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n and eradication of pathogenic
biofilms by titanium dioxide nanoparticles
synthesized using Carum copticum extract†
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and Mohammed Abdulaziz M. Almuzainid

Most bacteria exist in nature in the form of biofilms. One of the key survival strategies by bacteria to

withstand chemical and physical stresses is by forming biofilms on biotic and abiotic surfaces. A different

set of genes are expressed in biofilms compared to the planktonic mode of bacterial growth. According

to data from the National Institutes of Health (NIH) and Centers for Disease Control and Prevention

(CDC), nearly 80 percent of all human infections are encouraged by biofilms and roughly 65 percent of

all hospital-acquired infections are associated with biofilms. Hence, considering the role of biofilms in

clinical settings, there is an urgent need for the discovery/development of novel antibiofilm agents. In

this study, we have tested the effect of freshly prepared titanium dioxide nanoparticles (TiO2-NPs)

synthesized using Carum copticum extract on biofilms, both against Gram +ve and Gram �ve bacteria.

Being environment friendly in nature, the green route of nanoparticle synthesis is believed to be

advantageous over chemical synthesis of metal nanoparticles. The synthesized nanoparticles were found

to be predominantly spherical or spheroidal in shape with an average size of 12.01 � 5.58 nm. As evident

from data, more than 70% inhibition of biofilms of test bacteria was achieved in the presence of TiO2-

NPs. Electron microscopic analysis revealed that the adherence and colonization of bacteria on the glass

surface were remarkably reduced by the treatment of TiO2-NPs. The EPS secretion of E. coli ATCC

25922 and P. aeruginosa PAO1 were inhibited by 62.08 and 74.94%, respectively. The EPS secretion of S.

aureus MTCC 3160 was least inhibited (<55%) compared to other test bacteria. Moreover, TiO2-NPs

successfully eradicated the preformed biofilms of E. coli ATCC 25922, P. aeruginosa PAO1, and S. aureus

MTCC 3160 by 60.09, 64.14, and 48.30%, respectively. The findings demonstrate the efficacy of green

synthesized titanium dioxide nanoparticles in inhibiting and eradicating the biofilms of bacterial

pathogens and they may be further exploited for the development of a new alternative antibiofilm agent.
1. Introduction

Earlier, it was thought that bacteria exist and grow in a free-oating
form (or in planktonicmode) but later this concept was overturned
by the discovery of biolms.1 Now it is widely accepted that the
biolm mode of bacterial growth is more predominant in nature,
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industry, and clinical settings. Biolms are also one of the key
survival strategies in which bacteria can resist a number of
chemical and physical stresses.2 Briey, biolms are bacterial
communities attached to abiotic or biotic surfaces that are
enclosed in a self-produced polymeric matrix, composed of poly-
saccharides, proteins, and eDNA, termed as extracellular polymeric
substances.3,4 In biolms mode of bacterial growth, there is an
altered expression of certain phenotypes compared to the plank-
tonic counterparts.5 For instance, bacteria in biolms are more
resistant to antibiotics and also to the host's immune response
compared to planktonic bacteria.2,6 It has been documented that P.
aeruginosa growing as biolms on urinary catheters were found to
be 1000 times more resistant to tobramycin compared to the
planktonic growth.7 The enhanced resistance against antibiotics
may also lead to the development of chronic infections such as
cystic brosis, chronic wound infections, chronic-otitis media, etc.8

Biolms have become a serious threat in the treatment of
infection in clinical settings.9 Apart from its role in chronic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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infections, biolms also develop on medical implants or
devices, causing an extra burden on human health.10 According
to the National Institutes of Health (NIH) estimates, roughly 80
percent of all known infections in humans are linked to the
development of biolms. Moreover, the Centers for Disease
Control and Prevention (CDC) has found that more than 65
percent of hospital-acquired infections are associated with
biolms.11 The biolms developed in persistent infections are
difficult to be overpowered by the immune response of host.12

Moreover, biolms also induce enhanced overproduction of
white blood cells and polymorphonucleocytes, resulting in
chronic inammation and ultimately causes complications in
tissue and delay in wound healing.13 Owing to the problems
associated with biolms in human health, the development of
novel antibiolm agents has become need of the hour.

In the last few decades, nanotechnology has received great
attention in numerous disciplines of science such as materials
science, biomedical engineering, medicine, etc.14 Nano-
materials are typically less than 100 nm but sometimes its size
may be more than 100 nm. Inorganic nanomaterials such as
silver, gold, platinum, iron, titanium, zinc, etc., are of great
choice for biomedical applications in diagnosis, photo-thermal
therapy, optical and electrical sensing, etc.15 Furthermore,
nanomaterials exhibit great implications for wound dressings,
medical devices with anti-microbial properties, drug-eluting
stents and, scaffolds to prevent biolms.15 Due to the ability
of nanomaterials to inhibit bacterial growth and biolms,
continuous efforts are being made for the design and synthesis
of nanoparticles with promising antibiolm activities.

