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Abstract

Pseudomonas aeruginosa often causes various acute and chronic infections in humans exploiting biofilm. Molecules inter-
fering with microbial biofilm formation could be explored for the sustainable management of infections linked to biofilm.
Towards this direction, the antimicrobial and antibiofilm activity of cuminaldehyde, an active ingredient of the essential oil
of Cuminum cyminum was tested against Pseudomonas aeruginosa. In this regard, the minimum inhibitory concentration
(MIC) of cuminaldehyde was found to be 150 pg/mL against the test organism. Experiments such as crystal violet assay,
estimation of total biofilm protein, fluorescence microscopy and measurement of extracellular polymeric substances (EPS)
indicated that the sub-MIC doses (up to 60 pg/mL) of cuminaldehyde demonstrated considerable antibiofilm activity without
showing any antimicrobial activity to the test organism. Moreover, cuminaldehyde treatment resulted in substantial accu-
mulation of cellular reactive oxygen species (ROS) that led to the inhibition of microbial biofilm formation. To this end,
the exposure of ascorbic acid was found to restore the biofilm-forming ability of the cuminaldehyde-treated cells. Besides,
a noticeable reduction in proteolytic activity was also observed when the organism was treated with cuminaldehyde. Taken
together, the results demonstrated that cuminaldehyde could be used as a promising molecule to inhibit the biofilm forma-
tion of Pseudomonas aeruginosa.
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Introduction

In nature, bacteria are found to switch between two dis-
tinct modes of existence. One is the free-living plank-
tonic form while the other one is the biofilm (Gupta et al.
2016). Biofilm happens to be the most predominant form
of bacterial adaptation in nature for the sustainable man-
agement of stress (Chakraborty et al. 2020). Biofilm is a
highly complex structure of bacterial association that can
originate either from the homogeneous or heterogeneous
aggregation of microorganisms (Wimpenny et al. 2000).
The existing literature revealed that the three-dimensional
complex structure of biofilm gets stabilized by secreting
extracellular polymeric substances (EPS) (Yang et al.
2011). EPS is composed of various biomolecules such as
polysaccharides, proteins, lipids, and nucleic acids (Cortes
et al. 2011). Furthermore, this matrix has been found to
play a key role in amplifying the resistance of the bacterial
biofilm to several antimicrobials (Roy et al. 2018). This in
turn not only blocks the smooth diffusion of antimicrobials
through biofilm, but also protects the sessile cells from
bacteriophages, synthetic biocides, amoebae, disinfectants,
UV radiation, pH stress, etc. (Chakraborty et al. 2018).
Previous literature revealed that the biofilm cells are found
to be ~ 10-1000 times more resistant than their planktonic
counterpart in the context of drug resistance (Sharma et al.
2019). Besides, microorganisms in biofilm show an altered
gene expression that helps them to evade the host immune
system thereby causing various chronic and acute infec-
tions in humans (Gupta et al. 2016). According to the
National Institute of Health (NIH), biofilm accounts for
almost 80% of the microbial infections posing a serious
threat to public healthcare (Khatoon et al. 2018).
Pseudomonas aeruginosa, a multi-drug resistant oppor-
tunistic pathogen has been found to cause an array of
biofilm-linked diseases like endocarditis, periodontitis,
kidney infections, cystic fibrosis, and so on (Gupta et al.
2016). Furthermore, most of the therapeutic approaches
turned out to be quite challenging due to the emergence
of drug resistance by the biofilm cells. Towards this direc-
tion, several molecules are being explored globally to
manage this biofilm threat. However, natural molecules
have been found to be an effective choice over synthetic
molecules as they are cost-effective, abundant, and non-
toxic to the human host (Mishra et al. 2020). Therefore,
our current study has been aimed at investigating one such
natural molecule, cuaminaldehyde against microbial biofilm
formation. This compound happens to be a major bioac-
tive constituent of white cumin seeds (Cuminum cyminumt)
(Sowbhagya 2013). Moreover, a literature survey revealed
that cuminaldehyde could show potential antibiofilm and
antimicrobial activity against Staphylococcus aureus and
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Escherichia coli (Monteiro-Neto et al. 2020). However, the
effect of cuminaldehyde on the biofilm inhibition of Pseu-
domonas aeruginosa is yet to be explored. Hence, efforts
have been put together to bring forth the antimicrobial
as well as antibiofilm activity of cuminaldehyde against
Pseudomonas aeruginosa. Towards exploring the underly-
ing mechanism of microbial biofilm inhibition, the exist-
ing literature recommended that the inhibition in biofilm
formation could be regulated by the cellular accumulation
of reactive oxygen species (ROS) (Gambino and Cappitelli
2016). ROS consists of diverse reactive chemical species
(hydroxyl radical, superoxide, peroxide, and singlet oxy-
gen) which get synthesized during aerobic metabolism
(Imlay 2003). The accumulation of ROS has been found
to exhibit diverse biological functions including micro-
bial biofilm inhibition (Briviba et al. 1997). However, it
has also been reported that the biofilm-forming ability of
the microorganism could be restored under the influence
of ascorbic acid, a known antioxidant agent (Chakraborty
et al. 2018; Paul et al. 2021). Hence, in the present study,
efforts have been given to understand whether ROS accu-
mulation under the influence of cuminaldehyde exert any
impact on the biofilm inhibition of Pseudomonas aerugi-
nosa. The present report deciphered that the cuminalde-
hyde-mediated biofilm inhibition could be attributed to the
cellular accumulation of ROS in the test organism.

