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Abstract

The growth of respiratory diseases, as witnessed through the SARS and COVID-19 out-
breaks, and antimicrobial-resistance together pose a serious threat to humanity. One reason
for antimicrobial resistance is formation of bacterial biofilms. In this study the sulphated
polysaccharides from green algae Chlamydomonas reinhardtii (Cr-SPs) is tested for its
antibacterial and antibiofilm potential against Klebsiella pneumoniae and Serratia marc-
escens. Agar cup assay clearly indicated the antibacterial potential of Cr-SPs. Minimum
inhibitory concentration (MICs,) of Cr-SPs against Klebsiella pneumoniae was found to
be 850 pg/ml, and it is 800 ug/ml in Serratia marcescens. Time-kill and colony-forming
ability assays suggest the concentration-dependent bactericidal potential of Cr-SPs. Cr-SPs
showed 74-100% decrease in biofilm formation in a concentration-dependent manner by
modifying the cell surface hydrophobic properties of these bacteria. Cr-SPs have also dis-
torted preformed-biofilms by their ability to interact and destroy the extra polymeric sub-
stance and eDNA of the matured biofilm. Scanning electron microscopy analysis showed
that Cr-SPs effectively altered the morphology of these bacterial cells and distorted the
bacterial biofilms. Furthermore reduced protease, urease and prodigiosin pigment produc-
tion suggest that Cr-SPs interferes the quorum sensing mechanism in these bacteria. The
current study paves way towards developing Cr-SPs as a control strategy for treatment of
respiratory tract infections.
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Introduction

Respiratory diseases are the second-most leading cause of death after cardiovascular dis-
eases [1]. Chronic obstructive pulmonary disease (COPD), asthma, tuberculosis, lung can-
cer, and lower respiratory tract infections (LTRIs) are the top respiratory diseases that are
the most common cause of deaths. They impose a global health burden. Apart from them,
there are several respiratory disorders like sleep-disordered breathing, pulmonary hyper-
tension, and occupational lung diseases that are also lethal, but their burden is not well
documented [2, 3]. The major cause of respiratory infections is pathogenic bacteria. Bac-
teria that cause respiratory infections are Bacillus spp., Proteus mirabilis, Klebsiella pneu-
moniae, Serratia marcescens, etc. [4, 5]. If these bacterial infections are left untreated, they
can cause serious complications and death. This study focuses on two important respiratory
tract infections (RTIs) causing bacteria Klebsiella pneumoniae and Serratia marcescens.

K. pneumoniae is a Gram-negative respiratory pathogen prominently present in the
mucosal layers of the body. Other than pneumoniae, it also causes other miscellaneous
infections such as meningitis, septicaemia, and purulent abscesses [6, 7]. Immunocompro-
mised individuals have higher probability of acquiring K. pneumoniae in the lung, blood
(sepsis), urinary tract, liver, and other organs. In these environments, it is extremely hard
to eradicate [8]. It is responsible for more than 70% of infections in humans and, more
worryingly, is rapidly developing resistance to multiple antibiotics [9]. One big reason for
their ability to survive is attributable to biofilms which assist K. pneumoniae resist harsh
host environment inside chronically infected patients. Due to the combined threat of mul-
tiple virulence factors such as capsular polysaccharides, lipopolysaccharides, urease, outer
membrane protein, and adherence factors, K. pneumoniae has acquired superbug status and
is one of the most common antibiotic-resistant bacteria [9].

Serratia marcescens is another Gram-negative facultative anaerobe belonging to Enter-
obacteriaceae family. It is classified as an opportunistic pathogen which can grow at tem-
peratures between 30 and 37 °C. It produces a characteristic red pigment known as prodigi-
osin. It secretes DNAase and other enzymes such as protease and urease. It is a nosocomial
pathogen that causes many infections in humans like lower respiratory tract infections, uri-
nary tract infections, bloodstream infection, wound infection, meningitis and ocular infec-
tion [10-12]. Serratia marcescens also attained superbug status as it is resistant to many
traditional antibiotics like penicillin, ampicillin and those involving fluoroquinolones, ami-
noglycosides and f-lactams. The high virulence and resistance of S. marcescens biofilms
necessitate seeking new treatment strategies [13, 14].

Antimicrobials agents such as plant bioactive compounds and synthetic drugs are used
for treatment of these infections [15-21]. Inspite of various available treatments, bacte-
ria tend to develop resistance against antibiotics due to numerous reasons such as target
modifications, reduce permeability, target protection, horizontal gene transfer, overuse of
antibiotics and biofilm formation [22, 23]. Out of these, one of the major reasons is bio-
film formation. Bacterial biofilms are major contributors in causing RTIs [6]. Biofilm is an
organised structure caused by groups of microorganisms which are encapsulated and pro-
tected by extra cellular matrix (ECM) which offers them great resistance to antimicrobial
drugs [9]. The ECM layer comprises of DNA, proteins and polysaccharides [6]. The bacte-
ria associated with the biofilm attain the ability to survive in adverse conditions as well as
are metabolically slow growing. Therefore, this makes them resistant to various antibiotic
treatments as most of the antibiotics are successful in targeting metabolically active cells
[24, 25].
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Algal derived bioactive compounds have paved way to a new approach to combat bio-
films. Algae are known to be reservoirs of polysaccharides which show broad array of bio-
logical activities that make them a suitable counterpart of synthetic antibiotics. Sulphated
polysaccharides (SPs) are negatively charged molecules with a linear structure and are
found in the cell wall of various algal species. The algal SPs have been reported to have
various bioactivities such as antioxidant, anti-viral, anticoagulant, anti-allergic, antithrom-
botic, anti-cancer, antimicrobial, anxiolytic, antinociceptive, anti-obesity and anti-inflam-
matory activities [26]. Earlier research showed the potential of different types of marine
algal SPs such as carrageenan, fucoidan and ulvan from red, brown and green algae as
promising antimicrobial agents against a variety of human bacterial pathogens. It was
reported earlier that fucoidan F85 from Streptococcus mutans and Streptococcus sorbinus
showed complete growth inhibition of both planktonic and biofilm forming dental plaque
bacteria [27]. The biological activities of the SPs are attributed to various structural factors
such as degree of sulfation, molecular weight, type of sugar moiety attached, sulphate con-
tent and glycosidic bonds [28-31]. SPs from green algae Chlamydomonas reinhardtii (Cr-
SPs) have been extracted, purified and are known to possess various biological activities
like anti-cancer, antioxidant and neuroprotective agents [32-35]. However, the potential of
Cr-SPs to combat biofilms against RTIs causing bacteria is not yet reported. The current
study focuses at elucidating the potential of algal polysaccharides (Cr-SPs) against RTIs
causing bacterial biofilms.

