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Hemp-Derived Iron Oxide Nanoparticles for Biomedical
Applications: Synthesis, Characterization, and Therapeutic
Potential
Nesrin Korkmaz,* Rizvan İmamoğlu, Ahmet Karadağ, Ebru Şahin Yıldırım, Yusuf Ceylan,
and Fatih Şen*

Iron oxide nanoparticles (IONPs) have emerged as the most widely
synthesized metal nanoparticles in sustainable chemistry due to
their unique magnetic properties, excellent biocompatibility, bio-
degradability, and non-toxicity. In this study, IONPs are successfully
synthesized via a rapid, sustainable, and environmentally friendly
green synthesis approach using Cannabis sativa L. leaf extract.
X-ray diffraction analysis determined that the synthesized NPs
had an average particle size of 18.8 nm, while transmission electron
microscopy images reveal a spherical morphology with sizes rang-
ing from 12 to 21 nm. Fourier-transform infrared spectroscopy
analysis confirmed the presence of cannabinoids, terpenoids,
and flavonoids, which are believed to play a crucial role in the

formation and stabilization of IONPs. Its photocatalytic potential
is demonstrated through the degradation of bromophenol blue
dye. Additionally, the NPs exhibited significant antibacterial and
antifungal activity against various microbial species, along with
promising anticancer effects on cancer cell lines. In conclusion, this
study provides a promising foundation for advancing the large-
scale, commercial production of IONPs through green synthesis
methods. By offering an eco-friendly and efficient alternative
to conventional nanoparticle synthesis, the findings contribute
significantly to the growing body of research in sustainable
nanotechnology.

1. Introduction

Sustainability is a crucial global concern that directly affects envi-
ronmental, economic, and societal well-being. The integration of
green chemistry principles into nanotechnology plays a pivotal
role in reducing environmental hazards, lowering costs, and
enhancing process safety. Metal oxide nanoparticles (MONPs),
particularly iron oxide nanoparticles (IONPs), have gained signifi-
cant attention due to their wide applications in environmental

remediation and biomedical fields. However, conventional meth-
ods for synthesizing these nanoparticles often rely on toxic chem-
icals, energy-intensive processes, and non-renewable resources,
which contradict the principles of green chemistry.[1–3]

Nanotechnology is the whole of science, engineering, and
related technological studies by controlling matter at the atomic
and molecular levels. Nano and nanotechnology are the technol-
ogies of the 21st century, and they are concepts that we come
across in every aspect of our lives, and they now have a wide
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Department of Chemistry, Science and Letters Faculty
Bursa Uludağ University
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range of applications. It brings innovations in many fields such as
medical sciences, materials, medicine, defense, textile, economy,
computer technology, clean energy sources, sustainable energy,
environment, and food.[4–8] Using materials and materials effec-
tively is one of the goals of nanotechnology and constitutes
a holistic approach in terms of nanotechnology material.
Nanotechnology enhances the durability of materials with its
advanced properties, thereby minimizing the need for mainte-
nance and repairs. Nanotechnology simplifies production by
reducing the required steps. It provides a significant reduction
in the protection of resources, raw materials, energy consump-
tion, and, as a result, carbon dioxide emissions.[7–10] Many
methods are used to synthesize metal nanomaterials (hydrother-
mal),[11] sol-gel,[12] chemical reduction.[10,13] The use of biological
resources, especially plant-based materials, in nanoparticle syn-
thesis offers an eco-friendly and sustainable alternative. Hemp
(Cannabis sativa L.) is an economically valuable and environmen-
tally beneficial plant, widely utilized in various industries.
However, the leaf part of the plant, which is considered agricul-
tural waste, remains underutilized in high-value applications such
as nanomaterials production. This presents an important research
gap in the current literature.[14,15–25] While numerous studies have
investigated the green synthesis of metal nanoparticles using
plant extracts, the use of hemp leaf waste biomass as a reducing
and stabilizing agent in the synthesis of IONPs is still largely unex-
plored. Current research predominantly examines the flowers,
seeds, and fibers of the hemp plant for industrial and medical
applications, overlooking the potential of the leaves, which are
often treated as waste. Additionally, very few studies comprehen-
sively investigate the multifunctionality of such nanoparticles in a
single study—covering structural, photocatalytic, antimicrobial,
and anticancer properties.