Materials and methods

Microbial strain, growth media, and culture
conditions

Pseudomonas aeruginosa MTCC 424, an efficient biofilm-
forming bacteria was used as a test organism for the present
study. In this study, the organism was cultivated in Luria
Bertani (LB) medium at 37 °C for 24 h to experience its opti-
mum growth. The test compound (cuminaldehyde) selected
for the investigation was purchased from Sigma-Aldrich
(product number: 135178; purity: 98%; density: 0.977 g/
mL). In the present study, 5 uL. cuminaldehyde was mixed
with 995 uL of dimethyl sulfoxide (DMSO) (purchased from
Merck Life Science Pvt Ltd) to prepare the stock solution
(4.98 mg/mL). The stock solution was subsequently diluted
in the growth media (LB) as per the requirements of the
experiments.

Determination of the minimum inhibitory
concentration (MIC) of cuminaldehyde
against Pseudomonas aeruginosa

MIC of cuminaldehyde was determined against Pseu-
domonas aeruginosa by following the broth dilution system
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(BDS) (Clinical and Laboratory Standards Institute 2005;
Chakraborty et al. 2021). In brief, to perform this experi-
ment, 50 pL (1 x 10> CFU/mL) microbial culture was sepa-
rately inoculated into several tubes containing 5 mL of
sterile LB media. To it, different concentrations (50, 100,
150, 200 and 250 pg/mL) of cuminaldehyde were separately
added. A control set was prepared in which the cells were
grown without being exposed to cuminaldehyde. To test the
effect of DMSO on the microbial growth profile, an equal
number of cells were grown in LB in which only DMSO (5%
v/v) was applied. Afterward, all the test tubes were incu-
bated at 37 °C for 24 h in an incubator shaker. After the
incubation, the turbidity of the growth medium was quanti-
fied by measuring the optical density (OD) at 600 nm. In this
connection, the MIC of the compound was determined by
considering the lowest concentration of cuminaldehyde that
did not reveal any visible growth of the microorganism. In
some cases, an equal number of cells (1 X 10° CFU/mL) were
grown under different combinations of cuminaldehyde and
ascorbic acid. After incubation at 37 °C for 24 h, the micro-
bial growth in each combination was measured by recording
OD at 600 nm.

Bacterial growth curve analysis

To understand the effect of the sub-MIC doses of cuminal-
dehyde on the growth profile of Pseudomonas aeruginosa,
50 pL microbial culture was inoculated into different coni-
cal flasks containing 100 mL of sterile LB media. To it,
sub-MIC doses (20, 40, 60, and 80 pg/mL) of cuminalde-
hyde were added individually. In the control set, the micro-
organisms were allowed to grow in the absence of cumi-
naldehyde. Thereafter, all the conical flasks were grown at
37 °C. At regular time intervals (2 h), the microbial cultures
were recovered from each growth media including the con-
trol. Thereafter, the turbidity, an indicator of the microbial
growth was recorded by measuring the OD at 600 nm.

Estimation of the biofilm mass by crystal violet (CV)
assay

Crystal violet (CV) assay was performed to determine the
degree of biofilm mass of Pseudomonas aeruginosa under
different conditions (Chakraborty et al. 2020). To examine
the same, 50 uL (1 x 10° CFU/mL) of microbial culture was
inoculated into 5-mL sterile LB media in different tubes.
After that, various sub-MIC (20, 40 and 60 pg/mL) doses of
cuminaldehyde were applied to the inoculated growth media.
However, in some cases, ascorbic acid (25 and 50 pg/mL)
was immediately added into those tubes in which the cells
were exposed to cuminaldehyde. A control set was also made
in which the microbial culture of Pseudomonas aeruginosa
was neither exposed to cuminaldehyde nor ascorbic acid. All

the glass test tubes were then incubated at 37 °C for 24 h.
After the incubation, planktonic cells were discarded from
each tube and gently washed with sterile double distilled
water. Then, the tubes were allowed to dry for 10 min and
subsequently stained with 5 mL of 0.4% CV solution. All
the tubes were further incubated for 30 min to allow effec-
tive staining of the biofilm cells developed over the glass
surfaces. Thereafter, the CV solution was discarded from all
the test tubes and rinsed with sterile double distilled water
to wash the excess CV (if any). Then, 33% glacial acetic
acid was added to each test tube to dissolve the biofilm cells
bound to CV. Finally, the intensity of the color generated in
each tube was estimated by measuring the OD at 630 nm.

