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ARTICLE INFO ABSTRACT

Keywords: For the first time, iron oxide nanoparticles (IONPs) with exceptional long-term stability at pH 7.6 were prepared
Iron Oxide nanoparticles using an aqueous Wormwood leaf extract. This unprecedented stability is of great importance in biomedical
2

applications. The size and morphology of the iron oxide nanoparticles were studied using transmission electron
microscopy (TEM), X-ray diffraction (XRD), zeta potential, and dynamic light scattering (DLS). Fourier transform
infrared (FTIR) was used to identify the active functional groups in the extract that stabilized the iron oxide
nanoparticles. Ultraviolet-visible (UV-Vis) spectroscopy showed a peak centered at 295 nm, confirming the
successful preparation of iron oxide nanoparticles, which have stability of more than half a year. In this work, the
stability of colloidal iron oxide nanoparticles was studied at different pH levels and temperatures, with a ten-
dency to agglomerate at pH levels above 8.9 and below 6.5. The iron oxide nanoparticles had a size of
33 £ 2.5 nm, as determined by DLS analysis results. Furthermore, the zeta potential showed a positive charge of
44.32 mV, indicating excellent stability. Transmission electron microscopy (TEM) images revealed a spherical
shape and a small size (17 + 7.4 nm). The antioxidant activities were studied, and the results were 88.6% and
94.2% at the highest concentration (500 pg/mL) for both IONPs and aqueous artemisia extract, respectively.
Furthermore, the IONPs exhibited good antibacterial properties against Staphylococcus aureus and Acinetobacter
baumannii at concentrations (10, 30, and 60 pg/mL), better than the aqueous Wormwood extract at (0.0035 g/
mL). The MIC was 30 pg/mL.

2-diphenylpicrylhydrazyl
Acinetobacter baumannii
Staphylococcus aureus
Wormwood extract

1. Introduction

Biomedical and environmental applications require highly stable
nanoparticles, along with precise and controlled preparation conditions,
using less expensive and hazardous materials and methods, to ensure
biological efficacy and reliable therapeutic performance [1,2].

Recently, nanoscience has increasingly emphasized the development
of environmentally friendly methods for synthesizing nanoparticles.
Nanoparticle synthesis involves various techniques. Chemical and
physical synthesis methods often involve high costs and significant en-
ergy consumption, generate hazardous byproducts, and use potentially
flammable or toxic chemicals, raising environmental and biological
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safety concerns [3].

Hence, green nanotechnology is environmentally friendly, non-toxic,
and safe for human health. Nanoparticles are synthesized using plant
extracts rich in phytochemicals such as terpenoids, flavonoids, cinnamic
acid, gallic acid, phenolic compounds, and so on [4]. The various
compounds in the extract can perform various functions in the synthesis
by acting as reducing, protecting, and stabilizing agents. Sustainable
nanotechnology enables the synthesis of nanoparticles (NPs), such as
iron oxide nanoparticles (IONPs), which have garnered significant in-
terest due to their high surface area, magnetic properties,
cost-effectiveness, and broad applications, such as wastewater treatment
[5], antimicrobial, antioxidant, anticancer, and drug delivery

E-mail addresses: w.ahweelat@uot.edu.ly (W. Abdussalam-Mohammed), ajaya.bhattarai@mmamc.tu.edu.np (A. Bhattarai).

https://doi.org/10.1016/j.nxmate.2026.101972

Received 3 December 2025; Received in revised form 17 March 2026; Accepted 23 March 2026
2949-8228/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://orcid.org/0009-0002-6876-8262
https://orcid.org/0009-0002-6876-8262
mailto:w.ahweelat@uot.edu.ly
mailto:ajaya.bhattarai@mmamc.tu.edu.np
www.sciencedirect.com/science/journal/29498228
https://www.sciencedirect.com/journal/next-materials
https://doi.org/10.1016/j.nxmate.2026.101972
https://doi.org/10.1016/j.nxmate.2026.101972
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nxmate.2026.101972&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

W. Abdussalam-Mohammed et al.

capabilities. This makes them useful in diverse fields such as electronics
and agriculture [6]. Many plant extracts have been used in the prepa-
ration of IONPs, including Melaleuca sophila [7], eucalyptus leaf [8],
Tridax procumbens [9], Callistemon viminalis, Sida cordifolia, and
rosemary officinalis, etc. [10].

Therefore, the main concern lies in the lack of innovation and
manufacturing highly stable, over a significant span of time, iron oxide
nanoparticles to prevent the development of microbial resistance to
antibiotics and ensure their safe use in biomedical, clinical, and agri-
cultural applications.

Among the plant extracts is Wormwood, also known as Artemisia
absinthium L, which is an aromatic herb found throughout the
temperate zone. Recent research has shown that it eliminates malaria
parasites; it is extensively used in medicine to treat many diseases, due
to its antifungal, neuroprotective, insecticidal, and antimicrobial prop-
erties. It is also an anthelmintic, antidepressant, hepato-protective, and
treats stomach problems [11,12]. The reason to choose this plant in this
study because containes important biocompounds, including flavonoids
(myricetin, rutin, quercetin, hesperidin), hydroxycinnamic acids (caffeic
acids, ferulic acid, coumaric acids), and hydroxybenzoic acids (gallic
acid, salicylic acid), as illustrated in the literature [13].

Furthermore, Wormwood contains numerous bioactive compounds,
such as santonin, which has anti-inflammatory, antidiabetic, antitumor,
antioxidant, and antiparasitic properties. In addition, it has garnered
significant attention due to its anti-inflammatory effects. For example,
clinical studies have indicated positive effects in the treatment of
Crohn's disease. Patients receiving an herbal mixture containing
Wormwood, in addition to standard steroids, can reduce their steroid
dosage; disease remission has been observed in 65% of patients after
eight weeks of treatment [13]. Artemisinin is the main component of
most Wormwood species, and the phytochemicals present in Wormwood
can act as natural reducing and stabilizing agents for the synthesis of
IONPs [14]. Where a previous study confirmed the presence of six
methoxylated flavones in the Wormwood extract, including jaceosidin,
eupatilin, hispidulin, acacetin, eupatorin, and casticin by using the
LC-MS technique [15].

According to the recent study [13], HPLC-DAD analysis of Worm-
wood was performed to identify polyphenols the polyphenols, and the
results showed the presence the following polyphenols: protocatechuic
acid (0.10 £+ 0.01 mg/g), chlorogenic acid (5.72 + 0.11 mg/g), caffeic
acid (2.07 + 0.01 mg/g), ferulic acid (19.57 + 0.44 mg/g), rosmarinic
acid (7.82 + 0.01 mg/g) [13].

IONPs have been prepared with Wormwood extract before, but, to our
knowledge, based on previous studies, no study has addressed the sta-
bility time of IONPs prepared with Wormwood extract. None of the
previous reports on IONPs prepared from aqueous Wormwood extract
has provided a clear and comprehensive methodology that highlights
the role of both temperature and pH during the preparation process and
their impact on the structural and morphological properties of IONPs.
Only, most studies focused mainly on basic synthesis and characteriza-
tion. For example, IONPs prepared with African Wormwood (Artemisia
afra) leaf extract are stable within a size range of 15-20 nm [16].

Moaca et al. [10]. prepared aqueous extracts of Wormwood (Arte-
misia absinthium L.) leaves to produce highly stable spherical mono-
layers with a size range of 1-10 nm [10]. Similarly, small-sized
monolayers (2.15 nm) were prepared by El Ghanjaoui et al. [17].
using Wormwood leaf extract as a stabilizer and bio-reducing agent, and
applied to the degradation of tartrazine and Nile Blue A (NBA) dyes,
demonstrating high efficiency in the degradation of tartrazine and Nile
Blue dyes [17]. Similarly, single ions smaller than 30 nm, stabilized with
Artemisia vulgaris leaf extract, were used as catalysts for the degrada-
tion of methyl orange (MO) dye in water, and the results significantly
reduced the total organic molecules [18].

In addition, Artemisia afra catalyzed ion particles with sizes of 31
and 24 nm, which showed significant antibacterial activity against
Escherichia coli, Chromobacterium violaceum, Pseudomonas aeruginosa,
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and Staphylococcus aureus [19].

There are different methods of synthesis of IONPs mentioned in the
above literature. However, there is always a demand for green synthesis
of NPs that should be eco-friendly, sustainable, cost-effective, and sim-
ple. Along with that, the prepared NPs should be stable at low and high
temperatures, low and high pH values, and for a long period of time. In
this study, IONPs are synthesized with Wormwood extract in simple and
cost-effective ways, and their stability has been maintained for more
than 6 months, which brings their huge applications in the biomedical,
catalysis, and metal separation techniques.

Our study aims to prepare highly stable, biocompatible IONPs by a
safe, green method to enhance their biomedical applications, especially
their antibacterial and antioxidant activities, providing new insights for
improvement.

2. Experimental
2.1. Materials and methods

Pure and analytical chemicals in this work were used directly
without any additional purification. Ascorbic acid (C¢HgOg) and ferric
chloride hexahydrate (FeCls. 6 HoO) were obtained from Carlo Erba,
France. NaOH, HCI, ethanol, and acetone were purchased from Sigma-
Aldrich (USA). High-purity DPPH was purchased from MACKLIN, China.

All glassware (conical flasks, measuring cylinders, beakers, petri
plates, and testers (Pipes, etc.) was purchased from Fisher Scientific, UK.

2.1.1. Preparation methods

In this work, the synthesis of biocompatible Iron Oxide nanoparticles
(IONPs) was carried out using the aqueous extract of medicinal plant
leaves (Wormwood).

2.1.2. Preparation of plant extract

The Wormwood plant extract was prepared using the heated macer-
ation (assisted maceration) method, with a few minor modifications
[10]. The Wormwood leaves plant was purchased from the commercial
markets in Sebha city, southern Libya. The plant materials used in this
study were collected and documented by a taxonomist in the Depart-
ment of Botany, Faculty of Science, University of Sebha, Libya. A
voucher sample was deposited in the department's herbarium for
reference. The leaves were collected and cleaned multiple times. To get
rid of any dirt accumulation, they were first rinsed with tap water and
then repeatedly rinsed with distilled water. The leaves were dried in the
shade for a week, then ground using an electric grinder to obtain fine

Wormwood wormwood

Grinding Extraction

)
&

Filtering

—
Solvent
evaporation

Wormwood extract

Fig. 1. A step-by-step guide for preparing Wormwood leaf extract.
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powder as illustrated in Fig. 1. A (200 mL) mixture of (10 mL) ethanol
and (190 mL) deionized distilled water was added to the soft powdered
leaves of Wormwood (75 g) in a 1-liter beaker. After that, the mixture
was magnetically agitated and heated for four hours at 40 °C. This
moderate temperature was intentionally chosen to enhance solvent
penetration, diffusion, and extraction efficiency of biologically active
compounds, while keeping it sufficiently low to avoid thermal degra-
dation of heat-sensitive plant chemicals.

The extract solution turned dark green instead of bright green. After
filtering the extract using Whatman filter paper, it was centrifuged for an
hour at 1250 rpm. A rotary evaporator was used to concentrate the
Wormwood extract at 40°C to remove any residual solvents, water, and
ethanol (EtOH) that might remain in the precipitate. The prepared
extract was then dried and stored in the dark until use.

2.1.3. Synthesis of IONPs using the extraction of Wormwood

Iron oxide nanoparticles (IONPs) were synthesized via a green
reduction method using Wormwood (Artemisia absinthium L.) leaf extract
as reducing and capping agent, following previously reported ap-
proaches with minor modifications [10,20]. Briefly, 0.009 g of ferric
chloride (FeCls, 6 HoO) was dissolved in 20 mL of deionized water to
prepare the iron precursor solution (0.0333 mmol). Separately, an
aqueous plant extract solution (3.47 mg/mL) was prepared by dissolv-
ing 0.052 g of the dried Wormwood extract in 15 mL of deionized water.

