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ABSTRACT

Biofilm provides armor to the planktonic bacteria as a strategy to develop
tolerance against antibacterial drugs. Escherichia coli and Bacillus subtilis are
the major biofilm forming bacteria who synthesize exopolysaccharide matrix
upon which planktonic cells embed themselves to form biofilm. In present work
iron oxide nanoparticles (NPs) were synthesized using EPS and their antibiofilm
activity against these bacteria were assessed. Nanoparticles GFNB (B. subtilis
EPS mediated) and GFNE (E. coli EPS mediated) were synthesized by EPS
mediated-hydrothermal method. Nanoparticles were characterized by UV,
FTIR, XRD, TEM and FTIR techniques. Through TEM, iron-oxide NPs were
found crystalline having < 5 nm and < 2nm size in case of GFNB and GFNE,
respectively. Iron-oxide NPs inhibited planktonic bacterial growth at 1.3 and 3.2
oy mLt for GFNB and GFNE, respectively, against E. coli and at 3.2 and 4.2 g
mL* for GFNB and GFNE, respectively, against B. subtilis. NPs exhibited
inhibition on biofilm formation and dispersion of sessile cells at sub-inhibitory
concentrations. The study explored a mechanism to green synthesize iron-oxide
NPs utilizing bacterial EPS through hydrothermal method which exhibit
antibiofilm property.

Keywords: Biofilm, dispersion, characterisation, iron oxide nanoparticle,
TEM

INTRODUCTION

Biofilms are microbial consortia of surface attached cells confined within extra-cellular polymeric
substances secreted by them. In planktonic form, bacteria exist as a free living state, whereas in
biofilm they grow closely attached to each other (Mahto and Das, 2022; Li et al., 2023). About 80%
infections in animals reportedly are of biofilm origin, whereas around 61% human biofilm infections
are from zoonotic origin (Nandanwar et al., 2014). Microbial biofilms often exhibit numerous
deleterious effects in agriculture, clinical, industrial environments and veterinary medicine especially
in livestock which leads to severe economic loss (Armbruster et al., 2019; Erega et al., 2021).
However, very little attention has been given to animal biofilm infections over past few years.
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B. subtilis is one of the major pathogen which causes infection at wound cuts in horses as well
as mastitis in domestic animals. Microbial biofilms show multifactorial tolerance towards several
antibiotics (Raeispour and Ranjbar, 2018; Kobayashi et al., 2021; Edet et al., 2023). B. subtilis and E.
coli from animal wound infections reportedly have developed tolerance to several antibiotics such as
cloxacillin, erythromycin, cepfodoxime, streptomycin, tetracyclins (Kibret et al., 2011). The
emergence of antibiotic-tolerant bacterial strains has resulted into the reduced affectivity of presently
available drugs in market (Reddy et al., 2014; Parulekar et al., 2019; Rashid et al., 2021). This trend
of antimicrobial tolerance along with toxicity of known antibiotics emphasize to explore some
alternative antimicrobial and antibiofilm approaches.

Nanotechnology is an emerging field of science where mechanical, physicochemical and
bioactive properties are manipulated at nanoscale level (Li et al., 2017). Nanotechnology based
antimicrobial strategy involves metal, metal oxide nanoparticles and metal-oxide nanocomposites.
Among these, doped or composite nanomaterials reportedly possess significant antimicrobial activity
due to synergism of their constitutive individual elemental form. Metallic silver nanoparticle (NP) is
commonly known for its antibacterial activity against several Gram positive and Gram negative
bacteria (More et al., 2023). Iron oxide NPs also have a wide array of uses in biology and medicine
due to their biocompatibility and less toxicity (Pandi et al., 2019). Copper when doped with iron oxide
NPs, increases its antibacterial activity as compared to the undoped iron oxide NPs (Bustamante-
Torres et al., 2022). Recently, silver-zinc oxide nanostructures have been exploited for their
antibacterial potential against Streptococcus mutans and Bacillus subtilis (Reddy et al., 2014;
Malhotra et al., 2023). There are very few reports about the effect of iron oxide NPs on planktonic
bacteria (Saravanakumar et al., 2022). The present study explored such effect on planktonic and
biofilm forming bacteria. The study was aimed to synthesize iron oxide NPs using bacterial EPS by
hydrothermal technique and also to explore the effect of synthesized NPs on bacterial aggregation in
biofilm formation and dispersion of sessile bacteria from biofilm.

