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Drug resistant bacteria are a major threat to humans, especially those which mediate nosocomial infec-
tions. In this paper, three different 4-sulfonylmethyl chalcones are coated onto cotton cloths with acacia
as the binder using a padding mangle to make them antibacterial. A 99% reduction in the adhesion of
three slime producing organisms, namely Staphylococcus aureus NCIM5021, Escherichia coli NCIM2931
and Pseudomonas aeruginosa NCIM2901, on these surfaces was observed. The coated surfaces are more
hydrophobic than the original one. The attachment of the bacteria (CFU ml™) to the cloth is directly pro-
portional (correlation coefficient, R = 0.58) to the hydrophobicity of the surface of the microorganism.
The extent of bacterial attachment on the cloths (CFU ml™) is not correlated with the minimum inhibitory
concentration (MIC) of the chalcones (R = —0.1), but on the other hand it is negatively correlated with the
hydrophilicity of the coated cloth (R = —0.52). This indicates that hydrophilic surfaces prevent bacterial
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attachment and hydrophobic organisms have a greater propensity to attach to hydrophobic surfaces than
hydrophilic ones. A simple multi-linear regression model with the surface hydrophobicity of the organism
and the hydrophilicity of the cloth is able to predict the extent of bacterial attachment. This study suggests

www.rsc.org/biomaterialsscience that the coated cloths could find applications in hospital environments.

Introduction

Health care personnel face the major threat of communicable
diseases, mainly from bacteria, fungi and viruses. Blood and
infectious body fluids upon contact with humans lead to bac-
terial and fungal infections."” Beds, bed covers and curtains
in hospitals that come into contact with patients also mediate
the spread of pathogens. The incidence of hospital infections
acquired by patients and visitors is very high. These infections
very often spread through the transmission of bacteria asymp-
tomatically or symptomatically from one patient to the other,
or to a visitor, which may lead to the colonization of the strain
thereby causing the infection.> Preventive measures include
hand washing and prophylactic consumption of antibiotics to
terminate the colonization of the bacteria. Bacteria acquire
resistance to antibiotics with time and to combat the resist-
ance, the drug used in the treatment is applied in cycles or a
mixture of antibacterial agents is applied.®

“Department of Biotechnology, Indian Institute of Technology Madras, Adyar,
Chennai 600036, India. E-mail: mukeshd@iitm.ac.in; Tel: +91-44-2257 4107
bDepartment of Textile Engineering, Anna University, Guindy, Chennai 600025, India
tElectronic  supplementary information (ESI) available. See DOI:
10.1039/c3bm60312a

{Both the authors contributed equally.

This journal is © The Royal Society of Chemistry 2014

Pseudomonas aeruginosa is the most commonly isolated
organism and it accounts for 10% of nosocomial infections.
Staphylococcus aureus is another major cause of nosocomial
infections and is related to surgical wounds and infections
due to medical devices.” MRSA (methicillin resistant Staphylo-
coccus aureus) is also a major threat and the prevalence of
MRSA colonization is found to be 52% for patients who stay
for ten or more days in a hospital.’

Chalcones are very well known antibacterial agents in micro
molar concentrations. Our previous research® showed that they
act upon the cell membrane leading to the lysis of the bacteria,
so they are bactericidal in nature. Myxobacteria produce slime,
which is composed of exopolysaccharides, glycoproteins and
glycolipids.” Colonization of bacteria on a cloth surface leads
to infection and their adherence to it is directly proportional
to the exopolysaccharide (slime) produced by them. The slimi-
cidal activity exhibited by the chalcones can also prevent the
colonization of bacteria on surfaces.

Researchers have used herbal extracts (including neem leaf
extract) to coat cotton fabrics to develop efficient antimicrobial
fabrics.®° Synthetic chemical entities including 5,5-ethylene-
bis(5-methyl-3-(3-triethoxysilylpropyl )hydantoin) and 3-(2,3-
dihydroxypropyl)-5,5-dimethylimidazolidine-2,4-dione are also
used as antibacterial coatings.'®'" Commercial antibiotics
including Miconazole nitrate is used as an antibacterial
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Fig. 1 Structure of chalcones 1-3.

coating, using p-cyclodextrin as a grafting agent, on cotton sur-
faces.'” The cross-linking of polymers including poly(N-vinyl-2-
pyrrolidone) to improve the activity of antibiotics on cotton
fabrics have also been tested."® Zinc oxide mixed with chal-
cone, when used as an adhesive coating on cotton fabric,
shows effective antibacterial activity against S. aureus, P. aerugi-
nosa and E. coli.**

Gum Arabic (acacia) is a complex and a variable mixture of
arabinogalactan oligosaccharides, polysaccharides and glyco-
proteins, and it acts as a binder. It possesses a wide variety of
therapeutic applications, which also include antibacterial
activity.'> Wound healing dressings, including zinc paste ban-
dages, contain gum Arabic as a binder.'® Using combinations
of antibiotics (more than a single antibiotic) is a useful strat-
egy to create synergy, which may lead to a reduction in the use
of antibiotics as well as combat the resistance offered by the
organism."”

