antibiotics (Di Martino 
2018). Among the biofilm-forming organisms, S. aureus (a 
Gram-positive round-shaped bacterium) happens to be an 
opportunistic pathogen that can develop biofilm efficiently 
on human hosts (Azmi et  al. 2019). Literature survey 
revealed that the biofilm of S. aureus could give rise to 
various chronic infections like osteomyelitis, endocarditis, 
and cystic fibrosis (Paharik and Horswill 2016). Thus, to 
deal with such challenges, the use of natural molecules 
has attracted considerable attention in recent times. 
Moreover, natural molecules are cost-effective and less 
toxic and can prove to be advantageous in this direction 
(Mishra et al. 2020). The quinone group of compounds have 
shown diverse biological functions including antibiofilm 
activity (Martínez and Benito 2005; Paul et al. 2021a). 
1,4-Naphthoquinone, one of the most significant and largely 
distributed quinones, has revealed a remarkable variety of 
therapeutic activities including antibacterial, antiviral, 
antifungal, and anticancer properties (Tandon et al. 2006; 
Ibis et  al. 2011; Mallavadhani et  al. 2014; Wang et  al. 
2022). Additionally, in our previous study, we showed that 
the mentioned compound exhibited efficient antibiofilm 
activity against the biofilm formation of S. aureus (Paul 
et al. 2021a, b). However, to further increase the antibiofilm 
efficacy of this compound, combinatorial approaches 
have been followed as literature survey suggested that the 
combinatorial process work more efficiently than individual 
ones (Gupta et al. 2017). In this connection, it was reported 
that the combination of three compounds, namely, 
thymoquinone, tetrazine-capped silver nanoparticle, and 
tryptophan, exhibited increased antibiofilm activity against 
Pseudomonas aeruginosa than their individual effects 
(Chakraborty et al. 2021). Moreover, the use of several 
natural antibiofilm agents antagonizing bacterial resistance 
happens to be a promising approach for the management of 
biofilm threats (Abreu et al. 2016). The combinations of 
vitexin along with two antibiotics, namely, azithromycin 
and gentamicin, was found to exhibit remarkable 
antibiofilm characteristics against P. aeruginosa (Das 
et al. 2016). Although 1,4-naphthoquinone and tryptophan 
were separately reported to show considerable antibiofilm 
activity, their combined action is yet to be tested on the 
test organism. The results showed that the combination 
of the two compounds, namely, 1,4-naphthoquinone and 
tryptophan worked more efficiently than their individual 
application towards the biofilm management of S. aureus.

Methods and materials

Microbial strain, chemicals, and culture conditions

A Gram-positive bacterium, S. aureus (accession number 
MTCC 96), was selected as the test organism for the present 
study. Luria Broth (LB) (HiMedia, India) was used for the 
optimum growth of the bacteria. The bacterium was culti-
vated at 37 °C for 24 h. 1,4-Naphthoquinone (purity ≥ 98%) 
and tryptophan were purchased from Sigma Aldrich and 
SRL, India, respectively.

Determination of microbial biofilm formation 
by crystal violet assay

Crystal violet (CV) assay is a widely used assay to determine 
the biofilm formation of S. aureus under different condi-
tions (Xu et al. 2016). Hence, in this study, CV assay was 
followed to examine the combined effect of the compounds 
(1,4-naphthoquinone and tryptophan) on the biofilm pro-
file of S. aureus. Firstly, S. aureus (1 ×  105 CFU/mL) were 
inoculated in several test tubes containing 5 mL of sterile LB 
media. Thereafter, the selected concentrations (10, 20, and 
30 μg/mL) of tryptophan and 1,4-naphthoquinone (10 μg/
mL) were added to the growth media either separately or in 
combination. Alongside, a control set was also maintained 
wherein an equal number of organisms were grown without 
being exposed to any of the test concentrations of the men-
tioned molecules. Thereafter, all the growth media including 
control were incubated at 37 °C for 24 h. Post incubation, the 
planktonic cells were removed from the respective test tubes 
and washed twice with autoclaved double-distilled water. 
The washed tubes were further air-dried and incubated for 
15 min with CV (0.4%) solution. After the incubation, the 
CV solution was carefully discarded from the respective 
tubes and gently rinsed with sterile double-distilled water. 
The CV-stained tubes were further dissolved in (33%) glacial 
acetic acid and the optical density (OD) of the same was 
determined at 630 nm.

