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Background: Organophosphate pesticides are one of the most extensively applied insecticides in agriculture. These
insecticides persist in the environs and thereby cause severe pollution problems. Iron oxide polymer nanocomposites are
wastewater remediation agents synthesized by various methods. When compared to chemical processes, green synthesis
using plant extract is thought to be more cost- and environmentally-friendly.

Objectives: This study aimed to evaluate the green synthesis of Fe,O,@p-Cyclodextrin (Fe,O,@p-CD) nanoparticles using
Ferulago angulata (F. angulata) methanol extract. These nanoparticles are loaded on polylactic acid (PLA) nanofibrous
nanocomposite along with Ferulago angulata extract (2, 4, and, 6wt %) to produce PLA/Fe,O,@B-CD/F. angulata extract
nanofibrous nanocomposite as a new nano biosorbent. Furthermore, the antibacterial properties of this compound and its
activity in diazinon removal have been evaluated.

Materials and Methods: Fe,O,@B-CD nanoparticles synthesis was performed via co-precipitation method using
FeCl,.6H,0 and FeCl,.4H,0 and B-cyclodextrin, and Ferulago angulata extract. Then polylactic acid/ Fe,O,@B-CD /
F. angulate.extract nanofibrous nanocomposite was prepared by the electrospinning method. Energy-dispersive X-ray
spectroscopy (EDS), X-ray diffraction analysis (XRD), vibrating sample magnetometer (VSM), and Fourier transform
infrared spectroscopy (FTIR) were used to analyze the structure of the nanocomposite. The antibacterial activity of this
nanocomposite against several fish and human bacterial pathogens, as well as its effectiveness in diazinon elimination,
have been evaluated in the sections that follow.

Results: The nanocomposite structure demonstrated that Fe,O, nanoparticles were produced and put into the polylactic
acid matrix with an average particle size of 40 nm. Furthermore, the results showed that this nanocomposite exhibited
removal efficiency of diazinon over 80% after 120 minutes under pH=7 and 2.5 gr.L"! nanocomposite concentration.
Also, this structure showed above 70% antibacterial ability against Bacillus cereus, Staphylococcus epidermidis and 60%
antibacterial ability against Streptococcus iniae and Yersinia ruckeri.

Conclusion: Fe,O, nanocomposite synthesis may be accomplished in a delicate and efficient manner by using Ferulago
angulata to produce Fe,O,@-CD nanoparticles. The stability of the nanoparticles was enhanced by combining Ferulago
angulata extract with polylactic acid nanofibers to create an antibacterial homocomposition nanocomposite. This device

may be used to remove and disinfect diazinon from aqueous media in an environmentally friendly manner.
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1. Background

Global pollution, especially water pollution and
waste management, is recognized as an international
public health issue that should be studied from
multiple perspectives, including social, economic,
and environmental aspects (1, 2). Water pollution
from unsustainable agricultural practices poses severe
risks to human health and the global ecosystem. Some
organophosphorus pesticides, such as diazinon is
widely used to control household insects and crops
of fruits and vegetables. Diazinon is rated a moderate
Class II chemical harmful to humans, aquatic animals,
mammals, and other species by the World Health
Organization (WHO) (3). It is relatively water-soluble
and has a 40 mg. L' solubility at 25 °C. For this reason,
water systems contaminated with pesticides have
been treated by various techniques such as filtration,
membrane separation, and adsorption (4). Adsorption
is considered as an efficient technique for pollution
removal from wastewater effluents.

Recently, some low-cost and commercial adsorbents
such as activated charcoal and bentonite have been
used to eliminate pesticides with a maximum of 96%
and 98% adsorption efficiency (5, 6).

Nevertheless, these adsorbents have limited porosity,
surface area, and pores volume and rapidly lose their
adsorption capacity. To overcome the conventional
adsorbents’ limitations, researchers introduced new
generation adsorbents as nano adsorbents as novel
efficient candidates for the water treatment system (7, 8).
The nano-adsorbents can remove emerging pollutants
even at low concentrations, i.e., pg.L!, under different
pH values and temperature conditions. One of the
efficient nano-adsorbents is iron oxide nanoparticles
used in biomedicine and water treatment (9, 10). These
nanoparticles are suitable with the functionalization
of chemical groups because they have a large specific
surface area and a high capacity for pollutant adsorption.
Also, biosorbents are other cost-effective adsorbents
for removing toxic material from contaminated
solutions. Biosorbents have other advantages, including
simplicity, lack of chemical waste, easy desorption, and
high biodegradation (11, 12).

