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and antibacterial activity of zinc
oxide nanoparticles using Croton macrostachyus
Hochst. ex Delile extracts

Tesfaye Haile Habtemariam, *a Senait Haille Anjulloa and Gedif Meseret Abebeb

The green synthesis of zinc oxide nanoparticles (ZnO-NPs) using plant extracts is an eco-friendly and

economical process compared with existing methods. The present investigation utilized the leaf and

seed extracts of Croton macrostachyus Hochst. ex Delile to biosynthesize ZnO-NPs using a green

technique with zinc acetate as the precursor at 80 °C for 60 minutes. XRD analysis proved the hexagonal

structure of the Wurtzite ZnO-NPs, with average crystallite dimensions of approximately 40 nm. The

estimated band gaps using UV-Visible spectroscopy were in the range of 3.17–3.19 eV, and FTIR, SEM,

XPS, and EDS studies proved the functional groups and element contents of ZnO-NPs, in which trace

levels of Ca and Mg were present in the extracts. The ZnO-NPs derived from the green synthesis

method displayed high antibacterial efficacy against Gram-positive Staphylococcus aureus and Gram-

negative Pseudomonas aeruginosa and Klebsiella pneumoniae, which surpassed the antibacterial efficacy

of the crude extracts. The green synthesis of ZnO NPs using Croton macrostachyus extracts thus

presents promising results in relation to their possible antibacterial applications in the biomedical field

and green nanotechnology.
1 Introduction

Nanoscience and nanotechnology have made vast progress over
the last few years, and this has led to innovations within many
sectors such as electronics, cosmetics, pharmaceuticals, and
textile industries using nanoparticles (NPs) with sizes ranging
from 1 nm to 100 nm.1,2 Among the various types of nano-
materials, metal and metal oxide nanoparticles including
aluminum, nickel, silver, copper, iron, cerium dioxide, titanium
dioxide, and zinc oxide are particularly prominent due to their
unique properties and wide-ranging industrial applications.3–6

Metal oxide nanoparticles (MO NPs) are considered espe-
cially promising due to their distinctive physical, chemical, and
biological properties, including high solubility, chemical
stability, and adhesiveness.7 Green synthesis of metal nano-
particles typically utilizes plant extracts as both reducing and
stabilizing agents, with the addition of metal salt solutions
oen resulting in a visible color change that signies nano-
particle formation.8 Green synthesis takes advantage of the
available phytochemicals in plant extracts, including avo-
noids, proteins, polysaccharides, and alkaloids.9

Green chemistry is a sustainable approach in process
development that adopts non-toxic and environmentally
friendly processes. Green synthesis is a strategy that aims to
iversity, Sodo, Ethiopia. E-mail: tesfaye.

rsity, Sodo, Ethiopia

4508
synthesize nanoparticles using environmentally friendly
processes and approaches that utilize green solvents and
natural agents that require low energy.10,11 Utilizing plant
extracts in these methods offers several advantages: they act as
both reducing and stabilizing agents, enable rapid synthesis
under mild conditions (pressure, temperature, incubation time,
and pH), and eliminate the need for additional capping agents,
thereby minimizing the environmental impact of nanoparticle
production.12

For the purpose of producing stable nanoparticles on a large
scale, plants are the primary source.13 Recent research reported
the synthesis of zinc oxide nanoparticles (ZnO-NPs) using
different plant extracts such as Tabernaemontana divaricata
green leaf extract,14 Guava leaf extract,15 Laurus nobilis L. leaves
aqueous extract,16 and Aloe barbadensis miller leaf extract.17 For
the synthesis of ZnO NPs in this work, Croton macrostachyus
Hochst. ex Delile (Bisana) leaf and seed extract serves as a bi-
oreducing agent. The terms rush foil (English), Bakkaniisa
(Afan Oromo), Bisana (Amharic), and Anika (Wolayita) are
frequently used to refer to Macrostachyus. Traditionally, C.
macrostachyus is used for the treatment of malaria, rabies,
gonorrhea, wounds, diarrhea, hepatitis, jaundice, scabies,
toothache, abdominal pain, cancer, typhoid, pneumonia, and
gastrointestinal disorders, and as ethnoveterinary medicine.18,19

The pharmacologic researches conducted on C. macrostachyus
show that it possesses many pharmacologic actions such as
anthelmintic, antibacterial, antimycobacterial, antidiarrheal,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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antifungal, anticonvulsant & sedative, antidiabetic, anti-
inammatory, antileish.19

Plants serve as ‘green nanofactories’ for the synthesis of
nanoparticles, and there is growing interest among scientists in
utilizing plant-mediated approaches for the green synthesis of
ZnO NPs and their applications. The use of plant extracts offers
several advantages: they are readily available, safe, non-toxic,
and rich in natural reducing agents that facilitate the reduc-
tion of metal ions.20 This helps lower time consumption,
expenditure, and wastage in efforts to develop sustainable and
environmentally-friendly technologies in the production chain.
Green nanotechnology, also known as the photobiological
approach, uses different plant materials like fruit, pulp, bark,
root, leaves, and stems of plants in extracting phytochemicals
needed in the nanotechnology production process.10,20 These
phytochemicals, including alcohols, proteins, avonoids, and
phenols, act as both reducing and stabilizing agents, with their
negatively charged functional groups playing a key role in metal
ion reduction and nanoparticle stabilization.21–23

Zinc oxide (ZnO) nanoparticles are among the most widely
utilized metal oxide nanomaterials, owing to their diverse bio-
logical properties including antimicrobial, antioxidant, antidi-
abetic, anticancer, and anti-inammatory activities as well as
their applications in drug delivery, solar cells, photocatalysis,
and personal care products.24 Despite these benets, there is
a need for conducive methods that are environmentally friendly
and efficient in synthesizing the nanoparticles. This research
will specically highlight the green synthesis of ZnO nano-
particles using the extract of the leaf and seeds of the Croton
macrostachyus Hochst. ex Delile species. Although plant-
mediated synthesis of ZnO nanoparticles has been extensively
studied, this paper presents the rst report on the use of both
leaf and seed extracts of Croton macrostachyus Hochst. ex Delile
for the bioreduction and stabilization of ZnO nanoparticles.
This is due to the unique phytochemical composition of the
plant that facilitated the synthesis of ZnO NPs with trace
amounts of Ca and Mg. This is unusual in plant-mediated
synthesis of metal oxide nanoparticles. The optimized condi-
tions for the synthesis of ZnO NPs with trace amounts of Ca and
Mg, with the use of Croton macrostachyus Hochst. ex Delile,
produced a crystallite size of 40 nm with potent antibacterial
activity. This paper has clearly demonstrated the use of a novel
biological system that has a signicant inuence on the
chemistry and morphology of ZnO nanoparticles. This is
different from existing studies on plant-mediated synthesis of
ZnO nanoparticles.