Estimation of total biofilm protein

Total biofilm protein could be determined to understand the 
degree of biofilm formed by a microorganism under a given 
condition (Chen and Stewart 2000). In this direction, the 
total biofilm protein of S. aureus was determined under the 
different combinations of 1,4-naphthoquinone and trypto-
phan. To do the test, a similar number of microbial cells 
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(1 ×  105 CFU/mL) were allowed to grow in different tubes 
in the absence and presence of the mentioned compounds 
(1,4-naphthoquinone and tryptophan). All the tubes were 
incubated for 24 h at 37 °C. After the incubation, the plank-
tonic cells were discarded from the tubes. The tubes were 
then rinsed with sterile double-distilled water and further 
mixed with 5 mL of NaOH (0.3 N). After that, the tubes 
were boiled in the water bath for 30 min at 100 °C. Post 
incubation, the boiled suspensions were centrifuged for 
10 min at 3000 × g. The supernatant was collected, and the 
protein content of the supernatant was determined by follow-
ing the Lowry method (Lowry et al. 1951).

Fluorescence microscopic image analysis

Fluorescence microscopic analysis was carried out to under-
stand the combined effect of the compounds on the biofilm-
forming ability of the microorganism under different condi-
tions. To test the same, the similar number (1 ×  105 CFU/
mL) of cells were inoculated in sterile LB media challenged 
with different combinations of 1,4-naphthoquinone and tryp-
tophan. Sterile cover slips were added to all the tubes to 
allow the formation of microbial biofilm over it. A control 
set was prepared where the cover slips were added to the 
growth media in which the cells were not exposed to any 
concentration of the test compound. All the experimental 
sets were incubated for 24 h at 37 °C. After the incubation, 
the cover slips were meticulously recovered from each tube 
and the adhered microbial population over it was stained 
with acridine orange (4 μg/mL) for 15 min (Tribedi et al. 
2015). Thereafter, the stained cover slips were rinsed with 
sterile double-distilled water, dried, and observed under a 
fluorescence microscope (FITC filter) at an excitation and 
emission wavelength of 491 nm and 516 nm, respectively 
(Chakraborty et al. 2020).

Measurement of EPS matrix

The production of EPS by S. aureus under different combi-
nations of 1,4-naphthoquinone and tryptophan was deter-
mined by following the phenol sulfuric acid method (Dubois 
et al. 1956). To carry out the experiment, an equal number 
(1 ×  105 CFU/mL) of the bacteria was grown in different 
petri plates having 20-mL sterile LB challenged with either 
1,4-naphthoquinone or tryptophan or both. A control set was 
also prepared in which the cells were not treated with either 
1,4-naphthoquinone or tryptophan or both. All the plates 
were then incubated at 37 °C for 24 h. Post incubation, the 
biofilm cells were collected from the plates as described 
above. The microbial suspensions were then centrifuged 
at 2250 × g for 10 min. Post centrifugation, the pellet was 
collected, exposed to 10 mM EDTA, vortexed for 10 min, 
and re-centrifuged at 2250 × g for 10 min. The supernatant 

obtained from the second round of centrifugation was pooled 
with the supernatant collected from the first phase of centrif-
ugation. Finally, the pooled supernatant was treated with 2.2 
volumes of chilled absolute ethanol and incubated at − 20 °C 
for 1 h. Then, the recovered samples were centrifuged again 
at 4 °C for 20 min at 2250 × g. The final pellets obtained 
were dissolved in sterile double distilled water. Thereafter, 
2 mL of each of the samples were mixed with 1 mL of phe-
nol and 5 mL of concentrated sulfuric acid. The suspen-
sions were further boiled for 10 min and its absorbance was 
recorded at 490 nm (Dubois et al. 1956).

Determination of cell surface hydrophobicity

Bacterial adhesion to hydrocarbon (BATH) assay was fol-
lowed to estimate the cell surface hydrophobicity of the 
test organism under different conditions (Rosenberg et al. 
1981). To understand the effect of the compounds alone as 
well as in combination on the cell surface hydrophobicity 
of the test organism, cells were grown under varying con-
centrations of 1,4-naphthoquinone and tryptophan for 24 h 
at 37 °C. A control set was prepared wherein the test organ-
ism was grown in the absence of the compounds. After the 
incubation, equal number of cells were collected from each 
growth media, washed with sterile double-distilled water and 
re-suspended in phosphate urea magnesium (PUM) buffer 
 [K2HPO4 (17  gL−1),  KH2PO4 (726  gL−1), urea (18  gL−1) and 
 MgSO4,7H2O (2 gL −1)] such that the  OD400 could reach to 
1–1.2. An aliquot of this suspension was added equally to 
different tubes in which increasing volumes (ranging from 
0 to 0.2 mL) of organic solvent such as n-hexadecane was 
added. Then, the tubes were shaken for 10 min and allowed 
to stand for another 15 min to complete the phase separa-
tion. The final OD of the aqueous suspensions was again 
estimated at 400 nm. The formula which was used for meas-
uring cell surface hydrophobicity is as follows:

Cell surface hydrophobicity (in %) = 100 × {(initial OD-
final OD) ∕ initial OD}.