Estimation of total biofilm protein

Estimation of total biofilm protein has been found to be a
popular method of measuring the abundance of microbial
populations in a biofilm (Paul et al. 2021). Hence, to deter-
mine the same, an equal number of cells (1 X 10° CFU/mL)
were either challenged with sub-MIC concentrations (20,
40 and 60 ug/mL) of cuminaldehyde or left untreated. Then,
all the test tubes were incubated at 37 °C for 24 h. Post
incubation, the planktonic cells were removed followed by
washing the tubes with sterile double distilled water. Then,
5 mL of 0.3 (M) NaOH solution was added to each test tube
and subsequently boiled for 15 min at 100 °C. Thereafter,
the cellular suspensions were centrifuged at 8000 rpm for
8 min. Finally, the supernatant was collected and the protein
present in it was determined using the Folin-Lowry method
(Lowry et al. 1951).

Estimation of extracellular polymeric substances
(EPS)

The production of EPS by Pseudomonas aeruginosa under
the influence of cuminaldehyde was determined by the EPS
extraction assay as described by Tribedi and Sil (2014). In
brief, 50 uL (1 x 10° CFU/mL) microbial culture was sepa-
rately inoculated in sterile LB media. To it, various sub-MIC
doses (20, 40 and 60 ug/mL) of cuminaldehyde were sepa-
rately added. A control set was also prepared wherein the
organisms were allowed to grow in sterile LB in the absence
of cuminaldehyde. Then, all the experimental sets were incu-
bated at 37 °C for 24 h. After the incubation, planktonic cells
were removed from all the experimental sets including the
control one. The biofilm cells were then suspended in sterile
double distilled water and thoroughly vortexed for proper
mixing. Then, the suspensions were centrifuged at 6000 rpm
for 10 min. The pellet was collected and further treated with
10 mM EDTA followed by vortexing for another 10 min.
Thereafter, the samples were again centrifuged at 6000 rpm
for 10 min. After that, the supernatants collected from the
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two rounds of centrifugation were mixed and treated with
2.2 volumes of chilled absolute ethanol followed by incu-
bating at — 20 °C for 1 h. After the incubation, the samples
were centrifuged again at 6000 rpm for 20 min at 4 °C. The
pellets were then collected and suspended in sterile double
distilled water. Finally, the extent of EPS present in the pre-
pared suspension was estimated using the phenol-sulphuric
acid method (Dubois et al. 1956).

Analysis of biofilm formation by fluorescence
microscopy

To analyze the change in microbial biofilm formation under
the exposure of cuminaldehyde, a fluorescene microscopic
study was performed. Firstly, 50 pL (1% 10° CFU/mL)
culture of Pseudomonas aeruginosa was separately inoc-
ulated into different test tubes containing 5 mL of sterile
LB media. To it, sub-MIC doses (20, 40, and 60 pg/mL) of
cuminaldehyde were added. As expected, a control set was
also prepared where the organisms were allowed to grow in
the absence of cuminaldehyde. Sterile glass coverslips were
added to all the test tubes including the control set under
aseptic conditions. All the experimental sets were then incu-
bated for 24 h at 37 °C. Post incubation, the respective cov-
erslips were recovered from each test tube and stained with
acridine orange solution (4 pg/mL) to observe the microbial
biofilm population developed over the coverslips. After that,
the coverslips were gently washed to remove the excess stain
(if any) and viewed under a fluorescence microscope (FITC
filter) at excitation and emission wavelength of 491 nm and
516 nm, respectively (Chakraborty et al. 2018; Paul et al.
2021).

Determination of cellular accumulation of reactive
oxygen species (ROS)

The microbial production of ROS under the influence of
cuminaldehyde was measured by 2'-7'-dichlorofluores-
cein diacetate (DCFDA) based ROS detection assay kit
(ab113851) purchased from Abcam. An equal number of
microorganisms (1 x 108 CFU/mL) were separately collected
from both cuminaldehyde treated (20, 40, 60 and 80 pug/mL)
and untreated growth media. DCFDA (5 uM) was added
to the collected cells in 0.9% saline. Then, the DCFDA-
treated cells were further incubated at 37 °C for another
4 h (in dark) for the deacetylation of DCFDA by micro-
bial enzymes. The accumulation of ROS (if any) under the
influence of cuminaldehyde could oxidize the deacetylated
DCFDA (non-fluorescent) to a fluorogenic molecule DCF
(2',7'-dichlorofluorescein). The fluorescence emission of
DCF was then measured by a fluorescence spectrophotom-
eter at an excitation and emission wavelength of 488 nm and

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

535 nm, respectively (Chakraborty et al. 2021; Paul et al.
2021).

