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ABSTRACT
This present work employed a straightforward, green synthesis method to produce nickel oxide nanoparticles (NiO NPs) utilizing 
the leaf extract from the Aegle marmelos plant to improve their biological properties. NiO NPs have attracted considerable interest 
in recent years for their high chemical stability, catalytic performance, high surface area, biocompatibility, diverse applications, 
versatility, antimicrobial, anticancer, and antioxidant activity. The synthesized NPs underwent thorough characterization meth-
ods with UV–Visible spectroscopy (UV–Vis), Fourier transform infrared spectroscopy (FTIR), x-ray diffraction (XRD), scanning 
electron microscopy (SEM), energy-dispersive x-ray spectroscopy (EDAX), and transmission electron microscopy (TEM) analy-
sis indicated the NiO NPs were predominantly monoclinic, cubic, and hexagonal in shape, exhibiting high purity and a general 
crystalline size ranging from 10 to 25 nm. EDAX analysis confirmed the presence of nickel and oxygen elements. The in vitro cy-
totoxicity of the NiO NPs was investigated on MC3t3-E1 cell lines treated with six different concentrations (25, 50, 100, 150, 200, 
and 250 μg mL−1) for 48 h in comparison with a positive control, 5-fluorouracil, using the MTT test. Even though NiO NPs exhibit 
significant in vitro scavenging activity against DPPH and ABTS, it was observed to increase when compared to the standard 
ascorbic acid. Furthermore, NiO nanoparticles in aqueous solution also showed superior inhibition compared to streptomycin 
against both Bacillus subtilis (NCIM 2010), Escherichia coli (NCIM-5029), Staphylococcus aureus (NCIM-5022), and Streptococcus 
mutans (NCIM-5660) with inhibition zones measuring 13.7 ± 0.58 mm and 10.5 ± 0.50 mm. Hence, plant biomolecules induce 
the reduction of nickel ions to NiO NPs and function as a capping and stabilizing agent, enhancing biological performance. The 
findings indicated that the synthesis of NiO NPs from Aegle marmelos leaf extracts is a safe technology and exhibited good cyto-
toxicity and antioxidant activity.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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1   |   Introduction

Nanoparticles suggest abundant advantages owing to their 
distinctive properties like enriching materials strength and 
durability, improving electrical conductivity, and boosting 
catalytic activity (Garibo et al. 2020). Nanoparticles played a 
significant role in the bioremediation and treatment of con-
taminated water, effectively addressing pollution from both 
organic and inorganic sources (Fatimah et al. 2022). Among 
the various approaches to nanoparticle synthesis—chemical, 
biological, and physical—three fundamental practices stand 
out. While chemical and physical methods often entail sig-
nificant investments of time and resources, they can yield 
final products with potential toxicity concerns. Consequently, 
researchers have increasingly turned to the natural, cost-
effective, and nontoxic biological approach for nanoparticle 
synthesis. This method, often derived from plant sources, of-
fers an eco-friendly alternative.

Nanoparticles synthesized through biological means, par-
ticularly utilizing plant extracts, tend to exhibit enhanced 
stability and biocompatibility compared to those produced 
through chemical or physical methods (Roopan et  al.  2019). 
Nanomaterials, predominantly synthesized through chemical 
and physical processes, find extensive use across various do-
mains today. However, alongside their cost-effectiveness and 
contemporary synthesis techniques, there is a pressing need 
for more environmentally friendly substances, including nat-
ural solvents, nontoxic reducing agents, and stabilizers. This 
shift toward eco-friendly materials is essential to broaden 
the scope of nanomaterial applications, particularly in life 
sciences and healthcare sectors (Abdallah et al. 2019; Suresh 
et  al.  2022). Hence, research organizations are actively pur-
suing the development of cost-effective and environmentally 
benign synthesis processes for nanoparticles (NPs). These 
processes aim to reduce or eliminate the use of hazardous 
chemicals, thus mitigating the production of unnecessary and 
harmful by-products.

Therefore, numerous researchers have used countless phy-
tochemicals from altered organic bases such as roots, fruits, 
barks, flowers, and leaves. Among leaf powder extracts are rich 
in foundations of polyphenols, amides, and proteins, which are 
involved in the synthesis of noble metal (Au, Ag, pd., pt., and 
Cu) and metal oxide (TiO2, NiO, ZnO, and CdO) nanoparticles. 
Surrounded by the metal oxide nanoparticles, NiO nanoparti-
cles are low-priced, harmless to humans in short-term exposure, 

abundantly available, and photo-stable resources (Saiganesh 
et al. 2020).

Furthermore, nickel oxide (NiO) stands out as a crucial 
transitional MO possessing a wide bandgap in the range of 
3.6–4.0 eV. It serves as a p-type semiconductor with a cubic 
crystalline structure, exhibiting notable attributes like excep-
tional electrochemical stability, heightened responsiveness, 
strong resilience, superior compatibility with biomaterials, 
and antibacterial properties (Ezhilarasi et al. 2016). The pos-
itive charge carried by nickel oxide nanoparticles (NiO NPs) 
facilitates their utilization as catalysts. Moreover, the ability 
to control their size, morphological properties, and surface 
volume has propelled their application in the biomedical 
field, sensing, and catalysis (Sabouri et  al.  2021; Barzinjy 
et al. 2020).