The most common procedure of metal nanoparticles is the
chemical synthesis. In chemicals synthesis, certain chemicals are
used for the reduction process to formmetal nanoparticles in which
these chemicals or their byproducts pose serious threat to environ-
mental and biological systems.16 The green route of nanoparticle
synthesis has numerous advantages over chemical synthesis as it
utilizes environment friendly materials (mainly natural extracts)
without using harmful chemical entities.17 Moreover, the biode-
gradability of natural products makes it advantageous and
a commonly used material for synthesis of nanoparticles. The bio-
logical polymers such as starch, alginate, chitosan, cellulose etc.
provide size conned microenvironment in which reduction of
metal ions to form nanoparticles can be achieved through adsorp-
tion coupled reduction process.18 However, there are certain limi-
tations associated with the green synthesis. The major one is
variations in phytochemical prole as it is inuenced by seasonal or
climate variations that may not remain precise enough to obtain
reproducible results.19 Additionally, there is also risk associated that
overexploitation of natural resources may cause ecological imbal-
ance of natural bioresources such as microbes and plants.

Titanium nanoparticles have been found to exhibit antimicro-
bial properties.20 Moreover, there also some ndings on the anti-
biolm activity of titanium nanoparticles.19,21 To the best of our
knowledge, very limited reports are available on the broad-
spectrum antibiolm activity of titanium nanoparticles. Most of
the previous ndings do not considered the impact of nano-
particles on the biolm's architecture. Considering the lack of
information available in these aspects, titanium dioxide
© 2021 The Author(s). Published by the Royal Society of Chemistry
nanoparticles (TiO2-NPs) were synthesized using aqueous extract
of Carum copticum and characterized using spectroscopic and
microscopic techniques. The nanoparticles were tested for its
efficacy to inhibit the biolms development of both Gram +ve and
Gram �ve bacteria. The effect of TiO2-NPs on the biolm's archi-
tecture was studied using light, confocal, and electronmicroscopy.
Moreover, the ability of TiO2-NPs to eradicate the established
biolms of test bacteria was also explored.
2. Materials and methods
2.1. Chemicals and reagents

Titanium(IV) dioxide (GRM3065), acridine orange (MB116), and
Luria Bertani Broth were purchased from HiMedia Laborato-
ries, India. Crystal violet (074072) powder was procured from
Sisco Research Laboratories (SRL) Pvt. Ltd.
2.2. Preparation of plant extract and synthesis of TiO2-NPs

Seeds of Carum copticum were purchased from the local market at
Aligarh, UP, India. The seeds were powdered in the blender to
prepare ne powder. Aqueous extract of plant material was made by
suspending 50 g of the plant powder in 500ml double distilledwater.
The mixture was boiled for 30 min in the water bath at 90 �C and
then ltered using Whatman lter paper to obtain a clear solution.

For the synthesis of titanium dioxide nanoparticles (TiO2-NPs),
20ml extract wasmixedwith 300ml of titanium(IV) dioxide (5mM in
double-distilled water) and mixed using a magnetic stirrer. One
millilitre (1 ml) of 1 mMNaOHwas added drop-wise in the reaction
mixture while continuous stirring. The reaction was allowed to take
place for 6 h at 60 �C. The nanoparticles were obtained by centri-
fugation at 13 500 rpm for 30 min. TiO2-NPs were washed three
times with distilled water and then ethanol, and nally dried over-
night in the oven at 50 �C. TiO2-NPs were stored at room tempera-
ture in powdered form for characterization and further studies.
2.3. Characterization of TiO2-NPs

Preliminary characterization of titanium dioxide nanoparticles
(TiO2-NPs) synthesized using aqueous extract of C. copticum
seeds was performed using UV-vis spectroscopy. TiO2-NPs were
suspended in double-distilled water and sonicated for 30 min.
The UV-vis absorption spectrum of TiO2-NPs was recorded from
200 to 800 nm using UV-1800 spectrophotometer (Shimadzu,
Japan). The baseline was corrected using double distilled water.

The diffraction pattern of TiO2-NPs was obtained using an X-ray
diffractometer ranging from 20� to 80�. Cu-Ka radiation with the
nickel monochromator was used as the light source. The crystal-
line size of TiO2-NPs was calculated using Scherer's eqn (1):22

D ¼ Kl

b cos q
(1)

where D is the crystalline size of TiO2-NPs; l is the wavelength
(1.5406 Å); b is full width at halfmaximum, and K is the constant for
Scherrer's equation (0.9 to 1.0). The most intense peak (peak with
the highest intensity) was used for the particle size calculation.