Determination of the metabolic activity

The metabolic activity of the test organism under the pres-
ence and absence of the test compounds was determined 
by following the protocol of fluorescein diacetate (FDA) 
hydrolysis assay (Paul et al. 2021a). To do the test, equal 
number (1 ×  105 CFU/mL) of microorganisms either unchal-
lenged or challenged with different combinations of com-
pounds were grown in sterile LB for 24 h at 37 °C. After 
the incubation, the planktonic cells were removed from 
each experimental set. The biofilm cells of both treated and 
untreated cells were exposed to fluorescein diacetate (FDA) 
(10 µg/mL) in 5 mL of phosphate buffer solution (60 mM 
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sodium phosphate buffer, pH 7.6) and kept under incuba-
tion at 37 °C for 2 h. After the incubation, the tubes were 
vortexed gently and centrifuged at 3000 × g for 10 min. The 
supernatant was collected and the absorbance of the same 
was measured at 494 nm (Adam and Duncan 2001).

Analysis of biofilm disintegration study

To carry out the biofilm disintegration of the test organ-
ism under exposure to the test compounds, the cells were 
allowed to form biofilm over the glass surface by growing 
them in sterile LB for 24 h at 37 °C. Thereafter, the devel-
oped biofilm was challenged with either 1,4-naphthoquinone 
or tryptophan or a combination of both. A control set was 
also maintained where the developed biofilm was neither 
treated with 1,4-naphthoquinone nor tryptophan. Later, all 
the experimental sets were incubated at 37 °C for 6 h. Post 
incubation, the amount of biofilm that remained on the glass 
surface under different combinations was determined by per-
forming a series of experiments like CV assay, estimation of 
total biofilm protein, analysis of fluorescence microscopic 
observation as explained previously.

Quantification of eDNA

The concentration of eDNA could be measured to under-
stand the effect of any compound on the microbial bio-
film profile (Sahu et al. 2012). To understand the effect 
of the compounds (either alone or in combination) on the 
eDNA profile of the test organism, equal number of cells 
(1 ×  105 CFU/mL) were first inoculated into several petri 
plates containing sterile LB (20 mL) media. All the petri 
plates were then incubated for 24 h at 37 °C. After the incu-
bation, the adhered biofilm cells were recovered from each 
plate through scrapping. These cells were further treated 
with either tryptophan or 1,4-naphthoquinone or a combina-
tion of both for 6 h at 37 °C. A control set was also prepared 
where the microbial biofilm population was neither treated 
with 1,4-naphthoquinone nor tryptophan. Post incubation, 
the biofilm cells treated or untreated with the compounds 
was subjected to centrifugation at 3000 × g for 8 min. The 
cell pellet obtained was further re-suspended in 10 mM 
EDTA and centrifuged again at 3000 × g for 8 min. The 
two sets of supernatants collected from each centrifugation 
was pooled and treated with 2.2 volume of chilled absolute 
ethanol and incubated for 1 h at 8 °C and re-centrifuged at 
6000 × g for 8 min. The obtained pellet was suspended in 
Tris–EDTA buffer (500 µL) and ice-cold isopropanol (150 
µL). Thereafter, the suspension was incubated at 4 °C for 
3 h and re-subjected to centrifugation at 4500 × g for 15 min. 
The obtained pellet was further suspended in Tris–EDTA 
buffer (500 µL) with 10 µL Proteinase K (10 mg/mL) and 
incubated for another 1 h at 37 °C. Post incubation, ice-cold 

isopropanol (150 μL) was added and centrifuged at 3000 × g 
for 8 min. The pellet finally obtained was collected and re-
suspended in 50 µL of Tris–EDTA buffer (10 mM). A den-
sitometric analysis of the DNA bands of agarose gel electro-
phoresis was carried out to understand the amount of eDNA 
produced by microbial biofilm under different conditions.

Analysis of the antimicrobial assay

The antimicrobial activity of the tested concentrations of 
tryptophan and 1,4-naphthoquinone was determined against 
S. aureus by measuring the microbial viability (Zhou et al. 
2012). To do the test, an equal number (1 ×  105 CFU/mL) 
of microorganisms were allowed to grow in sterile LB sup-
plemented with varying concentrations of tryptophan and 
1,4-naphthoquinone for 24 h at 37 °C. Post incubation, the 
microbial viability in each experimental set was determined 
by following the colony forming unit (CFU) assay (Zhou 
et al. 2012).