Using nano biosorbents for environmental protection
is a combinatorial approach that integrates nanotech-
nology with biomaterial to form nano bio-composites
used as adsorbents to remove various contaminants
from wastewater (13, 14).
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Polylactic acid (PLA) is one of the biodegradable
aliphatic polyesters widely used in biocomposites
preparation. It has unique properties such as excellent
compatibility, absorbability, and degradation behavior in
human bodies. Researchers have recently prepared some
polylactic acid composites containing nanoparticles in
various fields (15). Another biomolecule that is used in
the nano bio composite is cyclodextrin. Cyclodextrinis a
water-soluble, non-toxic biomolecule that encapsulates
bioactive molecules by forming nano-scale molecular
inclusion complexes (16).

Additionally, other techniques have been created to
create nanoparticles of varied sizes and forms (17, 18).
The synthesis of nanoparticles by physical and chemical
methods can cause significant environmental problems,
technically and economically expensive. So, many
reports present biological processes, microorganisms
and enzymes, and plant extracts as possible eco-friendly
alternatives (19-21).

Biosynthesis is a beneficial method because it reduces
environmental impact compared with some physico-
chemical synthesis methods and produces large quantities
of uncontaminated nanoparticles with well-defined sizes
and morphology. Recently, various plant extracts, such
as Garcinia mangostana (22), Kappaphycus alvarezii
(23) ,and Moringa oleifera (24), have acted as eco-
friendly precursors to synthesize Fe,O,-NPs with the
potential application.

Ferulago angulata Iran’s central regions are home to
the perennial plant boiss. The chemical makeup of the
essential oil of F. angulata from various locations of
Iran was disclosed by a review of studies (25-27).

2. Objectives

The major objective of the current work was to
assess the new nano-biosorbent made from a greenly
synthesized Ferulago angulate-loaded polylactic acid/
Fe,O,@p-Cyclodextrin nanofibrous nanocomposite.
The following looks at this substance’s antibacterial
capabilities as well as its ability to remove diazinon

3. Materials and Methods

3.1. Materials

Purchased from Merck Company in Germany, the
analytic-grade reagents FeCl,.6H,0, FeCl,.4H,0, and
ammonia solution (25%) were used without additional
purification. Sigma Aldrich Company in the US was
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used to obtain polylactic acid with a molecular weight
of 60000 Da, cyclodextrin, and dichloromethane. The
Diazinon solution was bought (60%) from the Iranian
Samsazan Company.

Some human pathogenic bacterial strains were the ones
chosen for the antibacterial activity.

Including Bacillus cereus (PTCC 1665) and Staphylo-
coccus epidermidis (PTCC 1435) as Gram-positive
bacterial strains, Salmonella enterica (PTCC 1709),
and Escherichia coli (PTCC 1399) as Gram-negative
bacterial strains and some fish pathogenic bacterial
strains such as vibrio fluvialis (IBRC-M 10800),
Loctococcus garvieae (IBRC-M 10900) Yersinia
ruckeri (ATCC 29473) and streptococcus iniae (ATCC
29178) were prepared from the Persian Type Culture
Collection (PTCC) and Iranian Biological Resource
Center (IBRC), Tehran, Iran.

3.2. Preparation of Ferulago Angulata Extract

In the beginning, new aerial portions of Ferulago
angulata were procured from Kerman’s
mountain between April and June. The leaves were
thoroughly cleaned to eliminate dust, let too dry at room
temperature, and then pulverized into fine powders
using a mortar. 50 g of finely chopped leaves were
dissolved in 150 mL of 96% methanol and agitated
magnetically for one hour at 60 °C to create Ferulago
angulata extract. After being filtered using Whatman
filter paper, the crude extract solution was dried in an
oven for 24 hours at 45°C. For future use, the dried
extract powder was kept at 4 °C.

