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Background: Pseudomonas aeruginosa is an opportunistic pathogen that causes serious
nosocomial infections, especially in immunodeficient patients and cystic fibrosis, cancer, and
burned individuals. The biofilm that plays an important role in the virulence of P. aeruginosa
is under the regulation of quorum sensing and two-component regulatory systems of bacteria.
Curcumin, an active phenolic extract of turmeric has shown an inhibitory effect on the
biofilm formation of some pathogenic bacteria. Thus, the present study aims to evaluate the
effect of Nano-Curcumin on the expression of major regulatory genes involved in biofilm
formation of P. aeruginosa.

Materials and Methods: The biofilm formation of P. aeruginosa ATCC 10145 was
assessed in the presence of 15, 20, and 25 pg/mL concentrations of Nano-Curcumin using
the microplate titer method. The effect of Nano-Curcumin on the expression level of
regulatory genes were determined by relative reverse transcriptase-realtime PCR.

Results: In the absence of Nano-Curcumin, P. aeruginosa strain ATCC 10145 strongly
produced biofilm (3+) and in the presence of 15 and 20 pg/mL, biofilm formation was
reduced to moderate (2+) and weak biofilm producer (1+), respectively. Nano-Curcumin at
a concentration of 25ug/mL inhibited biofilm formation in P. aeruginosa. The expression of
regulatory genes was not affected by biofilm inhibitory concentrations of Nano-Curcumin.
Conclusion: The antibiofilm mechanism of Curcumin is not related to the downregulation
of regulatory systems of P. aeruginosa and probably it prevents the formation of a complete
biofilm structure.
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Introduction

Pseudomonas aeruginosa is a gram-negative opportunistic pathogen found every-
where and able to infect immunocompromised patients including those with cystic
fibrosis and extensive burn wounds.' Because of more antibiotic resistance of
bacterial cells living as biofilms, the relevant infections with biofilm producer
strains are very hard to eradicate.’

The biofilm matrix of Pseudomonas aeruginosa is formed from extracellular
polymeric materials, including polysaccharides, extracellular DNA, and proteins.’
The complex regulation of biofilm formation involves multiple bacterial types of
machinery, including QS systems and two-component regulatory systems that both
interact mainly with extracellular polysaccharide (EPS) production.* Two-component
regulatory systems such as GacS/GacA and RetS/LadS play the main role in
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controlling factors associated with biofilm formation. The
GacS/GacA system acts as a super-regulator of the QS
system and is involved in the production of multiple viru-
lence factors as well as in biofilm formation.’ The Gac
system consists of a transmembrane sensor kinase (GacS)
and a transcriptional regulator (GacA) which has a positive
effect on the upregulation of the QS systems involved in
biofilm formation. It has also been reported that RetS inter-
acts with the GacS/GacA system and inhibits the phosphor-
ylation of GacA.® Furthermore, P. aeruginosa possesses two
main QS systems (Las and Rhl) which drive the production
of autoinducer signaling acyl-homoserine lactone
molecules.” The QS regulator LasR and RhIR can bind to
the promoter region of the ps/ and pel operons and lead to
enhancement of biofilm formation.®

Because of the emergence of multidrug-resistant
(MDR) P. aeruginosa in developing countries,” comple-
mentary therapy for control of infections associated with
these bacteria can be very beneficial. Recently, dietary
phytochemicals with a long history of medical use in
humans have been investigated to control biofilms as
they are non-toxic."'® It has been shown that the phenolic
compound Curcuma longa (Curcumin) can inhibit biofilm
formation in several bacteria such as P. aeruginosa.'' "3
Different mechanisms have been suggested for the anti-
biofilm activity of Curcumin by some studies, but the
molecular mechanism of Curcumin for inhibition of bio-
film is until unclear. Curcumin may affect biofilm forma-
tion by changing the expression of regulatory genes
associated with P aeruginosa signaling pathways.
Curcumin has low solubility in aqueous solutions that
lead to lower tissue diffusion. The Curcumin nanoparticle
formulation (Nano-Curcumin) is more soluble than
Curcumin and more resistant to enzymatic hydrolysis.
Moreover, Nano-Curcumin has increased tissue uptake
and also has a longer half-life than Curcumin that makes
it more appropriate to investigate its effects on the biofilm
formation.'* According to the evidences, this study aimed
to evaluate the effect of Nano-Curcumin on the expression
of major genes involved in the regulation of biofilm in
P. aeruginosa.