In the present study, an antibacterial coating is developed
for cotton cloth using three chalcones (compounds 1-3 are
given in Fig. 1) along with acacia as the binder. The attach-
ment of S. aureus, P. aeruginosa, and E. coli on the treated
cloth is tested.

Materials and methods

All the chemicals were purchased from Sigma-Aldrich
(St. Louis, USA) and SRL (Mumbai, India). The bacterial
strains (Staphylococcus aureus NCIM5021, Escherichia coli
NCIM2931 and Pseudomonas aeruginosa NCIM2901) were pur-
chased from the National Chemical Laboratory, Pune, India.

Chalcone synthesis

The procedure for the synthesis of 4-methylthio chalcone is
adopted from Lin et al.'® The conversion of 4-methylthio chal-
cone to 4-methylsulfonyl chalcone is performed based on the
method suggested by Davis et al.'® The synthesised 4-methyl-
sulfonyl chalcones are characterized by FT-IR (Perkin Elmer
Spectrum one), NMR (JEOL GSX 400NB), and mass spectro-
meter (Finnigan MAT 8230 MS) and these results are reported

in our previous communications.*>’

Coating procedure

A 100% cotton woven fabric of medium weight (the fabric par-
ticulars are: plain weave, 140 grams per square meter, 20 ends
per ¢cm; 16 picks per cm) was used for the experiments. The
cotton fabric, cut to a size of 10 x 10 sq. cm was immersed for
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5 min in a solution containing chalcone and acacia (50 and
125 mg, respectively) and then was passed through a padding
mangle (Electronic and Engineering Company, Bombay,
India), which was running at a speed of 15 m min~" and a
pressure of 25 kg cm ™ to remove excess solution. The material
to liquor ratio was kept at 1: 20. A 100% wet pick-up was main-
tained for all the treatments. After padding, the fabric was
dried in a hot air oven at 40 °C.

Hydrophilicity of the cloths

The static immersion test reported in the ATCC Technical
Manual 2001 was followed to assess the hydrophilicity of the
treated and untreated cloth samples.” The samples were
weighed and immersed in a 250 ml beaker containing distilled
water to a depth of 10 cm. The cloth was removed after
20 min, tapped ten times to remove excess water and then
weighed once again. The absorption percentage was estimated
from the amount of water taken up by the cloth.’

Absorption percentage
= (mass of water absorbed/original mass) x 100

Surface analysis

The presence of chalcone on the cloth was determined with a
FEI Quanta 200 environmental scanning electron microscope
(ESEM) with an energy dispersive X-ray spectroscope (EDAX).
The various functional groups present in chalcone, acacia, and
the cotton coated and uncoated cloths were identified with a
Perkin Elmer Spectrum 1 FT-IR. The spectra were collected in
the range of 450-4000 cm™" at a sensitivity of 4 cm™'. The
minimum inhibitory concentration (MIC) of the three chal-
cones against S. aureus, P. aeruginosa and E. coli were deter-
mined according to the reported literature.®

Estimation of bacterial adhesion

Adhesion of S. aureus, P. aeruginosa and E. coli on the com-
pound coated and uncoated cloths was estimated in triplicate,
as reported by Zhao et al. with slight modifications.?! A single
colony of the bacteria from a plate was inoculated into 20 ml
of tryptic soy broth (TSB) and cultured at 37 °C for 16 h at
180 rpm in a shaker. The culture was centrifuged for 10 min at
8000 rpm at a temperature of 4 °C. The pellets were suspended
in 0.9% saline and adjusted to an optical density of 0.1 at
660 nm (which was approximately 1 x 10” cells per ml). The
chalcone coated and uncoated cloths were immersed in 25 ml
of the above made bacterial suspension and incubated in
static conditions for 2 h at 37 °C. Then, the samples were
transferred into 25 ml of fresh tryptic soy broth and incubated
for 24 h at 37 °C at an agitation speed of 120 rpm. After 24 h,
the samples were removed using sterile forceps and washed
twice in sterile water to remove non-adhered bacteria. Those
that were strongly adhered were removed from the cloth
surface by water-bath ultrasonication (total of 10 min with
1 min intervals) and the viable cells were counted (colony
forming units; CFU ml™") in tryptic soy agar (TSA). The
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percentage reduction in the bacterial adhesion is estimated as
given below:

