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Biosynthesis of CuO nanoparticle
using leaf extracts of Ocimum
lamiifolium Hochst. ex Benth and
Withana somnifera (L) Dunal for
antibacterial activity

Sebesibe Mulunehe Mengesha?, Gedif Meseret Abebe? & Tesfaye Haile Habtemariam**

Nanotechnology is becoming a promise for scientific advancement nowadays in areas like medicine,
consumer products, energy, materials, and manufacturing. Copper oxide nanoparticles (CuO NPs) were
synthesized using Ocimum lamiifolium Hochst. ex Benth and Withana somnifera (L) Dunal leaf extract
via green synthetic pathway. The leaf of O. lamiifolium and W. somnifera were known to have strong
antibiotic and antioxidant properties arising due to the presence of various secondary metabolites,
including, flavonoids, alkaloids, saponins, tannins, cardiac glycosides, and phenolic compounds which
serve as reducing, stabilizing, and capping agents for the CuO-Nanoparticles (NPs) synthesized.

The biosynthesized CuO NPs were characterized based on Fourier transform infrared spectroscopy,
X-ray diffraction spectroscopy, and scanning electron microscopy. O. lamiifolium and W. somnifera
leaf extract mediated synthesis could produce CuO NPs with average crystallite size of 15 nm and

19 nm, respectively. The biosynthesized CuO-NPs were further examined for antibacterial activity with
Gram-positive (S. aureus) and Gram-negative bacteria (E. coli and P. aeruginosa). The GZDK-CuO NPs
synthesized using W. somnifera leaf extract inhibited the growth of E. coli. and P. aeruginosa largely

in comparison to S. aureus. Whereas the DMAZ-CuO NPs synthesized with the help of O. lamiifolium
leaf extract showed higher bacterial inhibition on E. coli compared to S. aureus and P. aeruginosa. The
minimum inhibitory concentration (MIC) values of both types of NPs are also assessed on all three
pathogens. The newly biosynthesized nanoparticles, thus, were found to be optional materials for
inhibiting the growth of drug- resistant bacterial pathogens.
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Nanotechnology has vast applications across industries like chemical, pharmaceutical, mechanical, and food
processing'. It enhances human living standards by contributing to energy efficiency, climate change mitigation,
and health improvements, with potential cures for diseases such as cancer and Alzheimer’s>™*. Metal oxide
nanoparticles of zinc, copper, iron, and cerium oxide are notable for their unique properties5>~’.

Nanomaterials exhibit distinct activities compared to their bulk counterparts due to their size and shape-
dependent properties®. Their use in catalysis has led to the synthesis of various functionalized nanoparticles,
including metal oxide nanostructures, which are vital for environmental remediation and pollution
management™!’. Defined as particles ranging from 1 to 100 nm, nanoparticles possess unique chemical,
biological, and physical properties!!2. They can transform poorly absorbed or unstable biological substances
into effective solutions, revolutionizing drug delivery systems and materials science!>!4.

Bacterial drug resistance presents a worldwide challenge, with researchers actively seeking novel methods
to address this issue'>!°. One promising strategy is the synthesis of nanoparticles, particularly copper oxide
nanoparticles (CuO-NPs), using plant extracts'’~22. These bioengineered CuO-NPs offer sustainable, efficient,
and biocompatible solutions for healthcare and environmental protection®*-2>.

Extracts of O. lamiifolium?>*” and W. sominfera®®* have been reported to exhibit significant antibacterial
effects. However, studies on the synthesis of CuO nanoparticles using the leaf extract of O. lamiifolium or
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W. sominfera, and their synergistic effects on bacterial pathogens, are limited. In this study, CuO-NPs were
synthesized using aqueous leaf extracts from O. lamiifolium and W. somnifera, characterized, and tested for
antibacterial activity. Using aqueous leaf extracts of O. lamiifolium and W. somnifera for synthesizing CuO-
NPs is an eco-friendly approach avoiding the use of harmful solvents and chemicals*®3!. Investigating the
synergistic effects of CuO-NPs with the antibacterial properties of the plant extracts could also enhance the
overall antibacterial efficacy™.