MATERIALS AND METHODS

Collection of ground water and separation of crude iron

Ground water was collected through tube well attached pump and stored for 2-3 days at room
temperature. Suspended iron which had settled down at the bottom of bucket was separated. After
settling of iron aggregates, water samples containing dissolved iron were collected for the synthesis
of nanoparticles.

Synthesis of iron oxide nanoparicles

Bacterial exopolysaccharide (EPS)-mediated iron oxide nanoparticles were prepared by green
synthesis (Gobinda et al., 2023). EPS (5 mg) was dissolved in 10 mL ground water (GW), vigorously
blended at room temperature for 10-15 min and stirred well at 120T for 2-3 h to uniformly blend EPS
in ground water. The solution was allowed to settle at 4T for 2-3 h. The solution was centrifuged
(Remi CM-8 Plus) at 6000 rpm for 5 min at room temperature and the supernatant collected which
was further centrifuged at 8000 rpm for 3-5 min. The collected supernatant was again centrifuged at
12000 rpm for 10 min. Fine nanoparticles deposited at the base of tube were washed at 12000 rpm for
3-5 cycles (YYadwade et al., 2021; Jacinto et al., 2021).

Characterization of nanoparticles

UV-visible spectroscopy: Absorbance of synthesized compounds were observed under UV
spectrophotometer (Labindia UV 3200) starting from 400 nm to 800 nm and continuous absorbance
were recorded for 10 min and plotted (Poulose et al., 2014).

FTIR spectroscopy: FTIR spectra of synthesized nanostructures were determined by FTIR spectrophoto-
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meter (JASCO FT/IR-6100). The analyses were performed with KBr pellets and recorded in range of
400-4000 cm. Different modes of vibrations were observed and assigned to determine the various
functional groups in sample (Mudunkotuwa et al., 2014).

X-ray diffraction analysis: Powdered form of synthesized nanostructures was subjected to XRD
analysis (D8, ADVANCE, BRUKER, Axs). X-ray diffractometer (Agilent Gemini) was operated at a
current of 40 mA with 40 kV voltage and Cu.Ko radiation of wavelength 1.5406A°. The sample was
scanned in the range of 20 from 20 °to 80°with 0.047s (Bunjes et al., 2007; Tetyczka et al., 2019).

Transmission electron microscopy: The surface topography, shape and size of nanoparticles were
determined by TEM (JEM-2100, 200 kV, Jeol) Nanoparticles were dissolved in ethanol and sonicated
in the bath sonicator for 15 min. A drop of sample was put onto the carbon coated copper grid and
allowed to dry. The grid was then fixed onto the holder and observed under TEM (JEM-2100, 200
kV, Jeol) (Petrushevska et al., 2021).

Antibacterial and antibiofilm activity

Microbial strains and growth media: E. coli MTCC 443 and B. subtilis MTCC 441 were procured from
IMTECH, Chandigarh (India) and cultured in Lauria Bertoni broth (LB) medium (Nagarajan et al.,
2010; Nagao et al., 2023). Initially bacteria were streaked from a -80T glycerol stock onto LB agar
plate for activation and a fresh single colony was then inoculated into 25 mL medium and incubated
at 37T for 24 h. The 10° CFU mL* bacterial cell suspensions were used in all the subsequent
experiments (Das et al., 2022).

Antimicrobial susceptibility testing: Disc diffusion method using the Bauer-Kirby technique was
employed for determination of zone of microbial growth inhibition as per recommendation of National
Committee for Clinical Laboratory Standards (Traub et al., 1998). The extent of susceptibility was
expressed as zone of inhibition. Minimum inhibitory concentration (MIC) of NPs against E. coli
MTCC 443 and B. subtilis MTCC 441 were determined using a standard broth micro-dilution assay
using NPs from 0.1 to 100 pg mL* with distribution at every 0.01 g mL™ were assayed for their
effect on planktonic bacterial growth (Das et al., 2022).

