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ched Vernonia arborea extract
mediated copper oxide nanoparticles synthesis and
their anti-oxidant, anti-inflammatory and DNA
methylation altering properties†
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Metal oxide nanoparticles synthesized with the aid of medicinal plant extracts are showing potential as

treatment options for inflammatory diseases. Two key benefits of this synthesis method is: the synthesis

process is environmentally benign and the utilization of medicinal plant-derived extracts adds to the

medicinal value of the synthesized nanoparticle. Earlier, sesquiterpene lactone zaluzanin-D (ZD) has

been isolated from leaves of Vernonia arborea. ZD showed ability to reduce inflammation in activated

monocytes. Copper oxide nanoparticles (bCuO-NPs) were synthesized using ZD-enriched leaf extract of

V. arborea and characterized by UV-vis spectroscopy, FT-IR, XRD, particle size analyzer, and TEM.

Synthesized bCuO-NPs did not show significant toxicity to human monocytic cell lines (THP-1) at the

tested concentrations. The bCuO-NPs showed radical scavenging ability indicating anti-oxidant

properties. Flow cytometry experiments proved the capability of bCuO-NPs to reduce intracellular ROS

in peroxide-activated THP-1 cells. The NPs also showed a significant ability to reduce inflammatory

adhesion in PMA-activated THP-1 cells. In the DNA methylation studies, bCuO-NPs behaved similarly to

ZD and prevented DNA hypomethylation at the MMP-9 promoter region. These properties strongly

indicate the ability of bCuO-NPs to reduce inflammation in the activated monocytes. Furthermore, in

zebrafish (Danio rerio) embryos, the developmental toxicity of bCuO-NPs was assessed. The studies

indicated the reduced toxicity and compatibility of the NPs with biological organisms. Based on the

results, it can be concluded that the bCuO-NPs produced from ZD-enriched leaf extract have significant

anti-oxidant capabilities and the ability to reduce inflammation in monocytic cell lines. Overall, reduced

in vitro and in vivo toxicity, along with its antioxidant and anti-inflammatory properties, makes bCuO-

NPs a potential candidate for anti-inflammatory drugs.
Introduction

Application of nanomaterials in the elds of bioimaging, tar-
geted drug delivery, biosensing, and other biomedical applica-
tions is widely being investigated. This is mainly due to their
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
favorable properties like reduced toxicity and enhanced bioac-
tivity of the nanomaterial.1 These properties are directly attrib-
uted to the changes in the physiochemical nature of the
material due to its nanoform.2 One of the key challenges in
generating nanoparticles with biological applications is to avoid
or reduce the use of harmful chemical methods that may affect
downstream biological applications. This clean and eco-friendly
green synthesis approach arose as a feasible alternative to
synthesis of nano-sized particles.3

An efficient substitute for chemical and physical processes is
the biosynthesis of metal and metal oxide nanoparticles (NPs),
such as those containing iron, titanium, palladium, copper,
gold, zinc oxide, and silver.4 Synthesis of metal oxide NPs using
a biological approach has gained popularity due to its envi-
ronmental friendliness, simplicity, and economic benets. This
approach involves utilizing natural materials like plants,
bacteria, and algae for reducing and stabilizing metals to their
RSC Adv., 2024, 14, 33809–33819 | 33809
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corresponding NPs in a single step. Alkaloids, avonoids,
saponins, steroids, terpenoids, and tannins are examples of
natural organic phytoconstituent biomolecules found in
bioactive extracts that function as reducing and stabilizing
agents because of their complex and varied compositions.5 An
added advantage of nanomaterials synthesized using plant-
based compounds is their therapeutic biocompatibility since
the use of toxic and harmful reagents and hazardous conditions
have been eliminated from the NPs synthesis process.6

Studies show metal oxide NPs possess a broad spectrum of
excellent therapeutic qualities. Copper oxide nanoparticles
(CuO-NPs) have been reported to possess a wide range of ther-
apeutic applications. The most common application is as an
antimicrobial agent. Apart from this, the effect of CuO-NPs on
cellular oxidant and apoptotic pathways has also been studied.
These studies correlate the physiochemical properties of the
CuO-NPs, such as their surface charge and size, to cellular
toxicity and microbial activity. As mentioned earlier generating
these CuO-NPs by utilizing green methods of synthesis could be
advantageous. Earlier studies indicate a wide range of materials
including extracts from algae, and plant materials rich in
polyphenols have been used for synthesizing CuO-NPs.6 Such
bio-synthesized NPs showed promising bioactivity including
broad-spectrum antimicrobial activity. These types of novel
plant-based CuO-NPs also showed higher antioxidant potential,
reduced cytotoxicity, and other bioactivity with potential
commercial benets.7–11

Zaluzanin-D (ZD), a sesquiterpene lactone with antifungal
activity was isolated from the leaf extract of the Vernonia arborea
plant.7,12 Very few studies are available based on this compound,
especially in terms of its application in nanomaterial synthesis
for bioactivity applications. Earlier work has identied the anti-
inammatory and epigenetic-modulating ability of ZD in
human blood samples and in vitro studies. Studies were also
carried out to synthetically modify ZD to enhance its anticancer
activity.13 Despite these promising results not much work has
been done to further explore the potential of ZD. The current
studies, aim to utilize the ZD-enriched extract of Vernonia
arborea leaf extract to bio-synthesize CuO-NPs (bCuO-NPs) and
study its ability to modulate inammation in human monocytic
cell lines. This includes studying its ability to alter intracellular
ROS generation and cell adhesion properties of activated
human monocytic cell lines (THP-1). To the best of our knowl-
edge, this is the rst report on the anti-inammatory effect of
bCuO-NPs synthesized using ZD-enriched Vernonia arborea leaf
extract.