2 Materials and methods
2.1 Materials

The procedure of synthesizing biogenic zinc oxide (ZnO)
nanoparticles (NPs) using the plant extracts for antibacterial
purposes required different materials and agents. Zinc acetate
dihydrate (Zn(CH3COO)2$2H2O) was used as the starting
material for zinc ions, and deionized water (d.H2O) and distilled
water were used to prepare all solutions. Additionally, ferric
chloride (FeCl3), chloroform, anhydrous acetic acid, sulfuric
© 2026 The Author(s). Published by the Royal Society of Chemistry
acid (H2SO4), andMayer's reagent were applied for the detection
and screening of phytochemicals in the leaves and seeds of
Croton macrostachyusHochst. ex Delile. Gentamicin was used as
positive controls in assessing antibacterial activity, while
dimethyl sulfoxide (DMSO) was used as negative controls in
testing inhibition zones for NPs and plant extracts. Nutrient
agar, Mueller–Hinton agar, and nutrient broth were used as
media for growing microorganisms, while saline solution was
used for dilution and bioassay. The antimicrobial efficacy of the
nanoparticles (NPs) and extracts was evaluated using the Gram-
positive bacterium Staphylococcus aureus and the Gram-negative
bacteria Pseudomonas aeruginosa and Klebsiella pneumoniae.
Finally, plant extracts provided the biological molecules
necessary for the biogenic synthesis of ZnO NPs.
2.2 Instrumentations

The samples were accurately weighed using the digital analyt-
ical balance (Model: PX84). The crystal structure of ZnO nano-
particles synthesized using the green technique was examined
using the X-ray diffractometer (XRD, Model: XRD-7000 Shi-
madzu Co., South Korea), collecting XRD spectra within the 2q
angle of 10–80° using CuKa radiation at 40 kV and 30 mA. The
crystallite sizes (D) of the powders were calculated using
Scherrer's equation:

D ¼ 0:94 l

b cos q

where l is the X-ray wavelength, q is Bragg's diffraction angle,
and b is the peak width of the diffraction line at half of the
maximum intensity. The optical properties of the biogenic ZnO
NPs were evaluated using UV-Visible diffuse reectance spec-
troscopy (UV-Vis-DRS, Model: JASCO V-78 UV-Vis) within the
range of 200–800 nm. Fourier transform infrared (FTIR) spec-
troscopy (FT-IR, PerkinElmer Spectrum 65) was employed to
identify the functional groups involved in the biosynthesized
ZnO nanoparticles, with analysis conducted in the scanning
range of 4000–400 cm−1 using samples ground and mixed with
KBr pellets. Elemental composition was validated using X-ray
Photoelectron Spectroscopy with a SPECS GmbH system
equipped with a hemispherical energy analyzer PHOIBOS 150
9MCD and Energy-Dispersive X-ray Spectroscopy. The surface
morphology of the biosynthesized ZnO nanoparticles was
analyzed by Scanning Electron Microscopy (SEM, Model: JCM-
6000Plus) by preparing thin lms of the sample on a carbon-
coated copper grid.
2.3 Plant collection

In February 2024, fresh leaf and seed of Croton macrostachyus
Hochst. ex Delile were collected from Gununo, Damot Sore area
of Wolaita, Ethiopia (Fig. 1). The leaves and seeds were well-
rinsed using tap water and later distilled water to wash off
any dust particles. Later, the leaves and seeds dried in the shade
for a period of two weeks. The leaves and seeds, aer drying,
were ground into a ne powder using a pestle and a mortar.
Finally, the leaves and seeds were packed in airtight containers
at room temperature.
RSC Adv., 2026, 16, 14492–14508 | 14493
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Fig. 1 Croton macrostachyus Hochst. ex Delile: this is a picture of
a plant with a magnified leaf and a dried seed part.
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2.4 Preparation of Croton macrostachyus Hochst. ex Delile
leaf and seed extracts

A total of 10 g of dried, powdered Croton macrostachyus Hochst.
ex Delile leaf and seed was separately mixed with 300 mL of
deionized water (DI H2O) in a 500 mL glass beaker. The mixture
was heated in a water bath (HWS-24) at 60 °C for 1 hour. Aer
heating, the extract was allowed to cool to room temperature.
The aqueous solution was ltered using Whatman lter paper
no. 1. The ltered solution of Croton macrostachyus Hochst. ex
Delile leaf and seed extracts was refrigerated at 4 °C for storage.
2.5 Phytochemical analysis of leaf and seed extracts of
Croton macrostachyus Hochst. ex Delile

2.5.1 Test for phenols and tannins. The leaf and seed
extracts were each combined with 2 mL of a 2% FeCl3 solution.
Upon mixing, a blue-green color appeared, which is indicative
of the presence of polyphenols and tannins. This is because of
the interaction between the FeCl3 and the phenolic compounds,
which form a complex whose characteristic blue-green color can
then be noted. The presence of these compounds is quite vital
because polyphenols and tannins have been long recognized for
their health benets, which result from their antioxidant
properties.25

2.5.2 Test for avonoids. A qualitative assay was performed
to assess the presence of avonoids within leaf and seed
extracts. The extract (2 mL) was mixed with distilled water (8
mL). The solution was ltered to remove particulate matter.
Then, 4–5 drops of NaOH were added to the ltrate. A yellow-
orange coloration was developed, which was regarded as posi-
tive for avonoids.26

2.5.3 Test for saponins. A mixture of 2 mL of leaf and seed
extract was combined with 8 mL of distilled water in a test tube.
This mixture was then shaken vigorously for 30 seconds. The
formation of a stable foam, which persisted even aer 30
minutes, was taken as an indication of the presence of sapo-
nins. Saponins are known for their surfactant properties, which
14494 | RSC Adv., 2026, 16, 14492–14508
allow them to form stable foams. This characteristic is
commonly used as a qualitative test for their presence in plant
extracts.27

2.5.4 Test for steroids. In this experiment, we tried to
determine if there were terpenoids present in the extracts of
both the leaves and seeds by performing a common phyto-
chemical test. To accomplish this, a mixture of 2 mL of extract
from both the leaves and seeds was combined with 2 mL of
chloroform. The mixture was allowed to evaporate to dryness.
Subsequent to that, 2 mL of concentrated sulfuric acid (H2SO4)
was added to the dried extract. The formation of a reddish-
brown coloration at the interface indicated the presence of
terpenoids. This color change is a positive result for the Sal-
kowski test, which is commonly used to detect terpenoids in
plant extracts.28

2.5.5 Test for alkaloids. To detect the presence of alkaloids,
2 mL of the leaf and seed extract was mixed with 2 mL of 1%
HCl. The solution was then heated in a water bath for 10
minutes. Aer heating, 6–8 drops of Mayer's reagent were
added. The appearance of orange precipitates revealed the
presence of alkaloids. This technique corresponds to recent
approaches that involved several steps in phytochemical
screening.29,30
2.6 Synthesis of zinc oxide nanoparticles using Croton
macrostachyus Hochst. ex Delile leaf and seed extracts

The synthesis of biogenic ZnO NPs is performed by a modica-
tion of the procedure detailed in the previous work26 as shown
in the Scheme 1. A 5 g sample of zinc acetate dihydrate (MW =

219.49 g mol−1) was mixed with 50 mL of Croton macrostachyus
Hochst. ex Delile leaf or seed extracts in a 150 mL beaker. The
mixture was heated to 60 °C and 80 °C in a water bath (HWS-2T)
for one hour until a white precipitate formed. The mixture was
then allowed to settle overnight at room temperature. The
liquid portion was decanted using a dropper, and the white
precipitate was collected. The collected precipitate was le
overnight in a hot air oven at 80 °C, resulting in the formation of
a creamy paste. This paste was washed twice with a solution of
deionized water and ethanol (3 : 1). Aer settling overnight, the
liquid portion was removed using a dropper, and the washed
creamy paste was dried in a hot air oven (GP-65B) at 80 °C for
overnight. The dried paste was then transferred to a ceramic
crucible cup and heated in furnance at 100 °C for 3 hours. The
resulting white powder, identied as ZnO nanoparticles, was
kept in an airtight container for further analysis.
2.7 Antimicrobial activities of synthesized zinc oxide
nanoparticles

The antimicrobial activities of the synthesized zinc oxide
nanoparticles (ZnO NPs) were assessed using a modied agar
well diffusion method, as previously described.31 This study
focused on two Gram-negative bacteria (GNB), Klebsiella pneu-
moniae and Pseudomonas aeruginosa, and one Gram-positive
bacterium (GPB), Staphylococcus aureus. The antibacterial
activity of the biosynthesized ZnO NPs was tested and compared
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of the synthesis of biogenic ZnO NPs.
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with that of the leaf (MLE) and seed (MSE) extracts from Croton
macrostachyus Hochst. ex Delile.

