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Abstract: In this work, iron oxide nanoparticles (IONPs)
were synthesized using green methods. The structural mor-
phological and optical properties of nanoparticles (NPs)
were investigated by scanning electron microscopy (SEM),
X-ray diffraction (XRD), ultraviolet–visible spectroscopy,
and Fourier transform infrared spectroscopy. Based on the
SEM analysis, spherical NPs with a size distribution in the
range of 50–70 nm were simulated with slight variations in
shapes, and the corresponding XRD was calculated. The cal-
culated XRD patterns were then averaged. Well-defined
crystalline structure of a single-phase spinel structure and
a spherical shape of IONPs were observed. The in vitro and
in vivo biological activities of IONPs synthesized with the
hydroalcoholic extract of Euphorbia milii’s aerial parts were
studied. The antibacterial effects were evaluated against
Staphylococcus aureus, and the enzyme inhibitory effects of
the IONPs and E. milii extract on various enzymes were
assessed. The IONPs demonstrated significant inhibitory

activity against urease (89.09% inhibition), α-glucosidase
(72.87% inhibition), carbonic anhydrase II (87.09% inhibi-
tion), and xanthine oxidase (85.09% inhibition). The E. milii
extract also exhibited considerable inhibition of these
enzymes. The IC50 values for urease, α-glucosidase, carbonic
anhydrase II, and xanthine oxidase inhibition by IONPs
were 26.09, 59.09, 0.18, and 7.71 μg·mL−1, respectively. The
anticancer activity of the IONPs and crude extract was
also evaluated. The minimum IC50 values were recorded
against MDR 2780AD, i.e., 0.85 (extract) and 0.54 (IONPs).
Both of the tested samples were found to be significant (p
< 0.001) analgesic and anti-inflammatory. In contrast, the
IONPs were found sedative at all tested doses, and the
extract showed a significant (p < 0.01) sedative effect at
higher doses only.

Keywords: IONPs, E. milii, antibacterial activities, enzyme
inhibitions, anticancer activities, green synthesis

1 Introduction

Iron oxide nanoparticles (IONPs) have gained significant
attention in various fields due to their unique physico-
chemical properties and potential applications in medi-
cine, environmental remediation, catalysis, antibacterial
activities, and enzyme inhibitory effects [1–5]. Nanoparti-
cles (NPs) serve as promising carriers for drug delivery due
to their unique physicochemical properties. Their small
size grants them access to biological barriers and tissues
that larger drug molecules cannot penetrate, enabling tar-
geted delivery to specific cells or tissues within the body.
Additionally, NPs can be engineered to encapsulate drugs,
protecting them from degradation and allowing for con-
trolled release over time. This controlled release feature
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is particularly advantageous in maintaining therapeutic
drug levels in the body, reducing the frequency of dosing,
and minimizing potential side effects. Moreover, surface
modifications of NPs can be tailored to enhance their sta-
bility, biocompatibility, and target specificity, further opti-
mizing their efficacy as drug carriers. However, ensuring
their biocompatibility and assessing potential cytotoxicity
are critical steps in their application for biomedical purposes.
Studies have shown that surface modifications and coatings
can enhance the biocompatibility of IONPs, reducing adverse
effects on cells and tissues [6]. Various methods are used for
the synthesis of NPs, but conventional approaches often
involve the use of toxic chemicals. Therefore, eco-friendly
methods utilizing natural products known as green synthesis
are emerging. Green synthesis approaches have emerged as
sustainable and eco-friendly methods for the fabrication of
NPs utilizing natural sources such as plants [7], algae [8], and
microorganisms [9]. One key aspect of green chemistry that
our method adheres to is the use of natural extracts as redu-
cing and stabilizing agents for the synthesis of IONPs. By
utilizing plant extracts, we minimize the use of harmful che-
micals and toxic solvents typically associated with traditional
synthesis methods. This approach aligns with the principle of
reducing the environmental impact of chemical processes.
Additionally, the use of plant extracts as reducing agents
helps to minimize waste generation during the synthesis pro-
cess. Phytofabrication, the use of plant extracts for NP synth-
esis, has distinct advantages over other biological methods. It
is cost-effective and sustainable, utilizing readily available
plant materials. Plants produce a variety of phytochemicals
that serve as effective reducing and stabilizing agents,
allowing for simpler and faster synthesis processes com-
pared to microbial methods, which often require complex
culture conditions. Additionally, NPs synthesized through
phytofabrication typically exhibit better biocompatibility
and lower toxicity, making them safer for biomedical applica-
tions [10]. Euphorbia milii, commonly known as the “crown of
thorns,” possesses a rich phytochemical profile and has been
utilized in traditional medicine for its therapeutic properties
[11,12]. The aerial parts of E. milii, including leaves and stems,
have shown promising bioactive constituents, making them a
potential source for NP synthesis with enhanced antibac-
terial, enzyme inhibitory, and anticancer activities [13,14]. In
recent years, there has been growing interest in the green
synthesis of IONPs using plant extracts as reducing and sta-
bilizing agents [15,16]. Using plant extracts offers several
advantages, including cost-effectiveness, ease of extraction,
and reduced use of toxic chemicals [17]. Shen et al. prepared
ZnO NPs using E. milii as reducing and stabilizing agents,
evaluated their antinociceptive, muscle relaxant, and seda-
tive activities, and found significant results [18]. Similarly,

Bawazeer also synthesized Ag NPs using extract E. milii and
evaluated its antibacterial and enzyme inhibitory potential
[19]. Furthermore, the biological properties of plant extracts
can be harnessed to enhance the therapeutic potential of
IONPs [20]. E. milii, with its diverse phytochemical composi-
tion, possesses inherent antibacterial compounds that can
contribute to synthesizing antibacterial IONPs [21]. The anti-
bacterial activities of NPs have gained significant impor-
tance in combating bacterial infections and addressing the
issue of antibiotic resistance. The unique properties of
IONPs, such as their high surface area-to-volume ratio and
surface reactivity, enable effective interactions with bac-
terial cells, leading to bactericidal or bacteriostatic effects
[6,22]. The green synthesis of IONPs using E. milii extract
offers a sustainable and environmentally friendly approach
to enhance their antibacterial properties.