Iron oxide (IO) compounds are widely found in nature and can
be easily synthesized in the laboratory. There are sixteen different
types of IO. The most common and most important IOs in nature:

goethite, akaganeite, lepidocrocite, magnetite, and hematite.[26,27]

The size of ferromagnetic IONPs is smaller than 20 nm and exhib-
its extraordinary superparamagnetism. Owing to these proper-
ties, such oxides play a crucial role in technology (Figure 1).
The superparamagnetic nature of IONPs, along with their high
surface area and minimal toxicity, has led to their use in biomedi-
cal applications, particularly in thermal therapy, MRI, and drug
delivery.[28–31] In addition to these, Fe3O4 and Fe2O3 are among
the agents to fight against environmental pollution, such as treat-
ing textile waste, especially dye.

This study aims to fill the identified gap by addressing the fol-
lowing objectives: 1) To develop an eco-friendly, cost-effective, and
sustainable green synthesis method for iron oxide nanoparticles
using Cannabis sativa L. leaf extract, a plant waste biomass.
2) To characterize the synthesized IONPs in terms of morphology,
crystallinity, elemental composition, and particle size using techni-
ques such as X-ray diffraction (XRD), UV-vis, Fourier-transform infra-
red spectroscopy (FTIR), transmission electron microscopy (SEM),
and esnergy-dispersive X-ray (EDX). 3) To evaluate the photocata-
lytic efficiency of the synthesized nanoparticles by examining their
capacity to degrade bromophenol blue dye. 4) To investigate the
biological properties of the IONPs, including: Antibacterial and anti-
fungal activity, Anti-biofilm potential, Anticancer effects on HeLa
and HT-29 cell lines. 5) To highlight the valorization of agricultural
waste in nanotechnology applications and promote bio-based
innovation as a part of environmental sustainability strategies.

This research provides a holistic and innovative approach to
nanoparticle synthesis that contributes to: Waste valorization by
utilizing hemp leaves that would otherwise be discarded,
Environmental sustainability by replacing toxic synthesis meth-
ods with green chemistry approaches, Nanotechnology develop-
ment by producing multifunctional nanoparticles with potential
in environmental cleanup and biomedicine, Sustainable industry
practices through scalable, low-cost synthesis methods using
abundant biomass.

Figure 1. An overview of the technological application areas and synthesis pathways of IONPs.
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The outcomes of this study are expected to inspire further
research into agro-waste utilization, bio-based nanomaterials,
and circular economy models in the field of sustainable
nanotechnology.

2. Experimental Section

2.1. Preparation of the Plant Extracts

The plant extract necessary for the synthesis reaction was
obtained from hemp leaves. The ripe leaves were collected from
the grounding area, washed with pure water and cleaned of dust
and foreign substances. The leaves have been completely dried
without exposure to direct sunlight and in an environment with
good air circulation. 60 g of dried hemp leaves were weighed and
heated at 80 °C for 1 h by adding 1 L of distilled water to it. After
the process, the mixture was cooled to room temperature and the
extract obtained by filtering was stored at þ4 °C for use in nano-
particle synthesis.

2.2. Green Synthesis of IONPs

All chemicals are of analytical purity and were obtained from
Sigma-Aldrich (FeCl2·4H2O≥ 99, FeCl3·6H2O≥ 97). Iron nanopar-
ticle synthesis was performed by using the synthesis methods
in literature.[32,33] Using hemp extract, Fe3þ and Fe2þ ions were
added to pure aqueous hemp extract in a ratio of 2:1 mole
and a yellowish heterogeneous solution was obtained. Then,
1.0 M NaOH solution was added to the solution drop by drop until
the pH reached 11. The mixture was stirred continuously at 80 °C
for 3 h. In this process, the color of the solution darkened, indi-
cating the formation of iron nanoparticles. The synthesized

nanoparticles were separated with the help of a magnet, washed
several times with distilled water and centrifuged. The resulting
product was dried at 90 °C for 12 h and prepared for characteri-
zation processes. Scheme 1 briefly summarizes this work.

