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py (XRD), Raman spectroscopy, field emission scanning electron
EM) measurements, Fourier-Transform Infrared Spectroscopy (FTIR),

ranging from 6 to 9 nm. Synthesized nanoparticles demonstrated MICs of 32, 64,
and 128 ng/ml against Gram negative bacteria i.e., Serratia marcescens, Escherichia
coli, and Pseudomonas aeruginosa, respectively, and 32 pwg/ml against Gram positive
bacteria Listeria monocytogenes. IOPNs at its respective sub-MICs demonstrated
significant reduction of alginate and exopolysaccharide production and subsequently
demonstrated broad-spectrum inhibition of biofim ranging from 16 to 88% in the
test bacteria. Biofilm reduction was also examined using SEM and Confocal Laser
Scanning Microscopy (CLSM). Interaction of IONPs with bacterial cells generated ROS
contributing to reduced biofilm formation. The present study for the first time report that
these IONPs were effective in obliterating pre-formed biofilms. Thus, it is envisaged that
these nanoparticles with broad-spectrum biofilm inhibitory property could be exploited
in the food industry as well as in medical settings to curtail biofilm based infections and
losses.
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INTRODUCTION

Bacteria grow not only in planktonic form but also in sessile
form attached to a surface called biofilm. Environmental factors
such as reduced nutrient availability or harsh conditions, trigger
the formation of biofilm that starts with the attachment of free
motile cells to a surface and culminates with the dispersal of
biofilm cells. After the attachment and before the dispersal,
maturation phase occurs, where the attached cells secrete a matrix
of extracellular polymeric substances (EPS) (O’ Toole et al., 2000).
Biofilms are resistant to antibiotics, disinfectants and dynamic
or hostile environmental conditions and are thus, difficult to
eliminate (Garrett et al., 2008).

Since biofilms provide suitable conditions to the bacteria
for survival, bacteria in biofilm mode pose a serious threat to
the food industry. Biofilms formed on food-contact surfaces
can lead to contamination of food during processing and post
processing (Srey et al., 2013; Espina et al., 2017). Thus, pathogens
like Escherichia coli, Listeria monocytogenes, Staphylococcus
aureus, and Serratia marcescens that form strong biofilms
and are responsible for foodborne outbreaks should be given
special attention in the food industry. To combat the threat
of biofilm formation in food industry, efficient cleaning and
disinfection procedures should be followed. These procedures
are quite effective as they efficiently remove food debris and
inactivate biofilm cells and hence prevent contamination of food
(Chmielewski and Frank, 2003; Srey et al., 2013). Disinfectants
such as quaternary ammonium compounds, acids, peroxides and
chlorine are used in food industries but currently, their use is
being restricted due to the toxicity and environmental concerns

owing to their abilit arger surface to volume and
distinct physical and € ical properties (Morones et al.,
2005). Nanomaterials 4re being developed for a variety
of functions related to food industry like food contact
surfaces, food packaging, etc., (Handford et al., 2014; Al-Shabib
et al, 2016). Small size of these particles (1-100 nm) and
their large surface area to volume ratio make them possess
altered physicochemical properties in comparison to large size
particles (Bouwmeester et al, 2014). In recent years, use of
metallic nanoparticles as antimicrobials has gained immense
attention (Allaker, 2010). Metal oxide nanoparticles possess
more potent antimicrobial activity in comparison to metallic
nanoparticles due to high surface areas, unusual crystalline
structure with more number of edges and corners and presence
of other reactive sites (Sathyanaraynan et al., 2013). Iron-oxide
nanoparticles are special class of metal oxide nanoparticles

possessing magnetic properties and superior biocompatibility.
Superparamagnetic iron oxide nanoparticles (IONPs) consist
of maghemite, magnetite or hematite particles with core size
ranging from 10 nm to 100 nm in diameter and are widely used
in biomedical settings (Wahajuddin and Arora, 2012). Several
reports describing the broad-spectrum antimicrobial properties
of IONPs have emerged recently (Prabhu et al., 2015; Ismail
et al., 2015; Ahmad et al., 2017). Moreover, iron oxide is
already approved by food and drug administration (FDA) for
medical and food applications, making IONPs good candidates
to study their biofilm inhibitory properties. In comparison to the
quantum of reports published on bactericidal action of IONPs,
limited information is available on the possible biofilm inhibitory
mechanism of these nanoparticles.