Moreover, the biological activities of NPs, particularly
their enzyme-inhibitory properties, have been extensively
investigated due to their potential therapeutic applications
[23]. There exists an unexplored potential in harnessing
the unique activities of E. milii extracts to enhance NP-
mediated drug delivery systems. Despite the documented
enzyme inhibition activities of NPs targeting urease, α-glu-
cosidase, carbonic anhydrase II, and xanthine oxidase [24].
Urease enzymes help bacterial infections in the urinary
tract to establish themselves in human beings [25]. α-Glu-
cosidase is also an important enzyme involved in the treat-
ment of diabetes [26]. The carbonic anhydrase II has
multiple applications in curing osteoporosis [27]. Xanthine
oxidase inhibitors, for example, allopurinol used for the
treatment of gout and hyperuricemia [28]. Inhibition of
these enzymes can lead to potential therapeutic effects,
such as anti-diabetic, anti-inflammatory, and anticancer
activities. The integration of E. milii extract with NPs pre-
sents an opportunity to capitalize on the plant extract’s
inherent properties for improved drug delivery. Although
previous works have used E. milii extracts for synthesizing
other types of NPs like ZnO and Ag NPs, their use in synthe-
sizing IONPs remains underexplored, particularly with
regard to their enzyme inhibitory effects and anticancer
activities. Moreover, while there is substantial evidence of
the antibacterial properties of IONPs, few studies have
comprehensively investigated their potential for enzyme
inhibition against critical targets like urease, α-glucosidase,
carbonic anhydrase II, and xanthine oxidase using E. milii
extracts. This study aims to fill this gap by utilizing the
hydroalcoholic extract of E. milii for the green synthesis
of IONPs, examining their structural and biological proper-
ties, and assessing their potential as biocompatible thera-
peutic agents in drug delivery and enzyme inhibition. This
research aims to synthesize IONPs using hydroalcoholic
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extract of E. milii and to investigate the in vitro and in vivo
biological activities, including antibacterial effects and
enzyme inhibition, anti-inflammatory, sedative, as well as
anticancer potential of green synthesized IONPs generated
with the crude extract of the aerial parts of E. milii. By
leveraging the unique activities and properties of E. milii
extracts, we aim to develop biocompatible and efficient ther-
apeutic agents and drug delivery systems capable of tar-
geted delivery and controlled release of therapeutic agents.

2 Materials and methods

2.1 Plant collection and extraction

The E. milii plant was collected from the Tehsil Lahor
Distract Swabi Pakistan. The plant was identified by a well-
known taxonomist, Dr. Muhammad Ilyas, Assistant Professor
at the Department of Botany, University of Swabi, KP, Pakistan.
The voucher specimen number UOS/Bot-110 was deposited in
the herbarium of the mentioned Department. For the extrac-
tion, the 50 g dried plant was ground using a grinder. After
grinding, 20 g of the ground plant material (powdered) was
introduced into a 200mL aqueous-methanolic system (8:2)
allowing it to be extracted for 1 week [29]. The resulting mix-
ture was then filtered to obtain a clear extract. The filtrate was
concentrated using a rotary evaporator to remove the solvent
and obtain a concentrated extract. The concentrated extract
was subsequently dried using a water bath to evaporate the
remaining solvent and obtain a dry extract. The final extract
was carefully collected and stored in the refrigerator for future
use, ensuring the preservation of its bioactive components.

2.2 NP synthesis

Initially, solutions of 0.1 M FeCl3 and 0.05 M FeSO4 were
prepared by dissolving each in distilled water. After mixing
both salt solutions, the total volume was brought to 50 mL.
Subsequently, 50 mL of the 1% plant extract was added
slowly to the salt solutions. 10 mL of Ammonium hydroxide
was then added gradually to adjust the pH to approxi-
mately 10–12. The solution was stirred for 1–2 h at room
temperature, resulting in the formation of a black precipi-
tate, indicating the successful synthesis of Fe3O4 NPs. The
formation of IONPs was confirmed by monitoring changes
in the color of the reaction mixture and analyzing the ultra-
violet (UV)–visible (Vis) spectra in the range of 250–750 nm
using a UV–Vis spectrophotometer. The NPs were separated

from the solution using a magnet, allowing for easy removal
from the reaction mixture. The resulting NPs were washed
several times with distilled water to remove any unreacted
substances. Finally, the purified NPs were dried either in an
oven at temperature (around 60°C) to obtain the desired
IONPs.

2.3 Instrumentations

A combination of techniques was employed to characterize
the IONPs, providing a comprehensive understanding of
their morphological features, elemental composition, and
chemical interactions. The morphology of the IONPs was
visualized using a field emission scanning electron micro-
scopy (SEM) instrument (JEM 2100, Jeol CRL), while ele-
mental analysis was performed using an energy-dispersive
X-ray spectroscopy (EDS) instrument (ADX-8000 MINI). To
identify the functional groups present in the extract and
their interaction with Fe ions during the green synthesis
process, the Fourier transform infrared (FTIR) spectro-
photometer instrument (Shimadzu FTIR – 8400-S) was uti-
lized. This spectroscopic technique allowed for analyzing
the absorption bands and identifying chemical bonds. The
time-dependent UV–Vis spectroscopy (300 Plus Optima
Japan) was employed to study the formation of IONPs
over time. This technique enabled the measurement of
changes in the optical properties of the NPs during the
synthesis process.

2.4 In vitro screening

2.4.1 Antibacterial activity

The antibacterial activity of the synthesized IONPs was
assessed against the clinically isolated pathogenic bac-
terium Staphylococcus aureus using the agar well diffusion
method [30–32]. Sterile agar plates were prepared, and
wells were created using a sterile cork borer. A standar-
dized suspension of S. aureus was spread uniformly on
the Muller Hinton Agar surface. Subsequently, 50 μL of the
synthesized IONP solution was added to the wells. The plates
were then incubated at 37°C for 24 h, allowing the diffusion of
the IONPs into the agar medium. The experiment involved a
negative control using distilled water and a positive control
utilizing the standard antibiotic drug linezolid. After the incu-
bation period, the inhibition zones surrounding the wells
were measured to evaluate the antibacterial activity of the
IONPs. This experiment was performed in triplicate to ensure
reliable and reproducible results.
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2.4.2 Enzyme inhibitory activities