Materials and methods

Chemicals

The chemicals and reagents used in this study are diluted ammonia (NH,), Copper (II) nitrate trihydrate
(CuNO3.3H20, Sigma-Aldrich), ferric chloride (FeCl3, Sigma-Aldrich), acetic acid (CH3COOH, Sigma-
Aldrich), concentrated Sulfuric acid (H,SO,, Merck), chloroform (CHCI,, Sigma-Aldrich), Dimethyl sulfoxide
(DMSO, Sigma-Aldrich), Mueller Hinton Agar (Merck), and bacterial strains(S. aureus, E. coli, and P. aeruginosa),
fresh leaf of O. lamiifolium and W somnifera collected from Central Ethiopia Regional State. All chemicals are
used as purchased, and no further purifications.

Preparation of W. sominfria and O. lamiifolium leaf extracts

The leaves of W.sominfria and O.lamiifolium was collected from Kambata Tambaro Zone (Dega kedida and
Azedebeo areas of Central Ethiopia Regional State) in January 2023. The plant materials were identified at the
Herbarium of the Department of Biology, Addis Ababa University, Ethiopia. The leaf extraction was performed
by a slight modification of the procedure explained in the literature®. The leaves were washed with distilled
water to remove dust particles, shade-dried for about two week, and then crushed in to fine powder. W. somnifera
and O.lamiifolium leaf extracts, 2% (w/v), were prepared by placing 10 g of plant leaf powder into a 500 mL
beaker along with 400 mLof deionized water and then shaken with a mechanical shaker for 30 min and allowed
to warm at 50 °C for 1 h on a magnetic stirrer. The extracts were then allowed to cool down at room temperature
overnight. The plant filtrates were filtered by using filter paper (Wathman No. 1) and stored at 4 °C for other
experiments.

Phytochemical assessment of W. sominfria and O. lamiifolium aqueous extracts

The two traditional plant leaves which are collected from the Kembata Tembaro zone of Central Ethiopia
Regional State (specifically from two target sites namely Azedabo and Dega Kedida) were tested for the presence
of secondary metabolites such as tannins, alkaloids, saponins, flavonoids, cardiac glycosides and phenolic
compounds based on the methods described.

Test for tannins
A few drop of 0.1% FeCl, was added to 5 mL plant leaf extract. Formation of brownish green or blue black color
indicated the presence of tannins*%,

Test for alkaloids

To about 5 mL of the plant leaf extract, 2 mL of dilute NH, was added. Then 5 mL of chloroform was also added
and shaken gently. The chloroform layer was extracted with 10 mL of acetic acid. Development of a cream with
Mayer’s reagent approved the existence of alkaloids®.

Test for saponins

Three milliliters (3 mL) of plant leaf extract were added to 5 mL of distilled water in a test tube, and the mixture
was vigorously shaken. The formation of a froth seen for 30 min approves the existence of saponins in the
extract’”38,

Test for flavonoids

To a portion of an aqueous leaf extract of the each of powdered plant materials, about 5 mL of dilute ammonia
solution was added followed by the addition of concentrated Sulphuric acid (1 mL) addition. The formation of
yellow colorations that vanished on standing showed the existence of flavonoids®.

Test for cardiac glycosides

2 mL of aqueous plant leaf extract, 1 mL of acetic acid, and 1-2 drops of 0.1% FeCl, were added followed by
the addition of 1 mL of concentrated H,SO,. The appearance of a brown ring at the interface indicated the
existence of cardiac glycosides. A violet ring also appeared under the brown ring endorsing the existence of
cardiac glycosides in the leaf extract®.

Test for phenolics
1 mL of 1% FeCl, solution was transferred to two milliliters of aqueous plant leaf extract. The blue color appeared
after about one minute indicative of the presence of phenol’.

