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A hydrothermally synthesized CeCuOs perovskite nanomaterial has been used as a disinfectant against
microorganisms causing urinary tract infections (UTls). The synthesized CeCuOs nanoparticles have
been characterized by using the X-ray diffraction (XRD) technique, Fourier transform infrared (FTIR)
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spectroscopy, scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDAX), transmission
electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), and X-ray
photoelectron spectroscopy (XPS) techniques for the determination of the complete structure,

morphology, and elemental compositions. The obtained in vitro disinfectant results show promising
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1. Introduction

The application of nanotechnology has a profound influence on
the biological environment. The advantages of nanotechnology
deal with synthesized materials within the nanometer scale
range having a large surface area. Several studies have demon-
strated that chemically produced metal oxide nanoparticles
have intrinsic antibacterial properties against Gram-positive
and Gram-negative bacteria.'™ Researchers have discovered a
wide range of applications for perovskite-type metal oxide
nanoparticles, with the majority of them focusing on
photocatalysis,” photo-electrocatalytic treatment of water,®
photovoltaics,” high-temperature superconductivity, piezoelec-
tricity, ferroelectricity, pyroelectricity, and them displaying
photochemical and electrochemical properties.®*® The
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activity toward urinary tract infection microorganisms.

crystallographic structure of perovskite oxide minerals is simi-
lar to that of CaTiOj3, with the general formula of ABO; provid-
ing an ideal cubic phase structure. In this ideal cubic structure,
the corner position is occupied by atom A, and atom B is placed
at the body center, while face-centered positions are O atoms."”
Both atoms A and B are cations of different sizes, and O is the
anion. In lanthanide perovskite materials, “A”” can be a lantha-
nide metal or rare-earth metal as an inorganic cation, and “B”
can be a divalent metal ion."® The most frequent and remark-
able studies on lanthanum-based perovskite oxides have dif-
ferent types of catalytic properties."”>' Most of the research
papers are based on the energy-related corner. However, bac-
terial disinfection application of La-based perovskite oxides is
limited. There are only a few articles that have been published
on the biological activity of either perovskite metal oxide or
doping of metals into perovskites.

After respiratory tract infection, the second most common
type of infection is urinary tract infections (UTI) caused by
Gram-negative and Gram-positive bacteria and some fungal
strains in the body. In terms of severity, it’s comparable to a
global epidemic. It remains a serious public health issue that is
linked to significant morbidity. In clinical treatment, antibio-
tics are one of the most used medicines that help to cure UTIs
in the body. Antibiotics are a common class of organic mole-
cules with some inorganic elements binding. Nowadays,
researchers are trying to find the potential anti-
microorganism ability of pure inorganic nanomaterials by
in vitro experiments on infection-causing microorganisms.
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Abirami et al. reported ZnTiO; perovskite nanoparticles having
potential antibacterial activity against S. aureus and Vibrio
strains with a maximum growth inhibitory concentration
value.>® Jadhav et al. found the positive antibacterial activity
of LaNiO; perovskite against S. aureus and negative results on
C. albicans fungi as an antifungal agent.”® LaFeO; and LaCoO;
nanomaterials are shown as antibacterial agents reported
elsewhere.>* The inactivation of E. coli in an aqueous medium
was studied using LaFeO; nanoparticles under solar light. The
photocatalytic destruction of bacterial (E. coli) cell walls could
be a promising alternative treatment for pathogenic
microorganism-contaminated water.”> In the present work,
cerium-based perovskite (CeCuO;) was prepared using the
hydrothermal method and the antibacterial and antifungal
activity of CeCuO; nanoparticles was reported for the first time.

2. Materials tools and methodology

2.1. Preparation of CeCuO; nanoparticles

The hydrothermal method was used to make perovskite nano-
materials, as previously reported.® In a typical hydrothermal
synthesis procedure for CeCuO; perovskite nanomaterials,
equimolar concentrations of about 0.045 M of Ce(NO3);-6H,0
and Cu(NOj3),-3H,0 were dissolved in 20 ml of double distilled
water, and the resulting solution was stirred. About 2M glycine
was added to this homogenous solution dropwise. Finally, with
the addition of lab grade 23% (w/w) NHj3 solution, the pH of the
whole solution was maintained at 7 to 8. The reaction was
carried out hydrothermally in a stainless steel tank containing
Teflon for 4 hours at 180 °C in a hot air oven. After the reaction
period, the reaction mixture was allowed to cool for 2 hours and
then rinsed numerous times with doubled distilled water,
ethanol, and acetone, followed by centrifugation. The samples
were dried at 100 °C for four hours and after that, they were
collected. Finally, the items were calcined for 4 hours at 800 °C.