2.4.2.1 Urease activity
The inhibitory activity of the synthesized IONPs and E. milii
extract against jack bean urease was assessed. The assay
involved incubating 25 μL of jack bean urease, 55 μL of buffer
containing 100mM urea, and 5 μL of the test sample at 30°C
for 15min in 96-well plates. Ammonia production, indicative
of urease activity, was determined using the indophenol
method. A mixture of 45 μL of phenol reagent (1% w/v phenol
and 0.005% w/v sodium nitroprusside) and 70 μL of alkali
reagent (0.5% w/v NaOH and 0.1% active chloride NaOCl)
was added to each well. After 50min, absorbance at 630 nm
was measured using a microplate reader. The experiment
was conducted in triplicate with a final volume of 200 μL.
Thiourea was used as a control. The percentage inhibition
was calculated using the formula [33]:

= − ×Percent effect 100
OD test well

OD control
100

2.4.2.2 α-Glucosidase activity
The inhibitory activity of the E. milii extract and synthe-
sized IONPs against α-glucosidase was determined. The assay
involved the use of p-nitrophenyl-α-D-glucopyranoside as the
substrate. The absorbance was measured at 405 nm to assess
the enzymatic activity in the presence and absence of the
IONPs. A standardized solution of α-glucosidase was pre-
pared, and 10 μL of this solution was added to the reaction
mixture containing the substrate and various concentrations
of the IONPs. The reaction mixture was incubated at the
optimal temperature for α-glucosidase activity. After the incu-
bation period, the absorbance was measured using a micro-
plate reader. The percentage inhibition of α-glucosidase by the
IONPs was calculated. The experiment was performed in tri-
plicate to ensure accuracy and reproducibility [34].

2.4.2.3 Carbonic anhydrase II enzyme activity
The inhibitory effect of the synthesized IONPs on carbonic
anhydrase II enzyme activity was evaluated. The assay
involved measuring the hydration of carbon dioxide using a
pH indicator. The reaction mixture comprised the test sample
(IONPs), the carbonic anhydrase II enzyme, and the substrate.
The reaction was performed at the optimal temperature and
pH for the enzyme activity. After incubation, the change in pH
was measured using a pH indicator. The percentage inhibition
of carbonic anhydrase II enzyme activity by the IONPs was
calculated, comparing the pH change in the presence and
absence of the NPs. The experimentwas conducted in triplicate
to ensure accurate and reliable results [35].

2.4.2.4 Xanthine oxidase activity
The inhibitory potential of the synthesized IONPs against
xanthine oxidase was evaluated using a hydroxylation
reaction of xanthine as the substrate, forming colorless
uric acid as the end product. The absorbance of uric acid
was measured at 296 nm. The reaction mixture included
the test sample (IONPs), phosphate buffer, and xanthine
oxidase enzyme. A 10 μL test sample solution was pre-
pared, and was dissolved in dimethyl sulfoxide (DMSO).
Furthermore, 0.003 units of xanthine oxidase enzyme were
disbanded in 20 μL of phosphate buffer, and 20 μL of xanthine
(0.1mmol·L−1) was used as the substrate. After adding xanthine
oxidase, the mixture was incubated for 10min at room tem-
perature. Following incubation, the mixture was analyzed in
the UV region (λmax 295 nm). Subsequently, the substrate was
added, and absorbance readings were recorded at 1-min inter-
vals for 15min using a microplate reader. The percentage inhi-
bition of the test sample (IONPs) was calculated. The absor-
bance (A) was calculated using the formula A = aλ × b × c,
where aλ is the absorptivity coefficient at the specific wave-
length, b is the path length, and c is the concentration of the
analyte. The IC50 values of the compounds were calculated
using EZ-Fit Windows-based software. Allopurinol was used
as a positive control, and the inhibitory activities of the test
samples were compared with the standard. The experiment
was performed in triplicate [36].

2.4.2.5 Anticancer activity
Utilizing the MTT assay, the cytotoxicity of the NPs was
evaluated [37,38]. RPMI 1640 medium from Gibco BRL
was supplemented with 10% fetal bovine serum (Gibco,
Institute of Bioinformatics, National Chiao-Tung Univer-
sity, Hsinchu, Taiwan), 100 μg·mL−1 streptomycin sulfate,
and 100 μg·mL−1 penicillin sodium salt. In the manufac-
tured media, the human A498 (renal), human hepatoma
(HepG2), NCI-H226 (non-small-cell lung), and MDR human
ovarian cancer 2780AD cell lines were maintained. Hepato-
cytes from mice were maintained in 96-well plates. After 48 h,
cells were eliminated without treatment, treated with com-
pounds (1.5–100M), or treated with a vehicle (0.2% DMSO). It
was monitored using a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide (MTT) assay (Sigma, St. Louis, MO, USA).
The remaining cell lines were also subjected to an identical
assay. The concentration–effect curves were utilized to calcu-
late the IC50 of the test chemical across several cell lines. Pacli-
taxel (Sigma) was used as a positive due to its well-established
cytotoxic effects across a wide range of cancer cell lines. As a
widely used chemotherapeutic agent, paclitaxel serves as a
benchmark for assessing the cytotoxic potential of novel
compounds or formulations in cancer research. In vitro,
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cytotoxicity testing was conducted on LCMK-2 chimpanzee
kidney epithelial cells and mouse hepatocytes. After 24 h of
incubation, cell viability was determined using MTT assays.
The cells were maintained in 10% fetal bovine serum
(Gibco BRL), 2 mg·mL−1 of sodium bicarbonate solution,
110 g·mL−1 of penicillin sodium salt, and 100 g·mL−1 of strep-
tomycin sulfate (all from RPMI 1640) medium. In the first
image, 7.1 × 103 LCMK-2 cells and 8.6 × 103 murine hepato-
cytes were seeded into 96-well plates. After 48 h of incuba-
tion, cell viability was determined using the MTT method
(Sigma) with or without vehicle (0.2% DMSO).

2.5 In vivo screening

2.5.1 Animals

Healthy BALB/c mice having a weight range from 23 to 28 g
were obtained from the National Institute of Health Islamabad,
Pakistan. The animals were kept under standard laboratory
conditions mentioned in animals’ laws approved ethical com-
mittee (SOU/Pharm-23) of the Pharmacy Department University
of Swabi, KPK, Pakistan. The animals were fed with standard
laboratory food and environmental conditions, i.e., with 12/12
dark and light cycle. All the animals were allowed to drink
water and take food ad libitum.