Microbial metabolic activity measurement

To analyze the metabolic activity of Pseudomonas aer-
uginosa under the influence of cuminaldehyde, the azo-
casein degrading assay was performed by following the
protocol described in Chakraborty et al. (2018). In brief,
50 pL microbial culture (1 X 10° CFU/mL) of Pseudomonas
aeruginosa was separately inoculated into fresh test tubes
containing 5 mL of sterile LB media. Then, the cells were
either exposed to the sub-MIC doses (20, 40 and 60 pg/mL)
of cuminaldehyde or left untreated. Then, all the test tubes
including the control were incubated for 24 h at 37 °C. Post
incubation, microbial cultures collected from each set was
centrifuged at 10,000 rpm for 15 min. After that, superna-
tant (2 mL) was collected from each experimental set and
mixed with 500 pL of azo-casein (0.3%) solution followed
by incubating them at 37 °C for 1 h. Then, 10% trichloro-
acetic acid was added to stop the reaction. Afterward, the
reaction mixture was centrifuged at 10,000 rpm for 5 min.
Post centrifugation, the supernatant was collected and the
amount of color developed in the supernatant was measured
by recording the OD at 440 nm (Chakraborty et al. 2018).

Statistical analysis

One-way analysis of variance (ANOVA) was used in this
study to determine the statistical difference of the results.
Each experiment was repeated thrice and the average was
taken for each set. P values were estimated to determine
the degree of significant difference between the cuminal-
dehyde treated and untreated sets. P values < 0.05 were
marked with (*), P values <0.01 were marked with (**), and
P values <0.001 were marked with (¥**), P values which
happened to be more than 0.05 were marked as N.S. (no
statistical difference).

Results and discussion

Cuminaldehyde showed efficient antimicrobial
activity against Pseudomonas aeruginosa

Cuminaldehyde, a major component of the essential oil of
Cuminum cyminum has been reported to exhibit diverse
biological functions including antimicrobial activity (Chen
et al. 2011; Tariq et al. 2019). In this context, cuminalde-
hyde was recently reported to show considerable antibacte-
rial activity against Staphylococcus aureus wherein the MIC
of the compound was found to be 12 mg/mL (Monteiro-Neto
et al. 2020). It was also documented that cuminaldehyde
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could enhance the antimicrobial action of ciprofloxacin
against Staphylococcus aureus and Escherichia coli-induced
infections when it was co-incubated with the antibiotic
(Monteiro-Neto et al. 2020). In this study, efforts were put
together to understand the antimicrobial activity of cumi-
naldehyde (if any) against the test organism (Pseudomonas
aeruginosa). In this regard, we found that with the rise of the
concentrations of cuminaldehyde, the microbial growth of
the test organism got decreased considerably (Fig. 1A). The
microbial growth profile indicated that cuminaldehyde at a
concentration of 150 pg/mL prevented the visible microbial
growth of the test organism (Fig. 1A). Hence, the minimum
inhibitory concentration (MIC) of cuminaldehyde could
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Fig.1 Cuminaldehyde showed considerable antimicrobial activity
against Pseudomonas aeruginosa. A MIC determination. The pat-
tern of the microbial growth of the test organism was analysed under
the presence and absence of cuminaldehyde. The MIC dose of cumi-
naldehyde against the test organism was marked with an asterisk (¥)
symbol. B Measurement of microbial growth. The degree of micro-
bial growth of Pseudomonas aeruginosa was determined by measur-
ing the OD of the microbial cultures collected from both cuminal-
dehyde treated and untreated growth media. Each experiment was
conducted three times and the average of the three was considered
for the present study. The error bars indicated the standard error of
the mean. To denote the statistical difference between the control and
treated sets, P values were calculated using ANOVA. P values <0.01
and <0.001 were denoted with (**) and (***), respectively. P val-
ues>0.05 did not show any significant difference with the control,
hence marked as N.S (no statistical difference)

be considered as 150 pg/mL (Fig. 1A). Since DMSO was
used to increase the solubility of cuminaldehyde, we had
investigated whether DMSO could show any antimicrobial
property against the test organism. To test the same, DMSO
(5% v/v) was applied alone to the organisms growing in
sterile LB. The result revealed that DMSO did not exhibit
any antimicrobial activity against Pseudomonas aeruginosa
(data not shown). Thus, the observations suggested that the
antimicrobial action was exhibited by cuminaldehyde only.
To gain further confidence, the extent of microbial growth
under the presence and absence of cuminaldehyde was quan-
tified by recording the optical density (OD) at 600 nm. The
observation conveyed that with the gradual increase in the
concentration of cuminaldehyde, the degree of microbial
growth got reduced significantly (Fig. 1B). Thus, the results
demonstrated that cuminaldehyde exhibited promising anti-
microbial activity against Pseudomonas aeruginosa.