2.3. Characterization of NPs

The average particle diameter and crystal structure of the synthe-
sized iron nanoparticles were analyzed with the Panalytical
EMPYREAN model multipurpose XRD meter (MP-XRD) located at
Yozgat Bozok University. The surface morphology and elemental
composition of the sample were determined using the QUANTA
FEG 450 model field emission environmental scanning electron
microscope-energy distribution spectrometer (FE-ESEM-EDX). In
addition, FTIR was performed with Two Perkin Elmer Spectrum
ATR devices in the wavelength rangemin 400–4000 cm�1 to exam-
ine the surface properties.

2.4. Photocatalytic Activity

Bromophenol blue (BPB) dye solution was prepared at a concen-
tration of 1 mgmL�1 for the photocatalytic activity test. Prior to
the addition of nanoparticles, a control measurement was per-
formed by recording the absorbance of the dye solution without
nanoparticles. Following this initial control, 0.2 g L�1 of nanopar-
ticles was added to the dye solution and the mixture was contin-
uously stirred under sunlight. Absorbance values were then
recorded at defined time intervals (30, 60, 90, and 300min) to
monitor the photocatalytic degradation of the dye. This setup
enabled a comparison between the control (dye-only) and
nanoparticle-treated samples to evaluate the specific contribution
of the nanoparticles to dye degradation.

Scheme 1. A schematic plan of the “green synthesis” of IONPs and subsequent work.
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2.5. Antifungal and Antimicrobial Studies

The antimicrobial and antifungal effects of nanoparticles were
determined using the minimal inhibitory concentration (MIC) test.
Gram-positive (Staphylococcus aureus and Enterococcus faecalis),
gram-negative (Klebsiella pneumonia and Escherichia coli) bacte-
rial and fungal strains (Cladosporium utilis and Candida albicans)
were used in the test. Cultures taken from frozen stock cells were
adjusted to 0.5 McFarland units and a serial dilution method
was applied with nanoparticles at a concentration of 1 mgmL�1

on 96-well plates. The cells were incubated with the nanoparticles
at 37 °C for 24 h. The MIC results were evaluated by spectropho-
tometric absorbance measurements.

2.6. Determination of Anticancer Feature

To evaluate the anticancer effects, the synthesized nanoparticles
were analyzed by MTT test in HeLa and HT-29 cancer cell lines.
The cells were planted in 96-well plates at a density of 5� 104

cells/well and incubated overnight at 37 °C in an atmosphere con-
taining 95% humidity, 5% CO2 cytotoxicity was assessed by stan-
dard MTT test after 24-h exposure. Absorbance readings are
measured at 570 nm by a microplate reader (Thermo Instruments,
Inc.) were taken with. The effects of nanoparticles at different con-
centrations (100, 50, 25, 12.5 μL) were tested and IC50 values were
calculated. Cytotoxicity percentage and IC50 calculations were eval-
uated according to control groups using GraphPad Prism 8.01
software.[10]

3. Results and Discussion

3.1. XRD Analysis of IONPs

As a result of XRD analysis, it is seen that NPs synthesized by bio-
genic reduction are synthesized as a mixture of Fe3O4&Fe2O3

(Figure 2). The XRD data, as shown in Figure 2, indicates that
the crystal planes of (220), (311), (400), (422), (511), (440), and

(533) corresponding to the 30.13°, 35.54°, 43.25°, 54.05°, 57.28°,
62.86°, and 74.25° indicates the formation of Fe3O4 NPs. The data
obtained showed that the space group of Fe3O4 is Fd-3 m, and
the crystal system is cubic (ICDD card no. 98-008-5806).

