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Hospital-acquired pneumonia (HAP) is the second most common cause of nosocomial infections and is
responsible for 15% of nosocomial infections, with a high mortality rate, which has led to increased
concern and significant costs in healthcare settings. The most significant agents of HAP are
Pseudomonas aeruginosa and Klebsiella pneumoniae, which create a biofilm that results in a resistant
infection. We aimed to study the synthesis of Cu,Ti,Os nanoparticles, their effects on the growth and
biofilms of Pseudomonas aeruginosa and Klebsiella pneumoniae isolated from respiratory infections, and
their anticancer effects. In this study, for the first time, the Pechini method was used to synthesize
Cu,Ti»Os nanostructures. The effects of nanoparticles on the growth and biofilms of Pseudomonas
aeruginosa and Klebsiella pneumoniae were evaluated using a microdilution broth and the microtiter
plate method, and the cytotoxic effect of the nanoparticles on the A549 cell line was also assessed by
MTT. The characteristics of the nanoparticles were confirmed through XRD, FTIR, SEM, and TEM
techniques. Cu,Ti,Os showed a minimum inhibitory effect in concentrations of 156.25 to 625 pg mL™*
for ten isolates of K. pneumoniae and 625 to 1250 png mL~? for ten isolates of P. aeruginosa and at sub-
MIC concentrations as well. It reduced the biofilms of K. pneumoniae and P. aeruginosa strains by 75%
and 44.4%. The nanoparticles killed 50% of A549 cancer cells in 48 h at concentrations of 30 to 40 pg
mL™! and in 24 h at concentrations of 200 to 250 pg mL™Y The findings of this study show the
antibacterial, anti-biofilm, and anti-cancer effects of Cu,Ti,Os nanoparticles. Therefore, these
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healthcare systems and treatment." Approximately 75% of the
HAI burden is on people who live in developing countries.”
Hospital-acquired pneumonia (HAP) occurs in 0.5-1.5% of

1. Introduction

Hospital-acquired infections (nosocomial infections) are chal-

lenging complications that require serious attention worldwide.
The term refers to infections that the patient has not received
before hospital admission. Hospital-acquired infections (HAI)
occur in the first moments of a patient’s presence in a hospital
or within 48-72 h after admission. These days, these infections
are of notable concern for medical organizations, leading to an
increase in the duration of treatment and significant global
costs in healthcare, thus by lowering hospital-acquired infec-
tions, there will be noticeable savings in different costs of
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hospitalized patients. It is the most common cause of death
among hospital-acquired infections.®* HAP is defined as pneu-
monia that happens 48 h or more after reception of the patient,
which was not incubated at the time of admission* Up to 6.8%
of patients who were admitted to intensive care units (ICUSs)
were exposed to nosocomial pneumonia. Several pathogens
have been proven to be the cause of pneumonia in hospitalized
patients.®

A set of six organisms (Staphylococcus aureus, P. aeruginosa,
Klebsiella species, Escherichia coli, Acinetobacter species, and
Enterobacter species) cause almost 80% of hospital-acquired
pneumonia episodes.® P. aeruginosa is an opportunistic bacte-
rium that can cause infections from mild to severe, which are
a threat to life. It is known as a cause of hospital-acquired
infections. The eradication of P. aeruginosa is challenging
because of its different resistance mechanisms, such as low

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra08476d&domain=pdf&date_stamp=2025-02-15
http://orcid.org/0000-0002-7356-7249
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08476d
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA015007

Open Access Article. Published on 17 February 2025. Downloaded on 7/24/2025 4:48:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

outer membrane permeability, efflux mechanisms, mutations
in genes targeted by antibiotics, biofilm formation, and various
virulence factors.” It is one of the most common pathogens in
hospitals due to innate resistance against different antibiotics
and antiseptics, and its ability to live in humid and biofilm-
forming conditions. P. aeruginosa associated HAP mortality is
the highest owing to the high pathogenicity of P. aeruginosa, as
well as the administration of unsuitable antibiotic therapies for
MDR isolates.?

Klebsiella pneumoniae is one of the most threatening patho-
gens for healthcare systems that can cause HAL*' K. pneumo-
niae through different virulence factors, such as fimbria types 1
and 3, lipopolysaccharides and its outer cell membrane, can
escape from the host immune system and produce a biofilm.
Due to the increasing spread of multi-drug resistant (MDR)
strains of this microorganism and fewer treatment options, it
has become a serious threat.”'*

Biofilm-related infections are more common in hospital
environments due to their rebellious existence and difficulty in
treatment. It is estimated that biofilms cause more than 65% of
hospital-acquired infections, about 80% of chronic infections,
and 60% of all human bacterial infections." Biofilm-related
infections cause an increase in patient mortality, prolonged
stay in hospitals, and high costs. Gram-positive and Gram-
negative microorganisms can both cause HAP. Among them,
P. aeruginosa and K. pneumoniae can produce more biofilm than
other biofilm-producers.>*¢

