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ABSTRACT: In this work, an ecofriendly approach for biogenic
production of copper oxide nanoparticles (CuO-NPs) was proposed
by utilizing the Bacopa monnieri leaf extract as a reducing and
stabilizing agent. The synthesis of CuO-NPs was instantly confirmed
by a shift in the color of the copper solution from blue to dark gray.
The use of UV−visible spectroscopy revealed a strong narrow peak
at 535 nm, confirming the existence of monoclinic-shaped
nanoparticles. The average size of CuO-NPs was 34.4 nm, according
to scanning electron microscopy and transmission electron
microscopy studies. The pristine crystalline nature of CuO-NPs
was confirmed by X-ray diffraction. The monoclinic form of CuO-
NPs with a crystallite size of 22 nm was determined by the sharp
narrow peaks corresponding to 273, 541, 698, 684, and 366 Bragg’s
planes at different 2θ values. The presence of different reducing
metabolites on the surface of CuO was shown by Fourier transform infrared analysis. The biological efficacy of CuO-NPs was tested
against Helicobacter felis, Helicobacter suis, Helicobacter salomonis. and Helicobacter bizzozeronii. H. suis was the most susceptible strain
with an inhibition zone of 15.84 ± 0.89 mm at 5 mg/mL of NPs, while the most tolerant strain was H. bizzozeronii with a 13.11 ±
0.83 mm of inhibition zone. In in vivo analgesic activity, CuO-NPs showed superior efficiency compared to controls. The maximum
latency time observed was 7.14 ± 0.12 s at a dose level of 400 mg/kg after 90 min, followed by 5.21 ± 0.29 s at 400 mg/kg after 60
min, demonstrating 65 and 61% of analgesia, respectively. Diclofenac sodium was used as a standard with a latency time of 8.6 ±
0.23 s. The results observed in the rat paw edema assays showed a significant inhibitory activity of the plant-mediated CuO-NPs.
The percentage inhibition of edema was 74% after 48 h for the group treated with CuO-NPs compared to the control group treated
with diclofenac (100 mg/kg) with 24% edema inhibition. The solution of CuO-NPs produced 82% inhibition of edema after 21 days
when compared with that of the standard drug diclofenac (73%). CuO-NPs vividly lowered glucose levels in STZ-induced diabetic
mice, according to our findings. Blood glucose levels were reduced by about 33.66 and 32.19% in CuO-NP and (CuO-NP + insulin)
groups of mice, respectively. From the abovementioned calculations, we can easily conclude that B. monnieri-synthesized CuO-NPs
will be a potential antibacterial, anti-diabetic, and anti-inflammatory agent on in vivo and in vitro basis.

■ INTRODUCTION

Metal oxide nanoparticles (NPs) have sparked a lot of interest
in optoelectronics, nanodevices, nanoelectronics, nanosensors,
data storage, and catalysis in recent years.1 Copper oxide
nanoparticles (CuO-NPs), for example, are regarded as a
strong weapon due to a wide range of advantageous properties,
such as superconductivity at high temperatures, electron
correlation effects, and spin dynamics.2 Humans, plants, and
animals all require copper (Cu). It is required by humans in
trace amounts. Copper levels in the body of a 70 kg adult are
around 100 mg. Copper consumption ranges from 2−4 mg per
day, with a maximum of 10 mg.3 The balance of the body’s
requirements must be met by dietary sources such as food or
drink. Many enzymes, including those that are part of the

human immune system’s pathogen-killing machinery, require

copper as a cofactor.4 Many biochemical and physiochemical

activities in plants require copper. It is one of the most

important trace elements for plant development. A variety of

enzymes, including amino oxidase, cytochrome c oxidase, and

plastocyanin, use it as a cofactor.5
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People are interested in nanotechnology in the fields of
physics, chemistry, biology, nanomedicine, and electronics as a
result of the contemporary scientific period. Nanotechnology
may create a wide range of nanoscale materials with at least
one dimension, ranging in size from 1 to one 100 nm, known
as nanomaterials or NPs.6 Because of their capacity to be
modified at a scale where characteristics can be controlled,
nanomaterials have opened up new areas of scientific and
industrial innovation. Due to the wide range of possible uses of
NPs, a varied collection of researchers, including biologists,
chemists, physicists, and engineers, took part.7 These materials
are used in sensors, textiles, batteries, nanomedicine, energy
storage pigments, dyes, solar systems, capacitors, catalysis, food
industries, lithium-ion batteries, plant metabolic pathways
management, and wastewater treatment, to name a few.8

Biological, chemical, and physical processes can be used to
create NPs of various shapes and sizes.9 Photochromic NPs,
core−shell NPs, polymer-coated magnetite NPs, metal oxide
NPs (including ZnO-NPs, MgO-NPs, FeO-NPs, and CuO-
NPs), and metal dioxide NPs are just a few examples of NPs
that can be classified based on their reported classification
(TiO2-NPs, CeO2-NP, Ag-NPs, and ZrO2-NPs).