Biosynthesis of copper oxide nanoparticle, CuO-NPs

The procedure for the biosynthesis of Copper Oxide nanoparticles, CuO-NPs was adopted from literature
A 0.25 M aqueous copper nitrate solution was prepared and stored in a brown bottle. 125 mL of plant leaf
powder extract (Fig. 1) was mixed with 500 mL of 0.25 M of copper nitrate solution in a 1:4 ratio. Then the
mixture was incubated at room temperature for 24 h. The color change was checked periodically after 30 min of
duration. The formation of greenish brown visually showed the realization of copper oxide nanoparticles. The
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Fig. 1. Schematic diagram showing the synthesis of CuO NPs from W. somnifera (L) Dunal and O.lamiifolium
Hochest.ex.Benth aqueous leaf extract, characterization, and use in antibacterial activity.

liquid part removed after centrifugation and the remaining residue washed with deionized water. Then after, the
product dried out in an oven at 70 °C for 24 h to remove all the impurities. The resultant black powder stored in
an airtight vial for characterization and test of its efficiency in inhibiting the growth of three kinds of pathogens.

Characterization of synthesized copper oxide nanoparticle, CuO-NPs

The crystallinity of the synthesized CuO-NPs was characterized by employing an X-ray diffractometer (XRD-
7000, Shimadzu Co., Japan) equipped with a Cu target for generating Cu Ka radiation (\=1.54056 A). XRD
spectra were verified from 10° to 80° with 20 angles using Cu Ka radiation operated at 40 kV and 30 mA. The
average size of NPs were calculated using Debye-Scherrer formulae from the full width at half maxima of the
peaks in the XRD patterns.

K x A
FWHM x Cos 9

Crystallite size =

Where, K is Scherrer’s constant (K=0.94), A = Wavelength of X-rays (1.54056 A), FWHM = full width at half
maxima of the peaks, and 6 = Peak position in XRD graph. FTIR spectra were obtained using a spectrophotometer
(Thermo Fischer scientific Fourier Transform Infrared (FTIR) spectroscopy, i50abx, USA) in the spectral region
0f 4000-400 cm™!. The morphology of the synthesized CuO-NPs was characterized by field emission scanning
electron microscopy (FE-SEM, JEOL-JCM 6000 F, made in Japan). The solid-state UV-visible diffuse reflectance
spectroscopy (UV-Vis-DRS) analysis was conducted using a UV-3600Plus Series instrument. The optical band
gap energy (Eg) of the biosynthesized CuO nanomaterials was estimated using the Tauc plot method using the

equation [F(Rm)hv]2 vs. energy. Where F(R ) is the absorption coefficient, hv is the energy of the photon. The
band gap (Eg) is determined by extrapolating the linear segment of the graph to the x-axis.

Antimicrobial activity of DMAZ-CuO and GZDK-CuO NPs

Muller Hinton Agar (ISO-6579) and Nutrient Broth were used during the study. Muller Hinton agar was used
for the antimicrobial tests and the nutrient broth was also used for routine stock culture activation. Two gram-
negative bacteria; (Escherichia coli ATCC 25722, and Pseudomonas aeriginosa ATCC27853) and one Gram-
positive bacteria (Staphylococcus aureus ATCC 25903) known to cause food-borne bacterial infection were
used to evaluate the antimicrobial activity of DMAZ-CuO and GZDK-CuO NPs. The Bacterial strains were
reactivated by subculturing on nutrient broth at 37 °C and maintained on nutrient agar slant at 4 °C for further
activity. The antibacterial activity of the CuO-NPs was tested against the selected bacterial strains through the
agar disc diffusion method described by a literature*2. The 24 h plate cultures of 0.5 Mc Farland standard (1 to
2x10% CFU mL™!) bacterial suspensions were uniformly spread on the Mueller-Hinton agar plate (Oxide) to
form lawn cultures. The micropipette tip-sized filter paper was soaked with different concentrations of CuO-NPs
(10, 20, and 40 pg/mL). Amoxicillin (AMX) was used as a positive control (30 pg/mL) and Dimethyl sulfoxide
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(DMSO) as a negative control (10 pg/mL). The impressed paper was carefully placed on swabbed plates. After
incubation for 24 h at 37 °C, the zone of inhibition was measured.