Fourier-transform infrared spectroscopy (FTIR) was used for
chemical characterization as this tool deciphers the rotational
RSC Adv., 2021, 11, 19248–19257 | 19249
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and vibrational modes of motion of molecules in TiO2-NPs. The
nanoparticles were mixed with KBr in ratio of 1 : 100 to before
recording the transmittance spectrum. The FTIR spectrum was
recorded using Spectrum Two spectrometer (Perkin Elmer Life
and Analytical Sciences, CT, USA) in diffuse reectance mode at
a resolution of 2 cm�1 in the range of 4000 to 400 cm�1.23

For the analysis of size variation of shape of TiO2-NPs,
transmission electron microscopy (TEM) was performed. The
aqueous suspension of TiO2-NPs was placed on a TEM grid and
air-dried overnight to prepare the grid. The TEM analysis was
performed using a JOEL-2100 electron microscope (Tokyo,
Japan) and micrographs were captured at 200 kV.24 The
elemental analysis of TiO2-NPs was performed by energy-
dispersive X-ray (EDX) spectroscopy coupled to JEOL-JSM 6510
LV (Tokyo, Japan) at University Sophisticated Instrumentation
Facility (USIF), AMU, Aligarh.25

2.4. Bacterial strains and culture conditions

Staphylococcus aureus MTCC 3160, Pseudomonas aeruginosa
PAO1, and Escherichia coli ATCC 25922 were used in this study.
All cultures were grown in Luria Bertani (LB) broth at 37 �C
otherwise stated. All the experiments were performed in LB
broth C otherwise stated.

2.5. Quantication of biolms inhibition

The quantication of biolm inhibition of test bacteria by TiO2-
NPs was performed in 96-well polystyrene plate using standard
crystal violet method with slight modications.26 TiO2-NPs were
two-fold serially diluted (8–64 mg ml�1) in autoclaved Luria-
Bertani broth. The bacteria were allowed to grow and inocu-
lated in the wells containing varying concentrations of TiO2-
NPs. No treatment was given to the control group. The micro-
titre plate was incubated for 24 h at 37 �C in static incubator. On
completion of incubation period, the wells were decanted to
remove media and washed with sterile phosphate buffer. The
wells were air-dried for 20min followed by the addition of 200 ml
of 0.1% crystal violet to stain the biolms. Aer 15 min, the
crystal violet was removed and again washed with sterile
phosphate buffer to remove unbound crystal violet. The plate
was air-dried and nally, biolms were dissolved in 200 ml
ethanol (90% in distilled water). The absorbance of wells of
polystyrene plate was recorded at 620 nm using microplate
reader. The percent inhibition of biolms was calculated with
respect to the respective controls.

2.6. Microscopic analysis of biolm inhibition on glass
surface

The inhibition of biolms of test bacteria by TiO2-NPs was
further studied using an array of microscopic techniques such
as light microscopy, confocal laser scanning microscopy, and
scanning electron microscopy.

2.6.1. Light microscopy. The test bacteria were cultured in
the absence and presence of 64 mg ml�1 TiO2-NPs in 24-well
tissue culture plates. Sterile glass coverslips (1 cm � 1 cm) were
placed in each well and the plate was incubated at 24 h for
37 �C. Aer incubation, the coverslips were removed from wells
19250 | RSC Adv., 2021, 11, 19248–19257
and washed gently with sterile phosphate buffer to wash the
loosely attached cells. The biolms on the glass surface were
stained with 0.1% crystal violet solution for 20 min. Excess
amount of stain was removed by gentle washing and glass
coverslips were air-dried at room temperature. The biolms
were visualized under a light microscope and images were
captured at 40� magnication.27

2.6.2. Confocal microscopy. For confocal microscopic
analysis of biolms, the test bacteria were cultured in the
absence and presence of 64 mg ml�1 TiO2-NPs in 24-well tissue
culture plates containing glass coverslips as mentioned above.
Following incubation, coverslips were washed and stained with
0.1% acridine orange for 20 min and then air-dried at room
temperature in dark. The biolms were visualized using Zeiss
LSM780 confocal laser scanning microscope at University
Sophisticated Instrumentation Facility (USIF), AMU, Aligarh,
and the images were recorded at 63� magnication.28 The
technical details of confocal microscopy are; pinhole size: 35.8,
scanning speed: 5 frames per sec, objective lens: plan apo-
chromat 63�/1.4 oil, scan time: 15.497 s, laser power: 1%, laser
line: 488/543, detector type: Gallenium Arsenide Phosphide
detectors (GaAsP), detection range: 504–557 nm, pixel size: 0.13
mm, image size: 134.8 mm � 134.8 mm, frame size: 1024 � 1024.

2.6.3. Scanning electron microscopy. For scanning electron
microscopic analysis, the biolms were developed in the
absence and presence of 64 mg ml�1 TiO2-NPs in 24-well tissue
culture plates as mentioned above. Aer incubation, the glass
coverslips were washed using sterile phosphate to drain loosely
adhered bacterial cells. The biolms present on the glass
surface were xed with glutaraldehyde solution for 24 h at 4 �C.
The bacterial cells in biolms were then dehydrated by washing
with a gradient of ethanol ranging from 20 to 100%. Finally, the
coverslips were air-dried and coated with gold. The biolms
were visualized under EOL-JSM 6510 LV scanning electron
microscope at USIF, AMU, Aligarh.29 The images were recorded
at 2000� and 2500� magnication.