Characteristic peaks of Fe2O3 nanoparticles can be recognized
at 2θ positions= 23.98° (012), 33.07° (104), 35.67° (110), 40.87°
(113), 49.19(024), 53.87° (116), 57.24(122), 62.19° (214), 64.01°
(300), and 71.54° (101). It was observed that the peaks of Fe2O3

were consistent with the rhombohedral crystal system (JCPDS
no. 98-016-1291). Dense and sharp peaks undoubtedly revealed
that Fe3O4&Fe2O3 NPs formed by the phytochemicals in C. sativa
leaf extract acting as reducing agents are crystalline. The charac-
teristic peaks of Fe3O4&Fe2O3 NPs are in agreement with the peak
values of other Fe3O4&Fe2O3 NPs synthesized by the green synthe-
sis method in the literature[34]; Ruíz-Baltazar et al. 2020).

Fe metal is an easily oxidized metal. There is usually a rapid
conversion from zero value Fe to Fe2O3. Therefore, there is a pos-
sibility that the phases we obtain are not just hematite and mag-
netite, but a mixture of IOs. For this, comparisons were made with
the standard XRD models of Fe3O4 and γ-Fe2O3 (Figure 3). The
peaks obtained because of the analysis coincide with the standard
magnetite XRD values with JCPDS file no: 98-008-5807 (Figure 3a),
which reports the crystallographic values of the cubic crystal struc-
ture. Additionally, the obtained NPs were confirmed to be Fe3O4

and when compared with standard XRD values (Figure 3). As a
result of this comparison, the values obtained as a result of
XRD analysis showed that pure Fe3O4&Fe2O3.

The crystal size of the IONPs was calculated by substituting the
obtained XRD data in the Debye–Scherrer formula (Equation (1)).

d ¼ Kλ
β cos θ

(1)

In the equation, d is the crystal size, K(�0.94): Scherrer’s con-
stant, λ (1.540 A°): the X-ray wavelength, and β: the full-width half-
maximum of the diffraction peak. The average particle size of the
nanoparticles obtained due to the calculation was 18.8 nm. It has
been reported in the literature that the particle size of NPs

Figure 2. XRD pattern of Fe3O4&Fe2O3 NPs. Figure 3. XRD peak list of Fe3O4 a), and γ-Fe2O3 b).
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obtained using the chemical synthesis method was found to be
7.1 using the Debye–Scherrer formula.[35]

3.2. Scanning Transmission Electron Microscopy (SEM)
Analysis of IONPs

The shapes of IONPs produced using herbal agents are shown in
Figure 4. Due to the natural magnetism and Van der Waals forces
of Fe3O4 NPs, they tend to form integrated clusters (Figure 4).[36]

Therefore, as can be seen from the SEM images, the NPs are inte-
grally all-in.

When the images were taken at 500 (Figure 4a,c) nm and
20 μm (Figure 4c) are examined, it is seen that small nanoparticles
form clusters as a result of centrifugation and form larger cube
like structures. According to the labels in the images, it is seen
that the nanoparticles are in different sizes from each other. It
has been reported in the literature that Fe3O4 NPs synthesized by
hydrothermal and chemical synthesis methods have spherical-
shaped NPs below 10 nm.[37]

3.3. EDX Analysis of IONPs

EDX analysis was performed to evaluate the elemental composi-
tion of IONPs. The formation of IONPs (Figure 5b) was demon-
strated by the detection of a significant number of peaks for
Fe and O (Figure 5a). The composition of the particles and the
purity level of the particles in the biogenically synthesized
IONPs were analyzed. We show that C. sativa mediated IONPs
have 55.25% iron and 44.20% oxygen, respectively (Figure 5).
Both iron and oxide peaks confirm the formation of IONPs. In
addition, trace amounts of Cl and Ca originating from plant res-
idues were reported in the EDX analysis.

