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Abstract

Fabrics act as fomites for microorganisms, thereby playing a significant role in infection transmission, especially in the health-
care and hospitality sectors. This study aimed to examine the biofilm formation ability of four nosocomial infection—causing
bacteria (Acinetobacter calcoaceticus, Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus) on cotton,
polyester, polyester-cotton blend, silk, wool, viscose, and nylon, used frequently in the healthcare sector, by qualitative and
quantitative methods. The impact of temperature, pH, and relative humidity (RH) on biofilm formation was also assessed. P.
aeruginosa and S. aureus were strong biofilm producers, while E. coli produced weak biofilm. Wool (maximum roughness)
showed the highest bacterial load, while silk (lowest roughness) showed the least. P. aeruginosa exhibited a higher load on
all fabrics, than other test bacteria. Extracellular polymeric substances were characterized by infrared spectroscopy. Rough-
ness of biofilms was assessed by atomic force microscopy. For biofilm formation, optimum temperature, pH, and RH were
30 °C, 7.0, and 62%, respectively. MgCl, and CaCl, were the most effective in removing bacterial biofilm. In conclusion,
biofilm formation was observed to be influenced by the type of fabric, bacteria, and environmental conditions. Implement-
ing recommended guidelines for the effective disinfection of fabrics is crucial to curb the risk of nosocomial infections.
In addition, designing modified healthcare fabrics that inhibit pathogen load could be an effective method to mitigate the
transmission of infections.
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Introduction

Textiles act as potential reservoirs for various pathogens,
increasing the risk of nosocomial infections in the hospital
environment. Healthcare apparel such as doctor’s coats, sur-
gical gowns, scrubs, bed sheets, pillow covers, curtains, and
towels play an inevitable role in the transmission of infection
(Goyal et al. 2019). The bacteria adhering to fabrics pro-
duce biofilms that are challenging to remove using standard
laundry techniques. Biofilm accumulates upon the repeated
use of these fabrics, eventually leading to the transmission
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of infections (Gupta et al. 2019). The National Institute of
Health (NIH) delineates that biofilm formation is the cause
of 80% of total microbial infections; 60-70% are nosocomial
infections caused by biofilms on surfaces (Jamal et al. 2018).

Biofilm, a community of microorganisms, exhib-
its a higher resistance than their planktonic forms due to
its matrix formed of extracellular polymeric substances
(EPS) (Sharma et al. 2019). Bacterial adherence can be
explained by Derjaguin, Verwey, Landau, and Overbeek
(DVLO) forces, which include electrostatic interaction, van
der Waal forces, and steric interaction (Garrett et al. 2008).
During the growth phase, the adhered cells produce EPS,
consisting mainly of polysaccharides, DNA, proteins, and
lipids (Chen et al. 2013).

Previous studies have reported a significant number of
nosocomial infections in hospitals due to biofilm formation
on medical devices (Assefa and Amare 2022; Cangui-Panchi
et al. 2022). There are several studies on surface adherence
properties and biofilm formation on hard surfaces (Bae
et al. 2012; Bhagwat et al. 2021). However, there is a lack
of in-depth understanding of how soft surfaces like fabrics
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influence the process of biofilm formation. This makes it
challenging to control infections transmitted through fabric.

Bacterial attachment and biofilm development on textile
is influenced by several factors like properties of textile,
bacteria, and environmental conditions (Song et al. 2015;
Moraes et al. 2018). Higher bacterial adhesion and biofilm
formation was reported on hydrophobic and rough surfaces
(Zheng et al. 2021). The hydrophobic bacterial surface
also promotes strong adhesion to hydrophobic surfaces,
whereas hydrophilic bacterial cells prefer hydrophilic sur-
faces (Kochkodan et al. 2008). Environmental parameters,
including temperature, pH, and relative humidity (RH),
play a substantial role in fabric-microbe interaction (Dixit
et al. 2023). Temperatures beyond the optimal range have an
adverse effect on bacterial adherence (Garrett et al. 2008). A
change in pH value influences the hydrophobicity of the cell
surface (Bunt et al. 1993). Bacterial adhesion and RH are
directly correlated, as higher bacterial adhesion was reported
in humid environments (Horve et al. 2020). The research on
biofilm mitigation majorly focuses on methods to eradicate
biofilms on hard surfaces (Feng et al. 2013; del Agustin et al.
2023). These techniques, however, are only partially effec-
tive because of the bacterial resistance in biofilms. Thus, to
mitigate the infection transmission risk associated with the
production of biofilm, understanding the ability of biofilm
formation on different fabrics by nosocomial pathogens, and
environmental factors that regulate its formation, is essen-
tial. There is a research gap in our understanding that fabrics
act as a suitable surface for bacterial growth and biofilm
formation, and how the bacterial load varies for different
fabric types.

