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Abstract: In this research, we produced copper oxide nano-
particles (CuO NPs) using extracts from the entire above-
ground portion of plants of genus Inula (Inula graveolens).
The synthesis of CuO NPs was verified through various
physicochemical analytical methods, including UV-visible,
Fourier transform infrared, and transmission electron
microscopy. The CuO NPs were found to be around 20 nm
in size and spherical in shape. Subsequently, the synthesized
compounds were evaluated for their anticancer properties.
After treating A549 cells with CuO NPs at concentrations of
15 and 30 pg, we examined their cytotoxicity, lipid peroxida-
tion activity (malondialdehyde level), and antioxidant activity
(catalase, superoxide dismutase, and glutathione levels).
Additionally, we analyzed the expression of apoptotic marker
genes (p53, caspase-3, and caspase-9), cytokine levels (IL-6 and
TNF-a), and DNA fragmentation. Our findings demonstrated
that CuO NPs enhanced the expression of apoptotic genes,
suggesting that phytochemical-derived NPs from Inula extracts
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induce apoptosis by upregulating tumor suppressor genes and
downregulating oncogenes in A549 cells. Furthermore, CuO
NPs exhibited higher susceptibility toward B. subtilis and S.
aureus compared to ampicillin. Using the response surface
methodology, we determined that CuO NPs are effective adsor-
bents for removing Ph** ions from aqueous solutions, making
them promising for environmental applications. Overall, our
results indicate that CuO NPs have potential as antimicrobial,
antioxidant, and anticancer agents and as efficient adsorbents.

Keywords: Inula, CuO nanoparticles, antimicrobial,
anticancer, antioxidant, adsorbent

1 Introduction

Metal nanoparticles (NPs), with their unique properties
due to high surface area, are being heavily researched for
their potential in various fields. Nanotechnology, particu-
larly in food and agriculture, is a hot area with applica-
tions in areas such as food security, disease treatment,
and environmental protection [1]. Bionanoscience,
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utilizing effective NPs, is also attracting attention for its
uses in catalysis [2], cancer detection [3], and bioima-
ging [4].

Traditional methods for creating metal NPs offer pre-
cise control but often rely on harsh chemicals [5]. Biosynth-
esis presents a game-changing approach at the intersection
of nanotechnology and biotechnology. This eco-friendly
method utilizes biomolecules as safe and effective alterna-
tives to chemical reductants, making it a highly attractive
solution for sustainable NP production [6]. The biocompa-
tible nature of these biomolecules adds another layer of
advantage, promoting the development of NPs for applica-
tions in medicine and other fields [7,8]. Metallic NPs,
including gold, silver, iron, zinc, and metal oxide NPs,
have garnered attention for their potential in biomedical
applications [9,10].

Copper (Cu) is a crucial metal used for the cross-linking
of connective tissues, as well as for iron and lipid metabo-
lism, but at high dose exposure it causes toxicity [11-13].
Owing to its antibacterial and antiviral properties, Cu and
its compounds have been employed as disinfectants for
ages [14]. Owing to its availability, Cu has been used to
create copper oxide nanoparticles (CuO NPs). However,
the challenges in the field of research include agglomera-
tion and rapid oxidation. Like other metallic NPs, CuO NPs
have a high surface-to-volume ratio that results in extre-
mely high antibacterial capabilities [15,16].

CuO NPs were synthesized using the Gloriosa superba
L. extract and have an aspect size of 5-10 nm [17]. Further,
the CuO NPs exhibited superior antimicrobial efficiency
toward Gram positive and Gram negative bacterial strains.
Udayabhanu et al. synthesized CuO NPs of size around
6-8 nm and with a sponge-like structure using the Tinos-
pora cordifolia water extract and successfully evaluated
their photocatalytic, antioxidant, and antibacterial activ-
ities [18]. Velsankar et al reported the biogenic synthesis
of CuO NPs using the Allium sativum extract; the obtained
CuO NPs were 20—-40 nm in size and their antioxidant, anti-
bacterial, and antilarvicidal activities were investigated
[19]. Alhalili synthesized CuO NPs using Eucalyptus globulus,
and the obtained NPs were spherical in shape with an
average size of 88 nm [20]. The synthesized CuO NPs exhibited
greater adsorption capacity toward methyl orange. CuO NPs
were synthesized using the Tamarindus indica pulp extract,
and the synthesized NPs were evaluated for their adsorption
capacity toward As(m) ions [21]. The use of the mint leaf
extract in the synthesis of CuO NPs was explored, and their
efficiency in the removal of Pb ions from aqueous solution
was investigated [22]. The CuO NPs exhibited a loading capa-
city of 88.8mg g™ toward Pb ions, and it was found to be
higher than those of other two metal ions investigated in
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the study. Literature has revealed that the CuO NPs exhibited
biological and environmental applications. However, the hio-
synthesized NPs were not simultaneously evaluated for their
potential toward biological and environmental applications.