For nanoparticle synthesis, 15 mL of the FeCls. 6 HyO solution was
mixed with 5 mL of the Wormwood extract solution, corresponding to an
extract-to-precursor volume ratio of 1:3. The mixture was stirred
continuously at room temperature for approximately 2 h. Subsequently,
the pH of the reaction mixture was adjusted from 6.0 to 7.6 by the
dropwise addition of 0.1 M NaOH under constant stirring.

A visible colour change from brown to blackish-brown was observed,
indicating the reduction of Fe®* to Fe?* jons and the formation of iron
oxide nanoparticles [20]. The blackish-brown colour remained stable
after 4 h of reaction, confirming nanoparticle formation and stability
(Fig. 2). Similar colour changes during the biosynthesis of iron oxide
nanoparticles using Artemisia species have been reported in the litera-
ture, supporting the successful formation of IONPs [15, [21].

2.1.4. Stability study

The stability of the produced IONPs was monitored in acidic and
basic environments. The impacts of different pH levels and temperatures
on the stability of the produced colloidal IONPs were investigated in this
study; stability is determined by careful monitoring of any change in
spectral absorption (UV-Vis) as well as the change in SPR peak intensity.
Different colors of synthesized IONPs were noticed at different pH
values.

2.1.4.1. Effect of pH Values. The extent of the effect of adding HCl

Wormwood

"FeCl;.6H,0
' ___

IONPs

Fig. 2. Process of IONPs prepared by Wormwood leaf extract at room
temperature.
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(0.1 M) or NaOH (0.1 M) (5-25 pL) on the spontaneity of the prepared
IONPs was carried out in this study. As is known, nanoparticles have a
specific pH at which they are formed that demonstrates their stability
[22,23] For instance, increasing or decreasing the pH values leads to a
loss of dispersion of nanoparticles. The amounts of HCl or NaOH were
added (5-25 pL) to IONP solutions to raise their pH values. The solutions
were stirred for about 5 min after each addition, and the SPR was
measured by UV-Vis spectrophotometer.

2.1.4.2. Effect of temperature values on the stability of IONPs. The syn-
thesis of IONPs can be affected by temperature, as demonstrated in
different research [24,25]. Consequently, the stability of IONPs was
examined at room temperature and at different temperatures, including
40 °C, 60 °C, and 90 °C.

2.2. Characterization of iron oxide nanoparticles

2.2.1. X-ray diffraction (XRD) analysis

Herein, the X-ray diffractometer (made in Germany) is employed to
study crystalline metallic IONPs. The XRD analysis was performed using
Rigaku DMAX 2100 diffractometer at 40 mA and 40 kV, utilizing Cu-
Kol radiation with a monochromatic filter at a wavelength range of
1.54 A°. The biosynthesized IONPs were completely dried in powder
form before being placed in the XRD apparatus cube.

2.2.2. Ultraviolet visible spectroscopy (UV-Vis)

The surface plasmon resonance (SPR) of IONPs was achieved in the
range between 200 nm and 800 nm. The UV-Vis (Model: Evolution 300,
Thermo Fisher Scientific, UK) was used for this purpose at R.T. The
quartz cuvette cell (Fisher Science, USA) with a length of 1.0 cm was
used, and samples were diluted with distilled H,O at a ratio of 1:3. UV-
Vis spectra were collected by loading 3.5 mL of the IONPs sample into a
quartz cuvette cell. The spectrophotometer spectrum was corrected
using a blank sample (distilled water).

2.2.3. Fourier transform infrared spectroscopy (FT-IR) analysis

Fourier transform infrared spectroscopy (FTIR) is an effective tech-
nique applied to measure and identify the important functional groups
of the extract that is used to functionalize the nanoparticles. The solid
sample was mixed and hard-pressed with 150 mg of KBr. The scan was
recorded at wavenumber from 4000 cm™ to 400 cm™'using a Bruker
Vertex 70.

2.2.4. Dynamic light scattering (DLS) and zeta potential analysis

The colloidal IONPs were examined by a DLS device (NICOMP 380
ZLS, USA) at the National Security Center Laboratory, Cairo, Egypt,
where the 632 nm of a helium-neon (HeNe) laser line was used as the
incident light at an angle of 90 °, while the zeta potential was measured
at an external angle of 18.9 °. The dispersed IONP was analyzed after
dilution (1:1) in distilled H5O. The measurements were carried out three
times for better accuracy” All measurements were performed in auto-
matic mode at 25 °C.

2.2.5. Transmission electron microscope (TEM)

The size of IONPs was examined by the National Security Center
Laboratory, Cairo, Egypt, where TEM micrographs of IONPs were pre-
pared by dropping dispersed IONPs on a carbon-coated copper grid
(S160-3 Plano GmbH), and it was observed by using a JEOL 120/JEOL
200 TEM (Carl Zeiss NTS) set at 120 kV/200 kV. For the preparation of
transmission electron microscopy (TEM) samples, IONPs were deposited
by dripping a dilute solution onto a carbon-coated copper grid, followed
by evaporation of the solvent under ambient conditions [26]. This
drying process may contribute to partial particle shrinkage, flattening,
or removal of the solute/coating layer, resulting in smaller apparent
particle sizes compared to those measured in the aqueous state using
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dynamic light scattering (DLS). Furthermore, TEM provides a
two-dimensional projection of three-dimensional particles, which may
also contribute to size variations [27].

2.3. Antioxidant activity using 2, 2-Diphenylpicrylhydrazyl (DPPH)
radical-scavenging assay

Metal oxides are gaining momentum in inorganic catalysis and
photocatalysis, driving the development of environmentally friendly
methods [28]. The antioxidant activity of biocompatible IONPs was
measured in this study, following the same approach as in previous
studies, with some modifications. DPPH is widely used as a free radical
in model systems to study the detoxification activity of metal /metal
oxide nanoparticles [29].

The ability of IONPs and Wormwood leaf extract to detoxify metals
using DPPH was evaluated. Briefly, 0.0010 g of DPPH was dissolved in
ethanol (25 mL) and stored in the dark. Study samples (Wormwood
extract and IONPs) were then prepared at different concentrations (200,
300, 400, and 500 pg/mL) to which 200 uL of DPPH solution was added.
Additionally, 200 uL of a solution containing only DPPH in 200 uL of
ethanol was used as a standard (control), and ascorbic acid was used as a
reference at concentrations similar to the study samples. The tubes were
then left in complete darkness for 30 min. DPPH removal activity was
measured using a UV-Vis spectrometer (Model: GENESYS 10 UV,
Thermo Scientific Scanning, USA), where the absorbance was deter-
mined at a wavelength of 517 nm. Free radical scavenging was
measured using the following formula:

antioxidant activity (%) = (Control - Sample / Control) x 100 [21]

2.4. Time-kill curves of anti-bacterial activity of dispersed IONPs

The time-kill assay in this work was carried out following the process
described in the literature [30]. The super sensitivity of the produced
IONPs is defined by optical density measurements (OD). The samples
were incubated for 6 h at 37°C, and the OD of examined samples at
600 nm (OD600) was analyzed at a variety of incubation times of 0, 1, 2,
3, 4, 5, and 6 h using a Jenway 6305 UV/Vis spectrophotometer (UK).
The antibiotic (Daptomycin and meropenem 10 ug) was used as a con-
trol with the IONP samples against bacterial strains of Gram-negative
(A. baumannii) and Gram-positive (S. aureus) bacteria. Iron oxide
nanoparticles (IONPs) were prepared to test their antibacterial activity
as follows: First, a concentrated suspension of IONPs was prepared at a
high concentration of 60 pug/mL. The suspension was then subjected to
ultrasound for 15 min using a sonicator equipped with a probe to ensure
homogeneous dispersion and prevent the nanoparticles from aggre-
gating. Subsequently, different dilute solutions were prepared at con-
centrations of 30 and 10 ug/mL of IONPs. After six hours of incubation,
0OD600 was used to evaluate bacterial growth inhibition. The resulting
data were drawn using GRAPHPAD PRISM V5.00 software (ANOVA test)
(p < 0.05).

2.5. Determination of MIC by broth microdilution method

The Minimum Inhibitory Concentration (MIC) was defined as the
lowest concentration of a compound that prevents visible bacterial
growth. MICs of IONPs against Staphylococcus aureus (Gram-positive)
and Acinetobacter baumannii (Gram-negative) were determined using a
broth microdilution assay in 96-well plates (Greiner-Dio-One). Absor-
bance was measured at 600 nm using a BioTek Synergy H1 multi-mode
spectrophotometer.

Nutrient Broth (NB) was prepared from dehydrated powder and
sterilized by autoclaving at 121 °C for 15 min. Bacterial cultures were
adjusted to ~ 1.5 x 10® CFU/mL (0.5 McFarland standard). IONPs so-
lutions were filtered through 30 um syringe filters and tested at three
concentrations: 10, 30, and 60 ug/mL. Each concentration was mixed
with bacterial inoculum in NB medium and incubated at 37 °C for 24 h.
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The positive control indicated the NB medium with IONPs but without
inoculum, while the negative control refers to NB medium with inoc-
ulum but without IONPs

Optical density (OD) readings of samples were corrected by sub-
tracting the corresponding positive control values. Each experiment was
performed in three replicates, and the mean =+ standard deviation of OD
was calculated to assess bacterial growth inhibition [31].

The inhibition percentage was calculated by the equation below:

ODeontrol — ODsample

Inhibition (%) = oD
control

x 100

3. Results and discussion
3.1. Characterization of iron oxide nanoparticles

3.1.1. X-ray diffraction analysis of green-synthesized IONPs

XRD measurements were used to confirm the crystallinity of nano-
particles by analyzing their diffraction patterns. Herein, the biocom-
patible IONPs exhibited a crystalline structure. The complete XRD
spectrum of 20 readings ranged from 20 to 80°, where the XRD spectra
confirmed the formation of IONPs by detecting four distinct peaks that
matched the standard card (JCPDS card No. 00-005-0628). The X-ray
displays well-defined Bragg reflection characteristics of Fe3O4, and
diffraction angles of IONPs obtained at 20 were ~ 31.4°, 45.4°, 56.7°,
and 75°, corresponding to the (222), (400), (511), and (553) planes,
respectively, as shown in Fig. 3.

These reflection peaks have been attributed to the magnetite struc-
ture of iron oxide nanoparticles in previous studies [21,32-36]. The high
intensity and sharpness of these peaks also indicate the crystalline na-
ture of the green synthesized IONPs. Additionally, the XRD pattern
displays sharp and distinct patterns, which are also in agreement with
previous observations [37]. In contrast to our study, a previous inves-
tigation reported that IONPs prepared using Urtica dioica leaf extract
showed no noticeable diffraction peak throughout the pattern, indi-
cating that the green synthesis approach using plant extract led to the
generation of amorphous IONPs [38]. Another study confirmed the

(222)
1.4
‘ (400)
' 454
I { (511)
t\ ;“ 56.7 (553)
Netwapbbimd | 75
M"M/ me Weivt
PDF 00-005-0628

Intensity, counts

20 30 40 50 60 70 80
2 Theta, Degree

Fig. 3. X-Ray diffraction pattern of IONPs functionalized by Wormwood extract.
The crystal size of IONPs obtained from XRD measurements after storage,
approximately two months after synthesis.



W. Abdussalam-Mohammed et al.

absence of distinctive diffraction peaks, indicating that the IONPs are
amorphous [39].