Recent research has highlighted the significant interest in 
NiO NPs due to their distinctive characteristics, in recent 
years for their prospective use in environmental remedia-
tion. NiO nanoparticles are a multipurpose nanomaterial 
with exclusive physicochemical properties, such as a large 
surface area, durability, and durable catalytic performance, 
making them compatible for addressing a range of environ-
mental challenges. The exceptional characteristics of NiO NPs 
render their surfaces practical and affordable for a range of 
uses, including adsorbents, components in hydrogen storage, 
solar fuel cells, gas sensors, catalytic agents, and antibacterial 
compounds (Habtemariam and Oumer 2020; Haq et al. 2021). 
Several techniques have been utilized for synthesizing NiO 
NPs, including co-precipitation (Khalil et  al.  2020), hydro-
thermal (Kumar et  al.  2019), sol–gel (Safa et  al.  2016), elec-
trochemical (Gebretinsae et al. 2020), solvothermal (Anandan 
and Rajendran  2011), and microwave-assisted methods 
(Karthik et al. 2018).

NiO nanoparticles are a possible material for a variety of ap-
plications since they have substantial benefits in terms of cy-
totoxicity and bacterial activity. Besides a diversity of bacteria, 
including both Gram-positive and Gram-negative species, they 
have potential antibacterial action. Even though their dimen-
sions to produce reactive oxygen species (ROS) play a role in 
the demise and damage of bacterial cells, NiO NPs also have 
a cytotoxic effect against cancer cells, which may make them 
beneficial in anticancer treatments. Therefore, in our study, 
we opted for a green synthesis approach, capitalizing on its 
simplicity, eco-friendliness, cost-effectiveness, non-toxicity, 
rapid reaction durations, biodegradability, and the generation 
of large yields. Table 1 shows the comparative studies of NiO 
NPs synthesis.

Currently, researchers have successfully synthesized NiO NPs 
made with different plant extracts, including Opuntia ficus-
indica (Gebretinsae et al. 2019), Leucas aspera (Din et al. 2018), 
Calotropis gigantea (Sone et  al.  2016), Callistemon viminalis 
(Iqbal et al. 2019), Gymnema sylvestre (Safa et al. 2016), and 
Rhamnus virgata (Iqbal et al. 2019). This research underwrites 
to the growing field of NiO NPs uses, offering valuable in-
sights for the development of advanced biomedical outcomes. 
In this work, we have used to Aegle marmelos powder leaf ex-
tract was utilized as a stabilizing agent in the green synthesis 

Summary

•	 Green synthesis of NiO nanoparticles using Aegle mar-
melos leaf extract as a reducing and capping agent.

•	 NiO nanoparticles were characterized by UV–vis, 
FTIR, XRD, SEM, and TEM analysis.

•	 The antibacterial activity of NiO nanoparticles was 
studied against Escherichia coli, Staphylococcus au-
reus, Streptococcus mutans, and Bacillus subtilis.

•	 The in vitro cytotoxicity of the NiO nanoparticles was 
studied using MC3t3-E1 cell lines.
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of NiO NPs. Various analytical techniques including Fourier 
transform infrared (FTIR) spectroscopy, x-ray diffraction 
(XRD), UV–vis spectroscopic analysis, scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM), 
and dynamic light scattering (DLS) were employed to char-
acterize the functional groups, structure, and particle size of 
the obtained NiO NPs. Furthermore, we employed to evaluate 
the antibacterial activity of the NiO NPs against both Gram-
positive (Bacillus subtilis and Staphylococcus aureus) and 
Gram-negative (Escherichia coli) bacteria given the enhanced 
performance. In vitro antioxidant studies of DPPH and ABTS 
evaluation of synthesized NiO Nanoparticles showed the en-
hanced performance that could be used primarily in medical 
applications.

2   |   Materials and Methods

2.1   |   Materials

Fresh leaves of the A. marmelos plant have been collected 
in Thalambur, Chennai, India. Nickel nitrate hexahydrate 
(Ni(NO3)2·6H2O) has been received from Sigma-Aldrich. The 
harvested plant material underwent cleansing and was dried in 
the shade at room temperature. Subsequently, it was powdered 
and kept for subsequent analysis. All trials were carried out uti-
lizing distilled water.

2.2   |   Preparation of A. marmelos Leaf Extract

The fresh leaf of A. marmelos was gathered in Thalambur, 
Chennai. Distilled water was used to thoroughly wash them 
multiple times. After washing, the leaves were allowed to air 
dry at room temperature to totally remove any remaining mois-
ture. The material was crushed with a pestle and mortar after 
being chopped into smaller bits. Next, for 2 h, 30.0 g of the leaves 
was combined with 100 mL of distilled water and ethanol. It 
was then left to incubate for 24 h at room temperature. Finally, 
Whatman No. 1 filter paper was used to filter the solution. The 

plant extract that is produced as a transparent solution is used as 
a fuel to produce NiO nanoparticles.