The genus Inula, belonging to the family Asteraceae, is
widely distributed across Eurasia and Africa and is rich in
pharmacologically active compounds such as terpenoids
(including sesquiterpene lactones and dimers, diterpenes,
and triterpenoids) [23-25]. Inula is recognized for its diverse
range of biological activities, encompassing anticancer, anti-
bacterial, hepatoprotective, cytotoxic, anti-neuroinflamma-
tory, and anti-inflammatory properties [26,27]. Hence, the
Inula extracts will be a useful source for the biosynthesis
of NPs, and thus-synthesized NPs may have superior biolo-
gical activities. To our knowledge, the synthesis and char-
acterization of CuO NPs using the genus Inula have not been
explored in previous studies. Therefore, the current investi-
gation was undertaken to examine the potential ameliora-
tive properties of CuO NPs synthesized from Inula for both
anticancer and antibacterial activities and to further inves-
tigate the removal of Pb** ions from aqueous solution in a
batch process.

2 Materials and methods

2.1 Chemicals

All solvents, standards, and reagents used were of analy-
tical and HPLC grade. 1,1-Diphenyl picrylhydrazyl (DPPH)
free radicals, hydrogen peroxide (H,0,), and sodium nitro-
prusside were purchased from Fluka Chemicals. Caspase-3
and -9 and p53 kits from MyBioSource (San Diego, California,
United States), 3-(4,5-dimethylthiazolyl-2-yl)-2,5-diphenyl tet-
razolium bromide (MTT), ethidium bromide, and agarose
were obtained from Sigma Aldrich, St. Louis, MO, USA.

2.2 Collection of plant material and
preparation of extract

Initially, 100 g of whole aerial part of plants of genus Inula
was coarsely ground and subjected to boiling with 100 mL
of deionized water with stirring at 60°C. After boiling the
mixture for 60 min, a yellow solution was obtained con-
taining the biomolecules of genus Inula. The extract was
filtered with a Whatman filter paper and centrifuged at
12,000 rpm for 10 min. The supernatant was stored at 4°C,
which was used as the reducing and capping agents.
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2.3 Biosynthesis of CuO NPs

The biosynthesis of CuO NPs was carried out according to
the method of Khodashenas and Ghorbani [15]. Briefly,
about 45 mL of 1 mM CuCl, was taken in an amber-colored
bottle and 45 mL of extract of Inula was added drop-by-
drop under vigorous stirring with a magnetic stirrer. Upon
addition of the extract, 1 mM NaOH was added gradually to
the mixture containing the Cu precursor and extract, and
the solution color turned black, indicating the formation of
CuO particles. After complete addition of the solution, the
mixture was stirred for another 120 min to ensure all of the
Cu ions were converted to CuO particles. The mixture was
centrifuged, and the solid black product obtained was
dried in an oven at 100°C for 60 min and stored in air-tight
containers for further use and characterization.

2.4 Characterization of CuO NPs

Initially, the confirmation of CuO NPs was achieved through
visual analysis. The UV-visible spectrum of the colloidal
solution containing CuO NPs was recorded using a Spectra
MAX Plus (Molecular Devices, Sunnyvale, CA, USA) within
the wavelength range of 200-700 nm. Fourier transform
infrared (FTIR) spectroscopy was employed to identify the
functional groups that might have played a role in the
reduction and stability of the CuO NPs. Analysis was carried
out between 4,000 and 400 cm ™ with 32 scans per min using
the KBr pellet method. To assess the crystalline nature of the
CuO NPs, X-ray diffraction (XRD) was conducted using the
PANalytical Empyrean instrument in the 26 range of 10-90.
The morphology, size, and shape of the CuO NPs were deter-
mined using a JEM 2000EXII transmission electron micro-
scopy (TEM) apparatus (M/s. JEOL, Switzerland). A particle
size analyzer (Zetasizer Nano-ZS-90, Malvern software) was
employed for particle size analysis at a scattering angle of
173° at 25°C coupled to a He—Ne laser.