Materials and methods
Plant collection and extraction

The leaves of Vernonia arborea were collected from Kumili,
Idukki district, Kerala, India. It was authenticated by a plant
taxonomist (Dr K. N. Sunil Kumar Siddha Central Research
Institute, Chennai-600106) with a voucher ID – V2304220A. The
leaves (5 kg) were shade-dried, powdered, and extracted with
methanol (2.5 L). The methanol extract was dried and sequen-
tially partitioned with water (250 ml) and varying combinations
33810 | RSC Adv., 2024, 14, 33809–33819
of 250 ml ethyl acetate/hexane (0, 5, 25, 50, 75 and 100%).14 The
organic layer was collected and dried under reduced pressure to
remove solvent. TLC screening of the separated fraction indi-
cated the presence of ZD in the fraction extracted with 25%
EtOAc/hexane (ZDE). The presence of ZD in the ZDE was
conrmed by isolation and characterization using earlier re-
ported methods (mentioned in the ESI data Fig. 1 & 2†).

Qualitative phytochemical analysis

The dried ZDE extract was dissolved in MeOH and analyzed for
the presence of phytochemical compounds like alkaloids,
tannins, terpenoids, avonoids, saponin, steroids, phenolics,
etc., using earlier standardized protocols.15

Alkaloids. 1 ml, 2 N HCL was added to ZDE shaken vigor-
ously followed by a few drops of freshly prepared Mayer's
reagent. A cream-coloured precipitate indicated the presence of
alkaloids in the ZDE.

Flavonoids. 1ml, 20%NaOH solution was added to ZDE. The
solution turns yellow before becoming colorless with the addi-
tion of a few drops of diluted HCL indicating the presence of
avonoids.

Phenols. 5ml of distilled water was added to ZDE. Along with
this 5% neutral ferric chloride was also added. The solution
turned deep green indicating the presence of phenolic
compounds.

Saponins. Frothing tests were conducted to determine the
presence of saponins. The extract was shaken thoroughly with
H2O for 10 min and allowed to rest for 10 min. A fairly stable
frothing aer 10 min rest for the test solution indicated the
presence of saponins.

Steroids. The presence of steroids was determined using the
Libermann–Burchard reaction. The presence of steroids in the
extract was indicated by the formation of a green and blue ring
upon the addition of the test solution.

Tannins. Formation of a yellowish-brown precipitate upon
adding FeCl3 solution to the extract solution. The color disap-
pearance through the addition of dil. H2SO4 indicated the
presence of tannins.

Terpenoids. The addition of H2SO4 to the extract dissolved in
CHCl3 resulted in the formation of a reddish-brown precipitate
at the junction. This indicated the presence of terpenoids.

Biosynthesis of copper oxide nanoparticles

10 mM copper sulfate pentahydrate (CuSO4$5H2O) (purum
p.a., crystallized, $99.0% RT Merck KGaA, Darmstadt, Ger-
many) was added into 80 ml of Milli-Q water in a 500 ml glass
beaker. 20 ml of the ZDE was added into the solution and
stirred at 300 rpm at 70 °C for 4 h.9 The color change of the
solution from green to brown indicated the formation of
nanoparticles (bCuO-NPs).

Chemical and physical characterization of bCuO-NPs

The bCuO-NPs were investigated using a UV-vis spectropho-
tometer (LAB INDIA, UV-3200 twin beam spectrophotometer)
in the 200–700 spectrum range for surface plasmon resonance
detection (SPR). Fourier transform infrared spectroscopy (FT-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
IR) (Shimadzu IR tracer 100) was used to examine the func-
tional groups of metal oxide and phyto components attached
to the NPs. The crystalline structure and average crystal size of
the bCuO-NPs were investigated using an X-ray diffractometer
(XRD-BRUKER USA D8 Advance, Davinci). The particle size
distribution and charge of bCuO-NPs were measured using
a particle size analyzer (Horiba, SZ-100). The morphological
examination and elemental composition of the bCuO-NPs
were assessed using a Hi-Resolution Scanning Electron
Microscope (HR-SEM) and a high-resolution-transmission
electron microscope (HR-TEM) (JEOL Japan, JEM-2100 plus)
coupled with Energy Dispersive X-ray spectroscopy (EDX). A
drop of bCuO-NPs solution was applied to the TEM grid and
allowed to cure before being mounted on a specimen holder
and imaged.
Biological studies