The presence of chlorine in EDX spectroscopy was also com-
monly found as impurity in other studies synthesized by the
green synthesis method. It has been observed that these impuri-
ties in the elements will be removed by washing the NPs with
ethanol solvent.[38,39]

3.4. UV-Vis Spectral Analysis of IONPs

UV-Vis spectroscopy was performed on a diluted solution of col-
loidal IONPs and the resulting spectrum is presented in Figure 6.
No specific absorption peak was observed in the spectral analysis,
but it was reported to exhibit a continuous absorption in the vis-
ible region between 280–700 nm. This absorption is attributed to
the formation of IONPs. Similar spectral features have been
reported in some studies in the literature.[33,40,41]

At the beginning of the experimental study, Fe3þ ions were
reduced by the phytochemicals contained in the plant extract
and turned into zero-valent Fe0 particles. However, these particles
are unstable due to the high reactivity of iron. Under experimen-
tal conditions, Fe0 particles were oxidized to form Fe3þ/Fe2þ ions.
In the study, the aggregation process following nucleation
resulted in the formation of Fe3O4 and Fe2O3 nanoparticles, which
were stabilized by the phytochemicals in the plant extract.

3.5. FTIR Analysis

The absorption bands observed in the plant extract at 3322.21,
2974.91, 2928.78, 1650.79, 1382.83, 1330.91, 1273.37, 1084.66,
1043.02, and 879.14 cm�1 correspond to various molecular vibra-
tions. These include stretching of O─H and C─H bonds, C─O and
C─C bonds in carbonyl groups, vibrations of saturated aldehyde,
C─N stretching in amide groups, vibrations of C─C and C─H
bonds in aromatic ring and bending of C─O bonds in phenolic

Figure 4. SEM image of IONPs by the biological method. a) Surface morphology of IONPs, b) Aggregated nanoparticle structures, c) Particle size measure-
ment indicating a size range between 12.07 and 21.95 NM.
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compounds. These vibrations indicate the presence of organic
compounds in the plant extract .[42]

FTIR of IONPs-Hemp. (Figure 7) the peaks absorbed by IONPs
and attributed to -OH appear as broad and strong bands at 3494–
3397 cm�1. The peak at 665 and 599 cm�1 gives the Fe─O bond
vibration of IONPs.[35,43] The peak observed at 1092 cm�1 gives the
Fe─OH structural vibration. The peaks at 1684 and 1620 cm�1

are attributed to C─H vibrations. The peaks extending in the region
between 400 and 600 cm�1 correspond to the characteristic peaks
of IONPs.[43]

3.6. The Photocatalytic Effect of IONPs

Increasing life expectancy, population growth, and the need for
new industrial products have significantly increased the industrial

growth rate. However, wastewater resulting from industrial activ-
ities containing toxic chemicals and organic dyes has become a
problem that poses a serious threat to human health. In this
study, the photocatalytic degradation properties of organic
dye such as Bromophenol Blue were investigated to evaluate
the effectiveness of biogenically synthesized IONPs (Figure 8).

The percentage calculation was calculated according to the
formula below and the results are shown in Graph 1.

%Degradation ¼ Ao� A
Ao

� 100 (2)

The results of the study showed that the dye gradually
degrades over periods of 0 to 150min. A significant color change
has been observed that occurs from a dark medium to a colorless

Figure 5. EDX analysis of IONPs prepared by the biological method.

Figure 6. UV-Vis spectrum of Fe3O4&Fe2O3 NPs.
Figure 7. FTIR spectra of biologically derived IONPs and Hemp extract.
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solution. The photocatalytic effect of IONPs prepared by the
green synthesis method was tested at time intervals of 0, 30,
60, 90, and 300min, and it was determined that the optical den-
sity decreased gradually to 1.39, 1.33, 1.26, 1.15, and 0.47 values,
respectively. Previous studies have revealed that plant phyto-
chemicals act as reducing agents and increase photocatalytic
activity by acting as catalysts in this process.[44,45]

3.7. Biological Activity

3.7.1. Minimum Inhibitory Concentration (MIC) Assay

The minimum inhibitory concentration (MIC) method was
employed to assess the antibacterial and antifungal efficacy of
green-synthesized IONPs against various microorganisms. Tested
strains included Gram-positive bacteria (Staphylococcus aureus,
Enterococcus faecalis), Gram-negative bacteria (Klebsiella pneumo-
niae, Escherichia coli), and fungi (Candida albicans, Candida utilis).
As indicated in Table 1, the MIC values for bacterial strains ranged
from 50 to 80 μgmL�1, demonstrating the nanoparticles’ potent
antimicrobial activity. This effect is attributed to reactive oxygen
species (ROS) generation induced by oxidative stress from the
IONPs.[46–48]

A review of the literature reveals extensive research on the
antimicrobial properties of iron-based nanoparticles. Studies

confirm that green-synthesized IONPs exhibit comparable effi-
cacy against both Gram-negative (e.g., E. coli) and Gram-positive
(e.g., S. aureus) bacteria.[49,50] Similarly,[51] demonstrated that
IONPs could serve as a promising antimicrobial agent, particularly
against E. coli.

