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virulence in Pseudomonas
aeruginosa and Serratia marcescens using
environmentally-friendly titanium dioxide
nanoparticles

Faizan Abul Qais, *a Mohammad Altafb and Iqbal Ahmada

Antimicrobial resistance (AMR), a condition in which the efficacy of antimicrobial drugs in fighting

microorganisms is reduced, has become a global challenge. Multidrug resistance (MDR) has been

developing in microorganisms, where they can resist multiple medications. In particular, there has been

a rise in MDR as well as extensively drug-resistant (XDR) strains of Pseudomonas aeruginosa in some

regions, with prevalence rates ranging from 15% to 30%. The application of nanotechnology ranges from

diagnostics to drug-delivery systems, revolutionizing healthcare, and improving disease treatment. We

aimed to investigate the efficacy of titanium dioxide nanoparticles (TiO2-NPs) against various virulent

traits of P. aeruginosa and S. marcescens. More than 50% reduction in the production of virulent

pigments of P. aeruginosa was recorded following the treatment of TiO2-NPs. Additionally, elastases and

exoproteases were inhibited by 58.21 and 74.36%, respectively. A similar result was observed against the

rhamnolipid production and swimming motility of P. aeruginosa. The effect of TiO2-NPs was also

validated against another opportunistic pathogen, S. marcescens, where the production of prodigiosin

was reduced by 64.78%. Also, a roughly 75% attenuation of proteolytic activity and more than 50%

reduction in swarming motility were found. In the control group, the cell surface hydrophobicity was

77.72%, which decreased to 24.67% with the addition of 64 mg ml−1 TiO2-NPs in culture media. The

hydrophobicity index of microorganisms is crucial for their initial attachment and the formation of

biofilms. In conclusion, TiO2-NPs demonstrated potential in a multi-target approach against P.

aeruginosa and S. marcescens, suggesting their advantages in the prevention and treatment of

infections. These nanomaterials could have vital importance in the development of novel antibacterial

agents to combat drug-resistant bacteria.
1. Introduction

Nanotechnology involves harnessing the unique properties of
materials at the nanoscale. When applied to the eld of medi-
cine and healthcare, it is referred to as nanomedicine, and it has
demonstrated effectiveness in addressing a number of preva-
lent diseases, including cardiovascular diseases and cancer.1

Nanoscience focuses on the study of the distinctive character-
istics of materials within the 1–100 nanometre range. Nano-
medicine, in particular, applies nanotechnologies to the realm
of healthcare,2 utilizing nanoscale technologies and techniques
to prevent, monitor, diagnose, and treat diseases.3 In the eld of
medicine, nanotechnologies hold immense promise, covering
a wide range of applications, including diagnostic tools,
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imaging methods, tissue-engineered constructs, drug-delivery
systems, implants, and pharmaceutical therapies.4 This prog-
ress has signicantly improved the treatment of various
diseases, encompassing cancer, cardiovascular conditions,
musculoskeletal disorders, neurodegenerative and psychiatric
illnesses, viral and bacterial infections, and diabetes.5 Metal
nanoparticles, specically TiO2-NPs, are extensively manufac-
tured at an industrial level and numerous practical applications
have been discovered for them in both industrial processes and
daily routines.6 These metal nanoparticles have demonstrated
notable efficacy in eradicating and restraining microbial path-
ogens by targeting multiple sites (Scheme 1). TiO2-NPs exhibit
high durability and can function as effective antimicrobial
agents against a broad spectrum of bacteria. The antimicrobial
efficacy of this metal oxide is contingent upon various factors,
such as their shape, size, and crystal structure.7,8 Additionally,
the antimicrobial attributes of TiO2-NPs have been attributed to
their photocatalytic properties.9 Previous reports have high-
lighted the signicance of oxidative stress, particularly ROS
RSC Adv., 2023, 13, 35841–35852 | 35841
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Scheme 1 Various possible targets of TiO2-NPs against microbial pathogens.
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formation, as a crucial component in the antimicrobial mech-
anism of TiO2-NPs.10 While TiO2-NPs have demonstrated potent
antimicrobial properties, it is important to note that they can
also pose potential toxicity risks to human health.10 In terms of
safety concerns, the Scientic Committee on Consumer Safety
(SCCS) determined a maximum level of 25% weight for each UV
lter in the nanoform is safe for dermal applications. The
overall ndings indicate that the penetration of TiO2-NPs into
the skin is inuenced by various external factors, such as the
drug vehicle, dose, and protein reactivity, as well as endogenous
factors, like the disease or skin condition, skin age, site of
application, etc.6