Materials and Methods
Microbial Strains and Their Culture Conditions

The bacterial strains used for the current study K. pneumoniae (MTCC no. 432) and S.
marcescens (MTCC no. 2645) cultures were procured from Microbial Type Culture Col-
lection and Gene Bank (MTCC), Chandigarh, India. The cultures were allowed to grow
and maintained on growth medium-3 (GM-3) liquid broth and 2% agar and incubated at
37 °C, 120 rpm.

Algal Source and Growth Conditions

Chlamydomonas reinhardtii (CC124 strain), freshwater green algae was procured from
Chlamydomonas Genetic Centre, USA. Tris—acetate-phosphate medium (TAP) at pH 7 is
used to grow and maintain the algal cells. The cells were maintained by sub-culturing them
every 4-5 days. For experimental purposes, single colonies from these plates were inocu-
lated in TAP broth media and kept in shaker conditions at a 120 rpm with 300 pmol pho-
tons m~2 s~! illumination [36].

Extraction, Purification and Structural Characterization of Cr-SPs

C. reinhardtii (CC-124) algal cells were grown in appropriate growth conditions and
medium for 72 h. After 72 h hot water extraction method was employed for the extraction
of sulphated polysaccharides (Cr-SPs). The extract is subjected to rotary evaporation fol-
lowed by purification using anion exchange column chromatography. Then the biochemical
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characterization of these purified Cr-SPs was carried out in order to estimate the carbo-
hydrate, sulphate, uronic acid and protein content of the extract. Carbohydrate content
estimation was done using phenol—sulphuric acid method, sulphate content was estimated
using barium chloride-gelatin method, and uronic acid content was estimated by modified
carbazole method and protein by Bradford’s method [33, 37, 38]. The elutes which showed
highest carbohydrate and sulphate contents were pooled and used for structural analysis
of the extract. Structural characterization by FTIR was performed by preparing a pellet of
5 mg of Cr-SPs with potassium bromide. The infrared spectra were measured from 500 and
4000 cm™! on a Thermo Nicolet 6700 FTIR spectrophotometer. Further 'H NMR analysis
of Cr-SPs was carried out by converting the SPs into monomers by hydrolysing with trif-
luoroacetic acid. The hydrolysed monomers were dissolved in 0.5 ml of D,O and 'H NMR
spectra was taken at 27 °C.

Antimicrobial Properties of Cr-SPs
Agar Cup Diffusion Assay

The Kirby-Bauer test also known as the Agar cup method is a plate assay that helps in
visually observing the zones of inhibition in the agar plates when a drug is added along
with the culture under study. Overnight grown culture of K. pneumoniae and S. marcescens
were taken, and 100 uL was spread on GM3 agar plate evenly. Wells in the agar plates
were loaded with 100 pL of Cr-SPs in a concentration ranging from 0.5 to 32 mg/mL with
appropriate controls and incubated for 24 h at 37 °C. The antibacterial potential of Cr-SPs
was determined by measuring the diameter of zone of inhibition around the wells [39].

Time-Kill Curves

Time-kill curves were performed to check the potential of the antimicrobial agent to inhibit
bacterial growth over time. For this experiment, 10'° CFU/mL diluted overnight cultures
were used, and each well had total of 200 pL system having 100 pL of culture incubated in
GM-3 media along with different concentrations of Cr-SPs (0.5-8 mg/mL) with appropri-
ate controls. Plates were incubated at 37 °C with orbital shaking at 120 rpm. Absorbance
at 595 nm was recorded every half hour from 0 to 48 h, and growth curves were plotted by
taking time vs optical density (O.D) [40].

Colony-Forming Unit (CFU) Assay

This assay helps to check the effect of Cr-SPs on bacterial colony formation ability. Over-
night culture of bacterium was diluted to 10° CFU/mL and treated with Cr-SPs in concen-
tration ranging from 0.5 to 8 mg/mL for 24 h. After incubation the culture was appropri-
ately diluted, and 50 pL were plated on GM-3 agar plates and incubated for 24 h at 37 °C.
After 24 h the colonies were counted manually, and the data is used for viability analysis
[40].
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Determination of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

The minimum concentration at which Cr-SPs inhibit the growth of K. pneumoniae and S.
marcescens was determined using the modified 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide (MTT) method [41]. Overnight grown culture were adjusted to
10® CFU/mL and treated with varying concentrations of Cr-SPs for 24 h at 37 °C with
appropriate controls. Post incubation, the cells were washed twice with phosphate-buffered
saline (PBS) and subjected to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT; 20 pg/mL) treatment for 3 h. After 3 h the cells were washed with PBS, and
the formazan crystals formed were dissolved in 100 pl of dimethylsulphoxide (DMSO),
and absorbance reading was taken at 570 nm. The bacterial viability is determined by plot-
ting the concentration vs percentage viability [42].