Hezar

3.3. Green Synthesis of Fe, O (@p-CD NPs

For the synthesis of Fe,O,-NPs, firstly, a solution of 10
mL FeCl,-6H,0 (1M), 2 mL FeCl,-4H,0 (1M), and 0.3
gr B-cyclodextrin was added to the flask. The flask was
then filled with 10 mL of Ferulago angulata extract,
and it was rapidly agitated for 30 minutes at room
temperature. The pH of the solution was then raised to
9 using an ammonia solution. Finally, B-cyclodextrin
coated iron oxide nanoparticles appeared as black
precipitation. Using a permanent magnet to separate
the nanoparticles, they were then repeatedly rinsed
in distilled water and ethanol before being dried
overnight in an air oven at 45 °C. These nanoparticles
were stored at 2-8 °C and protected from light until
further characterization.
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3.4. Preparation of PLA/ Fe,0 @p-CD/ F. Angulata
Extract Nano Fibrous Nanocomposite

Firstly, 2.0 g of PLA polymer was dissolved in 30 mL
of CH,CL, (10 wt. %). Then 0.2¢g of dried B-CD/Fe 0,
NPs and Ferulago angulata extract (2, 4, and 6 %) were
added to the PLA solution and sonicated for 15 min to
form a uniform solution. A 5 mL plastic syringe fixed to
a micro-injection pump in an electrospinning machine
(NANOAZMA, model side by side, Iran) was filled
with the combined solution. Voltage of 17 kV, flow rate
of 0.5 mL.min"!, and tip-to-collector distance of 12 cm
were the electrospinning parameters. The nanofibers
were collected on aluminum foil after an hour, and any
remaining solvent was subsequently evaporated over a
24-hour drying period at 40 °C.

3.5. Characterization

The synthesized Fe,0,@-CD NPsand PLA/Fe,O0,@-CD
nanofibrous nanocomposite were characterized using
a variety of techniques, including scanning electron
microscopy (SEM, model: Mira 3-TESCAN), X-ray
spectroscopy (EDS, model SAMx), X-ray diffraction,
and Fourier-transform infrared spectroscopy (FTIR).
SEM was used to assess the size and surface morphology
of Fe,0,@-CD nanoparticles and nanofibers. Image J
software (National Institutes of Health version 1.48v)
was used to quantitatively assess the high-resolution
SEM pictures of the samples. Crystallite sizes of
Fe,O,@p-CD nanoparticles were recorded using a powder
X-ray diffractometer (PW3064, Philips, CuK radiation (A
1.54 A) with a scanning range (26) from 4° ~ 90°.

The elemental analysis was assessed by EDS at an
accelerating voltage of 100 kV. Shimadzu’s IRTracer-100
spectrophotometer was used to perform FTIR at a
wavenumber of 4000-400 cm1.

The magnetic property of Fe,O,@B-CD NPs and PLA/
Fe,O,@B-CD/F. angulata extract nanofibrous nano-
composite was studied by VSM technique using LBKFB
device from “Magnetic Kavir Kashan” with a maximum
magnetic field of 2.0 T at 298 K.

3.6. Diazinon Removal Experiment

By monitoring the rate of diazinon adsorption under
various circumstances in accordance with the literature,
the adsorption capability of the PLA/ Fe,O,@-CD/F.
angulata extract nanofibrous nanocomposite was
assessed (28).
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First, 5 mg of diazinon was dissolved in 500 mL of
distilled water to create the stock solution (10 mg. L).
In a typical experiment, 500 mL of diazinon solution
(10 mg. L") was added together with a specific amount
of 1 g of the PLA/ Fe,0,@-CD/F. angulata extract
nanofibrous nanocomposite as an adsorbent. Aqueous
NaOH or HCI (0.1 moL.L") was used to bring the
solution’s original pH down to pH=7. For 30 minutes,
the suspension was shaken and adjusted.

After decanting the combination, the residual diazinon
concentrations were determined at 247 nm using a
UV-Visible spectrophotometer (6305, Jenway, United
Kingdom).