2.5 Free-radical scavenging activity assay

The samples were evaluated using the DPPH assay fol-
lowing the prescribed methodology in the study of Abdel-
Hameed et al. [28]. Specifically, 50 uL. of each sample was
combined with 150 uL of a 200 uM methanolic solution of
DPPH and incubated at room temperature in the dark for
16 min. Subsequently, all samples were subjected to exam-
ination at the absorbance wavelength of 515 nm. The DPPH
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radical scavenging activity was determined using the fol-
lowing equation:
Percent scavenging

_ [ Absorbance control — Absorbance sample
Absorbance control

)

% 100.

The reaction was done in triplicate, and results are
shown as % of inhibition of DPPH radicals.

2.6 H,0, radical scavenging assay

A 20 mM H,0, pH 7.4 solution was prepared in phosphate
buffer. To generate various concentrations, 2 mL of H,0,
solution in PBS was added to 1 mL of both the samples and
the standard. Following a 10-min incubation period, the
absorbance at 230 nm was measured [29].

2.7 Nitric oxide (NO) scavenging activity

The NO-scavenging capacity of the extracts was assessed
using previously established methods with slight modifica-
tions. The quantity of extract required to neutralize 50% of
the NO radicals generated by sodium nitroprusside was
utilized to express the activity as a percentage of inhibi-
tion, and the IC5, value was determined.

2.8 Lipid peroxidation and antioxidant
enzyme assays for CuO NP-treated cells

Lipid peroxidation was assessed by quantifying malondial-
dehyde (MDA) [30]. In cultured A549 cells, pre-treatment
with CuO NPs was carried out for 60 min, followed by
exposure to 100 uM H,0, for an additional 60 min. The
A549 cells, pre-treated with CuO NPs, were then lysed using
a lysis buffer. The activity of superoxide dismutase (SOD)
was determined using the nitroblue tetrazolium method
[31]. Catalase (CAT) and glutathione peroxidase (GPX) activ-
ities were assessed according to previously established
protocols [32,33].

2.9 Cytotoxicity and morphological changes
in A549 cells

The cytotoxic effects of CuO NPs were assessed by obser-
ving morphological changes in A549 cells. The treatment
dose, presumed to correspond to the ICs, value of CuO NPs
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(15.00 pug/mL), was determined using phase-contrast micro-
scopy. Morphological characteristics indicative of cytotoxi-
city, such as membrane blebbing, cell shrinkage, and
necrosis, were identified during the observation.

2.10 Caspase-3, caspase-9, and p53 assays by
ELISA

Caspase activity was determined through the use of cas-
pase-3, caspase-9, and p53 ELISA Kkits following the manu-
facturer’s protocol. Briefly, 50,000 A549 cells were seeded
into each well of a 96-well plate and incubated in a humi-
dified incubator at 37°C with 5% CO, for 24 h. The 96-well
plate, containing both CuO NPs-treated and control cells,
was then allowed to equilibrate at room temperature.
Caspase-3 and -9 reagents were added to each well of the
plate, containing 100 uL of culture media (CuO NP-treated
and control). The plate was covered entirely, and the mix-
ture was agitated at 500 rpm for 30 s. After a 30 min incu-
bation at room temperature, the transmittance at 405 nm
was measured using an ELISA reader.

2.11 DNA fragmentation induced by CuO NPs

A549 cell line cells were treated with CuO NPs at ICs5o and 2x
ICsp concentrations to induce apoptosis in order to study DNA
fragmentation. In accordance with the manufacturer’s recom-
mendations, DNA purification kits were used to extract the
DNA (Thermo Fisher Scientific, CA, USA). Following quantifi-
cation, 2 ug of each DNA sample was loaded for electrophor-
esis on a 1.5% agarose gel, and the gel was stained with ethi-
dium bromide before being photographed under UV light.

2.12 Antimicrobial activity

The antimicrobial activity was determined according to a
previously described protocol [34]. Briefly, the agar diffu-
sion method was used to analyze it. Four bacterial strains,
including both Gram positive Bacillus subtilis (B. subtilis)
and Staphylococcus aureus (S. aureus) and Gram negative
Escherichia coli (E. coli) and Klebsiella pneumoniae (K. pneu-
moniae), were subcultured in fresh Muller Hinton broth.
The stock culture was prepared for each strain by a calori-
metric method using the McFarland standard. Ampicillin
(10 ug/mL) was used as the positive control. Muller Hinton
agar (HiMedia, India) plates were streaked with each bacterial
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strain. Using a 6 mm borer, three wells were bored. Each well
was filled with 100 pl of In-NP, ampicillin, or culture media as a
negative control. All the plates were dried for 15 min and incu-
bated for 24 h. All the experiments were done in triplicate. The
zone of inhibition (ZOI) was calculated by taking the mean of
Z0I of each plate.