2.7. Inhibition of exopolysaccharides

The level of exopolysaccharides (EPS) in control and TiO2-NPs
treated cultures were assessed by following the standard
procedure with minor modications.30 Briey, the test bacteria
were grown in presence of different concentrations of TiO2-NPs
(8, 16, 32, and 64 mg ml�1) at 37 �C for 24 h. The control group
was not given treatment. On completion of incubation period,
bacterial cultures were centrifuged and cell-free supernatant
was collected. Chilled ethanol was added to the culture super-
natant in the ratio of 3 : 1 and the incubated overnight at 4 �C to
precipitate the EPS. The level of EPS was determined by esti-
mating the sugars using the Dubois method.31

2.8. Disruption of mature biolms

The biolm disruption assay was performed in a 96-well poly-
styrene plate following the standard procedure with minor
modications.32 The bacteria were grown inmicrotitre plates for
24 h at 37 �C to form the biolms in the wells of microtitre pate.
The media was then decanted gently and washed using sterile
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02876f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

12
:5

4:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
phosphate buffer to remove loosely adhered cells. Freshly
preparedmedia (Luria Bertani broth) was added to the wells of the
plate and TiO2-NPs were added, making nal concentrations of 8,
16, 32, and 64 mgml�1. The polystyrene plate was incubated for the
next 24 h under static conditions. The wells of plate were washed
using sterile phosphate buffer to remove the planktonic cells. The
biolms were stained with crystal violet (0.1% solution in water)
for 20 min. The stain was removed and gently washed. Finally,
biolms were dissolved in ethanol (90% in water). The absorbance
was recorded using a microplate reader and percent disruption
was calculated with respect to the control group.
2.9. Statistical analysis

The experiments were performed in three independent repli-
cates and the data is presented as the average with standard
deviation (SD). For the analysis of statistical signicance, the
analysis variance (One-way ANOVA) was performed by Tukey
test at the signicance level of 0.05. Different letters above each
group of the independent variables show that the groups are
statistically different from one another at p-value ¼ 0.05.
3. Results and discussion
3.1. Synthesis and characterization of TiO2-NPs

The seeds extract of C. copticum was used for green synthesis of
titanium dioxide nanoparticles (TiO2-NPs). Being simple,
usually one step, and ecofriendly in nature, green synthesis is
advantageous over the chemical route of metal nanoparticle
synthesis. One of the reasons for selection of this plant was that
extracts of Carum copticum has been reported to exhibit anti-
biolm properties.33 It is expected that the combination of TiO2-
NPs and phytoconstituents of C. copticum will impart enhanced
antibiolm action. Moreover, we have also reported the broad-
spectrum antibiolm and antiquorum sensing activities of
silver nanoparticles synthesized using C. copticum exact against
Gram �ve bacterial pathogens.27 TiO2-NPs were characterized
using a number of spectroscopic and microscopic tools which
are described below.

3.1.1. UV-vis absorption spectroscopy. The preliminary
characterization of TiO2-NPs was performed by recording the
UV-vis absorption spectrum. The TiO2-NPs exhibited a broad
UV-vis absorption band in 385–395 nm as shown in Fig. 1A. The
absorbance in this region is due to the formation of titanium
Fig. 1 (A) UV-vis absorption spectrumof titanium dioxide nanoparticles (T
ray diffraction (XRD) pattern of TiO2-NPs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
oxide nanoparticles.19 The analysis of UV-vis absorption spec-
trum and lmax in this region sis due to the presence of surface
plasmons (SPR).34 The nding is in agreement with the earlier
report in which titanium dioxide nanoparticles synthesized
using Vitex negundo extract exhibited absorption maxima in
380–400 nm range.35

3.1.2. X-ray diffraction. The crystalline nature of TiO2-NPs
synthesized using C. copticum extract was studied using X-ray
diffraction. The XRD pattern of TiO2-NPs is shown in Fig. 1B.
The crystalline nature of TiO2-NPs was conrmed by diffrac-
tions at 25.473, 37.958, 48.205, 54.050, 55.208, 62.825, and
75.200�. These peaks conrm the crystalline titanium with
anatase phase and it is also evident from the standard JCPDS
database (21-1272).36 The strong diffraction angle at 25.473 was
related to (101) crystallographic plane of TiO2 anatase only. The
absence of unidentied peaks further conrmed the crystal-
linity and higher purity of the synthesized nanoparticles.37 The
crystal size of TiO2-NPs was calculated using Scherrer's equation
and was found to be 14.462 nm. The nding corroborates with
an earlier report in which titanium dioxide nanoparticles
synthesized using Mentha arvensis leaves exhibited the strong
XRD diffraction at 25.27 that was associated with (110) crystal-
lographic plane.38 This results further conrm that nano-
particles were monocrystalline and the sharp peaks show that
the particles were in the nanoregime.39