Evaluation of bacterial biofilm forming capability: For evaluation of biofilm forming ability, E. coli
MTCC 443 and B. subtilis MTCC 441 were grown in 96-well plate containing LB and incubated at
37T for 48 h. Wells were then washed three times with sterile phosphate buffer saline (PBS) and
stained for 10 min with 0.1% (v/v) crystal violet (CV) for E. coli and safranin for B. subtilis. The
excess stains were removed by washing with sterile PBS and dried overnight at 37°C. Stain adherent
with bacteria were re-dissolved in dimethyl sulphoxide (DMSO) and absorbance recorded at 570 and
492 nm, respectively (Garza-Cervantes et al., 2019; Swidan et al., 2022; Miskovska et al., 2022).

Antibiofilm activity of synthesized NPs: To determine interference of biofilm formation upon treatment
with NPs, bacteria were incubated with sub-MIC doses (0.8, and 0.325 pg mL™ against E. coli and
1.05, and 0.8 g mL™ against B. subtilis) of NPs and standard antibiotic streptomycin. Wells (treated
and untreated) were then washed and stained as per the biofilm forming assay (Das et al., 2022).
Absorbance were measured at 570 and 492 nm, respectively (Swidan et al., 2022; Miskovska et al.,
2022; Garza-Cervantes et al., 2019). The biofilm inhibition (%) in all treated wells with respect to
untreated controls was determined using the following formula:
0D of treated sample — OD of untreated control

Biofilm inhibition (%) = OD of untreated control x100

Estimation of biofilm protein concentration

To estimate total extractable biofilm protein, the bacteria were inoculated into sterile 96-well plate
and incubated at 37°C for 48 h with or without sub-MIC doses of NPs. Planktonic cells were removed,
following that the adhered biofilm cells were washed gently with sterile PBS and boiled for 30 min
in 5 mL 0.5 N NaOH (Himedia, India). The cell suspensions were centrifuged at 10000 rpm for 5 min
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and the resulting supernatant was collected and protein concentration determined as per Lowry’s

method (Das et al., 2022).
0D of treated sample — OD of untreated control

Total extractable biofilm protein (%) = x 100
OD of untreated control

Estimation of bacterial EPS

Bacteria were allowed to grow into biofilm in 24-well polystyrene plate in presence and absence of
sub-MIC dose (0.80, and 0.325 g mL* against E. coli and 1.05, and 0.8 g mL* against B. subtilis)
of NPs for 48 h at 37T. EPS were extracted from polystyrene plate as per Das et al. (2022) with minor
modification. Briefly, biofilm from plate surface were recovered by scrapping thoroughly in sterile
water. This biofilm suspension was centrifuged at 10,000 rpm for 20 min at 4T and the supernatants
were collected. Pellets were mixed with 500 pL of 10 mM EDTA, vortexed for 15 min and re-
centrifuged at 10000 rpm for 20 min at 4T to extract cell-bound exo-polysaccharides. Collected
supernatant was mixed with previous supernatant. Pooled supernatant was then mixed with 3 volume
of chilled absolute ethanol and centrifuged at 10,000 rpm for 20 min at 4T. The pellet containing
sugar from EPS was dissolved in sterile water and measured by phenol sulphuric acid method (Scala

etal., 2019; Das et al., 2022).
. . 0D of untreated sample — OD of treated sample
Inhibition of EPS quantity (%) = x 100
OD of untreated sample

Microbial adherence on glass surface by fluorescence microscopy

To observe the effect of NPs and streptomycin on biofilm formation over the glass surface, E. coli
MTCC 443 and B. subtilis MTCC 441 (10° CFU mL* bacterial cell suspensions) were allowed to
grow on glass cover slips placed in 35 x 10 mm petridish containing LB. Bacterial cells were then
treated with selective sub-MIC doses of NPs and streptomycin followed by incubation at 37T for 48
h. After incubation, cover slips were gently collected from each petri-dish, washed with sterile 1X
PBS and stained with acridine orange (4 pg mL™?) for 15 min in dark. The live cells in biofilm form
attached on glass surface were observed under the fluorescence microscope (Leica DM 4000B,
Germany). Images were captured from 20 different fields from a single cover slip (Das et al., 2022).