2.8 Preparation of nutrient agar

To prepare the nutrient agar, 1.38 grams of general mediumwas
dissolved in 60 mL of distilled water. The mixture was then
autoclaved at 121 °C for 15 minutes. Subsequent to autoclaving,
the media was portioned into three different Petri dishes con-
taining 20 mL of nutrient agar. Then aer, using this media the
bacterial strains (S. aureus, K. pneumoniae, and P. aeruginosa)
were activated by incubating at 37 °C for 24 hours.

2.9 Preparation of ZnO NPs and crude extracts for
antimicrobial testing on Mueller–Hinton agar

Mueller–Hinton Agar (MHA), 9.13 grams was dissolved in
240 mL of distilled water and subsequently autoclaved at 121 °C
for 15 minutes. Aer cooling, 20 mL of the solution was
dispensed into each of twelve Petri dishes. 1 mL of DMSO was
utilized to dissolve and prepare three different concentrations
of MLEZ-2 (ZnO NPs synthesized using Croton macrostachyus
Hochst. ex Delile leaf extract at 80 °C) and MSEZ-2 (ZnO NPs
synthesized using Croton macrostachyus Hochst. ex Delile seed
extract at 80 °C). The concentrations used were 10, 20, and 40 mg
mL−1. In addition, leaf crude extract (MLE) and seed crude
© 2026 The Author(s). Published by the Royal Society of Chemistry
extract (MSE) were also prepared at the same concentrations.
This was followed by mixing of the solutions using the vortex
mixer (Model: XH.B).

2.10 Agar well diffusion assay for antibacterial activity of
ZnO nanoparticles and controls

Three tubes were lled with 5 mL of saline solution and were
individually inoculated with one of three bacterial strains: two
Gram-negative and one Gram-positive. Wells were created in the
agar plates and loaded with 10 mg mL−1, 20 mg mL−1, and 40 mg
mL−1 of MLEZ-2 and MSEZ-2 ZnO nanoparticles, DMSO
(negative control), and gentamicin (positive control) with
a concentration of 10 mg mL−1 in the center. Wells with diam-
eters of approximately 6 mm were created aseptically using
sterile micropipette tips on the agar plates. The MHA plates
were incubated at 37 °C for 24 hours.

2.11 Assessment of antibacterial efficacy via zone of
inhibition

Aer incubation, any resulting clear zones (zones of inhibition)
around the wells were measured in millimeters (mm). The agar
well diffusion experiment was performed in triplicate to ensure
consistency. The diameters of the inhibition zone were
measured, which determined the extent of antimicrobial
RSC Adv., 2026, 16, 14492–14508 | 14495
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Table 1 Phytochemical constituents of Croton macrostachyus Hochst. ex Delile leaf and seed extractsa

No Constituents Chemical test Observation

Types of extracts

MLE MSE

1 Phenolics/tannins Ferric chloride Blue-black or blue-green color + +
2 Flavonoids Lead acetate Yellow-orange color + −
3 Saponins Froth test Stable foam + +
4 Steroids Liebermann Upper layer turned red; H2SO4 layer

yellow with green uorescence
+ +

5 Terpenoids Salkowski Reddish-brown color + +
6 Alkaloids Hager's reagent Orange precipitate formation + +

a MLE= Croton macrostachyusHochst. ex Delile plant leaf extract; MSE= Croton macrostachyusHochst. ex Delile plant seed extract; + sign indicates
secondary metabolite is present and − sign indicates secondary metabolite is absence.
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activity. Comparisons were made with standard drugs, and the
zone of inhibition was recorded in millimeters.
2.12 Determination of minimum inhibitory concentration
(MIC)

The minimum inhibitory concentrations (MICs) were assessed
by the broth dilution technique as explained in a previous
study,32 with minor modications. The process began with the
dissolution of 0.7 g of nutrient broth in 60 mL of distilled water
and subsequent autoclaving at 121 °C for 15 minutes. The
sterilized broth was then aliquoted into three sterile test tubes,
each containing 20 mL.

Bacterial inocula were prepared Staphylococcus aureus,
Pseudomonas aeruginosa, and Klebsiella pneumoniae. These
strains were grown in the nutrient broth and incubated at 37 °C
for 24 hours.

Separately, 2.496 g of nutrient agar was dissolved in 192 mL
of distilled water and autoclaved under the same conditions.
Sterile test tubes were prepared to which 2 mL of nutrient broth,
2 mL of the plant extract solution, and 0.2 mg of the bacterial
inoculum were added.

The stock solutions of NPS and plant extract (MLEZ-2, MSEZ-
2, MLE, and MSE) were serially diluted in the nutrient broth to
give nal concentrations of 50, 25, 12.5, 6.25, 3.125, and 1.56 mg
mL−1. Bacterial growth was checked by a visual examination of
turbidity to get the MIC. The least concentration of the pure
compound that showed no visible growth, displaying the
absence of turbidity, was considered and recorded as the MIC.
Fig. 2 Phytochemical analysis of leaf extract, MLE (a) and seed extract,
MSE (b).
2.13 Statistical evaluation of antimicrobial activity

The experiments were replicated thrice, and the data obtained
was expressed as mean ± standard deviation (SD). Data entry
and basic statistics were carried out using Microso Excel
soware. The means and standard deviations of the obtained
data were computed using functions in the Excel soware
package. The inhibition zones of ZnO NPs and plant extracts
that could inhibit the tested microorganisms were compared
using one-way analysis of variance (ANOVA). Further compar-
ison of means was done using the Least Signicant Difference
(LSD) Test, and the results were considered statistically signif-
icant at p < 0.05.
14496 | RSC Adv., 2026, 16, 14492–14508
3 Results and discussions
3.1 Qualitative phytochemical screening (QPS)

Phytochemical analysis of Croton macrostachyus Hochst. ex
Delile leaf (MLE) and seed extracts (MSE) showed the presence
of a range of biological components, including phenolics,
tannins, avonoids, saponins, steroids, terpenoids, and alka-
loids (Table 1). This is shown graphically in Fig. 2(a) and (b).
The two extracts were found to be positive for phenolics/
tannins, which gave blue-black or blue-green colorations upon
the addition of a few drops of ferric chloride solution. Flavo-
noids were found in the leaf extract, as indicated by the
formation of a yellow-orange color aer treatment with a small
amount of lead acetate solution, but there was no color
formation in the case of the seed extract.