MBC assay helps to determine if Cr-SPs has bactericidal activity in these bacteria.
As described above, 10 CFU/mL of bacterial cultures was subjected to varying concen-
trations of Cr-SPs treatment for 24 h. Post-incubation, Cr-SPs were removed, cells were
washed with fresh media, and then the cells were incubated with fresh medium at 37 °C for
24 h. Post 24 h, MTT assay was performed to check the bacterial cell viability as described
above [43].

Antibiofilm Potential of Cr-SPs

Antibiofilm potential of a bioactive compound can be assessed by checking for its inhibi-
tory potential, i.e. preventing the formation of the biofilm as well as eradication potential,
i.e. disruption of preformed biofilms at a target site.

Biofilm Inhibition Assay

The ability of Cr-SPs in inhibiting biofilm formation was determined using the modified
microtiter plate method. The overnight grown bacterial culture was further inoculated in
a fresh GM3 medium till it reaches to 0.5 O.D. Approximately 100 pL of this culture was
treated with 0.5-8 mg/mL concentrations of Cr-SPs, incubated at 37 °C for 24 h. After
incubation, the planktonic cells were removed, and the biofilms were washed with sterile
distilled water, stained with 1% crystal violet (CV) and incubated at room temperature for
30 min. Later, the stained biofilms were washed with sterile distilled water twice, the con-
tents in the wells were dried, and CV bound cells were solubilised with 100% ethanol and
were quantified spectrophotometrically at 595 nm [42]. The data was analysed by plotting
the Cr-SPs concentration on X-axis vs percent biofilm inhibition on Y-axis.

Cell Surface Hydrophobicity Assay (CSH)

Hydrophobic nature of the bacterial cell surface is one of the important factors for bacte-
rial adherence on biotic and abiotic surfaces, biofilm initiation and colonization [44]. Cell
surface hydrophobicity (CSH) was determined using bacterial adherence to hydrocarbons
assay. For this experiment 0.6 O. D measuring overnight grown culture were taken, cells
were harvested and suspended in fresh medium containing MIC and double minimum
inhibitory concentration (D-MIC) of Cr-SPs and incubated further for 24 h at 37 °C at
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120 rpm. Post-incubation, bacterial cell density was measured at 600 nm. Then an equal
amount of toluene was added, vortexed for 2 min and is allowed to separate into phases.
The O.D. of the aqueous phase is then recorded at 600 nm. The pre and post recorded
absorbance is used for determination of CSH [45, 46].

Biofilm Eradication Assay

To test the potential of Cr-SPs to distort preformed biofilms using modified microtiter plate
CV assay. Overnight grown bacterial culture was inoculated in a fresh GM-3 medium and
incubated till the O.D. reaches to 0.5. The cells were allowed to form biofilm by treating
them with 15-mm hydrogen peroxide for 24 h at 37 °C at 120 rpm. The preformed biofilms
were further incubated another 24 h with 0.5-8 mg/ml concentrations of Cr-SPs at 37 °C
in shaker conditions (120 rpm). Appropriate blanks and controls were maintained. After
incubation at 37 °C for 24 h, the cells were stained with CV and processed as discussed
above. The CV bound biofilms were solubilised by adding 100% ethanol and measured at
595 nm [44, 47].

Extracellular Polysaccharide Layer (EPS) Quantification

Preformed biofilms were treated with different concentrations of Cr-SPs for 24 h at
120 rpm, 37 °C along with proper controls. After 24 h of incubation, to the suspension
10% trichloroacetic acid (TCA) and an equal volume of acetone were added and incubated
overnight at 4 °C. Post-incubation the reaction mixture was pelleted by centrifuging at
10,000 rpm for 10 min at 25 °C. Then the weight of Cr-SPs treated pellet was compared to
the control and used for quantification of EPS [48].

Extracellular DNA (eDNA) Quantification

Quantification of extracellular DNA of EPS layer was carried out from preformed biofilms
using Wang et al.’s method. [49]. Preformed biofilms were kept at 4 °C for 1 h, and then 1
pL of 0.5 M EDTA was added and centrifuged at 5000 rpm for 5 min to remove planktonic
cells. The biofilms were then resuspended with 50 mM Tris—HCI (pH 8). eDNA from these
biofilms was extracted with an equal volume of phenol/chloroform/isoamyl alcohol (PCI)
(25:24:1) and with chloroform/isoamyl alcohol (CI) (24:1). The mixture is allowed to stand
for phase separation. The aqueous phase is then treated with 3 volume of ice-cold 100%
ethanol and 1/10"™ volume of 3 M sodium acetate (pH 5.2) for precipitation of DNA in each
sample and stored at—20 °C. Next day eDNA was obtained by centrifuging at 18,000 x g
for 20 min at 4 °C. eDNA was then suspended in 20 pL of Tris—EDTA (TE) buffer. The
eDNA was quantified by checking the absorbance values at A260/A280 using Tecan Nan-
odrop 2000.