2.2. Maintenance of microbial cultures

The pathogenic tested samples are Escherichia coli MTCC614
(Gram-negative), Staphylococcus aureus MTCC7443 (Gram-
positive), and fungal strain Candida albicans (CRLF111) pro-
cured from the Institute of Medical Sciences and SUM Hospital
Bhubaneswar, Odisha, India. The bacterial strains E. coli and S.
aureus were inoculated in Muller-Hinton broth medium for 24—
48 hours, while the fungal strain C. albicans was inoculated in
Sabouraud dextrose broth medium for antimicrobial assay.

2.3. Preparation of the inoculum

Preliminarily, an agar well diffusion assay was performed
against urinary tract infection-causing bacteria using the
spread plate technique.?” In brief, 25 ml of Muller-Hilton agar
each for E. coli and S. aureus and Sabouraud dextrose agar for C.
albicans were spread onto Petri plates that had been sterilized
and allowed to dry; 6-mm-diameter wells were bore into the
Petri plates.
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2.4. Antimicrobial assay

The tested sample CeCuO; was dissolved in DMSO for experi-
mental analysis and the standard drugs ciprofloxacin and
ketoconazole was used for bacterial and fungal assessment.
Each bored well was aliquoted 80 pl of CeCuO; (conc. 8 pg
ml ") and standard drugs also. Following 24-72 hour incuba-
tion at 37 °C £ 1, the inhibition zones were observed and
measured by the zone of inhibition scale.””*°

3. Instrumental details: spectroscopy
and microscopic analysis

The X-rays, a non-destructive analytical technique with a wave-
length (2) of 1.5418 A, interact with the synthesized materials
for solid-state characterization to determine the crystal struc-
tures. Powder X-ray diffraction (PXRD) patterns were collected
from an X-ray diffractometer (Model: Rigaku Advance, ULTIMA-
IV) with monochromatic Cu Ko radiation. The most important
tool, scanning electron microscopy (SEM), was used to analyze
the growth of a nanostructure. It can capture images around
20-30000x magnification. Ordinarily, electron acceleration
voltages are in the range of 5-20 kV. The presented SEM image
was obtained from ZEISS (Gemini300), using an electron mag-
nifying instrument outfitted with EDS with a voltage of 5 kV.
HRTEM of the sample was performed in a JEM-2100 plus
instrument having a Charge Couple Device (CCD) detector with
working voltage: 80-200 kV, magnification of 1500000, and
resolution of 0.194 nm. The elemental constituents were ana-
lyzed by XPS measurement with a PHI5000 VersaProbe III
(Japan), operated at 20 kV.

4. Results and discussion

4.1. Characterization of CeCuO;nanoparticles

The crystal structures of the CeCuO; nanomaterials were con-
firmed by PXRD patterns shown in Fig. 1a. The PXRD pattern of
our synthesized material is matched with reported literature.®'
All the intense peaks between the scanning range 10°-80°
indicate high crystallinity of the prepared samples with a cubic
crystal structure. The XRD peaks at 20 = 28.6, 33.1, 35.7, 39.2,
47.5, 56.4, 59.1, and 69.4 are due to the (111), (110), (002),
(—202), (311), (211) and (200) planes, respectively. Using the
Debye-Scherrer equation, D = 0.9//f cos 0, the average particle-
size was calculated to be 45 nm by taking FWHM of the most
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Fig. 1 (a) PXRD and (b) FTIR graph of CeCuOs perovskite nanomaterials.
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intense peak. Further physical characterization was done to
confirm bond vibration between Ce-O and CuO; we took FTIR
spectra of the synthesized nanomaterials as shown in Fig. 1b.
The stretching mode of vibration of the O-Ce-O bond is
assigned to the peak seen at 450-560 cm ™~ *,*>** while the peaks
observed in between 600 and 1050 cm ™' have strong absorption
band Cu-O stretching along the [-202] direction.*** The O-H
vibrational stretching peak can be seen at 3434 cm '. In
addition to that, the bending vibrations of OH groups and
water molecules are assigned to the peaks at 1624 and 1397
Cm_1.33

The scanning electron microscopic result in Fig. 2 shows
that the nanoparticles are in an agglomerated spherical mor-
phology obtained by hydrothermal synthesis. Alongside this,
the extensive study by energy dispersive X-ray spectroscopy,
Fig. 3, reveals that the atomic wt% of Ce, Cu, and O was
confirmed at 20%, 15%, and 65%, respectively, which indicated
the formation of CeCuOj; perovskite stoichiometrically. This in-
depth study shows the formation of the CeCuO; nanomaterials
via simple chemical approaches and cost-effectively.