The strong emergence of multidrug resistance pathogens
shows a need for an improvement in new alternative treatment
methods. One of those methods is the use of nanoscale mate-
rials.”” These nanoparticles can be used as antimicrobial agents
due to their ability to penetrate bacterial membranes and
disrupt biofilms.'® Because of their selectivity and ability to
succeed in biological and pharmaceutical uses, metallic nano-
particles have gained a lot of attention. Most metal oxide
nanoparticles, such as TiO,, ZnO, MgO, CuO, SiO,, and CoO,
have demonstrated good antimicrobial properties.*

Nanoparticles are promising tools for dealing with biofilms
because pathogens with antibiotic resistance mechanisms
cannot be resistant to nanoparticles.*® Until now, several
nanoparticles have shown a greater antibiofilm effect than
classic antibiotics.”* For a nanoparticle to be considered a good
antimicrobial agent, it must have the ability to bind, inhibit, or
slow down the growth of microorganisms. Binding happens
because of a positive zeta potential that can improve the inter-
action between nanoparticles and the pathogen's cell
membrane. This interaction can destroy the cell membrane and
decrease vitality or cause greater penetration. The antimicrobial
activity of nanoparticles is related to their size, form, and
charge.”

Titanium dioxide is a metallic nanoparticle with strong
photolytic capability for environmental cleaning and disinfect-
ing, with different functions in medical and biological fields,
like drug and gene transfer.” Titanium dioxide nanoparticles
show good antimicrobial and antibiofilm activity, because of
their stability and size. These functions happen because of their
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ability to go through the bacterial cell wall and interact with the
cell membrane.”

Copper oxide shows strong antimicrobial activity against
Gram-positive and Gram-negative microorganisms. It inhibits
the growth of 99.9% of pathogens within 2 h.*® Two of the
effective characteristics of copper nanoparticles are their small
size and high surface area to mass ratio. The exact mechanism is
unknown.”® Accumulation of copper nanoparticles on the cell
surface can induce a reduction in membrane integrity and
subsequently cause cytoplasmic leakage.” When they have
crossed the cell membrane, copper nanoparticles can inactivate
proteins, and induce DNA damage and apoptosis by interacting
with the thiol groups of intracellular proteins.”® The effect of
a combination of nanoparticles opens up a new avenue where the
desirable and useful properties of each of the nanoparticles, such
as their optical and mechanical properties, can be combined.*
The antimicrobial properties of both TiO, and CuO nanoparticles
alone or as composites or coated on surfaces have been reported
previously.**** However, limited information is available on the
potential antimicrobial activity of Cu,Ti,Os nanoparticles.
Therefore, the development of Cu,Ti,Os nanostructures with
antimicrobial properties is of considerable interest.

Our research focused on synthesizing Cu,Ti,Os nano-
particles and evaluating their impact on the growth and biofilm
formation of P. aeruginosa and K. pneumoniae, which were iso-
lated from respiratory infections. Additionally, we investigated
the potential anticancer properties of these nanoparticles.

2. Materials and methods

2.1. Fabrication of Cu,Ti,O5 nanostructures

Cu,Ti,Os5 nanostructures were prepared by the Pechini method.
This synthesis method was achieved by preparing two separate
solutions as follows: first, a stoichiometric amount of 0.165 g of
copper(u) nitrate trihydrate (Merck, Cu(NO;), -3H,0, CAS 10031-
43-3) was dissolved in 15 mL of ethyl alcohol (Merck, C,H;OH,
CAS 64-17-5) as solvent and was denoted solution “A”. Then,
solution “B” was prepared separately by simultaneously dis-
solving 0.233 mL of titanium(v) butoxide (Sigma, Ti(OBu),, CAS
97 5593-70-4) in 15 mL of ethyl alcohol (cation ratio Ti: Cu=1:
1). Then, 0.4 g of citric acid (Merck, CcHgO;, CAS 77-92-9) was
completely dissolved in 10 mL of ethyl alcohol, added to solu-
tion “A” and stirred for 30 min to enhance the complexation
process. After that, both solutions “A” and “B” were mixed
under vigorous stirring. Then 0.114 mL of ethylene glycol
(Sigma, (CH,OH),, CAS 107-21-1) was added and heated to 90 °C
to obtain a viscous gel. The molar ratio of metal ions to citric
acid : ethylene glycol was 1:3:3. Finally, the viscous gel was
placed in an oven at 80 °C to dry, and the dried powder was
calcined in an alumina crucible at different temperatures (700 °
C (Sample 1), 800 °C (Sample 2), 900 °C (Sample 3)) for 2 h
(Scheme 1).