Minimum inhibitory concentration (MIC) was evaluated for the plant extract-mediated synthesized CuO-
NPs. The MIC of both CuO-NPs was determined by using concentrations (10, 5, 2.5, 1.25, and 0.625 pg/mL) of
the CuO-NPs by using the broth dilution method**. 4 mL of the nutrient broth (NB) was pipetted into each
of 6 test tubes. A 0.1 ml of the prepared successive two-fold serial dilutions of the CuO-NPs concentration was
mixed with the nutrient broth. Thereafter, 0.1 mL of the standardized inoculum of test bacterium was distributed
into each of the test tubes comprising of the suspension of nutrient broth and the CuO-NPs. Then, all test tubes
were properly covered and incubated at 37 °C for 24 h. The MIC value was read as the least concentration that
inhibited any observable growth of microorganisms (absence of turbidity) of the test organisms**>.

Result and discussion

Phytochemical characterization of O. Lamiifolium (DM-AZ) and W. Somnifera (GZ-DK)
aqueous leaf extract

An appropriate experimental procedure discussed in the previous section has been undergone to test the presence
and absence of the phytochemicals in each of the crude leaf extracts in water solvent. The result (Table 1) shows
that W. Somnifera (GZ-DK) leaf extract consists of tannins, alkaloids, saponins, flavonoids, cardiac glycosides,
and phenolic compounds. On the other hand, O. Lamiifolium (DM-AZ) consists of all the above secondary
metabolites except for saponins. The presence of a large number of phytochemicals suggests that the extracts
have the potential to reduce and stabilize the nanoparticles®.

Characterization of synthesized DMAZ-CuO and GZDK-CuO NPs

Powder XRD analysis

The powder x-ray diffraction (XRD) of biosynthesized DMAZ-CuO and GZDK-CuO nanoparticles (Fig. 2 (a)
and (b) showed a series of diffraction peaks at 32.50, 35.56, 38.84, 48.98, 53.33, 58.15, 61.45, 66.27, 68.04, 72.61,
and 75.14°, corresponding to the (110), (002), (111), (20 2), (020), (202), (11 3), (31 1), (220), (311), and

(222) planes of reflections, respectively. Works of literature reveal that the two reflections at 20=35.6 [002]

and 5g_3g.g [111] are ascribed to the formation of CuO (space group C2/c) monoclinic crystal phase!®* in the
diffraction pattern of both biosynthesized nanoparticles. The current findings are similar to previous reports on
CuO synthesis. The sharpness of the peaks in the XRD spectrum reveals their crystalline structure. The average
size of DMAZ-CuO and GZDK-CuO NPs were calculated using Debye-Scherrer formulae (K=0.94) from the
full width at half maxima of the peaks (FWHM) in the XRD patterns'”*® and found to be 15 nm and 19 nm,
respectively (Table 2). The four peaks in the range 20 =30 to 50 are used in the determination of the crystalite
sizes. The peaks in the range 20=30 to 50 are also compared to the calculated powder XRD patterns of CuO
nanoparticles in the CCDC 1602101 reported so far (Fig. 2 (C)), and are seen at the same Bragg angles. This
confirms that the leaf extracts can assist synthesis of smaller CuO nanoparticles.

Both GZDK-CuO NPs and DMAZ-CuO NPs have similar peak at the same range except the existence of the
two distinct and smaller intense peaks in the range 20=65-70 in DMAZ-CuO NPs compared to GZDK-CuO
NPs.