Fetal Bovine Serum (FBS), Phosphate Buffered Saline (PBS),
RPMI-1640 and trypsin was obtained from Sigma Aldrich Co, St
Louis, USA. EDTA, glucose and antibiotics from Hi-Media
Laboratories Ltd, Mumbai.
Cell culture and determination of IC50 values of bCuO-NPs by
MTT assay

Human monocytic leukaemia cell line (THP-1) (RRID:
CVCL0006), was procured from National Centre for Cell
Sciences (NCCS), Pune, India. The cell line was cultured in
RPMI-1640 medium supplemented with 10% Fetal Bovine
Serum (FBS), 100 U ml−1 penicillin and 0.1 mg ml−1 strepto-
mycin in a humidied atmosphere with 5% CO2 at 37 °C. At 70–
80% conuency, a suspension of 5 × 104 cells per ml of viable
cells was seeded in a 96-well microtiter plate and incubated for
the assays.12

The bCuO-NPs were tested on THP-1, to identify its effect on
cell viability. MTT (3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide) assay was carried out as
mentioned earlier, using 20 000 cells per ml treated for 24 h
with different concentrations of bCuO-NPs (1.25–10 mg ml−1).
Doxorubicin (0.1 mgml−1) was used as a positive control.16 Aer
suitably processing the samples, the nal absorbance of the
MTT assay was read at 570 nm using a Thermo Multiskango 96-
well microplate reader. Cell viability was determined as the
relative percentage of treated cells to the untreated cells and
plotted.
CLSM imaging of cell viability of bCuO-NPs by CLSM

Imaging experiments were carried out using a confocal laser
scanning microscope, LSM-700, Carl Zeiss, Germany. These
cells were then treated with PBS containing 50 ml of both,
acridine orange (AO) and ethidium bromide (EB). The stained
cells were visualized under CLSM to image the live (green
uorescence, 526 nm Em) and dead cells (red uorescence,
650 nm Em).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Anti-oxidant evaluation of bCuO-NPs

DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS ((2,20-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid))) assays were
carried out to identify the antioxidant potential of bCuO-NPs.
All these assays were carried out as triplicates with the bCuO-
NPs evaluated within the concentration range of (0.135–5 mg
ml−1). Ascorbic acid was used as positive control. The following
formula was used to calculate the antioxidant activity of bCuO-
NPs:

Radical scavenging activity (%) = [(Acontrol − Asample)/Acontrol]

× 100%

For the DPPH assay, the reactionmixture consisting of DPPH
(0.1 mM) and bCuO-NPs was incubated for 30 min at room
temperature and its absorbance (A) was measured at 517 nm
using a Thermo Multiskan go 96-well Microplate reader.17 ABTS
radical scavenging activity was done as earlier reported with
slight modications.18 7 mM ABTS solution was mixed with
2.45 mM potassium persulfate to produce ABTS radical cation
(ABTS+). The reaction mixture was diluted to an absorbance of
0.70 ± 0.02 at 734 nm using 0.2 M PBS (pH 7.4) at 30 °C. 20 ml of
bCuO-NPs was added to 180 ml of diluted ABTS+ solution and
incubated at 30 °C for 6 min. A decrease in absorbance at
420 nm was monitored using a spectrophotometer (UV1800,
SHIMADZU, Kyoto, Japan). The antioxidant effect of bCuO-NPs
against ABTS+ was measured and calculated using the formula
mentioned above.
Intracellular ROS scavenging activity of bCuO-NPs

Effect of bCuO-NPs on Intracellular Reactive Oxygen Species
(ROS) was measured in THP-1 cells using an earlier standard-
ized method with minor modications.19 The cells were
cultured in a 6-well plate at a density of 7 × 104 cells per well
per ml. Cells were pretreated with H2O2 followed by the treat-
ment with bCuO-NPs (10 mg ml−1). At the end of incubation
with compounds and activators, the cells were treated with 10
mM of DCFH-DA (20,70-dichlorodihydrouorescein diacetate) for
30 min. Cells were washed, resuspended, and analysed for
change in intracellular ROS levels, using BDFACS Calibur (Ex
488 nm/Em 535 nm).
Effect of bCuO-NPs on PMA-activated THP-1 cell adhesion

THP-1 cells were pre-treated with bCuO-NPs for 24 hours to
investigate the effect of bCuO-NPs on monocyte cell adhesion.
Pre-treated cells were washed and treated with PMA (Phorbol
12-myristate 13-acetate) (50 mg ml−1) for 48 h. Aer completion
of incubation, the cells were gently washed with PBS containing
2% FBS, and the non-adhered cells were collected to determine
the percentage adherence.
Toxicity of biosynthesized bCuO-NPs in a non-target organism