Antimicrobial resistance (AMR) is the term used to describe
the reduced effectiveness of antimicrobial drugs in inhibiting
the growth and reproduction of microorganisms.11 In the
developing world, a primary challenge in healthcare lies in
combating infectious diseases, and antimicrobial agents have
proven to be highly effective in this regard. However, the
emergence of antimicrobial resistance has become a formidable
global issue that demands effective solutions.12 Multidrug
resistance (MDR), on the other hand, is characterized by
a microorganism's ability to withstand multiple antimicrobial
medications, even those with different chemical structures and
molecular targets, despite having been sensitive to them in the
past.13 In recent years, there has been a noticeable rise in the
occurrence of MDR and extensively drug-resistant (XDR) strains
35842 | RSC Adv., 2023, 13, 35841–35852
of Pseudomonas aeruginosa. In certain geographical regions, the
prevalence rates of these resistant strains range from 15% to
30%.14 Data from the United States indicates that MDR P. aer-
uginosa is responsible for 13% of severe healthcare-associated
infections.15 In humans, P. aeruginosa plays a substantial role
in several medical conditions, such as burn wounds, chronic
wounds,16 corneal infections,17 and respiratory infections in
individuals with cystic brosis.18 The regulation of many of the
extracellular products in P. aeruginosa is controlled by
a complex hierarchical quorum sensing (QS) cascade.19 Within
this QS system, two complete AHL (N-acylhomoserine lactone)
circuits exist, namely RhlR–RhlI and LasR–LasI, each
comprising a LuxI-type synthase and a LuxR-type receptor. In
addition to the AHL-based quorum sensing system, P. aerugi-
nosa also produces another crucial quorum sensing signal
molecule known as the Pseudomonas quinolone signal (PQS).20

The PQS-mediated quorum sensing signicantly contributes to
the virulence and pathogenicity of P. aeruginosa.21

Serratia species, particularly Serratia marcescens, are note-
worthy human pathogens. The initial reported cases shed light
on the pathogenic nature of S. marcescens. Many of these
infections attributed to S. marcescens were likely to have origi-
nated in hospital settings, and this bacterium is frequently
isolated from healthcare-associated infections or from patients
with underlying medical conditions.22 In newborns, S. marces-
cens can lead to a wide spectrum of clinical manifestations,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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ranging from asymptomatic colonization to conditions such as
keratitis, urinary tract infections, conjunctivitis, surgical wound
infections, pneumonia, sepsis, meningitis, and bloodstream
infections.22 The most commonly affected sites of infection are
the bloodstream, followed by the respiratory system and the
gastrointestinal tract.23

In the past, bacterial cells were conventionally perceived as
separate entities, each operating independently with its own
self-regulating metabolic and growth systems.21 Conversely,
modern scientic understanding has rmly established that
bacterial cells engage in a process called quorum sensing (QS).24

In QS, bacterial cells both produce and detect small signalling
molecules to facilitate communication. The release and recog-
nition of QS signals lead to two primary outcomes. First, they
control the production of various extracellular factors. These
factors serve diverse functions, including searching for nutri-
ents, suppressing the immune response, boosting virulence,
providing structural support (biolms), and aiding in
mobility.21 Essentially, QS enables individual bacterial cells to
monitor and assess the size of their community and empowers
them to regulate resource-intensive traits based on the density
of cells and the concentration of signalling molecules.25

Given the challenges associated with AMR and the limited
discovery of new drugs to combat drug-resistant microbes, there
is a compelling need for the development of novel antibiotics or
alternative strategies to address AMR. Nanomaterials have
demonstrated promising antibacterial properties. In this study,
we evaluated the efficacy of titanium dioxide nanoparticles
(TiO2-NPs) against various virulent traits of P. aeruginosa and S.
marcescens. If proven to be successful, such nanomaterials
could play a valuable role in the discovery of innovative anti-
bacterial agents for combating drug-resistant bacteria.