2.13 Cytokine assay

Cells were cultured with different concentrations of CuO
NPs at 37°C for 24 h. Following the culture period, the
supernatant was collected, and the levels of cytokines,
TNF-a and IL-6, were measured using ELISA kits in accor-
dance with the manufacturer’s instructions.

2.14 Statistical analysis

The results for antimicrobial assessment of CuO NPs were
analyzed in Prism software using the Student’s t-test, and
p-value <0.05 was considered statistically significant.

2.15 Response surface methodology (RSM)

The central composite design (CCD) is a widely employed
second-order polynomial design within RSM, particularly
valuable for investigating the collective impact of opera-
tional variables on the efficiency of metal adsorption. An
essential advantage of CCD in a step-by-step experimental
process is its capacity to yield meaningful results with a
minimal number of designated points, providing a practical
framework for data fitting. This approach is instrumental in
gaining insights that can be effectively applied to either
select or enhance the proposed model. In this study, a full
factorial design consisting of 20 runs was conducted, and the
main factors, symbols, and their values are detailed in Table
1. The CCD was developed using Design-Expert v13 software.

3 Results and discussion

3.1 UV-visible analysis

The synthesized CuO NPs were analyzed with a UV-visible
spectrophotometer, and the absorption spectrum was
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Table 1: Independent variables and their levels and symbols for the
optimization of variables

Variables Symbol Levels

-1 0 +1
pH A 4 6 8
Contact time B 30 45 60
Initial concentration C 50 100 150

obtained between 200 and 700 nm. The UV-visible absorp-
tion spectrum is depicted in Figure 1, and it is observed that
the spectrum contains three major absorption peaks at 279,
300, and 346 nm. The absorption peaks at 279 and 300 nm
correspond to the capping and stabilizing agents that are
bound to the CuO NPs. The absorption peak at 346 nm
corresponds to the surface plasmon resonance of the exci-
tation of the CuO NP semiconductor. Similar results were
reported by Aziz et al. for the CuO synthesized from mint
leaves [35]. The optical band energy of the CuO NPs was
calculated with the Tauc plot and was found to be 4.07 eV,
which is high compared to that of the bulk CuO material.

3.2 FTIR analysis

FTIR analysis is majorly employed in identifying the organic
functional groups; however, it is also helpful in identifying
the metal oxide bonds which are usually seen in fingerprint

0.1 4
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regions. In this study, a CuO NP solution was subjected to
FTIR, and the spectrum is displayed in Figure 2. The broad
bands at 3,305 cm™ correspond to the stretching vibrations
of O-H functional groups, and the band at 1,636 cm™ corre-
sponds to the asymmetric stretching vibrations of O-H
groups [22]. A small peak at 1,016 cm™ corresponds to the
bending vibrations of the R-OH groups on the surface of the
CuO NPs. The Cu-O bands are generally observed around
600 cm ™, and a sharp band around 600 cm™ corresponds to
the Cu-0 bond vibration, which confirms the formation of
Cu-O0. In this study, the CuO NP solution was subjected to
FTIR, and due to the solvent, the major functional molecules
present on the CuO NPs are overshadowed by the solvent
intense peaks. The peaks observed between 2,400 and 2,000
cm™ are due to noise arising from liquid solvents. Very
similar peaks and results were obtained for the CuO NPs
synthesized using Aerva lanata [36].

3.3 XRD analysis

XRD analysis was carried out to understand the synthe-
sized CuO NPs’ crystallinity and phase (Figure 3). The
XRD pattern depicted several fairly sharp peaks, indicating
the crystallinity of the synthesized CuO NPs. The diffraction
peaks at 32.4°, 35.5°, 38.7°, 48.7°, 53.4°, 58.3°, 61.5° 66.2°,
68.0°, 72.4°, and 75.2° correspond to 110, 111, 111, 112, 020,
202, 113, 311, and 113 planes of monoclinic CuO (JCPDS No.
45-0937). The diffraction peaks were very distinct and

450 575 700

Wavelength

Figure 1: UV-visible spectrum of CuO NPs.
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Figure 2: FTIR spectrum of CuO NPs synthesized using the genus Inula extract.
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Figure 3: XRD pattern of CuO NPs synthesized using the genus Inula extract.
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slightly broad, depicting the nano size level of CuO. All the
diffraction peaks correspond to the CuO monoclinic phase,
and additional peaks are noticed in the patterns. Similar
results were reported for the CuO NPs synthesized using
the C. gigantea leaf extract [37].