Breeding of zebrash and production of embryos. The adult
male and female zebrash of the AB strain were obtained from
RSC Adv., 2024, 14, 33809–33819 | 33811
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the Tharun Aquaculture sh farm in Padappai, Chennai,
601301. The zebrash were kept at constant pH (7.2–7.6),
conductivity (130–100 S cm−1), temperature (26 ± 1.00 °C),
dissolved oxygen (6.90 mg L−1), total hardness (100 mg L−1 as
CaCO3) and salinity (0.5 ppt). The sh were maintained in 25
liter glass water tanks. In addition to live brine shrimp (Artemia
nauplii; CIBA, Chennai), micro pellet feed was supplied three
times a day. The breeding ratio (2 : 1) male and female was
introduced in the hatching chambers aer suitable acclimati-
zation. Fertile eggs were recovered one to two hours aer the
light cycle began (14 h Lt. & 10 h dark pp). To ensure that
exposure to bio-synthesized bCuO NPs began aer the late
cleavage or early blastula stages (between 2 and 3 hours aer
fertilization, or hpf), permitting the least amount of growth
variation, each embryos were examined under a dissecting
microscope following a specic protocol, as described by
Kamaraj et al.20 and Priyadharsan et al.21

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of SRM
Institute of Science and Technology and approved by the
Institutional Animal Ethics Committee of SRM Institute of
Science and Technology (Clearance No. SAF/IAEC/290/2022).

Toxicity test on zebrash embryos. The bCuO-NPs stock
solution was ultrasonically agitated for ve minutes. Following
dilution and ltration via Whatman® membrane lters (diam-
eter 47 mm, pore size 0.45 mm), the samples were sterilized
using dechlorinated tap water (DTW) without the use of
dispersants. A total of 25 zebrash embryos per well were placed
into six-well plates following three DTW rinses. The embryos
were subsequently subjected, for a total of 120 hours, to
suspensions of bCuO-NPs at different concentrations (1.25, 2.5,
5, and 10 mg L−1), with a control of 25 ml of DTW applied.
Before each test suspension of NPs was added to the well, it
underwent a 20 second vortex agitation. The plates were incu-
bated at a constant temperature of 24 ± 2.00 °C for the acute
assessments; no replacements or refreshments of suspensions
were made. Dead embryos and larvae were discovered in each
well upon inspection and analysis at 24, 48, 72, 96, and 120
hours post-fertilization (hpf), as indicated by a white precipitate
inside the chorion.22 The analysis only included trials in which
the survival rate of the control well exceeded 85%. The results of
the acute toxicity experiments showed that, although not
substantially differentiating from the untreated control (p >
0.05), exposure to 10 mg L−1 bCuO-NPs caused the mortality
rate (42.6%) and the fewest observable morphological abnor-
malities. The hatchability percentage was measured 48 hours
following treatment exposure. It was determined that the
animals were dead 120 hours aer exposure, according to
Priyadharsan et al.21
Chemical compounds Presence (+)/absence (−)

Tannins +
Flavonoids +
Phenolics −
Alkaloids −
Steroids −
Terpenoids +
Saponins −
Effect of bCuO-NPs on DNA methylation at MMP-9 promotor
region

Earlier studies from the lab have proven the ability of ZD to
reduce DNA methylation at MMP-9 gene promoter region in
activated THP-1 cells. The experiment was repeated with bCuO-
NPs treated THP-1 cells to investigate the ability of the NPs to
33812 | RSC Adv., 2024, 14, 33809–33819
alter DNA methylation at the MMP9 promoter region. The
experimental method followed the same protocol as reported by
Cheeran and Munuswamy-Ramanujam, 2020.12 DNA was iso-
lated from the bCuO-NPs treated and control THP-1 samples
and evaluated for change in methylation pattern. Isolated DNA
samples were subject to restriction digestion as per earlier
protocol. PCR was carried out for the digested and control
samples and the PCR products were analyzed for appropriate
band patterns and results were recorded.
Statistical analysis

The results are presented as the mean ± SD, for at least three
independent experiments statistical analyses were performed
between the groups using one-way ANOVA, followed by a post
hoc test. Differences between groups were considered to be
signicant at a P value of <0.05. Statistical analyses were per-
formed with GraphPad Prism 5.0 (GraphPad Soware, Inc., San
Diego, CA).
Results and discussion
Extraction and biosynthesis of bCuO-NPs

The driedmethanolic extracts were subjected to fractionation as
mentioned earlier and each fraction was tested for its ability to
synthesize bCuO-NPs. Based on the UV results it was observed
the fraction extracted using 25% EtOAc in hexane provided
a better yield of NPs under the given conditions. The other
fractions either did not show color change or did not show the
expected absorbance when subjected to UV spectrometry. It is to
be noted that the TLC of the 25% fraction showed a signicant
presence of sesquiterpene lactone ZD (compared to the stan-
dard). The presence of ZD in the extract was conrmed by
isolating the compound from the extract using standard
column chromatography technique and analyzing using spec-
troscopy techniques (ESI Fig. 1 & 2†).23
Phytochemical analysis of zaluzanin-D enriched EtOAc extract

The 25% EtOAc/hexane fraction that was signicantly effective
in generating bCuO-NPs was subjected to phytochemical anal-
ysis. The presence of alkaloids, tannins, terpenoids, avonoids,
steroids, phenolics, and steroids were all examined in the
selected fraction. The fraction showed the presence of tannins,
avonoids, and terpenoids (Table 1).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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UV-vis spectroscopy analysis

UV-vis spectroscopy investigation of the bCuO-NPs revealed two
peaks, indicating that the ZD enriched fraction of Vernonia
arborea promoted bio synthesis of copper oxide NPs. The rst
peak was observed at 264 nm and the second was at 334 nm (ref.
24) (Fig. 1A). The absorption peaks at 264 and 334 nm corre-
sponded to the inter-band transition of the copper metal's core
electrons, which is what makes CuO NPs.8,25 The broad size
distribution of bCuO-NPs could explain the broad peaks in UV-
vis spectra.

