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A B S T R A C T   

In this research, nanoparticles derived from water extract of Centaurea solstitialis leaves were used as green 
adsorbent in Fenton reaction for Reactive Red 180 (RR180) and Basic Red 18 (BR18) dyes removal. At optimum 
operating conditions, nanoparticles proved high performance in the tested dyes removal with more than 98% of 
removal elimination. The free-radical scavenging, DNA nuclease, biofilm inhibition capability, antimicrobial 
activity, microbial cell viability, and antimicrobial photodynamic therapy activities of the iron oxide nano-
particles (FeO-NPs) derived from water and methanol extract of plant were investigated. Each of the following 
analysis: SEM-EDX, XRD, and Zeta potential was implemented for the prepared NPs characterization and to 
describe their morphology, composition and its behavior in an aqueous solution, respectively. It was found that, 
the DPPH scavenging activities increased when the amount of nanoparticles increased. The highest radical 
scavenging activity achieved with FeO-NPs derived from water extract of plant as 97.41% at 200 mg/L. The new 
green synthesized FeO-NPs demonstrated good DNA cleavage activity. FeO-NPs showed good in vitro antimi-
crobial activities against human pathogens. The results showed that both synthesized FeO-NPs displayed 100% 
antimicrobial photodynamic therapy activity after LED irradiation. The water extract of FeO-NPs and methanol 
extract of FeO-NPs also showed a significant biofilm inhibition.   

1. Introduction 

Turkey is one of the world’s richest countries in terms of floristics 
and herbal variety, with a flora that includes approximately 12,000 
vascular plants used in a variety of disciplines such as medicine, engi-
neering, chemistry, and so on (Alper et al., 2021). Centaurea solstitialis 
(Cs) is a member of the Asteraceae family and it is known as yellow star 
thistle or goblin thistle. Although Cs grows mainly in the Mediterranean 
region, it can be found on all six continents (Hierro et al., 2009; Dukes JS 
et al., 2013). It is an annual herbaceous plant that grows up to 60 cm 
with yellow or pink flowers. It is a durable plant due to its long roots and 

due to the ability of its seeds to withstand fire. The plant is found in pine 
forests, dry slopes, fallow fields, and waste areas (Alper et al., 2021; 
Klahan et al., 2023). Cs, on the other hand, is an invasive and highly 
effective plant in terms of ecology. They are well-known for their toxic 
and harmful effects on other species (Eskikaya et al., 2022; Khan et al., 
2023; Lu-Irving et al., 2019). In this regard, they are generally unap-
pealing and economically insignificant plants. It has previously been 
used to treat herpes infections around the lips, malaria, nausea, cold, 
hemorrhoids, peptic ulcers, and abdominal pain (Yeşilada et al., 1995; 
Yilmaz, 2018; Alper and Güneş, 2019). Cs may be a prominent alter-
native raw material for green synthesis production in this context, owing 
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to its extensive availability and low-cost effectiveness. 
Nanotechnology is a division of science which is concerned with the 

design, characterization, and manufacture of 1–100 nm particles at the 
atomic and molecular levels (Ensafi et al., 2010; Raoof et al., 2011; 
Karaman et al., 2021). In the last few decades, there has been an increase 
in interest in nanostructures due to nanotechnological works operating 
in all fields of life and new products that have been improved by 
incorporating these constitutions into large material components and 
systems (Dreher, 2004; Eskikaya et al., 2022; Dave and Chopda, 2014). 

Metal oxides have known a great importance in many areas such as 
chemistry, physics, materials science, biogas production and antibacte-
rial activity (Taherkhani et al., 2014; Karimi-Maleh et al., 2014; Ala-
vi-Tabari et al., 2018; Bhuyar et al., 2020; Jadhav et al., 2021; 
Bouchareb et al., 2022). Unlike bulk materials, metal NPs have distinct 
chemical, physical, electrical, electronic, thermal, magnetic, dielectric, 
catalytic, biological, and optical properties (Deokar and Ingale, 2016; 
Mishra et al., 2022; Pandey et al., 2022). Iron oxide NPs have diverse 
polymorph (α-Fe2O3, γ-Fe2O3, FeO and Fe3O4) structures (Kumar et al., 
2020). In addition to all metal NPs, FeO-NPs have been broadly studied 
in areas such as sensors, photocatalysts, plant growth regulators, fine 
ceramics, water treatment, data storage materials, medical applications, 
pigments, photoelectrochemical cells and anticorrosive chemicals 
(Rostamizadeh et al., 2020; Lee and Lee, 2010). 

Fenton oxidation is an oxidation process that uses H2O2 and soluble 
Fe2+ or a solid Fe catalyst to produce hydroxyl radicals (•OH) with a 
high oxidation potential (Lee and Lee, 2010). Organic compounds can be 
destroyed using Fenton’s reagent. H2O2 oxidizes Fe2+ to Fe3+, forming a 
hydroxide ion and a hydroxyl radical in the process. Fe3+ ion is then 
reduced to Fe2+ by a different hydrogen peroxide molecule, resulting in 
the development of a proton and a hydroperoxyl radical. The dispro-
portionation of hydrogen peroxide outcomes to the formation of two 
distinct oxygen-radical species as described in the following reactions 
(Eqs. (1)–(3)), with water as a byproduct (Behin et al., 2017). 