Statistical analysis

Each experiment was repeated three times to achieve statisti-
cal confidence. One-way analysis of variance (ANOVA) was 
used to carry out the significance test. The degree of signifi-
cance was incorporated as p value < 0.05 (*), p value < 0.01 
(**), and p value < 0.001 (***) in contrast to control. The 
p values more than 0.05 indicated that there was no signifi-
cant difference and hence presented as N.S. (no statistical 
difference).

Results

Tryptophan and 1,4‑naphthoquinone showed 
efficient antibiofilm activity against S. aureus

To test the individual effect of 1,4-naphthoquinone and tryp-
tophan on the biofilm inhibition of S. aureus, the cells were 
separately grown in sterile LB challenged with the men-
tioned compounds. A control set was also taken wherein 
the bacterial cells were neither incubated with 1,4-naph-
thoquinone nor tryptophan. The effect of the mentioned 
compounds towards biofilm inhibition was examined by 
performing CV assay. The result of CV assay showed that 
tryptophan could independently inhibit the biofilm forma-
tion of S. aureus (Fig. 1A). The maximum biofilm inhibi-
tion (~ 39%) was observed when the cells were treated with 
tryptophan at a concentration of 30 μg/mL (Fig. 1A). The 
results further demonstrated that beyond this concentration 
(30 μg/mL), no further change in biofilm inhibition was 
observed (Fig. 1A). Besides tryptophan, the results also 
revealed that 1,4-naphthoquinone could inhibit the biofilm 
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formation of S. aureus. The highest biofilm inhibition 
(~ 50%) was seen to take place when the test organism was 
treated with 1,4-naphthoquinone at a concentration of 10 μg/
mL (Fig. 1B). Therefore, the results indicated that the com-
pounds, namely, tryptophan and 1,4-naphthoquinone could 
show significant biofilm inhibition against S. aureus. Hence, 
tryptophan at a concentration of 30 μg/mL and 1,4-naphtho-
quinone at a concentration of 10 μg/mL were selected for 
further investigations.

Combinatorial application of the test compounds 
showed increased antibiofilm efficacy

To test whether the combination of the two compounds 
could increase the antibiofilm efficacy than their individual 
effect, the cells were allowed to grow in the presence of 
either tryptophan or 1,4-naphthoquinone or both. It was 
observed that the highest (~ 57%) biofilm inhibition took 
place when the cells were treated with tryptophan (30 µg/
mL) and 1,4-naphthoquinone (10 µg/mL) together (Fig. 2A). 
Though the said compounds could inhibit biofilm formation 
individually, the degree of biofilm inhibition got enhanced 
significantly when they were applied together (Fig. 2A). 
To further validate the findings, the protein content of 
biofilm in each set was estimated. The results showed that 
highest protein recovery was observed when the cells were 
not exposed to either 1,4-naphthoquinone or tryptophan 
(Fig. 2B). However, the amount of protein recovery decreased 
significantly when the cells were exposed to both tryptophan 

(30 µg/mL) and 1,4-naphthoquinone (10 µg/mL) (Fig. 2B). 
Consistent with the findings of the CV assay experiments, 
biofilm protein estimation assay also demonstrated that 
maximum biofilm inhibition took place when the cells 
were exposed to both tryptophan and 1,4-naphthoquinone 
(Fig. 2A and B). Furthermore, maximum amount of EPS 
was produced by the microorganisms that were not treated 
with either tryptophan or 1,4-naphthoquinone (Fig. 2C). 
However, the secretion of EPS decreased by ~ 28% when 
the cells were exposed to only tryptophan (Fig. 2C). The 
treatment of 1,4-naphthoquinone was found to reduce the 
secretion of EPS by ~ 21% (Fig. 2C). The amount of EPS 
secretion got decreased by ~ 48% when the cells were exposed 
to both tryptophan and 1,4-naphthoquinone (Fig. 2C). To 
measure the extent of microbial metabolic activity under 
different conditions, we performed FDA assay. The result 
indicated that the metabolic activity of the biofilm was found 
to be the maximum when the biofilm was not exposed to 
the compounds (Fig. 2D). However, the same got reduced 
significantly when the cells were treated with either 
tryptophan or 1,4-naphthoquinone (Fig. 2D). As expected, 
the highest reduction in metabolic activity was noticed when 
the cells were treated with both the compounds (Fig. 2D).