Anti-quorum Sensing Assays
Motility Assays: Swimming and Swarming Inhibition

The effect of Cr-SPs on bacterial motility was assessed by performing swimming and
swarming assay of S. marcescens. For this experiment, 10° CFU/mL of overnight grown
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bacterial culture was treated with different concentrations of Cr-SPs and incubated at 37 °C
for 24 h. After Cr-SPs treatment, 10 pL of this culture is seeded on 0.35% and 0.75% GM-3
agar plates and incubated overnight at 37 °C for swimming and swarming assay, respec-
tively. Post-incubation bacterial motility was recorded by observing the agar plates visually
[50].

Protease Assay

A modified Folin—Ciocalteau method was adapted to quantify protease enzyme activity in
these bacteria. This assay involves using 1% casein as a substrate. The MIC and D-MIC
Cr-SPs treated bacterial cells were centrifuged at 5000 rpm for 5 min, and the supernatant
was treated with an equal volume of the substrate. This enzyme—substrate reaction mixture
was incubated at room temperature for 10 min, and then the reaction was stopped by add-
ing 0.4 N tricholoraceticacid and incubated at 40 °C for another 10 min. The mixture was
then centrifuged at 5000 rpm for 5 min. Further, 5 mL of 0.4 M sodium carbonate, 1 mL
Folin’s reagent were added to 1 ml of supernatant and incubated at 40 °C for 20 min. Post-
incubation the protease enzyme activity was measured at 680 nm [51].

Urease Assay

The urease activity was evaluated using the Nessler’s method. Control and Cr-SPs treated
bacterial cultures were centrifuged at 5000 rpm for 5 min at 25 °C. The supernatant was
then treated with 2% urea for 3 h at 37 °C. To this 0.1 mL of Nessler’s reagent was added
and further incubated for 5 min at room temperature. Urease was quantified spectrophoto-
metrically at 530 nm [52].

Prodigiosin Pigment Assay

Interfering with host immune clearance mechanisms, manifesting cytotoxic properties and
exhibiting pro-inflammatory properties are some of the ways in which the microbial pig-
ment plays a key role in contributing to disease pathogenesis. Prodigiosin pigment pro-
duced by S. marcescens was quantified with/without Cr-SPs treatment. Briefly, 200 uL of
0.5 O.D bacterial culture was treated with different concentrations of Cr-SPs and incubated
at 37 °C for 24 h. After incubation the cells were centrifuged at 10,000 rpm for 10 min,
resuspended in acidified ethanol solution (96 ml of ethanol containing 4% of 1 M HCI) for
extraction of prodigiosin. The extracted prodigiosin was assayed spectrophotometrically at
534 nm [53, 54].

Scanning Electron Microscopy (SEM) Analysis

SEM analysis was performed to microscopically visualize and confirm the eradication of
bacterial biofilms upon treatment with Cr-SPs. Preformed biofilms on glass coverslips were
treated with MIC of Cr-SPs for 24 h at 37 °C. Proper controls were maintained for each of
the organism. After treatment with the Cr-SPs for 24 h, the cells were washed with phos-
phate-bufferred saline (PBS) thrice and fixed for 12 h using 2.5% glutaraldehyde. After
fixing, the cells were dehydrated using 50-100% graded ethanol and subjected to desicca-
tion for 24 h. Platinum was used to coat these biofilms and were visualized using scanning
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electron microscope (FEI Quanta 200 (XT Microscope Control)) at a magnification of
20,000 % [55].

Statistical Analysis

The data generated from triplicate sets of each experiment was analysed using OriginPro
8.5 tool. Further, one-way analysis of variance (ANOVA) using IBM-SPSS software was
done for the comparisons of treated samples to proper controls.

Results
Extraction and Biochemical Characterization of Cr-SPs

The sulphated polysaccharides were purified and evaluated for its biochemical composi-
tion. The purified extract was found to have~70% total carbohydrate, 31.32% sulphate,
40.31% uronic acid and protein content as low as of 6.19%. FTIR analysis showed an
asymmetric S =0 stretching vibrations (1219.56 and 1377.01 cm™") indicating the absorp-
tion of characteristic sulphate groups and characteristic bending vibrations of C-O-SO,
(1066.63 cm™!) and C-O-S groups (1158.56 cm™!) and offered comprehensive information
about the side chains, and Cr-SPs have shown to have similar characteristics like algal SPs
[33]. NMR results showed characteristic a-D-galacturonic acid signals at 5.1 ppm; chemi-
cal shifts from 3.3-3.9 are likely the protons of the glycosidic rings and thus helped in
revealing the structural characteristics of Cr-SPs [56]. The extract enriched with Cr-SPs
was further used for antibacterial studies.

Agar Well Diffusion Assay

The agar well diffusion test is used to visualize the anti-microbial properties of Cr-SPs by
measuring the diameter of the zones of growth inhibition in the agar plates. It was observed
that there was increased diameters of clear zones of bacterial growth inhibition around

Table 1 Effect of Cr-SPs on bacterial growth. Zone diameters observed after Cr-SPs treatment in K. pneu-
moniae and S. marcescens

Concentration (mg/ml) Zone of inhibition (mm)
K. pneumonia S. marcescens
0 0 0
0.5 15+1.06 14.3+0.33
15.66+1.41 15.8+0.67
2 16.76 £0.70 16+0.33
17.25+£1.06 16.3+0.33
8 18+1.06 16.6+0.40
12 19.75+0.288 16.6+0.33
16 21.5+0.35 17.3+0.47
32 21.5+0.35 19.17+0.55
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the wells of both K. pneumoniae and S. marcescens with increased Cr-SPs concentration.
Table 1 depicts the zone diameters showing the antimicrobial property of Cr-SPs. In case
of K. pneumoniae, the inhibition zones range in diameter from 0 to~21.5 mm, while in S.
marcescens it ranges from 0 to~19.7 mm, respectively. This result indicates that Cr-SPs
efficiently inhibited the growth of both the bacteria tested.