In our study, a single phase of iron oxide was obtained, which is
magnetite, considered one of the best families of iron oxides according
to the description of the previous study [8]. In addition, the purity of the
present IONPs sample was demonstrated by the absence of additional
peaks, indicating high purity, meaning only the desired phase is present.
It has been mentioned in the previous literature [39] that the appear-
ance of additional peaks that do not match the reference card may be
due to other forms of iron oxides or magnetite in the samples, or because
of the presence of organic functional groups from the leaf extract that
are responsible for covering and controlling the nanoparticles' proper-
ties [39]. The average crystal size was evaluated and quantified using
the Debye-Scherrer equation, with its average crystal size found to be ~
50.4 nm, as shown in Table 1. The large size of the crystal may indicate a
crystallite cluster; its value is larger than the particle size observed by
TEM (~17 nm), which can be attributed to the difference between the
individual particle size and the size of coherently diffracting crystalline
domains.

The crystallite size (D) is calculated from the well-known Debye-
Scherrer’s formula [40],

Where the Debye-Scherrer Eq. (1) is used to calculate the average
crystalline size of the produced IONPs after two months from
preparation.

K2
b= phkIcosOhkl M
where:

K= 0.95-098 (shape factor)

A= 0.145 nm (X-ray wavelength)

Brkr = is the line broadening at half the maximum intensity (FWHM)
(radians)

9 — Bragg- diffraction angle (peak position in radians)

TEM analysis was performed immediately after synthesis and reflects
the size of well-dispersed individual NPs, whereas XRD measurements
were conducted after approximately two months of storage. During this
storage period, IONPs, due to their high surface energy and strong
magnetic dipole-dipole interactions, are prone to agglomeration and
partial crystallite coalescence [41]. Such aggregation can lead to the
formation of larger crystallite clusters or oriented attachment of primary
nanoparticles, resulting in an increased apparent crystallite size as
determined by XRD.

According to Shaik et al. [40]. the crystallite size of the particles
differs slightly from the size of the particle as results to the formation of
poly-crystalline aggregates [40].

Consequently, the larger crystallite size obtained from XRD does not
contradict the TEM results but rather reflects post-synthesis aggregation
and crystallite growth during storage.

3.1.2. Ultraviolet-visible (UV-Vis) spectroscopy investigation

The produced colloidal iron oxide nanoparticles were easily
confirmed by UV-Vis spectroscopy. As is known, UV-Vis spectroscopy
offers information about the size, aggregation, and surface chemistry of
the NPs [27]. This technique also validates the synthesis of IONPs as well
as the stability of nanoparticles. The wavelength of the spectrometer was

Table 1

Average crystallite size of IONPs from Debye-Scherrer’s (D= KA/phkIcosOhkI).
Peak Position(20) FWHM (B) Size (nm)
66.053 0.307 30.85223248
75.170 0.276 36.30824574
27.212 0.100 81.70488599
56.339 0.100 90.08168679
45.416 0.270 31.88329248
31.660 0.260 31.74705553
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tuned between 200 and 800 nm. Nanoparticles have remarkable optical
properties, and these capabilities are sensitive to size, shape, agglom-
eration state, concentration, and surface, making spectroscopy a valu-
able tool for identifying and characterizing nanoparticles. IONPs
interact strongly with specific wavelengths of light due to their optical
properties. Herein, UV-Vis spectra were collected by loading 3.5 mL of
the IONPs sample into a quartz cuvette cell (Fisher Science, USA). The
spectrophotometer spectrum was corrected using a blank sample
(distilled water). In this study, a strong, narrow peak was observed in the
UV-Vis spectrum at 295 nm of IONPs, indicating the successful pro-
duction of dispersed IONPs due to the complete reduction of Fe3* to
Fe?*. The narrow peak in the spectrum indicates the formation of
monodispersed IONPs. Iron oxide nanoparticles synthesized by plant
extract are known to exhibit a maximum UV-Vis absorption in the range
of 240-360 nm due to surface plasmon resonance (SPR) [42]. SPR is
highly dependent on particle properties. In general, the particle sizes
and shapes of IONPs are impacted by several factors, including pH
variation, stirring rate, and temperature during the synthesis process
[13,43].

Iron oxide nanoparticles exhibit strong plasmonic properties. The
interaction of light photons with their metallic surfaces excites free
electrons into a state of oscillation. When exposed to certain wave-
lengths of light, the motion of these free electrons synchronizes with the
light wave, resulting in a transition to an absorption band known as
surface plasmon resonance (SPR). This phenomenon happened as a
result of the combined vibration of the electrons in the nanoparticles'
ionic bands, which resonates with the light wave [43]. In this way, the
concentration of the reducing agents, in addition to the concentrations
of the metal itself, plays a crucial role in the production and improve-
ment of IONPs, and such results have also been reported for iron oxide
nanoparticles from Wormwood [32].

3.1.3. Fourier transform infrared spectroscopy (FT-IR) results

The aim of using the FT-IR spectroscopy is to investigate the posi-
tions of the active functional groups that functionalized IONPs and
should be present on their surface, and to identify the important func-
tional groups that participated in the processes of reduction, coating,
and stabilization of IONPs. It also aims to compare all the changes that
have occurred.

3.1.4. Infrared spectra results of wormwood leaf extract

Each spectrum was recorded with 32 scans at a resolution, and the
spectral range covered was 4000-400 cm™ . The findings of this work
exhibited the active role of the active groups present in the Wormwood
leaf extract. For example, the broadband at about 3254 cm™ in the
extract is related to the OH hydroxyl group (phenols or alcohols), or
amines (N-H stretching), similar to other studies [44]. The peak bands at
positions 1637 cm™ and 1467 cm™ belong to the aromatic alkene
(-C=C stretching) and carbonyl group (-C=O stretching), respectively.
The C=O0 was shifted to a low peak as a result of its conjugation with the
double bond of the aromatic bond in the flavonoid [45], as illustrated in
Fig. 4.

In addition, Fig. 5A shows the FT-IR spectra of Wormwood leaf
extract, where the peak at 1177 cm™! refers to the presence of ether or
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Fig. 4. Prediction resonance of flavonoids.
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Fig. 5. (A) FT-IR spectrum result of Wormwood extract, (B) FTIR spectra comparing Wormwood leaf extract (green curve, A) and IONPs functionalized by the

mentioned extract (black curve, B).

glycoside groups (-R-O-R) in the extract, while the weak peak at
1050 cm™ corresponds to the alcohol group (C-O stretching), similar to
those reported [45].

According to Mamatova et al. [46]. the ESI-TOF-MS/MS spectrum of
Wormwood extract exhibited about 13 compounds, with molecular ion
peaks are shown at m/z = 161.0229, 353.0889, 609.1494, 515.1207,
515.1209, 377.0817, 193.0491, 161.0241, 285.0406, 315.0513,
269.0450, 329.0679 identified as umbelliferon, chlorogenic acid or its
isomer, rutin, dicaffeoylquinic acid isomer, scopolin, 4-hydroxycou-
marin, 3-hydroxycoumarin, luteolin, isorhamnetin, apigenin, rhamna-
zin, respectively [46].

3.1.5. Infrared spectra results of IONPs functionalized by wormwood leaf
extract

Fig. 5B depicts the spectra of IONPs functionalized by Wormwood leaf
4 extract. After preparing IONPs using Wormwood leaf extract, very
slight changes and displacements occurred in the positions of the func-
tional groups. This indicates the presence of these groups on the nano-
particle surface; a shift occurred in the peak at 3548 cm™ in IONPs,
which was at 3254 cm™ in the case of the extract sample. This peak is
due to the OH group that contributed to the reduction process and sta-
bilized IONPs. The absorption band at 1635 cm™ in IONPs is attributed
to the carbonyl group (C=0 stretching); this peak had a slight shift in
the extract and was at 1637 cm™ . Additionally, the absorption band at
1467 cm™ in Wormwood extract was shifted to 1433 cm™ in IONPs is
attributed to aromatic alkene (C—C stretching). Meanwhile, the ab-
sorption band at 1177 cm™ in the extract corresponds to the ether group
(C-0-C), where a clear change and shift occurred, as this peak was
present in the IONPs at the vibrational range of 1071 cm™, which
confirms that it participated in the reduction process and capping of
IONPs.

The most important peak that confirms the successful preparation of
IONPs was at 585 cm™ , and this range is specific to Fe-O. This result is
consistent with the previous literature [47] mentioned the appearance
of a band at 565 cm™ for Fe-O. The other studies [32,48] also reported a
band below 594 cm™! that indicated Fe-O (see Fig. 5B).

The FTIR spectrum of the synthesized IONPs shows a characteristic
Fe-O stretching vibration near ~585 cm™ , consistent with iron oxide
formation. However, FTIR alone cannot reliably distinguish between
magnetite (Fe3O4) and maghemite (y FepO3) due to overlapping vibra-
tional bands in the 500-600 cm™ region. Meanwhile, Raman spectros-
copy analysis can distinguish between magnetite (Fe304) and
maghemite (y FeyO3). For example, the magnetite has three vibrational
bands at 310, 540, and 670 cm™, while the maghemite commonly
shows bands 350, 512, and 720 cm™ [49].

Moreover, a group of researchers was able to prepare IONPs at 80°C

with the addition of 25% ammonia and an aqueous extract of Wormwood
used as a reducing agent. Their consequences were similar to our find-
ings, as the FTIR spectrum of IONPs showed strong peaks recorded be-
tween 601 cm™ and 435 cm™ , which relate to the vibration of the (Fe-O
stretching) group, confirming successful preparation [10].

The results showed that the absorption bands of the Wormwood
extract at 1467 and 1170 cm™ (attributed to aromatic stretching and
ether group (C-O-C), respectively) were significantly decreased to
1433 cm™ and 1071 cm™ after its use as a functionalized ligand for
IONPs, confirming that the organic molecules of the Wormwood extract
are successfully bound to the surface of IONPs.

Even with the difference in the extract, similar results were observed
in previous studies [50] regarding the appearance of the absorption
spectrum of the Fe-O bond. The IR results of iron oxide functionalized by
Lagenaria siceraria leaf extract showed an absorption peak roughly at
583 cm™ , attributed to the Fe-O bond as reported in literature [39].
This peak, compared to our study, is considered very close.

Iron oxide nanoparticles are created through a series of steps: che-
lation, redox reduction, hydroxide nucleation, and phytochemical
capping. Initially, Fe % ions from FeCl; interact with the phenolic and
carbonyl oxygen atoms present in Wormwood extract phytochemicals.
Subsequently, polyphenolic compounds reduce Fe>* to Fe?™, oxidizing
phenolic groups into quinone structures. As the pH increases, Fe?" and
Fe3* ions undergo hydrolysis, resulting in the formation of mixed iron
hydroxide nuclei. These nuclei then dehydrate and convert into iron
oxide (Fe304/y-Fe203) nanoparticles. Finally, remaining flavonoids and
ether-containing compounds attach to the nanoparticle surface via Fe-O
coordination and hydrogen bonding, functioning as capping and stabi-
lizing agents. Shifts observed in the FTIR peaks corresponding to —OH,
C=0, C-0-C, and aromatic C=C bonds indicate the presence of these
interactions. Furthermore, the Fe—O vibration at 585 cm™ provides ev-
idence for the formation of nanoparticles [51].