Combinatorial application of the test compounds 
significantly inhibited the cell surface 
hydrophobicity of the test organism

To understand whether the cell surface hydrophobicity could 
influence the formation of biofilm of S. aureus, cells were 
grown under different combinations of the mentioned com-
pounds. The highest level of cell surface hydrophobicity 
was observed in the cells that were not exposed to the test 
compounds (Fig. 3A). However, the results revealed that the 
cell surface hydrophobicity diminished significantly when 
exposed to the compounds either individually or in combina-
tion (Fig. 3A). The cell surface hydrophobicity was reduced 
by ~ 24% and ~ 14% when exposed to 1,4-naphthoquinone and 
tryptophan, respectively (Fig. 3A). The result also revealed the 
maximum (~ 49%) reduction in cell surface hydrophobicity 
when both the compounds were applied on the test organism 
(Fig. 3A). Thus, the result indicated that the test compounds 
were found to reduce the cell surface hydrophobicity of S. 
aureus substantially. To understand further, a fluorescence 
microscopic analysis was carried out in which we observed 
that the microbial colonization was found to be the maxi-
mum when the cells were not treated with any compounds 
(Fig. 3B). In this condition, several microbial clusters were 
noticed over the surface indicating the substantial develop-
ment of biofilm. However, the extent of microbial clusters was 
reduced considerably when the cells were exposed to either 
tryptophan or 1,4-naphthoquinone or both (tryptophan and 
1,4-naphthoquinone) (Fig. 3B). The maximum reduction in 

Fig. 1  Antibiofilm effect of the test compounds on S. aureus. Equal 
number of cells was added to several tubes containing sterile LB 
media. To it, several concentrations of tryptophan and 1,4-naph-
thoqionone was separately added. Alongside, a control set was also 
prepared where the test bacteria were not exposed to tryptophan or 
1,4-naphthoquinone. Post incubation, the adhered biofilm cells were 
quantified by CV assay. A Biofilm profile of the cells under the influ-
ence of tryptophan. B Biofilm profile of the cells under the influence 
of 1,4-naphthoquinone. Error bars demonstrated the mean ± standard 
deviation. The significant difference in the results with the control 
was illustrated by calculating the respective p values. The p values 
less than 0.05, 0.01, and 0.001 were marked with (*), (**), and (***), 
respectively
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microbial colonization occurred when the cells were exposed 
to both tryptophan and 1,4-naphthoquinone (Fig. 3B). Thus, 
the observations so far revealed that the tested concentrations 
of the compound effectively inhibited the biofilm formation 
of S. aureus by attenuating the cell surface hydrophobicity.

Combinations of tryptophan and 1,4‑naphthoquinone 
showed efficient disintegration against  
the pre‑existing biofilm of S. aureus

In this study, attempts have been made to show whether 
the combination of the compounds (tryptophan and 
1,4-naphthoquinone) could effectively disintegrate the pre-
existing biofilm of S. aureus. Thus, the pre-existing biofilm 
of S. aureus was formed as mentioned in the Methods and 
materials section. Thereafter, the pre-formed biofilm was 
exposed to different concentrations of 1,4-naphthoquinone 
and tryptophan individually as well as in combination and 
incubated for another 6 h. Post incubation, it was observed 

that ~ 60% of the biofilm got disintegrated when the pre-
existing biofilm cells were exposed to 1,4-naphthoquinone 
alone (Fig.  4A). It was also noticed that ~ 50% biofilm 
disintegration took place when the pre-existing biofilm 
cells were exposed to tryptophan alone (Fig. 4A). However, 
the maximum biofilm disintegration (~ 70%) was observed 
when the two compounds were applied in combination on 
the pre-existing biofilm cells (Fig. 4A). To further validate 
the observations, total biofilm protein was measured under 
different conditions as it reflects the microbial load of the 
biofilm in a given population. We observed that tryptophan 
and 1,4-naphthoquinone showed biofilm disintegration 
independently as the protein recovery got decreased 
significantly under the exposure of the two compounds 
(Fig. 4B). However, the lowest recovery of protein was 
observed when the pre-existing biofilm was exposed to 
both tryptophan and 1,4-naphthoquinone (Fig. 4B). The 
maximum protein was recovered from the biofilm when it 
was not exposed to either tryptophan or 1,4-naphthoquinone 