Motility analysis of E. coli and B. subtilis

Sliding motility of E. coli and B. subtilis were tested through their ability to spread on LB soft agar
media (Himedia, India) containing 2.4 g L™ agar in 35 x 10 mm petridish. Briefly, aliquot bacteria
(10° CFU mL™) either treated or untreated with sub-MIC dose of NPs were spot inoculated in the
centre of plate and dried for 20 min at room temperature. The plates were then incubated at 37T for
48 h. Colony growth expansions from the point of inoculation were recorded (Das et al., 2022).

Statistical analysis

All the biological experiments were performed in triplicate and data were recorded as the mean =+
standard deviation. Significant values were calculated using one-way ANOVA t-test (Das et al., 2022)
and significance determined as P value< 0.01 (*), P value< 0.001 (**) and P value< 0.0001 (***).

RESULTS AND DISCUSSION

Both nanoparticles showed absorption peaks in UV spectrum (< 300 nm). Bacillus subtilis EPS
mediated-GFNB showed maximum absorbance (Amax) at 280 nm and Escherichia coli EPS mediated-
GFNE showed Amaxat 290 nm [Fig. LA(i)]. This signifies that yellow reddish colour dissolved iron
was converted to colourless nanoparticles. The compound GFNB had more hyperchromism than that
of compound GFNE. The compound GFNB has slightly more red shift than compound GFNE. Peaks
of IR frequencies (cm™*) produced by the compound GFNB were observed at 3413 (O-), 2827(sp?-),
2264 (c==c), 1640 (=, =0), 1518 ( -0), 1172 ( -) [Fig. 1A(ii)] and peaks of IR frequencies (cm™)
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Fig. 1: Absorption spectrum of GFNB and GFNE in UV range [A(i)], IR absorption spectrum of
GFNB [A(ii)] and GFNE [A(iii)]. XRD pattern explaining the peaks observed in GFNB [B(i)]
and GFNE [B(ii)] are shown. Furthermore, TEM and SAED analysis of GFNB are shown in
[C(i)], and [C(ii)] and those of GFNE in [C(iii)], and [C(iv)] respectively.

produced by the compound GFNE were observed at 3319 (O-), 2874(sp?-), 1676 (=, =0), 1143 (-)
[Fig. LA(iii)]. XRD pattern of synthesized nanoparticles showed two peaks for GFNB at 20 at 44.100
and 64.050 [Fig. 1 B(i)] corresponding to (200) and (220) planes, respectively. GFNE showed four
peaks at20at 38.15, 44.100, 64.050 and 78.120 [Fig. 1 B(ii)] corresponding to (111), (200), (220) and
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Fig. 2: Antibacterial effect of GFNE [2A], GFNB [2B] against E.
coli and GFNE [2C], GFNB [2D] against B. subtilis are
shown here. R? value shows the linearity of curve to
express significance of percent inhibition or percent
dispersion

(335) planes, respectively. These
indicate the crystalline nature of
sample, and through standard
JCPDS data file No. 82-1533
(Qin et al., 2022) confirms that
nanocrystals have face-centred
cubic (FCC) structure. To obtain
TEM image of the prepared NPs,
JEM-2100, JEOL instrument
was used which worked at 200
kV of accelerating voltage. The
synthesized nanoparticles GFNB
and GFNE were spherical with
size < 5 nm [Fig. 1C(i)] and < 2
nm [Fig. 1C (iii)], respectively.
Further, the sharp bright rings
and spots in SAED pattern [Fig.
1C(ii), (iv)] were observed which
confirm the crystallinity of
synthesized nanocrystals
whereas GFNB showed more
crystalline than GFNE
nanoparticles.

A series of concentrations
starting from 0.1 to 100 g mL7?,
with distribution at every 0.01 |.g
mL*, were assayed for their
effect on planktonic bacterial
growth.  The  concentration
showing  maximum  growth
inhibition was considered as
minimum  growth inhibitory
concentration with maximum
inhibitory effect. The iron oxide
NPs showed maximum growth
inhibition of planktonic bacteria
at3.2 pg mL* (83.51%) and 1.3
g mL* (86.25%) by GFNE [Fig.
2A] and GFNB [Fig. 2B],
respectively, against E. coli. In
case of planktonic B. subtilis
GFNE and GFNB exhibited

Table 1: Effect of GFNE and GFNB on growth inhibition of planktonic bacteria, cell aggregation to form
biofilm and cell dispersion from preformed biofilm leading to disaggregation of biofilm network