We predicted the second peak to be the Surface Plasmon
Resonance (SPR), indicating the presence of CuNPs. In earlier
investigations, CuNPs demonstrated SPR in a region between
562 and 573 nm. However, our work detected SPR in the vicinity
of 334 nm. The location of the plasmon absorption peak, which
depends on various factors such as the size, shape, and type of
solvent used, most likely caused it.26 These variables correlated
with the refractive index of the nanoparticle medium. The large
particle surfaces maintain sufficient separation from each
other. Electrons require less energy to move from their equi-
librium positions compared to smaller particles, thereby
reducing the adequate restoring force of ions on electrons. The
same understanding also applies to forms related to the surface.
Furthermore, some variations in the SPR and lmax are also
caused by structural changes in phytochemicals adsorbed on
the nanosurface. Numerous studies in the literature on the
Fig. 1 (A) UV-vis spectrum of bCuO-NPs, (B) UV-vis spectrum of plant
extract.

© 2024 The Author(s). Published by the Royal Society of Chemistry
synthesis of copper/CuNPs oen produce a mixture of CuO and
Cu2O nanoparticles using various methods. The color shi was
linked to the produced NPs surface plasmon resonance (SPR),
indicating that the metabolites in the fraction are effective at
reducing metal Cu to the nanoscale27,28 And there is no signi-
cant peak observed in the UV spectra of the plant extract
(Fig. 1B) in the same wavelength compared with that of bCuO-
NPs.28,29
FT-IR analysis

FT-IR analysis was used to characterize the functional groups
present in the bCuO-NPs or to investigate the capping on the
surface of copper nanoparticles. As shown in Fig. 2(A), ZD
enriched ZDE showed peaks at 614, 828, 1118, 389, 1639, 2368,
and 3396 cm−1. O–H vibration peak and stretching C]C–H
conjugated alkene had large absorption peaks at 3396 and
1639 cm−1 respectively.30,31 The C]C–H bending of alkene was
represented by a peak at 614 cm−1, while the strong stretching
of hetero-bonded hydrogen was represented by a peak at
2368 cm−1. FT-IR spectrum of bCuO-NPs revealed a similar peak
pattern at 3422 cm−1 (O–H stretching), 2924 cm−1, 2857 cm−1

(medium C–H stretching, alkane), 2359 (hetero bonded
hydrogen), 1631 cm−1 (strong C]C, alkene), 1424 cm−1 (C–H
medium, bending), 1384 cm−1 (medium, C–H bending, alkene)
1327 cm−1 (O–H bending), 1123 cm−1 (strong C–O stretching,
secondary alcohol), 784 cm−1 (strong C–H bending). The bands
between 663 and 589 cm−1 correspond to metal–oxygen, indi-
cating the presence of bCuO-NPs.29 This spectroscopy has long
Fig. 2 (A) FT-IR spectrum ofbCuO-NPs, and (B) zaluzanin-D enriched
Vernonia arborea ethyl acetate extract.

RSC Adv., 2024, 14, 33809–33819 | 33813
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been used as an effective tool for obtaining additional infor-
mation about the nature of copper oxides. These bands at
589 cm−1 and 663 cm−1 correspond to CuO vibrations, con-
rming the formation of CuO/Cu2O NPs and aligning with
literature values.26,27 A similarity between the functional group
prole of the ZD enriched ZDE and bCuO-NPs indicates the
presence of extract material in the NPs. Earlier studies have
shown that this type of biosynthesized NPs is a result of the
extract phyto components that may play a role in the reduction,
capping, and stabilizing of the NPs.32 In a previous study (Babu
Nagati et al., 2012), the surface of silver NPs synthesized with
Cajanus cajan leaf extract revealed the presence of alkaloids and
terpenoids.33

XRD analysis

It is standard practice to use XRD patterns to conrm the
crystalline nature of bCuO-NPs. XRD of bCuO-NPs revealed ten
peaks at 32.41°, 35.59°, 39.13°, 49.13°, 53.88°, 58.35°, 61.79°,
66.76°, 68.42°, and 75.37°, at 2 theta values (Fig. 3A). These
peaks are designated to (110), (110), (111), (202), (020), (202),
(113), (311), (113), and (004) respectively.34 The diffraction peaks
are well synchronized with the JCPDS Card (Joint Committee on
Powder Diffraction Standards, 89-2529), indicating that the
green synthesized bCuONPs are crystalline, and the additional
peaks represent the organic materials present in the secondary
metabolites from ZDE as a capping/stabilizing agent in the
redox reaction. The peaks conrmed the presence of bCuO-
NPs.34 Additional peaks observed in the XRD pattern could be
Fig. 3 (A) XRD pattern of bCuO-NPs showed intense peaks at specific
2 theta values and (B) plant extract.