3.1.3. Fourier-transform infrared (FTIR) spectroscopy.
FTIR analysis was performed for chemical characterization of
the synthesized titanium dioxide nanoparticles. The FTIR
spectrum of TiO2-NPs ranging from 4000 to 400 cm�1 is pre-
sented in Fig. 2. The intense transmittance bands within
1000 cm�1 are due to the Ti–O–Ti vibrations,38 conrming the
linking of titanium with oxygen. Moreover, the band near
600 cm�1 may be attributed to the O–Ti–O bond. The FTIR
spectrum also exhibited characteristic bands at 1636 cm�1 and
3414 cm�1 that correspond to the hydroxyl groups and surface
water.40 The small crest at 1420 cm�1 is linked to the vibration
of O–H group of carboxylic groups. The overall shape of the
FTIR spectrum of TiO2-NPs was found to be similar to the
titanium dioxide nanoparticles that were synthesized using
leaves extract of M. arvensis.38 It has been documented that
titanium dioxide nanoparticles synthesized using Euphorbia
prostrata extract exhibited FTIR bands at 3420, 2926, 1377, 1071,
649, 2924 and 2926 cm�1.39
iO2-NPs) synthesized using aqueous extract ofCarum copticum. (B) X-

RSC Adv., 2021, 11, 19248–19257 | 19251
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Fig. 2 Fourier-transform infrared spectroscopy (FTIR) spectrum of
TiO2-NPs. The spectrum was recorded from 4000 to 400 cm�1 in
diffuse reflectance mode at 2 cm�1 resolution.
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3.1.4. Transmission electron microscopy (TEM) and EDX
analysis. The shape and size range of TiO2-NPs was studied
using transmission electron microscopy as shown in Fig. 3. As
evident from the micrograph, most of the nanoparticles were
spherical or spheroidal in shape. The nanoparticles were poly-
dispersed and their size was less than 30 nm. The average
particle size was found to be 12.01 � 5.58 nm. Moreover, the
TEM image clearly shows that majority of the nanoparticles
were below 20 nm in size. The elemental composition of TiO2-
NPs was studied using EDX analysis as presented in Fig. 3C. The
analysis revealed that titanium and oxygen were the major
constituents that constituted roughly 49% each. Nearly 1%
carbon was also found in TiO2-NPs that may be present on the
surface and acting as a capping agent for the nanoparticles.
Fig. 3 (A) Transmission electron micrograph of TiO2-NPs recorded at
TiO2-NPs using TEM analysis. (C) EDX spectrum and histogram of weigh

19252 | RSC Adv., 2021, 11, 19248–19257
3.2. Antibiolm activity of TiO2-NPs

Before evaluating the antibiolm activity, test bacteria were
grown in presence of TiO2-NPs to assesses its effect on the viable
cells. The viability was determined by counting the number of
colonies forming units (CFU). The number of viable cells of test
bacteria in the absence and presence of 64 mg ml�1 TiO2-NPs is
shown in supplementary Fig. S1.† This was the highest tested
concentration at which insignicant (p-value > 0.05) difference
in the viability of bacterial cell was recorded. Therefore, the
antibiolm activity was assessed at 64 mg ml�1 and lower
concentrations of TiO2-NPs. The green synthesized nano-
particles were tested for its efficacy against the biolms of P.
aeruginosa PAO1, E. coli ATCC 25922, and S. aureusMTCC 3160.
The ndings are discussed below.
3.3. Quantication of biolm inhibition by TiO2-NPs

The inhibition of biolms by TiO2-NPs against S. aureus MTCC
3160, P. aeruginosa PAO1, and E. coli ATCC 25922 was quantied
using crystal violet assay in 96-well microtitre plate. The data
shows that TiO2-NPs effectively reduced the biolms of tested
bacteria (Fig. 4). Treatment with 8, 16, 32, and 64 mg ml�1 TiO2-
NPs inhibited the development of the biolm of E. coli ATCC
25922 by 15.73, 23.19, 55.97, and 78.19%, respectively. Simi-
larly, there was 11.03, 27.88, 42.60, and 70.67% reduction in
biolms of P. aeruginosa PAO1 in presence of 8, 16, 32, and 64 mg
ml�1 TiO2-NPs. The biolms of tested Gram +ve bacteria (S.
aureus MTCC 3160) were maximumly inhibited by TiO2-NPs.
The addition of 8, 16, 32, and 64 mg ml�1 TiO2-NPs in culture
media decreased the formation of biolms of S. aureus MTCC
3160 by 13.29, 30.06, and 57.38%, respectively. At the highest
tested concentration (64 TiO2-NPs), more than 80% inhibition
was recorded. The bacteria growing in biolms become many
2 500 00� magnification and 200 kV. (B) Particles size distribution of
t% and atomic% distribution (inset).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of TiO2-NPs on the biofilm development of S. aureus MTCC 3160, P. aeruginosa PAO1, and E. coli ATCC 25922 in absence and
presence of TiO2-NPs. (A) Absorbances of the biofilm after sating with crystal violet. The data is presented as average of three independent
replicates with standard deviation. The statistical significance was calculated using analysis variance (One-way ANOVA) and different letters
above each group of the independent variables show that the groups are statistically different from one another at p-value ¼ 0.05. (B) Percent
inhibition of biofilms of S. aureus MTCC 3160, P. aeruginosa PAO1, and E. coli ATCC 25922 by TiO2-NPs.
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folds more resistant to chemotherapeutic agents that pose extra
burden for the treatment of bacterial infections. For instance, it
has been found that P. aeruginosa growing in biolms on
urinary catheters became up to 1000-folds more resistant to
tobramycin compared to the planktonic growth.7 The biolms
are important for clinical point of view and it has been esti-
mated that a vast majority of bacterial infections involve bio-
lms formation for the establishment of successful infection.41