3.1.6. Zeta potential results of IONPs

To determine the stability and charge of IONPs in solution, zeta
analysis was conducted. The results showed that the IONPs were posi-
tively charged, and their zeta potential value was 44.32 mV, as illus-
trated in Figure S1. The presence of active groups of the Wormwood leaf
extract contributes to the stabilization and coating of IONPs. It is
important to consider the pH value, which affects the sign of the zeta
potential. For instance, the surface of nanoparticles can be charged
positively or negatively depending on the pH level. Thus, electrostatic
repulsion forces between particles enable the stabilization of particles in
water. In this regard, as the pH reduces, the zeta potential value in-
creases and becomes more positive, as noted in previous studies [52,53].

In our results, the zeta potential indicates a very high positive value,
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which indicates the good stability of dispersed IONPs and confirms that
the bonds on the NPs surface are mostly positive. It was previously re-
ported that IONPs obtained high positive values for the zeta potential
using various plants, and that positive value for stability was close to our
results [38,54]. In the same context, IONPs are prepared using Amar-
anthus spinosus leaf extract at pH 6. The results of the zeta potential
showed a very high positive value reaching 71 mV. They mentioned that
this high stability is due to the influence of functional groups in the plant
[55]. Regardless of the sign (whether positive or negative), a higher zeta
potential value indicates that the particles tend to repel each other and
prevent the agglomeration of NPs. In addition, the high electrostatic
repulsion force may aid in the long-term stability of NPs in solution. It
has been reported that the + 30 mV zeta potential value reflects the
stability of the NPs, which may be due to the strong electrostatic
repulsive forces present between the NPs [56].

The relatively high positive zeta potential (+44.32 mV) observed in
the environmentally friendly manufactured iron oxide nanoparticles can
be explained by the combined contributions of the iron oxide's surface
chemistry and the pH-dependent ionization state of the phytochemicals
in Artemisia absinthium. Although Artemisia extract contains anionic
functional groups such as carboxylates and phenols, these groups may be
partially ionized under manufacturing and dispersion conditions, thus
reducing their negative contribution to the surface charge. This finding
consist with the last study that showed green-synthesized IONPs using
Ceratonia siliqua L. aqueous extract with a positive charge (+41 mV)
[33].

Reports concerning iron oxide nanoparticles manufactured using
plant extracts indicate that surface charge values can be positive and are
influenced by the functional groups derived from the extract and the pH
of the synthesis [57].

In addition, it is illustrated that IONPs possess surface hydroxyl
groups that can be protonated under appropriate pH, leading to a pos-
itive surface charge [4].

Furthermore, Wormwood extract contains nitrogenous biomolecules
(such as alkaloids and amine-derived compounds), whose amine groups
(-NH4$) may ionize in aqueous environments, adding an extra positive
charge to the surface of the nanoparticles. The synergistic effect of the
ionizing surface hydroxyl groups of iron oxide and the ionizing amine
functions is expected to explain the observed high positive zeta potential
[58]. IONPs prepared with Wormwood aqueous extract are an excellent
choice for use in a variety of biomedical applications.

3.1.7. Dynamic light scattering (DLS) results of IONPs

DLS was performed in this study to evaluate the size and size dis-
tribution of the nanoparticles. It is well known that the poly-disperse
NPs solution is unstable and tends to agglomerate over time. The
Brownian motion of the NPs enhances colloidal system stability by
preventing precipitation and avoiding agglomeration. This motion im-
proves as the particle size decreases [33].

Herein, the DLS size distribution graph of IONPs is shown in Fig. 6.
The DLS result shows that the size distribution range of IONPs is (33
+ 2.5nm) and Polydispersity Index value (PDI) (the square of the
standard deviation divided by the square of the mean particle size [59]
was = (8 /29.7)? = 0.07, indicating monodisperse colloidal system in
solution and reflects a narrow, intensity-weighted particle size distri-
bution with good stability, the particles are very closely spaced in size,
conforming excellent control over preparation conditions. As expected,
the DLS sizes are larger than those reported by TEM. This is because in
DLS, the hydrodynamic radius of both the nanoparticles and any
adsorbed molecules on the surface of the NPs, such as chemicals in the
Wormwood leaf extract, is calculated. For this reason, the particle size
appears to be higher in DLS compared to TEM results, which is consis-
tent with what was previously explained [60,61].

It was previously mentioned that in DLS, the hydrodynamic radius
must be taken into account; it should be larger than the TEM results
[62]. In addition, temperature has a significant effect on the DLS results.
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Fig. 6. DLS results of IONPs stabilized by Wormwood leaf extract, where a
monodisperse colloidal dispersion with a small size (33 + 2.5 nm) is produced,
with a PDI value of 0.06, conforming mono dispersed NPs.

In our study, IONPs were prepared at room temperature, and the size of
the produced IONPs was very small, 33 nm, compared to previous
literature [63]. It was reported that the particle size of IONPs increased
from 464 nm to 1577 nm when the temperature rose from 700°C to
900°C, where the aggregation of iron oxide nanoparticles occurred [63].

3.1.8. Transmission electron microscopy (TEM) results of IONPs

Due to the insufficient accuracy of DLS for such small sizes [64], TEM
is used to evaluate the morphological structures and size of IONPs.
Fig. 7A shows that the produced IONPs were in the nano size range, with
an average size of 17 + 7.4 nm. The TEM images indicated that the
IONPs were monodispersed and well-separated from each other,
exhibiting a spherical shape, which is consistent with what was reported
in the previous literature [62]. Fig. 7B shows the particle size histogram
of IONPs. The Selected Area Electron Diffraction (SAED) pattern of
IONPs, which identifies the crystalline structure of materials, is shown in
Fig. 7C. SEAD exhibited annular diffraction patterns, confirming its
polycrystalline nature, which in turn confirms the presence of randomly
oriented crystalline grains separated by granular boundaries. Similar
results are shown in the latest study [65]. The presence of poly-
crystalline domains supports the larger crystallite size obtained from
XRD, likely because of nanoparticle aggregation and crystallite coales-
cence during storage. Specifically, the diffraction rings are attributed to
the (220), (311), (400), (422), (511), and (440) lattice planes, which are
the most intense reflections typically recorded for spinel iron oxides. The
presence of the strong (311) ring, in particular, is characteristic of the
magnetite/ maghemite phases. The absence of additional diffraction
spots or rings associated with secondary iron oxide phases (such as he-
matite, a-Fe203) [66] confirms the purity of the manufactured nano-
particle phase. This SAED pattern is in strong agreement with the XRD
results, which exhibits concentric diffraction rings indexed to the (220),
(311), (400), (422), (511), and (440) planes corresponding to 0.296 nm,
0.253,0.210,0.171, 0.161 nm, and 0.148 nm respectively, of spinel iron
oxide (see Table 2). It can be seen that the measured lattice spacing is
0.25 nm, which corresponds to the (311) plane of the Fe3O4 crystalline
phase, which totally agrees with our findings [67].

The overlap between the dominant XRD reflections, particularly the
(400) and (511) planes, and the corresponding SAED rings confirms that
both techniques reveal the same crystalline phase. The strong (311)/
(222) related reflections further serve as a fingerprint of spinel iron
oxide structures.

The ring-like SAED pattern, rather than discrete spots, further sug-
gests that the nanoparticles are composed of multiple nanosized crys-
talline domains with random orientations, consistent with TEM
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Fig. 7. TEM image of IONPs with nano size (A), particle size histogram (B), and SAED pattern (C).

Table 2

Calculated p-spacings using ImageJ software and their comparison
with standard values reported for cubic spinel iron oxide. The
experimental p-spacing values displayed good agreement with the
theoretical p-spacings.

Plane (hkl) The p-spacing values (nm)

(220) 0.296
(311) 0.253
(400) 0.210
(422) 0.171
(511) 0.161
(440) 0.148

observations. This polycrystalline structure supports the XRD results and
describes the larger crystallite size valued by the Debye-Scherrer
equation, which may arise from coherent diffraction of aggregated or
partially fused crystallites formed during storage.

It is well mentioned that the IONPs obtained a spherical shape after
using Artemisia (Wormwood) leaf extract as a reducing and coating agent,
where the size range was between 2.9 and 3.1 nm. However, their sta-
bility was lower than our findings [10]. The aspherical IONPs also
prepared by using Artemisia vulgaris (Wormwood) leaf extract, exhibited
sizes in the range of less than 30 nm [18]. The reason for the good sta-
bility of current IONPs may be due to the ability of active functional
groups in the Wormwood leaf extract to fully reduce Fe *3 to Fe 72 (NPs),
as well as the high affinity between the extract and the surface of IONPs.
The absence of precipitation and no color change were noted when the
IONPs were kept at R.T., in a dry place, and avoiding direct sunlight.

Additionally, when using different plant extracts, spherical shapes of
IONPs are produced. For example, IONPs prepared with Plantago major
leaf extract showed that the IONPs were spherical and had diameters
ranging from 4.6 nm to 30.6 nm [39].

Moreover, Amaranthus spinosus extract produced IONPs with a
spherical shape and a diameter of 125 nm [55]. Furthermore, a study
reported that stinging nettle leaf extract was used to prepare IONPs, and
the TEM results indicated a spherical shape with sizes ranging from
21 nm to 71 nm [38]. In contrast, IONPs were prepared in other shapes
that do not align with our results, such as cubic and wire shapes. For

example, IONPs were prepared by thermal decomposition, which
showed cubic crystals, based on the TEM results. It was reported that the
differences may be due to the reaction time or the solvent used in pre-
paring the nanoparticles [68].

Comparing our results with those of a researcher, who prepared
Fe304 nanoparticles with Wormwood extract at 75 °C, the researcher
obtained a larger average size than our results, ranging from 19 nm to
24 nm. The obtained magnetite nanoparticles were cubic, which is
inconsistent with the results of our study [32].

Among the possible shapes of IONPs, it was able to prepare IONPs
using B-flabellifer seeds to create hexagonal IONPs, which were well
distributed with slight clustering and had a crystal size of 35 nm [21].
Different shapes of IONPs can be produced based on the extract type. For
example, a recent eco-friendly study revealed that IONPs synthesized
using orange peel extract have a cubic crystalline nanostructure, which
is not consistent with our findings [69].

There are other metallic nanoparticles (MNPs) that exhibit a spher-
ical shape when using aqueous Wormwood leaf extract as a functional-
izing agent in their preparation, such as silver nanoparticles (AgNPs). It
was reported that TEM images showed that most of the AgNPs were
round in shape and multi-dispersed [70]. In another study, AgNPs
reduced by Wormwood aqueous extract were mostly spherical and uni-
form in size, ranging from 30 nm to 50 nm [71]. Our study showed that
IONP particles were well dispersed in water, unlike zinc nanoparticles
(ZnNPs) prepared by Wormwood aqueous extract, which were aggre-
gated and not fully dispersed. The TEM image of ZnNPs indicated that
they ranged from spherical to rod-like and plate-like structures [72].
Moreover, copper nanoparticles (CuNPs) prepared by Wormwood extract
were spherical in shape and approximately small in size (35 nm) [73].
Wormwood was used to synthesize nickel oxide nanoparticles (NiONPs),
where the results showed that pure nickel nanoparticles were cubic with
an average size ranging from 7.49 nm to 10.7 nm [74]. The difference in
shape between iron nanoparticles may be attributed to the strength of
the phytochemicals used as reducing and covering agents, the pH, or
other factors [75].

The DLS and TEM are common devices used to measure the sizes of
NPs; however, the sizes of nanoparticles measured by DLS results are
usually larger than those measured by TEM. In some cases, this differ-
ence has been reported to be between 200% and 300%, raising questions



W. Abdussalam-Mohammed et al.

about the optimal size measurement results. The reason for this differ-
ence is that DLS measures the hydrodynamic size, which includes the
particle itself as well as any surrounding solvent molecules, whereas
TEM measures the core size of the nanoparticle in a solid, dry state. The
sample is dried on a copper grid in the case of the TEM technique, and
changes in nanoparticle sizes may occur as a result of solvent evapora-
tion [76].