33814 | RSC Adv., 2024, 14, 33809–33819
attributable to precipitation of plant metabolites. The XRD
analysis of ZDE in Fig. 3B lacks distinct sharp peaks due to its
plant origin and amorphous solid state upon drying. Instead of
sharp XRD peaks, it exhibits broad halos at 2q = 20° and 100°.
Particle size analysis of bCuO-NPs

The average size and charge of the bCuO-NPs were determined
using particle size analysis. The NPs were discovered to have an
average size of 59.8 nm (Fig. 4A) and a charge of −1.0 mV
(Fig. 4B). The movement of the NPs under the inuence of the
electric eld was used to determine the surface charge of the
NPs.35 The inuence of the solvent, pH, and ionic strength on
the surface charge of NPs is signicant. As a result of its
amphipathic character, we chose Milli-Q water as a solvent,
which does not affect surface charge during analysis. The
negative charge suggested that the bCuO-NPs are stable and
maintain strong repulsion between them, preventing the bCuO-
NPs from aggregating. The magnitude of the charge on the
bCuO-NPs has a direct relationship with its stability.36
Morphological analysis (HR-SEM) of bCuO-NPs

The morphology of the bCuO-NPs was examined using High
Resolution Scanning Electron Microscopy (HR-SEM) (Fig. 5).
HR-SEM images exhibited bCuONPs to be aggregated and with
spherical shapes.37,38 This can be due to the coating of different
surface functional groups from the prepared extracts.
Fig. 4 (A) Particle size analysis of bCuO-NPs, (B) zeta potential of
bCuO-NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 HR-SEM images of synthesized bCuO-NPs.

Table 2 Percentage of elemental composition in bCuO-NPs

Element Wt%

O 24.74
Cu 75.26
Total 100.00
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TEM and EDS prole analysis of bCuO-NPs

The shape and size of the bCuO-NPs were investigated using
TEM (Fig. 6A) and EDS prole analysis (Fig. 6B). Fig. 6A
conrms the effective synthesis of spherical bCuO-NPs from ZD
enriched ZDE. The NPs were spherical in shape and mono-
dispersed as per the XRD and TEM examination.39–41 This
phenomenon could be advantageous in biotechnological and
medicinal applications where the size of the NPs must be
consistent. The potential application of NPs grows as their size
Fig. 6 (A) TEM images of bCuO-NPs and SAED pattern and (B) EDS
profile of bCuO-NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
shrinks. The ndings are consistent with the Aglaia elaeagnoi-
dea ower extract mediated synthesis of spherical CuO-NPs of
26–54 nm.42 The elemental makeup of the bCuO-NPs was vali-
dated by the EDS analysis. The bCuO-NPs were identied in the
EDS prole (Fig. 6B), and it was determined that their compo-
sition was 75.26% Cu and 24.74% O. According to the EDS
prole, the creation of bCuO-NPs was revealed by the prominent
absorption peaks of Cu and O38 (Table 2).
Evaluating the cytotoxicity of bCuO-NPs

To establish the effect of bCuO-NPs on cell viability, MTT assay
was carried out. THP-1 cells were used for the assay. These are
human leukemic monocyte cells and used as an in vitro repre-
sentation of monocytes present in the human blood.43 THP-1
cells were treated with bCuO-NPs in escalating doses of 1.25–
10 mg ml−1 (Fig. 7A) with doxorubicin as positive control. The
anticancer drug doxorubicin showed a THP-1 cell viability of
10% which was along the expected line. The bCuO-NPs showed
relatively less toxicity (21.51%) even at the highest tested dose of
10 mg ml−1. At the lowest dose of 1.25 mg ml−1 the bCuO-NPs
did not show any signicant cytotoxicity compared to the
control untreated group. The results of the MTT assay were
conrmed by the CLSM images of the treated and control THP-1
cells. The cells treated with AO/EtBr aer incubating with bCuO-
NPs for 18 h showed sparse uptake of EtBr (red uorescence)
(Fig. 7B). THP-1 cells also did not show any signicant change
in their morphology between the treatment and the untreated
control group. This conrmed that the bCuO-NPs do not have
appreciable toxicity against the cells at the tested concentra-
tions. The MTT assay thus indicated a very low toxicity for the
bCuO-NPs. This enhances the possibility of NP's therapeutic as
a treatment option.
Fig. 7 (A) Percentage of THP-1 cell viability treated with different
concentrations (1.25–10 mgml−1) of bCuO-NPs, and (B) CLSM images
of THP-1 cells treated with control doxorubicin and bCuO-NPs (*, **
denote significant differences between the treated and control).