2.2. Characterization of nanoparticles

The structural features and nature of the functional groups
associated with the nanoparticles were characterized by Fourier
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Scheme 1 Schematic fabrication of Cu,Ti,Os as the active material for antibacterial application.

transform infrared spectroscopy (FTIR) in KBr pellets using
a Shimadzu Varian 4300 spectrophotometer in the range 400-
4000 cm ™. X-ray diffraction (XRD) patterns were obtained using
an X'Pert PRO X-ray diffractometer (Philips), sieved through
copper Ka irradiation (A = 15.4 nm). An energy dispersive X-ray
(EDX) analysis device with a 20 kV stimulating charge was used
for elemental analysis, determining the electronic state, and
chemical characterization. The surface morphology of the
nanoparticles was studied through scanning electron micros-
copy (SEM, LEO-1455VP), and morphological investigation and
analysis of particle size distribution were performed with
a transmission electron microscope (TEM, Philips EM208S).

2.3. Bacterial strains

Twenty clinical samples of P. aeruginosa and K. pneumoniae were
isolated from patients with respiratory infections, who were
hospitalized in Shahid Beheshti Hospital, Kashan, Iran. Addi-
tionally, two standard isolates of Kiebsiella pneumoniae ATCC
10031 and Pseudomonas aeruginosa ATCC 27853 (prepared by
the Department of Microbiology, Kashan University of Medical
Sciences) were selected as reference controls. The clinical
isolates were cultured in blood agar, MacConkey agar, and EMB
agar media. After 24 h of incubation at 37 °C, suspicious colo-
nies were examined macroscopically and microscopically, and
isolates were confirmed via Gram staining and standard
biochemical tests. Then they were stored in trypticase broth
medium and glycerol (70 : 30, respectively) (Merck-Germany) at
—70 °C for use in the next steps.

2.4. Determination of MIC and MBC

The microdilution method was used to evaluate the minimum
inhibitory concentration (MIC) of titanium copper oxide nano-
particles for both P. aeruginosa and K. pneumoniae. Serial dilu-
tion of nanoparticles was used in a 96-well microtiter plate in
the range of 9.7-2500 pg mL ™"

All tests were conducted in Mueller-Hinton broth, followed by
mixing of nanoparticles in 20% dimethylsulfoxide (DMSO). 100 pL
of Mueller-Hinton broth culture medium were added to a 96-well
microtitre plate. Then, 100 pL of nanoparticles were added to the
first well and diluted up to well 9, and 100 pL of the ninth well were
discarded. Finally, 10 uL of bacterial suspension (dilution 1/20)
was added to all the wells except for wells 10 and 12. Similar
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experiments were conducted for the negative control (100 puL of
culture medium) and the positive control (culture medium +
bacterial suspension). To ensure the correctness of the experiment,
one well was considered as a control substance (only 100 pL of the
desired substance). The microplates were then placed in a 37 °C
incubator for 24 h. The lowest dilution at which no turbidity was
observed was considered the MIC.** The lowest concentration of
nanoparticles that kills =99.9% (3 log) of the bacteria was also
determined as the MBC. For this, samples were taken from the
wells showing no growth, spread onto nutrient agar plates, and
incubated at 35 °C for 24 h. The MBC was determined based on the
3 log decrease in the viable population of the bacteria.*

2.5. Determination of inhibition of biofilm formation

2MIC, MIC, and 1/2MIC concentrations of nanoparticles were
selected. Firstly, the bacteria were cultured in Luria-Bertani
medium for 24 h at 37 °C. After that, fresh Luria-Bertani
medium was used to dilute the samples, and the samples
cultured in Luria-Bertani were first brought to 0.5 McFarland
with fresh Luria-Bertani culture medium and then diluted 1:
100. 100 pL of nanoparticles in three concentrations of 2MIC,
MIC, and 1/2MIC were added to each well. For each nano-
particle concentration, three wells were allocated for each
isolate. 100 pL of each diluted sample were added to the wells of
a 96-well microplate. For each isolate, three wells were allocated
for each concentration and sample, 200 pL of BHI culture
medium was used as a negative control, and bacteria plus
medium were used as a positive control. The microplate con-
taining the samples was incubated at a temperature of 37 °C for
24 h. Next, the wells were washed once with PBS and dried at
room temperature. To fix the samples, 200 pL of methanol was
added to the wells for 20 min and allowed to dry at room
temperature. Crystal violet (0.2%, 200 uL) was added to the wells
for 10 min. The crystal violet dye was washed with distilled
water and allowed to dry. 200 pL of 33% acetic acid were added
to each well, and 15 min later the absorbance was measured at
570 nm using an ELISA reader. Finally, the biofilm inhibitory
percentage was calculated with the following formula:*®
Percentage reduction = 100 x ((C — B) — (T — B))/((C — B)); C =
average biofilm formed; T = the average of wells containing
bacteria under the effect of nanoparticles; and B = average of
wells containing medium.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.6. Determining the anti-cancer properties of nanoparticles

All the procedures were performed under a Class II laminar flow
hood. In the MTT method, to check the cytotoxicity, a suspen-
sion containing 100 000 A549 cells per mL (human lung carci-
noma epithelial cells) was first prepared. For each 96-well plate,
about 9.6 mL of cell suspension was needed. To prevent evap-
oration of the wells, the required humidity was provided inside
the incubator. Each test required at least three replicates and 7-
8 control wells.