Fe2+ +H2O2 → Fe3+ +OH • + OH− (1)  

Fe3+ +H2O2 → Fe2+ +HOO • + H+ (2)  

2H2O2 → OH • +HOO • + H2O (3) 

This process produces free radicals, which are then used in subse-
quent reactions. The hydroxyl radical, for example, is a potent, non- 
selective oxidant (Cai et al., 2021). Organic compound oxidation by 
Fenton’s reagent is exothermic and rapid, resulting in the contaminants 
oxidation to primarily CO2 and H2O. In the 1930s, Haber and Weiss 
proposed reaction (1) as part of the Haber–Weiss reaction (Haber and 
Weiss, 1932). As an iron catalyst, iron (II) sulfate is commonly used. The 

Table 1 
The studied dyes chemical structures and fundamental properties.  

Dye Basic Red 18 (BR18) Reactive Red 180 (RR 180) 

Chemical Structure 

Molecular Classification Mono-azo class Single-azo class 
Molecular Formula C19H25N5Cl2O2 C29H19N3Na4O17S5 

Molecular Weight(g/mol) 426.34 933.76 
UV absorption λmax (nm) 484 542  

Fig. 1. FeO-NPs synthesis schematic representation.  
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exact redox cycle mechanisms are unknown, and non-OH• oxidizing 
organic compound mechanisms have been proposed as well (Sheldon 
and Kochi, 1976). As a result, rather than focusing on a specific Fenton 
reaction, discussing Fenton chemistry in general may be more 
appropriate. 

In this research, we aimed to synthesize iron oxide nanoparticles 
(FeO-NPs) using Centaurea solstitialis (Cs) leaf extract. The synthesized 
FeO-NPs from the Cs (a harmful plant and no economic values) which 
may serve as a new and alternative raw material for green synthesis 
production. The synthetized nanoparticles from different plant extracts 
were characterized and used as adsorbent in Fenton reaction for Reac-
tive Red 180 (RR180) and Basic Red 18 (BR18) dyes removal. In addi-
tion, DPPH scavenging activity, biofilm inhibition capability, 
antibacterial activity, microbial cell viability inhibition, and FeO-NPs 
antimicrobial photodynamic therapy were examined. 

2. Materials and methods 

2.1. Materials and chemicals 

The following used chemicals: synthetic dyes (Basic Red 18, Reactive 
Red 180), iron (III) chloride (FeCl3), sodium hydroxide (NaOH), hy-
drochloric acid (HCl), and hydrogen peroxide (H2O2) were brought from 
Sigma Aldrich. FeCl3 was used as the iron source. The molecular struc-
tures and basic properties of the used dyes are shown in Table 1. 

Cs was collected from Mersin, Turkey. Cs was cleaned with deionized 
water several times. The cleaned leaves were dried in the air and then 
ground to fine powder which was stored at room temperature for further 
usage. 

2.2. Synthesis of FeO-NPs 

Cs extract was prepared as follows: 1 g CsP was added into 250 mL of 
deionize water and agitated 24 h at 70 ◦C. As the next step, the extract 
has been filtered through a funnel to obtain the final solution. 0.1 M 
FeCl3 solution (100 mL) is prepared with the obtained plant extract. The 
mixture was incubated in an oven at 70 ◦C for 24 h. Then, the mixture 
was centrifuged at 6000 rpm for 5 min. The obtained deposit solid was 
separated and used as FeO-NPs in the Fenton experiments. All the fol-
lowed experimental steps are demonstrated in Fig. 1. 

2.3. FeO-NPs characterization 

SEM–EDX was elaborated to characterize the synthesized nano-
particles. Scanning electron microscopy (SEM) (SEM, Zeiss Supra 55, 

Germany) was used to determine the surface morphology of nano-
particles. In addition, the composition of the elements present on the 
nanoparticles’ surface was carried out using energy dispersive X-ray 
spectroscopy (EDX). XRD measurements were carried out using via X- 
ray diffraction device (XRD, Bruker, D8 Venture) with 2θ scan range 
from 10 to 90◦ at a scan rate of 2◦/min. The zeta potential of nano-
particles was measured using a zeta sizer (Malvern Zetasizer equipped 
with MPT-2 Titrator, Nano ZS). 

2.4. Fenton experiments 

The Fenton-like experiments of FeO-NPs were established in conical 
flasks comprising 50 mL of dye solution. All the experiments were 
elaborated under constant conditions: shaking speed of 150 rpm for 60 
min at 25 ± 1 ◦C. Then, the dye solutions were centrifuged (6000 rpm 
and 5 min). Dyes concentrations (BR18 and RR180) were determined 
using UV–Vis spectrophotometer at determined wavelengths. The 
Fenton-like process reaction mechanism is illustrated in Fig. 2 (Hussain 
et al., 2021). 

The effects of pH, concentration of nanoparticles and concentration 
of H2O2 on the removing of dyes were investigated. Initially, pH effect 
on the removability of the studied dyes was evaluated as follows. The 
dyes pH was adjusted with dilute hydrochloric acid (HCl 0.1 M) to 2.0, 
2.5, 3.0, 4.0, and 5.0. Then, 250 mg/L FeO-NPs and 5 μL hydrogen 
peroxide were added to each solution and agitated. 

The impact of FeO-NPs amount and H2O2 concentration on the 
removing of dyes were studied. Dyes pH was adjusted with 0.1 M NaOH 
and 0.1 M HCl. Different concentrations of FeO-NPs (125, 250, 375, and 
500 mg/L) were added to the conical bottles containing 100 mg/L dye 
concentration and agitated. 

In the effect of H2O2 concentration investigation, diverse concen-
trations of H2O2 (2.5, 5.0, 7.5, 10 μL/L) were added to the dye solutions. 
The concentration of BR18 and RR180 dyes were calculated using Eq. 
(4). 