2. Materials and methods
2.1. Synthesis of TiO2-NPs

The titanium dioxide nanoparticles (TiO2-NPs) were produced
using an aqueous extract derived from Carum copticum. Detailed
information regarding the synthesis and characterization of
TiO2-NPs has been published previously.26 Here, we provide
a brief description of the TiO2-NPs synthesis procedure used. In
summary, 20 ml of extract was combined with 300 ml of a 5 mM
titanium(IV) dioxide solution in double-distilled water, and this
mixture was agitated using a magnetic stirrer. As the reaction
proceeded, 1 ml of 1 mM NaOH was gradually added to the
mixture while continuous stirring was maintained. The reaction
continued for 6 h at 60 °C. Subsequently, the nanoparticles were
separated via centrifugation at 22 000 rcf for 30 min. The TiO2-
NPs underwent a series of washes, including three rounds of
distilled water rinsing followed by ethanol rinsing, and were
nally dried overnight in an oven at 50 °C. The resulting TiO2-
NPs were stored in powdered form at room temperature for
characterization. Characterization of the nanoparticles was
conducted utilizing UV-visible and FTIR spectroscopy, X-ray
diffraction, electron microscopy, and energy EDX analysis.
The UV-vis spectroscopy displayed a broad absorption band
within the range of 385–395 nm, attributed to the presence of
© 2023 The Author(s). Published by the Royal Society of Chemistry
titanium oxide nanoparticles.27 TEM analysis revealed an
average particle size of 12.01 nm for the TiO2-NPs. The nano-
particles were stored for six months in powdered form to check
the stability of the nanoparticles. Upon investigation, we found
that the anti-QS properties were negligibly affected, hence
conrming the stability of the TiO2-NPs.
2.2. Assays to examine the QS-controlled virulence factors in
P. aeruginosa PAO1

The impact of TiO2-NPs on six virulence factors of P. aeruginosa
PAO1 at sub-MICs was investigated using the following
procedures.

2.2.1. Pyoverdin production. Evaluation of the relative
levels of pyoverdin in P. aeruginosa PAO1 followed a previously
established protocol.28 In summary, an overnight cultivated
culture of P. aeruginosa PAO1, grown both in the absence and
presence of 8–64 mg ml−1 TiO2-NPs, was collected. The culture
was subjected to centrifugation to obtain the cell-free super-
natant. Subsequently, 100 ml of the supernatant was mixed with
0.9 ml Tris–HCl buffer (50 mM and pH 7.4). Using a spectro-
uorometer, the uorescence signals of this solution were
measured at 460 nm upon excitation at 400 nm. The percentage
data were then calculated in relation to the untreated control.

2.2.2. Pyocyanin production. Estimation of the pyocyanin
production was carried out using Pseudomonas broth (PB)
medium, which included 1.4 mg ml−1 MgCl2, 20 mg ml−1

peptone, and 10 mg ml−1 K2SO4, known for its ability to
enhance pyocyanin production.29 P. aeruginosa PAO1 was culti-
vated in PB medium under different conditions: without and
with varying doses of TiO2-NPs (8, 16, 32, and 64 mg ml−1) for
a duration of 18 h. Next, 5 ml of the cultured solution was
extracted using 3 ml chloroform, with the aqueous phase dis-
carded. The upper organic phase was then subjected to extrac-
tion with 1200 ml of 0.2 N HCl. The absorbance of the resulting
aqueous phase was measured at 520 nm against a blank. The
quantity of pyocyanin was determined in mg ml−1 using
a previously specied method.30

2.2.3. Exoprotease activity. Evaluation of the exoprotease
activity in the supernatant of P. aeruginosa PAO1 was conducted
using the azocasein degradation protocol, as previously out-
lined.31 The bacteria were cultured both without TiO2-NPs and
with various doses (8, 16, 32, and 64 mg ml−1) of TiO2-NPs for
18 h, with constant shaking at the physiological temperature of
37 °C. Following incubation, the cultures were subjected to
centrifugation to remove the bacterial cells, and the resulting
cell-free supernatant was collected. Next, 100 ml of the cell-free
supernatant from both the control and TiO2-NPs-treated
bacterial cultures was mixed with 1000 ml of 0.3% azocasein
solution (containing 500 mM calcium chloride in 50 mM Tris–
HCl). This mixture was then incubated at 37 °C for 20 min. To
halt the reaction, 0.5 ml of 10% TCA was added, and the reac-
tion mixture was subsequently centrifuged for 12 min. The
absorbance of the resulting supernatant was measured at
400 nm with the help of a double beam spectrophotometer.

2.2.4. Elastase activity. The elastinolytic activity in the
culture supernatant of P. aeruginosa PAO1 was assayed using
RSC Adv., 2023, 13, 35841–35852 | 35843
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Elastin Congo Red (ECR) dye.32 The dye was prepared by dis-
solving 5000 mgml−1 ECR with 0.001M CaCl2 in 100mMTris. In
short, 0.1 ml cell-free supernatant from both the control and
TiO2-NPs-treated P. aeruginosa PAO1 cultures was combined
with 0.9 ml of ECR buffer. The mixture was incubated at 37 °C
for 3 h with gentle mixing. Next, 1000 ml of sodium phosphate
buffer was mixed in to stop the reaction, followed by a 30 min
cooling period on ice. Aer centrifugation, the insoluble ECR
was removed. The absorbance was measured at 495 nm. The
percent inhibition in elastinolytic activity was calculated by
comparing it to the untreated control.