Moreover, bacteria coordinate the expression of resistance
genes and virulent traits in biolms that makes poses difficul-
ties for chemical as well as physical treatments.42

Antimicrobial resistance (AMR) or drug resistance poses
a massive threat to public health and as well as the environ-
ment, where biolms are considered as one of the major drivers
in the dissemination of drug resistance. The aggregated bacte-
rial communities in biolms facilitate the transfer of resistant
genes and also prevent the entry and diffusion of antibiotics.43

Therefore, inhibition of development of biolm using
Fig. 5 Light microscopic images showing the effect of TiO2-NPs on the b
E. coli ATCC 25922 treated with 64 mgml�1 TiO2-NPs; (C) control P. aerug
(E) control S. aureus MTCC 3160; (F) S. aureus MTCC 3160 treated with

© 2021 The Author(s). Published by the Royal Society of Chemistry
nanoparticles is one of the promising approaches to prevent
bacterial infection. Previously, bio-fabricated titanium oxide
nanoparticles using Ochradenus arabicus have been found to
inhibit the pathogenic biolms of drug resistant P. aeruginosa
and S. aureus isolated from diabetic foot infections.19 It has
been reported that silver nanoparticles embedding on copper
surfaces reduced the viability of E. coli and C. auris by >90% on 7
days of exposure.44 The galinstan (composed of gallium,
indium, and tin) liquid metal particles with encapsulated iron
were found to successfully reduce both the mono-species and
multi-species biolms.45 It has been reported that extracts of
Carum copticum poses good antibiolm activity antibiotic-
resistant bacteria.33 It can be deduced that the antibiolm
activity of TiO2-NPs may be the synergistic or cumulative effects
of both titanium nanoparticles and the phytoconstituents of C.
copticum. The ndings validate the broad-spectrum inhibition
of biolms by green synthesized titanium oxide nanoparticles.
iofilm development of test bacteria. (A) Control E. coli ATCC 25922; (B)
inosa PAO1; (D) P. aeruginosa PAO1 treated with 64 mgml�1 TiO2-NPs;
64 mg ml�1 TiO2-NPs.
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Fig. 6 Confocal laser scanning microscopic images showing the effect of TiO2-NPs on the biofilm development of test bacteria. (A) Control E.
coli ATCC 25922; (B) E. coli ATCC 25922 treated with 64 mg ml�1 TiO2-NPs; (C) control P. aeruginosa PAO1; (D) P. aeruginosa PAO1 treated with
64 mg ml�1 TiO2-NPs.
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3.4. Microscopic analysis of biolms inhibition on glass
surface using

The biolm inhibition of test bacteria by TiO2-NPs was further
studied on a glass surface using an array of microscopic techniques
such as using light microscopy, scanning electron microscopy,
confocal microscopy, and the ndings are discussed below.

The detailed analysis of changes in the biolm's architecture
by the treatment of TiO2-NPs was studied by culturing the test
bacteria in presence of TiO2-NPs in 24-well tissue culture plates
containing glass coverslips. The light microscopic images of
control and treated test bacterial biolms are shown in Fig. 5.
The micrographs of untreated biolms show that bacteria
heavily colonized the glass surface and formed thick layer of
biolms. Treatment with TiO2-NPs reduced the bacterial colo-
nization and subsequently a remarkable inhibition in the bio-
lm development was observed.

The confocal laser scanning micrographs of untreated and
treated bacterial biolms of P. aeruginosa PAO1 and E. coli ATCC
Fig. 7 Scanning electron microscopic images showing the effect of TiO
ATCC 25922; (B) E. coli ATCC 25922 treated with 64 mg ml�1 TiO2-NPs; (
mg ml�1 TiO2-NPs; (E) control S. aureus MTCC 3160; (F) S. aureus MTCC
2500� magnification.