Both saponins and steroids were found in the extracts. This
was shown using the froth test, where a persistent foam was
formed. In the Liebermann–Burchard test, both extracts gave
positive results. This involves a color change where the upper
layer turned red and a yellow color with green uorescence was
seen in H2SO4. Terpenoids were also exhibited in both extracts.
This was shown using the Salkowski test. This yielded a positive
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Effect of metal salt loading

Loading of metal
salt (g)

Volume of plant extract
(mL)

Temperature
(°C)

Contact time
(min)

Yield (g),
MLE-ZnO

Yield (g),
MSE-ZnO

1.25 50 80 60 0.71 0.61
5.00 50 80 60 2.83 2.43

Table 3 Effect of plant extract volume

Loading of metal
salt (g)

Volume of plant extract
(mL)

Temperature
(°C)

Contact time
(min)

Yield (g),
MLE-ZnO

Yield (g),
MSE-ZnO

5.00 25 80 60 2.12 1.82
5.00 50 80 60 2.83 2.43

Table 4 Effect of contact time

Loading of metal
salt (g)

Volume of plant extract
(mL)

Temperature
(°C)

Contact time
(min)

Yield (g),
MLE-ZnO

Yield (g),
MSE-ZnO

5.00 50 80 30 2.26 1.94
5.00 50 80 60 2.83 2.43
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result where a reddish-brown color was formed aer both
chloroform and concentrated sulfuric acid had been added. In
both leaf and seed extracts, a positive result was shown. This
was demonstrated aer HCl was added as Hager's reagent
formed an orange precipitate.

In this study, the extracts were utilized as natural reducing
and stabilizing agents for the green synthesis of ZnO nano-
particles, highlighting their potential in eco-friendly nano-
material preparation. The presence of these phytochemicals
indicates that C. macrostachyus is a valuable source of secondary
metabolites with pharmacological potential and can serve as
a sustainable resource for nanoparticle synthesis.

3.2 Synthesis and identication of ZnO nanoparticles

Four different samples of ZnO nanoparticles have been
successfully synthesized through the green method using
extracts of the plant Croton macrostachyusHochst. ex Delile. The
samples were named MLEZ-1, MLEZ-2, MSEZ-1, and MSEZ-2 to
differentiate the plant part used in the synthesis. MLEZ-1,
MLEZ-2 were synthesized from MLE (leaf extract) at 60 °C and
80 °C temperatures, respectively. Similarly, MSEZ-1 & MSEZ-2
were synthesized from MSE (seed extract) at the same temper-
atures. This gives a clear distinction in regards to the parame-
ters of synthesis and plant parts used in the green synthesis
method.

3.3 Optimization of zinc oxide nanoparticles synthesis
parameters

The optimization of zinc oxide nanoparticle (ZnO-NPs)
synthesis parameters using green methods demonstrates the
signicant inuence of precursor concentration, plant extract
volume, contact time, and temperature on nanoparticle yield
© 2026 The Author(s). Published by the Royal Society of Chemistry
and quality (Tables 2–5). Each parameter plays a critical role in
controlling the nucleation and growth of ZnO-NPs, ultimately
affecting their physicochemical properties.

3.3.1 Effect of metal salt concentration. The quantity of
zinc acetate dihydrate used as the precursor is directly propor-
tional to the yield of ZnO-NPs produced (Table 2). Increasing the
concentration of the metal salt from 1.25 g to 5 g signicantly
increased the yield of nanoparticle formation.

Maximum yield was found with 5 g, yielding 2.83 g of MLE-
ZnO and 2.43 g of MSE-ZnO NPs under the same conditions.
This is consistent with earlier research,33 which suggests that as
the availability of the precursor increases, the formation of
nucleation sites will increase, thus increasing nanoparticle
yields. Excessive salt levels above the optimized values may
cause agglomeration, which needs be addressed in future
research.

3.3.2 Effect of plant extract volume. Plant extract volume,
acting as the reducing and stabilizing agents, plays a major role
in the synthesis of nanoparticles. Greater volumes of the extract,
ranging from 25 mL to 50 mL, showed (Table 3) better results in
yield, hence the need for optimal concentrations of phyto-
chemicals for effective reduction and stabilization of Zn ions in
the reaction. Higher volumes of plant extracts contain high
secondary metabolites, thus fast reaction kinetics.34

3.3.3 Effect of contact time. Incubation time is another
parameter that is highly important for the preparation of ZnO-
NPs. An increase in the contact time from 30 minutes to 1 hour
led to an enhanced yield, with 1 hour being ideal for both MLE-
ZnO and MSE-ZnO nanoparticles (Table 4). This is because
longer contact times enable full reduction of metal ions, as well
as proper crystallization of nanoparticles.35 However, overlong
incubation times may not produce better yields.
RSC Adv., 2026, 16, 14492–14508 | 14497
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Table 5 Effect of temperature

Loading of metal
salt (g)

Volume of plant extract
(mL)

Temperature
(°C)

Contact time
(min)

Yield (g),
MLE-ZnO

Yield (g),
MSE-ZnO

5.00 50 60 60 2.63 2.00
5.00 50 80 60 2.83 2.43
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3.3.4 Effect of temperature. Temperature is one of the
factors that are important for the activation of biological
molecules and hence facilitates an increase in the rate of
reactions.

The ndings highlighted that when the synthesis process is
carried out at 80 °C, the yields are higher (Table 5) compared to
60 °C, which can be attributed to efficient activation of phyto-
chemicals.36 Though increased temperatures are preferred for
manufacturing nanophased particles, ner temperatures are
required for activating biological compounds.

3.3.5 Overall optimization. The combined contribution of
these factors suggests that the optimal conditions for the green
synthesis of ZnO-NPs are 5 g of Zn acetate dihydrate, 50 mL of
the extract, a 1 h contact time, and a temperature of 80 °C. Using
the aforementioned optimal parameters for the green synthesis
of ZnO-NPs resulted in the maximum yield of MLE-ZnO-NPs
(2.83 g) and MSE-ZnO-NPs (2.43 g).
Fig. 3 XRD patterns of ZnO nanoparticles: (a) calculated from CIFs in
CCDC 1481937; (b) biosynthesized ZnO NPs using leaf extracts
(MLEZ‑1) at 60 °C; (c) biosynthesized ZnO NPs using leaf extracts
(MLEZ‑2) at 80 °C; (d) biosynthesized ZnO NPs using seed extracts
(MSEZ‑1) at 60 °C; and (e) biosynthesized ZnO NPs using seed extracts
(MSEZ‑2) at 80 °C from the Croton macrostachyus Hochst. ex Delile
plant.
3.4 Characterization of ZnO NPs

3.4.1 PXRD analysis and structural characterization. The
XRD patterns of all synthesized ZnO nanoparticles, such as
MLEZ-1, MLEZ-2, MSEZ-1, and MSEZ-2, are displayed in Fig. 3.
These samples were prepared using Croton macrostachyus
Hochst. ex Delile leaf and seed extracts at two different
temperatures, 60 °C and 80 °C. The diffraction prole of all
samples shows a sharp and well-dened peak, which proves the
development of highly crystalline ZnO nanoparticles. The
observed reections correspond to the hexagonal wurtzite
structure of ZnO, validated by the standard reference card
JCPDS 00-036-1451 and crystallographic data CCDC 1481937,
assigning the material to the P63mc space group.

The major peaks observed at 2q values of 31.7°, 34.4°, and
36.2° were assignable to the (100), (002), and (101) planes,
respectively. Of these, the (002) peak at 34.4° had the sharpest
peak, indicating a preferred orientation in the c-axis. Other
distinctive peaks were observed at 47.5°, 56.6°, 62.8°, and 68.0°,
which corresponded to the (102), (2�10), (103), and (2�12) planes,
respectively. Sharpness and high intensity of these reections
conrmed the successful formation of ZnO nanoparticles.