2.5.2 Analgesic screening

Using a hot plate analgesia meter, the progression of the
analgesic effect was monitored. As such, the animals were
categorized into negative control (normal saline, 10mL·kg−1),
positive control (Tramadol 10mg·kg−1), and tested groups
(n = 8). Across the board, the animals’ reactions to heated
surfaces were measured. After administering the extract
and NPs to the animals for 30min, the latency time (the
time required for jumping of animal) was measured in sec-
onds. The animal whose staying duration exceeded 25 s
(cut-off time) was excluded from the analysis. On multiple
occasions (30, 60, 90, and 120min after treatment), the
latency time was measured. The preferred medication con-
sidered a standard drug was tramadol [39].

2.5.3 Sedative screening

Our previously published paradigm [40] was used to eval-
uate the sedative effect of the extract and NPs using the
open-field method. The soundproofing of the experiment
chamber consisted of a wooden cage with equal space. The
animals were categorized (n = 8) as described previously, and

diazepam (0.5mg·kg−1) was administered to the positive con-
trol group. After 30min of treatment with normal saline
(negative control), diazepam (positive control), and extract/
IONPs (testing groups), the sedative effect of each animal in
the uniquewooden cagewas assessed. The animal was placed
in the center of the cage, and the number of lines it crossed
was recorded for 10min. The substance is less sedative, the
greater the number of crossed lines, and vice versa.

2.5.4 Anti-inflammatory activity

Carrageenan-induced paw edema was used for evaluation
of the anti-inflammatory effect. The animals were classi-
fied as the above grouping (n = 8). The normal saline was
administered to the animals in the negative control group,
while the diclofenac sodium was issued to the positive
control group. The remaining groups received the extract
and IONPs as treatment. After these treatments had been
administered for 30min, each animal’s right hind paw was
injected subcutaneously with carrageenan (1%, 0.05 mL). It
was determined that the hand swelled due to the induced
inflammation. At regular intervals, the volume of this limb
was measured, and the percentage of inflammation reduc-
tion was calculated [41].

2.6 Statistical analysis

The results obtained in this investigation are given the
mean ± standard error of the mean to obtain the significant
difference (p < 0.05 or 0.01). The statistical analysis was
done with the help of GrapPad Prism.

Ethical approval: The research related to animals’ use has
been complied with all the relevant national regulations
and institutional policies for the care and use of animals.
The animals were kept under standard laboratory condi-
tions mentioned in animal laws approved by the ethical
committee (UOS/Pharm-23) of the Pharmacy Department
University of Swabi, KP, Pakistan.

3 Results

3.1 Sythesis and characterizations

3.1.1 UV–Vis spectroscopy

UV–Vis spectroscopy characterized the synthesized IONPs.
A solution of 3 mL of IONPs was taken in cuvette, and its
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spectrum was recorded using a UV–Vis spectrophotometer.
The absorption peak at 295 nm (λmax) was observed, indi-
cating the presence of IONPs (Figure 1) [42,43]. The UV–Vis
spectra provided valuable information regarding the optical
properties and the absorbance of the IONPs at a specific
wavelength. This analysis confirmed the successful synth-
esis of IONPs in the solution.

3.1.2 FTIR spectroscopy

FTIR spectroscopy plays a crucial role in identifying func-
tional groups present in compounds. This study recorded
the FTIR spectra for the E. milii plant extract and the
synthesized IONPs to analyze their respective functional
groups. The FTIR spectra of both IONPs and the plant
extract exhibited several typical peaks, indicating the pre-
sence of similar functional groups. A prominent broad
peak at 3,406 cm−1 was observed in the plant extract and
IONPs, suggesting O–H stretching vibrations from alcohol
or phenolic groups. Notably, the broadness of this peak in
the IONPs was slightly weaker compared to the plant
extract, suggesting potential modifications in hydrogen
bonding or interactions of the functional groups upon
forming IONPs. Another shared feature was a small peak
at 2,044 cm−1, corresponding to the stretching vibrations of
C^N groups, indicating the presence of nitrile functional
groups.

Additionally, a sharp peak at 1,628 cm−1 was observed
in both the plant extract and IONPs, attributed to the
stretching vibrations of C]O bonds, indicating the pre-
sence of carbonyl groups. In the plant extract, additional
small peaks at 1,377 and 1,257 cm−1 were observed, corre-
sponding to C–H bending vibrations and C–O stretching

vibrations, respectively. However, in the IONPs, the inten-
sity of these peaks changed, suggesting potential interac-
tions or adsorption of these functional groups on the NP
surface. Interestingly, an exclusive sharp and narrow peak
at 1,016 cm−1 was observed in the FTIR spectrum of IONPs.
This could be attributed to the stretching vibrations of metal–
oxygen bonds, providing evidence for forming IONPs. The
FTIR spectrum of the plant extract and IONPs is shown in
Figure 2.

3.1.3 SEM analysis

SEM analysis was performed to examine the morphology
of the synthesized NPs. The sample was prepared by pla-
cing a drop of the synthesized IONPs on a suitable sub-
strate and allowing it to dry. The SEM analysis shows the
presence of both spherical and irregular-shaped particles
and can be attributed to the complex nature of the synth-
esis process, which can lead to variations in particle
morphology. Factors such as reaction kinetics, precursor
concentration, and temperature gradients within the reaction
vessel can influence the final shape of the NPs. Additionally,
the rough background matrix may result from the presence
of residual reactants or other byproducts from the synthesis
process. High-resolution SEM images were captured at var-
ious magnifications to observe the NPs’ surface details and
size distribution. Additionally, low-resolution SEM images
were recorded to provide an overview of the morphology
and assess the NPs’ uniformity. The SEM analysis confirmed
the successful formation of spherical IONPs, as depicted in
Figure 3.

Information from SEM images is used to simulate
IONPs through the DISCUS package. The spherical shape

Figure 1: UV–Vis, spectra of the iron salt (a) and biosynthesized IONPs (b).
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of IONPs is shown in Figure 4. The average size of the
synthesized NPs obtained from SEM images and the simu-
lated spherical shape suggest a particle distribution ran-
ging from 50 to 70 nm. The synthesized NPs’ average size
from SEM images and simulated spherical shape suggest
the particle distribution of various sizes ranging from 50
to 70 nm.