Some experiments were designed according to the
different conditions to investigate the influential factors
on nanocomposite efficiency as pH and initial diazinon
concentration. The studies were conducted the same
way with 1, 1.5,2,2.5,and 3 g.L'atpH 3, 5, 7, 9, and
11. Nanofibrous nanocomposite of PLA/Fe,O @-CD/F.
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angulata extract, at diazinon doses of 10, 15, 20, 25, and
30 mg.15, 30, 45, 60, 75, 90, 105, and 120 minutes of
contact time with L"!. Equation 1 was used to calculate
the percentage of diazinon elimination:
Equation 1:

R=(C0-Ct)/Ctx 100
The viability of the nanocomposite for practical use was also
tested through tests. Six successive tests were performed
on a nanocomposite with a consistent composition for
this purpose. The absorbent was collected after each use,
soaked in water for two hours, rinsed with methanol,
dried for at least two hours at 100 °C, and then reused
under the same diazinon removal conditions.

3.7. Antibacterial Activity

The colony count technique was used to examine
the antibacterial activity of the polylactic acid/
Fe,O,@-Cyclodextrin/F. angulata extract nanofibrous
nanocomposite against certain Gram-positive, Gram-

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100
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Figure 1. Characterization of Fe,O,@B-CD nanoparticles. A) The SEM image and the size

distribution histogram B) EDS analysis.
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Figure 2. Characterization of PLA/ Fe,O,@B-CD/ F. angulate.extract nanofibrous nanocomposite.

A) SEM images, B) EDS analysis.

negative, and fish pathogenic bacterial strains (29). The
samples of the nanofibrous mat were first sterilized by
being exposed to UV light for 15 minutes. Following
that, 1 mL of bacterial suspensions containing 1.5x
10 ® CFU per mL were added to the nutritional broth.
Following that, bacterial solution-filled circular discs
made of nanofibrous mats (2.5 x2.5 cm) were cultured
at 37 °C for 72 hours. Equation 2 was used to compute
the bacterial decrease at the end:

Equation 2:

Bacterial reduction (%) =(B-A)/Bx100

It is based on the quantity of colonies that developed

in Petri plates before (B) and after (A), respectively,
treatment with the sample.

4. Result

4.1. Characterization of Fe,0 ,@B-CD Nanoparticles

The SEM image and the size distribution histogram
revealed green synthesized Fe,0,@f-CD nanoparticles
were 40-80 nm with homogeneously spherical morpho-
logy. (Fig. 1A). The elemental analysis with EDS
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showed three prominent peaks for carbon (35%),
oxygen (33%), and iron (31%) that confirmed Fe,O,@p-
CD nanoparticles synthesis. The minor peak shown in
the EDS graph was due to trace impurities in the sample
(Fig. 1B).

Figure S1 compares the XRD patterns of Fe,O,@-CD
nanoparticles with those of Fe,O, nanoparticles and
cyclodextrin. Fe,O, nanoparticles were responsible
for the observed diffraction peaks at 2 values of
30.84, 35.51, 44.03, 53.17, 57.23, and 64.27, which
correspond to lattice planes (220), (311), (400), (422),
(511), and (440), respectively. Diffraction peaks at 2
values of 25.37 and 32.41, ascribed to cyclodextrin,
were observed. These distinct peaks supported the
hypothesized structure and indicated that the Fe,O,
nanoparticle was stabilized in cyclodextrin.

4.2. Characterization of PLA/ Fe O (@p-CD/ F. Angulate.
Extract Nano Fibrous Nanocomposite

The SEM image of the nanocomposite is displayed in
Figure 2A. With an average diameter of 65 nm and
no beads, the nanocomposite contains homogeneous,

87



Behrooz R et al.

A
) 60 1
= 401
s
=
£ 204
&
g v g .
‘5 -10000 5000 10000
.g ____/_20
=
&
-40
=
-60

B

) 60 4

& 40 «

i

=

g 204

"é -10000 5000 10000

'45 o-20

=

=]

§ 4-40
J-60

Figure 3. The magnetic hysteresis loop curves .A) Fe,O,@-CD nanoparticles and B) PLA/ Fe,O,@p-

CD/ F. angulate.extract nanofibrous nanocomposite.

smooth nanofibers. The nanofiber structure contains
Fe,O, nanoparticles that have an average particle size of
40 nm. Furthermore, the elemental analysis performed
using the EDS method revealed three primary peaks
for the elements C, O, and Fe, indicating that the
PLA/ Fe,O,@-CD nanofibrous nanocomposite was
successfully synthesized. (Fig. 2B)