The present study aimed to draw a correlation between
the type of fabric and environmental conditions on biofilm
formation by four bacteria. Fabrics were chosen based on
their application in hospitals. Silk was chosen because of
earlier reports of its ability to discourage microbial adhesion
(Holland et al. 2019). Four bacterial species, viz. Acineto-
bacter calcoaceticus, Escherichia coli, Pseudomonas aer-
uginosa, and Staphylococcus aureus, were selected because
of their ability to survive on fabrics and their role as poten-
tial nosocomial pathogens (Koca et al. 2012; Varshney et al.
2021). This study was undertaken for assessing the capabil-
ity of selected bacteria to form biofilm on fabrics, by quali-
tative as well as quantitative methods, and to understand
the effect of environmental factors on biofilm development.

Material and methods
Test fabrics and bacteria

Seven fabrics, polyester, cotton, polyester-cotton (70:30)
blend, nylon, silk, viscose, and wool, were recorded to be
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the material of preference for textiles used in hospitals and,
thus, selected for the present study. These fabrics were pro-
cured from the local market.

Selected bacterial cultures were procured from the cul-
ture bank of IIT Delhi, India. Stock cultures were inoculated
into Luria-Bertani (LB) broth and incubated overnight at
37 °C under shaking. Experiments were conducted using
bacteria in the exponential growth phase. All the experi-
ments were conducted in triplicates.

Scouring of fabrics

Scouring of fabrics was done to remove impurities. The test
fabrics were boiled in soda ash (1-2%) and liquid soap solu-
tion (5 gpl) for 45 min to scrub the fabrics (Varshney et al.
2020). Following a thorough rinsing with water, samples
were dried and ironed. Scoured fabrics were then wrapped
in aluminum foil and stored in a sealed plastic bag. Before
the experiment, each fabric was autoclaved at 121 °C for
20 min to ensure sterility.

Biofilm formation on fabrics
Confirmatory test for biofilm formation

To confirm biofilm formation on fabrics, approximately
1 x 10* CFU ml~! of bacterial culture was inoculated in
0.5 1 sterile flasks containing Tryptic Soy Broth (TSB)
(50 ml) and incubated for 14—16 h under shaking (160 rpm)
at 37 °C. Congo Red (CR) dye (0.08%) was then mixed
with the bacterial cultures (Arciola et al. 2001). Two
hundred microlitres of S. aureus (1.5x 10° CFU ml™!),
P. aeruginosa (1.6x 10° CFU ml™"), A. calcoaceticus
(1.7%10° CFU ml™"), and E. coli (2.1 x10° CFU ml™")
with CR dye was added in each well in a microtiter plate.
A brown color of the medium indicated the formation of
biofilm on fabrics.

Biofilm quantitation based on Crystal Violet staining

In 96-well flat-bottom microtiter plates, a test for the
formation of biofilm was conducted as described by
Stepanovi¢ et al. (2007). Acetone (10 ul) was added to
the wells to fix fabric pieces (0.6 cm diameter) (Fig. S1).
Fabric-fixed microtiter plate was sterilized under UV
radiation for 30 min. Two hundred microlitre of isolate
(S. aureus, P. aeruginosa, A. calcoaceticus, and E. coli)
(~1.5%10° CFU ml™") was added into the wells followed
by incubation of the plate at 37 °C for 48 h. The nega-
tive control consisted of sterile TSB. Following incuba-
tion, wells were emptied by flicking and washed using
PBS (300 ul). After washing, heat fixing of the remaining
attached bacteria was done by incubation in a hot air oven
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for 1 h. Then, 150 ul methanol was added to each well,
kept for 20 min, emptied, and kept in an inverted position
for overnight drying. Adhered biofilm was stained using
1% Crystal Violet (CV) (150 pl). The stain in the well was
removed by washing the plate with sterile water and rinsing
till the wells appeared without stain, followed by drying of
the plate at room temperature. Then, dye-bound cells were
resuspended in 150 pl of ethanol (95%), and plates were
covered to minimize evaporation for 30 min. The optical
density (OD) of each well was recorded at 570 nm wave-
length using a microtiter plate reader (Thermo Scientific,
USA). The average OD values were determined for all the
negative and tested strains. ODc was calculated (Eq. 1) and
the final OD of bacterial strains was determined (Eq. 2).