2.2.5. Rhamnolipid production. The rhamnolipid assay
was utilized with the orcinol method with slight modications
based on a previous protocol.33 To perform the assay, the
treatment to P. aeruginosa PAO1 was performed as mentioned in
the above sections. Briey, 300 ml of cell-free supernatant from
both the control and TiO2-NPs-treated cultures of P. aeruginosa
PAO1 was extracted using 0.6 ml of diethyl ether. Aer collect-
ing the diethyl ether phase, it was dried at 37 °C and then re-
dissolved in 0.1 ml of deionized water. To each sample, 0.9 ml
of a 0.19% orcinol solution was added. The samples were heated
for 30 min at 80 °C and then cooled for 15 min. Finally, the
absorbance was measured at 421 nm.

2.2.6. Swimming motility. For the assessment of the
swimming motility, 5 ml of an overnight cultured sample of P.
aeruginosa PAO1 was placed onto 0.3% LB agar plates. For the
control plates, no treatment with TiO2-NPs was given. In other
sets, so agar plates were prepared by adding 8, 16, 32, and 64
mg ml−1 TiO2-NPs. Aer spotting P. aeruginosa PAO1 on the so
agar plates, they were allowed to dry under a laminar ow
hood.34 Following an 18 h incubation, the diameter of the
swarm zone wasmeasured to determine the extent of swimming
motility. The swarm zone measurements were recorded in mm,
and the data were presented as the percent inhibition relative to
the control.
2.3. Assays to examine the QS-controlled virulence factors in
S. marcescens MTCC 97

The inuence of TiO2-NPs on three S. marcescens MTCC 97
virulence factors was also examined at sub-MICs and the
detailed procedures are outlined below.

2.3.1. Prodigiosin production. Serratia marcescens MTCC
97 was grown without and with 8, 16, 32, and 64 mg ml−1 TiO2-
NPs as mentioned above in the P. aeruginosa PAO1 section and
placed in a shaking incubator for one day. Aerward, the cells
were collected through centrifugation and the supernatant was
removed. To extract prodigiosin pigment from the pelleted
cells, 1000 ml of an acidied ethanol solution was used, which
consisted of 4 ml of 1 MHClmixed with 96ml ethanol. The level
of prodigiosin was quantied by measuring the absorbance of
the samples at 534 nm.35

2.3.2. Proteolytic activity. The proteolytic activity in the
culture supernatant of S. marcescens MTCC 97 was assayed by
azocasein degradation assay as described above in the P. aeru-
ginosa PAO1 section. In summary, a volume of 0.1 ml of
supernatant from untreated and TiO2-NPs-treated cultures was
35844 | RSC Adv., 2023, 13, 35841–35852
combined with 1 ml of a 0.3% azocasein solution and then
incubated for 15 min at 37 °C. To stop the reaction, 500 ml of
10% TCA was added. Next, centrifugation of the samples was
done for 12 min at 18 000 rcf and the absorbance of the
resulting supernatant was measured at 400 nm.

2.3.3. Measurement of the cell surface hydrophobicity. The
cell surface hydrophobicity in S. marcescens MTCC 97 was
assessed using xylene, following the previously described
method.36 In brief, 100 ml of an S. marcescensMTCC 97 overnight
grown culture was taken in 1.5 ml microvials and 100 ml xylene
was mixed along with varying concentrations of TiO2-NPs. The
control group consisted of cells solely with the xylene. The
resulting mixture was strongly vortexed and then le for incu-
bation for 10 min to allow for separation of the two phases.
Subsequently, the absorbance of the aqueous phase was
measured at 530 nm.

2.3.4. Swarming motility. We only assessed the swarming
motility in S. marcescens MTCC 97 as this bacterium is highly
motile and it is difficult to measure its swimming motility. In
short, 5 ml of an overnight culture were point inoculated at the
centre of LB so agar plates containing 0.5% agar. Like for the
P. aeruginosa PAO1 motility assay, 0.5% so agar plates were
prepared for both the control and TiO2-NPs-treated groups. The
plates were allowed to air dry and then the plates were then
incubated for 18 h, aer which the swarm zones were measured
to assess the motility.
2.4. Statistical analysis

Each assay was performed separately in four independent trials,
and these experiments were replicated aminimum of two times.
The results reported in this study represent the mean values,
accompanied by their corresponding standard deviations. The
statistical signicance of the treatment groups was assessed by
comparing them to the untreated control to calculate the p-
values. In cases where * is indicated, it signies p-values of #
0.05 in comparison to the control, and ** indicates p-values of
# 0.01 compared to the control.
3. Results and discussion
3.1. Assays to examine the QS-controlled virulence factors in
P. aeruginosa PAO1

Examination of the impact of TiO2-NPs on the virulent traits of
P. aeruginosa PAO1 was conducted at sub-MIC levels, and the
ndings are discussed below.