3.1.4 X-ray diffraction (XRD)

In this study, we investigated the XRD patterns of our pre-
pared samples within the 2θ range of 20°–100° at room
temperature. To enhance visualization, the pattern was
further scaled down from 20° to 80° The crystalline nature
of the synthesized samples was confirmed by the remark-
able peak intensities, while the broad full width at half

maximum (FWHM) indicates the formation of nano-sized
particles, as depicted in Figure 5. Notably, no impurity peaks
or other phases associated with IONPs were observed,
demonstrating the exceptional phase purity of our synthe-
sized NPs. The lattice constant was determined using XRD
data. The following relation was to determine the d-spacing
and the lattice parameter (a) for cubic structure,

( )=d λ θ/ 2 sinhkl

( )= × + +a d h k lhkl
2 2 2 0.5

where dhkl represent the interplanar spacing, λ is the wave-
length of the incident X-ray, and θ is known as Bragg’s angle.

The results show a lattice parameter of 8.3912 Å and in
close agreement with entry number mp-19306 (a = 8.44397 Å)
at the open database material project [44]. For accurately
estimating the crystallite/NP size, a pseudo-Voigt function
(P·V(x;f) was fitted to the XRD data,

( ( ) ( ) ( ) ( ))⋅ = ⋅ + − ⋅P V x f η G x f η L x f; , 1 ,

where G, L, and η correspond to Gaussian, Lorentzian, and
peak profile parameters and are applied to well-resolved
diffraction peaks in the XRD data. The FWHM obtained from
the fitting process was then used in the Debye–Scherrer
equation, D = Kλ/β cos θ, where D represents the particle
size, K is a constant (0.9 for spherical NPs), λ is the wave-
length of the X-ray used, β is the FWHM in radians, and θ is
the diffraction angle. The estimated particle size of the
IONPs calculated from XRD analysis is approximately in
the range of 36–47 nm.

3.2 Crystal structure

Fe3O4 has a spinel structure that belongs to the cubic
crystal system and exhibits remarkable properties with
various applications. The crystal structure is shown in

Figure 2: E. milii ext and IONP FTIR spectra.

Figure 3: SEM images of IONPs. Low resolution (a) and high resolution (b).
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Figure 6: lattice parameters a, b, and c = 8.44397 Å and angles
α, β, and γ = 90°. Fe3O4 crystal lattice comprises Fe²+ and Fe³+

ions bonded to oxygen O²− atoms. The arrangement involves
Fe3O4 tetrahedra, where each Fe²+ ion is bonded to four O²−

atoms, sharing corners with twelve Fe3O4 octahedra, in which
each Fe³+ ion is bonded to six O²− atoms. The Fe–O bond
lengths are 1.92 Å for Fe²+ ions and 2.06 Å for Fe³+ ions. The
unique bonding arrangement and the cubic symmetry con-
tribute to the distinct properties and applications of Fe3O4

and other Spinel-based materials [45].
The spinel crystal structure of IONPs offers unique

advantages for antibacterial and inhibitory effects. Its
high surface area-to-volume ratio enables enhanced inter-
actions with bacterial cells, promoting effective antibac-
terial activity. The stable arrangement of iron and oxygen
ions in the spinel structure ensures prolonged efficacy. The
nanoscale size allows IONPs to penetrate bacterial cells,
leading to membrane disruption and inhibition of bacterial

growth. Additionally, their ability to induce oxidative stress
enhances their antibacterial properties. Furthermore, IONPs’
unique crystal structure facilitates functionalization for tar-
geted drug delivery, reducing resistance development and
minimizing adverse effects on healthy cells. These properties
make IONPs with the spinel crystal structure promising can-
didates for biomedical applications.

3.2.1 EDS

The EDS analysis investigated the elemental composition
of the green-synthesized IONPs derived from E. milii extract.
The EDS analysis revealed the presence of several elements.
Carbon and oxygen were found to be themajor constituents,
comprising approximately 20% and 17.54% of the composition,

Figure 4: Simulated spherical structure of IONPs.

Figure 5: XRD of synthesized IONPs.

Figure 6: Fe3O4 crystal structure.
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Figure 7: EDS spectrum of the synthesized IONPs.
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respectively, as shown in the inset of Figure 7. The identifi-
cation of carbon and oxygen suggests the involvement of
organic compounds, potentially derived from biomolecules
present in the extract. Notably, the analysis confirmed the
successful synthesis of IONPs, as a minor quantity of iron
(1.09%) was observed. These results underscore the poten-
tial role of organic compounds from the extract in reducing
iron ions and subsequent NP synthesis.

3.3 In vitro biological activities

3.3.1 Antibacterial activity assessment

The experiment involved a negative control using distilled
water, a positive control utilizing the standard antibiotic
drug linezolid, and an additional control utilizing the E. milii
extract without IONPs. The agar well diffusionmethod results
demonstrated the inhibitory effects of the linezolid antibiotic
and the synthesized IONPs against S. aureus. The zone of
inhibition calculated for linezolid indicating its potent anti-
bacterial activity. Similarly, the IONPs displayed significant
antibacterial activity, with a zone of inhibition measuring
21.45mm. These results highlight the promising antibacterial
properties of the synthesized IONPs. The antibacterial effect
of both tested samples and their mechanistic diagram is pre-
sented in Figure 8 and Table 1. The zone of inhibition against
tested microorganisms was 21.45 (NPs) and 17.67 (extract).

3.3.2 Enzyme inhibition assessment

Enzyme inhibition assays were performed to evaluate the
inhibitory effects of the E. milii extract, and IONPs were
tested on four different enzymes: urease, α-glucosidase, car-
bonic anhydrase II, and xanthine oxidase. The percentage

inhibition and IC50 values were determined to assess the
potency of the inhibitory activity.

3.3.3 Effect on urease

The urease inhibition assay revealed significant inhibitory
effects of the E. milii extract and IONPs. The E. milii extract
exhibited 70.21% inhibition at a concentration of 0.2 μg·mL−1.
In comparison, the IONPs demonstrated enhanced inhibi-
tion, with a remarkable percentage of 89.09% at a concen-
tration of 0.25 μg·mL−1. These results indicate that the IONPs
derived from the E. milii extract possess potent inhibitory
activity against urease. Thiourea used as a positive control,
exhibited potent inhibition of 99.01%, validating the assay’s
effectiveness as shown in Table 2.