The (C-0), (C=0), (C=C), (C-H), and (OH) stretching
bends are each represented by distinctive absorption
bands at 1270, 1455, 1635, 2996, and 3501 cm’,
respectively, in the nanocomposite’s FTIR spectrum
analysis. Additionally, this structure’s spectra displayed
a large peak at roughly 495 cm, which corresponds
to the chemical interaction between Fe and O in the
nanocomposite. (Fig. S2)

The VSM curve of the nanocomposite is shown in
Figure 3. Magnetic properties of PLA/Fe,O,@B-CD/
F. angulata extract nanofibrous nanocomposite was
found to be 18.91 emu. g, while the Fe,0,@B-CD
NPs showed a higher magnetic value (42.31 emu.

g
4.3. Adsorption Activity

4.3.1. Effect of Adsorbent Dosage

By adjusting the adsorbent doses from 1 to 3 g.L'! while
maintaining the diazinon concentration (10 mg.L™)
and pH 7 constants, the effects of adsorbent dosages
on diazinon removal were examined. Figure 4A
demonstrates how the diazinon removal capacity rose
when the adsorbent dose was increased, reaching 85%
at3 gLl

88

4.3.2. Effect of Concentration of Diazinon

By adjusting the starting concentration of diazinon from
10 to 30 mg, the adsorption of diazinon by PLA/Fe,O,@-
CD/F. angulata extract nanocomposite was examined. L!
with a continuous dose of the nanocomposite (2.5 g. L)
and an initial pH of 7 (Fig. 4B). By raising the initial
diazinon concentration from 10 to 30 mg, the outcomes
were demonstrated. L', the adsorption of diazinon
dropped from 92 to roughly 56% after 120 minutes.

4.3.3. Effect of Initial pH

In this work, the pH solution’s impact on the
adsorption of diazinon was investigated by altering it
from 3 to 11 while maintaining a consistent dose of
the nanocomposite (2.5 g.L') and constant diazinon
content (10 mg.L"). As shown in Figure 4C, the highest
removal capacity appears at pH=7 (91%).

4.3.4. Adsorbent Reusability

One benefit of the adsorption system to assess if
the method is practicable for use is the reusability
of the adsorbent. In this work, the reusability of the
nanocomposite was examined after reusability tests
were conducted six times. The outcomes are shown in
Figure S3. It demonstrates unequivocally that even after
three recycling cycles, the nanocomposite’s ability to
remove diazinon was unaffected. Although the removal
percentage decreased after six times of recycling,
adsorption capacity still possessed more than 80%. The
result suggests that the adsorbent could be stable during
the removal experiments and applied to environmental
remediation for wastewater handling.
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Figure 5. Antibacterial activity of PLA/ Fe304@p-CD/ F. angulate.extract nanofibrous
nanocomposite against some fish and human bacterial pathogens.

4.3.5. Adsorption Kinetic
Based on the Langmuir-Hinshelwood method, estimated
reaction rate constants for diazinon adsorption were
derived.

In(C/C) =kt
The first-order rate constant is k (minl), the diazinon
concentration at response time (t) is Ct, and CO is
the initial concentration of diazinon (Fig. S4). This
nanocomposite was discovered to have a considerable
diazinon reduction potential since the findings
demonstrated that the adsorption rate increased in the
time order. The results obtained from the adsorption
isotherms and parameters for the diazinon adsorption
by the nanocomposites are shown in Figure S5 and
Table 1 respectively. In Langmuir isotherms Ce is the
equilibrium concentration of diazinon in the solution
and q, denotes the amount of diazinon adsorbed at
equilibrium. The plots of Ce/q_ versus Ce in Figure S5
indicate good linear correlations for adsorption.