The transmission electron microscopic image of the CeCuO;
samples confirmed the typically agglomerated cubic structure
in Fig. 4a. The high transmission electron microscopic image is
shown in Fig. 4b and c, confirming the crystalline nature of the
NPs. Fig. 4c shows that the inter-planar spacing has been
measured at 0.21 nm, which corresponds to the (111) plane
of the cubic structure of CeCuOj;. The SAED patterns in Fig. 4d
confirm the polycrystalline nature, as these patterns exhibit
discontinuous rings with different orientations.*®

Further elemental oxidation state analysis was done for
conformations of combining metals which will clarify the
antibacterial mechanism on the basis of the oxidation state.
Fig. 5 shows X-ray photoelectron spectroscopy (XPS) patterns of
different elements present in the prepared material (CeCuOj3).
The survey of the catalyst is represented in Fig. 5(a), which
shows the presence of Ce, Cu, and O elements. The Ce 3d
spectra consist of mainly three spin-orbit-split doublets of 3d;,
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Fig. 3 EDX graph of CeCuO3 perovskite nanomaterials.

Fig. 4 (a) TEM image (b and c) HR-TEM images at different nano scale
ranges, and (d) SAED pattern showing the diffraction rings of CeCuOsx
perovskite nanomaterials.

and 3ds, followed by deconvolution into different constituent
components. Notably, the XPS profile shows that splitting the
multiplet into further components resulted in the appearance

(b) Ce3d

Intensity (a.u)
Intensity (a.u)

500 600 700 800 900 1000 870 830 89 900 910 920 930

EHT = 500 kV Signal A= SE2 Date: 21 Sep 2021 ZEISS
— WD = 6.7 mm Mag= 19.81KX Time: 17:56:49
Fig. 2 (a) SEM image of CeCuOs3 perovskite nanomaterials.

Binding energy (eV)

Binding energy (eV)

Cu2p

(© -

2p,,

Intensity (a.u)

Intensity (a.u)

(d) Ols

930 935 940 945 950 955 960
Binding energy (eV)

526 528 530 532 534 536 538 540
Binding energy (eV)

Fig. 5 XPS graph of (a) survey, (b) Ce-3d, (c) Cu-2p, and (d) O-1s.
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of six distinguished peaks with respect to Ce. The peaks
labelled as u, v, w, x, y and z at 880 eV, 885 eV, 896 eV, 899
eV, 905 eV and 914 eV are attributed specifically to CeO,
indicating Ce present in both +3 (896 eV) and +4 (880 eV)
oxidation states.>’*° Furthermore, the Cu 2p spectra (Fig. 5¢)
exhibit significant peaks at 934.2 eV and 954.2 eV corres-
ponding to Cu 2p;/, and Cu 2p,,, respectively, with a binding
energy difference of 20 eV. The obtained data are in good
agreement with the literature,’”** predominantly in the +2
oxidation state of Cu.*" Additionally, a low-intensity satellite
peak observed at 941.5-947.5 eV also confirms the presence of
Cu(n).*! In the case of O 1s (Fig. 5(d)), the peaks at 528 eV and
529.9 eV correspond to hydroxyl and lattice oxygen.

In addition, the most important, ie. stability of CeCuO;
perovskite, Goldschmidt tolerance factor was calculated. In
CeCuOj; perovskite-type oxides, the rare earth cation (Ce®" =
A) has dimensions of 1.15 A (R, > 0.90 A) and the transition
metal, i.e. (Cu** = B) is one for which the ionic radius is 0.73 A
(Rg > 0.51 A). Here, as shown, both of the cations are in good
agreement with the limits of “tolerance factor” ¢ (0.8 < ¢t < 1.0)
defined by Goldschmidt.”® Using eqn (1), we calculated the
tolerance factor and found it to be 0.8490 A, which lies between
the ranges of 0.8 to 1.0 for stable perovskite formation.

R R
(= RatRo) (1)
V2(Rg + Ro)
where, Ry, Rg and Ry are the ionic radii for A, B and O,
respectively.