RSC Adv., 2024, 14, 33809–33819 | 33815
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DPPH and ABTS based anti-oxidant evaluation of bCuO-NPs

To further investigate the potential of bCuO-NPs as an anti-
inammatory agent, anti-oxidant assays were carried out. The
antioxidant assays with DPPH and ABTS are a useful measure to
evaluate the antioxidant capacity of the bCuO-NPs. These
colorimetric assays provide reliable information about the
antioxidant scavenging potential of the test material. This in
turn could help understand the ability of the NP to be used as
anti-inammatory agent.
DPPH radical scavenging activity assay

The stable free radical DPPH, which has nitrogen at its core,
turns yellow when reduced. The antioxidant bCuO-NPs ability to
scavenge free radicals as it lowers the DPPH radical by donating
hydrogen is what causes the shi in colour.44 In the present
result, strong radical scavenging capabilities were demon-
strated by bCuO-NPs and the concentration of 0.132–5 mgml−1,
with higher concentrations exhibiting a high radical scavenging
capacity (9.78–61.91%) (Fig. 8A).
ABTS radical scavenging assay

The ABTS radical, which is used to assess the antioxidant
potential of compounds or extracts, is both a lipid-soluble and
a water-soluble radical.17 At all investigated concentrations
(0.132–5 mg ml−1), the ABTS free radical was effectively scav-
enged by the bCuO-NPs. Concentration-dependent anti-oxidant
activity (31.64–72.94%) was demonstrated by the bCuO-NPs
(Fig. 8B). The ABTS scavenging activity of the positive control,
ascorbic acid, ranged from 62% to 92%.
Intracellular ROS scavenging activity of bCuO-NPs

The promising results from the DPPH assay and the ABTS assay
indicated the potential of bCuO-NPs as an antioxidant agent.
Fig. 8 (A) DPPH, (B) ABTS radical scavenging activities of various
concentrations of bCuO-NPs, (C) FACS data of CDH1 – DCFDA
treated THP-1 cells (D) C1–DCFDA+H2O2 treated THP-1 cells (E) MS1
– DCFDA + H2O2 + bCuO-NPs treated THP-1 cells (F) overlay diagram
of the FACS analysis (*, ** denote significant differences between the
treated and control).

33816 | RSC Adv., 2024, 14, 33809–33819
Hence, bCuO-NPs ability to regulate intracellular reactive oxygen
species (ROS) was tested. ROS assay was carried out by DCFDA
staining of H2O2 activated THP-1 cells. TheH2O2 activated DCFDA
stained cells show increased uorescence (green) in FACS. An
effective anti-oxidant agent will reduce the intracellular ROS levels
in the cells thereby decreasing the uorescent intensity of the
cells.18 The bCuO-NPs at 1.25mgml−1 concentration considerably
decreased the intracellular ROS in comparison to cells treated
with peroxide alone. This was observed in FACS histogram
wherein THP-1 cells treated with bCuO-NPs and peroxide showed
a considerable drop in the uorescence intensity in the FL1
detector (Fig. 8C–F) compared to the cells treated with peroxide
alone. A key factor in controlling the cellular inammatory
process is the prevention of ROS production in cells triggered by
peroxide.11 Therefore, the compounds' capacity to neutralize
intracellular ROS in activated THP-1 cells acts as a marker indi-
cating the potential of bCuO-NPs as an anti-inammatory agent.

bCuO-NPs reduce PMA induced adhesion of THP-1 monocytic
cells

Adhesion of monocytes to endothelium is one of the prelimi-
nary inammatory responses in the arterial walls; this is fol-
lowed by diapedesis or invasion of monocytes into inamed
tissues. PMA (phorbol 12-myristate 13-acetate) is a well-known
protein kinase C stimulator and other kinases, which subse-
quently leads to increased adherence and expression of markers
associated with macrophage-like cells. PMA is used in in vitro
assays to mimic inammatory response and differentiation of
THP-1 monocytes leading to activated monocytes.11 In this
study, a previously standardized PMA concentration of 50 mg
ml−1 was used to activate the THP-1 cells for 48 h. Aer incu-
bating with PMA for 48 h the cells showed stable adhesion with
minimal effect on cell survival. THP-1 cells were pre-treated (24
h) with bCuO-NPs followed by activation with PMA as
mentioned above. THP-1 cells treated with the NPs showed
signicantly reduced adhesion (∼70%) (Fig. 9–C) compare to
the control.45 This ability of the bCuO-NPs to reduce adhesion
indicates the potential of bCuO-NPs to act as anti-inammatory
material.