Antibacterial concentration

Antibiofilm concentration ~ Minimum biofilm dispersion

Compounds (g mLY) (kg mL?) concentration
E. coli B. subtilis E. coli B. subtilis E. coli B. subtilis
MTCC 443 MTCC441 MTCC443 MTCC441 MTCC 443 MTCC 441
GFNE 3.2 4.2 0.80 1.05 121 2.09
GFNB 1.3 3.2 0.325 0.8 0.55 1.20
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inhibition at 4.2 g mL? (63.9%) [Fig. 2C] and 3.2 g mL? (63.07%) [Fig. 2D], respectively. R?
values signified the linearity of curve to express significance of percentage inhibition and maximum
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Fig 3: Effect of GFNE [2E], GFNB [2F] against E. coli biofilm

and GFNE [2G], GFNB [2H] against B. subtilis biofilm
are shown. Both antibacterial and antibiofilm
concentrations are expressed with respect to their
corresponding percentage inhibition. R? value shows the
linearity of the curve to express significance of percentage
inhibition or percentage dispersion.

R2value of GFNB on B. subtilis
revealed that the compound had
very significant effect over the
entire range of concentrations
studied.

Planktonic bacteria through
colonization by quorum sensing
aggregate into a film like network
called biofilm. Further, 1/4" sub-
inhibitory concentrations were
chosen for antibiofilm assay to
check efficiency of these
concentrations on aggregation of
bacteria and formation of biofilm.
It was found that iron oxide NPs
attenuated the aggregation of
bacteria to form biofilm to the
extent of 73.31% at 0.8 pg mL™*
and 76.15% at 0.325pg mL? by
GFNE [Fig. 3A] and GFNB [Fig.
3B], respectively against E. coli
and at 50.33% at 1.05 pg mL?,
46.15% at 0.8 g mL* by GFNE
[Fig. 3C] and GFNB [Fig. 3D],
respectively against B. subtilis.
The results revealed that FeO NPs
have capability of modulating bio-
film formation at their very low
1/4" sub-inhibitory concentration.
R? value signifies the linearity of
the curve to express significance
of percentage inhibition in biofilm
formation and maximum R? value
of GFNB on E. coli showed that
the compound had very significant
effect over the entire range of
concentrations studied for their
effect on aggregation and biofilm
formation. Pathologically biofilm
may be formed in wounds, in
dental plaques, teeth and other
regions of the body. Thus it is
quite relevant that at times cells
have to be dislodged from the
biofilm network to revert the
pathology. In such cases biofilm
dispersion is much essential. In
present study, FeO NPs attenuated
the aggregation of bacteria to form
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Fig. 4: Potential concentrations of GFNE [21], GFNB [2J] in
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biofilm at 1.21 pg mL? with
38.03% and 0.55 pg mL? with
35.03% by GFNE [Fig. 4A] and
GFNB [Fig. 4B], respectively
against E. coli and at 2.09 pg mL?
with 28.09%, 1.2 pg mL? with
23.99% for GFNE [Fig. 4C] and
GFNB [Fig. 4D], respectively
against B. subtilis. This signifies
that FeO NPs had moderate effect
in dispersing the planktonic
bacteria from biofilm to dislodge
the biofilm structure [Table 1]. The
maximum R?value of GFNE on B.
subtilis showed that the compound
had very significant effect on the
entire range of concentrations
studied for their effect in
dispersing planktonic cells from
preformed biofilm.

The aggregation of bacteria
and formation of biofilm after
treatment with FeO NPs were
observed under  fluorescent
microscope. It was observed that
by treatment with sub-inhibitory
concentrations FeO NPs, both E.
coli and B. subtilis were
substantially attenuated to
aggregate and form biofilm with
respect to untreated control [Fig.
5]. Streptomycin was taken as
reference standard to study biofilm
attenuation. Attenuation in biofilm
formation was observed through

modulation in bacterial total
protein and  bacterial EPS
formation. GFNE and GFNB

attenuated both E. coli and B.
subtilis biofilm total protein and
EPS significantly [Table 2]. This
signifies that GFNE and GFNB
modulate E. coli and B. subtilis
biofilm formation through
modulation of protein content and
EPS formation which leads to
reduced aggregation of planktonic
cells over substrates.

