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Abstract

Pseudomonas aeruginosa is a Gram-negative pathogenic bacterium commonly found in
healthcare centers, and is known for its ability to form biofilms, its virulence controlled by quorum
sensing systems (QS). The aim of this study was to investigate the antimicrobial synergistic
potential of sulfated polysaccharides (SPs) extracted from the green alga Enteromorpha
intestinalis and to examine the effect of SPs on the QS phenotype and biofilm formation ability of
Pseudomonas aeruginosa ATCC 10145. The extracted SPs combined with ceftazidime exhibited a
significant antibiotic effect against P. aeruginosa, increasing its bactericidal activity up to nine
times. In addition, concentrations below the minimum inhibitory concentration (MIC) of the
extracted SPs (5 and 10 pg/ml) successfully reduced pyocyanin and rhamnolipid production,
swimming motility, protease activity, and biofilm formation ability compared to the control group
(P < 0.05). It appears that SPs extracted from green algae have significant potential as a coating
agent for surgical equipment, effectively preventing hospital-acquired infections caused by the
pathogenic bacterium P. aeruginosa.
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Introduction

Pseudomonas aeruginosa is commonly found in hospitals. Previous studies showed the high ability
of this bacterium and the ATCC 10145 strain to form biofilms. Biofilm formation in this pathogen is
a chromium sensing (QS) mediated process. Inhibition of QS systems can reduce bacterial QS as they
are key players in pathogenicity. Due to the increasing prevalence of drug-resistant biofilms and their
resistance to conventional antibiotics, there is an urgent need for natural compounds that can act as
both QS inhibitors and biofilm inhibitors. Today, the marine environment is known for its diversity of
organisms that produce useful bioactive compounds. In this case, algae have attracted particular
attention due to their great diversity of bioactive compounds, especially sulfated polysaccharides
(SPs). Sulfated polysaccharides are anionic molecules with a linear structure that are known to have
antiviral, anti-inflammatory, antioxidant, immunomodulatory neuroprotective and antimicrobial
properties. In addition, SPs have shown antibiofilm activity against biofilms formed by Gram-positive
and Gram-negative bacteria. However, the potential of SPs as QS inhibitors has not been investigated
in previous studies. The aim of this study was to investigate the anti-chromium sensing properties and
biofilm formation of SPs extracted from the green algae Enteromorpha intestinalis against P.
aeruginosa.

Materials and methods

E. intestinalis was harvested from the southern shores of the Caspian Sea (Babolsar-Iran), dried and
powdered. To extract the SP, algae powder was extracted using water at 25°C with mechanical
stirring for 15 h. The resulting mixture was filtered and the residue subjected to a second extraction
using water with mechanical stirring for 45 min at 90 °C. After centrifugation, the resulting
luminescents were precipitated using ethanol and then dried with a freeze dryer and stored. P.
aeruginosa ATCC 10145 was obtained from the Iranian Biological Resource Center. The synergistic
effects of sulfated polysaccharides with antibiotics were carried out using the macro-dilution method.
Bacterial suspension and SPs were added separately to the serial dilutions of antibiotics. Then, 50 uL
of each dilution was transferred to wells containing Mueller-Hinton agar medium and incubated at
37°C for 18-24 h. The minimum inhibitory concentration that did not result in visible bacterial growth
in the tubes or inhibition zones in the plates was considered as MIC and MBC, respectively. To
evaluate the inhibition of QS factors by SPs, phycocyanin was first quantified. Briefly, P. aeruginosa
was cultured in PB medium with different concentrations of SPs (5 and 10 pg/ml) for 18 h. The
supernatant from the overnight culture was extracted with chloroform (3 mL) and the resulting
organic phase was re-extracted with nitrogen hydrochloride. The absorbance of the pink-blue phase
was measured at a wavelength of 520 nm. Salt agar mineral medium containing 2% glucose, 0.05%
cetyltrimethylammonium bromide and 0.02% methylene blue was used to evaluate rhamnolipid.
Positive results were observed as a dark blue halo around the culture and evaluated using a
transilluminator at a wavelength of 365 nm. To measure bacterial swimming, 0.5% LB agar plates
were prepared with different concentrations of SPs (5 and 10 pg/ml). To evaluate exoprotease
activity, P. aeruginosa was cultured with and without SPs extract (5 and 10 pg/ml). The cell-free
supernatant was obtained by centrifugation. Then, 100 ul of the supernatant was mixed with
azocasein in Tris-HCI solution containing CaCl.. The reaction mixture was incubated at 37°C for 15
min, followed by the addition of 500 pL of trichloroacetic acid to stop the reaction. After
centrifugation at 12,000 rpm for 10 min, the optical density of the supernatant was measured at 400
nm. The anti-biofilm properties of SPs were evaluated using the microtiter plate method. The optical
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density of the dissolved biofilms was measured at a wavelength of 620 nm using a microtiter plate
reader.