Notably, two small peaks appeared at 29.46° and 30.96°,
which are not from the ZnO pattern. These were indexed as the
(104) planes of calcite (CaCO3)37 and dolomite (CaMg(CO3)2),38

respectively. This result is in agreement with the XPS result,
which showed the presence of Ca and Mg in the specimens.
These components may arise from the phytochemicals or
mineral contents of the plant materials used in the green
method of synthesis. Due to its small intensity, this carbonate
14498 | RSC Adv., 2026, 16, 14492–14508
form is only present in trace amounts, either as residues or as
weakly bound components to the ZnO NPs.

Overall, the PXRD analysis conrms that the major material
synthesized is high-crystallinity hexagonal wurtzite ZnO nano-
particles, conrmed by both JCPDS and CCDC references. The
minor peaks recorded indicate the presence of calcium- and
magnesium-based carbonate phases, which would be expected
for green synthesis due to natural precursors emanating from
the plant extract. This idea is further supported by XPS,
detecting Ca and Mg that might well be present as surface
species, dopants, or even small carbonate residues. Together,
PXRD and XPS yield a consistent view that the material is
principally composed of ZnO nanoparticles with trace
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Wide-scan XPS survey spectrum (a); XPS spectrum of Zn 2p (b); XPS spectrum of O 1s (c); XPS spectrum of C 1s (d) of MSEZ-2.
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contributions from Ca and Mg, reecting both the structural
integrity of ZnO and the biological synthesis route.

3.4.2 Crystallite size analysis of biosynthesized ZnO nano-
particles. The average crystallite size (ACS) of the biosynthesized
ZnO nanoparticles was calculated using the Debye–Scherrer
formula, as it was difficult for us to obtain higher resolution
SEM or TEM images. We recognize that this is only a rough
estimate of the crystallite size and does not take into account
various factors such as lattice strain or agglomeration. This
equation depends upon the XRD data, indicating broadening of
XRD peaks for nanoparticles. The formula can be represented
as:

D ¼ ðk � lÞ
b� cos q

where: k = 0.94 (Scherrer constant), l = 1.54056 Å (wavelength
of X-ray), b = FWHM of diffraction peak, and q = Bragg angle.
The crystallite size was measured in the ve strongest XRD
© 2026 The Author(s). Published by the Royal Society of Chemistry
peaks for every sample and is depicted in Table S1. The calcu-
lated average size was 41.40 nm for MSEZ-2, 42.00 nm for MSEZ-
1, 40.28 nm for MLEZ-2, and 41.16 nm for MLEZ-1. It is evident
that the prepared ZnO NPs are in the nanoscale range (0–100
nm), showing good crystallinity as indicated by prominent
diffraction peaks.

Temperature played an important role in particle size vari-
ation. Among various conditions studied, 80 °C is found to be
optimal for the synthesis of ZnO NPs with smaller crystallites
(MSEZ-2 and MLEZ-2) than those obtained under other condi-
tions. This nding is supported by previous studies,39,40 which
found that increased temperatures increase the rate of reduc-
tion of zinc ions and their nucleation, thus forming smaller
particles. Higher temperatures increase the dispersal of zinc
ions to form nuclei because of the increase in the rate of
reduction of zinc ions.

The smaller crystallites formed under optimum conditions
are more signicant because they are directly linked to
RSC Adv., 2026, 16, 14492–14508 | 14499
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enhanced antibacterial activity. This is expected because
previously, smaller particle sizes were found to produce higher
antimicrobial activity due to increased surface reactivity.40 Once
again, the ndings here conrm that by appropriately adjusting
synthesis variables such as temperature and using the correct
extracts, ZnO nanoparticles can be synthesized for specic
applications.

3.4.3 XPS analysis of biosynthesized ZnO-NPs. X-Ray
Photoelectron Spectroscopy (XPS) analysis was used to inter-
pret the surface chemical compositions and oxidation states of
biogenically synthesized ZnO NPs using zinc acetate and leaf/
seed extracts of Croton macrostachyus Hochst. ex Delile. XPS is
an important tool for interpreting the nanoparticle surface
composition at an atomic level, which is fundamental for
determining any potential nanoparticle applications.41

The survey scan and the high-resolution spectra verify the
presence of Zn, O, and C, which is expected in the presence of
ZnO NPs. There are also traces of Na, as expected from the
Fig. 5 Wide-scan XPS survey spectrum (a); XPS spectrum of Zn 2p (b); X

14500 | RSC Adv., 2026, 16, 14492–14508
synthesis procedure and the use of plant stabilizers. Notably,
the existence of Mg and Ca ions from the plant extracts is
identied through the XPS survey scan spectra (Fig. 4a and 5a).
These ions appear in the form of distinctive peaks in the Ca 2p
or Mg 2p regions. This suggests the presence of these ions on
the surface of the nanoparticle due to the biogenic synthesis
process.42,43 The incorporation of theseminor elements (Na, Mg,
and Ca) can inuence the surface chemistry and functional
properties of ZnO NPs.44–46 For instance, Mg and Ca ions may
contribute to surface charge modulation, defect formation, and
potential catalytic or biological activity enhancement. Their
presence highlights the complexity and richness of biogenic
synthesis routes, where plant extracts act not only as reducing
and stabilizing agents but also as sources of additional
elemental species that can tailor nanoparticle properties.

3.4.3.1 Zinc (Zn 2p) spectrum. The Zn 2p core-level spectra
(Fig. 4b and 5b) display two prominent peaks at binding ener-
gies of 1026 eV (Zn 2p3/2) and 1049 eV (Zn 2p1/2), with a spin–
PS spectrum of O 1s (c); XPS spectrum of C 1s (d) of MLEZ-2.

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00724d


Fig. 6 Tauc plot for ZnO NPs (MLEZ-2) prepared from leaf extract (a); Tauc plot for ZnO NPs (MSEZ-2) prepared from leaf extract (b).
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orbit splitting of about 23 eV, characteristic of Zn2+ ions in ZnO
(MSEZ-2 & MLEZ-2). The lack of other peaks related to metallic
zinc or zinc hydroxides in the spectrum ensures the complete-
ness of oxidation in biogenesis. The smaller peak at 1076 eV for
Fig. 7 FTIR spectra of Croton macrostachyus Hochst. ex Delile
extracts and their respective ZnO nanoparticles: (a) ZnO nanoparticles
synthesized using leaf extract (MLEZ-2), (b) ZnO nanoparticles
synthesized using seed extract (MSEZ-2), (c) leaf extract (MLE), and (d)
seed extract (MSE). The spectra illustrate characteristic functional
groups present in the extracts and confirm their interaction with ZnO
nanoparticles.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Na 1s is indicative of sodium ions remaining in plant extracts or
washing procedures and do not affect zinc oxide formation but
could impact charge and dispersibility.

3.4.3.2 Oxygen (O 1s) spectrum. The high-resolution O 1s
spectra of the MSEZ-2 and MLEZ-2 samples (Fig. 4c and 5c)
allow for the identication of multiple oxygen species present
within the surface chemistry of ZnO nanoparticles. The major
peak at about 535 eV is attributed to the presence of lattice
oxygen (OL), denoting O2− present within the ZnO lattice.
Besides this major peak, other oxygen species including oxygen
vacancies (OV), denoted by a peak at about 536 eV, are also
present. A main characteristic defect is denoted by a peak at
537 eV for a chemisorbed oxygen species (OC), denoted by O− or
O2− present on the ZnO surface.44 These highly reactive oxygen
species are responsible for affecting the antimicrobial and
photocatalytic behaviours. The presence of oxygen vacancies
alongside the other oxygen species tends to produce a defect-
rich surface. The co-existence of the major oxygen species,
including oxygen vacancies as well as the corresponding
chemisorbed oxygen species, manifests the importance of
defect engineering in the production of ZnO for enhanced
functional applications.