3.1.1. TiO2-NPs modulation of the virulent pigments of P.
aeruginosa PAO1. Pyoverdin, a virulence factor of P. aeruginosa,
which is known for its uorescent properties, plays a crucial
function in virulence and subsequent infections.37 Research has
indicated that pyoverdin production is regulated by quorum
sensing, as P. aeruginosa lacking quorum sensing has exhibited
decreased pyoverdin levels.38 This siderophore competes for
iron within transferrin proteins, ensuring a sufficient iron
supply that is essential for P. aeruginosa's survival in host
systems.39 Recent ndings have also emphasized pyoverdin's
ability to avoid detection by the host's defensive protein, namely
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Inhibition of exoprotease and elastase activity in P. aeruginosa
PAO1 by TiO2-NPs. Percent inhibition is shown on the secondary y-
axis. Data are presented as the average of four replicates with the
standard deviation. In cases where * is indicated, it signifies a p-value#

0.05 in comparison to the control, and ** indicates a p-values # 0.01
compared to the control.
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neutrophil gelatinase-associated lipocalin, further contributing
to P. aeruginosa infections in the lungs of patients with cystic
brosis.37 Any reduction in this pigment production is a direct
indicator of quorum sensing inhibition. Here, treatment with
TiO2-NPs led to reduced pyoverdin levels (Fig. 1A). At the lowest
dose (8 mg ml−1) of TiO2-NPs, a very low (11.26%) level of inhi-
bition was found that was statistically insignicant (p-value >
0.05). However, reductions of 25.52, 48.10, and 67.80% were
observed compared to the control when treated with 16, 32, and
64 mg ml−1 of TiO2-NPs, respectively. These reductions in
pigment production demonstrated the effectiveness of TiO2-
NPs against quorum sensing-mediated virulence in P. aerugi-
nosa. Previously, green synthesized gold nanoparticles were re-
ported to inhibit the pyocyanin levels in P. aeruginosa by >75%
at 200 mg ml−1.40

Pyocyanin, another pigment with a unique blue-green
colour, is directly controlled by quorum sensing in P. aerugi-
nosa, playing a signicant role in the bacterium's virulence.41

The synthesis of pyocyanin involves several steps, commencing
with the production of autoinducer molecules and the subse-
quent activation of specic genes (phzA-G). Both phenazine-1-
carboxylic acid (a precursor to pyocyanin) and pyocyanin
disrupt the normal rhythmic movement of respiratory cilia in
humans and affect the expression of immune-regulating
proteins, especially in individuals with cystic brosis. Addi-
tionally, pyocyanin-induced oxidative stress worsens the
severity of the disease.42,43 Pyocyanin is also recognized for its
involvement in biolm formation.44,45 This pigment also
impacts various cellular processes, primarily due to its redox
properties, making it a crucial element in P. aeruginosa's ability
to cause disease.46 Here, in the untreated control, the level of
pyocyanin was 5.93 ± 0.54 mg ml−1. Treatment with TiO2-NPs
led to a decrease in pyocyanin levels in P. aeruginosa PAO1, as
depicted in Fig. 1B. At doses of 8, 16, and 32 mg ml−1 TiO2-NPs,
there was an inhibition of pyocyanin pigment production by
31.36%, 46.30%, and 56.51%, respectively. In the presence of
the highest concentration of TiO2-NPs (64 mg ml−1), >80%
inhibition of this pigment was recorded. It is worth mentioning
Fig. 1 (A) Inhibition of pyoverdin production in P. aeruginosa PAO1 by
Inhibition of pyocyanin pigment production in P. aeruginosa PAO1 by Ti
standard deviation. In cases where * is indicated, it signifies a p-value #

compared to the control.