Ground water in the localities
of Tripura contains aggregated
iron oxides, sometimes dispersed as
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B. subtilis
MTCC 441
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Fig. 5: Fluorescent microscopic observation of effect of sub-inhibitory concentrations of GFNB
[A(iD)], [B(ii)] and GFNE [A(iii)], [B(iii)] on E. coli and B. subtilis, respectively, toward their
aggregation and biofilm formation with respect to untreated control [A(i)], [B(ii)] and
reference standard antibiotic streptomycin [A(iv)], [B(iv)] are shown.

Table 2: Effect of GFNE and GFNB on inhibition of E. coli and B. subtilis total protein and EPS
leading to attenuation in aggregation to form biofilm network

Compounds Bacterial total protein inhibition Bacterial EPS inhibition

E. coli MTCC 443 B. subtilis MTCC 441 E. coli MTCC 443 B. subtilis MTCC 441
GFNE 66.27% 46.45% 69.21% 48.55%
GFNB 69.99% 43.18% 72.43% 46.97%

solution or suspension. People used to collect this ground water for drinking and other purposes. As
a result, the people develop various gastro-intestinal tract associated pathological conditions. Also,
these dissolved irons make water and household articles reddish yellow in colour (Mahto et al., 2022;
Das et al., 2022). In present study a successful attempt has been made to convert these dissolved or
suspended iron oxides into nanoparticles and explore its beneficial effect.

Bacteria in planktonic architecture exist as free unbound entity in nature. From these state
planktonic cells communicate with each other through quorum sensing to become aggregated.
Through quorum sensing the cells produce EPS membrane upon which planktonic cells embed
themselves to form network like structure called biofilm. In present study, E. coli and B. subtilis were
grown in culture and allowed to develop biofilm embedded through EPS membrane. Such EPS were
collected and used as reducing agent to convert iron from groundwater into nanoparticles through
hydrothermal method. This method is a very substantial method where moist heat (120C) is applied
under 15 psi pressure in presence of reducing agent (Parulekar et al., 2019; Rashid et al., 2021). The
EPS membrane acts as reducing agent to reduce iron oxides in nanoparticles. The syntheses of
uncoloured NPs were confirmed through presence of peaks in UV range observed through UV
spectrophotometer (Poulose et al., 2014). IR spectroscopy confirms the presence of functional groups
in the synthesized NPs through presence of peaks specific bandwidths (Mudunkotuwa et al., 2014).
Further, XRD analysis confirms that NPs produced utilizing EPS of both bacteria are crystalline in
nature with face centred cubic (FCC) structure. In addition, TEM and selected area electron diffraction
(SAED) study confirmed that both NPs were pure crystalline in nature with very small < 5 nm in
particle size. This signifies that the hydrothermal method utilizing bacterial EPS have converted the
dissolved and suspended iron into small crystalline NPs which were converted into uncoloured from
reddish yellow colour (Tetyczka et al., 2019; Petrushevska et al., 2019).

Both GFNB and GFNE executed attenuation of B. subtilis and E. coli at < 5 pg mL?
concentration. Effect of these NPs on cellular aggregation and biofilm formation were studied at sub-
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inhibitory concentrations. The 1/4" sub-inhibitory concentration of both NPs executed significant
attenuation in bacterial aggregation to form biofilm. At certain sub-inhibitory concentration, these
NPs started dispersing planktonic cells from biofilm to dislodge the network architecture. In
expressing result of antibacterial and antibiofilm, R? value expressed linearity of data plotted in the
curve and the significance of data in the series of concentrations that were studied. The effects of NPs
on biofilm network were also observed under fluorescent microscope with respect to untreated control
and streptomycin as reference antibiotic.

Conclusion: The present study explored the potential of bacterial EPS mediated hydrothermal
technique in converting ground water iron into nanoparticles. Size, shape and morphology of NPs
were identified through characterisation. The synthesized NPs showed significant effect on planktonic
bacterial growth, aggregation of planktonic cells to form biofilm network and dispersion of calls from
preformed biofilm. In a nutshell the study explores bacterial EPS mediated reduction into NPs and
execution of anti-biofilm effect by produced NPs.
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