3.3.4 Effect on α-glucosidase

The α-glucosidase inhibition assay demonstrated consider-
able inhibitory effects of the E. milii extract and IONPs. The

Figure 8: Antibacterial activity assessment of IONPs (a) and mechanistic diagram (b) of E. milii IONPs against S. aureus.

Table 1: Antibacterial activity assessment of IONPs against S. aureus and
comparison with previously reported literature

Sample Zone of
inhibition (mm)

Reference

Linezolid 25.98 ± 1.34 This work
IONPs 21.45 ± 1.34
E. milii extract 17.67 ± 1.34
Distilled water (control) —

Ag NPs derived from E. milii 20 [19]
IONPs prepared via co-
precipitation

13.8 [46]

IONPs synthesized from
Lagenaria siceraria

8 [20]
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E. milii extract displayed 43.09% inhibition at a concentra-
tion of 0.2 μg·mL−1. In contrast, the IONPs exhibited increased
inhibitory activity, with a percentage of 72.87% at a concen-
tration of 0.25 μg·mL−1. These results indicate that the IONPs
derived from the E. milii extract possess notable inhibitory
activity against α-glucosidase. Acarbose, the positive control,
exhibited a high inhibition percentage of 97.45%, further con-
firming the efficacy of the assay as described in Table 2.

3.3.5 Effect on carbonic anhydrase II enzyme

The carbonic anhydrase II enzyme inhibition assay demon-
strated significant inhibitory effects of the E. milii extract
and IONPs. The E. milii extract exhibited 72.32% inhibition
at a concentration of 0.2 μg·mL−1, while the IONPs demon-
strated enhanced inhibitory activity with a percentage of
87.09% at a concentration of 0.25 μg·mL−1. Remarkably, the
IONPs exhibited an IC50 value of 0.18 ± 0.05 μg·mL−1, indi-
cating their high potency in inhibiting carbonic anhydrase
II enzyme activity. Acetazolamide, the positive control, dis-
played a substantial inhibition percentage of 90.65%, vali-
dating the accuracy of the assay as shown in Table 2.

3.3.6 Effect on xanthine oxidase

The xanthine oxidase inhibition assay revealed significant
inhibitory effects of the E. milii extract and IONPs. The
E. milii extract exhibited 77.32% inhibition at a concentra-
tion of 0.2 μg, while the IONPs demonstrated enhanced inhibi-
tory activity with a percentage of 85.09% at a concentration of
0.25 μg·mL−1. Notably, the IONPs exhibited an IC50 value of 7.71
± 0.06 μg·mL−1, highlighting their strong inhibitory potential

against xanthine oxidase activity. Allopurinol, the positive con-
trol displayed a remarkable inhibition percentage of 98.02%, as
shown in the inset of Table 2.

3.3.7 Anticancer activity

The efficacy of the extract and synthesized IONPs from
E. milii in combating cancer was evaluated against various
cancer cell lines, with results presented in Table 3. Notably,
the minimum IC50 values were observed against the MDR
2780AD cell line, demonstrating potent anticancer effects with
IC50 values of 0.85 μg·mL−1 for the extract and 0.54 μg·mL−1 for
the NPs. Table 3 provides a comprehensive overview of the in-
vitro anticancer screening results. The extract exhibited mod-
erate anticancer activity across the tested cell lines, with IC50
values ranging from 57.09 μg·mL−1 (HepG2) to 111.65 μg·mL−1

(NCI-H226). Similarly, the synthesized IONPs demonstrated vari-
able efficacy, with IC50 values ranging from 15.98 μg·mL−1

(HepG2) to 65.87 μg·mL−1 (NCI-H226). Comparison with the posi-
tive control, paclitaxel, reveals that both the extract and NPs
exhibit comparable anticancer activity against certain cell lines.
These findings suggest that the extract and synthesized IONPs
from E. milii possess promising anticancer properties, particu-
larly against the MDR 2780AD cell line.

3.4 In vivo screening

3.4.1 Analgesic effect

The analgesic effect of both of the tested samples is demon-
strated in Table 4. A dose-dependent and time-dependent

Table 2: Enzyme Inhibitory screening of extract and Iron oxide NPs from E. milii

Enzyme Tested samples Concentrations % inhibition IC50

Urease E. milii 0.2 µg·mL−1 70.21 31.05 ± 1.32 µg·mL−1

IONPs 0.25 µg·mL−1 89.09 26.09 ± 1.65 µg·mL−1

Thiourea 0.2 µM 99.01 21.98 ± 1.01 µM
α-Glucosidase E. milii 0.2 µg·mL−1 43.09 —

IONPs 0.25 µg·mL−1 72.87 59.09 µg·mL−1

Acorbose 0.2 µM 97.45 28.09 ± 1.09 µM
Carbonic anhydrase II enzyme E. milii 0.2 µg·mL−1 72.32 38.01 ± 0.88 µg·mL−1

IONPs 0.25 µg·mL−1 87.09 0.18 ± 0.05 µg·mL−1

Acetazolamide 0.2 µM 90.65 0.13 ± 0.03 µM
Xanthine oxidase E. milii 0.2 µg·mL−1 77.32 28.04 ± 0.10 µg·mL−1

IONPs 0.25 µg·mL−1 85.09 7.71 ± 0.06 µg·mL−1

Allopurinol 0.2 µM 98.02 2.21 ± 0.02 µM

Values are indicated as mean ± standard error of the mean of three different experiments.
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effect was observed. Both of the tested samples signifi-
cantly reduced the latency time. The peak significant effect
was observed after 60 min of experimental duration and
remained significant up to the end of the experimental
period. The analgesic effect of NPs was better than extract.

3.4.2 Sedative effect

The sedative effect of extract and NPs is presented in Table 5.
The extract demonstrated a significant (p < 0.01) sedative
effect at the tested dose of 250mg·kg−1, while the IONPs exhib-
ited significant (p < 0.001) sedative at all tested doses.

3.4.3 Anti-inflammatory effect

The anti-inflammatory properties of the extracts and IONPs
were assessed, and the results are depicted in Figure 9.
Notably, the crude extract displayed significant anti-inflam-
matory activity, exhibiting 53.00% activity after the third hour
and 30.21% activity after the fifth hour. In comparison, the
NPs demonstrated robust anti-inflammatory effects, with
90.23% activity after the third hour and 70.12% activity after
the fifth hour. Diclofenac was used as a standard drug.