Removal Efficiency (%)=

(
Initial Concentration − Final Concentration

Initial Concentration

)

× 100
(4)  

2.5. DPPH scavenging activity 

The DPPH radical scavenging activity of the new synthesized FeO- 
NPs was measured using the assay reported by Agirtaş et al. (Aǧirtaş 
et al., 2015). A 200 μL various concentration of FeO-NPs solutions 
prepared and added to the tubes. Later, 1.0 mL of DPPH was added to 
each tube and the total tubes were incubated at room temperature for 
30 min. As control agents, Trolox and Ascorbic Acid were used. Meth-
anol was used as blank. After 30 min, the purple color removal was 
measured at 517 nm under. The scavenging capability was computed 
using Eq. (5). 

Capacity (%)=

(
Abs (control) − Abs (sample)

Abs (control)

)

× 100 (5) 

Abscontrol: control absorbance, Abssample: the absorbance of the test 
compounds and DPPH. 

2.6. DNA cleavage ability 

The DNA cleavage ability of the synthesized FeO-NPs were con-
ducted by agarose gel electrophoresis. Various concentrations of the 
green synthesized nanoparticles were mixed with the plasmid DNA 
(E. coli pBR 322) and the mixtures incubated at 37 ◦C for 1 h. Later, the 
mixtures were put into the wells of agarose gel. Then, electrophoresis 
assay started. Supercoiled plasmid DNA which was untreated was used 
as -ve control. A transilluminator was used to check DNA bands. 

Fig. 2. Fenton-like process reaction mechanism.  
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2.7. Antimicrobial activity 

Micro-dilution assay was employed to test the antimicrobial property 
of the green synthesized FeO-NPs. Gr + ve, Gr -ve and fungal strains 
including E. faecalis, S. aureus, E. hirae, E. coli, P. aeruginosa, 
L. pneumophila, C. parapisilosis, and C. tropicalis were used in the anti-
microbial activity study. The ATTC numbers of the strains used, and the 
details of the antimicrobial study are given in our previous study (Gonca 
et al., 2021). Firstly, the nanoparticles were made two-fold (1:2) serial 
dilutions and they were incubated at 37 ◦C for 24 h with the afore-
mentioned microorganisms (0.5 McFarland). Next, MIC was appraised 
to determine antimicrobial activity which showed the lowest concen-
tration that inhibits microbial growth. 

2.8. Cell viability and antimicrobial photodynamic therapy 

E. coli was utilized as a bacterium to evaluate the cell viability in-
hibition capabilities of the green synthesized Fe-NPs. The cell viability 
inhibition method was carried out as mentioned in our previous study 
(Bautista et al., 2007). E. coli was inoculated to NB medium. Then, it was 
incubated at 37 ◦C and 150 rpm for 24 h. After centrifuging E. coli, the 
microbial pellet was cleaned with 0.9 percent sterile saline solution. 
E. coli was suspended in sterile saline solution. This bacterial solution 
was utilized to cell viability ability. E. coli was treated with the green 
synthesized FeO-NPs at different concentrations 125, 250, and 500 mg/L 
for 90 min at 37 ◦C. Later, the mixtures were diluted in different pro-
portions and inoculated in NB agar and left to incubate at 37 ◦C for one 
day. The same procedure was also conducted for antibacterial photo-
dynamic therapy study, after the compounds were subjected to LED light 
for 20 min. Finally, counting the formed colonies was elaborated, and 

Fig. 3. SEM of FeO-NPs derived from (A) water and (B) methanol using Cs leaves.  

Fig. 4. EDX of FeO-NPs derived from (A) water and (B) methanol using Cs leaves.  
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the cell viability was computed using Equation (6). 

Cell viability (%)=

(
A (control) − A (sample)

A (control)

)

× 100 (6)  

2.9. Biofilm inhibition activity 

The biofilm formation inhibition capability of the FeO-NPs was 
studied based upon crystal violet (CV) staining. Two selected bacteria 
(P. aeruginosa and S. aureus) were utilized to appraise the biofilm inhi-
bition of the green synthesized FeO-NPs. One night before starting the 
testing step, bacterium cultures were grown. Bacterial strains were 
inoculated to well plates with 2.9 × 108 CFU/mL. Bacterial strains 

incubated at 37 ◦C for 72 h in well plates containing different levels of 
FeO-NPs at 125, 250, and 500 mg/L. Following, the wells were drained 
and cleaned. The plates were dried in the oven. Next, CV was added into 
the well. CV removed after 45 min and the plates were washed slowly. 
The washing step was done twice. Ethanol was then added and waited 
15 min for the absorbed CV to be recovered. Absorbance of solutions was 
measured at 595 nm wavelength. Wells used as positive control did not 
contain nanoparticles but only bacteria. Biofilm inhibition was calcu-
lated according to Eq. (7). 

Biofilm Inhibition (%)=

(
Abs (control) − Abs (sample)

Abs (control)

)

× 100 (7)  

3. Results and discussion 

3.1. FeO-NPs characterization 

Both FeO-NPs derived from water and methanol extract of Cs leaves 
were characterized in terms of SEM-EDX, XRD, and ZETA POTENTIAL as 
represented in Figs. 3–6. Fig. 3 shows the surface morphology of the 
synthetized nanoparticles. As evident from SEM images, nanoparticles 
derived from water (Fig. 3A) exhibited perfect homogeneous spherical 
morphology compared to the different inhomogeneous morphology 
shown in Fig. 3B corresponding to nanoparticles derived from methanol. 
Therefore, Fenton experiments were conducted using iron oxide nano-
particles derived from water extract of Cs leaves. 