3.4 Particle size and zeta potential analyses

The log-normal distribution is widely used for the simplified
representation of particle size distribution. The hydrody-
namic diameter and polydispersity index of the synthesized
CuO were found to be less than 100 nm, confirming the
nanosized CuO particles (Figure 4). The large size distribu-
tion of the particles observed is due to small amounts of
large aggregates in addition to the distinctly smaller size
CuO NPs, and at times the dust particles also influence the
size distribution, and these are considered to be the pitfalls
of the dynamic light scattering technique [38]. Additionally,
the zeta potential was measured as negative mV, suggesting
the stability of CuO NPs.

3.5 TEM and energy-dispersive X-ray
spectrometry (EDX) analyses

TEM was used to understand the morphology of the newly
developed CuO NPs. The TEM image (Figure 5) shows the
formation of spherical CuO NPs with an average size of
20nm. The CuO NPs are clearly distributed with less
agglomeration. The spherical shape and less agglomeration
are due to the biomolecules of genus Inula capping onto the
CuO NPs, restricting their size and shape. EDX investiga-
tions were performed for the CuO NPs in order to confirm

Size Distribution by Intensity
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Figure 4: Particle size distribution and zeta potential analysis of CuO NPs.
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Figure 5: TEM image of CuO NPs synthesized using the genus Inula
extract.

the CuO NP formation and identify the purity of the CuO
NPs. The EDX patterns (Figure S1) displayed peaks for Cu
and O atoms, and no other peaks were observed. This
observation revealed that the CuO NPs were pure and no
impurities were present.

3.6 Free-radical scavenging activity:
Antioxidant assays

Oxidative stress and the presence of reactive oxygen spe-
cies have been implicated in various human diseases,
including carcinoma, arteriosclerosis, inflammatory disor-
ders, and the aging process [39]. There is a growing interest
in identifying naturally occurring antioxidants for applica-
tions in foods, cosmetics, or medicinal materials, aiming to
replace synthetic antioxidants that are facing restrictions
due to their carcinogenic properties [30]. Dietary and
herbal formulations with free-radical scavenging potential
have gained significance in the treatment of chronic dis-
eases. Numerous studies have established a connection
between the antioxidant activities of fruits, vegetables,

Zeta Potential Distribution
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and medicinal herbs and their phenolic compound content
[39-42]. The antioxidant properties of aqueous extracts
used for CuO NPs synthesis were chemically estimated
using the DPPH radical scavenging activity at an ICs
value of 22.16 yg/mL. The ICs, value was nearly equal to
one third of standard ascorbic acid. The determination
of NO activity using the sodium nitroprusside method
showed that CuO NPs had high antioxidant capacity with
ICsq values of 25.1 + 4.25 and 14.26 + 0.98 ug/mL for hydrogen
peroxidase (Figure 6). The findings of this study were con-
sistent with previous research on the antioxidant properties
of some lotus species [43,44].

3.7 Lipid peroxidation and antioxidant
enzyme assays

To assess the homeostasis of antioxidant defense mechan-
isms, we conducted an analysis of endogenous antioxi-
dants such as SOD, CAT, and GPX. Following treatment
with CuO NPs at a concentration of 30 ug/mL, the cells
demonstrated a noteworthy (p < 0.05) alteration in anti-
oxidant levels. Specifically, there was a significant decrease
observed in the levels of SOD, CAT, and GPX by 52.2%,
42.34%, and 42.5%, respectively (refer to Figure 7a—c). Con-
versely, A549 cells treated with CuO NPs at a concentration

(a) (b)
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of 30 pg/mL exhibited a significant (p < 0.05) increase in
MDA content (Figure 7d). Heat maps represent the fold
change in enzyme activities and MDA levels compared to
the control group, with green indicating a decrease, red an
increase, and black no change. Significant differences from
the control group were assessed using analysis of variance
(ANOVA) with *p < 0.05, **p < 0.01, ***p < 0.001, and ns
indicating not significant. Each bar represents the mean +
SEM of three independent experiments. This elevation in
MDA content suggests oxidative stress-induced lipid perox-
idation, leading to the dysregulation of overall lipid meta-
bolism and associated mechanisms.