2.3   |   Green Synthesis of Nickel Oxide (NiO) 
Nanoparticles

In this study, A. marmelos leaf extract was used to synthesize 
NiO NPs utilizing a green synthesis process. Figure 1 illustrates 
the green synthesis of NiO NPs using a solution of leaf extract 
from A marmelos. 20 mL of a leaf extract of A. marmelos (1 mg/
mL) and 90 mL of nickel nitrate hexahydrate (Ni(NO3)2·6H2O) at 
a concentration of 0.1 mM were placed in a round-bottom flask. 
Then, using a magnetic stirrer, the liquid was vigorously swirled 
for 24 h at room temperature. Following agitation, it was kept 
in a dark place to monitor any color changes that might have 
caused a precipitate to form at the flask's bottom. Centrifuging 
the mixture for 30 min at 10,000 rpm was the next step in collect-
ing the precipitate at the flask's bottom. The clear supernatant 
was disposed of after centrifugation, and the particle was gath-
ered. After being resuspended in deionized distilled water, the 
collected pellet underwent multiple washings (two to three) in 
order to eliminate any contaminants. Following cleaning, the 
pellet was dried and calcined for 3 h at 300°C. Using a mortar 
and pestle, the product was ground into a fine powder after cal-
cination, producing a grayish-black powder that was then kept 
in an airtight container for additional analysis.

2.4   |   Characterization of Nickel Oxide 
Nanoparticles

The green synthesis of NiO NPs utilizing A. marmelos leaf ex-
tract was employing various characterizations. Analysis using 
x-ray diffraction, conducted with Cu-Kα radiation (λ = 0.154 nm) 
using a Bruker D8-Advanced Diffractometer from Germany, 
provided insight into the crystallographic structure of the NiO 
NPs. FTIR spectroscopy using a type A FTIR-4600 apparatus as-
sessed the functional groups found in the synthesized NiO NPs. 
Using a JOBIN-YVON FLUOROLOG-3-11 Spectro fluorimeter 

TABLE 1    |    Comparison of morphological properties of NiO NPs synthesized in previous works.

Plant leaf extract
Temperature (°C) 
and reaction time Particle size (nm) Shape References

Psidium guajava 60°C for 4 h 330 Spherical Shreelavaniya and 
Saravanapriya 2023

Capparis decidua 80°C for 2 h 570 and 410 Spherical and flower-like Iqbal et al. 2021

Paulownia tomentosa 50°C for 24 h 650–1100 octahedral Gürsoy et al. 2024

Calendula officinalis 75°C for 5–20 min 60.39 Spherical Zhang et al. 2021

Opuntia ficus indica 60°C for 45 min 20–35 Spherical Gebretinsae et al. 2020

Rhamnus triquetra 80°C for 1 h 65 Spherical Iqbal et al. 2020

Plectranthus amboinicus 500°C for 1 h 100 Spherical Ramesh et al. 2020

Solanum trilobatum 250°C for 15 min 25–30 Cylindrical and rod Ezhilarasi et al. 2020

Aegle marmelos 24 h at room 
temperature

25 Tetragonal This work
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and a Jasco Spectrophotometer V-770, the optical characteristics 
and absorption of the NiO NPs were examined. Additionally, 
FESEM using a Nova Nano SEM NPEP303 apparatus (Japan) 
and transmission electron microscopy with a PHILIPS CM200 
device were used to analyze the textural characteristics, size, 
and topology of the NiO NPs. With a Bruker XFlash 6I30 equip-
ment (Japan), EDAX was used to evaluate the elemental compo-
sition and chemical purity of the NiO NPs.

2.4.1   |   Studies of Antibacterial Activity

The antibacterial activity of synthesized NiO nanoparticles 
against harmful strains of bacteria including Gram-negative 
bacteria Escherichia coli (NCIM-5051) and Gram-positive 
Staphylococcus aureus (NCIM-5022), Streptococcus mutans 
(NCIM-5660), and Bacillus subtilis (NCIM 2010) strains (pro-
cured from India's NCL Pune) was evaluated using the agar 
well diffusion method (Manjunath et al. 2014). To make nutri-
ent agar plates, 37.0 g of nutrient agar were dissolved in 1000 mL 
of deionized water. The solution was then autoclaved for 15 to 
20 min at 15 psi (121°C) to sterilize it. Following sterilization, 
the nutrient agar was poured into sterilized petri dishes, and 
the medium was left to harden. Subsequently, a 24-h broth cul-
ture of 100 μL of each specific bacteria that are harmful strains 
in nutrient-rich broth was spread evenly across the surface 
using a sterile L-shaped glass rod on agar plates. Following 
this, antiseptic steel cork borers (6 mm in diameter) were used 
to create wells in all petri plates under aseptic conditions. After 
that, NiO nanoparticles at 10% DMSO solution, in various quan-
tities (200, 400, and 600 μg/well) were dispersed and added to 
the wells, as well as the conventional antibiotic Ciprofloxacin, 
which was employed as a positive control. For the next 24 h, the 
plates were incubated at 37°C. Following the period of incuba-
tion, the zone of inhibition surrounding the wells was evaluated 
using geometric Vernier calipers in mL to assess action against 
bacteria. The antibacterial assay was performed in triplicate to 
determine the ability of NiO to kill bacteria.