Elemental composition of the nanoparticles was studied with EDX. 
Fig. 4A and B show the EDX analysis of the Fe2O3 NPs derived from 
water and methanol, respectively. As evident from Fig. 4A, the expected 
elements N (6.14% w/w), O (11.53% w/w), Cl (26.72% w/w), and Fe 
(55.62% w/w) are observed clearly and in an appropriate proportion. 
Similar proportions were obtained when prepared NPs were derived 
from methanol as shown in Fig. 4B: N (3.8% w/w), O (11.34% w/w), Cl 
(24.52% w/w), and Fe (60.33% w/w). 

X-ray diffraction (XRD) spectroscopy was used to investigate the 
crystalline structure of the prepared NPs as shown in Fig. 5. The 
diffraction pattern of the sample derived from water (Fig. 5A) has 
extremely broad line widths due to its small uniform size. However, 
there are still-detectable sharp peaks situated on the diffraction angles 
2θ value of 10◦ and 110◦. 

Fig. 6 Depicts the change in zeta potential as a function of pH from 2 
to 6. NaCl (1 mM) was used to make the solutions. When the zeta po-
tential of the nanoparticles was investigated, it was observed that the 
zeta potential of the nanoparticles produced in pure water was almost 
positively charged for all pH values except of pH 6. However, the 
nanoparticles produced in methanol were positively charged between 
pH 2–4. They were charged negatively beyond at this pH. As a result, the 
adsorption capacity of the nanoparticles decreased for anionic dyes 
below pH 4. 

3.2. Fenton experiments 

In this research, the potential of iron oxide nanoparticles derived 
from water of Cs plant for RR180 and BR18 dyes removal in Fenton 
reaction was investigated. In this process, pH is most likely the most 
important control parameter. Although the Fenton reaction has been 
shown to have high removal efficiencies for a variety of pollutants, most 
studies have been conducted at acidic pH. (Bautista et al., 2007; Baycan 
and Can, 2019; El-Desoky et al., 2010). pH of the aqueous solution has 
been stated to have an important effect on the dye molecules adsorptive 
uptake due to its influence on both the dye molecule ionization process 
and the binding-sites of adsorbent surface (Sathishkumar et al., 2012). 
Initially, Fenton reaction was studied for RR180 and BR18 dyes removal 
at various solution pH conditions, and the experimental results are 
shown in Fig. 7A. Concentration of dyes, H2O2 concentration and 
adsorbent amount were kept constant: 100 ppm, 5 μL/L, and 0.25 g/L, 

Fig. 5. XRD of FeONPs derived from (A) water and (B) methanol using 
Cs leaves. 

Fig. 6. Zeta potential values of the nanoparticles.  
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respectively. As shown in Fig. 7A, the RR180 removal efficiencies were 
80%, 80%, 70%, 67%, 62%, and 20% at pH 2, 2.5, 3, 4, 5, and 6, 
respectively, with subsequent BR18 color elimination of 43%, 77%, 
98%, 89%, 57%, and 31% at pH 2, 2.5, 3, 4, 5, and 6, respectively. 
RR180 and BR18 dyes adsorption was maximum at pH 2.5 and pH 3, 
respectively. As solution pH increased, RR180 dye removal decreased 
continuously in the studied pH range. In The other hand, BR18 removal 
has known a better removal performance at pH value of 3.0. Similar 
comportment was replicated for the removal of several textile dyes on 
different adsorbents (Sathishkumar et al., 2012; Raji et al., 2021; Yang 
et al., 2018). The electrical charge of the adsorbent surface and the ionic 
structures of the dye in solution vary in function of solution pH 
(Sathishkumar et al., 2012). Hence, the ionization conditions of the 
functional groups on both adsorbent surface and dye molecule influence 
the degree of interaction between the dye and adsorbent (Gusain et al., 
2020). The best dyes removal at acidic pH can be accredited to the 
electrostatic interactions between the adsorbent and the investigated 
adsorbates (RR180 and BR18 dyes). At acidic pH, more hydroxyl radi-
cals are formed in Fenton reaction; consequently, resulting in more dye 
elimination. At higher pH, iron hydroxides precipitation could inhibit 
the ferrous ions regeneration resulting hydroxyl groups (OH•) genera-
tion for further oxidation (El-Desoky et al., 2010; Sathishkumar et al., 
2012; Raji et al., 2021). The differences in dyes elimination perfor-
mances achieved for acidic pH and pH 6 reflect the importance of pH 
impact in Fenton reaction. 

Adsorbent concentration is another key parameter for the Fenton 
reaction since this may reduce the adsorbent capacity for a particular 
dye content (Sathishkumar et al., 2012). The results of Fenton reaction 
in function of adsorbent amount for RR180 and BR18 dyes elimination 
at optimum pH values 2.5 and 3, respectively, are shown in Fig. 7B. As 
adsorbent concentration increased from 0.25 g/L to 0.5 g/L, both dyes 
removal efficiencies were not enhanced compared to the results illus-
trated in Fig. 7A. When lower adsorbent amount (0.125 g/L) was used, 
poor removal efficiency of less than 50% was registered for both tested 
dyes. When adsorbent concentration increases, iron concentration 
leached in the aqueous solution increases resulting in an enhancement of 
oxidation effectiveness and eventually better dye removal takes place 
(Yang et al., 2018). When excessive adsorbent quantity was used (more 
than 0.25 g/L), the oxidation activity of the catalyst did not enhance as 
shown in Fig. 7B. Hence, further experiments of Fenton reaction for 
RR180 and BR18 dyes removal were conducted with the adsorbent 
concentration of 0.25 g/L. 