The suspension was prepared by scraping the cells from the
bottom of the flask. The previous culture medium was removed
from the flask, and then the cells were separated from the
bottom of the flask using trypsin. A milliliter of trypsin was
added to the cells and then placed in a 37 °C incubator for 3-
5 min, and the cells were separated from the bottom of the flask.

Then, a fresh culture medium containing 8.5 mL of DMEM
medium and 1.5 mL of serum was added to the chosen flask.
The cells were well separated from the bottom of the well by
multiple pipetting. Next, 100 pL of the suspension was added to
each well. About 10 000 cells were placed in each well. The plate
was placed in 37 °C incubator for 18-24 h. After 24 h, 80% of
each well was filled with cells. Then, a two-fold serial dilution of
nanoparticles was prepared. 100 puL of each dilution was added
to half of the wells. Half of the wells contained 100 uL of culture
medium containing cells and 100 pL of nanoparticle dilutions
(48 h).

Only a blank medium was added to the control wells. Then
the plate was incubated in a 37 °C incubator with 95% humidity
and 5% carbon dioxide for 24 h. After 24 h, the nanoparticles
were added to the remaining wells with 80% cells in three
replicates at the same concentration. After 24 h, the medium
inside each well was emptied. 100 pL of the mixture of 10% MTT
solution with RPMI medium was added to each well. After
mixing, the plate was placed in a 37 °C incubator for 4 h. Then
the solution was emptied from the wells and 100 uL of DMSO
was added to each well. After combining the cells with DMSO,
the cell viability was obtained from a comparison of the
absorbance of each sample with the control sample at a wave-
length of 570 nm. The percentage of living cells, or the rate of
cell survival in the cytotoxicity test, was calculated based on the
following formula:*”

Percentage of viable cells = average absorbance of treated
samples/average absorbance of control samples x 100.

Transmittance (%)

4000 3000 2000

Wavenumbers (cm)”’

1000 400

Fig. 1 FTIR spectrum of Cu,Ti,Os nanostructures prepared in the
presence of citric acid at 900 °C for 2 h.
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3. Results

3.1. Characteristics of Cu,Ti,O5

3.1.1. FTIR spectrum. The FTIR spectrum of Cu,Ti,Os
nanostructures synthesized using the Pechini method at 900 °C
for 2 h is presented in Fig. 1. The bands observed at 3449 and
1632 cm™ ' were related to the stretching and bending vibrations
of the O-H groups in the water molecules adsorbed on the
surface of the nanoparticles. The FTIR band at the frequency of
2891 cm ™ corresponded to the ~CH, stretching vibration of the
remaining citric acid.®® The main typical bands at 682 and
532 cm ! were attributed to the vibrations of Ti-O* and Cu-
0** functional groups, respectively.

3.1.2. XRD patterns. X-ray diffraction (XRD) patterns were
used to investigate the effect of calcination temperature on the
crystallographic structure of the synthesized samples. As shown
in Fig. 2a, when the temperature of the calcine was 700 °C
(Sample 1), a mixture of two compounds, TiO, and CuO with
reference codes 01-077-0441 and 01-080-1917, was formed.
Sample 2, prepared at a calcination temperature of 800 °C,
showed the formation of the Cu,Ti,Os (00-024-0340) structure
as the main phase with impurity peaks corresponding to TiO,
rutile phase (01-077-0441), and TiO, anatase phase (00043-1029)
(Fig. 2b). In Fig. 2c, all the peak positions in the XRD pattern of
Sample 3 (prepared at a calcination temperature of 900 °C)
showed the formation of pure Cu,Ti,O5 nanoparticles without
any impurity peaks.

3.1.3. EDX analysis. The EDX technique was used to check
the composition and purity of the optimal sample. As can be
seen in Fig. 3, the presence of Cu, Ti, and O elements with the

00-024-0340:Cu,Ti,0,
(c) ; #01-077-0441 :TiO,
701-080-1917:Cu0

#00-004-0477:TiO,

Intensity (a.u.)

2Theta (degree)

Fig. 2 XRD patterns of Cu,Ti,Os nanostructures prepared in the
presence of citric acid: (a) Sample 1 (b) Sample 2, and (c) Sample 3.
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Fig. 3 EDS spectrum of Cu,Ti,Os nanostructures, prepared in the
presence of citric acid at 900 °C for 2 h.

expected stoichiometric ratio was strong evidence for the
successful synthesis of Cu,Ti,Os nanoparticles.