3.4.3.3 Carbon (C 1s) spectrum. The C 1s spectrum in high
resolution shows several deconvoluted peaks, representing
different carbon species (Fig. 4d and 5d). The most dominant
peak occurring at about 284 eV is due to C–C/C–H bonds, which
normally arise from adventitious carbon or organic compounds
from the plant extract. The peaks occurring at around 290 eV,
293 eV, and 294.9 eV are assigned to C–O, C]O, and C–C]O
functional groups, respectively, typical of polyphenols, avo-
noids, and other biomolecules present in C. macrostachyus.47

These functional groups conrm the successful capping of ZnO
NPs by phytochemicals, which play a dual role as reducing
agents and stabilizers during nanoparticle formation. Such
surface functionalization is advantageous for improving
colloidal stability and imparting bioactivity.
RSC Adv., 2026, 16, 14492–14508 | 14501
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XPS spectra verify the successful biogenic synthesis of ZnO
nanoparticles with a major composition of Zn2+ and O2− ions
along with the adsorption of organic compounds on the surface
of ZnO using the phytoextracts of C. macrostachyus. Identica-
tion of peaks for C–O bonds along with peaks for C]O bonds
reveals the successful capping of the biogenically synthesized
ZnO nanostructures using phytoextracts for improving disper-
sion forces and suppressing agglomeration phenomena. These
phytoextract-mediated biogenic nanostructures ensure purity
along with imparting biological properties with potential utility
for increasing the efficacy of ZnO nanostructures toward
biomedical, photocatalytic, and other applications. Addition-
ally, the observed peaks for the presence of hydroxyl groups
along with organic compounds might aid in further modifying
these nanostructures for target-specic antimicrobial activities.

3.4.4 Optical band gap determination. The optical prop-
erties of biogeneically synthesized ZnO NPs using leaf and seed
extracts of Croton macrostachyusHochst. ex Delile were analyzed
using the Tauc plot technique. Fig. 6a is indicative of the Tauc
plots of leaf extract-based ZnO NPs (MLEZ-2), whereas Fig. 6b is
indicative of seed extract-based ZnO NPs (MSEZ-2). The band
gap energy was determined by extrapolating the linear portion
of the (ahy)1/2 versus photon energy (E) curve to the energy axis.
The calculated band gap values were 3.17 eV for MLEZ-2 and
3.19 eV for MSEZ-2.

These values are slightly lower than the bulk ZnO48 band gap
(3.37 eV), which is typical for nanoscale ZnO due to the inu-
ence of surface defects and organic molecules from the plant
extract. The small difference in values between the two samples
is probably due to differences in phytochemical compositions of
leaf and seed extracts affected by nanoparticles formation
Fig. 8 (a) SEM image of MLEZ-2; (b) SEM image of MSEZ-2; (c) EDS spec
ZnO NPs by Croton macrostachyus Hochst ex Delile.

14502 | RSC Adv., 2026, 16, 14492–14508
processes such as nucleation and growth mechanisms. The
extracts contain natural molecules that could lead to defects in
the nanoparticles as well as affect its surface chemistry in
creating defects in its crystallinity and band gap energy of
nanoparticles due to quantum connement effects observed in
small particles like nanoparticles. When compared with the
literature, the band gaps determined in the present study (3.17–
3.19 eV) match ZnO NPs prepared by green techniques. For
instance, ZnO NPs prepared by Aloe vera extract49 had band gaps
in the range 3.20–3.25 eV, and ZnO NPs prepared by Moringa
oleifera seed extract50 had a band gap energy of 3.18 eV. Simi-
larly, ZnO nanoparticles synthesized from Azadirachta indica
extract51 have been found to have band gaps ranging from
3.21 eV to 3.26 eV. However, generally, ZnO nanoparticles
synthesized by the chemical method have band gaps from
3.20 eV to 3.30 eV based on their size and synthesis method-
ology. Although the band gap of the prepared ZnO NPs is
smaller than that of the bulk material, it indicates that there are
defect levels introduced during the biogenic synthesis due to
the biomolecules. These defect levels can increase the absorb-
ability of visible light, thus paving the way for their use in
optoelectronics and photocatalysis.

Thus, in general, the obtained results validate that biogenic
synthesis by extraction of Croton macrostachyus Hochst. ex
Delile leaves leads to ZnO nanoparticles that have optical
similarities in comparison to the ones obtained by various
biogenic routes.

3.4.5 FTIR analysis of biosynthesis ZnO NPs. The FTIR
spectra of Croton macrostachyus Hochst. ex Delile leaf extract,
MLE; seed extract, MSE, and their corresponding ZnO nano-
particles, MLEZ-2 andMSEZ-2, are shown in Fig. 7 and Table S2.
trum for MLEZ-2; (d) EDS spectrum for MSEZ-2 of the biosynthesized

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Agar well diffusion assay showing the effect of different
concentrations of NPs, LE, and SE against bacterial strains: (a, d, g and j)
S. aureus, (b, e, h and k) P. aeruginosa, and (c, f, i and l) K. pneumoniae.
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The extracts (Fig. 7c and d) showed broad absorption bands at
3266 cm−1 and 3283 cm−1, which can be assigned to O–H
stretching vibrations of hydroxyl groups for MLE and MSE,
respectively, indicating the presence of alcohols and phenolic
compounds.52 Peaks observed at 2132–2131 cm−1 are attributed
to C^C stretching of alkynes, while strong absorption at
1640 cm−1 represents C]O stretching of amide or carbonyl
groups, suggesting proteins or other carbonyl-containing
biomolecules.53 Additional bands at 1230–1279 cm−1 indicate
C–O stretching of esters or phenolic groups, and the peaks near
664–676 cm−1 correspond to aromatic ring bending vibrations.
These functional groups conrm that the extracts contain
polyphenols, proteins, and other biomolecules that can act as
reducing and capping agents during ZnO nanoparticle
synthesis.52

However, the FTIR spectra of the biosynthesized ZnO nano-
particles (MLEZ-2 and MSEZ-2) in Fig. 7a and b demonstrate
clear peaks ranging from 449–580 cm−1 corresponding to the
Zn–O vibration of ZnO. The broad peak of 3422 cm−1 in Fig. 7a
indicates the existence of O–H bonds in MLEZ-2. The other
peaks of 2928 and 2855 cm−1 in Fig. 7a represent C–H bonds of
aliphatic groups, which suggest the existence of organic mate-
rial on the surface of the ZnO nanoparticles. Peaks at 1640,
1555, and 1412 cm−1 are associated with amide and carboxylate
groups, indicating protein involvement in stabilization. Simi-
larly, MSEZ-2 exhibits features at 3431 cm−1 (O–H), 2926–
2858 cm−1 (C–H), and 1434 cm−1 (carboxylate), along with Zn–O
bands at 449, 544, and 725 cm−1.52 The absence or diminution
in some of the peak intensities, for instance 2131–2132 cm−1, in
the spectra of the nanoparticles suggests that these groups took
part in the reduction process of Zn2+ ions for the production of
the nanoparticles.