3.1.9. Ultraviolet visible spectroscopy (UV-Vis) results of the colloidal
IONPs

The stability of prepared biocompatible IONPs dispersed in water
was monitored by UV-Vis for approximately 26 weeks of storage under
normal laboratory conditions (25 C), where the samples were kept in a
dry, dark place. UV-Vis measurements were performed weekly until the
eighth week; after that, they were taken every two weeks. The mea-
surements were repeated three times for more accuracy (see Fig. 8 and
Table S1). The samples of IONPs were analyzed at the initial time (fresh
preparation), then once a week, with the measurements continuing until
26 weeks after synthesis. A shift in the maximum absorption peak (Ayax)
of current IONPs was observed throughout the storage period, which
reduces the stability of IONPs over time, as reported in previous studies
[77]. Observations of IONPs in this study also exhibited that the color of
IONPs was changed slightly, becoming darker after more than 18 weeks
in comparison to the freshly produced IONPs, confirming that the sta-
bility and size of colloidal IONPs change over time, based on what is
mentioned in similar literature [77]. According to a previous study, the
position of the maximum absorption determined using UV-Vis depends
on numerous factors, including the shape, solvent, dielectric constant,
and size of the nanoparticles [78,79]. In our study, all UV-Vis peaks
confirmed the formation of IONPs, with the peaks being centered at
295 nm (at the initial time) and at 298 nm after 26 weeks (see Fig. 8,
Table S1). This completely agrees with the study that presented the
UV-Vis results of IONPs, which showed an absorption peak at 295 nm
[77,80]. The Aax of Wormwood leaf extract was centered in the range of
340-430 nm, confirming its non-interaction with the IONPs region.

Another study supports the full consistency with our results, as the
researcher obtained IONPs from the extract of Senna bicapsularis, where
the typical absorption peak at 295 nm confirmed the occurrence of
IONPs [77]. Even when using different plant extracts in the preparation
of IONPs, the results were similar to our findings. For example, a study
reported that IONPs functionalized by Amaranthus spinosus leaf extract
showed UV results confirming that the absorption peak of IONPs
appeared at 290 nm, thereby confirming the successful formation [55].

In contrast to our results, the highest SPR peak was located at 285 in
a study in which IONPs were prepared by Orange Peel extract [69].
Additionally, it has been reported that IONPs were synthesized by Sac-
charum arundinaceum extract, which serves as a capping and reducing
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Fig. 8. UV-Vis spectra of the extract of Wormwood, as well as the stability of
IONPs over 26 weeks.
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agent. The results displayed that the SPR at 370 nm for IONPs was not
quite consistent with our results [13].

It is demonstrated that careful selection of ligands is very significant
for the function and stability of nanoparticles, as these ligands are
responsible for the final sizes and shapes of nanoparticles. Furthermore,
in our study, the production of iron oxide nanoparticles using Worm-
wood extract took a shorter time (less than half an hour), possibly due to
the ability of the plant's organic compounds and their robust chemical
structures to reduce the precursor material into NPs [10].

According to previous studies, the functional groups of functional-
ized ligands contribute significantly to controlling the shape, stability,
and size of nanoparticles. Similarly, it was established that the ligands
containing carboxyl (COO’), hydroxyl (OH), and carbonyl (-C=O)
groups in their structure provide a strong stabilizing effect on nano-
particles [81,82]. From these results, we confirm the successful prepa-
ration of IONPs when prepared by Wormwood extract, which contains
the same functional groups.

Different storage times (from O to 26 weeks) of IONPs resulted in
absorption peaks at different wavelengths (295, 296, 297, 297, 298, and
299 nm), which seem to be lower than the absorption peak of the extract
of Wormwood. The SPR of Wormwood leaf extract, as a stabilized ligand
of IONPs, is shown as a purple curve for comparison with IONPs. The
absorption peaks of the extract at 280-400 nm indicate the presence of
flavonoids, alkaloids, and phenolic acids. The broad peak from 280 to
290 nm indicated n—n* transitions of aromatic rings (phenolics) [83],
while at 320-360 nm, attributed to n—n* transitions of carbonyl group
(C=0 groups) in the flavonoids [84]. The disappearance of some peaks
of the extract confirms the success of those groups in reducing Fet3,
producing IONPs with high stability.

From Table S1, it can be observed that the position of SPR gradually
increased starting from the third week until the twelfth week. After that,
the SPR decreased slightly, but its intensity decreased with a broad peak,
indicating the production of different sizes. This changing behavior
could be attributed to the storage of IONPs over time. In addition, the
absorption intensity of IONPs changes significantly with particle size.
We observed that an increase in the absorption band occurred as the
particle size increased. This is due to the tendency of the IONPs to
agglomerate or aggregate over time. These findings are in line with the
literature [85-87].

Furthermore, the SRP bands are generally used in determining the
sizes of metal nanoparticles (MNPs) as investigated by the literature
[88], where larger sizes are produced when SPR shows a redshift in
UV-Vis results, which totally agrees with our findings.

3.2. Stability study of IONPs

Phytochemicals, including flavonoids, polyphenols, terpenoids, and
other organic compounds, link to the surface of nanoparticles by coor-
dination and hydrogen bonding to function as both reducing and
capping agents in plant-mediated synthesis. Nevertheless, compared to
covalent surface functionalization, the interactions, such as physical
adsorption, hydrogen bonds, and coordinate bonds, are rather weak.
Adsorbed biomolecules may desorb over time, organic fragments may
break down, and interactions with light, water, and air may change
capping. As a result, there is less surface protection, which makes it
possible for nanoparticles to cling to one another. This is one of the
primary causes of the gradual aggregation and loss of colloidal stability
of green-synthesized particles [89,90].

Even at room temperature, FesO4 nanoparticles are susceptible to
oxidation in air. Surface Fe** ions oxidize to Fe®*, causing a topotactic
transition toward maghemite (y-Fez0s). As the Fe?* / Fe3* ratio fluc-
tuates with aging, this continuous oxidation and phase transition have a
substantial impact on magnetic characteristics and nanoparticle stability
[91].
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3.2.1. Effect of pH on the stability of IONPs

Acidic or basic conditions can control the change in the size of
nanoparticles, and in addition to altering their shape [25,92]. They may
affect surface interactions, leading to the formation of aggregates or the
disintegration of particles. Nanoparticles may interact with solution
components such as ions or other molecules, resulting in a change in
their optical and chemical properties. These interactions can also affect
the stability and distribution of nanoparticles [25]. Additionally, an
increase or decrease in the pH value can influence the surface charges of
nanoparticles, affecting their electrical behavior and interactions with
other molecules. Certain types of nanoparticles may become more toxic
under specific conditions, impacting their use in medical or environ-
mental applications [93]. The pH level is crucial and can affect the
chemical composition of nanoparticles. For instance, some metal
nanoparticles can oxidize in an acidic environment, whereas they can
react with bases and produce side products. It is worth noting that some
nanoparticles may lose their magnetic properties in either acidic or basic
environments [94].

The results of this study indicate the stability of IONPs prepared by
Wormwood leaf extract at pH 7.6. The pH of the Wormwood leaf extract
solution was 4.2, and after it was added to the FeCl3 6 H5O solution,
stirring was sustained until the pH stabilized at 7.6, confirming the
successful preparation of IONPs, where the color of the solution was
blackish brown, and the SPR value was centered at 295 nm, as shown in
Fig. 9A. This is SPR consistent with some previous literature [77,80].
This stability persisted for more than six months. The reason for this
good stability is attributed to the abundance of functional groups
(carbonyl and hydroxyl) present on the surface of IONPs. With time, the
SPR value decreased slightly, suggesting the aggregation of the pro-
duced IONPs. Furthermore, the stability of IONPs was investigated at
low pH using hydrochloric acid (HCI) (0.1 M). The intensity of 3.7, 3.6,
2.4, 2.1, and 1.4 was observed at pH 7.6, 6.5, 4.7, 3.2, and 2.3,
respectively (see Fig. 9A). The lowest value of the intensity occurred at
the very lowest pH (pH 2.3), indicating aggregation of IONPs. As the pH
value decreased, a color change occurred, shifting from dark brown to
brown (see Fig. 9A). This was also followed by a change in the SPR
value, which is consistent with the previous study [43].

The SPR shift from high to lower wavelengths (blue shift) and
broadening of the peak were observed as HCl amounts were increased
(5-25 uL), indicating different sizes of IONPs were produced (Fig. 10 A).
A related study showed that changing the pH to get a shorter wavelength
altered the IONPs particles' SPR absorption intensity [13]. Therefore, the
manufacture homogeneous NPs with adjustable sizes is one of the major
problems in the field of nanoscience and nanotechnology. Based to the
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later study [95,96], many properties of magnetic nanoparticles were
size-dependent. For instance, the magnetic nanoparticles become
superparamagnetic when their size is below 10 nm [95,96].

Notably, the best result of IONPs was at pH 7.6, because the stability
is very high. While the pH of colloidal IONPs decreased to less than 6,
the intensity of UV-Vis peaks was reduced, and twists occurred, con-
firming low stability and polydispersity. The high stability of IONPs may
be attributed to the fact that at pH 7.6, the electrical charges of the
biomolecules and the coating agents did not change, preserving their
ability to bind and reduce iron ions. This finding is consistent with the
previous studies [33].

Higher pH values were also studied by gradually increasing the
IONPs colloidal solution using sodium hydroxide (NaOH, 5-25 pL)
(0.1 M) (see Fig. 9B). As the pH value increases, the color changes and
becomes blacker, as shown in Fig. 9B. Additionally, a change in the
intensity of 3.6, 3.8, 4, 4.1, 4.4 was observed at pH 7.6, 8.1, 8.9, and 9.1,
and 10.5, respectively as shown in Fig. 10B, with a shift noted at higher
wavelengths (redshift), confirming the increased size of the NPs. It is
important to mention that the nano-solution loses its super magnetic
property due to the occurrence of aggregation at a high pH, which is
attributed to the increase in deprotonated carboxyl groups (OH) on its
surface [97,98].

For example, as indicated by stability experiments in aqueous media,
nanocrystals (iron oxide nanocrystals and titanium oxide) exhibit much
interaction between several factors: a pH-dependent type of charge on
the surface and pH-dependent deprotonation of the ligand. Moreover,
minor modifications to the structure of ligands can lead to changes in the
solubility of these ligands and thus increase their binding affinity.
However, the binding group remains, and the colloidal stability property
is able to extend to include other ligands, such as carboxylate head
groups, phosphonate, and catechols. Therefore, the colloidal stability
map can be used to predict which ligands will offer colloidal stability at a
given pH value [93].

The form and height of the SPR bands alter as the pH level changes.
On the other hand, the absorption peaks of IONPs gradually increased
with increasing pH, indicating that they underwent a redshift, which is
due to the increase in the average size of the metal nanoparticles as
noticed in the literature [13].

We have demonstrated that IONPs can respond to changes in pH,
acidity, and cluster formation. When the pH of the surrounding envi-
ronment is low or high, the attraction and repulsion between particles
play a vital role in the pH-responsive behavior of particles. Because the
different electrostatic interaction behaviors of particles at varying pH
values are not caused by a chemical change but by simple differences in
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Fig. 9. UV-Vis spectra of IONPs at different pH values formed by adding HCI (0.1 M) (A) and NaOH (0.1 M) (B) to dispersed IONPs stabilized by Wormwood
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protons, as reported [98]. The consequences of the current work indicate
that the optimal stability of IONPs prepared by Wormwood leaf extract
should not be higher than pH 9.3 and not lower than pH 6.8 to avoid
aggregation and loss of magnetic properties. The study [94] confirmed
that magnetic properties were present at pH 6.5 and 7.5 and were lost at
higher pH levels.