ODc = average OD of NC + (3 X SD of NC) (1)

Final OD = average OD of bacterial strain — ODc )

where OD¢ is the cutoff value, NC is the negative control,
and SD is the standard deviation.

If the reading showed a negative value, it was consid-
ered as no biofilm formation (OD <ODc), whereas the
positive value represented biofilm formation, weak bio-
film producer (ODc < OD <2 x ODc), moderate biofilm
producer (2 X ODc < OD £4 xODc), and strong biofilm
producer (4 X ODc < OD) (Stepanovic et al. 2007).

Quantitative estimation of biofilm by plate count

After biofilm formation, dislodging was done in 500 pl
NaCl (0.9%) at 4000 rpm for 2 min (Stepanovic et al. 2007
Melo et al. 2017). Diluted cell suspensions were plated
on Luria agar (LA) plates, and incubated for 16—18 h at
37 °C. The colonies obtained on the plates were counted
to determine the bacterial load on different fabrics.

Production of extracellular polymeric substances
(EPS) and their characterization

EPS production by bacteria

A hundred microlitre of each bacterial culture was added to
11 of fresh LB medium, and incubated at 37 °C for 7 days.
Thereafter, the culture was centrifuged at 8000 rpm in 50 ml
falcon for 20 min. The supernatant was removed, and the
falcons containing pellets were filled with double the volume
of chilled ethanol (100%). Falcons were kept at 4 C over-
night. The supernatant was transferred to a fresh falcon tube
followed by centrifugation at 2500 rpm for 20 min. Pellets
were dried at 50 °C and weighed (Tewari and Sharma 2020).

Infrared spectroscopy of EPS

Fourier-transform infrared spectroscopy (FTIR) (FTIR Nico-
let 6700, AZ, USA) was used to identify functional groups in
EPS. For sample preparation, EPS (1 mg) was blended with
potassium bromide (100 mg), followed by hard-pressing
of the sample into a 15— 16 mm diameter mold. The spec-
tra were documented for a specific range of wave numbers
(4000 to 400 cm™~!) (Al-Nabulsi et al. 2022). The graphs
were obtained in terms of percentage transmittance exam-
ined using standards.

Test of stability of biofilm formed on fabrics

After biofilm formation on fabrics in a microtiter plate, lig-
uid culture was discarded from each well followed by wash-
ing with 0.9% saline and then treatment with 200 ul of 0.3 M
NaCl, 0.21 M CaCl,, 0.21 M MgCl,, 2 M urea, and 0.01 M
EDTA (Chen and Stewart 2000). Treatment was followed
by incubation at 37 “C for 2 h. The wells of the microtiter
plate were washed using 0.9% saline and then stained with
1% CV (200 pl). CV was discarded after 5 min and 200 pl
of alcohol-acetone (80:20) solution was added in the wells.
Alcohol:acetone solution was collected into a fresh micro-
titer plate and analyzed on a plate reader at 595 nm (Melo
et al. 2017).

Roughness of fabrics after biofilm formation

Atomic force microscopy (AFM; Asylum Research MFP3D-
BIO, UK) was performed for 3D profiling of biofilm formed
(nanoscale level) by measuring forces between the surface
and a probe at a distance of 0.2-10 nm. The probe tip
touches the fabric surface and measures the force between
the fabric surface and the probe. Nanoroughness of the con-
trol fabric and biofilm formed on fabrics was determined
(Mohebi et al. 2017).