2.4.2   |   Studies of Antioxidant Assay

2.4.2.1   |   DPPH Radical Scavenging Assay.  The 
1,1-diphenyl-2-picryl hydrazyl (DPPH) radical scavenging activ-
ity was assessed using the described methodology (Malterud 
et al. 1993), with different concentrations (10–50 μg/L) of NiO 
NPs. To this, 2.96 mL of a 0.1 mM DPPH solution was added. 
They shook the combination thoroughly, then incubated 
for 20 min at room temperature in the dark. After incubation, 
the spectrophotometer was used to measure the absorbance at 
517 nm, accompanied by 0.1 mM DPPH serving as the control. A 
decreased absorbance value corresponds to greater free radical 
scavenging activity.

2.4.2.2   |   The Radical Cation Scavenging Assay 
(ABTS•+).  The antioxidant capacity regarding the calcined 
NiO nanoparticles was assessed utilizing a modified ABTS 
radical scavenging assay (Rehana et al. 2017). In this method, 
the reduction of ABTS•+ to ABTS causes a decolorization. 
To generate ABTS•+ free radicals for the solution in stock, 
2.45 mM K2S2O8 and 7 mM ABTS were mixed and kept for 16 h 
in the dark. The solution's absorbance was measured at 734 
nanometers (Ao) with a Shimadzu UV 1800 twin beams spec-
trophotometer. Every calcined sample was dissolved in eth-
anediol at a concentration of 5 mg/mL to create the NiO NPs 
solution. The absorbance of the sample (Ai) was measured at 
734 nm after mixing NiO NPs with 1 mM ABTS• + solution 
at concentrations ranging from 10 to 50 μg/mL. From Equa-
tion (1), the percentage of radical scavenging activity (RSA) was 
used to calculate activity.

where Ai indicates the sample's absorbance and Ao denotes the 
absorption of the control.

Scavenging activity (%)=Control absorbance−Test absorbance

∕Control absorbance×100

(1)RSA (%) = Ao − Ai ∕Ao × 100

FIGURE 1    |    Schematic representation of green synthesis of nickel oxide nanoparticles using Aegle marmelos leaf extract.
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2.4.3   |   Impact of Starting pH

PCD efficiency was assessed across varying pH levels (4, 6, 8, 10) 
within the enhanced experimental setup (loading of 30 mg/100 mL 
NiO NPs and 100 mg/L 4-CP solution) illustrated. At pH 2, 4-CP 
PCD was minimal, increasing as pH rose, peaking at pH 8 be-
fore declining at pH 10. In acidic conditions, reduced 4-CP PCD 
results from significant NiO conversion to Ni+2 (Stoyanova and 
Christoskova 2011), limiting •OH production. Conversely, alka-
line conditions promote more •OH radical production, enhancing 
PCD (Sakthivel et al. 2004). NiO nanoparticles stability in alka-
line conditions aids 4-CP adsorption, boosting PCD. At pH 10, re-
duced PCD is due to negative NiO surface charge, lowering 4-CP 
concentration. Optimal PCD occurs at neutral surface charge 
(pH 8), fostering •OH radical generation and 4-CP adsorption 
(Selvam et al. 2013). PCD effectiveness persists till pH 9, declining 
at pH 10; hence, pH 8 is deemed optimal.

2.4.4   |   In Vitro Cytotoxicity

A Petri dish with DMEM medium, 10% fetal bovine serum 
(FBS), and 1% antibiotic was used to cultivate the cells, which 
were maintained in an incubator with 5% CO2. With the MTT 
test, the percentage of viable cells on sample exposure was es-
timated. This was performed by seeding MC3t3-E1 cells in 
96-well plates at a density of 1 × 104 cells per well in 200 μL me-
dium. The cells were obtained from the South Indian Textile 
Research Association, Coimbatore, India. The culture medium 
was changed after 24 h for a number of sample solutions with 
different concentrations and 5-fluorouracil as a control. For an 
additional 48 h, the cells were developed. After that, each well 

obtained 20 μL of the MTT test stock solution in PBS positive 
control, which remained at 37°C for 4 h in the dark to cause for-
mazan crystals to form. The MTT-containing media was taken 
out after 4 h, and 300 μL of DMSO was used to dissolve the pur-
ple formazon crystals that had formed. Plotting optical density 
against concentration produced the IC50 values, and the micro-
plate reader served to identify the absorbance of the purple for-
mazon product at 570 nm. The Equation (2) is used to represent 
the percentage of cell viability.