10−13

The prominence of CuO-NPs can be ascribed to their
numerous uses. Copper oxide is a p-type semiconductor with a
1.7 eV band gap and a monoclinic crystal structure. CuO-NPs
can be used for a variety of qualities and applications.14 Copper
oxide has a wide range of uses, including antimetastatic
chemicals, antibacterials, antioxidants, drug delivery, anti-
fungals, antibiotics, and anti-fouling.15,16 A number of
physicochemical methods were used to make CuO-NPs.
Other disadvantages of these tactics include the release of
several very harmful compounds into the environment as well
as the significant financial and energy expense. As a result, a
more environmentally friendly, green, and cost-effective
method of producing NPs is required.9 Biotechnology and
other natural approaches, such as green chemistry, may be
credited with the development of a cost-effective and
environmentally friendly way for making NPs. Researchers
used oleic acid, gelatin, albumin, starch, and alginate with
fungus, algae, bacteria, plant extracts, and other living things to

create CuO-NPs.17 This approach is environmentally friendly,
safe, and cost-effective, and it remains dynamic throughout.18

Without various types of metabolites (proteins, enzymes,
lipids, phenolic compounds, polysaccharides, and sugar) and
functional groups such as metabolites, amino group, polyols,
and carboxylic acid found in biotic resources, the reduction,
chelation, stabilization, and production of NPs would be
greatly hampered.19

Plant extracts are frequently employed to synthesize CuO-
NPs. While the approach of fabricating CuO-NPs from
bacteria, algae, and fungus has numerous benefits, it also has
a few drawbacks.9 Significant challenges, such as bacterial
toxicity, the capacity to grow germs in isolation, and the
incubation process, persist, however. Plant extracts are a
fantastic source of antioxidants and a novel way to making NPs
safer and more stable: manufacturing with plants is a quick and
easy procedure that is also safer and more stable.20 The
procedure takes 1−3 h to finish at room temperature. Reduced
and stabilizing agents, including phenols, flavonoids, tannins,
terpenoids, and proteins, can be found among the bioactive
metabolites in plant extracts. Electrons are created during the
extraction of the plant, which causes copper salts to be
decreased. Reducing molecules are formed when phytochem-
icals react with copper ions.21,22

In this study, we used the seed extract of B. monnieri as a
reducing/capping agent to make CuO-NPs. It belongs to the
Plantaginaceae family and is rich in phytochemicals such as
bacoside saponins, known as dammarane types, with pseudo-
jujubogenin as the aglycone moiety.23,24 In the family, 12
bacoside analogues have been identified. Bacopasides I−XII
are new saponins that have just been found. D-mannitol,
apigenin, and herpestine B are among the five known alkaloids
(herpestine, nicotine, brahmine, monnierasides I−III, and
plantainoside B).25 Apart from bacoside A, which was
discovered to be a mixture of bacoside A3, bacopacide II,
bacopasaponin C, and a jujubogenin isomer of bacosaponin C,
the individual plant constituents that have received the most
attention in this plant have been identified as bacoside A3,
bacopacide II, bacopasaponin C, and jujubogenin.26 B.
monnieri has a number of scientific study uses, including

Figure 1. (A) UV-spectroscopic analysis and (B) typical XRD pattern of synthesized CuO-NPs.
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treating seizures, depression, pain, inflammation, ulcers, and
liver health.25 Fourier transform infrared (FTIR), ultra-violet
(UV), X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) were
used to investigate the morphological and physicochemical
properties of synthesized CuO-NPs. Finally, anti-arthritis, anti-
diabetic, analgesic, leukocyte migration assay, and antibacterial
assays were utilized to better assess the clinical effects of green
CuO-NPs in order to find prospective pharmaceutical
applications.

■ RESULTS AND DISCUSSION
Synthesis of Copper Nanoparticles. Seed extract of B.

monnieri contains important phytochemicals such as bacoside
A3, monnierasides I−III and saponins.27,28 These phytochem-

icals have been used in the treatment of different diseases like
pain and inflammation.25 Aside from the biomedical
importance, these phytochemicals can form strong bonds
with metallic ions and is therefore a promising agent to be used
in nanomaterial synthesis.25,26 B. monnieri extract was used as a
capping and reducing agent in the production of metallic NPs.
When the reaction between B. monnieri and respective salts
occurs, the color of the combination changes from dark blue to
dark gray. For the investigation of its physico-chemical
characteristics, the chemical was isolated and centrifuged
before being stored.

UV Analysis. CuO-NPs were fabricated according to a well-
established process, and the solution was kept at room
temperature for 40 min after color change. The UV−visible
spectral range was then set to 200−700 nm, and the sample

Figure 2. (A) FTIR analysis performed to find out available functional groups on the NP surface and (B) typical TGA graph of CuO-NPs.