19254 | RSC Adv., 2021, 11, 19248–19257
25922 are shown in Fig. 6. As seen in control images, test
bacteria formed very dense biolms of glass coverslips. Dense
clumps of cells in biolms were found and bacteria were seen to
be heavily colonized. However, the presence of TiO2-NPs in
culture media substantially reduced the biolm formation and
bacterial cells were found in scattered form. The result in
agreement with the previous nding where a confocal micro-
scopic analysis revealed that titanium oxide nanoparticles
synthesized using Withania somnifera root extract inhibited the
biolms formation of E. coli, P. aeruginosa, L. monocytogenes, S.
marcescens, and methicillin-resistant S. aureus (MRSA) on the
glass surface.46

Further analysis of the alterations on the biolm's architec-
ture by the treatment of TiO2-NPs was studied using scanning
electron microscopy. The electron micrographs of control and
TiO2-NPs treated biolms of test bacteria are shown in Fig. 7.
The untreated S. aureus MTCC 3160 formed dense biolms on
a glass surface where the morphology of bacterial cells was
2-NPs on the biofilm development of test bacteria. (A) Control E. coli
C) control P. aeruginosa PAO1; (D) P. aeruginosa PAO1 treated with 64
3160 treated with 64 mg ml�1 TiO2-NPs. All images were captured at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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found to be normal and smooth. The bacterial cells were seen
closed in extra polymeric substance. On contrary, treatment
with TiO2-NPs reduced the biolms formation with decreased
bacterial colonization. Likewise, the development of the biolm
in control P. aeruginosa PAO1 was more than the treated one.
The aggregation of bacteria on the glass surface was reduced in
presence of TiO2-NPs that resulted in a fair decrease in the
biolm forming capability of P. aeruginosa PAO1. A similar
observation was recorded for E. coli ATCC 25922 biolms where
challenging the bacteria with TiO2-NPs resulted in decreased
biolm formation. It is interesting to note that extra polymeric
substances were not seen on the slides treated with TiO2-NPs.
Hence, the microscopic analysis conrms the remarkable
inhibition of biolms of S. aureus MTCC 3160, P. aeruginosa
PAO1, and P. aeruginosa PAO1.

Most of the bacterial biolms are pathogenic that cause
nosocomial infections. As per National Institutes of Health
(NIH) estimates, nearly 65% of all microbial infections and 80%
of chronic infections are associated with biolm development.47

Hence, targeting biolms, more precisely pathogenic biolms,
are considered as an effective strategy in the management of
bacterial infections. Titanium oxide nanoparticles have been
found previously to mitigate the biolms of bacterial pathogens.
The nanoparticles were synthesized leaves extract of O. arabicus
that inhibited the biolms of drug-resistant P. aeruginosa and S.
aureus isolated fromdiabetic foot infections of the human subjects
with diabetic foot ulcers.19 Similarly, another study has found that
biofabricated porous titanium dioxide nanoparticles synthesized
using root extract of Withania somnifera exhibited a broad-
spectrum antibiolm activity against P. aeruginosa, E. coli,
methicillin-resistant S. aureus, S. marcescens, L. monocytogenes, and
C. albicans.46A study has found that surfaces coated with zinc oxide
nanoparticles and ZnO/Ag nanocomposites selectively inhibited
the biolms of E. coli, S. aureus, and C. albicans.48 Moreover,
another study has documented that Ag/Cu/GO nanocomposite
inhibited the biolm formation of P. aeruginosa at the concentra-
tion which was harmless to human cells.49 Our ndings clearly
show the ability of TiO2-NPs in inhibiting the biolms of both
Gram +ve and Gram �ve bacteria.
Fig. 8 (A) Inhibition of exopolysaccharides (EPS) secretion in S. aureusMT
Disruption of established biofilms of S. aureus MTCC 3160, P. aeruginosa
average of three independent replicates with standard deviation. The st
ANOVA) and different letters above each group of the independent variab
p-value ¼ 0.05.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.5. Inhibition of exopolysaccharides (EPS) production

Extracellular polymeric substances are natural polymers with
a high molecular weight that provide structural framework to
the biolms.50 Hence, extracellular polymeric substance is the
fundamental component of biolms and also determines the
physicochemical properties. Among different constituents of
extracellular polymeric substances, exopolysaccharides (EPS)
are the major contributor.51 EPS blocks the entry of chemo-
therapeutic agents, such as antibiotics, serving as a protective
barrier for the bacterial cells.51 The enhanced secretion of EPS
alters the biolm architecture and thereby confers drug resistance
against antimicrobial agents.52 There is a positive correlation
between EPS secretion of biolms formation, hence targeting EPS
production is also considered as an alternate target for biolms
inhibition.53 TiO2-NPs successfully inhibited the EPS secretion of
test bacteria (Fig. 8A). The EPS secretion of S. aureus MTCC 3160
decreased by 11.66, 25.83, 37.20, and 54.27% by the treatment of 8,
16, 32, and 64 mg ml�1 TiO2-NPs, respectively. Similarly, the pres-
ence of 8, 16, 32, and 64 mg ml�1 TiO2-NPs reduced the EPS
production of E. coli ATCC 25922 by 14.01, 26.56, 45.52, and
62.08%, respectively. The EPS formation of P. aeruginosa PAO1 was
maximally inhibited (�75%) in presence of 64 mg ml�1 TiO2-NPs.
EPS is an important constituent of the biolm's architecture. It
provides structural stability to the biolms and protects bacterial
cells from antibiotics and environmental stresses.54 Hence, target-
ing EPS is considered an alternative strategy to inhibit the biolms
as reduced secretion of EPS is expected to exert adverse effects on
the biolm-forming ability of bacterial pathogens. Porous titanium
oxide nanoparticles synthesized using aqueous extract of Withania
somnifera roots have been documented to inhibit the EPS produc-
tion of methicillin-resistant S. aureus, L. monocytogenes, P. aerugi-
nosa, E. coli, and S. marcescens.46 Moreover, green synthesized silver
nanoparticles have also been reported to inhibit the EPS secretion
in P. aeruginosa, S. aureus, K. pneumoniae, and C. albicans in the
presence of their respective inhibitory concentrations.30