3.1.4. Results for FESEM and TEM. One of the main
problems in the way of developing nanoscale products is trying
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to achieve a product with special characteristics and precise
control over the morphology. The Pechini method is considered
a very favorable process for the synthesis of alkaline-earth tita-
nates and niobates. In the flexible approach of the Pechini
method, solutions of metal salts and citric acid together were
used to prepare cationic metal complexes. At a temperature of
150 °C, the carboxylic groups of these complexes and hydroxyl
groups of ethylene glycol participated in the transesterification
reaction, and an internal polymer gel network was formed.
Uniformity and phase segregation were achieved by the
dispersion of raw materials in the polymer matrix. Finally, by
heating the gel at a high temperature, an oxide product was
formed. In this experimental work, the Pechini approach was
used for the first time for the synthesis of Cu,Ti,Os nano-
structures. For this purpose, SEM spectroscopy was used to
examine the morphology and particle size of the optimal
sample. Fig. 4a and b show SEM images of Cu,Ti,Os nano-
structures in the form of irregular polyhedral microstructures.
The particle size distribution plot produced using Digimizer
gave an optimal average sample size of 118.91 nm (Fig. 4c). The
results confirmed that metal ions in the presence of citric acid
as a chelating agent together with ethylene glycol create

Py Adieed
MIRA3 TESCAN

WD: 6.68 mm
Det: InBeam

SEM HV: 15.0 kV

(@ and b) FESEM micrographs of Cu,Ti,Os nanomaterials prepared in the presence of citric acid at 900 °C for 2 h. (c) Size distribution

diagram estimated by Digimizer software of Sample 3. (d) TEM image of Cu,Ti,Os nanostructures.
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Table 1 Determination of MIC value (ung mL™%) and MBC value (ug
mL~?) for clinical and standard isolates of K. pneumonia

Bacteria MIC MBC

K. pneumoniae 625-156.25 pg mL™' 625 pg mL ™"
K. pneumoniae ATCC 10031 156.25 ug mL ™" 312.5 pg mL ™"
P. aeruginosa 1250-625 pug mL " 1250 pg mL "

P. aeruginosa ATCC 27853 78.125 pg mL™* 312.5 pg mL ™"

a homogeneous polymer network and as a result a suitable
clustering of nanoparticles. To further investigate the
morphology of the products, TEM images of Cu,Ti,Os nano-
structures are shown in Fig. 4d. In Fig. 4d, it can be seen that
nanostructures containing irregular polyhedral shapes were
produced. In addition, the presence of suitably clustered
particles was confirmed by TEM images.

3.2. Antibacterial activity

3.2.1. Determination of the MICs and MBCs. As shown in
Table 1 and Fig. 5, the MIC values of Cu,Ti,Os against the K.
pneumoniae isolates ranged from 156.25 to 625 pg mL™ ", and for
P. aeruginosa ranged from 625 to 1250 ug mL™'. MBC is the
lowest concentration of antibacterial agent to kill bacteria
(showing no growth on an agar plate). The MBC for K. pneu-
moniae was 625 ug mL™", while P. aeruginosa showed an MBC
value of 1250 ug mL~". The MIC and MBC values for P. aerugi-
nosa showed that P. aeruginosa was less susceptible to Cu,Ti,Os.

3.2.2. Inhibition of biofilm formation. Most K. pneumoniae
isolates (80%) produced (37.5% weak, 25% moderate, and
37.5% strong) biofilm in BHI broth containing 1% (w/v) sucrose
(Table 2), while most P. aeruginosa isolates (90%) produced
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(55.5% weak, and 44.5% strong) biofilm (Table 3). Cu,Ti,O5
demonstrated a reduction in biofilm formation in clinical
isolates of P. aeruginosa and K. pneumoniae. The average
reductions were 86% and 89% at 2MIC, 74% and 78% at MIC,
and 53% and 54% at 1/2MIC concentrations, with no statisti-
cally significant differences observed between the results (P
value > 0.05) (Fig. 6a). The results of the effects of Cu,Ti,O5
nanoparticles on biofilm formation in standard isolates are also
shown in Fig. 6b. Cu,Ti,Os at the determined MIC concentra-
tion completely inhibited biofilm formation in 25% (2 out of 8)
K. pneumoniae isolates and 11.1% (1 out of 9) P. aeruginosa
isolates. Additionally, in 75% (6 out of 8) of K. pneumoniae
isolates and 55.5% (5 out of 9) of P. aeruginosa isolates, the
optical density significantly reduced biofilm formation from
moderate or strong to weak. In culture media that contained
a sub-MIC of Cu,Ti,Os, a reduction in biofilm formation was
observed in 75% of K. pneumoniae isolates and 44.4% of P.
aeruginosa isolates; none of the K. pneumoniae and P. aeruginosa
isolates showed full inhibition of biofilm formation at this
concentration of Cu,Ti,O5. Our results showed that the effect of
Cu,Ti,Os was much greater for isolates with strong biofilm
compared to isolates with weak biofilm.

3.3. Determining the anti-cancer activity of nanoparticles

The MTT test was used to determine the impact of Cu,Ti,Os
nanoparticles on the proliferation of A549 cancer cells taken
from lung cancer tissue. During this process, cancer cells that
filled 80% of each well (Fig. 7a) were treated with Cu,Ti,O5
nanoparticles for 24 and 48 h at various concentrations ranging
from 1.875 to 1000 pg mL ™" (Fig. 7b). Cu,Ti,O5 nanoparticles at
concentrations of 150-200 pug mL ™" and 30-40 ug mL™" cause

Fig.5 Determining the minimum inhibitory concentration of Cu,Ti,Os nanoparticles for clinical isolates of K. pneumoniae and P. aeruginosa (a)
and standard isolates of K. pneumoniae ATCC 10031 and P. aeruginosa ATCC 27853. (b) Repeated twice by the microdilution broth method.