Figure 3. (A) EDX composition analysis, (B) SEM micrograph at 1 μm, and (C) TEM micrograph at 50 nm of CuO-NPs.
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was tested for absorbance.29 This study was conducted using a
Shimadzu UV-1800 Spectrophotometer. CuO-NPs were
produced, as shown in Figure 1A, and validated by their
distinctive surface plasmon peak at 420 nm at an absorbance
rate of 1.25 a.u. A few tiny distortion peaks were also observed,
which might be caused by proteins involved in NP reduction
and capping.30,31 The UV peaks successfully revealed that the
Cu2+ ions were reduced to Cu0 by B. monnieri macromolecules.
XRD Analysis. The phase identity and crystalline

morphology of biosynthesized CuO-NPs were studied using
an X-ray diffractometer (JDX-3532, JEOL, Japan) at 20−40 kV
and 2.5−30 mA, respectively, using CuKa (wavelength =
1.5418) X-rays and a 2θ range of 0 to 160.32 Figure 1B shows
that the XRD main peaks at 110, 002, 200, 111, 112, and 202
correspond to 2θ values of 24.5, 25.8, 26.3, 28.7, 34.8, and
36.1°, respectively. As indicated by XRD data in Figure 1B, the
CuO-NPs generated by the reduction of Cu+ ions from the leaf
extract are crystalline in nature. Before the XRD examination,
the CuO-NPs were centrifuged many times and recollected in
sterile distilled water, as stated above in the Biosynthesis of
Copper Nanoparticles section, to eliminate any material that
may ignite.33 The appearance of structural peaks in XRD
models indicates that the green synthesis of CuO-NPs is
monoclinic space crystalline with an average crystal size of 22.4
nm.33,34

FTIR Analysis. The possible role of B. monnieri biomolecule
functional groups in the capping and reduction of CuO-NPs
was investigated using FTIR spectroscopy. The FTIR spectra
were collected in the 400 to 4500 cm−1 spectral range using the
Spectrum 3TM FTIR spectrometer.35 Peaks were found at
3304, 3034, 2864, 1662, 1582, 1018, and 946 cm−1, as shown
in Figure 2A.36 Stretching in aromatic CH3 groups, C−H bond
stretching in alkenes and alkanes, CC bond stretching in
alkenes, N−O bond stretching in nitro compounds,37 O−H
bond stretching in carboxylic acid, and CC bond bending in
alkenes are all involved in the reduction of Cu+2.
Thermal Galvanometric Analysis. Pyris Diamond Series

thermal galvanometric analysis (TGA) was utilized to
investigate the thermal properties of CuO-NPs between 50
and 600 °C, as illustrated in Figure 2B. CuO-NPs lost 33.3% of
their total weight when heated to 600 °C. The first weight loss
occurred at a temperature of roughly 150 °C owing to
dehydration and moisture loss.38 While the rate of weight loss
increased as the temperature rose, the amount of weight lost at
400 °C was minimal.
Energy Dispersive X-Ray Analysis. Energy dispersive X-

ray (EDX) using (JSM5910) INCA200/Oxford instruments,
UK, was accomplished in the voltage range of 0−20 KeV. The
EDX technique may be used to determine the elemental
analysis of biosynthesized NPs.39 According to the EDX
spectra displayed in Figure 3A, there is a prominent peak of

copper at 0.3 KeV as well as two additional peaks at 8.0 and
8.41 KeV. Additional K, Cl, S, O, Mg, and C peaks were also
found, which might be related to biomolecules participating in
NP production. The existence of copper NPs was confirmed by
the high peaks of copper.40 The new peaks had no effect on the
copper NPs’ real nanostructure.

SEM and TEM Morphological Analysis. The precise
shape and size of the biosynthesized CuO-NPs were
determined using SEM and TEM.41 The analysis was carried
out using a scanning electron microscope (JSM5910) and
transmission electron microscope (JEM-2100). With an
average size of 34.4 nm, the white patches in Figure 3B
represent particle agglomeration, with some particles uni-
formed and monodispersed and others aggregated and
polydispersed (ImageJ analysis). Figure 3C displays a TEM
microphotograph of copper oxide, which reveals its monoclinic
structure. The aggregation of the particles is caused by the fast
reduction of biomolecules during the creation of CuO-NPs.
The size of the particles is, however, affected by the salt
content and the pH of the reaction. In comparison to low pH,
high pH causes greater aggregation and bigger size.42

Antibacterial Assay. One of the most serious issues in
global health care is the development of antibiotic resistance in
bacterial strains. Metal NPs and their oxides are one of the
most promising approaches to combat antibiotic resistance in
bacteria. Numerous investigations have demonstrated that
metal oxide NPs have a strong antibacterial capability against
both Gram-positive and Gram-negative bacterial species.43 The
utilization of metal-based NPs and their oxides is of particular
interest. Copper (Cu) and its oxides (CuO) are one of the
most researched metals that impact living things. Copper is a
very active element with excellent reduction characteristics.
Copper oxide is easily formed when it is oxidized. Copper is
one of the most significant trace elements in the human
body.44 Most metals, such as copper, zinc, and iron, exert their
antimicrobial effects by inhibiting enzymes, causing the
formation of reactive oxygen species (ROS) (the Fenton
reaction), damaging cell membranes, and preventing micro-
organisms from obtaining critically essential microelements.45