100[CFU ml ! on uncoated — CFU ml™* on coated]/
[CFU ml" on uncoated cloth]

Morphology of the biofilm

The surfaces of the coated and uncoated cloths were observed
under a scanning electron microscope (SEM) before and after
the adhesion experiments. After adhesion, the cloth was
washed with distilled water and then fixed for an hour using
3% glutaraldehyde solution (in 0.1% phosphate buffer at pH
7.2). Later it was washed twice with phosphate buffer and once
with distilled water, and dehydrated with alcohol of various
concentrations (20, 50, 70 and 90%) for 10 min. They were
dried overnight in a dessicator, coated with platinum at 30 mA
for 1 min and were viewed under a scanning electron micro-
scope (HITACHI-S3400N) at a maximum magnification of
%x2000.

Hydrophobicity of the organisms

The hydrophobic nature of the three bacteria are estimated
using a BATH assay using hexadecane.” The propensity of the
organism to partition to the organic phase from the aqueous
media is an indication of its hydrophobicity.

Fluorescence microscopic analysis

The live and dead cells present in the biofilm formed on the
cloth surface, after 24 h of incubation, were isolated and
observed using a mixture of two nucleic acid staining dyes,
namely SYTO9 and propidium iodide (PI) (Baclight®, Invitro-
gen, USA).

Statistical analysis

The data reported here are expressed as the mean + standard
error (SE) of three samples in each experiment. Two way analy-
sis of variance (ANOVA) and two sample t-tests were performed
using MiniTab Version 14.0 (MiniTab, Inc., State College, PA,
USA). A p-value of <0.05 is considered statistically significant.

Results and discussion
Characterization of coated cloths

Fig. S1 (a—c), ESI T show the comparative FT-IR spectra of the
compound 1-3 coated and uncoated cloth samples. The pure
cotton cloth shows characteristic peaks arising from C-O-C
asymmetric stretching at 1155 ecm™ and C-H stretching at
2908 cm™'. The peak observed at 3283 cm™', which corres-
ponds to -OH stretching, is also observed by other research-
ers.® All three of the coated cotton FTIR spectra show a
characteristic peak in the range of 1655-1625 cm™ ", which is
due to the presence of chalcone (a,fB-unsaturated carbonyl
system). This peak is also observed in the FTIR spectra of the
individual chalcones. Chalcones when coated alone, show a
strong characteristic peak at 1655-1625. The concentration of
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chalcone on the cloth decreases resulting in less intense IR
peaks when it is mixed with acacia and coated. The less
intense IR peaks are due to the presence of acacia, which
masks the chalcone. Out of the 50 mg of chalcone coated onto
the 10 x 10 cm cloth, 2 mg of chalcone leached out during the
first wash, and there was no leaching out of chalcone after
further repeated washing, which shows that 48 mg of chalcone
was coated onto every 10 x 10 cm cloth.

Fig. 2A shows the SEM micrograph of the uncoated cloth,
and Fig. 2B-D show the compound 1, 2 and 3 coated cloths,
respectively. The uncoated cotton fabric appears smoother
(Fig. 2A) when compared to the coated ones. Chalcone, which
is bound to the surface, could be seen on the fibers in Fig. 2B~
D. The weight percentage of various elements on the surface of
these materials as determined by EDAX, as shown in ESL.{ The
uncoated cloth shows only C and O (42.6 and 30.6%, respect-
ively) (ESIL, Table S1t). Au is also observed since it is used as a
coating material for improving the conductivity of the cloth
(ESI, Fig. S21). The EDAX of the coated cloth samples show
contributions of elemental sulphur, since the chalcones
contain a thio group. Elemental chlorine on the compound 2
and 3 coated cloths are observed, since these two chalcones
are chlorine derivatives of 4-methylthio chalcones. No signifi-
cant differences are observed in the percentage of Cl atoms on
the cloths treated with compounds 2 and 3, probably because
of the concentration variation arising due to the inhomogen-
eity of the coating process and diffusion of the compound into
the cotton. Also EDAX focuses on a single point of the cotton
fabric and there could be a possibility of variation in concen-
tration from one location to another. The chalcones are bound
to the cotton with acacia, so the elemental composition (as
determined by EDAX) will correspond to chalcone as well as
acacia, and many not truly indicate the amount of chlorine
present in a molecule of compound 2 or 3.