Table 2 The effect of Cu,Ti,Os nanoparticles on biofilm formation of K. pneumoniae strains

Treatment with 2MIC of

Treatment with MIC of

Cu,Ti,O5-NP Cu,Ti,05 Treatment with sub-MIC of Cu,Ti,O5-NP
Biofilm No Cu,Ti,O5-NP No biofilm Weak No biofilm Weak No biofilm Weak Moderate
Weak 3 (37.5%) 2 (66.6%) 1(33.4%) 1(33.4) 2 (66.6%) — 3 (100%) —
Moderate 2 (25%) 1 (50%) 1 (50%) 1 (50%) 1 (50%) — 2 (100%) —
Strong 3 (37.5%) 1(33.4%) 2 (66.6%) — 3 (100%) — 1 (33.3%) 2 (66.7%)
Total 8 4 (50%) 4 (50%) 2 (25%) 6 (75%) — 6 (75%) 2 (25%)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The effect of Cu,Ti,Os nanoparticles on the biofilm formation of P. aeruginosa strains

Treatment with 2MIC of

Treatment with sub-MIC of Cu,Ti,O5-

Cu,Ti,05-NP Treatment with MIC of Cu,Ti,Os NP
Biofilm No Cu,Ti,O5-NP No biofilm Weak No biofilm Weak Moderate No biofilm Weak Moderate
Weak 5 (55.5%) 2 (40%) 3 (60%) 1 (20%) 3 (60%) 1 (20%) — 3 (60%) 2 (40%)
Moderate — — — — — — — — —
Strong 4 (44.5%) 1 (25%) 3 (75%) - 2 (50%) 2 (50%) — 1 (25%) 3 (75%)
Total 9 3 (33%) 6 (66.6%) 1 (11.1%) 5(55.5%)  3(33.3%) — 4 (44.4%) 5 (55.6%)
Clinical isolates Standard isolates
100 100
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Fig.6 Comparison of the effects of Cu,Ti>»Os nanoparticles on biofilm formation of (a) clinical isolates (P value > 0.05) and (b) standard isolates of
Pseudomonas aeruginosa and Klebsiella pneumonia.

50% death of a549 cancer cells (IC50) in 24 and 48 h, respec-
tively (Fig. 8). These findings indicated that the effect of the
nanoparticles on the growth of lung cancer cells was more
obvious during the first 24 h of treatment. The results suggested
that Cu,Ti,Os nanoparticles could be promising anti-cancer
agents to inhibit the proliferation of lung cancer cells.

4. Discussion

Hospital-acquired pneumonia (HAP) is one type of hospital-
acquired infection that most frequently results in death.** Two
of the most important pathogens that cause HAP are K.

pneumoniae and P. aeruginosa, which, with the formation of
biofilms, cause patients to stay in hospital for a long time and
increase patient mortality and significant costs for healthcare
providers.*** The spread of antibiotic resistance and the emer-
gence of resistant pathogens has increased interest in alterna-
tive therapeutic strategies. One alternative strategy is the use of
metal nanoparticles, whose potential effects have been
observed on bacterial isolates.*® In this research, Cu,Ti,O5
nanoparticles were synthesized for the first time by the Pechini
method, and the XRD results showed the formation of peaks in
Sample 3 (900 °C), which confirmed the purity of the Cu,Ti,O5
nanoparticles. According to SEM, the Cu,Ti,Os nanoparticles

Fig. 7

(a) Microscopic images of the A549 cell line, showing the cells in the well that have filled 80% and are considered as a control. (b) The

effect of nanoparticles on the cancer cells following the MTT assay, which caused a reduction in the proliferation of cancer cells.
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in vitro cytotoxicity effect on A549 cancer cells, after 24 h, IC50

concentrations were 150 to 200 ug mL ™ against A549, and after 48 h, IC50 concentrations were 30 to 40 ug mL™. Three experiments were used
to express the data using mean + SD, and cytotoxicity (%) was expressed as compared to untreated controls (*P < 0.05).

have an irregular polyhedral form with an average size of
118.91 nm, consistent with research by Valian et al. in 2022. In
that study, a nanocomposite of chitosan and Ho,Ti,O; was
synthesized using the sol-gel auto combustion method with
a size of 30 to 60 nm.* In our study, ethylene glycol was used as
a hydroxyl group donor, and citric acid as a chelating agent.