When metal oxide NPs interact with bacteria, they produce
ROS. Metal ions produced by NPs have an impact on the
respiratory chain and block certain enzymes. Singlet oxygen,
hydroxyl radical, hydrogen peroxide, superoxide anions, and
other ROS are formed and accumulate as a result. Bacterial
internal components such as DNA and proteins can be
damaged by ROS.46 This antibacterial activity is shown in
Table 1 and Figure 4 using the disk diffusion method, which
uses CuO-NPs. Four pathogenic bacteria strains, namely,
Helicobacter felis, Helicobacter suis, Helicobacter salomonis, and
Helicobacter bizzozeronii, were evaluated against various
concentrations of NPs ranging from 5 to 0.5 mg/mL. In

Table 1. Antibacterial Values of Synthesized CuO-NPs at Various Concentrations

CuO-NPs

H. pylori strains 5 mg/mL 4 mg/mL 2 mg/mL 1 mg/mL

Helicobacter felis 15.71 ± 0.91a 11.44 ± 1.13a 7.49 ± 0.67b 5.06 ± 0.55b

Helicobacter suis 15.84 ± 0.89a 11.26 ± 0.91a 8.39 ± 0.93a 4.86 ± 0.59b

Helicobacter salomonis 13.50 ± 0.84b 10.13 ± 0.73b 7.20 ± 0.84b 7.11 ± 0.59a

Helicobacter bizzozeronii 13.11 ± 0.83c 9.87 ± 0.78c 6.23 ± 0.81c 4.29 ± 0.44c

positive control (ampicillin) 23.82 ± 1.28 18.29 ± 1.12 14.67 ± 0.96 11.14 ± 0.88
aHighly significant. bSlightly significant. cNon-significant difference from control at P < 0.05 by one-way ANOVA in the column values are mean ±
SD of triplicate.
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these activities, ampicillin was employed as a positive control.
A tested bacterial strain had its highest bactericidal activity
against CuO-NPs that were added to the medium at a
concentration of 5 mg/mL. At a high concentration, the CuO-
NPs were shown to be bactericidal, while at a lower
concentration, they were shown to be bacteriostatic. H.
salomonis, H. felis, H. suis, and H. bizzozeronii all showed
strong inhibition zones of 13.50 ± 0.84, 15.71 ± 0.91, 15.84 ±
0.89, and 13.11 ± 0.83, respectively, against 5 mg/mL.
Biofabricated CuO-NPs have gained interest as an antibacterial
therapy due to their unique morphologies, diameters, and
biocompatibility. A type of CuO-NPs is antimicrobial, working
against both Gram-positive and Gram-negative bacteria.47,48

Previous studies have shown that the antibacterial property of
CuO-NPs is produced through a green method utilizing the
Tabernaemontana divaricata leaf extract and shown against
Helicobacter pylori.49

Analgesic Activity. Controlling pain is a significant goal in
the treatment of many disorders. Using a hot plate approach,
many synthetic compounds and metallic NPs are investigated
for pain-relieving properties in Swiss albino mice.50 To locate a
bioactive molecule, natural commodities are required,
particularly from medicinal plants with little or no side
effects.50,51 The mean delay time (seconds) was measured after
the injection of prepared CuO-NPs (30, 60, and 90 min).
Group I (which had a mean delay time of 2.37 ± 0.11 s after
30 min of saline administration) experienced a significantly
long latency time of 8.6 ± 0.23 s after receiving diclofenac
sodium; this was compared to the control group (which had a
mean delay time of 2.37 ± 0.11 s after 30 min of saline
administration). CuO-NPs showed a significant and dose-
dependent analgesic impact in contrast to the control
condition. After 90 min, a maximum mean latency time of
7.14 s was recorded at a dosage level of 400 mg/kg, which
reduced to 5.21 s at the same dose level after 60 min,
suggesting pain alleviation of 65 and 61%, respectively. Figures
5 and 6 demonstrate that 8.6 ± 0.23 s had to elapse after
diclofenac sodium was administered in order to create a
standard. Flavonoid-rich plants have been found to have
analgesic, diuretic, and anti-inflammatory properties. B.
monnieri leaf extracts also include flavonoids and phenols,
which help in the formation of CuO-NPs.52,53

In vivo Anti-Inflammatory Assay. Reduction of
Carrageenan-Induced Paw Edema in Rats. In the pharma-
ceutical research, the rat paw inflammation caused by the
chemical carrageenan is widely used to aid in the search for
new anti-inflammatory medications.54 Carrageenan injection

induces a rise in histamine-, serotonin-, and prostaglandin-like
substances in the rat’s paw, resulting in edema development.55