© 2023 The Author(s). Published by the Royal Society of Chemistry
that tin oxide hollow nanoowers have previously shown the
ability to reduce pyocyanin levels in P. aeruginosa PA01 by
approximately 60%.47

3.1.2. Inhibition of the virulent enzymes of P. aeruginosa
PAO1 by TiO2-NPs. The impact of TiO2-NPs on two virulent
enzymes of P. aeruginosa PAO1 was also examined. Proteases
and elastases are crucial components contributing to the
pathogenicity of Pseudomonas aeruginosa.48 Fig. 2 provides
a comprehensive overview of how TiO2-NPs affect the activity of
exoproteases. Exoproteases, when released from bacterial cells,
facilitate bacterial invasion by breaking down proteins and
evading the immune response.49 Proteases secreted by P aeru-
ginosa are well known for their virulence.50 For example, AprA
(alkaline protease) is a QS-governed virulence factor that is
secreted via the type I secretion system.51 AprA has the capability
to break down the complement components TNF-a and IFN-g,
effectively undermining the host's immune system and
TiO2-NPs. Percent inhibition is shown on the secondary y-axis. (B)
O2-NPs. Data are presented as the average of four replicates with the
0.05 in comparison to the control, and ** indicates a p-value # 0.01
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exacerbating infections.52 Protease IV, another virulent protein,
has been notably linked to the corneal virulence of P. aerugi-
nosa.53 Protease IV not only disrupts the host immunity by
breaking down essential biological molecules, like complement
components, surfactant proteins, and immunoglobulins, but
also causes harm to host tissues and amplies bacterial infec-
tion by degrading brinogen, transferrin, elastin, and
lactoferrin.54–57 Here, while a lower concentration (8 mg ml−1) of
TiO2-NPs exhibited only a minimal reduction (less than 20%) in
activity, higher concentrations led to signicant inhibitions.
Specically, the presence of 16, 32, and 64 mg ml−1 TiO2-NPs
inhibited the activity of these azocasein-degrading enzymes by
25.71%, 40.18%, and 74.36%, respectively. Previously, green
synthesized gold nanoparticles were found to mitigate proteo-
lytic activity in P. aeruginosa by more than 80% at 200 mg ml−1.40

Elastases belong to a group of hydrolytic enzymes that not
only degrade the tissues of the host but also interfere with the
immune system.58 Biolm formation and virulence factor
production in the pathogenicity of P. aeruginosa heavily rely on
the expression of the las proteins, which are regulated by QS
(quorum sensing). These enzymes also play a crucial role in
virulence and biolm development. Fig. 2 depicts the dose-
dependent effect of TiO2-NPs on the activity of elastase. At
a lower dose of TiO2-NPs (8 mg ml−1), an insignicant (p-value >
0.05) reduction in elastinolytic activity was found. On the
contrary, treatment at higher levels of TiO2-NPs (16, 32, and 64
mg ml−1) resulted in reductions of elastase activity by 39.02%,
49.77%, and 58.21%, respectively. These ndings strongly
suggest that TiO2-NPs disrupt P. aeruginosa's lasI-lasR quorum
sensing system, in line with previous observations.34 Numerous
metal nanoparticles, including silver and tin oxide nano-
particles, have also been demonstrated to inhibit the virulent
enzymes of P. aeruginosa by targeting quorum sensing.33,47

3.1.3. Inhibition of the rhamnolipid production and
swimming motility in P. aeruginosa PAO1. Rhamnolipids, as
surfactant molecules, constitute another important virulence
factor in Pseudomonas aeruginosa. These glycolipids are found
Fig. 3 Inhibition of rhamnolipid production in P. aeruginosa PAO1 by
TiO2-NPs. Data are presented as the average of four replicates with the
standard deviation. In cases where * is indicated, it signifies a p-value#

0.05 in comparison to the control, and ** indicates a p-value # 0.01
compared to the control.

35846 | RSC Adv., 2023, 13, 35841–35852
in virulent strains and play a role in regulating human respi-
ratory epithelium, aiding in cellular invasion.59,60 Fig. 3
demonstrates that TiO2-NPs have proven effectiveness in
inhibiting the production of rhamnolipids in P. aeruginosa
PAO1. When cultured in media containing 8, 16, and 32 mg ml−1

TiO2-NPs, there were reductions in rhamnolipid production by
18.34%, 34.46%, and 47.15%, respectively. In the presence of 64
mg ml−1 TiO2-NPs, the highest sub-MIC concentration tested,
there was over 50% inhibition of this surfactant. It is important
to note that these surfactants not only initiate biolm formation
but also inuence bacterial motility.61 P. aeruginosa produces
haemolysins, specically rhamnolipid and phospholipase-C,
which exert highly toxic effects on host cells and contribute to
the pathogen's ability to disseminate within the target tissue.
These two toxins work in tandem, catalyzing the degradation of
lipids and lecithin.62