Therefore, in the present investigation superparamagnetic
IONPs were synthesized, characterized using modern
spectroscopy and electron microscopy te S

study was to decipher t
synthesized IONPs

purpdse an aliquot from glycerol cultures were cultivated on
Juria-Bertani (LB) medium (Oxoid) and maintained at 37°C.

Nanoparticle Synthesis

Firstly, 2 g ferric chloride and 2 g ferric sulfate (Sigma-Aldrich,
United States) were mixed in 50 ml deionized water and stirred
to maintain a homogenous solution. Then, 8 ml of 25% ammonia
solution was added drop wise under vigorous stirring in which
8 ml Polyethylene glycol (PEG) (Sigma-Aldrich, United States)
was also added quickly before heating the solution to 80°C for
1 h on a hot plate. After that, the solution was washed by
centrifugation at 12000 g five times with deionized water and
with ethyl alcohol diluted to 70% followed by drying the sample
at 80°C in the oven overnight.

Characterization

The phase purity of the prepared samples was characterized
by X-ray diffraction using Phillips X'pert (MPD-3040) X-ray
diffractometer with Cu Ko radiations (A = 1.5406 A) operated
at voltage of 40 kV and current of 30 mA. Fourier transmission
infrared (FTIR) spectrum of the nanoparticles (as pellets in KBr)
was recorded using a Fourier transmission infrared spectrometer
(Nicolet Impact 410 DSP) in the range of 4000 to 400 cm™!
with a resolution of 1 cm~!. The surface morphology of
the nanoparticles was studied using field emission scanning
electron microscopy (FESEM) using a TESCAN; MIRA II
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LMH microscope. In order to get the phonon vibrational
study of the IONPs, a micro-Raman spectrometer (NRS-
3100) was used with a 532 nm solid state primary laser
as an excitation source at room temperature. The thermal
study of the synthesized product was carried out using
thermo gravimetric analyzer (TGA-DTA; SCHIMADZU) up to
1000°C in air at the heating rate of 5°C/min, after purging
nitrogen gas.

Determination of Minimum Inhibitory
Concentration (MIC)

Minimum inhibitory concentrations (MICs) of IONPs were
determined against four pathogenic bacteria using micro-broth
dilution assay described by Andrews (2001). All test pathogens
were subject to IONP concentrations ranging from 0.125-1024
pg/ml in a series of two fold dilutions. Lowest concentration at
which no visible growth of the bacteria was observed was termed
MIC.

Effect on Growth
Growth kinetics of the tested bacteria was examined in the
presence and absence of sub-inhibitory concentrations (sub-
MICs) of IONPs. Overnight grown cultures of Escherichia
coli, Pseudomonas aeruginosa, Serratia marcescens, and Listeria
monocytogenes were inoculated to obtain a final concentration
of 1.6 x 10° CFU/ml followed by treatment with respective
sub-MICs of IONPs. The treated and untreated bacteria wer
incubated on shaking incubator (100 rpm) at 37°C and growth
was measured spectrophotometrically at 600 nm for 2

Effect on Alginate Production

Overnight culture of Pseudomonas aer, sa (1%)

added to the above m e and vortexed for 10 s. The mixture
was incubated for 30 minj@®55°C and quantification was done at
530 nm using a microplate reader.

Effect on Exopolysaccharides

Production

The test bacteria were grown in the presence and absence of
respective sub-MICs of IONPs at 37°C. Successively, the grown
cultures were centrifuged (20000 g, 20 min) and supernatant
was filtered through 0.22 wm syringe filter (CAT: SFNY04R,
Axiva, India). Exopolysaccharides was precipitated by adding
three volumes of chilled ethanol (100%) to the resultant
supernatant and incubating overnight at 4°C (Huston et al.,
2004). Exopolysaccharides was then quantified by measuring
sugars following the method of Dubois et al. (1956).