Effect of the sub-MIC doses of cuminaldehyde
on the growth profile of Pseudomonas aeruginosa

Since cuminaldehyde showed promising antimicrobial activ-
ity against Pseudomonas aeruginosa (MIC: 150 pg/mL),
sub-MIC doses (up to 80 pug/mL) of cuminaldehyde were
screened for the antibiofilm studies. Hence, various sub-MIC
doses (up to 80 pug/mL) of cuminaldehyde were selected to
test whether the tested concentrations of the compound could
affect the growth profile of Pseudomonas aeruginosa. The
microbial growth profile showed that the sub-MIC doses (up
to 60 ug/mL) of cuminaldehyde did not affect the microbial
growth profile of the test organism (Fig. 2A). However, the
extent of microbial growth got reduced significantly when
the cells were exposed to a higher concentration (80 pug/mL)
of cuminaldehyde (Fig. 2A). To gain further confidence, the
microbial growth curve of Pseudomonas aeruginosa was
analyzed under the presence and absence of cuminaldehyde.
In this regard, we observed that the microbial growth curve
remained similar between the cuminaldehyde treated (up to
60 ug/mL) and untreated cells (Fig. 2B). However, a sharp
decline in growth curve was spotted when the cells were
exposed to a higher concentration (80 pg/mL) of cuminal-
dehyde (Fig. 2B). Therefore, the result demonstrated that
the sub-MIC doses (up to 60 pg/mL) of cuminaldehyde did
not reveal antimicrobial activity against the test organism.
Hence, in the present study, cuminaldehyde concentrations
up to 60 pg/mL were considered for the biofilm inhibition
studies. Towards this direction, several literatures reported
that antimicrobial molecules could be used for the biofilm
inhibition studies when they were applied in sub-MIC doses
(Das et al. 2016; Chakraborty et al. 2021; Paul et al. 2021).
In this connection, it was reported that thymoquinone could
show both antimicrobial (MIC dose: 20 pg/mL) as well as
antibiofilm activities (Sub-MIC doses: 5 and 10 pg/mL)
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Fig.2 Sub-MIC doses of cuminaldehyde did not show any antimi-
crobial activity against Pseudomonas aeruginosa. Cells were inocu-
lated in sterile LB media supplemented with different concentrations
(sub-MIC doses) of cuminaldehyde. A separate set was marked as
control in which cells were grown in the absence of cuminaldehyde.
A Growth profile. Post incubation, microbial culture was separately
collected from both cuminaldehyde treated and untreated growth
media followed by measuring the OD at 600 nm. Each experiment
was repeated thrice. The result happened to be the average of three
independent observations. The error bars indicated the standard error
of the mean. P value <0.05 (denoted with *) indicated the significant
difference in results between the cuminaldehyde treated and untreated
microbial cultures. B Growth curve analysis. Microbial cultures were
collected from both cuminaldehyde treated and untreated growth
media at different time gap followed by recording the OD of the same
at 600 nm. Each experiment was repeated thrice. The result happened
to be the average of three independent observations. The error bars
suggested the standard error of the mean

against Pseudomonas aeruginosa (Chakraborty et al. 2021).
In a recent report, it was documented that 1,4-naphthoqui-
none exhibited antimicrobial activity against Staphylococcus
aureus at a concentration of 100 pg/mL (Paul et al. 2021).
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However, the lower concentrations (5 and 10 pg/mL) of the
same molecule showed efficient antibiofilm activity against
the same organism (Paul et al. 2021). Thus, the reported
observations suggested that the concentrations selected for
the biofilm inhibition studies did not exhibit any antimicro-
bial activity to the test organism (Chakraborty et al. 2021;
Paul et al. 2021). Hence, in the present report, we tested the
effect of the screened sub-MIC doses (up to 60 pg/mL) of
cuminaldehyde on the microbial biofilm formation as the
said concentrations (up to 60 pg/mL) did not exhibit any
antimicrobial activity.

Cuminaldehyde showed efficient antibiofilm activity
against Pseudomonas aeruginosa