Several studies indicated that TiO, and CuO nanoparticles
exhibited antibacterial activity against K. pneumoniae and P.
aeruginosa (Table 4).**** In this study, it was found that
Cu,Ti,O5 nanoparticles hindered the growth of P. aeruginosa
and K. pneumoniae at concentrations ranging from 625 to 1250
ng mL ™" and 156.20 to 625 ug mL ™, respectively. The MIC for K.
pneumoniae ATCC 10031 and P. aeruginosa ATCC 27853 were
determined to be 78.125 and 156.25 ug mL ™", respectively. A
study conducted by Moorthy Maruthapandi et al. in 2020 re-
ported that TiO, and CuO nanoparticles did not have any
significant antibacterial effects on standard isolates of P. aeru-
ginosa PAO1 or K. pneumoniae ATCC 700603. However, when
they were combined with PANI (TiO,-PANI, CuO-PANI), their
antibacterial effects were enhanced, inhibiting the growth of
these bacteria at a concentration of 1 mg mL~".*’ The difference
in the antibacterial effects may be attributed to the different
methods used to determine MIC in the two studies. The agar
dilution method was used in Moorthy Maruthapandi's study,
while the broth microdilution method was used in our study.
Additionally, the difference in the isolates used may have
contributed to the variation in results. In our study, Cu,TiOs
nanoparticles inhibited the growth of K. pneumoniae ATCC
10031 and Pseudomonas aeruginosa ATCC 27853 at MIC
concentrations of 78.125 and 156.25 ug mL™". A study con-
ducted by Sabar Jabbar Shawkat et al. in 2021 revealed that TiO,
nanoparticles had inhibitory effects at concentrations of 1.208
and 1.166 mg mL ™' against P. aeruginosa and K. pneumoniae
isolated from urinary tract infections,* which were consistent
with our findings.

In a study conducted by Fatma Y Ahmed et al. in 2020, it was
found that TiO, nanoparticles at concentrations ranging from 8

© 2025 The Author(s). Published by the Royal Society of Chemistry

to 64 pg mL ™" were able to inhibit the growth of Pseudomonas
aeruginosa. This significant difference in the MIC results may be
due to the size of the nanoparticles (the size of the TiO,
synthesized in their study was 64.77 nm), but in our study, the
average size of the Cu,Ti,O5 nanoparticles was 118.91 nm. The
size of the nanoparticles is important because the smaller size
of the nanoparticles improves interactions with the bacterial
cell surface and strengthens their antibacterial effects.
However, it is important to note that the clinical samples in
Fatma Y Ahmed et al‘s study consisted mostly of non-
respiratory infections (24 out of 25 isolates) and were not
related to hospital-acquired respiratory infections, which may
be different in response and resistance to nanoparticles.*

The formation of biofilm related to Pseudomonas aeruginosa
and Klebsiella pneumoniae contributes significantly to the
spread of antibiotic resistance and infection caused by these
bacteria.®** In the present study, it was shown that Cu,Ti,Os
nanoparticles have a significant impact on the formation of
biofilms by K. pneumoniae and P. aeruginosa. Cu,Ti,Os nano-
particles at MIC concentration completely inhibited biofilm
formation in 25% of K. pneumoniae and 11.1% of P. aeruginosa.
In 75% of K. pneumoniae and 44.4% of P. aeruginosa, it had
reduced strong and medium biofilm to weak biofilm. A study
conducted by Sabar Jabbar Shawkat et al. in 2021 reported that
TiO, at a concentration of 1.568 mg mL " reduced biofilm
formation by Pseudomonas aeruginosa PTCC 1690 by 21% and K.
pneumoniae PTCC 1290 by 48%.*® The difference between the
results of that study and our study may be due to the type of
samples collected, as in our study, isolates related to HAP were
collected, but in Sabar Jabbar Shawkat's study, standard isolates
were used. Also, Cu,Ti,Os nanoparticles probably have greater
ability to interact with and penetrate bacterial cells and inhibit
biofilm formation due to their polygonal shape and
dimensions.

Another study conducted by Minha Naseer et al. showed that
CuO synthesized with Cassia fistula extract inhibited K. pneu-
moniae biofilm formation by 99.8%. The difference in the
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Table 4 Studies that have been conducted on the antibacterial, antibiofilm, and anticancer properties of copper and titanium nanoparticles