Impact of temperature, pH, and RH on biofilm
formation

The effect of different environmental factors (temperature,
pH, and RH) on the formation of biofilm on fabrics (poly-
ester, cotton, and blend) was studied. Microtiter plates con-
taining fabrics with bacterial cultures were incubated for
48 h at 15 °C, 30 °C, and 45 °C (constant pH 7.0), pH 5.0,
7.0, and 8.0 (constant temperature 30 °C), and RH 22%,
43%, and 62% (30 °C, pH 7.0). RH was maintained in an
insulated desiccator using saturated solutions of potassium
acetate (approx. 22%), potassium carbonate (approx. 43%),
and cobalt chloride (approx. 62%) (Greenspan 1977). The
bacterial colonies were counted on LB agar plates to assess
the bacterial load on different fabrics.
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Statistical analysis

The experimental observations were represented as a mean
value with standard deviation. Data analysis was performed
by one-way ANOVA using the IBM SPSS software (version
23.0). The statistical significance of the data was calculated
by Duncan’s multiple-range test (P <0.05).

Results

Biofilm formation on fabrics

Detection of biofilm formation on fabrics

The development of dark brown color on the fabrics in the
presence of CR dye confirmed biofilm formation by the four

bacterial species (Fig. S2). The assessment of biofilm for-
mation showed that P. aeruginosa and S. aureus produced

strong biofilm, while A. calcoaceticus and E. coli produced
only moderate and weak biofilm, respectively (Table 1).

Quantitative assessment of biofilm formation on fabrics

Among all the fabrics tested, wool showed the highest bac-
terial biofilm, followed by viscose, blend, cotton, polyester,
nylon, and silk (Fig. 1). Among the bacterial species, P. aer-
uginosa showed the highest count on most fabrics, followed
by S. aureus and A. calcoaceticus, while E. coli showed the
least count.

EPS production and its characterization

The four bacterial strains produced EPS. Using FTIR, sev-
eral functional groups were detected in EPS. EPS of the
7-day grown culture of P. aeruginosa was highest and the
least for E. coli (Table 2). The CFU count of each bacterial
strain was determined in the culture before EPS extraction.

Table 1 Bacterial biofilm

B " rextil Fabrics P. aeruginosa S. aureus A. calcoaceticus E. coli

ormation on textiles
Wool 1.60+0.02°€ 1.3240.05%P 0.83+0.03%* 0.74 +0.06%4
Viscose 1.48+0.03%C 1.2240.03%B 0.71+0.05%4 0.68+0.06"4
Blend 1.37+0.03°€ 1.1940.01%B 0.65+0.01 ¢4 0.64 +0.02°4
Cotton 1.27+0.03%€ 1.11+0.02°B 0.55+0.014 0.57+0.03%4
Polyester 1.24+0.01°€ 1.05+0.03>B 0.47 +0.02°>4 0.44+0.03%*
Nylon 1.18+£0.02%C 0.98 +0.03>B 0.42+0.09°>4 0.40 £0.04*4
Silk 0.94+0.02¢ 0.64+0.03B 0.38£0.02%4 0.35+0.03%*
Control 1.8+0.198 1.6+0.158 0.5+0.074 0.2+0.034

Values are mean of 3 replicates, +represent standard deviation. For the same treatment, a substantial differ-
ence (p <0.05) between different fabrics is denoted by small letters (e.g., a, b) and between different bacte-
rial species is denoted by capital letters (e.g., A, B). Control refers to the well in microtiter plate without

fabric
Fig. 1 Biofilm formation on
various fabrics and their bacte- 4.00E+07
rial load (CFU cm™2); error bars
represent the standard devia- 3.50E+07 -
tions (n=9). Significant differ-
ences within the fabric between 3.00E+07 -
different bacterial strains are
represented by small letters, and ~ 2.50E+07
difference between fabrics is g
denoted by capital letters. PA P. o 2.00E+07 -
aeruginosa, SA S. aureus, AC kui cIi
A. calcoaceticus, and EC E. coli 1.50E+07 -|

1.00E+07
Silk
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Rheological properties of bacterial EPS revealed that the
EPS produced by E. coli, A. calcoaceticus, and S. aureus were
non-viscous (< 10 Pa~s) (Fig. 2), while the EPS produced by
P. aeruginosa was slightly viscous in nature (> 100 Pa.s). The
FTIR spectrum of EPS isolated from the four bacteria showed
that it contained a variety of functional groups (Table 3), with
carboxylic acid, alkane, sulfonyl chloride, amine salt, primary
alcohol, secondary alcohol, aromatic ester, alkene, etc. present
in EPS specific to bacteria (Fig. S3). Specific functional groups
like C-H bending, -CHj; group, C-O group, aromatic ester, pri-
mary alcohol, and C=0 stretching delta lactone were present
in the EPS of S. aureus. Some functional groups like C-H and
O-H stretching were present in EPS of all four bacterial strains.