In general, the FTIR analysis supports the fact that phyto-
chemical constituents of the Croton macrostachyus Hochst. ex
Delile extracts, such as phenols, proteins, and carboxylates, act as
dual agents of reduction and capping in the biosynthesis of the
ZnO NPs. The presence of the Zn–O bond in the ngerprint region
of the FTIR-spectrum is sufficient proof of the successful fabrica-
tion of the NPs, in addition to the presence of the functional group
of the phytochemical constituent on the surface of the NPs.

3.4.6 Morphological and elemental analysis. SEM analyses
of ZnO nanoparticles prepared using Croton macrostachyus
Hochst. ex Delile leaf (MLEZ-2) and seed (MSEZ-2) extracts show
aggregated clusters that are irregular with rough surfaces,
a characteristic typical of plant-mediated synthesis. However,
MLEZ-2 (Fig. 8a) gives more granular domains than MSEZ-2,
which forms denser lm-like structures (Fig. 8b), indicating
some compositional differences between the leaf and seed
extracts.54 The EDS spectra of the biogenic ZnO nanoparticles
(Fig. 8c and d) reveal high intensities of Zn, thus verifying that Zn
is the major component, whereas the presence of small amounts
of Na, Mg, and Ca should be considered with caution since EDS is
a surface sensitive and semi quantitative technique. The higher
intensity of Ca may be attributed to the surface enrichment of
plant metabolites. This conclusion is also supported by the XPS
data (Fig. 4 and 5), which indicate that Zn is the major compo-
nent and Na+, Mg2+, and Ca2+ are present in trace amounts. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
particle aggregation is mainly attributed to the presence of
surface-bound organic functional groups and biogenic residues,
whereas the trace amounts of inorganic ions contribute very little
to the aggregation. While oxygen and carbon have less distinct
peaks in EDS measurements owing to low-energy interactions,
their presence was conrmed by XPS measurements (Fig. 4 and
5).54,55 XPS measurements in Fig. 4b and 5b conrmed these
observations. They revealed zinc species in ZnO (Zn 2p peaks),
oxygen in the lattice or surface hydroxyl groups (O 1s), and carbon
in phytochemical materials (C 1s).

Taken together, the results of SEM, EDS, and XPS analyses
indicate that purely ZnO nanoparticles are biosynthetically
composed of ZnO. Among others, the bio-functional surfaces
are rich in organic functional groups and minute amounts of
inorganic ions. The latter materials tend to affect their
morphology and applications.
3.5 Antibacterial activity of biosynthesized ZnO
nanoparticles and crude extracts

The biosynthesised zinc oxide nanoparticles (ZnO NPs) from
Croton macrostachyus Hochst. ex Delile leaf and seed extracts
(MLEZ-2 and MSEZ-2), were screened for their antibacterial
activities using the agar well diffusion method against Staphy-
lococcus aureus, Pseudomonas aeruginosa, and Klebsiella pneu-
moniae bacterial strains. Zone of inhibition was measured at
three concentrations (10, 20, and 40 mg mL−1), and results are
depicted in Fig. 9, Fig. 10, and Table S3. The synthesized ZnO
NPs showed very promising antibacterial activity, which
increases with concentration.
RSC Adv., 2026, 16, 14492–14508 | 14503
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Fig. 10 Mean ± SD clustered column charts showing antibacterial activities of ZnO nanoparticles (MLEZ-2 and MSEZ-2) and crude extracts (LE
and SE), compared with the positive control (GM).

Table 6 MIC of MLEZ-2 andMSEZ-2 ZnONPs and leaf and seed crude
extracts of Croton macrostachyus Hochst. ex Delile against patho-
genic bacteria

Bacteria strain

Minimum inhibition concentration (mg mL−1)

MLEZ-2 MSEZ-2 LE SE

S. aureus 3.125 3.125 6.25 6.25
P. aeroginosa 3.125 6.25 12.5 12.5
K. pnemoniae 6.25 3.125 6.25 25.0
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For MLEZ-2 ZnO NPs, inhibition zones against S. aureus
increased from 11.66 ± 0.94 mm at 10 mg mL−1 to 15.66 ±

0.47 mm at 40 mg mL−1. Similarly, P. aeruginosa showed an
increase from 10.66 ± 0.47 mm to 13.66 ± 0.47 mm, and K.
pneumoniae from 8.66± 0.47 mm to 13.33± 0.47 mm across the
same concentration range.

MSEZ-2 ZnO NPs followed the same trend but gave slightly
lower inhibition values compared to MLEZ-2. LE and SE crude
extracts exhibited poor antibacterial activity as compared to
ZnONPs, with LE giving themaximum inhibition zone of 8.66±
0.47 mm against S. aureus and SE giving 7.66 ± 0.47 mm at 40
mg mL−1. In contrast, the positive control gentamicin (10 mg
mL−1) gave inhibition zones of 22–26 mm, whereas the negative
control DMSO presented no activity. The above results conrm
that antibacterial activity is dose dependent and ZnO NPs
synthesized through a green synthesis route exhibits better
antibacterial action than crude plant extracts alone.

The antibacterial activity of ZnO NPs was found to be more
against Gram-positive bacteria S. aureus in comparison to
Gram-negative bacteria (P. aeruginosa and K. pneumoniae). This
result is in accordance with past research,56 where the reason is
explained to be the variation in the cell wall of the bacteria.
Gram-positive bacteria have thicker peptidoglycans, which help
in the interaction of the zinc oxide NPs, whereas Gram-negative
bacteria have an outer membrane that protects against NPs.57

Thus, the antibacterial effect of ZnO NPs is more pronounced
against Gram-positive bacteria. The major reason for the
increased antibacterial properties of ZnO NPs is their capacity
to produce reactive oxygen species (ROS) like H2O2, which can
easily enter the bacterial cell membrane, leading to death.58 The
smaller size of ZnO NPs, with their larger surface area, leads to
an increased ability to generate ROS, hence their high bacteri-
cidal properties.59 The method of green synthesis used in the
study could be responsible for the high antibacterial properties
14504 | RSC Adv., 2026, 16, 14492–14508
exhibited. Furthermore, the dissolution of Zn2+ ions from the
nanoparticles and the subsequent formation of H2O2 molecules
further enhance their antibacterial action. A report has
conrmed that smaller particle size increases antibacterial
efficacy due to greater surface area and higher concentrations of
reactive oxygen species.60 The suggested antibacterial mecha-
nism via ROS is theoretical and relies upon literature reports.

The differences observed among ZnO NPs, crude extracts, and
controls for antibacterial activity were statistically signicant at
a level of signicance of 0.05 using LSD post-hoc tests. This
further veries that biosynthesized ZnO NPs have more anti-
bacterial activity than crude extracts and are effective against
both Gram positive and Gram negative bacteria, but more
effective against Gram positive bacteria. From the above obser-
vations, it has been revealed that ZnO NPs synthesized by the
extracts of Croton macrostachyus Hochst. ex Delile have potential
usage as antibacterial agents against Gram-positive bacteria.
3.6 Minimum inhibition concentration

The antibacterial potency of zinc oxide nanoparticles (ZnO NPs)
prepared by biosynthesis using leaf and seed extracts of Croton
macrostachyus Hochst. ex Delile was tested by the Minimum
Inhibitory Concentration (MIC) method. According to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Bar graph showing the minimum inhibitory concentrations
(MIC) of biosynthesized ZnO nanoparticles (MLEZ-2 and MSEZ-2) and
crude extracts (LE and SE) against pathogenic bacteria.
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denition, MIC is the “smallest concentration, in micrograms
or milligrams per milliliter, giving complete inhibition of
visible growth by a test organism under controlled conditions in
an in vitro test system.”61

In the current study, the value of MIC could range from 50 mg
mL−1 to 1.56 mg mL−1. The determination of MIC was essential
to identify the lowest concentration of ZnO NPs capable of
inhibiting bacterial growth. Table 6 summarizes the MIC values
for biosynthesized ZnO NPs (MLEZ-2 and MSEZ-2) and crude
extracts (LE and SE) against three pathogenic bacteria: Staphy-
lococcus aureus, Pseudomonas aeruginosa, and Klebsiella
pneumoniae.