3.8 Cytotoxic effect of CuO NPs on A549 cells
by cell viability assay

In comparison to A549 cell lines, the MTT assays showed a
concentration-dependent reduction in viability for CuO
NPs (Figure 8). The ICs5, value for CuO NPs in A549 cells
was determined to be 15.36 ug/mL. According to the MTT
assay results, CuO NPs had encouraging anticancer activity
against lung cancer cell lines, most probably due to the
existence of antioxidant phytoconstituents, and previous
research has suggested that CuO NPs may be used as an
effective drug booster in the treatment of non-small-cell
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Figure 6: Panels (a)-(c) depicting the antioxidant capacity of CuO NPs in comparison to butylated hydroxytoluene across a range of concentrations.
(a) DPPH, (b) NO, and (c) H,0,. Values are expressed as mean + SD (n = 3).
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Figure 7: Effects of CuO NPs on antioxidant enzyme activities and lipid peroxidation levels. The bar graphs and corresponding heatmaps show the
activities of (a) SOD, (b) CAT, and (c) GPX, along with (d) levels of MDA in the presence of increasing concentrations of CuO NPs.

lung cancer [45,46]. Cu NPs have been studied extensively
due to their unique properties and potential applications
in various fields including biomedicine. However, the same
properties that make CuNPs attractive for applications
like antimicrobial agents, drug delivery, and imaging also
necessitate a thorough understanding of their potential
cytotoxic effects [47].
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3.9 Activation of apoptotic regulatory genes
(caspase-3, caspase-9, and p53) by
CuO NPs

Apoptosis is a sort of induction process in which intracel-
lular components are disassembled while nearby cells are
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Figure 8: Dose response cure for cytotoxicity of CuO NPs after 24 h incubation with A549 cells at concentrations of 0.78 to 200 pg/mL. Left graph:
Dose-response curve, showing the percentage of cell viability as a function of logarithm of the concentration (ug/mL) of the substance. Right graph:
Bar chart showing the percentage of cell viability at specific concentrations of the substance, which are not log-transformed.
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not injured or inflamed [48]. Caspase-3 and -9 and p53
activation is primarily responsible for tumor cell apoptosis.
To confirm apoptosis, an increase in caspase-3 and -9 and
p53 production in CuO NP-treated A549 cells was done,
especially in comparison to the untreated group in this
study. Once A549 cells were exposed to CuO NPs, their
caspase-3 and -9 and p53 activity increased up to fourfold
compared to that of control (untreated) cells (Figure 9). The
increased effectiveness of CuO NPs indicates a possible
cause of caspase activation in cancer cells.

3.10 DNA fragmentation analysis

Apoptosis is distinguished by DNA internucleosomal rup-
ture, cell membrane blebbing, nuclear chromatin conden-
sation in the nuclear periphery, and the formation of apop-
totic condensed nuclear bodies. A549 cells were treated
with different concentrations of CuO NPs to verify apoptosis
induction, and DNA was isolated and analyzed using agarose
gel electrophoresis. A549 cells treated with CuO NPs (15 and
30 pg/mL; IC5o and 2x ICso) for 24 h showed significant inter-
nucleosomal fragmentation (Figure 10). DNA strand breaks
were found to be present during apoptosis, and scratches in
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Figure 10: Agarose gel electrophoresis of DNA samples (M, marker
100 bp; 1 = CuO NPs, 15 ug/mL; 2 = IN-Control; 3 = CuO NPs, 30 pg/mL).
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Figure 9: Bar graphs (a)-(c) and the corresponding heat maps (below each graph), representing the expression levels of p53, caspase-3, and caspase-9,

respectively, in response to varying concentrations of CuO NPs.
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DNA molecules could be detected using a DNA fragmentation
assay. Apoptosis is well known to be engaged in the stimu-
lation of endonucleases, which ultimately results in DNA
fragmentation, which can be seen via electrophoretic inves-
tigation [49]. In this study, agarose gel electrophoretic find-
ings show that internucleosomal DNA fragmentation aided
the steady progress of apoptosis in CuO NP-treated A549
cells. Lane M contains a DNA ladder used as a molecular-
weight marker. Lanes 1 and 2 show a sample with high-
molecular-weight DNA with no significant fragmentation.
Lane 3 displays samples with extensive DNA fragmentation,
as evidenced by the smeared pattern rather than discrete
bands, which is indicative of DNA degradation. This frag-
mentation pattern is typically observed in samples under-
going apoptosis or those treated with nucleases.

3.11 Antimicrobial activity

Gram-positive strains B. subtilis and S. aureus showed sus-
ceptibility toward CuO NPs with ZOIs of 25.4 + 3.12 and 24.2
+ 1.12 mm with p-values 0.012 and 0.020, respectively, com-
pared to ampicillin, whereas Gram-negative strains E. coli
and K. pneumoniae showed resistance toward CuO NPs
with ZOIs of 17.27 £+ 0.82 and 23.63 + 2.32 mm with p-values
0.08 and 0.91, respectively, compared to standard ampi-
cillin, and the results are shown in Table 2. The antimicro-
bial activity of Inula species is thought to be due to the
presence of a number of compounds, including flavonoids,
terpenes, and sesquiterpenes. Flavonoids are plant pig-
ments that have antioxidant and anti-inflammatory proper-
ties [50]. A number of studies have shown that Inula extracts
and essential oils have antimicrobial activity against a
variety of bacteria and antifungal activity against Candida
albicans [50]. The antimicrobial activity of the formulation is
thought to be due to a number of factors, including the
ability of Inula compounds to disrupt the cell membrane
of bacteria, inhibit protein synthesis, and damage DNA.