In addition, it was mentioned that changing the medium solution to
include alkaline amines would be able to enhance the magnetic prop-
erties of IONPs and reduce their particle sizes, which addresses the
challenge of maintaining magnetic performance at smaller sizes [99].

The effects of pH values (1.2, 7.5, and 12.5) and washing solvents on
the magnetic characteristics of the NPs were also investigated in a
different study that described the green method of creating green
nanomagnetic iron oxide particles (GNMIOPs). The results demonstrate
that numerous GNMIOP features are significantly impacted by both pH
levels and washing procedures. For instance, the highest saturation
magnetism experiment in GNMIOPs was prepared at pH 7.5 and 12.5
[100].

It is very rare to find previous studies concerned with the stability of
nanoparticles over long periods of time. For example, Park et al. [101].
proposed that the stability of iron oxide nanoparticles coated with citric
acid was experimentally verified under different pH values (pH 5, 7, 9,
11). It demonstrated that the stability and dispersion of IONPs did not
last beyond 30 days. Aggregation occurred at pH 11 due to the
adsorption of citric acid on the NPs' surface. That study did not even
achieve the level of stability obtained in our study [101].

Similarly, another study showed that the initial colloidal stability of
IONPs lasts for more than three months, depending on the storage
method and period, which affects the toxicity of IONPs. Additionally,
adding numerous charged groups such as polyethylene glycol (PEG) to
the IONPs surface enhances the stability of NPs by combining charge-
charge repulsion with steric hindrance [102]. It was also reported that
IONPs are synthesized by the co-precipitation method, one of the most
common methods for synthesizing magnetic IONPs. The results exhibi-
ted that the NPs were stable, with all nanoparticles being highly stable
and showing no signs of agglomeration over 168 h (one week) [103],
which is a much shorter stability time compared to the high stability
achieved in this study. Thus, it can be considered that the Wormwood
leaf extract is a good choice for synthesizing highly stable IONPs because
its chemical structure contains multiple active functional groups.

It is well mentioned that pH controls the Fe3+ hydrolysis. Ions
remain dissolved at low pH, hydroxide nuclei are formed at neutral pH,
and rapid precipitation takes place at higher pH values.

Atlow pH : Fe’" + H,0=Fe(H,0)3"
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As pH increases:

Fe** + OH™ —Fe(OH)*"

Fe*" + 30H —Fe(OH),|

Further, pH controls reduction by flavonoids, where higher pH favors
a higher reduction rate and higher nucleation rate. Phenolic groups
reduce Fe3 + only when deprotonated, and this deprotonated phenolate
is a stronger electron donor and stronger Fe chelator.

Ar-OH=Ar-O~ + H"Additionally, pH controls surface charge &
stability. At higher pH, more Fe — O are formed (Fe-OH=Fe-O~ +H™")
which results in higher zeta potential and better dispersion. Whereas at
lower pH, aggregation is favored due to the positive surface of Fe-OHz".
Fe?" and Fe>* ions cannot completely precipitate in an acidic environ-
ment due to a lack of OH" ions. Instead of magnetite, this could result in
the development of alternative iron oxide phases, including hematite or
goethite (FeO(OH)). Low pH nanoparticles typically have bigger particle
sizes, poor crystallinity because of incomplete reactions, increased
agglomeration because of delayed nucleation, and inadequate surface
charge for electrostatic repulsion [104].

Ferrous hydroxide (Fe(OH)2) and ferric hydroxide (Fe(OH)s) can
form in large quantities when the pH of the precipitate is excessively
high due to excess OH- ions. Agglomeration or the creation of
nonmagnetic phases may follow from this. Additionally, uncontrolled
nucleation brought on by a higher pH can produce polydispersity and
less homogeneous nanoparticles [105].

3.2.2. Effect of temperature

Time, temperature, and pH changes can affect the stability and size
of iron oxide nanoparticles as mentioned above. It has been reported in
some studies that high temperatures can accelerate the aggregation
processes, while low temperatures can delay them [43]. In this study,
IONPs are prepared by Wormwood leaf extract at room temperature (R.
T.), which could produce small-sized IONPs with great stability. Since
temperature has an important influence on IONPs activation, the effect
of different temperatures on the synthesized IONPs was studied at R.T.,
40 °C, 60 °C, and 90 °C, as shown in Fig. 11.

Herein, a series of experiments was conducted, and the changes in
the SPR peak were monitored using UV-Vis device. The samples were
prepared at varied temperatures, as illustrated in Fig. 11. At room
temperature, the sharp SPR of iron oxide nanoparticles was 295 nm,
indicating good stability.

IONPs are heavily temperature dependent; for instance, the SPR
peaks change and decrease regularly from 295 nm to 292 nm, 291 nm,
and 289 nm when the temperature increases from 25°C to 40°C, 60°C,
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Fig. 11. Variation of Absorbance with Wavelength at different temperatures.

and 90°C, respectively. There is a noticeable change in the absorption
width, as well as the color change, as it turns dark brown after being
black. These changes are completely identical to a previous study in
which Aloe vera extract was used in the preparation of IONPs [43].

According to the literature, the adsorption capacity of IONPs at a
higher temperature (90 °C) is 5 times higher than at a lower temperature
(25 °C), which has direct applications in the separation of different
metals from their solution form [24]. It is also reported in the literature
that IONPs are spherical at lower temperatures but have a nanorod
structure at a higher temperature (90°C) [104].

The SPR bands of IONPs shift towards a higher wavelength, and the
absorption range becomes wider with increasing temperature. Similar
investigations of green-synthesized IONPs were noted in the literature
[13]. The UV-Visible results showed a sharp peak for IONPs at room
temperature. However, at 90°C, the surface decomposition rate of IONPs
is larger and wider than at room temperature, with a new peak occurring
at roughly 410 nm, confirming that an aggregation process has
happened. Furthermore, at 40°C and 60°C, the wavelength width of
IONPs also increases significantly, confirming the occurrence of
agglomeration (see Figs. 11 and 12).

Moreover, there are no notable alterations in the SPR position or
absorption width from 40°C to 60°C. However, at 60°C and 90°C, a
remarkable difference between them is observed in the SPR position of
IONPs. Increasing the temperature also negatively impacts the stability
of the nanoparticles, size, size distribution, and the formation of larger
clusters, due to the loss of charge on the surface of IONPs [63]. It has also
previously been mentioned that the particle size of IONPs increased with
rising synthesis temperatures between 40°C and 60°C [106]. Using other
extracts, it was reported that iron oxide nanoparticles were synthesized
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Fig. 12. Intensity of IONPs versus the temperature range from 25°C to 90°C.
Data is shown as mean + standard deviation. Every sample was carried out
in triplicate.
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using Aloe vera extract, at different temperature conditions of 25°C and
90°C. The study indicated that with increasing temperature, the size of
nanoparticles increases [24].

Furthermore, it was reported that iron oxide nanoparticles were
synthesized at different temperatures, 190°C, 220°C, and 235°C, using
continuous growth methods. The study confirmed that increasing the
temperature leads to reduced stability and formation of larger nano-
particle sizes [107]. In addition, Fe3O4 nanoparticles exhibited super-
paramagnetic behavior at room temperature according to the literature
[108].

Accordingly, we determined that it is better to prepare iron oxide
nanoparticles at room temperature to avoid agglomeration or
aggregation.

The structural properties of iron oxide nanoparticles have been found
to be strongly influenced by the reaction temperature during synthesis;
lower temperatures favor irregular and aggregated particles, while
higher temperatures promote well-defined shapes and enhanced crys-
tallinity due to thermally activated crystal growth and recrystallization
[109].

Li et al. [110]. showed that great attention could be paid to the
particle size and crystalline properties of Fe3O4 nanoparticles, which
gives their potential applications in the medical and industrial fields.
These applications require magnetic particles to have a appropriate size
to achieve a good balance between suitable magnetic performance and
effective surface area [110].

According to reports, temperature is a crucial factor influencing the
size of iron oxide nanoparticles (NPs). As the temperature rises, the
oxidation reaction rate and nucleation dynamics alter, which can result
in smaller particle sizes early on but also larger distributions at extreme
temperatures because of growth mechanisms [111].

So, it is seen that higher thermal energy improves atom mobility —
better crystal ordering — smaller but more crystalline particles. Thus,
temperature changes the kinetics of hydrolysis, nucleation, growth,
crystal ordering, and oxidation.

3.3. Antioxidant assays

Antioxidants, as we know, protect cells from the dangerous effects of
reactive oxygen species (ROS). Excessive reactive oxygen species lead to
oxidative damage to cell components in the bodies of living organisms
and promote several diseases, including aging, cancer, atherosclerosis,
and malaria [112,113]. In this study, the most common screening
method (DPPH assay) was used to conclude the antioxidant capacity of
the aqueous extract of the Wormwood and IONPs functionalized by the
same extract.

3.3.1. Antioxidant activity test of wormwood extract

Herein, the antioxidant measurements of Wormwood leaf extract
were carried out using the DPPH test, and the concentrations of the
aqueous Wormwood extract used were 200, 300, 400, and 500 pg/mL.
When DPPH is added to the last concentrations, a momentary change in
color occurs from violet to pale yellow. This pale color and the speed of
color change indicate the strength of the compounds found in the
aqueous extract to scavenge DPPH free radicals (see Fig. 13). The
technique depends on reducing the methanolic DPPH solution in the
presence of antioxidants that donate a hydrogen (phenolic compounds
and flavonoids in the aqueous extract of Wormwood); due to the gen-
eration of the non-radical form DPPH-H through the reaction process.
This is consistent with a study [114], which indicates that Wormwood
leaf extract can reduce the stable radical DPPH to the corresponding
yellow diphenylpicryl hydrazine. All concentrations in this study dis-
played antioxidant effects at very high rates (see Table S2 and Fig. 14);
the rate varied according to the concentration, and in general, all con-
centrations had an antioxidant effect very similar to the standard sample
(ascorbic acid). However, the best value was at 500 pg/mL (94.2%) as
compared with the standard (ascorbic acid) (99.2%).
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Fig. 14. Variation of the percentage inhibition of DPPH radical with various
concentrations, including Wormwood and Ascorbic acid. Analysis of variance
(ANOVA) was carried out to assess the significance of comparing Wormwood
extract to the control group. A p-value < 0.0001 was considered statistically
significant compared to the control group.

Based on previous research [115], the antioxidant activity of
chemical compounds in extracts depends on several factors, including
the number of hydroxyl (OH’) groups directly attached to the aromatic
rings and the type of solvent used. A study stated that the aqueous
extract of Wormwood gave the highest antioxidant activity of 95.56%
compared to other solvents, indicating that compounds with strong free
radical scavenging ability are highly polar. In addition, recent studies
have shown that the whole Artemisia vulgaris Linn plant has polyphenol
composition, where its aerial parts, leaf extract, and essential oil have
antioxidant properties [115].

In comparison to other studies using higher concentrations than ours,
the antioxidant effect was less pronounced. For instance, the high-dose
extract of Wormwood (100 mg/mL) showed the highest antioxidant ac-
tivity at 91.1 £+ 0.054%, whereas at medium-dose of extract (50 mg/
mL) and low-dose (20 mg/mL) the antioxidant activities were 89.6
+ 0.012%, 84.1 + 0.02%, respectively [116].