The anti-inflammatory properties of CuO-NPs are anticipated
to be substantial because they block histamine, serotonin, and
prostaglandin.56 According to the current data, NPs are a
useful therapeutic agent for decreasing inflammation in acute
situations (see Table 2 and Figure 7). Plant-mediated CuO-
NPs often show a substantial inhibition efficacy in rat paw
edema experiments. After 48 h, the CuO-NP-treated group had
74% less edema than the diclofenac (100 mg/kg)-treated
control group. Post 48 h, the CuO-NP group showed a 74%
reduction in edema as compared to the diclofenac (100 mg/
kg)-treated control group. The findings confirmed that the
number of white blood cells traveling to the location of
inflammation had increased. In this test model, prostaglandins
were found to be involved in the inflammatory process. Edema
in the paw is caused by inflammatory mediators that increase
vascular permeability and/or mediators that increase blood
flow.57,58

Leukocyte Migration. The number of leukocytes attracted
to the air-induced cavity after the carrageenan injection alone
was 6 × 105 cells/mL higher than the number of leukocytes
found in the group treated with the anti-inflammatory drug
diclofenac (4.5 × 105 cells/mL) or in the group treated with
the NPs (3.5 × 105 cells/mL), as shown in Figure 8.59,60

Reduction of Adjuvant Arthritis-Induced Paw Edema. Pre-
injection of CuO-NPs revealed that compared to the control
group, it was possible to reduce paw edema in rats by
administering the treatment for a total of 21 days. CuO-NPs
yielded an 82% reduction in edema after 21 days, as indicated
in Table 3 and Figure 9. In the current research, the CuO-NPs,
as opposed to the conventional medication, were shown to be
effective in reducing the complete Freund’s adjuvant (CFA)-
induced chronic inflammation in the rat knee joint. The CuO-
NPs studied in the CFA-induced monoarthritis resulted in
substantially decreased paw volume in comparison to the
control.61 Phenolic and terpenoid chemicals are known to
possess anti-inflammatory properties, and this may explain the
anti-inflammatory effects in these experiences.62 Based on
findings obtained via the leukocyte migration test, it seems that
the mechanism of action of NPs involves altering the migration
of leukocytes into the tissues and target organs.63 Adjuvant
arthritis is utilized widely in etiology research as well as to

Figure 4. Assay picture of NPs against various strains of H. pylori: (A)
H. felis, (B) H. salomonis, (C) H. suis, and (D) H. bizzozeronii.

Figure 5. Percentage analgesic potential of synthesized CuO-NPs.
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evaluate novel natural treatments. In the rat adjuvant arthritis
model, several herbal remedies have been shown to lessen the
extent of the illness. Antioxidant activity has also been said to
have a role in the reduction of inflammation and arthritic
processes.64

In Vivo Anti-Diabetic Assay. Many metallic NPs, such as
zinc, silver, iron, copper, and gold oxides, have been employed
in medical and biological sciences.65 This work reveals that
injecting CuO-based NPs into diabetic mice leads to
considerable blood glucose reductions even when the mice
are not fasting, as shown in Tables 4 and 5. Hepatic
glycogenolysis and gluconeogenesis contribute to hyper-
glycemia by promoting excessive synthesis of glucose and
discouraging its use by the tissues.66 We found that CuO-NPs
decreased the levels of glucose in STZ-induced diabetic mice
substantially. When compared with the control group, about
35.74 and 32.78% reductions in blood glucose levels were
observed for the groups of mice treated with CuO-NPs and
(CuO-NPs + insulin), respectively. The drug STZ enters the β-

cell via a glucose transporter and damages the DNA with
alkylation.67 Poly-ADP-ribosylation is a mechanism that is
much more essential for the diabetes-inducing capability of
STZ than DNA damage itself. Zinc may help promote the
actions of insulin and may decrease the formation of cytokines,
which has the potential to kill the insulin-secreting cells in the
pancreas, causing type 1 diabetes.68

Biocompatibility with Human Red Blood Cells. It was
discovered that learning about the adverse effects of CuO-NPs
on human exposure could be done by measuring the
percentage of human blood impacted by high concentrations
of CuO-NPs (CuO-NPs at concentrations ranging from 400 to
12.5 μg/mL). Human red blood cells were extracted from the
circulatory system and used in a study to see if they were
biocompatible when combined with CuO-NPs.69 The
cytotoxic nature of these generated CuO-NPs at the highest
concentration was shown by the percentage of CuO-NPs that
were hemolyzed, as indicated in Table 6; that is, at 400 μg/mL
the percentage was 4.54 ± 0.31 and at 12.5 μg/mL the
percentage was 2.36 ± 0.24. It was discovered that the
hemolysis efficacy of CuO-NPs decreases as the CuO-NP
concentration is lowered. Our research revealed that the safe
concentration of CuO-NPs was 12.5 μg/mL, and hemolysis
potential was related to the size of the NPs.70

■ CONCLUSIONS

The formation of CuO-NPs by eco-friendly and green
bioprinting with B. monnieri leaf extract was demonstrated in
the current work. The CuO-NPs were analyzed using a variety
of analytical methods, including UV, XRD, FTIR, SEM, TEM,
and EDX. In vitro and in vivo studies have demonstrated that

Figure 6. Analgesic activity of CuO-NPs.