As the treatment method cost is a viable factor, H2O2 concentration 
optimization is crutial in wastewater treatment using Fenton reaction. 
Fig. 7C displays RR180 and BR18 decolorization in function of H2O2 
concentration in the range of 2.5 μL/L and 12.5 μL/L at optimal oper-
ating conditions of pH and adsorbent concentration for each studied dye. 
As shown in Fig. 7C, when H2O2 concentration was increased, RR180 
removal efficiency has increased from 77% up to nearly complete 
elimination for 10 μL/L of H2O2 concentration showing one positive 

Fig. 7. The optimization of parameters for Fenton experiments using iron oxide nanoparticles derived from water (Experimental conditions: (A) Dye concentration: 
100 ppm; amount of adsorbent: 0.25 g/L; amount of H2O2: 5 μL/L; time: 60 min. (B) Dye concentration: 100 ppm; solution pH: 2.5 for RR180 and 3.0 for BR18; 
amount of H2O2: 5 μL/L; time: 60 min. (C) Dye concentration: 100 ppm; amount of adsorbent: 0.25 g/L; solution pH: 2.5 for RR180 and 3.0 for BR18; time: 60 min. 
(D) Similar Fenton and adsorption processes operating conditions of dye concentration: 100 ppm; amount of adsorbent: 0.25 g/L; solution pH: 2.5 for RR180 and 3.0 
for BR18; time: 60 min. Fenton reaction conducted for H2O2 amount of 10 μL/L for RR180 and 5 μL/L for BR18. 
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significant color removal for all the studied H2O2 concentration. 
Contrarily for BR18 dye removal, the elimination process for all studied 
H2O2 concentrations can be classified into two areas, namely a positive 
significant color elimination in the range between 2.5 μL/L and 5.0 μL/L, 
followed by a negative oxidation rate. The best removal efficiency was 
obtained for only 5 μL/L of H2O2 concentration corresponding to 98% of 
BR18 dye elimination. However, further increase of H2O2 concentration 
from 5.0 μL/L to 12.5 μL/L has slightly decreased color removal rate. 
The lower performance of color removal obtained with 2.5 μL/L H2O2 
indicates an insufficient number of hydroxyl radicals for the treatment of 
100 ppm concentration of the synthetic dye wastewater. As stated in 
previous research (Bautista et al., 2007; Baycan and Can, 2019), stoi-
chiometric weight ratio of H2O2 should be studied according to the 
treated water pollutants content. An excessive H2O2 concentration leads 
to a decreased efficiency of colors removal compared to what was ob-
tained with 5.0 μL/L H2O2 at the case of BR18 in this study. This is 
because of the scavenging role of H2O2 excess dosage, in which the 
formed hydroxyl radicals react with hydrogen peroxide instead of being 
consumed by dyes molecules (Baycan and Can, 2019; El-Desoky et al., 
2010; Sathishkumar et al., 2012; Raji et al., 2021). Fig. 7D illustrates a 
comparison between Fenton reaction and adsorption processes for 
RR180 and BR18 dyes removal at the same operating conditions of dye 
concentration 100 ppm, adsorbent concentration 0.25 g/L, solution pH: 
2.5 for RR180 and 3.0 for BR18 and reaction time of 60 min. From 
Fig. 7D, the impact of Fenton reaction is evident compared to the poor 
removal results obtained by just adsorption process, where both RR180 
and BR18 dyes removal efficiencies were only 20% and 13%, 
respectively. 

Fig. 8 Illustrates the impact of the initial dye concentration on Fenton 
experiments using iron oxide nanoparticles derived from water at the 
following optimal experimental conditions: amount of adsorbent: 0.25 
g/L; solution pH: 2.5 for RR180 and 3.0 for BR18; amount of H2O2: 10 
μL/L for RR180 and 5 μL/L for BR18 and reaction time of 60 min. The 
following initial dyes concentrations (100, 300, and 500 ppm) were 
investigated. Fig. 8 Depicts the obtained results. As shown in Fig. 8, both 
dye removal processes for all initial dye concentrations are clearly 
classified into two distinctive regions, a rapid color removal during first 
02 min, followed by a slowing down of the removal rate. The fast 
adsorption rate during the first 02 min designates the importance of the 
specific surface on the adsorption process. The obtained results indicate 
that the elimination percentage of both dyes removal efficiencies 
decreased with the increase of initial dye concentration. The rate and the 
mechanism of a dye elimination depends on colors solubility and their 
chemical properties (Shen et al., 2001). For instance, after 60 min of 
reaction, RR180 dye removal (Fig. 8A) decreased from 99% to 57%, and 

BR 18 color removal (Fig. 8B) decreased from 98% to 60%, when initial 
dye concentration was augmented from 100 to 300 ppm. It can be 
credited to the saturation of the available adsorption sites on the 
adsorbent as the different dye solutions were subject to the same 
experimental conditions of adsorbent amount, pH, H202 concentration 
and reaction time. Pelosi et al. (2014) stated that the removal efficiency 
of dye decreases when the initial color concentration increases 
concluding to the saturation at higher color concentrations (Pelosi et al., 
2014). 