Biofilm stability on fabrics

Fabrics with biofilm were treated with salts, viz. 0.3 M
NaCl, 0.21 M CaCl,, 0.21 M MgCl,, 2 M Urea, and 0.01 M
EDTA. The stability of biofilm on fabrics was assessed
based on the difference in ODsy5 between fabrics treated
with different salts and control fabrics without treatment
(Fig. 3). Biofilm formed by E. coli and A. calcoaceticus
on fabrics was found to be least stable when treated with
CaCl, and MgCl,. The stability of S. aureus and P. aerugi-
nosa biofilm on fabrics was least when treated with NaCl
and MgCl,.

Table 2 Production of EPS by

bacteria Bacteria Bacterial_clount Biomass dry (g17") EPS (g17) EPS/g f:ell
(CFUml™) dry weight

P. aeruginosa L.1x108 1.36+0.04 0.11 0.08

S. aureus 1.4x 108 1.1+0.08 0.106 0.10

A. calcoaceticus 4.8x108 0.83+0.04 0.066 0.08

E. coli 1.6x108 0.73+0.04 0.020 0.03

Fig.2 Viscosity of the EPS produced by the selected bacterial strains, a E. coli, b A. calcoaceticus, ¢ S. aureus, and d P. aeruginosa
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Table 3 Characterization of
EPS produced by bacteria,
through FTIR analysis

Functional groups

E. coli A. calcoace- S. aureus

ticus

P. aeruginosa

O-H group
N-H group
C-H, alkane

C-H bending, aromatic compound, overtone

N-O stretching, nitro compound
O-H bending

C-F, sulfonyl chloride

C-N stretching, amine

C-O, secondary alcohol

C=N, imine/oxime

C=C, cyclic alkane

S=O0, sulfonyl chloride

S=0, sulfoxide

C-H bending, alkane, methyl group

C-0, aromatic ester
C-O, primary alcohol
C=0, delta lactone
C-O, alkyl eryl ether
C-F, fluoro compound

+ + +
+ -
+ + +

+ o+ + o+ o+ o+ o+

o+ o+ o+ o+ o+
+ \
' +

+ o+ + +

Roughness of fabrics after biofilm formation

The roughness of sterile fabric and biofilm-formed fabrics
was assessed by AFM (Table 4). AFM analysis was done
for biofilm formed by S. aureus and E. coli on fabrics. The
roughness of wool, viscose, blend, and cotton decreased
when the biofilm formation occurred, whereas the rough-
ness of polyester, nylon, and silk increased due to S. aureus
and E. coli biofilms.

Optimum temperature, pH, and RH for biofilm
formation

P. aeruginosa and S. aureus showed maximum biofilm
formation at a temperature of 30 °C, pH 7.0, and RH 62%
(Fig. 4). Biofilm formation by bacterial strains was sig-
nificantly higher on blend fabric, followed by cotton and
polyester at 30 °C. P. aeruginosa showed a higher load on
all the fabrics, in comparison to S. aureus, irrespective of
the environmental conditions.

Discussion

Fabrics play a crucial role in the spread of infections as
they serve as a reservoir for various microorganisms and
pathogens. The heavily contaminated (with infectious
agents) hospital fabrics may harbor a microbial load of
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10°-10% CFU/100 cm? (Koca et al. 2012). The survival of
these bacteria is enhanced due to their persistence within a
matrix of EPS; the assemblage thus formed is known as a
biofilm.

There are several characteristics of textiles that affect
biofilm formation. The type of weave and composition of
fabrics are some important parameters (Bajpai et al. 2011;
Varshney et al. 2020). The structural characteristics (weave,
linear density, properties of warp, and weft thread) of woven
fabrics control the permeability of moisture and air, thus
influencing microbial load (Rogina-Car et al. 2020). In the
present work, plain (cotton, polyester, blend, silk, and nylon)
and twill (wool and viscose) woven fabrics were used for
assessing the formation of biofilms. Maximum bacterial
load was observed on wool (twill type) and minimum on
silk (plain) by the four bacteria under similar experimental
conditions (Varshney et al. 2020). Twill fabric with higher
roughness allows more bacteria to adhere (Premkumar and
Thangamani 2017).