Time-Kill and Colony-Forming Unit Assay

The time and dose-dependent action of Cr-SPs was evaluated by the time-kill curve gener-
ated over a period of 0 to 48 h. From the results of time-kill curve depicted in Fig. 1a and
b, it was observed that there was a dose- and time-dependent inhibition of the growth of
these bacteria at all concentrations up to 4 mg/mL. At 8 mg/mL, Cr-SPs showed a bacteri-
cidal effect starting from the first 3 h of Cr-SPs treatment. In comparison to the control, all
concentration of Cr-SPs showed efficient antibacterial activity with a decline in the growth
curve with increasing concentration and time.

Colony-forming unit assay results showed that Cr-SPs was effectively inhibited the
clonal propagation in both these bacteria. There was gradual decrease in the number of
colonies formed by these bacteria with increase in the concentration of Cr-SPs. It was
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Fig. 1 Time-kill curves of Cr-SPs a K. pneumoniae and b S. marcescens. Different colours indicate dif-
ferent Cr-SPs concentrations. Blue, 0 mg/mL; orange, 0.5 mg/mL; grey,1 mg/mL; yellow, 2 mg/mL; and
green, 4 mg/mL; dark blue, 8 mg/mL. Effect of Cr-SPs on colony-forming units of ¢ K. pneumoniae and d
S. marcescens after Cr-SPs treatment. The data obtained are means of three replicates + SE. Asterisks indi-
cate significant differences amongst control and Cr-SPs treated samples (p <0.05)
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observed that at 1 mg/mL of Cr-SPs, more than 50% reduction in bacterial cells ability
to form colonies was seen in both the bacteria (Fig. 1c and d). At 4 and 8 mg/mL Cr-
SPs, no colonies were observed showing a complete inhibition of bacterial clonal propa-
gation indicating the bactericidal potential of Cr-SPs.

MIC and MBC Determination

MIC and MBC value of Cr-SPs against K. pneumoniae and S. marcescens was meas-
ured using modified MTT assay. Cr-SPs showed a MIC;, of 850 pg/mL in K. pneumo-
niae, and it was 800 pg/mL for S. marcescens, respectively (Fig. 2a and b). In case of
K. pneumoniae, a complete bacterial growth inhibition was observed at 4 mg/mL and
beyond, while in S. marcescens, complete growth inhibition was observed at 8 mg/mL.
MBC results of Cr-SPs showed that in both the tested bacteria 50% bacterial growth
inhibition was found at 2 mg/mL, while 8 mg/mL showed complete growth inhibition
indicating that Cr-SPs indeed has indeed bactericidal effect against K. pneumoniae and
S. marcescens (Fig. 2c and d).

a 100 4 — b 100 ; —
90 1650 = 850 pg/ml 90 - 1050 = 800 pg/ml
E, 80 _}‘_ ESO p
E 70 ;§ 70 A *
5 60 5 60
& 50 . . & 50 *
3 ]
= 40 = 40 1 .
W @
S 30 £ 30
: 20 A 20 -
10 10 *
0 0 ‘ . . 1 .
0 0.5 1 2 4 8 0 0.5 1 2 4 8
Concentration (mg/mL) Concentration (mg/mL)
C 100, d
90 100 —
90
80 *
>
= 70 5 280 B
= =170 *
.E 60 :‘E 60
* >
80 \ 2,50 .
g4 £ 40
@
s 30 § 30
A 20 £20
10 * 10
ol L LT T LT P 8

0

0.5 1 2 4 8
Concentration (mg/mL)

0.5 1 2 4 8
Concentration (mg/mL)

Fig.2 MIC of Cr-SPs against a K. pneumoniae and b S. marcescens, MBC of Cr-SPs against ¢ K. pneumo-
niae and d S. marcescens. The data obtained are means of three replicates + SE. Asterisks indicate signifi-
cant differences amongst control and Cr-SPs treated samples (p <0.05)
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Effect of Cr-SPs to Inhibit Biofilm Formation and Alter Bacterial Cell Surface
Hydrophobicity

Cr-SPs ability to inhibit biofilm formation in K. pneumoniae and S. marcescens was
studied using the CV assay. It was observed that bacterial cells treated with 0.5 mg/mL
of Cr-SPs showed more than 50% of biofilm formation was inhibited in both the organ-
isms, while complete biofilm inhibition was observed above 4 mg/mL of Cr-SPs in K.
pneumoniae and S. marcescens, respectively (Fig. 3a and b).

To check if Cr-SPs can alter the hydrophobic properties of bacterial cells, cell surface
hydrophobicity (CSH) assay was performed. It is known that hydrophobic nature of bac-
terial cell surface plays an important role in bacterial adherence during biofilm forma-
tion and the effect of Cr-SPs on CSH was assessed using BATH assay. It was observed
that after treatment with MIC and D-MIC of Cr-SPs, CSH of the bacteria was decreased
from ~82% in control to~61% in K. pneumoniae, while it was reduced from~72 to 13%
in case of S. marcescens, respectively (Fig. 3c and d). These results clearly indicate that
Cr-SPs probably altering the hydrophobic nature of these bacteria, thereby inhibiting
them to adhere onto a surface and inhibiting biofilm formation.
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Fig. 3 Inhibition of bacterial biofilm formation by Cr-SPs in a K. pneumoniae and b S. marcescens. Cr-SPs
reduce bacterial cell surface hydrophobicity in ¢ K. pneumoniae and d S. marcescens. The data obtained are
means of three replicates + SE. Asterisks indicate significant differences amongst control and Cr-SPs treated
samples (p <0.05)
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Effect of Cr-SPs in Eradicating Preformed Biofilms and Extra Polymeric Substance
(EPS) Quantification Assay

In order to check if Cr-SPs can disrupt preformed-biofilms of K. pneumoniae and S.
marcescens, biofilm eradication assay was performed. From the results it can be
observed that there was positive correlation with concentration of Cr-SPs and increased
percent eradication of preformed-biofilm in these bacteria. More than 50% of preformed
bacterial biofilm was eradicated at 0.5 mg/mL of Cr-SPs treatment, while 100% biofilm
eradication is seen at 4 mg/mL and 8 mg/mL, respectively (Fig. 4a, b).