The exploration of molecules in attenuating microbial bio-
film formation has been found to draw paramount attention
in recent times as molecules interfering with biofilm forma-
tion could compromise microbial pathogenesis remarkably
(Gupta et al. 2016). Since cuminaldehyde exhibits various
biological activities, in this study, the antibiofilm activity
of cuminaldehyde was tested against Pseudomonas aerugi-
nosa. The existing literature documented that CV staining
assay could be used effectively to address the antibiofilm
activity of a compound (Mukherjee et al. 2013; Paul et al.
2021). Hence, in the current study, CV assay was used to
understand the antibiofilm activity of cuminaldehyde (if any)
against Pseudomonas aeruginosa. The CV assay result indi-
cated that the tube in which the cells were not exposed to
cuminaldehyde retained the maximum CV stain (Fig. 3A).
However, the intensity of CV staining got reduced con-
siderably when the cells were treated with cuminaldehyde
(Fig. 3A). The result further explained that the maximum
biofilm formation took place in the control set in which the
cells were not exposed to cuminaldehyde (Fig. 3B). How-
ever, the maximum inhibition (~75%) in biofilm formation
occurred when the cells were exposed to cuminaldehyde at
a concentration of 60 ug/mL (Fig. 3B). Since DMSO was
used as a vehicle to increase the solubility of cuminalde-
hyde, we had tested whether DMSO (1.2% v/v) could show
any biofilm-attenuating activity against Pseudomonas aer-
uginosa. The result of the CV staining assay revealed that
DMSO did not show any antibiofilm activity against the
test organism (data not shown). Thus, the observations of
the CV staining assay revealed that cuminaldehyde could
show promising antibiofilm activity against Pseudomonas
aeruginosa. To validate the observations of the CV assay,
total biofilm protein was measured under the presence and
absence of cuminaldehyde as the determination of the total
biofilm protein could give an indirect estimation about
the extent of microbial population developed in a biofilm
(Tribedi and Sil 2014; Das et al. 2016; Chakraborty et al.
2021). In this regard, we observed a considerable variation
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in the measurement of the total biofilm protein between the
cuminaldehyde treated and untreated cells (Fig. 3C, D).
The result of the protein assay manifested that the high-
est biofilm protein was recovered from the cuminaldehyde
untreated cells (Fig. 3C, D). However, the degree of total
biofilm protein got reduced by ~ 15%,~21% and ~38% under
the exposure of cuminaldehyde at a concentration of 20, 40
and 60 pg/mL, respectively (Fig. 3C, D). It is noteworthy to
mention that the CV staining assay and total biofilm protein
measurement assay followed the same pattern validating the
antibiofilm activity of cuminaldehyde (Fig. 3B, D). Further-
more, efforts were put together to measure the production of
EPS by Pseudomonas aeruginosa under different conditions.
EPS, being an effective indicator of biofilm development
plays an important role in holding the integrity of the Pseu-
domonas biofilm structure (Gupta et al. 2016). The exisiting
literature revealed that interference in EPS production could
inhibit the microbial biofilm formation considerably (Tribedi
and Sil 2014; Bhattacharyya et al. 2018). Hence, we investi-
gated whether cuminaldehyde could decrease the microbial
production of EPS. The EPS secretion by the test organism
was found to be the highest when the cells were not exposed
to cuminaldehyde (Fig. 3E). However, the microbial EPS
production got decreased by ~7%,~23% and ~40% when the
cells were treated with cuminaldehyde at a concentration
of 20, 40 and 60 pg/mL, respectively (Fig. 3E). Thus, the
results indicated that cuminaldehyde reduced the production
of EPS that resulted in the inhibition of microbial biofilm
formation. Furthermore, the antibiofilm activity of cumi-
naldehyde was confirmed by observing the cuminaldehyde
treated and untreated cells under a fluorescence microscope.
The result indicated that there was a remarkable variation
in the degree of microbial biofilm formation between the
cuminaldehyde treated and untreated cells (Fig. 3F). In the
control set, the cells showed prominent clusters resembling
efficient biofilm development over the surface. However,
the degree of such clusters got reduced substantially when
the cells were exposed to cuminaldehyde (Fig. 3F). Hence,
the results demonstrated that cuminaldehyde showed prom-
ising biofilm-attenuating activity against Pseudomonas
aeruginosa.

Antibiofilm activity of cuminaldehyde could
be attributed to the accumulation of ROS
in Pseudomonas aeruginosa

Previous literature revealed that the cellular accumula-
tion of ROS could play an important role in the inhibi-
tion of microbial biofilm formation (Dwivedi et al. 2014,
Paul et al. 2021). It was reported that the 3,6-di(pyridin-
2-yl)-1,2,4,5-tetrazine (pytz)-capped silver nanoparticles
(TzAgNPs) were found to generate ROS in microbial
cells that resulted in the inhibition of biofilm formation