Table 1 .Summary of the Langmuir, Freundlich isotherm
constants

Model Parameters
Langmuir q max=10.09 K=0.483 R?=0.9756
Freundlich K=3.64 n=2.33 R>=0.9066
90

4.4. Antimicrobial Activity

Figure 5 depicts the results of the calculation used to
determine the antibacterial activity of nanocomposites,
which used a percentage decrease in the number of
bacteria in the sample. Researchers looked at how
different F. angulata extract concentrations (2,4, and 6%)
in nanocomposite affected bacterial infections in fish
and humans (gram-positive and gram-negative bacteria).
The results showed nanofibrous nanocomposites loaded
with F. angulata (6 wt. %) showed above 70% reductions
in CFU.mL! against Bacillus cereus and Staphylococcus
epidermidis, and above 60% antibacterial ability against
Streptococcus iniae and Yersinia ruckeri.

Bacillus cereus, a human pathogenic bacterium, was
extremely sensitive to the nanocomposites and had the
most notable decrease in bacterial colonization, as seen
by the antibacterial activity graph.

5. Discussion

The goal of this research was to create a green synthesis
processfortheFe,O,@-CDnanoparticlesneededtocreate
a novel nanobioabsorbent composed of PLA/Fe,O,@-
CD/F. angulata extract nanofibrous nanocomposite.
Although, in recent years, many chemical methods have
been developed to synthesize Fe,O, nanoparticles (30-
32), chemistry-based Fe,O, nanoparticle synthesis has
certain limitations, such as excessive waste products,
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high adsorbent cost, and the adsorbent’s purification.
Fe,O, nanoparticle green synthesis has therefore been
suggested as an environmentally benign alternative to
synthetic chemical processes (33).

Further, inthe chemical method, Iron oxide nanoparticles
can be synthesized by coprecipitation of Fe>* and Fe** by
adding a base such as sodium hydroxide or ammonium
hydroxide. In green synthesis, these strong bases
are replaced with plant extract and weak bases, and
synthesis is performed in mild conditions. Furthermore,
hydroxyl and carbonyl groups are the most important
chemical components in the plant extract. Plant extract
was able to perform as a stabilizing and reducing agent
thanks to both functional groups.

In this work, we used the methanol extract of Ferulago
angulata, a unique and natural plant of Iran, to create
Fe,O, nanoparticles. Plant extract-based green synthesis
of Fe,O, nanoparticles outperforms chemical approaches
in terms of energy consumption, ease of use, low cost,
and lack of use of significant quantities of harmful
chemicals. Studies on Ferulago angulata methanol extract
revealed that the primary components were monoterpene
chemicals such g-terpinolene (11.97%), a-pinene
(10.00%), sabinene (6.89%), linalool (5.56%), and cis-
ocimene (4.41%) (34).These organic compounds act as
reducing agents in Fe,O, NPs synthesis.

The major components recovered from Ferulago
angulata extract appear to be monoterpene chemicals,
which are thought to be responsible for the formation
of Fe,O, nanoparticles. It is thought that they could
function as the surface molecules that are involved in
the creation of nanoparticles, stabilizing and reducing
nanoparticles. By the existence of functional terpenoids,
such as C=C, C=0, and -C-O-C groups, reduction and
stabilization are distinguished. Insufficient concentra-
tions of terpenoids may also cause them to get adsorbed
on the surfaces of metal nanoparticles, potentially
through interactions with carbonyl groups or electrons
in the absence of additional ligating solid agents.

One of the significant challenges in applying Fe,O, to
aqueous media is nanoparticle stability and uniform
dispersion. Homogeneous dispersion of Fe,O,-NPs in
aqueous media is usually difficult due to the high surface
energy and tendency to agglomerate. In this study,
B-cyclodextrin is used as a coating agent to help offset
this high surface energy and lead to nanoparticle stability.
Furthermore, when Fe,O,-NPs are coated with fB-cyclo-
dextrin, an interaction between the Fe,O,-NPs and O-H
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bond occurs, decreasing Fe-O bonding in nanoparticles and
preventing its accumulation of nanoparticles.
Fe,O,@B-CD nanoparticles produced in this project
by green strategy is a black powder with a high
superparamagnetic property. By putting a magnetic bar
next to the flask, the magnetic response of Fe O, was
examined. Under the influence of an external magnetic
field, the magnetite Fe,O, was easily isolated from
the reaction medium due to the attraction of the black
particles to the magnet.

Fe,0,@pB-CD nanoparticles characterization was carried
out using SEM, EDX, and XRD analysis.

The FESEM images, the size distribution histogram and
EDX analysis confirming the Fe,O,@B-CD synthesis
(Fig. 1).