Effect on Biofilm Formation

Crystal violet assay for biofilm quantification was adopted and
the assay was carried in 96-well microtiter (P5366 Sigma, Sigma-
Aldrich, United States) plates as described by (O’Toole and
Kolter, 1998). Briefly, overnight cultures of test bacteria were re-
suspended in fresh LB medium in the presence and the absence
of respective sub-MICs of IONPs and incubated statically at 37°C
for 24 h. After the incubation, the wells of microtiter plate were
washed thrice with phosphate buffer (pH 7.2). The biofilms in the
microtiter plates stained with a 0.1% crystal violet solution for
5 min. After removing the excessive dye biofilm was quantified
by solubilizing the dye in ethanol (90% v/v) and measuring the
absorbance at ODy7g.

Visualization of Biofilm Architecture
Scanning Electron Microscopy (SEM

PBS to remove
2% formald ara
PBS apd sub]ected to ethanol drying.
were gold coated and visualized

ser Scanning Microscopy (CLSM)

, biofilms on coverslips were grown as described above.
1l céverslips were stained with 0.1% w/v acridine orange for
min in darkness. Stained samples were washed with PBS to
remove excess stain and observed for biofilm inhibition at 40 x
magnification and excitation filter 515-560 nm (Zeiss Spinning
disk confocal microscope, Zeiss Germany).

Effect of IONPS on Bacterial Cell
Morphology

Interaction of the test bacteria with IONPs was examined by
SEM. Overnight grown cultures treated and untreated with
respective sub-MICs of IONPs were analyzed using SEM (JEOL,
Japan). Particle elemental identity was determined using EDAX
technique as mentioned earlier (Ahmed et al., 2018).

Reactive Oxygen Species (ROS Studies)
Detection of ROS Production

2,7-dichlorofluorescein diacetate (DCFH-DA) (Sigma-Aldrich,
United States) dye was used for the detection of ROS produced.
The number of bacterial cells was adjusted to 108 CFU/ml and
DCFH-DA was mixed with the bacteria in 1:2000 ratio. The
mixture was shaken (100 rpm) for 30 min duration at 37°C.
Post incubation the bacterial cells were pelleted out and washed
thrice in PBS to remove DCFH outside the cells. The washed cells
were exposed to respective 1/2 x MIC of IONPs. Fluorescence
spectrophotometer was used to determine fluorescence intensity
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of DCFH at excitation wavelength of 488 nm and emission
wavelength of 535 nm. (Qayyum et al., 2017).

Plasmid DNA Cleavage

The mechanistic experiment for the nuclease activity of IONPs
(10 wM) with pBR322 DNA (100 ng) in 5 mM Tris-HCl/50 mM
NaCl buffer at pH = 7.4 was studied by using various radical
scavengers viz, dimethyl sulfoxide (DMSO, 1 mM), hydrogen
peroxide (H,O,, 1 mM), superoxide dismutase (SOD, 10 units),

t-butyl alcohol (t-BuOH, 1 mM), sodium azide (NaN3, 1 mM),
Deuterium oxide (DO, 1 mM) using gel electrophoresis.
Reaction mixtures were incubated at 37°C for 1h. Following the
incubation, the reaction mixtures were mixed with loading buffer
(25% bromophenol blue, 30% glycerol, and 0.25% xylene cyanol)
and loaded on 1% agarose gel (0.5 g of Agarose in 50 ml 1X
TBE buffer). The electrophoresis was carried out for 2 h at 40 V
in TAE buffer (pH7.4) using horizontal electrophoresis system
(CAT-H815184, Genetix, India) followed by ethidium bromide
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FIGURE 2 | (A) Field emission scanning electron microscopic (FESEM) images, and (B) EDX of IONPs.
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FIGURE 3 | (A) Effect of sub-MICs of IONPs on alginate production in P aeruginosa PAO1. (B) Effect of sub-MICs of IONPs on EPS
Means denoted by the different letter within parameter are significantly different at p > 0.05, using DMRT.
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(1.0 pg/ml) staining. DNA bands were visualized with Bio-Rad
Gel Doc™XR. Standard protocol was used for these experiments
with slight modifications (Tabassum et al., 2013; Khan et al., 2014;
Tabassum et al., 2015).