Fourier transform infrared spectroscopy (FT-IR) analysis

The functional groups in GZDK-CuO and DMAZ-CuO nanoparticles, as well as in the leaf extracts (DMAZ and
GZDK), were identified using FTIR spectrometry within the range of 4000-400 cm™ (Fig. 3). As observed, a
broadband peak around 3394 cm™! corresponds to the OH stretching of phenolic compounds stabilizing GZDK-
CuO NPs!'8, The band at 1361 cm™! for GZDK-CuO NPs and 1362 cm™! for DMAZ-CuO NPs show the presence
of C-N stretching vibrations of amines!”. The peak at 1109 cm™~! and 1108 cm™! shows C-O stretching present
in the GZDK-CuO NPs and DMAZ-CuO NPs typical of flavonoids!”!3. The intense bands down to 466 cm™!
and 479 cm™! indicated the formation of pure Cu-O stretching vibrations, confirming the formation of CuO
NPs in the GZDK-CuO NPs and DMAZ-CuO NPs respectively®. From the FTIR analysis, it can be concluded

Types of leaf
Extract

No | Phytochemical Solvent | GZ-DK | DM-AZ

1 Tannins Water | + +

2 | Alkaloid Water | + +

3 Saponins Water +

4 | Flavonoids Water | + +

5 | cardiac glycosides Water | + +

6 | Phenolic compounds | Water | + +

Table 1. Phytochemical screening of aqueous crude extracts for GZ-DK and DM-AZ leaves. GZ-DK: W.
somnifera collected from Dega Kedida area of Kambata Zone, Ethiopia. DM-AZ: O. Lamiifolium. collected
from Azedbo area of Kambata Zone, Ethiopia. +: indicates presence of secondary metabolite. -: sign indicates
absence of secondary metabolite.
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Fig. 2. X-ray diffraction patterns of GZDK-CuO NPs (a), DMAZ-CuO NPs (b) and CuO NPs calculated from
CCDC 1,602,101.

that phytochemicals such as phenols, flavonoids, alkaloids, and others in the plant extract are able to reduce
and stabilize the metal ions to form CuO NPs. The FTIR spectra of the aqueous leaf extracts displayed a broad
peak centered on 3312 and 3321 cm™}, indicating the presence of water and hydrogen bonding. These peaks
were diminished or eliminated after repeatedly exposing the nanoparticles to a vacuum oven. Additionally,
other peaks were red-shifted, confirming the attachment of extract functionalities to the surface of the CuO
nanoparticles, which served as capping and stabilizing agents. The decrease in the intensities of certain peaks in
the FTIR spectra of the nanoparticles was attributed to the reduction in the amounts of secondary metabolites

due to the heating process.

UV-Vis-DRS analysis of biosynthesis CuO NPs
The optical properties of DMAZ-CuO and GZDK-CuO nanoparticles produced using a green synthesis method
were determined through UV-visible diffuse reflectance spectroscopy (UV-Vis-DRS) in the 200-800 nm range
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2-Theta | Wavelength of X-rays (\) | FWHM (88) | Miller Indices | Crystallite size
NPs (degree) | (Angstroms) (degrees) (hkl) (nm) Average Crystallite size (nm)
3250 | 1.54056 0.433680064 | (110) 19.918716
3556 | 1.54056 0.557150006 | (002) 15.629957
DMAZ-CuO 3384 [ 1.54056 0.761000801 | (111) 11.550900 15.08883725
4898 | 1.54056 0.687420033 | (90 3) 13.255776
3250 | 1.54056 0.335080048 | (110) 25.782584
3556 | 1.54056 0.441460005 | (002) 19.729289
GZDK-CuO [3864 [ 1.54056 0.596030006 | (111) 14.755241 19.13609700
4898 | 1.54056 0559950025 | (50 3) 16277274

Table 2. Crystallite size estimation for DMAZ-CuO NPs and GZDK-CuO NPs.

(insets in Fig. 4 (a) and (b)). The band gap energy of the biosynthesized CuO nanomaterials was estimated using
the Tauc plot method™. Figure 4 (a) and (b) illustrate the estimated band gap energies of 1.47 eV for DMAZ-
CuO NPs and 1.6 eV for GZDK-CuO NPs, respectively. Furthermore, CuO NPs prepared using aqueous leaf
extracts of O. lamiifolium and W. somnifera had smaller band gap energies compared to CuO NPs synthesized
using other leaf extracts reported so far’®?!, indicating the potential to produce CuO NPs active in the visible
region of the electromagnetic spectrum.