Embryo mortality and hatching rate induced by CuO NPs

Reduced toxicity is one of the crucial features of a potential drug
to be used in disease treatment. In vitro experiments with bCuO-
Fig. 9 (A) Control: THP-1 cells – non-adhered (shows circular shaped
cells) (B) THP-1 cells + PMA + bCuO-NPs (C) THP-1 cells + PMA
(shows elongated adhered cells). The microscopic image shows the
ability of bCuO-NPs to inhibit PMA activated adhesion in monocytes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Egg hatching rate of zebrafish embryos induced by (A) bCuO-
NPs at 24–96 hpf, and (B) mortality of embryos increased in dose- and
time-dependent manner. Data are expressed as means ± S. E. from
three independent experiments (p > 0.05).
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NPs repeatedly proved its potential as an anti-inammatory
drug. The MTT assay also proved the lack of toxicity to the NP
at 1.25 mg ml−1. To further conrm the safety of bCuO-NPs,
testing in sensitive models could provide important informa-
tion before proceeding to other in vivo assays. In this scenario,
the zebrash toxicity model is trusted for its ability to provide
accurate cytotoxicity data. To determine the potential toxicity of
subjecting zebrash embryos to biogenic bCuO-NPs (1.25–
10 mg L−1), we examined the rate of egg hatching and death
during the duration of the current observation period (Fig. 10).
Most embryos hatch 48 to 96 hours following fertilization. The
egg hatching rate was less inhibited in the embryos exposed to
bCuO-NPs, as seen in Fig. 11A. The test groups treated with
10 mg L−1 bCuO-NPs had a signicantly high hatching rate
(78.4%) at 96 hpf compared to the control group (94.28%). The
mortality at the lower concentration did not differ noticeably, as
shown in Fig. 11B. The mortality of the 5 and 10 mg L−1 treat-
ment groups increased considerably to the control group as the
dosages were raised. Our ndings indicate that the degree and
duration of exposure to bCuO-NPs inuenced the rise in
embryonic toxicity and at the lower concentrations there was no
signicant difference in toxicity.

Many researches have revealed a decline in the survival and
hatching rates of zebrash embryos in different
nanomaterials.21,45–47 The embryo's developmental delay was
directly caused by the suppression of the egg hatching rate. In
this investigation, we found that bCuO-NPs (1.25–10 mg L−1)
caused anomalies in the head and tail of the embryos in addi-
tion to edema inside the yolk sac. The most prevalent abnor-
malities produced by embryos exposed to NPs were edema and
a tail deformity, according to the results displayed in Fig. 10. Xu
et al. 2012 (ref. 48) reported, that the embryos treated to tita-
nium dioxide NPs exhibited severe abnormalities associated
Fig. 10 Effect of bCuO-NPs and control (1.25–10 mg ml−1) showing
normal zebrafish embryogenesis at different HPF development. The
inverted microscope was used to produce the images. There were 4
periods depicted: blastula (3 HPF), segmentation (12 HPF), and phar-
yngula (24 HPF), and hatching (48 HPF). MP—melanophores; G—gut;
Y—yolk sac; Ed—edema; Ch—chorion; F—fin; YM—yolk membrane;
B—brain; E—eye anlage; T—tail P—pericardium; EB—ear bud; H—
heart; C—chorda; BC—blood cells; AN—anus; (scale bar = 0.5 mm).

© 2024 The Author(s). Published by the Royal Society of Chemistry
with the pericardial edema and yolk sac.48 Apart from this, the
most frequently seen malformations in the embryos treated
with silver NPs were n fold and tail deformity regions.49

Consequently, we were also able to conrm that zebrash
embryos exposed to various NPs exhibited a range of abnor-
malities at high concentrations.
MMP-9 DNA promotor methylation studies

Earlier studies have shown the ability of pure ZD to reduce
inammation in THP-1 cells. The compound also altered the
gene and protein expression in an anti-inammatory manner.
This included changes in levels of MMP-9 and other inam-
matory cytokines. One key nding of the study was the ability of
ZD to alter MMP-9 gene promoter DNA methylation.12 In the
current study, the bCuO-NPs showed an anti-inammatory
prole similar to ZD. Hence, investigating the NP's effect on
the DNA methylation pattern of the MMP-9 gene promotor
region would be of interest. RFLP experiments carried out with
bCuO-NPs treated THP-1 cells showed similar epigenetic
modication capability for the NPs. Hypomethylation was
observed in the samples of PMA-activated THP-1 cells treated
with NPs (ESI Fig. 3†). The similarity in activity between pure ZD
and the NPs could be attributed to the ZD-enriched extract
present in the NP. Once again, the studies indicate the ability of
bCuO-NPs to modulate inammation similar to the active
compound ZD found in the leaves of VA.
Conclusions

In the present study, CuSO4$5H2O was used to synthesize NPs
via the biosynthesis route. A method standardized to generate
ZD-enriched Vernonia arborea was developed and the enriched
extract was successfully used to synthesize CuO-NPs from
CuSO4$5H2O. The bCuO-NPs synthesized using enriched
RSC Adv., 2024, 14, 33809–33819 | 33817
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extract showed a spherical structural form, a mono-dispersed
size distribution with nanoscale dimensions, and a mono-
clinic crystal structure. bCuO-NPs showed an effective ability to
inhibit antioxidants. The NPs showed reduced toxicity both in
in vitro human monocytic cell lines as well as in vivo zebrash
models. The antioxidant ability of the biosynthesized NPs
extended into in vitromodel, wherein they reduced intracellular
ROS levels in THP-1 cell lines. Further, the NPs prevented PMA
activation of the monocytes, indicating the ability to reduce
inammation in monocytes. Overall the studies identied the
ability of zaluzanin D enriched extract to generate CuO NPs with
the ability to modulate inammation.
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