(Chakraborty et al. 2018). In a recent report, we noticed
that 1,4-naphthoquinone also exhibited biofilm inhibi-
tion by generating ROS in microorganisms (Paul et al.
2021). It is noteworthy to mention that one phytochemi-
cal namely thymoquinone also inhibited Pseudomonas
biofilm by accumulating ROS (Chakraborty et al. 2021).
Hence, in the present study, we hypothesized that cumi-
naldehyde-mediated biofilm inhibition could be attrib-
uted to the ROS generation in Pseudomonas aeruginosa.
Thus, efforts were concentrated to study the effect of
cuminaldehyde on the ROS profile of the test organism.
It was observed that with the gradual increase in the con-
centrations of the test compound, the DCF signal got
increased considerably (Fig. 4A). This result indicated
that the increasing concentrations (up to 60 pg/mL) of
cuminaldehyde could significantly increase the generation
of ROS in the test organism (Fig. 4A). It was also noted
that the maximum generation of ROS took place when
the cells were exposed to cuminaldehyde at a concen-
tration of 80 pg/mL (Fig. 4A). However, this concentra-
tion (80 ug/mL) of cuminaldehyde was not selected for
the biofilm inhibition studies as the said concentration
(80 pug/mL) affected the microbial growth profile consid-
erably (see Fig. 2A). Hence, microbial biofilm inhibition
studies were conducted with cuminaldehyde at or below
the concentrations of 60 ug/mL as the mentioned con-
centrations did not show any antimicrobial activity. To
understand the influence of ROS accumulation on biofilm
inhibition, we had exposed an equal number of cells to
varying concentrations of cuminaldehyde and ascorbic
acid. After the incubation, the extent of biofilm forma-
tion of Pseudomonas aeruginosa under different condi-
tions was determined by performing CV assay. The result
of the CV assay mentioned that the maximum biofilm
mass was observed in the control set in which the cells
were neither treated with cuminaldehyde nor ascorbic
acid (Fig. 4B). We also observed that the highest micro-
bial biofilm inhibition (~75%) took place when the cells
were treated with cuminaldehyde at a concentration of
60 pg/mL (Fig. 4B). However, when the cuminaldehyde-
treated cells were further exposed to different concentra-
tions (25 and 50 ug/mL) of ascorbic acid, the potential of
biofilm-forming ability of the test organism got increased
by ~45% and ~ 58%, respectively (Fig. 4B). Thus, the
result revealed that ascorbic acid could efficiently restore
the biofilm-forming ability of the cuminaldehyde-treated
organisms. In this context, we also investigated whether
ascorbic acid alone could make any impact on the bio-
film profile of the organism. Towards this direction, an
equal number of cells were grown either in the presence
(25 and 50 pg/mL) or absence of ascorbic acid. However,
cuminaldehyde was not added to it. The result of the CV
assay revealed no significant difference in the biofilm
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mass between the ascorbic acid (25 and 50 ug/mL) treated  considerably. Taken together, the results indicated that
and untreated cells (Fig. 4B). Hence, the observation  the cuminaldehyde treatment was found to generate ROS
demonstrated that ascorbic acid alone could not make  in Pseudomonas aeruginosa that resulted in the inhibition
any impact on microbial biofilm formation (Fig. 4B). of microbial biofilm formation.

Therefore, the result suggested that ROS accumulation

was found to reduce the microbial biofilm formation
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«Fig.3 The sub-MIC doses of cuminaldehyde showed efficient anti-
biofilm activity against Pseudomonas aeruginosa. Pseudomonas aer-
uginosa was challenged with the sub-MIC doses of cuminaldehyde
while growing in sterile LB. In the control set, cells were grown in
the absence of cuminaldehyde. Post incubation, CV assay, estimation
of total biofilm protein and measurement of EPS were carried out to
examine the degree of microbial biofilm formation of the test organ-
ism under different conditions. A CV staining profile. The degree of
microbial biofilm formed over the glass tubes were initially stained
with CV and subsequently dissolved into glacial acetic acid. B CV
assay. The intensity of violet color developed in the test tubes were
measured by determining the OD at 630 nm. C Total biofilm protein
profile. Post incubation, the extent of microbial biofilm developed
over the glass tubes was analyzed by performing Lowry assay. D
Determination of the total biofilm protein. The intensity of the color
developed in the tubes of both cuminaldehyde treated and untreated
sets was quantified by recording their OD at 750 nm. E EPS pro-
file. The amount of EPS produced by the test organism under differ-
ent conditions were measured by the phenol—sulphuric acid method.
Each experimental set was repeated thrice. The error bars indicated
the standard error of the mean. To denote the statistical difference
between the control and treated sets, P values were calculated using
ANOVA software. The P values<0.001,<0.01, and<0.05 were
denoted with (¥**) and (**) and (*), respectively. F Fluorescence
microscopic image analysis. Glass coverslips were taken out from
both cuminaldehyde treated and untreated growth media and viewed
under a fluorescence microscope after staining with acridine orange.
The result happened to be a representative of the three independent
experiments

Ascorbic acid exhibited growth restoration
of cuminaldehyde-treated organisms

The results so far revealed that lower concentrations of
cuminaldehyde (up to 60 pg/mL) did not exhibit antimicro-
bial activity whereas the higher concentration (150 pg/mL)
of the same compound exhibited substantial antimicrobial
activity against Pseudomonas aeruginosa. To understand the
underlying cause of the antimicrobial activity of cuminalde-
hyde against Pseudomonas aeruginosa, a similar number of
cells were grown in LB supplemented with different com-
binations of cuminaldehyde and ascorbic acid. Post incuba-
tion, the extent of microbial growth was analyzed in each
tube wherein we observed no difference in the turbidity of
the microbial cultures between the cuminaldehyde treated
(60 pg/mL) and untreated growth media (Fig. 5SA). How-
ever, the turbidity of the microbial cultures was found to
be the lowest when the cells were incubated with the MIC
dose (150 pg/mL) of the compound (Fig. 5A). Interestingly,
when ascorbic acid was added to this set, the turbidity or
microbial growth was seen to re-establish again (Fig. 5A).
Furthermore, the extent of microbial growth in each tube
was measured by recording the OD of the microbial cul-
tures at 600 nm. The result revealed no significant difference
in OD between the cuminaldehyde treated (60 pg/mL) and
untreated growth media (Fig. 5B). As expected, almost no
microbial growth was observed when the cells were exposed
to the MIC dose (150 pg/mL) of the compound. However,