Fig. 2  Combinatorial application of antibiofilm molecules signifi-
cantly inhibited the biofilm formed by S. aureus. An equal number 
of the test bacteria was inoculated into freshly prepared LB media 
under the influence of different combinations of tryptophan (Trp) 
and 1,4-naphthoquinone (1,4-NQ). All the samples were incubated at 
37 °C for 24 h. Post incubation, planktonic cells were discarded and 
the amount of biofilm cells were subjected to different experiments. A 
The extent of biofilm cells under different conditions was measured 
by performing CV assay. B The amount of total biofilm protein under 

different conditions was measured by Lowry assay. C The amount of 
EPS recovered from biofilm under different conditions was measured 
by phenol–sulfuric acid method. D The metabolic activity of biofilm 
under different conditions was measured by FDA assay. Error bars 
demonstrated mean ± standard deviation. The significant difference in 
the results with respect to control was illustrated by calculating the 
respective p values. The p values less than 0.05, 0.01, and 0.001 were 
marked with (*), (**), and, (***), respectively
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(Fig.  4B). To further confirm this result, fluorescence 
microscopic image analysis was carried out, wherein 
the pre-existing biofilm was exposed to the different 
concentrations of the test compounds (individually as well as 
in combination). The fluorescence microscopic observation 
revealed that the cells which were not exposed to any of the 
test compounds exhibited the formation of substantial biofilm 
clusters (Fig. 4C). The biofilm clusters were seen to disperse 
efficiently in the presence of the different combinations of 
the compounds (Fig. 4C). Furthermore, the amount of eDNA 
associated with biofilm was measured under the presence 
and absence of the compounds. The results indicated that the 
least amount of eDNA was extracted from the pre-existing 

biofilm which was exposed to both the compounds (Fig. 4D). 
However, maximum amount of eDNA was extracted from 
the pre-existing biofilm which was not exposed to any 
compound (Fig. 4D). Thus, it could be suggested that the 
exposure of 1,4-naphthoquinone and tryptophan was found 
to reduce the amount of eDNA significantly that resulted in 
the disintegration of the pre-existing biofilm.

The combinatorial study did not show any 
considerable antimicrobial activity against S. aureus

The antimicrobial activity of the tested concentrations of 
tryptophan and 1,4-naphthoquinone alone or in combination 
was determined against S. aureus by following the microbial 
viability. In this regard, S. aureus cells were inoculated 
in sterile LB supplemented with tryptophan (30 µg/mL) 
or 1,4-naphthoquinone (10 µg/mL) or both and incubated 
at 37 °C for 24 h. The result showed that the microbial 
viability remained similar for the cells that were either 
treated with tryptophan or 1,4-naphthoquinone or both 
(1,4-naphthoquinone and tryptophan) (Fig. 5). The result 
indicated that the combination of the two natural compounds, 
1,4-naphthoquinone and tryptophan, could effectively inhibit 
as well as disintegrate the biofilm without affecting the 
growth profile of the test organism.

Discussion

Drug resistance amongst pathogenic microorganisms has 
become a widespread phenomenon that might explain the 
persistence of bacterial infections even after the application 
of appropriate antimicrobial therapy (Balaban et al. 2019). 
In view of this, biofilm associated bacterial infections 
are becoming a major problem in the expanding popula-
tion (Kiedrowski and Horswill 2011; Bjarnsholt 2013). S. 
aureus is one such Gram-positive bacterium that has been 
reported to significantly increase the morbidity and mor-
tality, particularly when associated with biofilm infections 
(Moormeier and Bayles 2017). Therefore, novel approaches 
need to be adopted to combat such challenges. Two natural 
compounds, namely, 1,4-naphthoquinone and tryptophan, 
have been selected for this study and were tested against the 
biofilm profile of S. aureus. The results revealed that both 
the test compounds could exhibit efficient antibiofilm char-
acteristics against S. aureus. However, to further increase 
the efficacy of the compounds, a combinatorial study was 
undertaken as literature revealed that combinatorial applica-
tions could enhance antibiofilm activities compared to their  
single application (Zhou et al. 2018). In this regard, a series 
of experiments were performed to test the efficacy of the two 
compounds in combination towards biofilm inhibition. Crys-
tal violet (CV) assay has been found to be a well-reported 

Fig. 3  Combinatorial application of the antibiofilm molecules inhib-
ited the cell surface hydrophobicity of the bacteria that resulted in 
decreased microbial attachment. A Cell surface hydrophobicity meas-
urement. An equal number of the test bacteria were inoculated into 
freshly prepared LB media under different combinations of trypto-
phan (Trp) and 1,4-naphthoquinone (1,4-NQ). Post incubation, BATH 
assay was followed to estimate the cell surface hydrophobicity of cells 
under different conditions. Error bars demonstrated the mean ± stand-
ard deviation. The significant difference in the results with the control 
set was illustrated by calculating the respective p values. The p values 
less than 0.05 and 0.01 were marked with (*) and (**), respectively. B 
Fluorescence microscopic image analysis. The microbial colonization 
of the test bacteria under the influence of different combinations of the 
antibiofilm molecules was analyzed by observing the acridine orange-
stained cells under a fluorescence microscope
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assay which can be used to measure the extent of biofilm 
inhibition (Mukherjee et al. 2013) as well as the disintegra-
tion of pre-existing biofilm (Paul et al. 2021b) under differ-
ent conditions. Thus, to test the extent of biofilm inhibition of  
S. aureus under the presence and absence of the compounds 
(tryptophan and 1,4-naphthoquinone), CV assay was under-
taken as CV could bind to the biofilm cells as well as the 
EPS of biofilm. The result revealed that the individual effect 
of the compounds showed efficient antibiofilm activity. 
However, when the two compounds were combined together, 
the efficacy of the compounds towards biofilm inhibition 
got increased significantly. Furthermore, estimation of the 
amount of protein under the presence and absence of the 
compounds could also help us to understand the extent of 
microbial biofilm formed on a surface under different condi-
tions (Kroukamp et al. 2010). Increased protein recovery is 