The bacterial load on fabric is also associated with surface
roughness. It has been reported that a highly rough surface
(nanoscale) promotes more bacterial adhesion (Varshney
et al. 2021). AFM analysis was done to study the rough-
ness of fabric with and without biofilm. The trend of bio-
film formation by the four bacterial species correlated with
the roughness of the fabrics. Bacterial strains have different
abilities for initial adhesion to various textile types. Previous
studies have shown that Staphylococcus spp. adhere strongly
to cotton, polyester, and blends in comparison to E. coli
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Fig.3 Biofilm stability on textiles in the presence of NaCl, MgCl,,
CaCl,, urea, and EDTA. Error bars represent standard deviations
(n=9). Small letters indicate significant differences between the fab-

Table 4 Roughness of fabrics with (test) and without biofilm (con-

trol)

Fabrics Control (nm) Staphylococcus Escheri-
aureus (nm) chia coli
(nm)
Wool 379.3 20.18 76
Viscose 146.4 51.9 86.6
Blend 86 71.3 5
Cotton 37.8 259 8.3
Polyester 16.8 58 29.1
Nylon 15.3 61.4 29.1
Silk 15.2 42 80.4

(Hsieh et al. 1987). A study of biofilm formation on cotton
revealed that P. aeruginosa produced more biofilm than S.
aureus (Montagut et al. 2019). A higher bacterial load of P.
aeruginosa was observed on all the tested fabrics, compared
to other bacteria. In our study, polyester and cotton fabrics
promoted weak to strong biofilm formation depending on
the bacterial strain. The formation of biofilm on fabrics was
assessed by counting the CFU load, which was the highest
for P. aeruginosa on fabrics, and the least for E. coli.
Bacterial EPS plays a crucial role in surface adherence,
water retention, biofilm formation, cell protection, genetic

rics with the same bacterial species. a E. coli, b A. calcoaceticus, ¢ S.
aureus, d P. aeruginosa

exchanges, etc. (Costa et al. 2018). The characteristics and
production of EPS may vary depending on factors like media
composition, temperature, RH, and time. (Mika et al. 2016;
Mudik et al. 2020). In the present study, EPS extraction was
done to understand the correlation between biofilm forma-
tion and the amount of EPS produced. EPS produced by
S. aureus, E. coli, and A. calcoaceticus was non-viscous,
while that secreted by P. aeruginosa was slightly viscous and
showed viscoelasticity (Di Martino 2018). A higher produc-
tion of EPS was observed by P. aeruginosa, while E. coli
produced the least amount.

Although many studies are reported on bacterial adhesion
on surfaces, investigation of the role of EPS in bacterial
adhesion on fabrics is not yet clear. In the current study,
FTIR analysis of the EPS produced by the four bacterial
species revealed several functional groups. Detection of the
hydroxyl group (3400 cm™') and carboxyl group (a peak
in the range 1416 to 1631.48 cm™") showed the presence
of polysaccharides in EPS of all bacteria (Kumar et al.
2011). Asymmetrical C—H stretching (2800-3000 cm™})
showed lipid and sugar content in EPS, which is also pre-
sent in all bacteria (Kavita et al. 2011). Functional groups
such as C—O—C and C—O indicated the presence of alkyl
aryl ether and carbohydrates, respectively in P. aeruginosa
(Mishra and Jha 2009). Uronic acid was found in E. coli,
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Fig.4 Bacterial load (CFU
cm™?) on different fabrics at
variable temperatures (a, b,

¢ 15 °C, 30 °C, and 45 °C,
respectively), pH (d, e pH 5
and 8, respectively), and RH