Scanning electron microscope (SEM) analysis

The morphologies and surface structures of DMAZ-CuO NPs and GZDK-CuO NPs synthesized via the green
method were analyzed using Scanning Electron Microscopy (SEM). The resulting morphologies, depicted in
Fig. 5 (A) and (B), reveal distinct structural characteristics for each type of nanoparticle. The SEM images in
Fig. 5 (A) show that the DMAZ-CuO NPs have an irregular distribution of spherical particles. In contrast, the
GZDK-CuO NPs, illustrated in Fig. 5 (B), exhibit a more varied morphology. This difference in shape can be
attributed to the different precursor materials used in the green synthesis method. Additionally, the surface
of the GZDK-CuO NPs appears rougher compared to that of the DMAZ-CuO NPs, which may enhance their
reactivity and interaction with other substances in various applications.

Antibacterial activity

GZDK-CuO NPs and DMAZ-CuO NPs were tested to have antibacterial activities towards S. aureus, E. coli,
and P. aeruginosa. The effect of different concentrations of CuO NPs like 10 pg/mL, 20 ug/mL, and 40 pg/mL on
bacteria was performed. As shown in Fig. 6, the increase in the concentration of CuO nanoparticles increases
the antibacterial activity. Figure 6 shows a clear zone of growth inhibition (ZOI) when each of the bacteria was
treated with either of the nanoparticles on the disc whereas the standard antibiotic (Amoxicillin= AMX) shows
a higher zone of inhibition.

A one way ANOVA was utilized, and the mean +* standard deviation (SD) calculations were conducted in
triplicate. The graph in Fig. 7(a) illustrates that 40 mg/mL of GZDK-CuO nanoparticles (NPs) inhibited E. coli
and P, aeruginosa equally, with a zone of inhibition (ZOI) measuring 25+ 0.58 mm. Conversely, a concentration
of 10 mg/mL of GZDK NPs produced the smallest clear zone of inhibition against S. aureus, measuring
10+1.06 mm. Similarly, a close look at graph Fig. 7(b), demonstrates that E. Coli is greatly inhibited (ZOI=25
+ 0.92 mm) by 40 pg/mL DMAZ-CuO NPs whereas P. aeruginosa the least (ZOI=6 + 0.61 mm). Overall, both
types of NPs are able to inhibit growth of Gram-negative (E. Coli and P. aeruginosa) and Gram-positive bacteria
(S. aureus) with activity higher to Gram-negative bacteria as they have thinner cell wall. Analysis of Fig. 7(a) and
(b) also indicated that an increase in the concentration of NPs increases clear zone of inhibition against bacteria.
The corresponding bacteria treated with amoxicillin, which was taken as positive control showed a greater zone
of inhibition (30 mm) compared to the action of GZDK- CuO NPs and DMAZ-CuO NPs. Similarly, dimethyl
sulfoxide (DMSO) was taken as a negative control and it did not show any zone of inhibition against all three
bacterial strains.

Determination of MIC value

The minimum inhibitory concentration (MIC) value was determined by adding 3 to 4 bacterial colonies into 4
mL of broth solution and treating with various concentrations (10, 5, 2.5, 1.25, and 0.625 pg/mL) of GZDK-CuO
NPs and DMAZ-CuO NPs. The mixtures were put under an incubator for about 24 h. As shown in Fig. 8, the
least concentration of the NPs that inhibited any visible growth or less turbid bacterial culture in the test tube
shows a higher MIC value.

A clear solution was obtained at 0.625 + 0.236 pg/mL, 5 + 0.236 pug/mL, and 1.25 + 0.236 pg/mL concentration
(MIC values) of GZDK-CuO NPs against S. aureus, E.coli, and P. aeruginosa, respectively (Fig. 8a). Similarly,
clear solutions are observed at 2.5 + 0.095 pg/mL, 1.25 + 0.095 ug/mL and 0.625 + 0.095 pg/mL concentration
(MIC values) of DMAZ-CuO NPs against S. aureus, E.coli, and P. aeruginosa, respectively (Fig. 8b). The values
presented are the mean + SD, derived from triplicate calculations using a one-way ANOVA test.
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Fig. 3. FT-IR spectra of GZDK -CuO NPs and DMAZ- CuO NPs.