Therefore, the antioxidant effects of the aqueous extract used in our
study showed high values of antioxidant activity, indicating the supe-
riority of polar solvent extraction (distilled water and ethanol), also due
to the extraction method based on the Soxhlet apparatus, as mentioned
in the earlier study that utilized the Soxhlet method, where its results are
close to our findings [117].

The antioxidant capacity of Wormwood extract was tested, and
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researchers found that many phytochemicals could donate an electron
or a hydrogen atom to the DPPH free radical. Different concentrations of
Wormwood extract (150, 200, 250, and 300 g/mL) were used, and the
results ranged from 85.50% to 118.02% [118], compared to our study.
The results in this study were higher despite using lower concentrations
of Wormwood extract. According to these results, we can obviously see
that the aqueous extract of Wormwood has antioxidant properties and
can be used to scavenge free radicals.

3.3.2. Antioxidant activity test of IONPs

The antioxidant activity of IONPs with a size of 17 &+ 7.4 nm was
investigated in this study. The details are shown in Table S3, where very
high antioxidant percentages were observed even at low concentrations.
The concentration of IONPs functionalized by Wormwood leaf extract
was 500 pg/mL, and different concentrations from 200 pg/mL to
500 pg/mL were tested as antioxidants. From Table S3, it can be
concluded that the antioxidant activity percentage increases with
increasing sample concentration (see Table S3 and Fig. 15). In addition,
the color change is shown in Figure S2. For example, the antioxidant
activity measured by DPPH of IONPs increased in the order of 47.2%,
58.2%, 78.2%, and 88.6% as the concentration of IONPs increased from
200, 300, 400, and 500 pg/mL, respectively. Meanwhile, the inhibition
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Fig. 15. Variation of the percentage inhibition of DPPH radical with various
concentrations, including IONPs and Ascorbic acid. Analysis of variance
(ANOVA) was performed to assess the significance of comparing IONPs to the
control group. A p-value < 0.0001 was considered statistically significant
compared to the control group.
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ratio of ascorbic acid increased by 96%, 97%, 98%, and 99.2% at the
same concentrations mentioned. Furthermore, the results exhibited a
higher scavenging percentage than the findings of previous studies on
the same subject [119], indicating that the green-synthesized cationic
IONPs interacted with the free radicals of DPPH and displayed
radical-scavenging activity, which consists of an electron pair sur-
rounding a nitrogen atom. Thus, iron oxide nanoparticles can be
considered an antioxidant. This aligns with a previous report presented
in the literature [120].

In general, the evaluation of antioxidants is very valuable for pro-
tecting the biological systems from ROS, for example, hydrogen
peroxide, hydroxyl radicals, or singlet oxygen in living systems. This is
consistent with a study that demonstrated that the increase in antioxi-
dant activity against DPPH radical depends on the concentration of
IONPs. It was stated that the external organic layer of nanoparticles is
responsible for the highly antioxidant activity of IONPs, which consists
of different plant components from (Ficus carica Fruit) FCF extract and
enables them to trap ROS, such as superoxide anions, hydroxyl radicals,
hydrogen peroxide, etc., on their surface [47].

In addition, the size of NPs and the concentration of ferric chloride
have a considerable impact on the antioxidant potential. The study re-
ported that the antioxidant power results in different tests indicated that
magnetic iron oxide Fe3O4 nanoparticles synthesized from Artemisia
extract could be influential natural antioxidants beneficial for main-
taining health due to their antioxidant properties in cancer cell lines.
The antioxidant effect was evaluated by the DPPH test for magnetite
samples, Fe3O4 prepared by Wormwood extract, where the findings
showed the antioxidant measurements of various samples at a variety of
concentrations of FeCls. The sample with the highest concentration of
0.1 M had the best total antioxidant results, within the range of 89.2%,
compared to our study. This concentration used is much higher than the
concentration applied in our study. It is worth noting that the highest
concentration in our study provided a percentage of 88.6% [32].

Moreover, Artemisia extract was used with other nanoparticles. For
example, the antioxidant activity of copper nanoparticles (CuNPs) syn-
thesized with Artemisia extract was evaluated by DPPH assay, and
different concentrations were used. At 100 pg/mL of Artemisia extract-
synthesized copper nanoparticles, the highest antioxidant activity was
obtained, reaching 67%, indicating that Artemisia extract is rich in
antioxidant compounds [73].

Using various plant extracts, IONPs have demonstrated antioxidant
potential; for instance, researchers reported that the antioxidant po-
tential of IONPs synthesized from Amaranthus spinosus leaf extract was
investigated by using the DPPH assay. The consequences visibly show
that IONPs exhibited a high antioxidant potential of 93%. This may be
because of phenolic and amaranthine compounds on their surface,
which can scavenge the harmful effects of free radicals [55].

Furthermore, the free radical scavenging capacities of the green-
synthesized NPs can be attributed to the presence of bioactive ligands
in the extract that exhibit worthy antioxidant activities; thus, the
surface-functionalized IONPs by Wormwood extract presented signifi-
cant free radical scavenging activity. According to Sultana et al. [121].
the antioxidant activity increases with increasing concentration, and the
results of free radical scavenging activity showed that the antioxidant
potential of IONPs depends on the concentration. The DPPH scavenging
activity was in the range from 57% to 87% in the case of IONPs, which
was relatively lower than that of ascorbic acid as a reference at the same
concentration, aligning with our study. Additionally, in a study, the
antioxidant activity of IONPs was measured by DPPH assay, where 10 pL
of biosynthesized IONPs were mixed with 2.5 mL DPPH solution. The
free radical scavenging rate was low at 35.44%, which is due to the low
concentration of IONPs used [122].

The strong DPPH radical scavenging activity of the biosynthesized
IONPs (up to 88.6%) is primarily attributed to the phytochemicals
capped on the surface of the nanoparticle, with a secondary contribution
from the iron oxide core itself, which consists with the literature [123].
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Phytochemicals on the surface play a primary role. During green
synthesis, plant-derived biomolecules such as phenolics, terpenoids,
flavonoids, and proteins remain bound to the surface of IONP, as evi-
denced by FT-IR analysis. These surface capping agents possess hydroxyl
and other redox-active functional groups capable of donating hydrogen
atoms or electrons to DPPH radicals, resulting in their reduction and
discoloration. As the concentration of IONPs increased, the high scav-
enging efficiency therefore increased, reflecting the synergistic effect of
a high surface area and dense coverage of antioxidant phytochemicals
on the NPs because of the increase in the extract, which contributed not
only to efficient nanoparticle synthesis but also to the enhanced anti-
oxidant activity. This observation aligns with earlier studies reporting
similar mechanisms [124].

In the second role, the iron oxide core may contribute indirectly to
the antioxidant activity. Fe 2+ /Fe3* redox couples present on the IONP
surface can facilitate electron transfer reactions, enhancing radical
quenching under certain conditions. Moreover, the nanoscale size in-
creases surface reactivity, which can promote interaction between DPPH
radicals and surface-bound redox centers. However, this contribution is
considered supportive rather than dominant, as bare IONPs typically
show much lower scavenging activity compared to phytochemically
capped ones [125].

It is illustrated that the phytochemicals present in the extract play a
remarkable role in scavenging free radicals; thus, these pharmacological
properties of phytochemicals improve the therapeutic properties of
nanoparticles with better biological activity. The green-functionalized
IONPs can be possible candidates in many biomedical applications due
to their high cytocompatibility and antioxidant activity [21,73,74].

3.3.3. Antibacterial activities of iron oxide nanoparticles

In this century, antimicrobial resistance is a major threat to global
health, as most bacteria acquire multiple antibiotic resistance through
exposure to traditional antibiotics. As a result of their inability to
selectively target pathogenic bacteria, difficulties in targeting the
required place, poor solubility, instability, low bioavailability, and high
doses or frequency of dosing are needed to sustain therapeutic plasma
concentrations [126,127].

This requires the development of alternative drugs to improve the
effectiveness of antimicrobials and reduce the incidence of drug resis-
tance. In this era, nanotechnology has entered the development and
manufacture of nanoparticles that can carry out and deliver antibiotics
to the target site. Among these nanoparticles, small IONPs with different
sizes and shapes are the most widely studied nanomaterials for anti-
bacterial applications, due to their smaller ion particle sizes and higher
surface energies [128,129].

3.4. Antibacterial activity

3.4.1. Time-kill curve assay of S. aureus bacteria by IONPs

The time-kill test of IONPs against Gram-positive Staphylococcus
aureus was evaluated. The test was performed by suspending the bac-
terial cell in a medium containing IONPs. Wormwood extract was also
used at the same basic concentration (0.0035 g/mL) to evaluate the
antibacterial activity. The suspension without adding IONPs was also
used as a control (Daptomycin 10 pg/mL). The results obtained showed
effective antibacterial actions of IONPs against Gram-positive Staphy-
lococcus aureus at different times (0, 1, 2, 3, 4, 5, and 6 h) (see Fig. 16).
The concentrations of IONPs used were (10, 40, and 60 pg/mL), where
we observed in the first hours a decrease in absorption (Apayx 600) with
increasing the dosage of IONPs. This decrease was rapid at the highest
concentration of 60 pg/mL, compared to the rest of the concentrations.
The effect of IONPs is increased from the fourth hour to be quite similar
to the control, confirming the good biocompatibility of IONPs. Dapto-
mycin, used as a control at the lowest dose used in this study (10 pg/
mL), showed results similar to IONPs at 60 pg/mL, particularly within
the initial three hours (from the first hour of incubation to the third
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Fig. 16. Variation of inhibition percentage of IONPs with time, including
Daptomycin and S. aureus bacteria. The bars represent the calculated standard
deviations from at least three independent experiments.

hour). It is noteworthy that when used alone, Wormwood extract showed
very weak antibacterial activities. A previous report indicated that silver
nanoparticles had significantly stronger antibacterial effects than the
crude extract against all types of bacteria used in the study [130].

In general, the use of aqueous Wormwood extracts to synthesize
IONPs shows a clear and promising effect in eliminating and destroying
the bacterial cell wall, due to the presence of active compounds on the
surface of IONPs. They inhibit bacterial proliferation through several
simultaneous mechanisms, such as DNA damage, generation of ROS,
degradation of critical proteins, and damage to the S. aureus bacterial
cell wall, according to the literature [131].

In the same context, cerium oxide nanoparticles showed a clear effect
in inhibiting the growth of five types of bacteria, one of which is the
Gram-positive Staphylococcus aureus, and the results revealed signifi-
cant changes in antibacterial activity due to changes in the membrane
structure and cell wall composition [132]. For this reason, the nano-
particles prepared in our study might be a good substitute for common
traditional antibiotics, resolving global issues, such as bacterial
resistance.

The nanotechnology approach is expected to represent a new tool to
combat pathogenic bacteria if the concentration is increased beyond the
currently used concentrations. In a similar study against the Gram-
positive Staphylococcus aureus, CuNPs were used as a therapeutic,
and the kinetics of bacterial killing were studied. It was found that the
minimum inhibitory concentration values had a lesser effect, while the
higher concentration amount showed a significant effect in inhibiting
the bacteria [133].

3.4.2. Time-kill curve assay of A. baumannii bacteria by IONPs

The results obtained showed effective antibacterial actions against
the Gram-negative bacteria A. baumannii, which were tested at different
time points (0, 1, 2, 3, 4, 5, and 6 h). The concentrations of IONPs used
were (10, 30, and 60 pg/mL), and Wormwood extract (0.0035 g/mL) to
evaluate the antibacterial activity, and Meropenem (10 pg/mL) as a
control. We observed in the first hours a gradual decrease in absorption
(Amax 600 nm) with increasing the amount of treatment with IONPs,
which confirms to us that IONPs caused harm to the bacteria, where we
observed the death of the bacteria in the first hours (Fig. 17). Afterward,
the absorption path changed, and there was little subsequent growth of
the survivors after the initial killing phase. In contrast, this strong
growth and recovery of bacteria is due to the low concentrations used, as
bacterial death is directly related to the increase in the dose of the
treatment (IONPs).