4 Discussion

The green synthesis of NPs stands as a revolutionary
approach in nanotechnology, offering numerous advantages
over traditional chemical methods. Unlike conventional
synthesis routes that often involve hazardous chemicals
and energy-intensive processes, green synthesis harnesses
the power of nature’s resources, such as plant extracts and
microbes to fabricate NPs. This eco-friendly approach not

Table 3: In-vitro anticancer screening of extract and iron oxide NPs from E. milii

Samples IC50

HepG2 A498 NCI-H226 MDR 2780AD

E. milii 57.09 ± 1.23 µg·mL−1 119.76 ± 1.23 µg·mL−1 111.65 ± 1.23 µg·mL−1 0.85 ± 0.12 µg·mL−1

IONPs 15.98 ± 0.65 µg·mL−1 98.87 ± 0.79 µg·mL−1 65.87 ± 0.84 µg·mL−1 0.54 ± 0.09 µg·mL−1

Paclitaxel 7.85 ± 0.54 mM 94.87 ± 0.76 mM 62.86 ± 0.72 mM 0.21 ± 0.07 mM

Table 4: In vivo analgesic screening of extract and Iron oxide NPs from E. milii

Group Dose (mg·kg−1) Time duration (min), latency time (s)

30 60 90 10

Normal saline 10 mL 10.00 ± 0.08 9.98 ± 0.06 9.98 ± 0.12 9.90 ± 0.11
Tramadol 10 25.23 ± 0.07*** 25.30 ± 0.13*** 26.00 ± 0.15*** 26.43 ± 0.12***
E. milii 10 9.76 ± 2.54 14.65 ± 2.23 15.87 ± 2.09 14.08 ± 1.87

25 10.21 ± 2.21 16.00 ± 1.98** 17.02 ± 1.96** 17.98 ± 1.87**
50 12.09 ± 2.16 18.43 ± 2.00** 19.28 ± 1.90** 20.02 ± 2.09***
100 15.32 ± 1.90* 20.76 ± 2.01** 21.09 ± 2.04*** 21.98 ± 2.10***
250 17.65 ± 1.87** 22.34 ± 1.65*** 23.09 ± 1.43*** 22.65 ± 2.19***

IONPs 2.5 15.09 ± 1.45* 18.98 ± 1.34** 19.23 ± 1.00** 18.87 ± 1.48**
5 18.87 ± 1.65** 21.65 ± 1.54*** 22.09 ± 1.65*** 21.76 ± 1.43***
10 21.98 ± 1.02** 24.65 ± 1.43*** 24.90 ± 1.33*** 23.43 ± 1.09***

The data were analyzed using ANOVA. *** = 0.001 > p, ** = 0.01 > p, * = 0.05 > p.

Table 5: In vivo sedative screening of extract and IONPs from E. milii

Samples Dose (mg·kg−1) No lines crossed

Control 5 mL 119.00 ± 2.98
Diazepam 0.5 9.20 ± 0.65***
E. milii 25 87.09 ± 2.09

50 78.09 ± 3.00
100 69.65 ± 2.65
250 56.09 ± 64**

IONPs 2.5 40.87 ± 2.09**
5 31.12 ± 2.76***
10 20.09 ± 1.99***
15 10.09 ± 1.98***

The data were analyzed using ANOVA. *** = 0.001 > p, ** = 0.01 > p, * =
0.05 > p.
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only minimizes environmental impact but also promotes
sustainability by utilizing renewable sources [7]. Further-
more, green synthesis typically operates under mild condi-
tions, reducing energy consumption and minimizing the
generation of toxic byproducts. Additionally, the bioactive
compounds present in the natural extracts used for synth-
esis can impart unique properties to the resulting NPs,
enhancing their functionality for various applications [47].
Moreover, green synthesis often results in NPs with higher
stability, biocompatibility, and uniformity, making them
well-suited for biomedical, environmental, and industrial
applications. Utilizing the hydroalcoholic extract as a
reducing and stabilizing agent provides a natural and
eco-friendly approach for NP synthesis with enhanced
antibacterial, enzyme inhibitory, anti-inflammatory, analgesic,
sedative, and anticancer potential. Moreover, the utilization
of plant extracts allows for the incorporation of inherent
antibacterial and enzyme-inhibitory compounds, further
enhancing the therapeutic potential of the synthesized NPs
[48,49]. In this study, we investigated the environmentally
friendly synthesis of IONPs using a plant extract from
E. milii and assessed their various biological activities. The
SEM, XRD, UV–Vis spectroscopy, and FTIR spectroscopy
were used to characterize the NPs. The IONPs was simulated
through the DISCUS package based on the SEM analysis,
spherical NPs with a size distribution in the range of
50–70 nm conform slight variation in shapes, and the cor-
responding XRD was calculated. The spherical symmetry
offers several advantages, including an enhanced surface
area-to-volume ratio, facilitating increased interaction
with the environment. The compact and uniform shape
enables efficient cellular uptake, enhancing bioavailability
and target cell interaction [50]. Additionally, the spherical
form minimizes particle aggregation, leading to improved
stability and prolonged activity. Their homogeneous distri-
bution ensures consistent and predictable effects, crucial for
anti-bacterial applications. These NPs exhibit strong antibac-
terial activity due to their small size and uniform shape,