3.7.2. Evaluation of Cell Survival and Death

Cytotoxic effects have been investigated on the human colorectal
adenocarcinoma cell line HT-29 and the human cervical carci-
noma cell line HeLa. The cytotoxicity effects of IONPs obtained
by the green synthesis method are summarized in Table 2
and visualized in Figure 9.

Metal nanoparticles enter the cell by disrupting the structure of
the plasma membrane and lead to oxidative stress, downregula-
tion of anti-apoptotic proteins and the formation of apoptosis in
cancer cells.[52] In this study, IC50 values for HeLa and HT-29 cell
lines were determined as 64.64 and 63.25 μgmL�1, respectively.
There are various studies in the literature that iron nanoparticles
have cytotoxic effects on cancer cells.[53–55] Alangari et al. In a study
conducted in 2022, it showed that it significantly inhibited the
growth and spread of cancer cell lines.[56]

Figure 8. Photocatalytic activity of IONPs on the degradation of Brompenol
Blue prepared by Biogenic method.
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Graph 1. Photocatalytic activity of IONPs on the degradation of Brompenol Blue.

Table 1. Antibacterial and antifungal MIC results.

Microorganisms MIC Values of IONPs [μgmL�1]

E. coli 278� 22

K. pneumoniae 363� 21

S. aureus 399� 19

E. faecalis 277� 12

C. albicans 393� 22

C. utilis 275� 21

Table 2. Cytotoxicity effect of green-synthesized IONPs NPs.

Cell Line IC50 of IONPs [μgmL�1]

HeLa 65� 6

HT-29 63� 5
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4. Conclusion

In this study, IONPs were successfully synthesized via a single-
step green approach using C. sativa leaf extract as the sole
reducing and stabilizing agent, eliminating the need for second-
ary chemicals. The nanoparticles were comprehensively charac-
terized through SEM, EDX, XRD, UV-Vis, and FTIR spectroscopy.
XRD analysis confirmed the high purity of the IONPs, while SEM
imaging revealed a particle size distribution of 12–21 nm, with
notable agglomeration and low crystallinity, consistent with an
amorphous nanostructure (18.8 nm). EDX quantification indi-
cated a �99% formation efficiency for the green-synthesized
IONPs.

The catalytic potential of the nanoparticles was demon-
strated by the degradation of bromophenol blue dye, evi-
denced by a progressive reduction in absorbance at 590 nm.
Beyond their antimicrobial efficacy against bacterial (e.g.,
S. aureus, E. coli) and fungal (e.g., C. albicans) pathogens, the
IONPs exhibited dose-dependent cytotoxicity against HeLa
and HT29 cancer cell lines, suggesting therapeutic applicability.
Furthermore, their utility in wastewater treatment and indus-
trial dye degradation highlights their versatility in environmen-
tal remediation.

To fully harness these functionalities, further investigations
are necessary to optimize dosage, reaction kinetics, and
long-term stability. Collectively, these findings underscore the
potential of eco-friendly IONPs for biomedical and environmen-
tal applications, aligning with sustainable nanotechnology
paradigms.
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Commun. 2024, 159, 111797.
[25] Y. Kocak, G. Oto, I. Meydan, H. Seckin, T. Gur, A. Aygun, F. Sen, Inorg. Chem.