f, g, h 22%, 43%, and 62%,
respectively). Error bars denote
standard deviations (n=9).
Significant differences between
the fabrics (same treatment) are
denoted by small letters. PA P.
aeruginosa, SA S. aureus
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Fig.4 (continued)
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which was validated by an ester linkage (Bramhachari and
Dubey 2006). Stretching of the C=0 functional group is the
characteristic of proteins (Wang et al. 2014). N-H, C=C, and
C-F stretching represent amines, cyclic alkane, and fluoro
compounds, respectively, in the EPS (Mishra and Jha 2009;
Kavita et al. 2011). The stretching vibrations observed below
1000 cm ™! may represent the presence of phosphate groups
of nucleic acids in EPS (Chen et al. 2013). The FTIR data
confirmed the presence of polysaccharides, amines, proteins,
uronic acid, nucleic acids, etc. in the bacterial EPS. FTIR
showed major peaks for polysaccharides in all bacteria, but
the composition of polysaccharides may change depending
on the type of bacterial strain (Salama et al. 2016). Pro-
tein polymer curli and carbohydrate polymer cellulose were
the two major constituents in EPS of E. coli, but it can also
include DNA, B-1,6-N-acetylglucosamine, and colanic acid
(Hufnagel et al. 2015). It contained glucose, galactose, glu-
curonic acid, arabinose, fucose, etc. as monosaccharides.
Carbohydrates are the major components, whereas protein
and uronic acids are minor components of EPS. EPS of P.
aeruginosa consisted of a neutral branched polysaccharide,
which forms a fiber-like network during bacterial coloniza-
tion and acts as a promoter of bacteria-surface interactions
(Di Martino 2018). It also contained cationic polysaccha-
rides consisting of N-acetylglucosamine and N-acetylgalac-
tosamine, which provide structural support to cells and are
involved in the initiation of bacterial interactions in biofilms
(Vasseur et al. 2005). Biofilm-associated protein (Bap) and
phenol soluble modulins (PSMs) are the key components of
EPS of S. aureus (Taglialegna et al. 2016). Bap is mainly
responsible for bacterial adhesion and production of biofilm
(Di Martino 2018). PSMs interact with extracellular DNA
to form amyloid fibers, which help move cells during early
biofilm formation. EPS of A. calcoaceticus mainly consisted
of heptasaccharides (Gudifia et al. 2015).

Bacteria typically have a negative charge because of the
existence of carboxylic and phosphate groups on their sur-
face and are reported to adhere mostly on positively charged
surfaces (Zheng et al. 2021). Although surface charge den-
sity is an important property that determines bacterial adhe-
sion on surfaces, other factors such as EPS components, pili,
flagella, and surface properties like roughness, topography,
and hydrophobicity also play a role in bacterial adhesion
(Kreve and Reis 2021). Several studies reported that bacteria
can overcome electrostatic repulsion with negative charge
and bind even strongly to negatively charged surfaces due to
pili (Zheng et al. 2021). Adherence and growth of bacteria
on fabric (negatively charged) despite its negative charge
have been reported in several studies (Varshney et al. 2021;
Dixit et al. 2023). EPS of bacteria promotes their adhesion
on fabrics due to its stabilizing and cross-linking properties.
It is reported that small amounts of EPS inhibit bacterial
adhesion on surfaces by electrostatic interaction, whereas
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large amounts enhance cell adhesion due to polymeric inter-
action (Tsuneda et al. 2003).

A biofilm stability experiment was carried out to con-
firm the efficiency of various salts in biofilm elimination
from fabric. Biofilm removal on fabrics was highest when
treated with MgCl, and CacCl, for all bacterial strains. Chen
and Stewart (Chen and Stewart 2000) also reported NaCl
and CaCl, to be effective in biofilm removal on hard sur-
faces. The effect of EDTA and urea was the least in biofilm
removal from fabrics. Previous studies have also shown
moderate to high efficiency of chemicals like EDTA, urea,
and MgCl, for biofilm destabilization on textile surfaces (de
Almeida et al. 2016).