The cells were stained with propidium iodide (PI) and calcein 
and imaged using a live/dead confocal microscope to evaluate 
the cellular viability qualitatively. After treatment, the cells 
were stained with calcein (2 μM) and PI (4 μM) for 20 min at 
37°C in the dark. Afterwards, the samples were washed with 
phosphate-buffered saline (PBS) and imaged using a confocal 
microscope. Live cells were identified by green color (calcein), 
while dead cells were visualized by red color (PI).

3   |   Results and Discussion

3.1   |   UV–Visible Spectroscopy

UV–Visible analysis conducted between 200 and 1000 nm in 
wavelength. Figure  2A illustrates the nickel oxide nanoparti-
cles' UV–Visible spectra, obtained through the method of dis-
persion utilizing an ultrasonicate in double-distilled water. A 
distinct peak of absorption is observed at 337 nm wavelength. 

(2)
Cell viability (%)=Absorbance of control cells

∕Absorbance of treated cells×100

FIGURE 2    |    (A) UV-visible, (B) the Tauc equation for UV vis data, (C) FTIR, and (D) XRD pattern of NiO nanoparticles using Aegle marmelos 
leaf extract.
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Nanoparticle UV absorption range is ascribed to absorption of 
the energy band gap (Li et al. 2006). The Tauc relation was uti-
lized to calculate the energy band gap (Tauc 1968).

where α = Absorption coefficient, hν = Photon energy, 
Eg = Energy band gap, n = ½−direct band gap transition; 2 = in-
direct band gap transition.

Therefore, an absorption peak's energy band gap can be estab-
lished by extending the curve's exponential section (Ahv)ⁿ-hν 
back to its beginning point. Figure 2B depicts (αhv)2 opposed to 
hν graph for NiO NPs sample to determine the energy band gap. 
The NiO NPs' energy band gap measures 3.3 eV, which is lower 
than that of the bulk material (Varkey and Fort 1993). This gap 
and the nanoparticle's grain size are directly connected, with 
higher annealing temperatures employed to reduce chemical 
defects or vacancies within the crystal structure. This process 
induces slight shifts toward shorter wavelengths, enabling di-
rect transitions with slight band gap energies (n = 1/2). It's 
widely acknowledged that as grain size decreases, semiconduc-
tor nanoparticles' energy band gap expands (Selvam et al. 2013; 
Jeyaseelan et al. 2019; Kumari et al. 2009). However, because of 
their smaller Bohr radii, they do not reflect the quantum con-
finement effect.

3.2   |   FTIR Analysis

Figure 2C shows the FTIR spectra of NiO nanoparticles synthe-
sized with A. marmelos leaf extract, revealing broad bands at 
1600–3600 cm−1 attributable to the adsorbed water molecules' 
deformation vibration and the chemically hydroxyl groups' 
mode of vibration, respectively. The CO2 stretching vibration 
mode displayed the strong absorption band at 2316 cm−1, pos-
sibly originating from aerial CO2 or CO2 trapped within the 
nanoparticle grains (Chen et al. 2002). Rapid carbon dioxide and 

water adsorption suggests a high surface area for the material 
(Wei and Chen 2006). The plant extract's aromatic group demon-
strated the broad band at 2100 cm−1. Stretching frequencies in 
the middle of metal and oxygen within the 400–1000 cm−1 range 
(at 965 cm−1) are attributed to Ni  O bonds.

3.3   |   XRD Analysis

Figure 2D shows the XRD pattern of green synthesized NiO 
NPs and it confirms their tetragonal structure. In the XRD 
pattern, the noticeable reflection planes are 111, 200, and 220, 
and the corresponding diffraction angles are 37.2°, 43.2°, and 
62.8°. The obtained peaks match with the JCPDS card no. 
#047-1049, confirming the NiO NPs tetragonal phase without 
any impurities (Ren et  al.  2009; Ezhilarasi et  al.  2018). The 
sharp and narrow diffraction peaks indicate the pure crystal-
line nature of the material. The diffraction peak maximum 
was observed at the (111) plane, and the crystalline size was 
calculated by using the Debye–Scherrer equation (Fardood 
et al. 2019).

where D represents the width of a specific peak at half its sig-
nificant value, the crystallite size is indicated by β. CuKα radi-
ation has a wavelength of λ = 0.15406 nm, and its shape factor 
is k = 0.94, which is the Bragg's angle, and θ is the Scherrer's 
constant.