3.3. Scavenging activity of DPPH radical 

DPPH scavenging activity is the most used as antioxidant test pro-
cedure because it is a fast, simple, cheap, and effective method to 
determine the organic and inorganic compounds. The DPPH scavenging 
ability of the FeO-NPs derived from water and methanol extract of plant 
were studied at different concentrations ranges from 12.5 mg/L to 200 
mg/L as illustrated in Fig. 9. The FeO-NPs derived from water extract of 
the plant showed higher antioxidant activity than the FeO-NPs derived 
from methanol extract for all tested concentrations. The DPPH 

Fig. 8. Dye concentration effect on Fenton experiments using iron oxide nanoparticles derived from water (Experimental conditions: Amount of adsorbent: 0.25 g/L; 
solution pH: 2.5 for RR180 and 3.0 for BR18; amount of H2O2: 10 μL/L for RR180 and 5 μL/L for BR18; time: 60 min. 

Fig. 9. DPPH scavenging ability of the synthesized green FeO-NPs. (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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scavenging activity of the FeO-NPs derived from water and methanol 
extract of plant were (25.68% and 11.33%) at 12.5 mg/L, respectively 
and (86.22% and 68.72%) at 100 mg/L, respectively. In this research, 
the highest radical scavenging activity achieved with the FeO-NPs 
derived from water extract of plant as 97.41% at 200 mg/L. The result 
of antioxidants on DPPH can be attributed to their hydrogen donating 
ability (Chavan et al., 2020). Sandupatla et al. (2021) have investigated 
the antioxidant activity of Fe, Ag and Fe–Ag nanoparticles synthesized 
from Passiflora edulis by DPPH free radical scavenging process. They 
indicated that the FeO-NPs exhibited a percentage of radical scavenging 
ranges between 1.69% at 25 mg/L and 38.47% at 400 mg/L. Iqbal et al. 
(2020) described that the antioxidant activity of the green synthesized 
FeO-NPs derived from the Rhamnella gilgitica and the green synthesized 
FeO-NPs displayed strong radical scavenging ability and showed con-
centration depended on activity. The highest DPPH radical scavenging 
activity was found 78.36% at 2000 mg/L of concentration. Mirza et al. 

(2018) synthesized and characterized FeO-NPs using Agrewia optiva and 
Prunus persica leaf extract. They also evaluated the antioxidant activity 
of both green synthesized iron oxide nanoparticles by DPPH scavenging 
activity and both green synthesized iron oxide nanoparticles demon-
strated approximately 15%–40% radical scavenging activity. Results of 
this study showed that green synthesized FeO-NPs can be used as an 
antioxidant agent after conducting the following investigations. 

3.4. DNA cleavage ability 

DNA is the most important molecule in living organisms. A change in 
this molecule threatens the life of the living being. With this principle, 
DNA is one of the most important molecules targeted in anticancer and 
antimicrobial studies. When pBR322 plasmid DNA is subjected to 
agarose gel electrophoresis, fast migration is occurred for the Form I 
(supercoiled form). Depending on the cleavage abilities of the 

Fig. 10. Microbial cells in function of FeO-NPs concentration derived from (A) water extract and (B) methanol extract.  

Table 2 
A comparison of our nanoparticles to previously published work.  

Green materials Iron Type Environmental 
application 

Antimicrobial & 
Antioxidant activations 

Major findings Reference 

Amla seeds Iron oxide nanoparticles Methylene blue dye 
removal from water 

- 80% of the Methylene blue was removed Ashraf et al. 
(2022) 

Melia azedarach 
flowers 

Iron oxide nanoparticles - Antimicrobial and 
antioxidant activities 

Comparatively less antioxidant activity than 
extract alone 

Muzafar et al. 
(2022) 

Echinochloa 
frumentacea grains 

Iron oxide nanoparticles - Antimicrobial and 
antioxidant activities 

95.10% Antioxidant activity Velsankar 
et al. (2022) 

Azardica indica 
leaves 

Super paramagnetic 
iron oxide nanoparticles 

Adsorption - 83% dye removed Getahun et al. 
(2022) 

Ziziphora 
clinopodioides lam 
leaf 

Iron nanoparticle - Antioxidant activities In vitro field, FeNPs indicated the high antioxidant 
property against DPPH. 

Chen et al. 
(2022) 

Cleistocalyx 
operculatus leaf 

Zero-valent iron 
nanoparticles 

Removal of dye 
(rhodamine B) 

- 95% of the rhodamine B was removed Le et al. 
(2022) 

Canthium 
coromandelicum 
leaf 

Iron oxide nanoparticles Photocatalytic 
oxidation (Janus green 
B) 

Antibacterial and 
catalytic degradation 

97.23% of the Janus green B was removed, Sudhakar 
et al. (2021) 

Pheonix dactylifera 
leaf 

Iron nanoparticles - Antioxidant activity 50% DPPH antioxidant activity Abdullah et al. 
(2020) 

Centaurea solstitialis 
leaves 

Iron oxide nanoparticles Fenton-like process, Antimicrobial and 
biofilm inhibition 
activity 

97.23% of the Reactive Red 180 and Basic Red 18 
were removed, and 100% antimicrobial 
photodynamic therapy activity 