Commun. 2022, 140, 109417.
[26] G. T. Burstein, Corros. Sci. 1992, 33, 1189.
[27] D. C. Fernández-Remolar, Encycl. Astrobiol 2015, 1268–1270, https://doi.

org/10.1007/978-3-662-44185-5_1714.
[28] L. S. Ganapathe, M. A. Mohamed, R. M. Yunus, D. D. Berhanuddin,

Magnetochemistry 2020, 6, 68.
[29] D. L. Huber, Small 2005, 1, 482.
[30] S. F. Hasany, I. Ahmed, R. Jose, A. Rehman, Nanosci. Nanotechnol. 2012,

2, 148.
[31] A. S. Teja, P. Y. Koh, Prog. Cryst. Growth Charact. Mater. 2009,

55, 22.
[32] S. Venkateswarlu, B. N. Kumar, B. Prathima, Y.Y. SubbaRao, N. V. V. Jyothi,

Arab. J. Chem. 2019, 12, 588.
[33] Y. P. Yew, K. Shameli, M. Miyake, N. Kuwano, N. B. Bt Ahmad Khairudin,

S. E. Bt Mohamad, K. X. Lee, Nanoscale Res. Lett. 2016, 11, 1.
[34] R. Rahmani, M. Gharanfoli, M. Gholamin, M. Darroudi, J. Chamani, K. Sadri,

J. Mol. Struct. 2019, 1196, 394.
[35] J. Sun, S. Zhou, P. Hou, Y. Yang, J. Weng, X. Li, M. Li, J. Biomed. Mater. Res.

Part A 2007, 80A, 333.
[36] Y. Lalatonne, J. Richardi, M. P. Pileni, Nat. Mater. 2004, 3, 121.
[37] L. Qiao, Z. Fu, J. Li, J. Ghosen, M. Zeng, J. Stebbins, P. N. Prasad,

M. T. Swihart, ACS Nano 2017, 11, 6370.

[38] S. Qasim, A. Zafar, M. S. Saif, Z. Ali, M. Nazar, M. Waqas, A. U. Haq, T. Tariq,
S. G. Hassan, F. Iqbal, X.-G. Shu, M. Hasan, J. Photochem. Photobiol. B Biol.
2020, 204, 111784.

[39] S. S. U. Rahman, M. T. Qureshi, K. Sultana, W. Rehman, M. Y. Khan,
M. H. Asif, M. Farooq, N. Sultana, Results Phys. 2017, 7, 4451.

[40] N. Basavegowda, K. B. S. Magar, K. Mishra, Y. R. Lee, New J. Chem. 2014, 38,
5415.

[41] R. Selvaraj, S. Pai, G. Murugesan, S. Pandey, R. Bhole, D. Gonsalves,
R. Vinayagam, Appl. Nanosci. 2021, 11, 2227.

[42] E. T. Bekele, B. A. Gonfa, O. A. Zelekew, H. H. Belay, F. K. Sabir,
J. Nanomater. 2020, 1. https://doi.org/10.1155/2020/2817037.

[43] R. M. Dhoble, S. Lunge, A. G. Bhole, S. Rayalu, Water Res. 2011, 45, 4769.
[44] G. V. Geethamala, M. Poonkothai, & A. V. Swathilakshmi, 2023,

Environmental Science and Pollution Research, 30(55), 117022–117036.
https://doi.org/10.1007/s11356-023-27551-8

[45] Y. S. Jara, T. T. Mekiso, & A. P.Washe, 2024, Scientific Reports, 14(1). https://
doi.org/10.1038/s41598-024-57554-5

[46] P. A. Bradford, M. Castanheira, Manual of Clinical Microbiology 2023,
https://doi.org/10.1002/9781683670438.mcm0072.

[47] G. Marslin, K. Siram, Q. Maqbool, R. K. Selvakesavan, D. Kruszka,
P. Kachlicki, G. Franklin, Materials 2018, 11, 940.

[48] S. Shahzadi, N. Zafar, R. Sharif, S. Shahzadi, N. Zafar, R. Sharif, Bact. Pathog.
Antibact. Control 2018, 51, doi: 10.5772/intechopen.72526.

[49] A. Rufus, N. Sreeju, D. Philip, RSC Adv. 2016, 6, 94206.
[50] Á. de J. Ruíz-Baltazar, N. Méndez-Lozano, D. Larrañaga-Ordáz,
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