3.4   |   SEM Analysis

SEM was used to study the surface morphological properties 
of the nanoparticles that were synthesized. In Figure  3, SEM 
images of NiO (ethanolic) and NiO (aqueous) are presented, re-
spectively, at a magnification of 5000. The production of mono-
dispersed, highly crystalline NiO nanoparticles can be seen in 

(�h�)n = A
(

h� − Eg
)

D = (k�)∕(βcos8)

FIGURE 3    |    (A-C) SEM image, and (D) EDAX spectra of the green synthesized NiO NPs.
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these images (Figure 3A–C); some of the particles have a tetrag-
onal appearance. Highly agglomerated particles are shown 
in Figure  3C, which clearly displays clusters of nanoparticles. 
Polycrystalline particles' nano size is also shown in the SEM im-
ages. With their high surface energy and ultrafine nanoparticles' 
high surface tension, NiO NPs' tendency to clump together may 
be causing the appearance of higher nanoparticles. Due to their 
large surface area and small particle size, the nanoparticles' cat-
alytic activity is enhanced.

According to the SEM test, the average cluster diameter of 
NiO NPs obtained from an aqueous solution is 16 nm. On the 
other hand, the XRD graph strongly shows that NPs produced 
from ethanol have good crystallinity. In the SEM image of 
the NiO NPs resulted from the ethanolic extract, the average 
grain size was 25 nm. As a result, the SEM image confirms 
that the tetragonal crystal structure of NiO NPs was obtained 
from extracts of A. marmelos. Figure 3D illustrates the EDAX 
spectra of the synthesized NiO nanoparticles. EDAX analy-
sis was conducted to validate the presence of NiO NPs and 
to inspect the prepared samples' chemical composition. The 
Energy dispersive x-ray results confirm the existence of nickel 
(Ni) as a constituent element in the synthesized sample. The 
Energy dispersive x-ray pattern clearly indicates the trium-
phant formation of nanoparticles, with peak positions consis-
tent with NiO. The sharp peaks in the Energy dispersive x-ray 
spectra indicate that the produced nanoparticles have crystal-
line forms. Further exhibiting the highly crystalline nature 
of the resulting products are the strong intensity and narrow 
width of the NiO diffraction peaks. Therefore, it can be in-
ferred that the green fuel played a significant role in adjust-
ing particle size. These findings align closely with previous 
reports (Ezhilarasi et al. 2018), albeit with slight variations in 
chemical composition.

3.5   |   TEM Analysis

TEM analysis can provide valuable insights into the morphology 
and size of NiO NPs. In Figure 4A–C, TEM images of NiO NPs 
reveal a polyhedral crystal sphere morphology resembling a bar-
rel shape, with an average particle size of 25 nm (Patil et al. 2016; 
Palshikar et al. 2022). This experimental data closely aligns with 
the size calculated using Scherrer's formula from XRD analysis, 
indicating precision in the characterization of the nanoparticles. 
The crystalline diffraction planes have been confirmed via the 
SAED pattern, and it also matches the XRD diffraction patterns 
of NiO NPs (Figure 4D).

3.6   |   Antibacterial Activity

The antibacterial activity of NiO NPs is shown in Figure 5. NiO 
nanoparticles dispersed in ethanol exhibited superior antibac-
terial efficacy compared to those dispersed in an aqueous solu-
tion. The inhibitory effect, with a zone of inhibition measuring 
18.30 ± 0.58 mm, against Bacillus subtilis (NCIM 2010) was note-
worthy and akin to that of ciprofloxacin, a common antibiotic. 
Moreover, NiO NPs in ethanol displayed a stronger inhibitory 
effect against Bacillus subtilis (NCIM 2010) compared to strepto-
mycin; this acted as an encouraging control, yielding an area of 
inhibition of 11.1 ± 0.21 mm. Similarly, NiO nanoparticles in aque-
ous solution also showed superior inhibition compared to strep-
tomycin against both Bacillus subtilis (NCIM 2010), Escherichia 
coli (NCIM-5029), Staphylococcus aureus (NCIM-5022), and 
Streptococcus mutans (NCIM-5660) with inhibition zones measur-
ing 13.7 ± 0.58 mm and 10.5 ± 0.50 mm, respectively (Table 2).

The antibacterial outcomes can vary due to various factors, in-
cluding the choice of solvents for extracting herbs, the specific 

FIGURE 4    |    (A–C) TEM images, and (D) SAED pattern of the green synthesized nickel oxide nanoparticles.
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portions of plants utilized, the extraction methods employed, 
microbial strains present in the surroundings, geographical re-
gions the location of the plants are cultivated, and the timing 
of plant harvesting. Moreover, the proportions of phytochemical 
constituents, such as polyphenols and flavonoids, within the A. 
marmelos leaf extract directly impact the antimicrobial char-
acteristics of the plant. The interplay between bacterial strains 
and materials at the nanoscale leads to reactive oxygen species 
production, which has been reported to be responsible for the 
demise of bacterial cells.