Table 2: Antimicrobial efficacy of CuO NPs in comparison to standard
ampicillin

Microorganism Z0I (mm) expressed in mean + SD, n = 3

201 of CuO Z0I of Z0I of

NPs (mm) ampicillin (mm) blank (mm)
B. subtilis 25.4 +3.12 20.97 + 2.1 71+12
S. aureus 24.2 +1.12 19.03 £1.22 6.87 + 2.17
E. coli 17.27 + 0.82 21.43 +3.12 7.63 + 0.91
K. pneumoniae 23.63+232 239+3.2 7.5 +1.02

Synthesis of CuO nanoparticles and biological and environmental applications
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Table 3: Experimental and predicted values for the removal of Pb?* ions
by CuO NPs

Run No. pH Contact Initial Exp (%) Pre (%)
time concentration
1 9 45 100 11.50 3.81
2 4 60 50 52.30 56.33
3 4 30 150 14.90 16.54
4 6 45 100 82.40 83.39
5 6 45 15 96.20 86.19
6 8 30 50 40.60 49.14
7 6 45 100 82.40 83.39
8 8 60 50 47.50 51.78
9 4 60 150 63.00 60.38
10 6 20 100 53.20 4572
1 6 70 100 85.50 84.46
12 3 45 100 10.40 7.57
13 6 45 100 83.10 83.39
14 8 30 100 14.20 16.09
15 6 45 100 83.20 83.39
16 6 45 100 82.90 83.39
17 6 45 100 83.00 83.39
18 4 30 50 22.50 27.64
19 8 60 150 33.10 33.88
20 6 45 180 61.30 63.35
3.12 RSM

In this study, three independent variables — pH, contact
time, and initial concentration — were selected, and a 20-

Table 4: ANOVA of Pb?" ion removal by CuO NPs

Source Sum of df Mean F-value p-value
squares square

Model 15965.08 9 1773.90 46.85 <0.0001

A-pH 19.59 1 19.59 0.5175  0.4884

B - Contact time  1830.74 1 1830.74 48.35 <0.0001

C - Initial 704.81 1 704.81 18.61 0.0015

concentration

AB 339.30 1 33930 8.96 0.0135

AC 240.90 1 240.90 6.36 0.0303

BC 114.76 1 114.76 3.03 0.1123

A 12262.11 1122621 323.85 <0.0001

B? 613.23 1 613.23 16.20 0.0024

c 148.90 1 148.90 3.93 0.0755

Residual 378.63 10 37.86

Lack-of-fit 378.02 5 75.60

Pure error 0.6133 5 0.1227

Cor total 16343.71 19

R? 0.9768

Adjusted R? 0.9560

Predicted R? 0.8184

Adeq precision 18.9332
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run CCD was employed, consisting of 8 cubic points, 6 axial
points, and 6 center points within a cube. The predicted
and experimental design matrices and ANOVA for the
removal of Pb*" ions by CuO NPs are presented in , respec-
tively. A quadratic model was established using Design-
Expert v13, and the second-order polynomial equation
for the removal is expressed in the following equation:

% Removal = 83.39 + 1.25A + 11.62B — 7.25C — 34.53A?
- 6.59B% - 3.30C? - 6.51AB - 5.49AC + 3.79BC.

Removal (%)
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The quadratic equations mentioned above are character-
ized by coefficients that signify their intensity. Additionally,
the sign of these coefficients provides insights into whether a
specific variable exerts a positive or negative influence on the
response. A positive coefficient indicates that increasing the
level of a factor enhances the response, while a negative
coefficient suggests that increasing the level of a factor
impedes the response. The model includes three primary
effects, three two-factor interaction effects, and three curva-
ture-related effects. Eq. (2) visually illustrates the independent

90
Initial Concentration (mg/L)

Predicted vs. Actual

100 —

Predicted

40 —

20 —

100

Actual

Figure 11: 3D surface plots of (a) pH vs contact time, (b) pH vs initial concentration, (c) contact time vs initial concentration, and (d) probability plot of

actual vs predicted.
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Table 5: Loading capacity comparison of CuO NPs
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S. No CuO NPs synthesis method Loading capacity (mg g™ Ref.
1 Mint leaf extract 88.8 [22]
2 Coprecipitation 97.0 [51]
3 Magnetron sputtering 37.0 [52]
4 In situ soft chemical synthesis 3.31 [53]
5 Genus Inula extract 124.7 This study

variables and their impact on the responses of the experi-
ment. Furthermore, the close correlation between the
experimental and predicted values (Table 3) suggests the
applicability and improved responses of the experiments.