The result shows that ZnO NPs prepared using leaf and seed
extracts have signicantly lower MIC values than the crude
extracts, displaying greater antibacterial potential. The result
corroborates earlier research, which suggested that green
Table 7 Comparative analysis of Croton macrostachyus Hochst. ex Del

Study Plant extract/system Particle size (nm)
Su
de

Current work Croton macrostachyus
leaf/seed extracts

40–42 nm Ox
ch
Ca

Artemisia-ZnO NPs65 Artemisia absinthium
extract

36.6 nm Po
ca

Acorn fruit–ZnO NPs66 Acorn fruit extract Very small (SEM) St
sig

Platycladus ZnO & Co-
doped ZnO67

Platycladus leaf extract 26.9 nm (ZnO);
19 nm (Co–ZnO)

La
de

Aloe vera ZnO NPs49 Aloe vera leaf extract 25 nm Pu

© 2026 The Author(s). Published by the Royal Society of Chemistry
synthesis of ZnO NPs has an MIC value of 1–4 mg mL−1 for S.
aureus and P. aeruginosa.62

The lowest MIC value obtained (3.125 mg mL−1) for S. aureus
by MLEZ-2 and MSEZ-2 ZnO NPs clearly shows their effective
inhibitory action in lower concentrations. According to previous
research, comparable mic values range from 1.87 to 3.12 mg
mL−1 for such bacterial strains.62

P. aeruginosa and K. pneumoniae were effectively inhibited by
MIC values ranging from 3.125–6.25 mg mL−1 for ZnO NPs,
whereas crude extracts required higher concentrations (6.25–25
mg mL−1), in line with broader reports showing ZnO NP MICs
within the mg mL−1 to mg mL−1 range for Gram-negative
bacteria.63 Fig. 11 illustrates the dose-dependent increase in
inhibition zones as ZnO NP concentration increases, support-
ing the typical pattern of MIC-dened antimicrobial activity.
Very low concentrations (<1.56 mg mL−1) did not exhibit anti-
bacterial activity. This could be due to the fact that a concen-
tration below the MIC may serve as a nutrient source for
bacteria, which may result in increased growth of bacteria, as it
has been observed in previous studies on ZnO nanoparticles.64

Thus, it is clear that low MIC values for ZnO NPs indicate
their potential to serve as strong antimicrobial agents. The MIC
value of 25 mg mL−1 for K. pneumoniae using seed crude extract
(SE) further strengthens the idea of low effectiveness of
unprocessed extracts. The considerable improvement in anti-
microbial property by reducing it to NPs reveals further research
potential of ZnO NPs in antimicrobial research.

3.7 Comparative antibacterial potential of green synthesized
ZnO nanoparticles

The antibacterial activity observed for the ZnO NPs derived from
the extract of Croton macrostachyus is in good agreement with
the observed trend for ZnO NPs derived from other green
synthesis methods (Table 7). The range of MIC values (3.125–
6.25 mgmL−1) for the ZnO NPs in this study is comparable to the
highest performing ZnO NPs in the most recent literature, such
ile-mediated synthesized ZnO nanoparticles

rface chemistry/
fects

Antibacterial
performance
(MIC or ZOI) Mechanistic notes

ygen vacancies,
emisorbed oxygen,
/Mg traces

MIC: 3.125–6.25 mg
mL−1

Defect-rich surface
increases the formation
of ROS and Zn2+

dissolution
lyphenol/avonoid
pping

Lower MICs than pure
ZnO (qualitatively
reported)

Synergistic
phytochemical–ZnO
ROS enhancement

rong Zn–O FTIR
natures

S. aureus: 17–26 mm; E.
coli: 15–24 mm (10–80
mg mL−1)

Small size enhances
membrane interactions
and ROS

ttice microstrain,
fect generation

ZOI: 13.5–14.05 mm
across multiple strains

Co doping provides
more defect sites for the
formation of ROS

re crystalline state ZOI: 22 � 0.4 mm;
Kosakonia Cowanii

Oxygen vacancy-
mediated ROS
mechanisms
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as Artemisia mediated ZnO NPs that have also demonstrated
enhanced antibacterial activity due to the synergistic effect of
the phytoconstituents used as capping agents. The ZnO NPs
derived from the extract of Acorn have also demonstrated
excellent antibacterial activity with zone inhibitions ranging
from 15–26 mm for S. aureus and E. coli at similar concentration
ranges to the ZnO NPs in this study. Although the crystallite
sizes for the ZnO NPs in this study are slightly larger at 40–
42 nm compared to the approximately 36.6 nm for the ZnO NPs
derived from the extract of Artemisia, they are signicantly
larger than the approximately 19–27 nm for the defect.65–67

The XPS results verify that our ZnO NPs contain oxygen
vacancies, chemisorbed oxygen species, and trace amounts of Mg/
Ca ions, all of which are known to play a crucial role in enhancing
the production of ROS and interaction of ZnO with bacteria. This
is similar to that of Aloe-derived ZnO NPs, in which defect-related
emission is associated with potent antibacterial activities. There-
fore, in spite of a slightly larger particle size, the combined effect of
surface defects, phytochemical capping, and nanometric dimen-
sions is responsible for the potent bactericidal activities of our
ZnO NPs. Overall, from the above comparisons, it is clear that the
antimicrobial activities of our ZnO-based materials are in
compliance with or even better than those of ZnO nanoparticles
synthesized using green chemistry methods in the recent
literature.

4 Conclusion

This paper has been able to effectively demonstrate an eco-
friendly method for the biogenesis of zinc oxide nanoparticles
(ZnO NPs) by exploiting aqueous leaf and seed extracts of Croton
macrostachyus Hochst. ex Delile as reducing and stabilizing
reagents. The biogeneic ZnO NPs were found to have a hexag-
onal wurtzite crystalline nature, nanometric size of 40.28 nm
and 41.16 nm, and respective optical band gap values of 3.17 eV
and 3.19 eV. This has been validated by various spectroscopic
and imaging techniques like UV-Vis spectroscopy, FTIR, XRD,
and SEM analysis. ZnO NPs and crude extracts have been
observed to possess appreciable antibacterial properties against
Gram positive and Gram negative bacteria. In view of these
exciting ndings, future studies must therefore concentrate on
broadening the range of green synthesis by testing other Croton
species for nanoparticle synthesis. In vivo experiments are
highly recommended to authenticate biological activities as
well as toxicology parameters. In addition, taking into consid-
eration the remarkable antibacterial properties of ZnO NPs
relative to raw extracts, their use in life sciences and antimi-
crobial applications must be thoroughly pursued. Great
emphasis must thus be put on scalable green synthesis using
plant extracts and other ecologically friendly biological mate-
rials in an attempt to shun traditional chemical routes.
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