In the first scenario, a robust relationship between the nega-
tively charged Ni2+ ions and segments of bacterial cells leads 
to the disintegration of the cells. Alternatively, in the second 
scenario, irradiation of the NiO surface with light prompts 
electrical stimulation of the conduction band from the valence 
band. Subsequent electronic reactions with O2 yield O−2 rad-
icals, which in turn generate H2O2. Furthermore, hydroxyl 

radicals (•OH) are created when hydrogen atoms (H•) combine 
with water. The breakdown of lipid and protein molecules on 
the outside of bacterial cells depends on these reactive species, 
which include hydroxyl radicals (•OH) and superoxide anions 
(O2•−). The bacterial membrane's integrity is compromised by 
this damage, which enhances the bacteria's antimicrobial ac-
tivity (Mustajab et al. 2022; Ikram, Bashir, et al. 2022; Haider 
et al. 2020; Ikram, Haider, et al. 2022). Indeed, the antibacterial 
efficacy of nanoparticles can be ascribed to the presence of Ni2+ 
ions derived from NiO NPs. The release of these ions enhances 
membrane permeability, thereby supporting oxidative stress. 
Consequently, oxidative stress instigates cell death. Similar 
assertions have been presented in previous studies, which ex-
tensively examined the antibacterial attributes of various other 
nanoparticles (Sugitha, Latha, et al. 2024; Sugitha, Venkatesan, 
et  al.  2024). The escalating resistance of microbes to conven-
tional drugs underscores the critical importance of exploring 
novel antimicrobial agents (Priya et al. 2023). A contemporary 

FIGURE 5    |    Antibacterial activity of nickel oxide nanoparticles against bacteria; (A) Bacillus subtilis, (B) Escherichia coli, (C) Staphylococcus au-
reus, and (D) Streptococcus mutans.

TABLE 2    |    The zone of inhibition of Aegle marmelos leaf extract.

S. no. Microspecies

Nickel oxide nanoparticles 
(zone of inhibition in mm)

Control (streptomycin 10 mg)15 μL 20 μL 25 μL

1. Bacillus subtilis 12.0 14.0 16.0 32.0

2. Escherichia coli 10.0 12.0 14.0 27.0

3. Staphylococcus aureus 11.0 16.0 18.0 22.0

4. Streptococcus mutans 13.0 15.0 17.0 26.0
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2838 Microscopy Research and Technique, 2025

strategy involves screening medicinal plants to identify new 
antimicrobial compounds. The interaction of NiO NPs with mi-
crobial cells is shown in Figure 6. The generation of ROS and 
the release of nickel ions Ni2+ are required for the antibacterial 
activity of NiO NPs.

3.7   |   Antioxidant Activity

3.7.1   |   Assay for DPPH

1,1-diphenyl-2-picryl hydrazyl (DPPH) can be diminished by 
obtaining hydrogen or electrons from a donor, making it a stable 
free radical (Sukumaran et al. 2024). NiO NPs exhibit signifi-
cant scavenging activity when compared to the standard ascor-
bic acid. The scavenging activity of NiO nanoparticles against 
DPPH was observed to increase in a dose-dependent manner 
(Figure  7A). The antioxidant capacity of these nanoparticles 
may be due to the functional groups from the leaf extract that 
adhere to them. A. marmelos leaves are known to be rich in var-
ious antioxidant compounds, including glutathione, ascorbic 
acid, α-tocopherol, β-carotene, as well as total flavonoids and 
polyphenols (Bhakya et al. 2015; Reddy and Urooj 2013).

3.7.2   |   ABTS Assay

A 7 mM solution of ABTS (2,2′-azino-bis(3-ethylbenzothiazolin
e-6-sulfonic acid)) was mixed with 2.45 mM potassium persul-
fate and incubated in the dark for 12–16 h (Figure 7B). The solu-
tion was then diluted with ethanol until the absorbance reached 
0.7 ± 0.02 at 734 nm. Subsequently, 1 mL of this diluted solution 
was combined with 10, 20, 30, 40, and 50 μL of compound A, 
and the absorbance was measured at 734 nm. The percentage 
inhibition of ABTS was calculated relative to the standard, tan-
nic acid.

3.8   |   In Vitro Cytotoxicity

The tests for cell viability are basic criteria in toxicology that 
describe which cells respond to a toxin. The in  vitro cytotox-
icity of the NiO NPs was investigated on MC3t3-E1 cell lines 
treated with six different concentrations (25, 50, 100, 150, 200, 
and 250 μg mL−1) for 48 h in comparison with a positive con-
trol, 5-fluorouracil, by the MTT test. At amounts of 25 and 
250 μg mL−1, NiO NPs treatment resulted in a major percentage 
decrease in cell viability, as shown in Figure 8.

FIGURE 6    |    The mechanism of antibacterial activity of nickel oxide nanoparticles.

FIGURE 7    |    (A) DPPH scavenging capability, and (B) Radical scavenging activity of nickel oxide nanoparticles.