Effect of IONPs on Dispersal of

Preformed Biofilms
The effect of sub-MICs (1/16 x MIC-1/2 x MIC) of IOPNs
on the dispersal of preformed biofilms of the test bacteria was

plates for 24 h at 37°C. After incubation,
removed gently with a pipette and 100

rization of IONPs

The structural and crys nature of the IONPs was studied
through X-ray diffractien analysis. XRD pattern of Fe3Oy is
presented in Figure 1A. In the XRD pattern of Fe3Oy, the
peak position and relative intensity of the reflection peaks of
the samples confirm crystalline cubic spinel structure of the
magnetite which is well matched with the JCPDS card No. 86-
1359 (Luo et al,, 2016). From this study, considering the peak
at degrees, average particle size has been estimated by using the

Scherer formula: 0.9,

- B cosB

Where \ is wave length of X-ray (0.1541 nm), f is FWHM
(full width at half), 0 is the diffraction angle, and D is particle
diameter size. The average grain size of the IONPs nanoparticles
was calculated to be ~8 nm using Debye-Scherer’s equation.

(1)

100

Ho

o

ction in biofilm (%)

P. aerugi"‘sa g.coli s.ma cescens ocytogenes

L. mo"
Pathogens
FIGURE 4 | Biofilm inhibition by sub-inhibitory concentrations of IOPNs.

Means denoted by the different letter within parameter are significantly
different at p > 0.05, using DMRT.

Figure 1B shows the Raman spectrum of IONPs. It is clear
that the Raman bands at 220.2 and 491.2 cm ™! could be assigned
to the scattering of Alg mode of Fe3Oy4, while the bands at 284,
398 and 601 cm ™! were attributed to the scattering of Eg mode of
Fe3O4.

The chemical structure and functional groups of the as-
prepared IONPs were studied through FTIR analysis. The FTIR
spectra of the IONPs is shown in Figure 1C. The strong
spectroscopic band at 558 cm ™!, as illustrated in FTIR spectrum
of IONPs, corresponding to the symmetric Fe-O (oxy-metallic)
stretching vibration indicates the formation of IONPs. No other
intense peaks observed in the IONPs confirm the high purity of
the nanoparticles.

Frontiers in Microbiology | www.frontiersin.org 5

November 2018 | Volume 9 | Article 2567


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Al-Shabib et al.

RETRACTED ON 24 FEBRUARY 2026

Biofilm Inhibition by Iron Oxide Nanoparticles

by
18KV WD1Imm sS4l
F, AMUAUGARN

¢ T 9
5o sl m-m\u.

S, AMUAUIGARN'

SEL- 1RVL) WL SS4Y
01 Jun 2017 USIF, AMUALIGARN = ¢

AR
SEI 4V (WDf2mm $S4)
USIF_AMU ALSARN a

Thermal properties of IONPs were determined by
analytical techniques of TG-DTA as shown in Figure 1D.
All the measurements conducted under nitroge
atmosphere at a heating rate of 5°C min~! up to 600°C
The IONPs have the initial weight loss of 2.5% in the
temperature range of 30-230°C. This first stage pa@§b

were

particles.
Morphological analysis fi

the IONPs combined pure O
impurities were detected, thus, the
igh purity.

and Fe elements and no ¢
synthesized sample sho

Minimum Inhibitory Concentration

Minimum inhibitory concentrations (MIC) of IONPs was
determined for all tested bacteria. MIC for E. coli was found
to be 64 pg/ml, while for P. aeruginosa it was 128 pg/ml. For
S. marcescens and L. monocytogenes 32 pg/ml was recorded
as the MIC. Concentrations below MIC i.e., sub-MICs were
considered for all assays and the respective MICs and sub-
MICs for each tested bacteria is presented in Supplementary
Table S1. The effect of sub-MICs of IONPs on the growth of
the test bacteria was studied and no significant change in the
pattern of growth of untreated control and treated bacteria was
observed (Supplementary Figure S1). Thus, the growth kinetics