The EPS quantification also helped us to determine the biofilm eradication ability of
Cr-SPs. The results clearly indicated reduction in total EPS quantity when compared
to control. The results showed that there was a ten-fold reduction in EPS in case of K.
pneumoniae (Fig. 4c), while in case of S. marcescens, the reduction was up to three-fold
as compared to control (Fig. 4d), indicating that Cr-SPs efficiently disrupted the protec-
tive matrix of the mature biofilm thereby distorted the biofilm.
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Fig.4 Effect of Cr-SPs against preformed biofilms of a K. pneumoniae and b S. marcescens. Quantifica-
tion of EPS with/without Cr-SPs treatment in ¢ K. pneumoniae and d S. marcescens. The data obtained are
means of three replicates + SE. Asterisks indicate significant differences amongst control and Cr-SPs treated
samples (p <0.05)
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eDNA Quantification

eDNA of the EPS layer plays a crucial role in its maintenance and maturation. Quantifica-
tion of eDNA content of EPS layer helps to understand the potential of Cr-SPs in distort-
ing the EPS layer of the preformed biofilm. The results were evident that with increased
concentration of Cr-SPs, there was a drastic reduction in the eDNA content of the treated
cells. In case of K. pneumoniae, as compared to control, 4 mg/mL Cr-SPs treated cells
showed ~20-fold decrease in the eDNA content (Fig. 5a). Similarly, in S. marcescens
8 mg/mL concentration of Cr-SPs showed ~ 17-fold reduction in eDNA content (Fig. 5b).
These results indicate that Cr-SPs not only inhibited the adhesion of bacteria on to a sur-
face but also distorted the preformed bacterial biofilms probably targeting the EPS layer
components.

Motility Assay

The swimming and swarming motility help the bacteria cells to adhere on biotic and abiotic
surfaces as well as for dispersal from the biofilm. It is known that bacterial quorum sensing
communication mechanism helps in regulating this flagellar motilities. In S. marcescens it
was observed that MIC of Cr-SPs treated cells showed reduced swimming and swarming
motility, while D-MIC of Cr-SPs showed a complete restriction in bacterial movement as
compared to untreated controls (Fig. 6a and b). This result indicates that Cr-SPs probably
targeting the quorum sensing pathway in this bacteria, thereby inhibiting the biofilm for-
mation and transmitting the bacterial infections.

Effect of Cr-SPs on Virulence Factors

Quorum sensing mechanism is known to activate genes that are responsible for viru-
lence factors. Enzyme like proteases, ureases and lipases play an important role in disease
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Fig.5 extracellular DNA Quantification with/without Cr-SPs-treated preformed biofilms of a K. pneumo-
niae and b S. marcescens. The data obtained are means of three replicates + SE. Asterisks indicate signifi-
cant differences amongst control and Cr-SPs treated samples (p <0.05)
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Control D-MIC

Fig.6 Cr-SPs effect on a bacterial swimming motility and b bacterial swarming motility of S. marcescens

propagation. Proteases help in degrading immunoglobulins, while ureases help to protect
bacterial cells from acidic environments. Hence, a potential anti-quorum sensing agent
should affect the production of these QS role players. In the current study, it was observed
that in K. pneumoniae the cells when treated with MIC of Cr-SPs showed ~30% reduced
protease activity, while D-MIC of Cr-SPs showed ~35% reduced protease activity as com-
pared to control (Fig. 7a), while in S. marcescens showed ~42% and ~49% reduced activity
protease activity with MIC and DMIC of Cr-SPs, respectively (Fig. 7b).

In case of urease production, it was observed that in K. pneumoniae the cells when
treated with MIC and D-MIC of Cr-SPs showed 73% and 93% reduced activity as com-
pared to untreated controls (Fig. 7c), while in S. marcescens MIC and D-MIC of Cr-SPs
showed 63% and 70% reduced activity (Fig. 7d). These results clearly indicate that Cr-SPs
interfered the QS pathway and effectively reduced the activities of virulence factors associ-
ated with disease progression.