X-ray diffraction investigation validated the structure
of Fe,O,-NPs nanoparticles (Fig. S1).

When the observed XRD pattern is compared to the
standard ICDD card data 01-085-1436, all peaks match
the standard ICDD, indicating that the Fe O, -NPs are
hexagonal and stable in the B-CD (35).

Further, in this study, we successfully fabricated Ferulago
angulata extract loaded PLA/Fe,0,@f-CD nanofibrous
nanocomposite and confirmed the possibility of the
antibacterial nanofiber web as a new material.
PLA/Fe,O,@B-CD/E  angulata nanofibrous
nanocomposite is a gray coating insoluble in water. FESEM
pictures of the nanocomposite’s morphological structure
indicated that the electro spun nanofibers’ smooth, bead-
free surface had Fe,O, nanoparticles that were uniformly
disseminated throughout the nanofiber matrix.

FTIR spectroscopy of PLA/Fe,O,@B-CD/F. angulate
extract nanocomposite compared with FTIR spectrum
of polylactic acid, cyclodextrin and Fe,O,, shows the
functional groups of nanocomposite (Fig. S2). A large
peak for the OH group, as determined by the cyclodextrin
IR spectra, was seen in this spectrum at 3501 cm™.
Additionally, the PLA/Fe,0,@-CD nanocomposite’s
FTIR spectra showed vibrations of the carbonyl group
at 1455 and 1759 cm’. In addition, the IR spectra of
Fe,O, revealed a large peak at 495 cm™ showing the
existence of the Fe-O group. Additionally, the peak
of around 1635 cml in the infrared spectrum of this
nanocomposite can be linked to the stretching vibration
bond of alkene groups attributable to monoterpene
chemicals in F. angulate extract. These outcomes are
comparable to those of previous papers (36).

The VSM curve of PLA/Fe,O @p-CD/ F. angulata

extract
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extract nanofibrous nanocomposite, and Fe,O,@p-
CD NPs is shown in Figure 3. As expected, the nano-
composite showed a lower magnetic value (18.91
emu. g') compared to Fe,O,@B-CD nanoparticles
(about 42.33 emu. g ). This reduction is due to coating
nanofibers layer on the surface of Fe,O,@p-CD NPs.
Additionally, the results showed that PLA/Fe O (@p-
CD/ F. angulata extract nanofibrous nanocomposite is
an effective adsorbent for the adsorption of diazinon.
So, a variety of elements, including the amount of
nanocomposite used, the initial concentration of
diazinon, and the solution’s pH, might influence the
absorbance. Increased doses of the PLA/Fe,0,@-CD/F.
angulata extract nanofibrous nanocomposite enhance the
surface’s accessibility, the amount of diazinon that comes
into contact with the adsorbent, and the effectiveness of
the adsorption procedure. Above 2.5 g.L'!, there was no
discernible change in clearance efficiency; hence, this
was chosen as the ideal dosage.

In addition, the adsorption of diazinon dropped from
94% to 56% after 120 minutes when the starting
concentration of diazinon was increased from 10 to 30
mg.L". This pattern was most likely explained by higher
diazinon adsorption on the surface of the nanocomposite,
which occupied all of the surface’s active adsorption
sites and lowered the adsorption rate with increasing
diazinon concentrations. The findings matched those in
the literature, which was reported (37).

As illustrated in Figure 4C, the nanocomposite’s
adsorption capability was investigated in relation to pH.
It has been discovered that, when there is an absorbent
present, the adsorption capacity steadily rises with
an increase in pH of 3—7. Additionally, the maximal
absorption capacity is reached at a pH of 7. Adsorption
capability steadily declines at pH levels higher than 7.
It might be as a result of the hydroxyl in cyclodextrin
being affected by the hydrogen or hydroxide ion in
the solution under acidic or alkaline circumstances,
preventing diazinon from adhering to the surface.

The amount of the substance adsorbed onto the
nanocomposite as an adsorbent and the concentration
of the material adsorbed into the solution in equilibrium
are related in a way expressed by adsorption isotherms.
The experimental data were fitted using the most popular
adsorption models, Langmuir and Freundlich.