Materials and Methods

Bacterial Strains and Culture Conditions
Pseudomonas aeruginosa ATCC 10145 was used as
a positive biofilm producer strain and P. aeruginosa
ATCC 27853 was used as a biofilm negative control.

Bacteria were cultured in Trypticase soy broth (TSB)
medium (Merck, Germany). The cultures were incubated
at 37 °C overnight, then were preserved at —70 °C for long
term storage after adding 20% glycerol.

Biofilm Formation Assay

Biofilm Assay Optimization

The microtiter plate assay was performed for optimizing
biofilm formation conditions.'® Initial 1:100 dilution was
prepared from fresh 18 hours culture of bacterial strains in
Brain heart infusion (BHI) (Merck, Germany). Then,
100 pL was added in 96-well plate and incubated for
48 hours at 37°C. After 48 hours, planktonic bacteria were
removed and the wells were washed two times with tap
water with the plate left at room temperature for 3 hours.
The walls were stained with 125 pL of 0.1% (w/v) crystal
violet for 10 min at room temperature, then washed with tap
water. After drying, 200 puL of 30% (v/v) acetic acid was
added for 10 min, and finally, OD of positive and negative
controls was measured at 570nm using Microplate Readers
(Awareness, USA). Biofilm formation results were obtained
regarding OD of controls as follows: ODco+ < ODco-= no
biofilm producer; ODco+ > ODco-: <2x0ODco-= weak bio-
film producer; ODco+ > ODco-: 2-4x0ODco-= moderate
biofilm producer; ODco+ > ODco-: >4x0ODco-=strong bio-
film producer. OD values were measured based on the mean
OD of four assessments.

Biofilm Inhibition Assay

For increasing the solubility of Curcumin, the polymeric
nanoparticles of Curcumin (Nano-Curcumin) from source
Curcumin (Merck, Germany) were used in this study. The
Planetary Ball Mill technology was performed to synthe-
size Nano-Curcumin by the reference laboratory of
Amirkabir University of Technology. Biofilm formation
of P. aeruginosa ATCC 10145 strain was assessed at the
final 15, 20, and 25pg/mL concentrations of Nano-
Curcumin. Nano-Curcumin was dissolved into Brain-
Heart Infusion Broth (Merck, Germany) containing 10%
of Dimethyl Sulfoxide (DMSO). Bacterial culture in BHI
with 10% DMSO without Nano-Curcumin was used as

a control.

Bacterial Growth Inhibition Assay

The effect of Nano-Curcumin on bacterial growth was
assessed through measuring OD at 600nm. P. aeruginosa
ATCC 10145 cultures at the initial concentration of 0.5
McFarland was incubated for 48 hours in the absence and
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presence of different concentrations of Nano-Curcumin
(15, 20, 25pug/mL) in BHI with 10% DMSO. Then, OD
values of different samples with Nano-Curcumin were
compared with the control sample.

RNA Extraction

RNA was extracted from three samples; Pseudomonas aer-
uginosa ATCC 10145 strain in the presence and the absence
of Nano-Curcumin after 48 hours of incubation under opti-
mal biofilm formation conditions and one 16-hour fresh
planktonic bacteria. All samples were centrifuged and the
supernatant was discarded. All samples were diluted with
sterile normal saline to 3.0 McFarland. The total RNA was
extracted using the High Pure RNA Isolation Kit (Roche,
Switzerland) according to the kit protocol. The quantity of
RNA samples was analyzed through OD measurement by
NanoDrop (Boeco, Germany). RNA was adjusted to the
same concentration for all samples. The purity of RNA
was assessed by the negative results of a house-keeping
tufB gene using traditional PCR.

cDNA Synthesis

Reverse transcriptase reaction was accomplished for cDNA
synthesis using Transcriptor First Strand cDNA Synthesis
Kit (Roche, Switzerland) regarding kit protocol. The quantity
and quality of cDNA samples were assessed by OD measure-
ment and positive results of fufB gene in PCR, respectively.
cDNA was adjusted as the same concentration for all sam-
ples. The primer sequences of fufB are listed in Table 1.