Table 2. Effect of CuO-NPs in Carrageenan-Induced Rat
Hind Paw Edema

treatments and doses 0 h 1 h 2 h 3 h 4 h 5 h 24 h 48 h

carrageenan 1%
percentage of
inhibition

0 0 0 0 0 0 0 0

Diclofenac 100
mg/mL percentage
of inhibition

0 48 39 36 49 47 34 24

NPs 400 mg/mL
percentage of
inhibition

0 45 49 57 58 60 66 74

Figure 7. Reduction of carrageenan-induced paw edema in rats. (A) Picture of paw. (B) Histopathology of paw edema.
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this CuO-NP formulation possesses antibacterial, anti-diabetic,
and anti-inflammatory activities. CuO-NPs showed a strong
antimicrobial and anti-diabetic activity as a result of the
findings, which might lead to the development of novel
antibacterial and anti-diabetic medications. However, this
study looked at the molecular processes and physiological
aspects of CuO-NPs; further research is needed to understand
the link between these mechanisms and the clinical
consequences observed in mice. The introduction of
phytoconstituents that are both active and have higher
characteristics has boosted the biological uses of CuO-NPs.

As a result, B. monnieri seed extract might be an effective
alternative to traditional treatments.

■ METHODS
Herb Collection and Extract Preparation. Disease-free

and healthy B. monnieri leaves were collected from Charsadda,
KPK, Pakistan. The Department of Botany, Bacha Khan
University, Pakistan, was cited as the taxonomic authority after
obtaining confirmation that the plant had been identified as B.
monnieri. To eliminate pollutants and dust spores, the plant
material was gently rinsed with distilled water. After 40 days of
drying in the shade, the leaves were finely powdered in a
grinder. A mixture of 10 g finely powdered leaves and 100 mL

Figure 8. Leukocyte migration assay of CuO-NPs.

Table 3. Reduction of Adjuvant Arthritis-Induced Paw
Edema

DAY
February

CFA + DICLOF 10 mg/kg %
inhibition

CFA + NPs 400 mg/kg %
inhibition

February 1 10 12
February 3 18 21
February 6 29 32
February 9 36 41
February
12

45 49

February
15

58 61

February
18

67 71

February
21

73 82

Figure 9. Reduction of adjuvant arthritis-induced paw edema in rats. (A) Picture of a rat knee joint. (B) Histopathology of rat knee joint tissues.

Table 4. Anti-Diabetic Effect of CuO-NPs on STZ-Induced
Diabetic Mice

groups dose

fasting blood
glucose levels
(mmol/L)

glucose levels
after 2 h

% of
inhibition

control distal
water

1 mL/mice
(oral)

17.59 ± 0.43 17.54 ± 0.18

NPs 14 mg/kg bw
(oral)

17.19 ± 0.32 10.13 ± 0.29 35.74

NPs +
insulin

7 mg/kg bw
(oral) +
0.2 U/50 g
(sc)

17.59 ± 0.39 10.52 ± 0.33 32.78

G-IV
(standard:
insulin)

0.4 U/50 g
(sc)

17.68 ± 0.44 8.41 ± 0.27 43.60
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distilled water was mixed for 1 h at 60 °C. The extract was first
filtered through two layers of nylon filter paper and then
purified three times with Whatman filter paper no. 1. After
filtering the copper sulfate, the liquid was allowed to cool
before being blended with the copper salt. The extract was kept
at 4 °C until it was tested.71

Synthesis of CuO-NPs. A previously disclosed technique
for making copper oxide NPs was revised to add new aspects.32

To conduct a sensitivity experiment, 100 mL of the extract was
mixed with 6.0 g of cupric acetate Cu(CH3COO)2 (Sigma-
Aldrich) and heated to 60 °C for 2 h on a magnetic stirrer. The
solution was chilled to 25 °C before centrifuging (at 10,000
rpm for 10 min). The resulting pellet was washed three times
with purified water before being put onto a clean Petri dish and
dried in the oven at 90 °C. After smashing the material into a
fine powder with a pestle and mortar, it was exposed to 2 h
treatment at 500 °C to remove any impurities.
Physicochemical and Morphological Characteriza-

tion. UV−vis spectroscopy, XRD, FTIR, SEM, TEM, and
TG testing were employed to investigate the structural,
vibrational, chemical, and morphological properties of
biosynthesized CuO-NPs. The model D8 Advance XRD
(Germany) was used to determine the crystallinity of the
material, in the temperature range of 2v (10−80°) with a
scanning step size of 0.03°/s. The use of Cu K radiation was
necessary in order to get diffraction data (wavelength 1.5406,
generator voltage 40 kV, tube current 30 mA). Using Scherer’s
equation, the crystallite size was calculated as follows:72