Our results showed that bacterial killing is highly dependent on
concentration and time, as well as on the contribution of the active
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Fig. 17. Variation of inhibition percentage of IONPs with time, including
Meropenem and A. baumannii bacteria. The bars represent the calculated
standard deviations from at least three independent experiments.

compounds of the Wormwood extract present on the surface of IONPs.
Bacterial death is mostly explained by the production of reactive oxygen
species. They lead to damage to the nucleic acids and proteins in the
bacterial cells. IONPs interact with membrane proteins, causing oxida-
tive stress, which results in protein degradation, membrane leakage, and
higher permeability. All this ultimately leads to the death of the
microorganism. In addition to disrupting the cell membrane of bacteria,
it distorts the integrity of the structure and cellular function. As
mentioned in a previous study, due to the complex structure of Gram-
negative bacteria, IONPs are more effective against Gram-positive bac-
teria [120]. In contrast, the Wormwood extract alone showed signifi-
cantly lower antibacterial activity than IONPs. This study is consistent
with ours, despite the difference in metal; silver nanoparticles prepared
with Wormwood showed up to 12 times greater antibacterial activity
compared to the extract alone [134].

In addition, Meropenem at 10 ug/mL, applied as a minimum dose
control, showed similar results with IONPs at 60 pg/mL, especially
during the third and fourth hours of incubation, and the effect of mer-
openem was quite pronounced against A. baumannii throughout the in-
cubation hours.

3.4.3. The minimum inhibitory concentration (MIC) evaluation results

Research into Iron oxide nanoparticles has flourished in biological
sciences and materials science in recent years as a result of their diverse
chemical and physical properties. The minimum inhibitory concentra-
tion (MIC) of IONPs is defined as the lowest concentration of the
nanoparticles that inhibits the growth of bacteria, where no visible
bacterial growth or rise in absorbance was observed, compared to the
growth control [135].

In this study, the MIC of green-synthesized IONPs against different
bacterial strains was determined using the broth culture dilution method
at a range of IONP concentrations (10, 30, and 60 pg/mL) where sig-
nificant effects were observed on all strains compared with controls.

3.4.3.1. Minimum inhibitory concentration of IONPs against pathogenic
Staphylococcus aureus bacteria. Iron oxide nanoparticles have shown a
significant antibacterial effect against Gram-positive (S. aureus) bacte-
ria. The results clearly illustrate a concentration-dependent effect of
IONPs (see Fig. 18). Among the tested concentrations, 60 ug/mL dis-
played the strongest antibacterial activity, followed by 30 pg/mL,
whereas 10 ug/mL showed only a slight inhibitory effect compared to
the untreated control samples. This dose-dependent behaviour is
consistent with previous reports on metal oxide nanoparticles, where
increased nanoparticle concentration enhances bacterial exposure and
interaction, resulting in more pronounced antimicrobial effects [136].
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Fig. 18. The minimum bactericidal concentration of IONPs against S. aureus at
different concentrations (10 pg/mL, 30 pg/mL, and 60 pg/mL). The control
included only inoculated broth and was incubated for 24 h at 37 °C. The per-

centage of inhibition of S. aureus is treated by IONPs is shown.

The superior antibacterial activity observed at higher concentrations
can be attributed to the increased availability of active NPs surface area,
which improves contact with bacterial cells. IONPs are known to exert
antibacterial effects via multiple mechanisms, including disruption of
bacterial cell membranes, alteration of membrane permeability, gener-
ation of reactive oxygen species (ROS), metal ion release, and interfer-
ence with intracellular metabolic processes [137]. At lower
concentrations (10 pg/mL), these interactions may be insufficient to
cause significant structural or metabolic damage, resulting in limited
growth inhibition.

From Fig. 18, it can be seen that the optical absorption value at
600 nm for the control samples was 1.73 nm. A slight decrease in bac-
terial growth was observed at a concentration of (10 ug/mL) of IONPs,
with the absorbance dropping to (1.29 nm), which is lower than the
control group. While higher concentrations of IONPs (30 pg/mL)
inhibited bacterial growth, the inhibition reached approximately half
the absorbance of the control group (0.67 nm). The absorbance, which
indicates the ability of nanoparticles to inhibit bacterial growth, is
directly proportional to the concentration, consistent with the findings
in [136].

In addition, the highest concentration (60 ug/mL) yielded a
remarkably lower absorbance (0.48 nm) than all other concentrations
tested, compared to the control group.

In summary, the antibacterial activity of IONPs against S. aureus
showed a clear dose-dependent inhibition pattern. At a concentration of
10 pg/mL, around 26% growth inhibition was noted. Increasing the
concentration to 30 pg/mL notably enhanced inhibition to approxi-
mately 62%, exceeding the 50% threshold (MICsp). The inhibition
reached approximately 72% at 60 pug/mL. However, 90% growth inhi-
bition (MICyg) was not achieved within the tested concentration range
(10-60 pg/mL), demonstrating that higher concentrations would be
required to reach complete bacteriostatic activity in the future.

3.4.3.2. MIC of IONPs against pathogenic A.baumannii bacteria. The
minimum inhibitory concentration (MIC) of IONPs for A. baumannii at
different concentrations (10, 30, and 60 pg/mL) was determined in this
study.

It is well mentioned that the Iron oxide nanoparticles were active
against gram-negative bacteria more than gram-positive bacteria ac-
cording to Al-Rawi's investigation [135].

Herein, the results revealed a similarity in inhibition between
Staphylococcus aureus and A. baumannii. The results showed that the
optical density (OD) at 600 nm is concentration-dependent; the absor-
bance decreases as the nanoparticle concentration increases (see
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Fig. 19. The results of minimum bactericidal concentration IONPs against
A. baumannii at different concentrations (10 pg/mL, 30 pg/mL, and 60 pg/mL).
The control included only inoculated broth and was incubated for 24 h at 37 °C.
The percentage of inhibition of A. baumannii treated with IONPs is shown.

Fig. 19). Our results showed that the lowest concentration (10 ug/mL)
produced an absorbance at (0.94 nm) compared to the control group,
while the absorbance decreased to (0.56 nm) when the concentration
increased to (30 pg/mL). At the highest concentration (60 ug/mL), the
absorbance was significantly lower than both the control group and the
other concentrations, reaching 0.49 nm. Therefore, these results confirm
that the MIC of IONPs is (30 ug/mL) against A. baumannii. A study very
similar to ours reported that the minimum MIC for Iron oxide nano-
particles for P. mirabilis and A. baumannii was 50 pg/mL [138].

IONPs against A. baumannii showed inhibition rates of approximately
37%, 63%, and 68% at the same concentrations mentioned above. In
both strains, 30 pg/mL exceeded the 50% inhibition threshold and was
thus regarded as the MICsy. However, 90% inhibition was not reached
within the evaluated concentration range (10-60 pg/mL), indicating
that MICy is greater than 60 pg/mL. The comparison between inhibi-
tion percentages of IONPs against both strains is shown in Table 3.

The ability of IONPs to inhibit bacterial growth is attributed to the
photocatalytic generation of reactive oxygen species, localized temper-
ature increase, and vibrational damage caused by the magnetic field.
These factors lead to bacterial detachment from the biofilm, damage to
the bacterial cell wall, biofilm rupture, and fusion of different cells,
resulting in either complete bacterial death or growth inhibition [138].

It is well mentioned that the Iron oxide nanoparticles were active
against gram-negative more than gram-positive bacteria [135].

Interestingly, although both bacterial strains were susceptible to the
green-synthesized IONPs, A. baumannii exhibited a greater sensitivity in
comparison to S. aureus. This difference may be explained by the
structural variations between Gram-negative and Gram-positive bacte-
ria. A. baumannii, a Gram-negative bacterium, possesses a relatively
thin peptidoglycan layer and an outer membrane rich in lipopolysac-
charides, which can facilitate nanoparticle adhesion and penetration. In
contrast, S. aureus, a Gram-positive bacterium, has a thick peptido-
glycan cell wall, which may act as a physical barrier, reducing nano-
particle penetration and conferring relatively higher resistance.

It is revealed that Fe;O3 nanoparticles bind to the cell wall and even
penetrate the cytoplasm, where they accumulate, producing vacuole
formation and cell wall disruption. Furthermore, IONPs bind to the
formate hydrogenlyase complex found in Gram negative bacteria cell
walls, creating a gradient in the inner membrane that has a strong
antimicrobial effect on these bacteria. As well as the shape and size of
IONPs are suggested as key factors in explaining their bactericidal ac-
tivity. Additionally, the enhanced antibacterial performance of IONPs is
partly attributed to phytochemical coating agents extracted from the
plant extract used in the green synthesis procedure. These bioactive
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Table 3
Inhibition percentages of IONPs against S. aureus and A. baumannii after 24 h incubation.
Bacterial Concentration 0OD600 (mean = Inhibition
strain (ng/mL) SD) (%)
S. aureus Control 1.72+0.01— 0%
10 1.28 £ 0.04— 25.6%
30 0.66 £ 0.03— 61.6%
60 0.48 £ 0.05— 72.1%
A. baumannii | Control 1.48 £0.01 0%
10 0.94 +0.06 36.5%
30 0.55+0.03 62.8%
60 0.47 +£0.04 68.2%
compounds synergistically inhibit bacterial growth by improving the Ethics

dispersion and stability of the nanoparticles and destabilizing cell
membranes, thereby improving bioavailability and antibacterial effi-
cacy [4].

Overall, the results indicate that the environmentally friendly,
manufactured iron oxide nanoparticles exhibit broad-spectrum anti-
bacterial activity against both Gram-negative and Gram-positive bac-
teria, with a particularly strong effect against Acinetobacter baumannii.
The concentration-dependent inhibition highlights the importance of
dose optimization for effective antibacterial applications. These findings
support the potential of green-synthesized iron oxide nanoparticles as
promising antibacterial agents, especially against multidrug-resistant
bacterial strains.

4. Conclusion

The study concluded that the biological synthesis of ionic nano-
particles (IONPs) proved to be a safer, more efficient, more sustainable,
and more economical method. The aqueous extract of Wormwood
effectively accelerated the formation of nanoparticles through its
powerful capping and stabilizing agents. The biosynthesized IONPs were
characterized by UV-Vis spectroscopy, FTIR, XRD, zeta, DLS, and TEM
analysis. Transmission electron microscopy (TEM) revealed that the
IONPs were spherical with a size of 17 + 7.4 nm, and the DLS results
also confirmed a small size (33 + 2.5), which totally agrees with TEM
results. The zeta value of IONPs was recorded at 44.32 mV, indicating
high stability. While X-ray diffraction (XRD) analysis confirmed the
highly crystalline nature of a-Fe3O4.

The antioxidant activity of IONPs using DPPH increased gradually
with increasing IONP concentration. In addition, the biological activity
of IONPs functionalized with Wormwood leaf extract was monitored
against Acinetobacter baumannii and Staphylococcus aureus bacteria using
time-kill curves. The antibacterial activity was found to be dependent on
the concentration of IONPs and different bacterial species. The envi-
ronmentally friendly, manufactured IONPs exhibit broad-spectrum
antibacterial activity against both Gram-negative and Gram-positive
bacteria, and the values of MIC were 30 pg/mL against both types of
bacteria tested. These findings may encourage researchers to apply this
type of safe nanoparticle in the medical field in the future instead of
traditional drugs, particularly against resistant bacteria.
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