Polymerase Chain Reaction (PCR)
PCR was carried out for controlling the specific primers and
optimizing annealing temperatures for amplification of

gacd, retS, lasR, and rhiR genes. Amplifications were per-
formed in reactions containing 12 pL of 2X ready to use
Master Mix (Fermentase, Germany), 1pL of each 20 pmol
Forward and reverse primers, 10uL of sterile distilled water,
and 1 pL of 1ug adjusted cDNA. Electrophoresis on 1.5%
agarose gel was done for evaluating the PCR amplicons.
The primer sequences and PCR conditions are mentioned in
Table 1.

Real-Time PCR

Relative Real-time PCR was used to investigate the
effect of Nano-Curcumin on the expression of genes
gacA, retS, lasR, and rhlR. The comparison of gene
expression was performed in five cDNAs prepared from
samples with different culture conditions: a fresh culture
(bacterial planktonic form), a sample of bacteria isolated
from the optimal biofilm formation condition, and three
samples of bacteria isolated from bacterial biofilm con-
ditions in the presence of 15, 20, and 25pg/mL of Nano-
Curcumin. Amplifications were performed in double
reaction in final volume 20puL including 10 pL of 2X
ready to use SYBR Green Master Mix (TaKaRa, Japan),
1uL of each 20 pmol Forward and Reverse primers, 7pL
double-distilled water, and 1uL of adjusted cDNA (1pg/
pL). Reactions were carried out in 35 cycles via Rotor-
Gene Q Splex (Qiagen, USA) according to thermal con-
ditions as mentioned above. For normalization of the
expression, the house-keeping fufB gene was used as an
internal control. No template controls were used for each
reaction for the screening of unwanted amplifications.
The differences in gene expression were calculated
through the 2—-AACt method.

Table | Sequences of Primers and PCR Conditions of Evaluating Genes

Target Primer (5’ to 3') Amplicon Sizes PCR Thermal Conditions

tufB F: GTGAGAACGTTGGTATCCTG 193 bp {95 °C (20 Sec), 60 °C (I5 Sec), 72 °C (20 Sec)}x35
R: GTGGTACGGAAGTAGAACTG

gacA F: AGGTGCAGCGTGATTAAG 181 bp {95 °C (20 Sec), 57 °C (15 Sec), 72 °C (20 Sec)}x35
R: GCATCTTCACGTCCATCAG

retS F: TCCCTATTTCCGCCAGAC 143 bp {95 °C (20 Sec), 58 °C (15 Sec), 72 °C (20 Sec)}x35
R: CCAGCTTGACCACGATTG

lasR F: TGGATGCTCAAGGACTACG 173 bp {95 °C (20 Sec), 56 °C (15 Sec), 72 °C (20 Sec)}x35
R: TTCACATTGGCTTCCGAG

rhiR F: CTGGAAAAGGAAGTGCGG 141 bp {95 °C (20 Sec), 58 °C (15 Sec), 72 °C (20 Sec)}x35
R: GTAGTTCTGCATCTGGTATCG
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Statistical Analysis

The experiments were performed in five times. The means
and standard deviations of ACt values were analyzed using
GraphPad Prism 8.0 Software (San Diego, Canada). The
ANOVA test was carried out to calculate the significance
of the results. A P value of less than 0.05 was considered
significant.

Results
Determination of Optimum Condition of

Biofilm Formation

Based on the microtiter plate assay, the control positive
P. aeruginosa ATCC 10145 strain was confirmed as
a strong biofilm producer strain. The OD ratios for biofilm
quantification have been mentioned in Table 2.

Nano-Curcumin Blocks Biofilm
Formation in P. aeruginosa in a
Concentration-Dependent Way, but
Does Not Affect Bacterial Growth

Nano-Curcumin was dissolved at a maximum concentration
of 25pg/mL in BHI containing 10% DMSO. Bacterial growth
was not inhibited by Nano-Curcumin, but biofilm formation
was inhibited completely. In the presence of 15 and 20pug/mL,
biofilm formation levels were reduced to moderate (2+) and
weak (1+), respectively (Figures 1 and 2). The OD values of
bacterial growth in the presence of different concentrations of
Nano-Curcumin are listed in Table 3.