3.6. Eradication of preformed biolms

Most antibacterial drugs inhibit the planktonic mode of
bacterial growth in which few of them are known to inhibit the
CC 3160, P. aeruginosa PAO1, and E. coli ATCC 25922 by TiO2-NPs. (B)
PAO1, and E. coli ATCC 25922 by TiO2-NPs. The data is presented as

atistical significance was calculated using analysis variance (One-way
les show that the groups are statistically different from one another at
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development of biolm.55 Inhibition of biolms is relatively
easier compared to the eradication of established biolms. In
most successful infections, the biolms get established at the
site of infection. In this assay, the bacterial strains were allowed
to form the biolms in 96-well microtitre plates followed by
treating the established biolms. The effect of TiO2-NPs on the
removal of preformed biolms is shown in Fig. 8B. The pres-
ence of 8, 16, 32, and 64 mg ml�1 TiO2-NPs eradicated the
established biolms of P. aeruginosa PAO1 by 17.77, 31.85,
48.77, and 64.14%, respectively. Similarly, the preformed bio-
lms of E. coli ATCC 25922 were decreased by 12.11, 35.23,
45.99, and 60.09%, respectively. TiO2-NPs exhibited the least
effect on established biolms of S. aureusMTCC 3160 where the
presence of 64 mg ml�1 disrupted the biolms by 48.30%. The
data demonstrate the successful biolm eradication of the test
bacteria. Bacterial biolms are the clump of bacterial cells
embedded in extracellular polymeric substances.56 The major
component of extracellular polymeric substances are poly-
saccharides, nucleic acids, and polypeptides along with some
other biochemical components.57 These components act as
a barrier for the entry of chemotherapeutic agents.58 Our nd-
ings are in agreement with the previous report in which the
established biolms of P. aeruginosa, E. coli, methicillin-
resistant S. aureus, and L. monocytogenes were disrupted by 65,
45, 64, and 49%, respectively.46 A study conducted on silver
nanoparticles has found that silver nanoparticles can diffuse
the biolms matrix.59 It can be deduced that TiO2-NPs may be
able to penetrate the established biolms that resulted in
disruption of biolms. The extract of C. copticum are docu-
mented to disrupt the preformed biolms of B. cereus, S. aureus,
P. aeruginosa, E. coli, A. baumannii, and K. pneumonia.33 The
eradication of biolms may also be attributed to the cumulative
effects of both titanium nanoparticles and the phyto-
compounds of C. copticum. The results show that TiO2-NPs were
successful both in the inhibition as well as eradiation of the
biolms of test bacteria.

4. Conclusion

Biolms have great implications both in clinical settings and
the environment. The majority of successful bacterial infections
are associated and inuenced by biolms development. Here,
we have synthesized titanium dioxide nanoparticles (TiO2-NPs)
using Carum copticum extract and tested its ability to inhibit the
development of biolm. The nanoparticles were spherical or
spheroidal in shape with an average size of 12.01 nm.More than
70% reduction in biolms formation of the bacteria was found
by the treatment of TiO2-NPs. Microscopic analysis of the bio-
lms deciphered that bacterial adherence and colonization on
a solid support (glass surface) was remarkably hampered in
presence of TiO2-NPs. The EPS secretion of test bacteria was
also inhibited dose-dependently. TiO2-NPs was quite efficient in
removing the established biolms of E. coli ATCC 25922, P.
aeruginosa PAO1, and S. aureusMTCC 3160. The data shows the
potency of TiO2-NPs against biolms of bacterial pathogens and
it can be exploited further for the development of novel alter-
native antibiolm agents.
19256 | RSC Adv., 2021, 11, 19248–19257
Abbreviation
TiO2-NPs
© 2021 The Autho
Titanium dioxide nanoparticles

EPS
 Exopolysaccharides

FTIR
 Fourier transforms infrared

TEM
 Transmission electron microscopy

SEM
 Scanning electron microscopy

UV-vis
 UV-visible

XRD
 X-ray diffraction

EDX
 Energy-dispersive X-ray
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