λ β θ=D k / cos

EDX analysis was used to test the chemical composition of
synthesized NPs. As a consequence of capping and reducing
agents within the extract, FTIR analysis identified functional
groups on NPs. This experiment was done in distilled water
with varying pH values in order to visually evaluate particle
scattering stability. The structure/appearance and morphology

of the NPs was measured via SEM. To evaluate the size and
shape of biogenic CuO-NPs, TEM was used.73

Antibacterial Activity of CuO-NPs against H. pylori
Bacterial Strains. The bactericidal potential of CuO-NPs in
solution was investigated in vitro utilizing the agar well
diffusion technique with minimal modifications.74 The seeding
density of the bacterial culture (1 × 106 CFU/mL) was
modified to reach the highest effective seeding density. The
nutrient agar lawn was created with 50 μL of newly cultured
microorganisms. A test sample of 10 μL was placed in each
well. The seeded plates were then labeled in the same way. The
names were also spelled out on the seeded plates. As a positive
control, ampicillin was utilized, while DMSO was used as a
negative control. After a 24 h incubation period at 37 °C, the
zone of inhibition was measured in all of the test wells that
included samples and controls. The breadth of the zones was
measured using a Vernier Caliper’s millimeter gauge.

Analgesic Activity of CuO-NPs. Albino mice were given
for this study by the National Institute of Health in Islamabad,
Pakistan. The mice were housed at a temperature of 25 °C
with a relative humidity of 50−55% and given 12 h cycles of
light and darkness to keep the temperatures in the colony cages
under control. The animals were given typical animal feed to
eat. The animals were housed in a facility that offered a
constant and controlled setting to begin the experiment. While
the standard procedure was followed, the hot plate method was
applied to boost analgesic effect. The feet of mice are
extremely temperature sensitive. They elevate their paws and
escape when they detect a temperature shift. The mice were
kept on Eddy’s hot plate at 54.2 °C. A 15 s protective time was
observed in order to prevent paw skin harm. A timer was used
to measure the time it took for a mouse to respond. Diclofenac
sodium was used as a positive control to confirm the findings.
Intraperitoneal injections of CuO-NPs at concentrations of
100, 200, 300, and 400 mg/kg were used. After 30, 60, and 90
min, three mice were given NPs of varying concentrations and
monitored.

Carrageenan-Induced Paw Edema in Rats. Rats in the
test group showed edema in their right hind paws after being
injected with 0.2 mL of 1% (w/v) carrageenan (Sigma-Aldrich,
St. Louis, USA), with a volume of 0.2 mL, on the plantar side
of the right hind paw.75 Before the carrageenan injection, the
paw diameter was measured. After the carrageenan injection,
the paw diameter was measured each hour up to five times,
then after 24 and 48 h. The rats were split into three groups,
where each group included six members. For the first group
(control group), normal saline was administered (3 mL/kg
body weight), whereas for the second group, the usual anti-
inflammatory medication was used; diclofenac (Troge,
Germany) (100 mg/kg body weight p.o.) was given. The
NPs (400 mg/kg body weight po) were given to the third
group. One hour before administering carrageenan, the animals
were pretreated. Using this method, we estimated the
percentage inhibition of edema

=

−

×

% inhibition of edema
Mean edema increase in control group Mean

edema increase in treated group
Mean edema increase in control group

100

Table 5. Hypoglycemic Activity of CuO-NPs

groups dose

blood glucose
levels (mmol/L)
fasting glucose

levels
glucose levels
after 2 h

% of
inhibition

control distal
water

1
mL/mice
(oral)

5.10 ± 0.12 4.98 ± 0.06

NPs, mild dose 8 mg/kg
bw
(oral)

4.71 ± 0.22 3.75 ± 0.23 23.19

NPs, moderate
dose

14 mg/kg
bw
(oral)

5.29 ± 0.29 3.66 ± 0.19 27.17

standard:
glibenclamide

10 mg/kg
bw
(oral)