The ANOVA results for Pb*" ion removal by CuO NPs
are summarized in Table 4. The perfection and exactness
of the present model can be understood from the p-values,
and in this study the p-value was <0.0001, which is statis-
tically significant. Further, the reliability and applicability
of a model are supported by the F-value, which was found
to be 46.85 herein, and the higher F-value indicated that the
model is more reliable, and there is only 0.01% chance that
the F-value of this large can occur due to noise. The lack-of-
fit F-value was determined to be >0.1, indicating the absence
of systematic variation encountered in the hypothesized
model. It is crucial to validate and confirm that the adopted
model provides a satisfactory approximation, and this was
verified by examining the probability plot of actual versus
predicted values to assess the accuracy. Figure 11d illustrates
the probability plot, revealing no significant deviation. While

Initial Concentration (mg/L)

Contact time (min) 20 3

Figure 12: Distribution of points of independent variables for the
removal of Pb%" ions by CuO NPs.

a slight scattering of points is observed in the plot, it can be
assumed that the data distribution is normal, with no need for
response transformation or correction, as the points align along
a straight line. The correlation coefficients were found to be
0.976, and the adjusted and predicted R* were found to be 0.956
and 0.818, respectively, which support the applicability of the
model. The adequate precision was noted to be 18.9, suggesting
that adequate signals are obtained for the developed model.
The 3D surface plots provide a visual representation of
the interactions of independent variables and their influ-
ence on the removal percentage of Pb** ions by CuO NPs.
The 3D plots obtained in this study are presented in Figure
11a—c. The interaction of pH and contact time and their
influence on removal of Pb** ions are shown in Figure
11a. It can be observed that the maximum removal effi-
ciency is achieved at pH 6 with increasing contact time.
The removal efficiencies were observed to be low at pH 4
and 8 and at lower contact times, and this can be explained
as that at low pH the hydronium ions compete for the
active sites on the CuO NPs and thus the removal efficien-
cies are low. At pH 6, the competition exhibited by the
hydronium ions are minimal due to lesser concentrations,
thus maximizing the efficiency. Furthermore, a higher con-
tact time provides suffice time for the Pb* ions to interact
and bind to the surface of CuO NPs. The interaction
between pH and initial concentrations indicates that the
optimal pH should be 6 and low initial concentrations
result in higher removal efficiencies. With an increase in
the concentration of Pb?* ions, the efficiencies decrease,
and this is due to the exhaustion of the surface active sites.
Similarly, in the case of contact time and initial concentra-
tions, higher contact times with lower initial concentra-
tions are preferred for optimal removal of Pb** ions by
CuO NPs. The loading capacity of CuO NPs toward Pb*
ions was found to be 124.7mg g ' in the preliminary inves-
tigations. The loading capacity exhibited in this study is
high compared to other CuO NPs synthesized via different
extracts and methods (Table 5). A 3D cube distribution of
points at various values of independent variables is pre-
sented in Figure 12. It is observed that a maximum of six
points are concentrated at pH 6, a contact time of 45 min,
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and an initial concentration of 100 mg L™, suggesting the
optimal conditions for the Pb** ions. A systematic investi-
gation will reveal the mechanism and nature of adsorption
of Pb*" ions onto CuO NPs.

4 Conclusions

The present study investigated the biosynthesis of CuO NPs
using the aqueous extract of genus Inula at low temperatures.
The obtained CuO NPs were characterized by UV-visible,
FTIR, XRD, and TEM techniques and confirmed their forma-
tion. The obtained CuO NPs were found to be around 20 nm
with a spherical shape. Applications of CuO NPs exhibited
enhanced gene expression toward apoptotic genes and induced
apoptosis via up- and downregulation. The CuO NPs also exhib-
ited excellent antimicrobial properties toward the tested patho-
gens. RSM-based CCD was developed to optimize and assess the
ability of CuO NPs to adsorb Pb*" ions from aqueous solution.
The developed model was found to be reliable and significant
with a p-value <0.0001. These results conclude that the genus
Inula-based CuO NPs exhibit excellent biological activity and
adsorption ability. Further investigations are required to estab-
lish the real-time application via pharmaceutical formulations
and in wastewater treatment.
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