This study  
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compounds, supercoiled form can convert to form II (nicked form), form 
III (linear form), or both (De et al., 2022; Vasseghian et al., 2022). 
Therefore, DNA targeting molecules are needed for antimicrobial and 
anticancer activity studies. In this research, DNA cleavage activity of 
synthesized FeO-NPs was tested. The results are displayed in Fig. 10. As 
illustrated in Fig. 10, it is observed that the FeO-NPs synthesized from 
the water extract completely fragmented the DNA molecule, while the 
FeO-NPs synthesized from the methanol extract caused single chain 
breaks. DNA cleavage activities of different metal nanoparticles were 
tested in different studies. Duman et al. (2016) investigated DNA 
nuclease activity of the CuO NPs derived from Chamomile flower extract 
on the plasmid pBR322 DNA and it was tested by gel electrophoresis 

assay. They indicated that when pBR322 plasmid DNA reacted with the 
CuO-NPs derived from Chamomile flower extract, a single strain cleavage 
activity was observed. De et al. stated that new ZnO NPs were synthe-
sized and characterized using Syzygium aromaticum bud extract. They 
also explored the DNA cleavage activity of ZnO NPs. These nanoparticles 
demonstrated DNA cleavage ability. Antonoglou et al. (2019) synthe-
sized and characterized CuFeO2-NPs. They also studied the DNA cleav-
age activity of the new synthesized CuFeO2-NPs. It was found that 
CuFeO2 did not show any DNA cleavage activity at 10 mg/L while it was 
displayed DNA cleavage activity at 50 and 100 mg/L concentrations. 
According to the obtained results in the present research, both synthe-
sized FeO-NPs showed DNA cleavage activity and the FeO-NPs synthe-
sized from water extract can be used in anticancer and antimicrobial 
studies after toxicological test studies. 

3.5. Antimicrobial activity 

Table 2 demonstrates the minimum inhibition concentrations (MICs) 
values of green synthesized FeO-NPs from water and methanol plant 
extracts. As shown in Table 2, the antimicrobial effect of green synthe-
sized FeO-NPs was quite good. The MICs of FeO-NPs synthesized from 
methanol plant extract were determined E. coli, P. aeruginosa, 
L. pneumophila, and C. parapisilosis were 256 mg/L and 128 mg/L for 
E. hirae, E. fecalis, S. aureus, and C. tropicalis, respectively. According to 
these findings, E. hirae and S. aureus were the most sensitive bacteria to 
green FeO-NPs synthesized from plant water extract. The antimicrobial 
effect of green synthesis of Ag–Fe bimetallic NPs against Gram-negative 
E. coli and Gram-positive S. aureus was investigated by Al-Asfar et al. 
(2018) using disk diffusion assay. They indicated that when the con-
centration of bimetallic Ag–Fe-NPs raised the antimicrobial activity of 
Ag–Fe bimetallic NPs raised up against tested microorganisms. Yoonus 
et al. (2020) informed that they studied the α-Fe2O3 nanoparticles 
antibacterial activity against Streptococcus mutans, S. aureus, 
P. aeruginosa, and E. coli and it was found that α-Fe2O3 nanoparticles 
demonstrated antimicrobial activity. Patra and Baek (2017) synthesized 

Fig. 11. Microbial cell viability inhibition in function of iron oxide nano-
particles concentration. 

Fig. 12. Antimicrobial photodynamic activity cells in function of FeO-NPs concentration derived from (A) water extract and (B) methanol extract.  
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Fe3O4 NPs from silky hairs boiled solutions (MH) and Chinese cabbage 
outer leaves (CCP). Both the MH derived FeO-NPs and CCP derived 
FeO-NPs exhibited antimicrobial activity against the Candida species 
and pathogenic bacteria. The reactive oxygen species produced by the 
FeO-NPs, including singlet oxygen (1O2), hydroxide radicals (OH•), and 
superoxide radicals (O2− ), are thought to be the cause of microbial in-
hibition. ROS production has been discovered in a variety of metal oxide 
NPs, which could be the result of oxidative stress, inflammation, and 
subsequent damage to membranes, DNA, and proteins, which is one of 
the main mechanisms of nanotoxicity. It can be associated to a similar 
mechanism as the antimicrobial activity of newly synthesized green iron 
oxide nanoparticles. 

3.6. Bacterial viability effect and antimicrobial photodynamic therapy 

The influences of the different concentrations of synthesized nano-
particles on microbial cell viability were studied against E. coli. The 
results are represented in Figs. 10 and 11. At the concentrations of 125, 
250 and 500 mg/L of FeO-NPs derived from water extract of plant, 
microbial cell viability inhibitions of E. coli were 93.24%, 96.31%, and 
99.98%, respectively. While the iron oxide nanoparticles derived from 
methanol extract of plant inhibited the E. coli cell viability percentages 
were 91.87%, 95.09%, and 99.92% at 125, 250, and 500 mg/L, 
respectively. The mode of action of metallic NPs demonstrated the 
vigorous affinity of NPs against cell membranes of microorganisms. This 
is due to metallic NPs act as potent reductants and induce dissociation of 
functional groups in cell membrane liposaccharides and proteins. They 
can be oxidized by intracellular oxygen and induced oxidative harm 
through the Fenton reaction. The NPs penetration throughout the cell 
membrane creates physical detriment and causes to the pathogen mi-
croorganisms’ death (Lee et al., 2008). Similar antimicrobial mechanism 
may be exhibited by both iron oxide nanoparticles synthesized in this 
research study. In addition, antimicrobial photodynamic therapy ac-
tivity was investigated as well using LED irradiation. The results are 
represented in Figs. 12 and 13. As seen in Fig. 13, it was determined that 
strong antimicrobial photodynamic therapy activity was achieved with 
both synthesized FeO-NPs. Both green synthesized FeONPs inhibited the 
E. coli cell viability as 99.99%, 100% and 100% at 125, 250, and 500 
mg/L, respectively. Podporska-Carroll et al. (2017) pointed out that the 
antimicrobial photodynamic therapy activity of fluorinated ZnO-NPs 
against S. aureus and E. coli. It was found that ZnO-NPs demonstrated 
99.99% and 99.87% antibacterial activity against S. aureus and E. coli, 
respectively, after visible light irradiation. Sethi and Sakthivel (2017) 
defined the antimicrobial and antimicrobial photodynamic therapy ac-
tivity of ZnO/TiO2 nanocomposites against E. coli. It was found the 
ZnO/TiO2 nanocomposite known higher E. coli growth inhibition under 
light irradiation than the ZnO or TiO2 NPs without light irradiation. 
Magnetic nanoparticles (MNPs, Fe3O4), having a peroxidase-like activ-
ity, can be functionalized by conjugatively connecting photosensitizers 

Fig. 13. Antimicrobial photodynamic activity in function of iron oxide nano-
particles concentration. 