Quality Control of RNA and cDNA
The extracted RNA samples were adjusted to 250 ng/uL,

and cDNA samples were provided as lpg/puL for PCR.
The purity of RNA as well as the quality of cDNA and

Table 2 OD Values and Biofilm Formation Level of P. aeruginosa
ATCC 10145 Strain in 570 nm

OD of OD of Ratios Biofilm Level
Positive Negative

Control Control

0.79 0.15 5.26 3+ (strong)

0.83 0.19 4.36 3+ (strong)

0.6l 0.23 2.65 2+ (Moderate)
0.74 0.17 4.35 3+ (strong)

0.67 0.16 4.18 3+ (strong)
Mean: 0.73 Mean: 0.18 Mean: 4.16 | Total: 3+ (strong)

primers was confirmed by negative results for RNA and
positive PCR results for cDNA samples. The results of the
PCR of fufB gene in RNA samples were negative, suggest-
ing the purity of RNA. Further, positive PCR results of
tufB, gacA, retS, lasR, and rhlR genes showed the relia-
bility of primers and cDNA of samples.

Nano-Curcumin Does Not Affect Gene

Expression of Biofilm Regulatory Factors
The relative expression of genes gacA, retS, lasR, and rhIR
was determined with Ct values. The mean amounts of
expression of target genes were normalized to the mean
amount of the 7ufB reference gene in the same sample. The
level of expression of gacA, lasR, and rhiIR regulators
showed a significant increase in samples from biofilm
conditions in the absence and presence of different con-
centrations of Nano-Curcumin in comparison to the sam-
ple of the fresh planktonic form of bacteria. However,
there were no significant differences between the expres-
sion level of retS gene in all samples. The results showed
that while biofilm inhibited with Nano-Curcumin, it did
not affect on the expression of regulator genes involved in
biofilm formation (Figure 3).

Discussion

P aeruginosa is an important human opportunistic patho-
gen causing acute and chronic infections, especially in
immunocompromised patients. In recent decades, the
excessive use of antibiotics has led to the emergence of
resistant strains in these bacteria.'®

Biofilm formation is one of the mechanisms of these
bacteria that reduce the effect of antibiotic therapy.
P aeruginosa biofilm is a structure composed of different
biomolecules that evolve as these components come
together. Bacterial attachment factors, extracellular poly-
saccharides (EPS), and extracellular DNA (eDNA) are
involved in the formation of this structure.® Regulation
of the expression of essential genes in the process of
secretion and formation of biofilm components is under
the direct and indirect control of two-component regula-
tory systems and bacterial quorum sensing. Failure in
these systems results in halting biofilm production or it's
defective structure.'’

The natural compounds with antimicrobial effects as an
alternative or complementary therapy has been recently con-
sidered. The antimicrobial activity of essential oils of some
plants on multi-drug-resistant P. aeruginosa isolates in vitro
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Figure | Nano-Curcumin inhibits the Biofilm in a concentration-dependent manner. The biofilm formation was reduced to 2+, |+ and negative in |5, 20 and 25 pg/mL

concentrations of Nano-Curcumin.

0.8

0.7

0.6

0.5

0.4

03

0.2

0.1

Mean value of Optical Density at 570 nm

Controls

15pug/ml

| Biofilm Negative Control
M Biofilm positive Control

B Biofilm positive Control+ Nano-Curcumin

20pg/ml 25pg/ml

Nano-curcumin concentration

Figure 2 Inhibition of biofilm formation in P. aeruginosa 10145 in the absence and presence of 15, 20, and 25 ug/mL Nano-Curcumin. (***P value < 0.001). The error bar

represents SD in five repeated experiments.

has been shown by some previous studies.'®'” Curcumin is an
active phenolic component of Curcuma longa that has been
investigated due to its pharmaceutical attributes.®*°

Some studies confirming the effect of Curcumin on bio-
film production in P. aeruginosa suggest that this effect is
likely due to the QS of the bacterium and the downregulation
of the regulatory genes involved in this process. In a study,
Roudashti et al*' using RT-PCR showed that C12-HSL and

C4-HSL signals of P. aeruginosa PAO1 strain significantly

diminished in the presence of Curcumin. Rudrappa et al'
hypothesized that Curcumin may target QS responses in
P aeruginosa PAOI through delays in the construction of
the HSL or by disabling the receiving QS signals.
Nevertheless, other studies showed it affects the expression
of the genes directly involved in the biofilm production.??
In the present study, the inhibitory effect of Curcumin
was surveyed on the biofilm formation and QS of

P. aeruginosa.
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Table 3 Bacterial Growth in the Absence and the Presence of
Different Concentrations of Nano-Curcumin According to OD
Values of 600 nm After 48 Hours