Pigment Assay

S. marcescens is known to produce prodigiosin pigment under the control of QS mecha-
nism. This pigment is known to hamper host immune system and is cytotoxic to host cell.
Prodigiosin is required for the bacteria for its survival and pathogenicity [43, 44]. The
result showed that there is a positive correlation with concentration of Cr-SPs and reduced
prodigiosin pigment production of S. marcescens. The pigment production is reduced sig-
nificantly to 52% and 80% when treated with MIC and D-MIC of Cr-SPs, respectively
(Fig. 7e). This pigment inhibition assay results indicate that Cr-SPs has promising potential
in interfering the QS mechanism and its associated pathogenicity.
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Fig.7 Quorum sensing inhibition potential of Cr-SPs. Protease activity in a K. pneumoniae and b S. marc-
escens after Cr-SPs treatment. Urease activity analysis in ¢ K. pneumoniae and d S. marcescens post Cr-SPs
treatment. e The effect of Cr-SPs on prodigiosin pigment production of S. marcescens. The data obtained
are means of three replicates + SE. Asterisks indicate significant differences amongst control and Cr-SPs
treated samples (p <0.05)

SEM Analysis

SEM analysis was done to visually observe the biofilm disruption after Cr-SPs treatment.
There was a drastic decrease in the number of adherent bacteria in the Cr-SPs treated bio-
film culture as compared to control. A clear disruption of biofilm was observed. SEM anal-
ysis also showed a drastic morphological change amongst the bacterial cells in the Cr-SPs
treated culture (Fig. 8). These findings suggest that Cr-SPs is a potential antibiofilm agent
which distort the mature biofilms and also prevents further disease progression of these
respiratory infection causing bacteria.

Discussion

Respiratory diseases are life threatening, and hence their prevention, control and cure have
to be a top priority. About 65 million people suffer from COPD of which nearly 3 million
die each year making COPD an important cause of death worldwide [2, 57]. Lower res-
piratory tract disorder causes death of ~4 million people a year especially among children
under 5 years of age [49]. Tuberculosis (TB) a type of severe respiratory tract infection
leads to 1.4 million deaths in the year 2015 while lung cancer kills around 1.6 million peo-
ple each year [58, 59]. It is estimated that 334 million people suffer from asthma including
children. Around 9 million children under the age of 5 years die each year due to pneu-
monia [60-63]. A major causative agent of RTIs are pathogenic bacteria and their biofilm
forming ability. Bacterial cells exhibit two types of growth modes, i.e. planktonic mode
and biofilm mode. Biofilm is an association of microorganisms where cells adhere to one
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Fig. 8 Scanning electron micrographs of a K. pneumoniae control and ¢ S. marcescens control and Cr-SPs
treated b K. pneumoniae and d S. marcescens biofilms. Magnification x 20,000; bars=5 pM

another on a surface which is encased within a protective matrix [64, 65]. Bacterial biofilm
is usually pathogenic in nature and causes nosocomial infections [65]. Quorum sensing is
the primary bacterial communication mechanism during biofilm formation. Small chemi-
cal signals are released into the environment by these bacteria, which are perceived by the
receptors present on the bacterial surface, thereby initiating a series of gene expression
inducing virulence, biofilm formation and bioluminescence. Bacterial biofilm is less acces-
sible to antibiotics and human immune system, thereby posing a significant threat to public
health given its involvement in a wide range of infectious diseases [66].

Algae have known to produce many bioactive compounds, but attention has been
recently drawn to sulphated polysaccharides due to their potential medicinal activities such
as antioxidant, anticoagulant, immunomodulatory and antitumor. Many bioactive com-
pounds from algae are studied for antimicrobial, antioxidant properties. The green marine
micro-algae Dunaliella salina showed antimicrobial properties against an array of organ-
isms namely E. coli, P. aeruginosa, and S. aureus showed the same properties [67].

@ Springer



Applied Biochemistry and Biotechnology (2022) 194:671-693 687

In the present study, Cr-SPs from green algae was extracted, purified and structurally
characterized both by FTIR and NMR analysis [33, 56]. The biochemical composition of
the extract found to be enriched with polysaccharides (~70%), uronic acid (40.31%) and
sulphate (31.32%). Earlier, studies showed that acetone and aqueous extraction are also
most prevalent method in SPs production from seaweeds, but short extraction time, non-
corrosive solvent and cost-effective environment techniques are required for high yield [68,
69]. This Cr-SPs enriched extract was then tested for its antibacterial and antibiofilm activ-
ities subsequently.

The antibacterial activity of Cr-SPs was confirmed by various invitro assays, and the
results shows that it has inhibitory as well as bactericidal activity against these respiratory
infection causing bacteria. Cr-SPs showed low MICs, values of 800 pg/ mL and 850 pg/mL
(Fig. 2). There are not many reports that addressed the antibacterial activity of SPs from
fresh water microalgae; however there are some studies with SPs extracted from marine
algae. Earlier studies showed that fucoidan from marine algae exerted antimicrobial activ-
ity against Streptococcus spp. Similarly, other report showed that brown algal fucoidan has
broad antibacterial spectrum against various bacteria like E. coli, P. aeruginosa, K. pneu-
moniae, and V. cholera. In another reported it has been identified that carrageenan a red
algal SPs showed bactericidal activity at 2.5 mg/mL against S. enteritidis, S. typhimurium,
E. coli, and S. aureus. However, there was no antibacterial activity even at 5000 pg/mL was
observed in case of Y-carrageenans [68]. The polysaccharides and sulphated polysaccha-
rides obtained from algal species are known to exhibit antibacterial properties for the rea-
son that they show glycoprotein receptors present on their surface which specifically binds
to bacterial cell wall components, the nucleic acid groups and the cytoplasmic membrane
and kill them [69]. SPs such as laminarin and fucoidan inhibited the growth of S. aureus,
Escherichia coli and also biofilms caused by Helicobacter pylori [70].

Time-kill assay showed decreased bacterial growth as the concentration of Cr-SPs
increase from 0.5 to 32 mg/mL over time. CFU assay showed the potential of Cr-SPs to
inhibit clonal expansion of the bacterial cells as indicated by reduced number of colonies
formed by K. pneumoniae and S. marcescens post Cr-SPs treatment in a dose-dependent
manner (Fig. 1). It has been noticed that the antibacterial potential of bioactive compounds
from plants and algae is mainly because of their ability to permeabilise the bacterial cell
membrane, causing the opening of the membrane pores, leading to leakage of intracellular
macromolecules such as DNA and proteins resulting in cell death. Both sulphate group and
the molecular weight of SPs have been shown to play a significant role in antimicrobial
activity [68].