Results

The antibacterial activity of ceftazidime against P. aeruginosa was weak with a MIC of 970 pg/ml.
However, when combined with SPs, ceftazidime showed strong antibacterial activity and the MIC of
ceftazidime was reduced to 100 pg/ml. Similar results were obtained using the agar diffusion method,
with the inhibition zones ranging from 80 mm to 30 mm. The results showed that treatment of P.
aeruginosa bacteria with SPs concentrations of 5 and 10 pg/ml resulted in a significant decrease in
phycocyanin and rhamnolipid production, as well as a decrease in swimming motility and protease
activity compared to the control group (P<0.05). The greatest decrease was observed at a
concentration of 100 pg/mL of SPs. Treatment with SPs at a concentration of 5 pg/ml significantly
impaired the ability of P. aeruginosa to form a biofilm, and this impairment increased at a dose of 10
pa/ml. Therefore, it caused a significant decrease in biofilm formation ability.

Discussion and conclusion

The present study showed the synergistic effect of the combination of sulfated polysaccharide
extracted from green algae and antibiotic treatment, which led to a decrease in the minimum
inhibitory concentration (MIC) of P. aeruginosa. This finding highlights the antimicrobial activity of
sulfated polysaccharide. Ceftazidime inhibits cell wall synthesis, specifically by interfering with the
transpeptidation reaction through covalent binding to the target site of penicillin-binding proteins
(PBPs), and this binding ultimately stops the synthesis of peptidoglycan, leading to bacterial cell
death. Algal compounds have good activity against antibiotic resistant pathogens. This sensitivity is
attributed to the difference in cell wall structure of these bacteria as algal bioactive compounds are
better able to penetrate the cell membranes of Gram-positive bacteria than Gram-negative bacteria.
One of the strategies to combat antibiotic resistance in pathogenic bacteria is to prevent QS function.
Inhibiting the synthesis of QS activators results the induction of degradative proteins in bacteria,
leading to a reduction in the production of biofilm components and virulence enzymes such as
proteases and pigments such as phycocyanin. On the other hand, inhibiting the production of virulent
enzymes such as proteases in bacteria can prevent the destruction of the host's immunoglobulins, as a
result, provide the possibility that the bacteria do not have a chance to escape from the host's defense
mechanism. Pathogenic bacteria have a much higher pathogenicity in mass communication, i.e. in
biofilms, and for these reasons, QS plays a key role in the behavior of QS and the formation of
biofilms. Targeting QS mechanisms can change molecular signaling and lead to effective destruction
of pathogenic bacteria, especially those that are resistant to traditional treatments. Therefore,
treatments that target QS in bacteria can potentially have a longer shelf life and reduce the ability of
bacteria to form biofilm as a solution to the basic challenge of antibiotic resistance. In general, the
results of the present study showed that sulfated polysaccharides extracted from green algae can
potentially act as a useful tool to control the pathogenicity of P. aeruginosa bacteria, which
synergizes with common and targeted antibiotics. The results showed that SPs probably can prevent
and treat bacterial diseases and, with further testing, may act as a natural treatment to eradicate
bacterial biofilm infections instead of P. aeruginosa bacteria.
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Figure 1. Effect of sub-MIC concentrations of sulfated polysaccharides extracted from the algae
Enteromorpha intestinalis (SPs) on factors involved in quorum sensing of Pseudomonas aeruginosa. (a):
pyocyanin production, (b): rhamnolipid production, (c): swimming motility, (d): protease activity.
Significant differences between groups are indicated by separate letters (P<0.05) (n=9). The control
treatment included culture medium and bacteria (negative control)
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Figure 2. Effect of sub-MIC concentrations of sulfated polysaccharides extracted from the alga
Enteromorpha intestinalis (SPs) on biofilm formation in Pseudomonas aeruginosa. The control
treatment included culture medium and bacteria (negative control).
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