4.2. Antibacterial and antifungal study of CeCuO;
nanoparticles

Nanomaterials have promising antibacterial and antifungal
activity because of the nano-sized particles and generation of
reactive oxygen species (ROS) on the surface of the samples,
which leads to oxidative stress in cells of microorganisms; still,
the exact mechanism is unclear.*”"® Recently, Wang et al.
proposed the catalytic activity of perovskite oxide nanomater-
ials and certified them as nano-enzymes, which can possibly be
used in anti-biofouling coatings for medical devices and bioi-
maging antibacterial agents.*® Using CeCuO; perovskite oxide
nanoparticles, the antibacterial study was tested against Gram-
negative strains of Escherichia coli and Gram-positive strains of
Staphylococcus aureus by the agar well diffusion assay with
standard drugs. To test the antibacterial effectiveness with
minimum inhibitory concentration (MIC) of CeCuO; nano-
particles, Escherichia coli and Staphylococcus aureus bacteria
were spread over the freshly prepared Muller-Hinton agar (25
ml) media. The culture Petri plates were bored with wells of 6
mm-diameter and various concentrations of CeCuO;-NPs as 2,
4,6, and 8 ug ml~" in DMSO were poured and kept for 24-48 h
at 37 £ 1 °C. Simultaneously, we did the same procedure by
taking the standard drug ciprofloxacin (conc. 8 pg ml™"). After
48 h, we noticed the effectiveness of antibacterial activity
against both bacteria. It was shown that the antibacterial
activity of perovskite starts from a concentration of 6 ug
ml~'. The zone of inhibition at this concentration was

4 | New J. Chem, 2022, 00, 1-6
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Table1 Table of zone of inhibition of UTI microorganisms using CeCuOs
perovskite oxide

Concentration  Zone of inhibi-
UTI Microorganism (ng ml™) tion (mm)
Gram (—) bacteria Escherichia coli 2 0
(MTCC614) 4 0

6 9

8 9
Gram (+) bacteria Staphylococcus 2 0
aureus (MTCC7433) 4 0

6 0

8 0
Candida albicans 2 0

4 0

6 0

8 10

calculated to be 9 mm for Escherichia coli. The zone of inhibi-
tion remains the same at a concentration of 8 g ml~'. Whereas
no antibacterial activity was found in Staphylococcus aureus
bacteria. Using CeCuO; perovskite oxide nanoparticles, the
antifungal study was tested by spreading Candida albicans fungi
over the freshly prepared Sabouraud dextrose agar (25 ml)
media. The same procedures were followed to culture fungi
in Petri plates and kept for 36-78 h at 37 £ 1 °C. The standard
drug ketoconazole was used as 8 pug ml~* for comparison. After
78 h, the antifungal effects of CeCuO; were shown against
Candida albicans fungi at a concentration of 8 ug ml~'. The
zone of inhibition was calculated to be 10 mm. A comparative
zone of inhibition has been shown in Table 1.

4.2.1. Proposed mechanism of antibacterial and antifungal
activity. The effective inhibition of both bacteria and fungi can
be described based on the electronic redox properties of Ce
from +3 to +4 or vice-versa, which can cause damage to the
microorganism cell wall. Also, another explanation may help to
understand the anti-microorganism activities of CeCuO; nano-
particles. This mechanism is based on oxygen vacancies (voids)
in the CeCuO; sample, which contains a large amount of
oxygen vacancies as in the XPS results.** A similar result was
reported by Abdel-Khalek et al. with a SrFeO; sample on the
antibacterial mechanism. Their mechanism was based on the
sample’s surface oxygen vacancies, which play a vital role in the
antimicrobial activity and the zone of inhibition.”” The diffu-
sion of the synthesized CeCuO; perovskite nanomaterial
through the cell wall may depend on the binding of the metal
ions Cu®", Ce*", and Ce*" with the microorganisms.*® Here, we
concluded that CeCuOj; perovskite samples are promising
nanomaterials for antimicroorganism activity.

5. Conclusions

In the present study, CeCuO; nanoparticles were synthesized
chemically by a simple hydrothermal method. The in vitro
antibacterial and antifungal activity was determined against
urinary tract infection pathogenic bacteria and fungal strains
by agar well diffusion assay with standard drugs. It displayed
inhibitory activity against Gram-negative bacteria Escherichia

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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coli (MTCC614) and antifungal activity against fungal strain
Candida albicans. Although the CeCuO; nanoparticles do not
outcompete the standard drugs, these findings could pave the
way for perovskite nanoparticles to become viable candidates
for antibacterial and antifungal drug development on further
research.
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