Furthermore, the impact of TiO2-NPs on the swarming
motility of P. aeruginosa PAO1 was assessed, with the results
presented in Fig. 4A. The mobility of P. aeruginosa, including
swarming, swimming, and twitching, is important in spreading
infections and the development of biolms.63 As observed in the
control plates, P. aeruginosa PAO1 swarmed across an entire
Petri plate aer overnight incubation (Fig. 4B). Additionally,
there was a characteristic light green colour due to the pigment
production in P. aeruginosa PAO1. The presence of TiO2-NPs in
so agar plates resulted in a progressive reduction in bacterial
motility. At a lower dose (8 mg ml−1), less than 10% reduction in
this bacterial motility was found. However, at concentrations of
16, 32, and 64 mg ml−1 TiO2-NPs, reductions of 25.06%, 32.03%,
and 43.17%were observed compared to the control, respectively
(Fig. 4C). P. aeruginosa's motility is a critical factor in its ability
to spread infections and establish biolms.63 There is also
evidence that silver nanoparticles, synthesized using an extract
from Murraya koenigii, signicantly reduced the swarming of P.
aeruginosa by more than 85%.64 In summary, TiO2-NPs exhibi-
ted a multi-target action against P. aeruginosa, indicating their
potential benets in preventing and managing infections.
3.2. Assays to examine the QS-controlled virulence factors in
S. marcescens MTCC 97

Examination of the impact of TiO2-NPs on three virulence
factors of S. marcescens MTCC 97 was also conducted at sub-
MIC levels, and the ndings are discussed below.

3.2.1. Inhibition of prodigiosin production. S. marcescens
employs a quorum sensing system to produce N-acylhomoser-
ine lactones (AHLs), which in turn regulate several virulence
factors, like prodigiosin production, carbapenem resistance,
and biolm formation, along with the production of extracel-
lular enzymes.65 As depicted in Fig. 5, there was a dose-
dependent effect on prodigiosin levels when exposed to TiO2-
NPs. The treatment with 8, 16, and 32 mg ml−1 TiO2-NPs caused
18.20%, 34.71%, and 64.78% inhibition of this pigment
production S. marcescens MTCC 97. At the higher level of
treatment (64 mg ml−1 TiO2-NPs) more than 85% inhibition was
found. It is documented that prodigiosin production was
inhibited by >75% by silver nanoparticles.33 Another study also
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Inhibition of swimming motility in P. aeruginosa PAO1 by TiO2-NPs. Data are presented as the average of four replicates with the
standard deviation. In cases where * is indicated, it signifies a p-value # 0.05 in comparison to the control, and ** indicates a p-value # 0.01
compared to the control. (B) Representative image of an agar plate showing P. aeruginosa PAO1 swimming in the absence of TiO2-NPs. (C)
Representative image of an agar plate showing P. aeruginosa PAO1 swimming in the presence of 64 mg ml−1 TiO2-NPs.

Fig. 5 (A) Inhibition of prodigiosin production in S. marcescensMTCC
97 by TiO2-NPs. Percent inhibition is shown on the secondary y-axis.
Data are presented as the average of four replicates with the standard
deviation. In cases where * is indicated, it signifies a p-value # 0.05 in
comparison to the control, and ** indicates a p-value # 0.01
compared to the control.
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reported the reduction of prodigiosin level in S. marcescens, in
which gold nanoparticles were synthesized from fruits extract of
C. annuum, which reduced pigment production by 78.41% at
a concentration of 200 mg ml−1.40
Fig. 6 (A) Inhibition of exoprotease activity in S. marcescens MTCC 97
cescensMTCC 97 by TiO2-NPs. Data are presented as the average of fou
signifies a p-value # 0.05 in comparison to the control, and ** indicates

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2.2. Inhibition of prodigiosin production proteolytic
activity. The effect of TiO2-NPs on exoproteases was also tested.
Exoprotease is another crucial virulence factor in S. marcescens,
as the secretion of exoproteases plays a pivotal role in modu-
lating the immune and inammatory responses in the host.66

The haemolytic activity and the secretion of extracellular
enzymes like protease in S. marcescens are also regulated by
quorum sensing.67 Nearly all S. marcescens strains release
a haemolysin, leading to the lysis of both animal and human
erythrocytes68 and the liberation of inammatory mediators
from leukocytes.69 Here, the TiO2-NPs exhibited an inhibitory
effect on exoprotease activity in S. marcescensMTCC 97 (Fig. 6A).
At the lowest dose (8 mg ml−1) of TiO2-NPs, a very low (less than
15%) level of inhibition was found that was too statistically
insignicant (p-value > 0.05). However, reductions of 46.14%,
63.39%, and 74.99% were observed compared to the control
when treating with 16, 32, and 64 mg ml−1 of TiO2-NPs,
respectively.