i Alginate Production in
ginosa PAO1

Algindte is a key component of the EPS of P. aeruginosa biofilm
y et al., 2009), the effect of sub-MICs of IONPs was studied
for its efficacy to reduce the production of alginate. The obtained
results showed that the alginate production was reduced in a
dose dependent manner. At concentrations ranging from 08 to
64 pg/ml, IONPs inhibited alginate production by 28-79% in
PAOL1 (Figure 3A). Since alginate is responsible for conferring
resistance to the pathogens against antimicrobials this is a crucial
finding. Reduction in alginate production would decrease the
level of resistance among bacteria and make them susceptible to
the drugs. This is probably the first report on the inhibition of
alginate by IONPs.

Inhibition of Exopolysaccharides

Exopolysaccharides maintain the biofilm architecture and act
as a protective barrier. Additionally, they are responsible for
conferring resistance to biofilm-enclosed microorganisms by
preventing the entry of antimicrobials inside the microbial
cells and changing the overall biofilm architecture (Fux et al,
2005). Hence, inhibition of EPS production will expose the
cells growing in biofilm mode and thus, help in eliminating
biofilm (Yildiz and Schoolnik, 1999). Considering the positive
correlation between biofilm formation and exopolysaccharides
production, an attempt was made to assess the effect of
IONPs on exopolysaccharides production by tested bacteria.
Exopolysaccharides extracted from IONPs treated and untreated
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FIGURE 7 | (A) Reactive oxygen species (ROS) generation in the presence of IONPs using DCFH-DA as a ROS indicator. (B) The electrophoretic pattern is exhibiting
nuclease activity of IONPs against pBR322 DNA for mechanistic pathways. [lane 1, DNA (100 ng) alone (control); lane 2, DNA (100 ng) + IONPs (10 M), lane 3,
DNA + IONPs (10 uM) + DMSO (1 mM); lane 4, DNA + IONPs + tBuOH (1 mM); lane 5, DNA + IONPs + NaNg (1 mM); lane 6, DNA + IONPs + D20 (1 mM); lane 7,
DNA + IONPs + SOD (10 units)].

Frontiers in Microbiology | www.frontiersin.org 7 November 2018 | Volume 9 | Article 2567


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Al-Shabib et al.

RETRACTED ON 24 FEBRUARY 2026

Biofilm Inhibition by Iron Oxide Nanoparticles

100

I 1/16 x MIC
/3 18 x MIC
. 1/4 x MIC
go { 3 12x MIC %
a
9 a a T
< T T b
s
= 60
3 b b
3 3
e b
-
S 401 ¢
o
5 d c
o
5 d
20 - . d
0
inosa oli ns s
p,aerug'“os E.C S.ma,cesce e monoc)’wgsm

Pathogens
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cultures of tested bacteria were spectrometrically analyzed.
Exopolysaccharides production in all pathogens decreased with
increasing concentration of IONPs (Figure 3B). P. aeruginosa,
E. coli, and S. marcescens demonstrated 19-73%, 15-80%, and
21-69% inhibition of exopolysaccharides in presence sub-MICs
of IONPs, respectively, whereas, Gram positive L. monocytogenes
exhibited 28-77% reduction in exopolysaccharides production a
concentrations ranging from 2 to 16 pg/ml (Figure 3B) The
ﬁndmg is in agreement with observations made wit

monocytogenes, K. pneumoniae, and S.
(Al-Shabib et al., 2018).

Biofilm Inhibition b
s (1/16 x MIC-
t biofilm formation

all the tested bacteria in a dose
dependent manner. The'\dawe shows 16, 43, 71, and 82% biofilm
reduction in P. aeruginoSa PAOI; 28, 54, 70, and 77% in E. coli
25922; 22, 45, 61, and 88% in L. monocytogenes; 19, 39, 63, and
75% in S. marcescens 13880 as compared to untreated control
(Figure 4).