The environmental conditions may have a major effect
on biofilm formation (Nostro et al. 2012). Variation in the
growth temperature of bacteria can affect their ability of bio-
film formation. The optimal temperature for the growth of
bacteria is linked with an increase in nutrient uptake (Price
and Sowers 2004). In addition, temperature can also change
the physical properties of bacteria and the binding surface,
like low-temperature changes polymer composition on the
bacterial surface, which decreases bacterial adhesion (Gar-
rett et al. 2008). In the present study, the ability to form bio-
film by S. aureus and P. aeruginosa at various temperatures,
pH, and RH was assessed. S. aureus and P. aeruginosa were
selected as they were strong biofilm producers. In Delhi,
the average temperature varies from 14 to 45 °C (January
to June), and an average RH varies from 25 to 68% (April
to August) (https://en.wikipedia.org/wiki/climate_of_Delhi;
accessed on 22nd July 23). Bacterial load is expected to vary
with these variables. The pH range was selected as the pH
of the fabric ranges between 4.5 and 7.5 (https://blog.hanna
inst.com/measuring-surface-ph-of-denim; accessed on 22nd
July 23) and most bacteria can grow in this range. Biofilm
formation was higher at 30 °C irrespective of bacteria and
fabric type. In this study, S. aureus and P. aeruginosa did
not form biofilm at lower temperatures (15 °C), and biofilm
formation was lower at higher temperatures 45 °C. This may
be attributed to the changes in the hydrophobicity of bacteria
with temperatures lower or higher than optimum (Hori et al.
2009). This is in agreement with a previous study where
a rise in temperature above optimum resulted in reduced
(46.4-98.4%) biofilm formation (Hostacka et al. 2010). It is
known that optimum temperature increases the rate of enzy-
matic reactions, which regulate biochemical processes in
bacteria, thus enhancing nutrient metabolism, and increasing
bacterial growth and biofilm formation (Achinas et al. 2019).
An earlier study reported that the hydrophobicity of S.
aureus increased with a rise in temperature from 20 to 37 °C,
which subsequently led to enhanced adhesion (Khelissa et al.
2017). In the current study, biofilm formation by bacteria
differed depending on the surface characteristics, with the
maximum on the blend, followed by cotton and polyester,
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regardless of environmental conditions and type of bacteria.
This can be correlated with the surface roughness, which is
maximum for blend and least for polyester. In addition, the
hydrophilic nature of the fabric surface also promotes bac-
terial adhesion, thus, cotton, being more hydrophilic, had a
higher bacterial load than polyester. In a previous study, S.
aureus produced more biofilm on hydrophilic surfaces than
on hydrophobic surfaces (Lee et al. 2015). It was observed
that changes in pH value impact microbial adherence, the
initial stage in biofilm development (McWhirter et al. 2002).
Maximum biofilm formation was observed at a neutral pH
of 7.0. As reported earlier, biofilm formation by S. aureus
was slower at pH values (pH 3 and pH 12), different from the
optimum (pH 7), which is consistent with the present study
(Zmantar et al. 2010). The alteration in pH value changes the
hydrophobicity of the cell surface (Chmielewski and Frank
2003). In addition, a change in pH also causes variations in
the zeta potential of bacteria; thus, it affects bacterial adhe-
sion by modifying surface features of the bacterial cells, as
also reported for adherence of Staphylococcus epidermidis
to surfaces (Nostro et al. 2012).

Another environmental factor that influences bacterial
adherence and the development of biofilms is RH. In the
present study, biofilm development by S. aureus and P. aer-
uginosa was maximum at a higher RH value, i.e., 62% fol-
lowed by 43% and 22% irrespective of the bacterial species.
At lower RH, insufficient moisture on surfaces may inhibit
bacterial adhesion, growth, and other metabolic activities
(Qiu et al. 2022).

Studies focusing on biofilm formation on soft surfaces
like fabrics will be beneficial to mitigate the transmission
of infections in hospitals, as fabric forms the immediate
environment for patients and healthcare staff. The present
study used an in vitro microtitre plate assay to understand
biofilm formation on fabrics. Although this technique has
significantly improved our understanding of the biofilm, it
is becoming more apparent that most in vitro techniques
insufficiently reflect in vivo conditions.

In the future, the growth of a mixed bacterial community
on various fabrics in the presence of body fluids such as
sweat and blood would be more realistic, and help us under-
stand how fabrics facilitate the proliferation of bacteria in
their presence. Biofilm study under in vivo conditions will
provide a more logical understanding of the biofilm forma-
tion process. Designing surface-modified fabrics will be
advantageous to limit bacterial adhesion on fabrics.

In conclusion, textile surfaces provide a suitable envi-
ronment for biofilm formation. Several factors influence
microbe-textile interaction, including the type of bacte-
ria and textile, and their surface properties. A correlation
could be established between the roughness and hydropho-
bicity of fabrics with microbial load and biofilm formation.
Biofilm assay revealed that P. aeruginosa and S. aureus

produced strong biofilms, whereas A. calcoaceticus and E.
coli produced moderate and weak biofilms, respectively.
Optimum values of temperature, pH, and RH promote the
formation of biofilm, thus providing a significant contri-
bution in shaping the biofilm. Current findings may help
mitigate nosocomial infections in hospitals by using fab-
rics that inhibit bacterial adhesion and subsequently biofilm
formation.
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