 10970029, 2025, 10, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jem

t.70054, W
iley O

nline L
ibrary on [10/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2839

In the MC3t3-E1 cell line treated with NiO NPs, the concen-
tration sufficient to produce 50% cell death (IC50) was 51.39 
and 40.20 μg mL−1 for 5-fluorouracil. The cytotoxic activity 
of NiO NPs is sufficient because untreated cells treated with 
NiO NPs and 5-fluorouracil exhibited low cytotoxicity up to 
1 μg mL−1. A confocal microscope was utilized to qualitatively 
test the live/dead cell assay (Figure 8A–D), using two concen-
trations of the sample (100 and 250 μg mL−1) so as to expand 
on the anticancer effect of NiO NPs. Calcium AM is changed 
into calcein, a green fluorescent molecule that acts as a signal 
for living cells, by active esterase in live cells with intact mem-
branes. The cells with damage can absorb the dye and stain 
positive as normal, unaffected cells cannot be penetrated by 
the red fluorescent nucleic acid stain PI (propidium iodide). 
As expected, after introducing NiO NPs to the MC3t3-E1 cell 
line, a high density of dead cells (red) with minimal changes 
in morphology was seen, showing the increased cytotoxic ef-
fect of NiO NPs in comparison with the control. MC3t3-E1 cell 

lines treated for 48 h, the % of cell viability of the NiO NPs was 
studied using the MTT assay with respect to results shown in 
(Figure 8E). According to these results, exposure to NiO NPs 
alone or together can lead to cell viability.

In response to these challenges, green synthesis has gained 
momentum as an eco-friendly, cost-effective, and sustainable 
alternative. Green synthesis employs biological entities—such 
as plant extracts, bacteria, fungi, and algae—as reducing and 
stabilizing agents to fabricate nanoparticles under mild con-
ditions. Among these, plant-mediated synthesis stands out 
due to its simplicity, scalability, and the abundance of phy-
tochemicals that facilitate nanoparticle formation. Plant ex-
tracts have been explored for the green synthesis of NiO NPs, 
with each plant imparting distinct characteristics to the re-
sulting nanoparticles. These variations stem from differences 
in phytochemical composition—such as flavonoids, alka-
loids, terpenoids, phenolics, and saponins—which influence 

FIGURE 8    |    Visualization of live/dead cells by calcein and propidium iodide (PI) staining. Calcein gives green color for live cells, and PI gives red 
color for dead cells. Confocal microscopic live/dead cell images of MC3t3-E1 cell line after treatment with control (5-fluorouracil): (A) 100 μg mL−1, 
(B) 250 μg mL−1 and NiO nanoparticles, (C) 100 μg mL−1, (D) 250 μg mL−1, and (E) The percentage of cell viability of control and NiO nanoparticles by 
the MTT assay at different concentration from 25 to 250 μg mL−1. The data are expressed as mean ± SD (n = 3).

TABLE 3    |    Comparison of green synthesis of NiO NPs with different plant extracts.

S. no Plant extract
Particle 

size (nm) Shape
Band 

gap (eV)
Antibacterial 

activity
Anti-oxidant 

activity Cytotoxicity References

1. Opuntia 
ficus-indica

15–25 Spherical 3.9 High High — Gebretinsae 
et al. 2019

2. Leucas aspera 10–20 Irregular 3.8 Medium Medium — Din et al. 2018

3. Calotropis 
gigantea

20–30 Spherical 4.1 High High Medium Sone et al. 2016

4. Callistemon 
viminalis

12–22 Spherical 3.8 High High — Iqbal et al. 2019

5. Gymnema 
sylvestre

21 Pseudo-
spherical

4.2 Medium High — Safa et al. 2016

6. Rhamnus virgata 18–28 Spherical 3.9 High High — Iqbal et al. 2019

7. Aegle 
marmelos

10–25 Crystal 3.3 High High High This work
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parameters like particle size, morphology, and crystallinity. 
The green synthesis of NiO NPs using different plants is pre-
sented in Table 3.

4   |   Conclusion

In this study, NiO NPs were green synthesized from A. marme-
los leaf extract. The XRD results show that the NiO NPs have 
a crystalline structure. SEM images revealed that the NiO NPs 
had a tetragonal crystal structure. The green synthesis NiO 
NPs high crystalline nature and nanoparticle production were 
further validated by the acquisition from TEM. The agar well 
diffusion methods are used to test for antibacterial activity. A. 
marmelos leaves are rich in a variety of antioxidant functional 
groups, including glutathione, ascorbic acid, α-tocopherol, β-
carotene, as well as total flavonoids and polyphenols. The NiO 
NPs demonstrated excellent antibacterial activity against both 
Gram-positive and Gram-negative bacteria. The antioxidant ac-
tivity of NiO NPs against the DPPH assay and ABTS assay is 
demonstrated to enhance performance. The MTT assay results 
suggest that the concentration of the NiO NPs was 250μg mL−1, 
the viability of cancer MC3t3-E1 osteoblast cells dropped to 
around 13%, with an IC50 value of 51.39 μg mL,−1 and no cytotox-
icity was observed against normal sample untreated MC3t3-E1 
cells up to 1 μg mL−1. Hence, this present study suggests that the 
synthesized NiO NPs could be used in biological applications.
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