Formation of biofilm not only plays an important role in
the pathogenesis, it is also responsible for food contamination,
spoilage and transmission of diseases. Biofilm development is
often regulated by signal-mediated quorum sensing phenomenon
(Parsek and Greenberg, 2005). These results were further
confirmed by visualizing the treated and untreated biofilm cells
using SEM and CLSM. Significant reduction in the microcolony
formation was observed and no clumping of the cells was
seen upon their treatment with IONPs (Figure 5). Similar
potent biofilm inhibitory effect was demonstrated with oleic

acid coated IONPs against Gram negative (P. aeruginosa) and
Gram positive bacteria (S. aureus) (Velusamy et al., 2016). The
results are also in agreement with previously published report of
Thukkaram et al. (2014), wherein, significant reduction in biofilm
of E. coli and P. aeruginosa was recorded in presence of different
concentrations (0.01-0.15 mg/mL) of IONPs. In another study,
Agarwala et al. (2014) demonstrated similar biofilm inhibition in
drug resistant pathogens (Staphylococcus aureus and Escherichia
coli) after treatment with copper oxide and IONPs.

Interaction of IONPs With Bacterial Cells

SEM images confirmed the interaction of IONPs with cells of
L. monocytogenes. The elemental identity of the particle was
confirmed by EDAX, and the results clearly demonstrated that
these particles were of iron. The interaction of IONPs and
bacteria is demonstrated in Figure 6. The Figure very clearly
shows that there was little damage or p al damage of the

cubated with bacterial cells as
resence of respective !/2 x MIC of
0 be much greater than the untreated
ined to be 280, 322, 252, and 181% in

L. monocytogenes. This can be attributed to the fact that cell
vall of the Gram positive bacteria is thick and it restricts
the entry of IONPs in comparison to Gram negative bacteria
which subsequently leads to reduced ROS formation in Gram
positive bacteria. ROS denature the proteins and damage other
macromolecules as well as alter expression of bacterial virulence
factors that includes biofilm inhibition (Su et al., 2009).

Plasmid DNA Cleavage

The mechanistic pathway studied using electrophoretic pattern
of the reaction of IONPs (10 pM) and pBR322 DNA (100 ng) in
the presence of various radical scavengers is shown in Figure 7B.
With the addition of DMSO, t-BuOH (hydroxyl radical
scavengers) in the reaction mixture (IONPs + DNA) reduces the
cleavage of the DNA, thus confirms the role of diffusible *OH
radicals (lane 3,4). Moreover, when the NaN3 (singlet oxygen
scavenger, 10,) (lane 5) the cleavage was significantly inhibited
and when D, O (increases the lifetime of O;) (Lane 6) and SOD
(superoxide radical scavenger, O,°") (lane 7) were added in
the reaction mixture, the cleavage was significantly increased.
Thus, the results indicate the generation of *OH, 'O, and
Oy and freely diffusible radicals are responsible for the DNA
cleavage. Therefore, it was speculated that biofilms integrity and
the structure get disturbed by the ROS produced by IONPs, as the
extracellular DNA plays a vital role in the biofilm formation at an
early stage (Harmsen et al., 2010; Ibaiez de Aldecoa et al., 2017).
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Thus, the biofilm inhibition by the IONPs alludes to the ROS
mediated pathway.

Dispersal of Preformed Biofilm by IONPs
Effect of sub-MICs of IONPs was observed on preformed biofilms
of all the tested bacteria. At respective sub-MICs (1/16 x MIC-
1/2 x MIC) significant reduction of 14-67%, 20-67%, 26-76%,
and 15-71% in preformed biofilms of P. aeruginosa, E. coli,
S. marcescens and L. monocytogenes was recorded, respectively
(Figure 8). This is probably the first report demonstrating
effective dispersal of pre-formed biofilms upon treatment with
sub-MICs of IONPs.

CONCLUSION

The study describes an eco-friendly and facile method to
synthesize monodisperse IONPs. The characterized nanoparticles
reduced the biofilm formation significantly in all the test bacteria
at sub-inhibitory concentrations. Generation of ROS due to the
interaction between IONPs and bacterial cell could possibly be
considered as underlying mechanism of action of the IONPs.
These Superparamagnetic iron oxide (Fe3O4) nanoparticles also
caused effective dispersal of pre-formed biofilms in all the
bacteria. Thus, it is envisaged that these ROS generating IONPs
can be exploited to combat the threat of biofilm formation in
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