Biofilm mode of bacterial growth is a type of bacterial tolerance mechanism to vari-
ous exogenous stresses, host immune response, rendering the treatment of biofilms with
antimicrobials ineffective. Biofilm formation is therefore a serious threat in many fields,
ranging from food industry, biofouling and industrial corrosion to chronic and nosoco-
mial infections [68]. In the current study, Cr-SPs efficiently inhibited biofilm formation.
It was observed that there was significantly reduced biofilm formation in both the bacteria
tested with increased Cr-SPs concentration (Fig. 3). Furthermore, CSH results showed that
cells treated with Cr-SPs altered the cell surface hydrophobic properties in these bacteria,
thereby preventing them to adhere on to a surface (Fig. 3c and d). Earlier reports showed
that Funoran, a SPs extracted from the seaweed Gloiopeltis furcata, inhibited binding of
various bacteria like S. mutans, Actinomyces sp., Fusobacterium nucleatum, Streptococ-
cus sobrinus and P. gingivalis to saliva-coated hydroxyapatite in vitro and also prevented
colonization of Streptococcus cricetus and S. sobrinus in rats [71]. It was also reported
earlier that two marine microalgae L. danicus and L. aporus showed anti-biofilm activity
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against Staphylococcus epidermidis [68]. SPs extracted from C. reinhardtii also showed
concentration-dependent increase in the percentage inhibition of biofilm formation against
food-borne infections causing bacteria [72]. The probable mode of action of these poly-
saccharides could be their ability to modify the physical characteristics of bacterial cells,
thereby inhibiting them to bind to surfaces, or they might modify the gene expression of
recipient bacteria by acting as signalling molecules, or they can also have competitive inhi-
bition of carbohydrate-protein interactions with the bacterial surface, thereby altering the
stability of EPS layer [71, 73-76]. However the exact mode of action of Cr-SPs needs to be
explored in future.

eDNA is known to play a crucial role in stabilising and maintenance of early and mature
biofilm. In case of Pseudomonas biofilms, eDNA helps in stabilising the biofilm. A study
demonstrated that if cells were treated with DNAase, it helps in disruption of biofilms at
early stages of biofilm formation. However, the same activity was not observed at mature
stages. Another similar study showed that eDNA helps in crosslinking with beta toxins
in S. aureus which helps in formation of EPS matrix [77]. Dose-dependent reduction in
eDNA content in the EPS layer revealed that Cr-SPs distort the EPS matrix and destroy
the biofilms (Fig. 5). Furthermore, SEM has been known to be an effective technique to
observe the effect of antibiofilm agents on bacterial biofilm formation and eradication.
SEM has the ability to observe the morphology of biofilm bacteria and their spatial organ-
isation because of its high-throughput magnification and resolution abilities [78]. In the
current study, the SEM results clearly showed that Cr-SPs not only distorted the mature
biofilm but also altered the morphology of these bacteria, thereby enabling the bacteria
to die even after dispersal (Fig. 8). As reported earlier the common morphological change
observed in Gram-negative bacteria post antibiotic treatment is their unusual elongation in
bacterial cells due to specific binding of p-lactams to cellular surface protein components
responsible for septum formation and separation of dividing organisms [79-81]. Therefore
Cr-SPs can be a promising agent for biofilm disintegration and treatment of the disease.

Multiple studies have shown that during the time of biofilm formation and dispersal,
the pathogens can communicate with each other using a phenomenon known as quorum
sensing. A growing interest in inhibition of quorum sensing (QS) especially is seen with
increased incidence of drug failure. This is majorly due to the pathogenic bacteria develop-
ing resistance to large array of antibiotics. Therefore, targeting pathogenesis may help in
decreased emergence of resistant strains. Competitive inhibition, degradation of signalling
molecules and their receptors and inhibition of genetic regulation systems are various ways
in which QS can be targeted [82-84]. Many clinically associated bacteria use QS for the
regulation of the collective production of virulence factors. Many genes are controlled by
the QS mechanism which is directly involved in many activities like bioluminescence, com-
petence, virulence, antibiotic production and biofilm formation [85]. Swimming, swarm-
ing and twitching motilities observed in various strains help in adherence of bacteria and
subsequently in the formation of biofilm. The impairment of bacterial motility was also a
potential target to inhibit communication [86—89]. In this study it was observed that Cr-SPs
effectively inhibited virulence factor production like protease and urease enzyme activities
(Fig. 7) and also affecting the motility of these causing bacteria (Fig. 6). Cr-SPs treated S.
marcescens cells showed significant decrease in the pigment prodigiosin production indi-
cating that they are probably interfering the quorum sensing mechanism and reducing their
pathogenicity (Fig. 7e). Earlier reports with curcumin also showed decreased prodigiosin
pigment production with increased curcumin concentrations in S. marcescens [14].
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Conclusion

The current work clearly shows that Cr-SPs is a promising antibiofilm agent that can both
prevent and eradicate RTI bacterial biofilms. The results also indicate that the Cr-SPs is
likely interfering the quorum sensing pathway and inhibiting biofilm formation and disease
progression. Cr-SPS effectively eradicated preformed biofilms by degrading the eDNA of
the EPS matrix. With further screening and validation, these Cr-SPs can be developed as
novel antibiofilm agents against respiratory infections causing superbugs.
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