5.07 ± 0.18 3.19 ± 0.21 44.31

Table 6. Biocompatible Nature of CuO-NPs against hRBCs

S. no concentration (μg/mL) % hemolysis

1 400 4.54 ± 0.31
2 200 4.28 ± 0.33
3 100 3.63 ± 0.30
4 50 2.74 ± 0.30
5 25 2.61 ± 0.29
6 12.5 2.36 ± 0.24
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Adjuvant-Induced Chronic Arthritis. Injecting CFA into
the left footpad of each rat caused experimental arthritis in that
animal (CFA, Difco Laboratories, Detroit, MI, USA). The NPs
(500 mg/kg body weight po) were given to the rats daily for
21 days following the CFA challenge, as was done in the test
groups. To keep it clear, in the third group, the drug diclofenac
(10 mg/kg body weight po) was administered, while in the
control group, a saline solution (3 mL/kg body weight po) was
administered.
Leukocyte Migration Assay. Dorsal subcutaneous air

pouches (20 mL sterile air) were created in four groups of rats
as reported before carrageenan (1%) was injected into the
created cavity of three groups and 0.9% NaCl was put into one
group on the third day after the cavity was established. A 4-day
treatment of the test sample (500 mg/kg body weight po)
following the air pouches therapy was given to the rats in the
test groups. In the control group, saline was given to those
receiving it (3 mL/kg body weight). In the third group,
diclofenac was administered to those receiving it (100 mg/kg
body weight). The leukocyte count was assessed after 5 mL of
ice-cold 0.9% NaCl was injected into the cavity and
subsequently collected.75

Induction of Experimental Diabetes. Experimental mice
were injected intraperitoneally (ip) with STZ (45 mg/kg body
weight) to develop diabetes. For 5 consecutive days, mice were
injected with STZ dissolved in freshly produced 0.01 M
sodium citrate buffer (pH = 4.5), and their blood was
collected. To minimize the risk of hypoglycemia after STZ
injection, the animals were made to consume glucose solution
(5% w/v) overnight.76 Mice in the control group simply
received the vehicle (citrate buffer). STZ-treated mice were
allowed to stay in their usual environment for 5 days after the
treatment was finished. Mice who had been on the diet for
about 2 weeks following the 2-week fasting period acquired
diabetes and had blood glucose levels of >11.1 mmol/L while
they were fasting. In order to determine blood glucose levels,
the STZ-treated mice were tethered for 12 h and blood
samples were taken from the tail vein. Mice with blood glucose
levels more than 11.1 mmol/L after fasting were identified as
having diabetes, and therefore, they were chosen for further
research.
Animal Grouping. For the anti-diabetic activity test,

diabetic mice were divided into four groups, each with five
mice. Mice were organized into two groups, G and I, with only
distilled water being administered to both groups77 The results
of these experiments may be broken down into four groups.
These are referred to as the standard treatment group, where
diabetic mice were injected with 0.4 units insulin subcuta-
neously (per 50 mg of body weight) [G-II (CuO-NP treated),
G-III (CuO-NP and insulin treated), and G-IV]. Each group
received their respective doses over 14 consecutive days. A
total of 20 mice were selected and divided into four groups.
Then, the research proceeded according to a well-established
procedure78 Three separate experiments were run to study the
effect of groups (G-I, G-II, and G-IV) on mice. An oral glucose
tolerance test has the following interpretation: 6 h after fasting,
mice were given 2 g of glucose per kilogram of body weight.
Then, before the CuO-NP dosage, they were given glucose by
mouth. Blood glucose was tested at 0, 15, 30, 60, and 90 min
after being inserted into the bloodstream. The control group
had distilled water (1 mL/mouse, oral); the second group had
CuO-NPs (8 mg/kg body weight, oral); the third group had

CuO-NPs (14 mg/kg body weight, oral); and the fourth group
had glibenclamide (10 mg/kg body weight, oral).79

Biochemical Determination. Blood glucose levels were
measured using the “ACCU-CHEK Active” kit glucose oxidase
technique. Before starting the experimental procedures, the
animals’ blood glucose levels were tested. Fasting blood
glucose levels were monitored regularly until diabetes was
discovered.

Sampling Protocol. All of the animals included in the
experiment had 2−3 L of blood drawn from their tail veins.
The ACCU-CHEK active blood glucose meter was used to
monitor the blood glucose levels.

Biocompatibility Assay. Fresh hRBCs were used to
demonstrate the biocompatibility of biogenic CuO-NPs.80

After the individual’s permission, 1 mL blood samples were
obtained in EDTA tubes from healthy persons. Following the
collection, the blood samples were centrifuged to isolate RBCs.
Following centrifugation, a supernatant and pellet were
produced; the supernatant was discarded, and the pellet was
collected after three washes with PBS. PBS-erythrocyte
suspension was made by combining 200 L of RBCs with 9.8
mL of PBS (pH 7.2). The erythrocyte suspension and green
produced CuO-NPs were then combined in Eppendorf tubes.
After that, the Eppendorf tubes containing the erythrocyte
suspension and NPs were incubated for 1 h at 35 °C. The
reaction mixture was centrifuged at 12,000 rpm for 10 min
before transferring 200 L of the supernatant to a 96-well plate
and recording hemoglobin release absorption spectra at 450
nm. The formula for calculating percent hemolysis was

i
k
jjjjj

y
{
zzzzz

″

=
−

−
× ′

(%)hemolysis

sample Ab negative control Ab
positive control Ab negative control Ab

100

where Ab denotes the reported absorbance of the samples.
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