considered to be an indicator of robust biofilm formation, 
whilst a reduced protein recovery indicates poor biofilm for-
mation (Kroukamp et al. 2010). We observed that the least 
amount of protein was recovered from the set which was 
treated with both tryptophan and 1,4-naphthoquinone. The 
maximum amount of biofilm was formed when S. aureus 
cells were not exposed to any concentrations of the test com-
pounds. Thus, the CV assay and protein assay suggested that 
the mentioned compounds in combination could show the 
highest biofilm inhibition against S. aureus. Furthermore, 
extracellular polymeric substance (EPS) was reported to play 
a key role in holding the biofilm integrity (Flemming et al. 
2007). Therefore, the amount of EPS was measured under 
the presence and absence of the mentioned compounds as 
it happens to be a major indicator of biofilm (Gupta et al. 
2016). The least amount of EPS was recovered when the 

Fig. 4  The combination of the antibiofilm molecules exhibited effi-
cient disintegration of the pre-existing biofilm of S. aureus. The test 
bacteria were grown in sterile LB media at 37 °C for 24 h to develop 
biofilm over the surface. The developed biofilm was then exposed to 
the test compounds (tryptophan and 1,4-naphthoquinone) individu-
ally as well as in combination and further incubated at 37 °C for 6 h. 
After the incubation, the planktonic cells were discarded, washed 
with sterile double-distilled water, and adhered biofilm cells were 
dried effectively. A CV assay. The degree of the pre-existing biofilm 
of the test bacteria under the individual as well as combined form of 
the antibiofilm molecules (Trp and 1,4-NQ) were stained with CV 
solution. B Protein estimation. The total protein of the pre-existing 
biofilm of the test bacteria under different conditions was estimated 
by following the protocol of Lowry assay. C Fluorescence micro-
scopic image analysis. The pre-existing biofilm of S. aureus was 

treated with either tryptophan (Trp) or 1,4-naphthoquinone (1,4-NQ) 
or both. A control set was also prepared in which the pre-exiting 
biofilm was not exposed to any test molecule. Thereafter, the differ-
ence in the biofilm aggregates under different conditions were ana-
lyzed under a fluorescence microscope. D eDNA estimation profile. 
The pre-existing biofilm on petri dishes was challenged with either 
Trp, 1,4-NQ or both for 6  h at 37  °C. A control set was also kept 
in which the pre-existing biofilm was not exposed to the test com-
pounds. Thereafter, the eDNA was collected from the pre-existing 
biofilm under different conditions by abiding to the protocol men-
tioned in “Methods and materials” section. Error bars demonstrated 
the mean ± standard deviation. The significant difference in the results 
with the control set was illustrated by calculating the respective p val-
ues. The p values less than 0.05, 0.01, and 0.001 were marked with 
(*), (**), and, (***), respectively
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organism was exposed to both the compounds (trypto-
phan and 1,4-naphthoquinone). The maximum amount of 
EPS was recovered from the cells that were not exposed to 
any concentrations of the test compounds. Moreover, the 
increased secretion of EPS marks the formation of a matured 
biofilm (Flemming et al. 2007). In addition, biofilm often-
times facilitates the discharge of different virulence factors 
including proteases while evading the host tissue (Granato 
et al. 2018). Microbial protease could hydrolyze the protein 
layer enabling the cells to enter the host tissue which resulted 
in the spreading of pathogenicity (Koo et al. 2017). Fluores-
cein diacetate is a broad spectrum substrate for a plethora of 
proteases, esterase, and lipase enzymes (Alef and Nannipieri 
1995). Thus, in this study, to understand the role of the test 
compounds on the secretion of enzyme produced by biofilm, 
we performed the FDA assay of the microorganisms growing 
under different conditions. The result indicated that the com-
binations of the compounds at the selected concentrations 
might weaken the pathogenicity by inhibiting the secretion 
of different hydrolytic enzymes including protease from the 
test organism. Thus, it can be stated that the combination of 
the two compounds significantly increased the efficacy of 
biofilm inhibition of S. aureus.