3.2.3. Reduction in cell surface hydrophobicity. The impact
of TiO2-NPs on the cell surface hydrophobicity in S. marcescens
MTCC 97 was assessed, as the surface hydrophobicity is known
to play a pivotal role in the adherence to solid surfaces and the
formation of biolms in bacterial pathogens.70 The TiO2-NPs
demonstrated a signicant, dose-dependent reduction in cell
by TiO2-NPs. (B) Reduction in cell surface hydrophobicity in S. mar-
r replicates with the standard deviation. In cases where * is indicated, it
a p-value # 0.01 compared to the control.
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Fig. 7 (A) Inhibition of swarming motility in S. marcescens MTCC 97 by TiO2-NPs. Data are presented as the average of four replicates with the
standard deviation. In cases where * is indicated, it signifies a p-value # 0.05 in comparison to the control, and ** indicates a p-value # 0.01
compared to the control. (B(i)) Representative image of an agar plate showing S. marcescens MTCC 97 swarming in the absence of TiO2-NPs.
(B(ii)) Representative image of an agar plate showing S. marcescens MTCC 97 swarming in the presence of 16 mg ml−1 TiO2-NPs. (B(iii))
Representative image of an agar plate showing S. marcescens MTCC 97 swarming in the presence of 64 mg ml−1 TiO2-NPs.
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surface hydrophobicity, as depicted in Fig. 6B. In the untreated
control group, the cell surface hydrophobicity was measured at
77.72% for S. marcescens MTCC 97. However, in the presence of
TiO2-NPs at concentrations of 8, 16, and 32 mg ml−1, the cell
surface hydrophobicity decreased to 68.77%, 53.49%, and
34.95%, respectively. The highest level of treatment (64 mg ml−1)
reduced the cell surface hydrophobicity less than 25%, which is
remarkable. The hydrophobicity index of microorganisms plays
a critical role in the initial attachment and subsequent biolm
formation. Thus, targeting cell surface hydrophobicity presents
an alternative strategy for reducing biolm formation. These
ndings align with prior research, where the treatment of golf
nanoparticles to S. marcescens resulted in a reduction of the
surface hydrophobicity.40

3.2.4. Inhibition of swarming motility. Swimming motility
is a unique trait of the virulent strains of S. marcescens, and it
35848 | RSC Adv., 2023, 13, 35841–35852
plays a crucial role in specic nosocomial infections, notably
catheter-linked UTIs.70 To assess the impact of TiO2-NPs, so
agar plates were used to evaluate the capability of S. marcescens
MTCC 97 swarming and the quantitative data are presented in
Fig. 7A. On plates lacking TiO2-NPs, the bacteria spread across
the entire plate, resulting in an average zone diameter of
roughly 90 mm, as depicted in Fig. 7B. However, in the presence
of 8, 16, and 32 mg ml−1 TiO2-NPs, there were notable 15.32%,
35.93%, and 56.54% reductions in the swarm diameter. While
the higher tested concentrations (64 mg ml−1) exhibited a >85%
inhibition. The agella-assisted motilities, like swimming, play
a pivotal role in regulating the attachment of S. marcescens prior
to biolm formation and are of signicant importance in
UTIs.71 Previously, gold nanoparticles have been found to
reduce the motility of S. marcescens.40
© 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

The emergence of AMR has become a global challenge,
particularly with the rise of MDR and XDR strains of P. aeru-
ginosa. Nanotechnology, spanning diagnostics to drug-
delivery systems, offers innovative solutions in healthcare.
In this study, we investigated the efficacy of titanium dioxide
nanoparticles (TiO2-NPs) against P. aeruginosa and S. marces-
cens. The TiO2-NPs demonstrated signicant reductions in
virulent traits of P. aeruginosa, including pigment production,
elastases, exoproteases, rhamnolipid production, and swim-
ming motility. Similar results were observed against S. mar-
cescens, where prodigiosin production, proteolytic activity,
and swarming motility were signicantly reduced. The TiO2-
NPs also affected the cell surface hydrophobicity, a crucial
factor in initial attachment and biolm formation. In
conclusion, the multi-target action of TiO2-NPs suggests their
potential in preventing and treating infections. If proven
effective, these nanomaterials could contribute to the devel-
opment of innovative antibacterial agents to combat drug-
resistant bacteria.
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