allowing effective penetration and disruption of bacterial cells.
Furthermore, the spherical symmetry allows precise control
in drug delivery, leading to targeted therapy and improved
outcomes. With reduced toxicity, especially in well-defined
sizes, they show promise in biomedical applications, pro-
moting better biocompatibility and reducing adverse effects
on living systems. The calculated XRD patterns were then
averaged. Well-defined crystalline structure of a single-phase
spinel structure and a spherical shape were IONPs were
observed. The stable and spherical surface morphology
achieved, along with the unique spinel crystal structure,
holds significant importance in enhancing inhibition and
antibacterial effects. The possible mechanism of the forma-
tion of Fe₃O₄ (magnetite) NPs in our study occurs through a
green synthesis mechanism facilitated by the hydroalcoholic
extract of E. milii. The bioactive compounds present in the
plant extract serve as reducing agents, converting ferric ions
(Fe³⁺) to ferrous ions (Fe²⁺) during the reaction. As the reac-
tion progresses, these ferrous ions aggregate and nucleate,
forming small clusters of Fe₃O₄. This nucleation is followed
by growth, as additional iron ions deposit onto the clusters,
resulting in the formation of larger NPs. The stabilization of
these NPs is achieved through the phytochemicals in the
extract, such as flavonoids and phenolic compounds, which
coat their surfaces and prevent agglomeration, ensuring a
uniform size distribution [51]. Subsequently, we set their
antibacterial, enzyme inhibitory, anticancer, analgesic, seda-
tive, and anti-inflammatory properties the results showing the
successful synthesis of spherical IONPs with unique properties
and enhanced biological activities. The UV–Vis absorption
peak at 295 nm and the distinctive functional groups seen in
the FTIR spectra proved that the synthesis of IONPs had suc-
ceeded. The IONPs’ uniform and spherical morphology were
investigated through SEM analysis. The EDS analysis showed
that the plant extract’s organic compounds were used to
synthesize the NPs. Compared to the plant extract, the IONPs
demonstrated enhanced antibacterial activities against S.
aureus. This is due to the generation of ROS and can be
influenced by the surface area charge on nanomaterials
[52,53]. They also showed significant inhibition against urease,
glucosidase, and carbonic anhydrase II. Their potent antic-
ancer activity, especially against the multidrug-resistant
MDR 2780AD cell line, highlights their potential as effective
anticancer agents. In vivo, screening revealed dose-depen-
dent analgesic and sedative effects and higher anti-inflam-
matory activity compared to the plant extract. This finding is
comparable with the previous studies. Katata-Seru et al. stu-
died the antibacterial activities of green-synthesized iron
NPs and found a zone of inhibition of 6mm against Escher-
ichia coli [54]. Similarly, Sivakami et al. also investigated the
biological activities, including anti-inflammatory effects
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Figure 9: Percent anti-inflammatory activity of extract and iron oxide NPs
from E. milii.
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(87% at 500 μg·mL−1), using green-synthesized iron NPs
synthesized with Cinnamomum verum bark extract [55].
Yusefi et al. screened the green synthesized iron NPs with 2
and 4wt% of peel extract showed potent anticancer activ-
ities (IC50 of 197.46 and 85.06 μg·mL−1, respectively) against
nasopharyngeal carcinoma cell line [56]. The thriving green
synthesis of IONPs using E. milii extract presents a sustain-
able and environmentally friendly approach for producing
NPs with diverse biomedical applications. The strong anti-
bacterial and enzyme-inhibitory properties of IONPs point
to their potential for treating microbial infections and acting
as therapeutic enzyme inhibitors. The potent anticancer
activity of IONPs also offers encouraging prospects for tar-
geted cancer therapies, particularly in cases of multidrug
resistance. Their potential uses in pain management and
inflammatory disorders are further supported by their
analgesic, sedative, and anti-inflammatory effects. Bioengi-
neered metallic NPs present significant opportunities in the
field of nanomedicine, primarily due to their unique physi-
cochemical properties that enhance drug delivery, imaging,
and therapeutic applications, which can enhance thera-
peutic efficacy while minimizing side effects. However, sev-
eral challenges remain in the widespread adoption of these
NPs in clinical settings. Key issues include potential toxicity,
variability in biological responses among different popula-
tions, and the need for extensive regulatory approvals.
Furthermore, the stability and reproducibility of bioengi-
neered NPs can be affected by environmental factors, raising
concerns about their long-term safety and efficacy. Addres-
sing these challenges through thorough research, standar-
dized protocols, and robust safety assessments will be crucial
for realizing the full potential of bioengineered metallic NPs
in nanomedicine [49].

5 Limitations

The understanding of the mechanisms underlying the bio-
logical activities of green-synthesized NPs is still limited,
necessitating further research to elucidate their mode of
action and potential side effects. While green synthesis
reduces environmental impact compared to traditional
methods, the overall environmental footprint, including
energy consumption and waste generation during extrac-
tion and synthesis processes, needs to be carefully evalu-
ated. While our study demonstrates significant biological
activities, including potent antibacterial effects, it is impor-
tant to acknowledge a limitation in the scope of our anti-
bacterial testing. We focused our antibacterial assays solely
on S. aureus as a representative bacterial strain. However,
bacterial species exhibit diverse responses to antimicrobial

agents due to variations in cell wall structure, membrane
permeability, and resistance mechanisms. Therefore, the
observed antibacterial activity against S. aureus may not
necessarily translate to other bacterial species. This limita-
tion underscores the need for future studies to investigate
the broad-spectrum antibacterial efficacy of the synthesized
NPs against a range of clinically relevant bacterial patho-
gens. Exploring the mechanisms underlying the antibac-
terial activity and potential development of resistance is
crucial for the rational design of NP-based antibacterial
agents with enhanced efficacy and reduced risk of resis-
tance emergence. We did not investigate the stability of
the NPs over time or under different environmental condi-
tions. The stability of NPs is crucial for their practical appli-
cations, particularly in fields such as biomedicine, where
long-term stability is essential for efficacy and safety. The
lack of stability studies in our research prevents us from
fully understanding the behavior of the NPs under various
conditions and limits the applicability of our findings.
Additionally, future studies should delve into stability and
the molecular mechanisms of IONPs’ biological activities,
including their interactions with target molecules and path-
ways. Long-term toxicity studies and bio-distribution ana-
lyses are essential to assess the biocompatibility and safety
of IONPs for potential clinical applications. Investigating
IONPs’ potential in combination therapies, such as their
synergistic interactions with currently available antibiotics
or chemotherapeutic agents, could improve their thera-
peutic efficacy and reduce the risk of drug resistance.
Additionally, IONPs’ applications in personalized medicine
and diagnostics may be expanded as research into their
potential as imaging or a drug delivery agent continues.

6 Conclusion

In this study, the thriving green synthesis of biocompatible
and multifunctional IONPs using E. milii extract was demon-
strated. The IONPs exhibited a spherical shape with a
unique spiral crystal structure and a size distribution ran-
ging from 50 to 70 nm, as characterized by various tools and
simulations. These IONPs displayed potent biological activ-
ities, including antimicrobial, enzyme inhibitory, anticancer,
analgesic, sedative, and anti-inflammatory properties. These
findings highlight the potential of green-synthesized IONPs as
promising candidates for various biomedical applications.
However, further research is needed to fully understand their
mechanisms of action, assess long-term safety, and explore
additional applications, paving the way for their translation
into clinical practice and improving healthcare outcomes.
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