Culture BHI Nano-Curcumin Concentrations
Conditions | +10%
BHI+10% | BHI+10% | BHI+10%
DMSO
DMSO+ DMSO+ DMSO+
25pg/mL 20pg/mL 15pug/mL
OD values 0.71 0.69 0.76 0.68
0.73 0.63 0.67 0.63
0.65 0.59 0.69 0.75
0.69 0.6l 0.63 0.66
0.69 0.68 0.70 0.65
Mean 0.69 0.64 0.69 0.67

The results of this study indicated that although
Nano-Curcumin has an inhibitory effect on biofilm for-
mation in P aeruginosa in a concentration-dependent
manner, it has no significant effect on the expression
of major regulatory genes that play an important role in
biofilm formation.

This may suggest that Nano-Curcumin has a different
role other than changing the expression of regulatory

A research indicated that Curcumin at concentrations >25
UM had an inhibitory effect on bacterial growth, causing
leakage on the bacterial membranes, that lead to the death
of some bacterial species such as Staphylococcus aureus,
Escherichia coli, and P. aeruginosa.> The blockade of the
proteolytic activity of autotransporter proteins of
Enteroaggregative and Enteropathogenic Escherichia coli
by Curcumin was mentioned in a more recent study. It was
also observed that Curcumin does not affect bacterial growth
and gene expression of those auto-transporters, but it pre-
vents their release through binding to their cleavage site.**

Degradation of bacterial biofilms by Curcumin through
its interaction with biofilm matrix proteins of some bacter-
ial species was reported by a study.?’ Furthermore, a novel
protein CdrA was shown in the biofilm structure. This
protein is an auto-transporter which mediates bacterial
aggregation and static biofilm formation with interaction
with Psl; a major EPS of P aeruginosa biofilm.*’
Curcumin may destabilize the biofilm structure and reduce
bacterial aggregation by inhibiting the release of this pro-
tein to the extracellular matrix or biofilm degradation

resulting in interaction with this type of biofilm component

genes that are involved in bacterial biofilm synthesis. proteins.
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Figure 3 The expression level of genes involved in the regulation of biofilm in P. aeruginosa in planktonic phase, biofilm formation condition in the absence and presence of
Nano-Curcumin; expression of gacA, lasR and rhiR genes increased by between 10 to 14 times in bacteria in biofilm conditions in the absence and presence of Nano-
Curcumin compared to fresh planktonic bacteria. The retS gene showed no changes in the expression under biofilm conditions compared to the bacterial planktonic phase.
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The results of some other studies indicated the inhibi-

tory effect of Curcumin on bacterial cell division*®*’

as
well as its synergistic effect on some antibiotics in the
treatment of antibiotic-resistant bacteria.”®° Despite the
remarkable effects of Curcumin on many bacteria, there
are some limitations to using it as an antibacterial agent.
Curcumin is poorly water-soluble while water is the most
important constituent of the human body. Further, it has
been shown that Curcumin may be toxic to eukaryotic
cells at the concentration above 10 pg/mL.% In the present
study, we used Nano-Curcumin that has more solubility
than exact Curcumin in water. However, Nano-Curcumin
was dissolved in a maximum at a concentration of 25 pg/
mL in the presence of 10% DMSO. This concentration
inhibited biofilm formation in the strong biofilm producer
strain of P. aeruginosa, while it did not affect bacterial
growth.

The results of this study revealed that non-toxic concentra-
tions of Curcumin in eukaryotic cells were not able to inhibit
bacterial growth. For this reason, the systemically use of
Curcumin to treat P. aeruginosa infections seem unexpected.

The cytotoxic effect of plant oils in high-concentrations
also has been reported in some studies, which lead to the
limited application of these compounds as a therapeutic agent
in Invivo conditions.>'~*

According to the results of this study and similar stu-
dies, it seems that the anti-biofilm effect of Curcumin in
P. aeruginosa is more related to inhibition of secretion of
different components of the biofilm to extracellular space
of bacteria or direct disruption of biofilm stability due to
reaction with its structural protein component rather than
affecting the expression of regulatory genes related to QS
and two-component regulatory systems that control bio-
film formation in this bacterium. Further studies seem to
be necessary to determine the exact mechanism of biofilm
inhibition. Further, due to the low solubility of Curcumin
and its minor inhibitory effect on bacterial growth at it's
soluble concentrations, it's topical use can be considered as
a complementary therapy in superficial infection with
P aeruginosa.
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