Fig. 14. Biofilm inhibition cells of green iron oxide nanoparticles using S. aureus in function of FeO-NPs concentration derived from (A) water extract and (B) 
methanol extract. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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and other molecules to its surface to increase the ROS generation at the 
targeted sites for antimicrobial photodynamic therapy usages (Tassa 
et al., 2011; Gao et al., 2014). According to these results, green syn-
thesized FeO-NPs can be used as photosensitizers in antimicrobial 
photodynamic therapy activities. 

3.7. Biofilm inhibition 

A biofilm is a combination of surface-associated microbial cells 
surrounded in an extracellular polymeric material which is mainly a 
polysaccharide matrix, excreted by microbial cells. Microbial cells 

secreted an extracellular polymeric substance which is mostly composed 
of polysaccharide matrix which is called a biofilm. This biofilm layer is a 
surface-associated microorganisms’ assembly. Biofilms might form on 
an extensive kind of surfaces, including industrial or potable water 
system pipes, aquatic systems, medical devices or living tissues. 
S. aureus, P. aeruginosa, and E. coli, and C. albicans are well-known 
biofilm-producing microorganisms (Lebeaux et al., 2014). Biofilm cau-
ses an increase in antibiotic resistance. Therefore, biofilm-associated 
infections require specific antibiotic selection, high-dose administra-
tion, and long-term treatment processes. Ultimately, there is a need for 
new and more effective therapeutics (Girish et al., 2019). In this 
research study, the impact of synthesized FeO-NPs on biofilm inhibition 

Fig. 15. Biofilm inhibition of green iron oxide nanoparticles using S. aureus. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 16. Biofilm inhibition cells of green iron oxide nanoparticles using P. aeruginosa in function of FeO-NPs concentration derived from (A) water extract and (B) 
methanol extract. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 17. Biofilm inhibition of green iron oxide nanoparticles using 
P. aeruginosa. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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was tested against S. aureus and P. aeruginosa. The results of the effect of 
FeO-NPs on the biofilm inhibitions of S. aureus and P. aeruginosa are 
illustrated in Figs. 14–17. As the concentration of the water extract of 
FeO-NPs augmented from 125 mg/L to 250 mg/L, the biofilm inhibitions 
of S. aureus and P. aeruginosa improved from 79.81% to 85.58% and 
from 81.44% to 85.29%, respectively (Figs. 15 and 17). On the other 
hand, when the concentration of the methanol extract of iron oxide 
nanoparticles raised from 125 mg/L to 250 mg/L, the biofilm inhibitions 
of S. aureus and P. aeruginosa increased from 75.29% to 81.45% and 
from 65.96% to 75.39%, respectively. The biofilm inhibition activity of 
the different nanoparticles has been studied by several researchers. A 
study established by Shahmoradi et al. (2021) has shown the effect of 
selenium nanoparticles on the biofilm inhibition in which a significant 
biofilm inhibition was observed. Bharathi et al. (2020) stated that the 
synthesized silver nanoparticle using Cordia dichotoma extract demon-
strated dose-dependent biofilm inhibition activity against S. aureus and 
E. coli at the concentration ranges of 25–100 mg/L. Singh et al. (2018) 
stated that the Ag-NPs and Au-NPs derived from Rhodiola rosea rhizome 
extract were used against P. aeruginosa and E. coli for biofilm inhibition 
and both green synthesized nanoparticles displayed biofilm inhibition 
ability. According to the results of biofilm inhibition studies, newly 
synthesized and characterized iron oxide nanoparticles can be used for 
biofilm inhibition for different purposes. 

To better understand the efficacy of our nanoparticles in removing 
contaminants as well as antimicrobial and antioxidant applications, we 
compared our findings to those of previous studies on similar iron 
nanoparticles, which are listed in Table 2. The obtained iron oxide 
nanoparticles were found to be more efficient in both dye removal and 
antibacterial and antioxidant applications. 

4. Conclusion 

The two synthesized nanoparticles from Cs plant extracts were 
characterized and SEM demonstrated better uniform spherical 
morphology, which were used in Fenton reaction investigation for 
RR180 and BR18 dyes removal. The study showed complete elimination 
for both tested dyes in the optimized operating. 

The DPPH scavenging activity results revealed that the green syn-
thesized iron oxide nanoparticles exhibited an excellent radical scav-
enging ability. Both synthesized nanoparticles have also displayed good 
antibacterial activity, which inhibited the growth of Gram-negative, 
Gram-positive bacteria and micro fungus. From the obtained results of 
biofilm inhibition assay, the synthesized iron oxide nanoparticles 
exhibited high degree of biofilm inhibition ability at the different tested 
concentrations against S. aureus and P. aeruginosa. In addition, the new 
synthesized iron oxide nanoparticles demonstrated perfect antimicro-
bial photodynamic therapy and microbial cell viability inhibition 
against E. coli. The results obtained from this investigation may be 
beneficial for antimicrobial studies and preventing apoptotic cell 
proliferation. 
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