when the cuminaldehyde (150 pg/mL)-treated cells were
exposed to ascorbic acid, the microbial growth was seen to
be restored by ~58% (Fig. 5B). Previous literature reported
that ascorbic acid could be used as an antioxidant agent to
scavenge ROS in microorganisms leading to the restoration
of microbial growth under oxidative stress (Chakraborty
et al. 2018). Thus, the result suggested that the treatment
of ascorbic acid was found to restore the growth of cumi-
naldehyde-treated cells. Hence, the present report indicated
that the antimicrobial activity of cuminaldehyde could be
attributed to the accumulation of ROS in Pseudomonas
aeruginosa.

Cuminaldehyde exhibited a reduction
in the secretion of virulence factor
from Pseudomonas aeruginosa

Biofilm cells were reported to secrete various virulence fac-
tors including protease enzymes during microbial pathogen-
esis (Adonizio et al. 2008; Chakraborty et al. 2020). Pro-
tease enzymes belong to hydrolytic enzymes that hydrolyze
the host proteins and thereby augment microbial invasion
and pathogenesis (Das et al. 2016). Hence, in the present
study, we aimed to examine whether cuminaldehyde could
reduce the production of protease enzymes from the test
organism. To do the test, the azo-casein degrading assay
was performed wherein the amount of azo dye released after
the enzymatic hydrolysis of the casein was measured. The
result showed that the highest protease production was seen
when the cells were not exposed to cuminaldehyde (Fig. 6).
However, the azo-casein degrading activity got decreased
by ~40% when the cells were exposed to cuminaldehyde at
a concentration of 60 ug/mL (Fig. 6). The current results
demonstrated that cuminaldehyde not only prevents bio-
film formation, but also inhibits the production of protease
enzymes from microorganisms.

Conclusion

The emergence of biofilm-mediated drug resistance has
been found to be a major concern in the context of sustain-
able management of public healthcare. Towards this direc-
tion, cuminaldehyde, a natural phytochemical identified in
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Fig.4 Cellular accumulation of ROS efficiently inhibited the micro-
bial biofilm formation of Pseudomonas aeruginosa. A Cellular
ROS profile. Cells were collected from both cuminaldehyde treated
and untreated growth media followed by determining the cellular
accumulation of ROS using DCFDA method. B Microbial biofilm
profile. Cells were independently grown in autoclaved LB supple-
mented with different combinations of cuminaldehyde and ascorbic
acid. Post incubation, planktonic cells were removed and the degree
of biofilm mass formed over the test tubes were measured by follow-
ing the CV assay. The result demonstrated the average of three inde-
pendent observations. Error bars indicated the standard error of the
mean. To denote the statistical difference between the control and
treated sets, P values were calculated using ANOVA software. P val-
ues <0.001,<0.01, and <0.05 were denoted with (***) and (**) and
(*), respectively

Cuminum cyminum exhibited promising antibiofilm activity
against Pseudomonas aeruginosa by generating ROS. We
also noticed that the compound did not display any antimi-
crobial activity while exhibiting antibiofilm activity. Hence,
the compound could be used alone or in combination with
other bioactive agents to curb the biofilm-linked infections
caused by Pseudomonas aeruginosa.
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Fig.5 Ascorbic acid exhibited growth restoration of cuminaldehyde-
treated cells. A Microbial growth profile. The pattern of microbial
growth of Pseudomonas aeruginosa was analysed under the influ-
ence of various combinations of cuminaldehyde and ascorbic acid.
B Determination of the microbial growth. Post incubation, microbial
culture was separately collected from each growth media followed by
measuring the OD at 600 nm. Each experiment was repeated three
times. The average value was taken from three independent experi-
ments. Error bars indicated the standard error of mean. To denote the
statistical difference between the control and treated sets, P values
were calculated using ANOVA software. P values <0.01 and <0.001
were denoted with (**) and (***), respectively. P values>0.05 did
not show any significant difference with the control, hence marked as
N.S (no statistical difference)
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Fig.6 Cuminaldehyde showed a considerable inhibition in the pro-
teolytic activity of Pseudomonas aeruginosa. The proteolytic activ-
ity of Pseudomonas aeruginosa under the presence and absence of
cuminaldehyde was determined using azo-casein as a substrate. Each
experiment was conducted three times and their average was pre-
sented. The error bars indicated the standard error of the mean. To
denote the statistical difference between the control and treated sets,
P values were calculated using ANOVA. P values <0.05 and<0.01
were denoted with (*) and (**), respectively
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