(A) B)

©) D)

Fig. 2 SEM photomicrographs of (A) the uncoated cloth and (B-D) the
compound 1-3 coated cloths, respectively.
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Fig. 3 MIC of the three chalcones against E. coli, S. aureus and
P. aeruginosa.

The SEM figures shows that the compound is not absorbed
fully by the fiber, but has formed a layer of coating around
each fiber (chalcones are hydrophobic and the cotton cloth is
hydrophilic). Although the SEM images shows uneven coating
at the pm level, during chalcone estimation, it was found that
each 1 x 1 cm cloth piece contained approximately 4.78 mg of
chalcone. Also, there was no leaching of the compound after
five repeated washes, which shows the stability of the com-
pound coated cloths. SEM-EDAX of the compound 1-3 coated
cloths are given in Table S2 and Fig. S3,, and show very
minute differences in the weight and atom% of the com-
pounds before and after immersing in water.

The —log(MIC) values of the three chalcones against these
three organisms are plotted in Fig. 3. As expected, the dichloro
chalcone exhibits the highest activity against all three organ-
isms, followed by the monochloro chalcone against E. coli and
P. aeruginosa. The BATH assay indicates that S. aureus is the
most hydrophilic amongst these organisms (70.4% hydropho-
bicity). E. coli is marginally more hydrophobic (95.4%) than
P. aeruginosa (94.1%).

Biological evaluation

The numbers of colonies (CFU ml™") of the three bacteria on
the uncoated and the coated cloth samples are shown in
Fig. 4.

The coated cotton cloths show a remarkable reduction in
the adhesion of all three bacteria when compared to the
uncoated cotton (by 94-99%). Other researchers also found
similar results using neem extract (active component as aza-
dirachtin) with 18 hours of radio frequency oxygen plasma
treatment on cotton fabrics.®° Researchers who used citric acid
as a cross-linking agent observed that the cloth turned yellow,
which is not desirable. Thus, the natural product acacia
reported here has advantages as a binder against other
reported ones. Also it increases the tensile strength of the
fibers.

Fig. 5 shows the SEM photomicrographs of the adhered
bacteria on the uncoated and coated cloth samples. The
reduction in bacterial adhesion is seen in all three of the
coated cloths (B-D) when compared to the uncoated cloth (A).
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Fig. 4 CFU of E. coli, S. aureus and P. aeruginosa on the three coated
cloths.

(A) (B)

©) D)

Fig. 5 Comparative SEM photomicrographs of the adhesion of S.
aureus to (A) uncoated cloth and (B—D) compound 1-3 coated cloths,
respectively.

The mechanism of action of chalcone is already reported in
several of our earlier research communications and it possibly
acts by damaging the bacterial cell membrane.®

Surface hydrophilicity

The hydrophilicity of the coated and uncoated cloths was
measured using static immersion tests and the results are
shown in Fig. 6. The uncoated cloth has the highest water
absorption capacity (170%) when compared to the three
coated cloths (125-140%), which means that the former is the
most hydrophilic when compared to the latter ones. Chalcones
are known to be hydrophobic*® and hence they decrease the
water absorption capacity. The third cloth is relatively the most
hydrophobic (lowest water absorption capacity) since chalcone
3 is the most hydrophobic in this set.
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Fig. 6 Absorption of water by the coated cloths measured using static
immersion tests.

Mechanism of adhesion

Bacterial adhesion on a surface is a complex process to explain
and it has several parameters as determinants. Its adhesion to
the surface is determined by three important parameters,
namely the properties of the bacterial cell surface, the liquid
environment and the properties of the material surface (the
presence of functional groups on the polymer, surface rough-
ness, charge, attributes present and flexibility). The interaction
between the coating and the material surface also plays an
important role in determining the performance of the latter.
Bacterial adhesion is determined by adhesive structures
present on the surface of the bacteria including pilli, fimbriae
etc. E. coli and P. aeruginosa possess fimbriae. Studies have
shown that there is a correlation between cell surface hydro-
phobicity and fimbriae.>**® Fimbriae are a non-flagellar com-
ponent of the bacteria and they play a role in its
hydrophobicity. They facilitate the attachment of the bacteria
by overcoming the electrostatic repulsion barrier between a
cell and the substratum.*” Fimbriae are found to contain a
number of hydrophobic amino acid residues.*® Due to hydro-
phobic components on the bacterial cell surface, the bacterial
adhesion onto hydrophobic surfaces is facilitated while it is
reduced on hydrophilic surfaces. Fresh water and marine water
bacteria show more adhesion towards hydrophobic (lesser
charged) surfaces when compared to hydrophilic (more
charged) surfaces. Surface medications by coating with pro-
teins including bovine serum albumin (BSA), bovine glyco-
protein and fatty acid free BSA are capable of reducing the
surface hydrophobicity leading to a reduction in bacterial
adherence.?® However, a few researchers have found that in in
vitro environments, hydrophobic surfaces showed less bac-
terial adhesion when compared to the hydrophilic surfaces in
the human body.>*?' Hence in our case, even though the
moisture absorbing capacity (related to hydrophilicity) of the
cloths has decreased after chalcone coating, they have shown
remarkable reduction in bacterial adhesion. This is due to the
fact that the compounds possess bactericidal and slimicidal
activity, thereby preventing the colonization of bacteria.