Nanoparticles Size of nanoparticles Properties References
Nanocomposite of chitosan 30 to 60 nm Synthesis by sol-gel method 44
and Ho,Ti,0,
TiO,-PANI and CuO-PANI 5 pm These nanoparticles inhibited the growth of P. 47
nanoparticles aeruginosa PAO1 and K. pneumoniae ATCC
700603 in the agar dilution method at
a concentration of 1 mg ML ™"
TiO, nanoparticles 10 to 25 nm TiO, nanoparticles had inhibitory effects at 48
concentrations of 1.208 and 1.166 mg mL "
against P. aeruginosa and K. pneumoniae isolated
from urinary tract infections
TiO, nanoparticles 64.77 nm TiO, nanoparticles at concentrations of 8 and 64 49
pg mL " inhibited the growth of P. aeruginosa
isolated from non-respiratory infections
TiO, nanoparticles 10 to 25 nm TiO, at a concentration of 1.568 mg mL ™" 48
reduced biofilm formation by P. aeruginosa
PTCC 1690 by 21% and K. pneumoniae PTCC
1290 by 48%
CuO synthesized with 43.8 nm CuO synthesized with Cassia fistula extract 52
Cassia fistula extract inhibited K. pneumoniae biofilm formation by
99.8%
CuO nanoparticles 90 to 250 nm CuO nanoparticles synthesized with Moringa 54
synthesized with Moringa oleifera at a concentration of 1000 ug mL ™~
oleifera inhibited the formation of K. pneumoniae by
92%
TiO, synthesized with Aloe 20 nm TiO, synthesized with Aloe barbadensis Mill. 60
barbadensis Inhibited biofilm formation by 47.04% in K.
pneumoniae MTCC 2453
TiO, nanoparticles 13 to 34 nm TiO, nanoparticles synthesized with Cynodon 55
synthesized with Cynodon dactylon had IC50 of 140 to 200 pg mL ™" for the
dactylon A549 cell line
Zinc oxide doped TiO, 5 to 50 nm Zinc oxide nanoparticles and TiO, crystals had 56
nanocrystals IC50 of 170 pg mL ™" for the A549 cell line
TiO, nanoparticles 10 to 25 nm TiO, inhibited MCF-7 growth by 41.30 and 57
56.33% at concentrations of 170 and 200 pg
mL 'in48h
TiO, nanoparticles 15.5 to 169.5 nm No significant inhibition was observed when 58

results may be due to the difference in the isolates used. In the
study by Minha Naseer et al., a single K. pneumoniae isolate was
identified from non-hospital-acquired pneumonia.”* However,
in our study, 10 isolates were recovered from hospital-acquired
respiratory infections, which may show differences in resistance
factors and the strength of biofilm formation.

The difference in the size and shape of nanoparticles may
also be effective in inhibiting biofilm formation.*® In a study
carried out by Boliang Bai et al. in 2022, it was reported that CuO
nanoparticles synthesized with Moringa oleifera with dimen-
sions of 90 to 250 nm at a concentration of 1000 ug mL ™"
inhibited the formation of K. pneumoniae by 92%.>* In 2019, ]J.
Rajkumari et al. showed that TiO, synthesized with Aloe bar-
badensis Mill. with an average size of 20 nm and relatively
spherical shape inhibited biofilm formation by 47.04% in K.
pneumoniae MTCC 2453.%°

Several studies have been conducted on the anticancer
effects of nanoparticles (Table 4). In the present study, the anti-
cancer effects of Cu,Ti,Os nanoparticles were measured by an

5132 | RSC Adv, 2025, 15, 5124-5134

V79 Chinese hamster lung fibroblast cells were
exposed to concentrations up to 400 ppm TiO,

MTT test, and it was observed that Cu,Ti,O5 in concentrations
of 150 to 200 pg mL ™" and 30 to 40 ug mL™* at 24 and 48 h
caused the death of 50% of A549 cancer cells (IC50), which was
consistent with studies conducted by Hariharan et al. in 2017
and K. Kaviyarasu et al. in 2017. In the study by Hariharan et al.
in 2017, it was reported that TiO, nanoparticles synthesized
with Cynodon dactylon had an IC50 of 140 to 200 ug mL ™~ * for the
A549 cell line.* In the study by K. Kaviyarasu et al., it was re-
ported that zinc oxide nanoparticles and TiO, crystals had an
IC50 of 170 ug mL ™" for the A549 cell line.*® In another study,
Hoda Lothian reported that TiO, did not show any significant
effect on MCF-7 at 24 h, but in 48 h, at concentrations of 170
and 200 pg mL ", it inhibited MCF-7 growth by 41.30% and
56.33%, respectively.”” Keith B. Male et al. reported that no
significant toxicity/inhibition was observed when V79 Chinese
hamster lung fibroblast cells were exposed to concentrations up
to 400 ppm of TiO,.*® The results obtained from the present
study on the A549 cell line indicated the significant effects of
Cu,Ti,05 on inhibiting the growth of cancer cells, which may be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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due to the small size of the nanoparticles and their polygonal
shape, which improved their surface reactivity.>

The findings of this study showed that Cu,Ti,O5 nanoparticles
have the potential to prevent the growth of cancer cells and also
to suppress biofilm growth in both K. pneumoniae and P. aeru-
ginosa isolates. However, further research is necessary to deter-
mine the effects of these nanoparticles in in vivo conditions.

5. Conclusions

Cu,Ti,05 nanoparticles were successfully synthesized for the first
time using the Pechini method. Their characteristics were
investigated using XRD, FTIR, SEM, TEM, and EDX analysis. The
antibacterial and antibiofilm effects of Cu,Ti,O5 were evaluated,
and it was discovered that it has the ability to control hospital-
acquired pneumonia infections associated with K. pneumoniae
and P. aeruginosa. Cu,Ti,O5 was also found to have significant
effects in inhibiting the growth of A549 lung cancer cells.
However, for the use of this nanoparticle in clinical applications,
including ventilators and hospital environments, its effects on
more isolates and in in vivo conditions, and the stability of the
nanoparticle in the environment need to be investigated.
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