Comparative analysis of the activity of CuO NPs over other green-synthesized NPs

The antibacterial activities of CuO nanoparticles (NPs) synthesized using the leaf extract of O. Lamiifolium
(DMAZ-CuO) and W. Somnifera (GZDK-CuO) have been compared with previously published results. Table 3
indicates that the NPs being investigated currently exhibit comparable effectiveness to other similarly green-
synthesized CuO NPs in combating both Gram-positive and Gram-negative bacteria.
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Fig. 5. SEM images of (A) DMAZ- CuO NPs and (B) GZDK- CuO NPs.

Conclusion

CuO nanoparticles were successfully synthesized using green synthesis methods with aqueous extracts from
O. Lamiifolium (DMAZ) and W. Somnifera (GZDK) plants. Detailed characterization of the nanoparticles was
conducted using Scanning Electron Microscopy, X-Ray Diftraction analysis, and Fourier Transform Infrared
Spectroscopy. XRD analysis revealed average particle sizes of 15.09 nm for DMAZ CuO-NPs and 19.14 nm for
GZDK-CuO NPs. Antibacterial activities of both DMAZ CuO-NPs and GZDK-CuO NPs were tested against E.
coli, P. aeruginosa, and S. aureus using the disc diffusion assay method. The results showed that the biosynthesized
CuO nanoparticles have strong antimicrobial potential against both gram-positive and gram-negative bacteria,
with smaller particle sizes exhibiting higher antibacterial effects. The authors suggest that secondary metabolites
play a vital role during the preparation of DMAZ-CuO and GZDK-CuO NPs, and plants with higher content of
secondary metabolites are more likely to produce copper oxide nanoparticles. Future research is recommended
to investigate the antibacterial properties of these nanoparticles against a broader range of bacterial strains,
as well as other microorganisms like fungi and viruses. Additionally, exploring the synergistic effects of these
nanoparticles when combined with other antimicrobial agents and studying their long-term stability and shelf-
life are crucial considerations for ensuring their sustained efficacy.
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treated with S. aureus, P. aeruginosa and E.coli. Error bars represent deviations from the mean, with significant
differences at p <0.05.
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Fig. 8. MIC vale for GZDK-CuO NPs (a) and DMAZ-CuO NPs (b) against S. aureus, Ecoli and P. aeruginosa.
Error bars represent deviations from the mean, with significant differences at p <0.05.

Parts of plants The highest inhibition

No | Plant name used size (nm) | Characterization techniques Bacteria zone (mm) Refs.
P. aeruginosa | 19 -

1 Sesbania grandiflora Leaves 33 UV-Vis DRS, FTIR, XRD, SEM 51
S. aureus 15

2 | Ageratum . Leaves 80 UV-Vis, FTIR, XRD, SEM E. coli 12.43 52

houstonianum Mill

3 | Nilgirianthus ciliates Leaves 20 UV-Vis, FTIR, XRD, SEM P aeruginosa | 17 53

4 Rosmarinus officinalis Leaves - UV-Vis, FTIR, XRD, FESEM, DLS | P. aeruginosa | 20 25
S. aureus 22 ~

5 | Abutilon indicum leaves | Leaves 28.10 UV-Vis, FTIR XRD, SEM 2
E. coli 32
S. aureus 19

6 Ocimum Lamiifolium Leaves 15.09 UV-Vis DRS, FTIR XRD, SEM E. coli 25 This work
P. aeruginosa | 16
S. aureus 20

7 Withana Somnifera Leaves 19.14 UV-Vis DRS, FTIR XRD, SEM E. coli 25 This work
P. aeruginosa | 25

Table 3. Plants used in the synthesis of CuO nanoparticles, the methods for their characterization, and their
antibacterial properties.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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