The Langmuir model, which has an adequate fit for the
data of this study and a correlation coefficient equal
to (R2) 0.9756, is determined by looking at the graph
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associated with each model and the value of the correlation
coefficient between the model and the experimental data.
The nanocomposite absorbent is chemically adsorbent
and single-layer coated with diazinon, according to the fit
of the Langmuir model to the experimental data collected
in this work. In other words, the Langmuir model
predicts that the adsorption of diazinon from the solution
occurs as a result of the creation of a uniform monolayer
of adsorbent at specified homogenous locations on the
surface of nanocomposites, with no migration (38, 39).
The primary mechanism of diazinon adsorption by
nanocomposites was proposed by Hydrogen bonding
and m—r interaction. The creation of H-bonds and
the absorption of diazinon by nanofiber adsorbents
are caused by sulfur and oxygen atoms from the
organanophosphate backbone in diazinon.
Additionally, due to the aromatic structure of the
diazinon molecule, it is thought that adsorption through
electron interaction through “m—m” stacking between
the adsorbent surface unsaturated bonds and the
diazinon aromatic ring will play a substantial role in the
absorption of diazinon in this situation.

Other nanocomposites such as magnetic tragacanth-
montmorillonite nanocomposites (40), Fe,O, @SiO,
magnetic nanocomposites (41) and magnetic bentonite
nanocomposites (42) have been used in the diazinon
adsorption. However, it seems that the sorption capacity
of the developed nanocomposite is higher than other
nanocomposites because of combination of nanofibers and
magnetic nanoparticles. This nanocomposite also exhibits
increased permeability as a result of the larger porosity and
more tightly spaced pore sizes produced by the nanofibers.
Moreover the antibacterial activity of the synthesized
nanocomposite is essential in water disinfection and
agricultural utility. Infection, which happens when
bacteria proliferate in water and may contain pathogens
that can occasionally cause sickness and even death, is
one of the biggest issues in water treatment.
Nanocomposite containing herbal extract is currently
being investigated as an antibacterial agent against a
wide range of pathogenic bacteria (43).

This investigation found that the antibacterial proper-
ties of the PLA/ Fe,O,@-CD/F. angulate extract nano-
fibrous nanocomposite were satisfactory against gram-
positive and gram-negative bacteria as well as fish
bacterial pathogens. Gram-positive bacteria like Bacillus
cereus and Staphylococcus epidermidis were the most
susceptible to this nanocomposite when compared to

Iran. J. Biotechnol. October 2023;21(4): e3682



Behrooz R et al.

other types of bacteria, and they displayed the greatest
reduction in bacterial colonization.

These findings support Rania Dadi’s findings that Gram-
negative bacteria are more resistant to antibiotics than
Gram-positive bacteria (44), which might be ascribed
to differences in the make-up of cell walls.

The cell wall of gram-positive bacteria is relatively
thin, made up of a single layer, and allows for easy
penetration of the antibacterial agent. In contrast,
the cell wall of gram-negative bacteria is made up of
multiple layers, acts as a strong protective barrier, and
prevents antibacterial agent penetration.

The results indicated that the PLA/ Fe,O,@B-CD/ F.
angulata extract nanofibrous nanocomposite demons-
trated a significant antimicrobial effect in 6% con-
centrations of the extract. Herein, embedding the Ferulago
angulata extract in nanofibers could increase penetration of
extract and consequently enhance antibacterial activities.

6. Conclusion

Due to their high surface area-to-volume ratio and
interconnected porous structure, nanofibrous nanocompo-
sites are effective polymeric membranes for adsorption.
In the current work, a new nanobiosorbent was created
using a PLA/Fe,0,@-CD/F. angulata extract nanofibrous
nanocomposite. Successful bead-free, smooth nanofibers
with uniformly dispersed Fe,O,@-CD-NPs were visible in
the morphology of the nanocomposite. Antibacterial studies
of nanocomposite against some fish and human bacterial
pathogens revealed reliable antibacterial properties.
Further, the adsorption evaluation of the nanocomposites
demonstrated effec-tive absorbents with excellent stability
for diazinon removal. In conclusion, this nanocomposite
can be used as a helpful Nano bio sorbent and an effective
antimicrobial agent in water treatment applications.
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