The number of live colonies (CFU ml™") on the surface of
the three cloths are positively correlated (correlation coefficient
= 0.58) with the hydrophobicity of the organism (based on
BATH assays), indicating that hydrophobic organisms attach

This journal is © The Royal Society of Chemistry 2014
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more easily than hydrophilic ones (reasons are given above).
Also, the number of colonies on these three cloths are nega-
tively correlated (correlation coefficient = —0.52) with the water
absorbing capacity of the cloth (which is an indication of the
hydrophilicity of the cloth), indicating that hydrophilic sur-
faces prevent bacterial attachment better than hydrophobic
ones. Using these two variables, a simple linear regression
model can be described, as shown below:

[CFU ml '] = 43.97 + 0.34[organism hydrophobicity]
— 0.50[cloth hydrophilicity]

R*=0.61,F =5.1,p < 0.05

So, the surface properties of the organism and the surface
properties of the cloth affect the CFU on the material. Interest-
ingly, the correlation between the MIC and CFU is poor (—0.1),
indicating that when a compound is coated on the surface, its
antibacterial effectiveness may change depending on the
surface properties, the interaction between the compound and
the material, and the coating method adopted etc. Chalcones
are hydrophobic and hence they decrease the hydrophilicity of
the cloth, so one should strike a balance between its antibac-
terial activity and the extent to which it decreases the hydro-
philicity of the coated surface.

The antibacterial action of chalcone is through cell mem-
brane damage, as evidenced by Baclight® assays, where dead
cells are shown red in colour and live cells are shown green in
colour. Propidium iodide enters damaged cells and binds to
the nucleus emitting a red colour. Our previous studies have
indicated that chalcones exhibit antibacterial activity by dama-
ging the cell walls.>* Once the compound is immobilized on a
surface, in addition to its antibacterial efficiency, other
physico-chemical properties of the surface would also affect
the overall behavior of this material. This may be similar to
the way an enzyme behaves when it is in solution or in the
immobilized state. It is well known that the physico-chemical
properties of the solid support would affect the behavior of the
enzyme. Chalcones are hydrophobic, so they alter the hydro-
phobicity of the cotton cloth. Hydrophobic organisms favor-
ably attach to hydrophobic surfaces. The antibacterial nature
of the chalcone starts acting on the organisms, which are
attached to the surface. Fluorescence microscopic images of
microbes isolated from biofilms formed on the coated and
uncoated cloths are shown in Fig. 7.

Conclusions

There was not any significant correlation between the MICs
and the antimicrobial activity of the coated cloths. This is
because the antibacterial activity is due to several factors
including the amount of acacia and chalcones present on the
surface, the properties of the cloth and the interaction
between the two. Hence, differences in the number of chlorine
atoms alone did not influence the overall performance of the
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Fig. 7 Fluorescence microscopic images of microbes isolated from
biofilms formed on the uncoated cloth (A) and the compound 1-3
coated cloths (B—D) are shown below.

cloth. Although the hydrophobicity of the surface plays a
major role in bacterial adhesion, in this paper we have demon-
strated that the adhesion is not only a function of this pro-
perty, but it is also related to other properties, which are also
observed by other researchers too. The number of live colonies
(CFU ml™") on the surface of the three cloths is positively cor-
related with the hydrophobicity of the organism and negatively
correlated with the water absorbing capacity of the cloth, indi-
cating that hydrophobic organisms attach more easily on sur-
faces than hydrophilic ones and hydrophilic surfaces prevent
bacterial attachment better than hydrophobic ones. Since
acacia and chalcones are antibacterial agents, one can achieve
a synergy in performance by combining them both. Such a
strategy can be useful in the treatment of drug resistant bac-
teria including MRSA. Moreover these chalcones have a broad
spectrum of activity (they are active against Gram +ve and
Gram —ve bacteria). Thus the coated cloth has potential appli-
cations in hospital environments and can be used as bed
covers, curtains, linens and dressings. The long term stability
and washability of these coated cloths needs to be assessed in
field conditions.
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