Cell surface hydrophobicity constitutes one of the most 
important key factors of microbial cell surface colonization 
(Pompilio et  al. 2008; Tribedi and Sil 2014). In this 

connection, cells with higher cell surface hydrophobicity 
showed better colonization and cells with lower cell surface 
hydrophobicity showed compromised microbial colonization 
(Sarker et  al. 2020). Thus, to elucidate the mechanism 
behind the biofilm inhibition of S. aureus, the cell surface 
hydrophobicity was measured under the presence and 
absence of the test compounds. The result revealed that 
when the compounds (tryptophan and 1,4-naphthoquinone) 
were individually added to S. aureus cells, the cell surface 
hydrophobicity of the bacteria was decreased. However, 
when the two compounds were applied in combination, 
the reduction in cell surface hydrophobicity was found 
to be even greater. This result was further validated by 
fluorescence microscopic analysis. Fluorescence microscopic 
study helps in visualization of bacterial adherence on any 
given surface (Hannig et al. 2007). Thus, with the help of 
fluorescence microscopic analysis, several biofilm clusters 
were observed when S. aureus cells were not exposed to any 
test compounds. However, when the same set was exposed 
to the test compounds in combination, the biofilm clusters 
were decreased substantially. Thus, the reduced cell surface 
hydrophobicity of S. aureus under the combined effect 
of the two compounds could inhibit the development of 
biofilm. In this study, attempts have also been made to show 
whether the combination of the compounds (tryptophan 
and 1,4-naphthoquinone) could effectively disintegrate 
the pre-existing biofilm of S. aureus. In this regard, it was 
observed that the combination of the two compounds could 
effectively disintegrate the pre-existing biofilm of S. aureus. 
Furthermore, literature report revealed that extracellular 
DNA (eDNA), which is a major component of the EPS 
matrix, could play a very crucial role in keeping the biofilm 
architecture (Das et al. 2013). The reduction in the amount 
of eDNA was found to exhibit effective disintegration of 
the pre-existing biofilm (Okshevsky and Meyer 2015). The 
results indicated that the least amount of eDNA was extracted 
from the pre-existing biofilm which was exposed to both 
the compounds. However, the maximum amount of eDNA 
was extracted from the pre-existing biofilm which was not 
exposed to any compound. Taken together, it could be stated 
that the combination of the compounds not only inhibited 
the biofilm formation of S. aureus but also efficiently 
disintegrated the pre-existing biofilm considerably.

An important characteristic of a promising antibiofilm 
agent is to show efficient antibiofilm activity at a concen-
tration or concentrations which does not show any harm to 
the concerned microorganism (Das et al. 2016). The antimi-
crobial activity of the tested concentrations of tryptophan 
and 1,4-naphthoquinone alone or in combination was deter-
mined against S. aureus by following the microbial viability 
assay. It was observed that the tested concentrations of the 
compounds individually as well as in combination did not 
exhibit any antimicrobial activities. Thus, these compounds 

Fig. 5  The tested concentrations of the antibiofilm molecules did not 
show antimicrobial activity. A similar number of cells of S. aureus 
were inoculated in several test tubes containing sterile LB media sup-
plemented with either tryptophan (Trp) or 1,4-naphthoquinone (1,4-
NQ) or both. A control set was also prepared where the cells were not 
exposed to any test compounds. After an incubation of 24 h at 37 °C, 
the microbial viability of the cells under different condition was 
determined. Error bars demonstrated the mean ± standard deviation. 
The significant difference in the results with the control set was illus-
trated by calculating the respective p values. The p value calculations 
revealed no contrasting difference between the treated and untreated 
samples hence marked with N.S. (non-significant)
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in combination may be recommended to manage the bio-
film-linked threats of S. aureus.

Conclusion

This study demonstrably establishes the combination of bio-
active compounds, namely, 1,4-naphthoquinone and tryp-
tophan as an effective means to limit biofilm formation as 
well as induce disintegration of pre-existing biofilms. Since 
biofilm formation constitutes an important strategy for medi-
ating microbial pathogenesis as well as a vital mechanism 
for antibiotic resistance amongst pathogenic microorganisms 
including S aureus, effective management and premature 
disintegration of microbial biofilm is the imperative need 
of the hour in the context of public health management. 
Furthermore, this strategy can be used in conjunction with 
application of conventional antibiotics to develop a com-
prehensive integrated approach for smart management of 
biofilm mediated microbial pathogenesis.
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