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Abstract: A composite of chitosan and chitosan with FesO4 (5, 10, 15 and 20 wt%) is casted forming
film. At room temperature, prepared samples were analyzed with ATR-FTIR spectroscopy, X-ray
diffraction (XRD), and a vibrating sample magnetometer (VSM). Then, antimicrobial activity against
different microorganisms was evaluated. ATR-FTIR results showed that the bands for chitosan/Fes;O4
at 3250 cm™ of the O-H band become broader compared to pure chitosan. FesO4 shows bands at 3195
cm™ and 1628 cm™ related to O-H stretching and bending. Magnetite FesO, has two strong infrared
absorption bands at 547 cm™ and 435 cm™. X-ray diffraction results confirmed the reaction and showed
that a 10% weight percentage is the most reactive ratio consistent with FTIR results. The crystallinity
index and crystallite size increase with increasing the concentration of magnetite, indicating that the
samples prefer the amorphous form at the low concentrations of FesOa, and they rearrange towards the
crystalline state due to the presence of magnetite. Magnetic measurements showed that both saturation
magnetizations (Ms) and remanent magnetizations (Mr) increase while the coercive field (Hc) first
decreases and then increases as the FesO, concentration increases in the prepared nanocomposites. From
antimicrobial activity against different microorganisms results, chitosan/FesO. with different weight
percentages of FesO4 showed strong antibacterial activity against bacterial species.
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1. Introduction

Beyond any doubt, the development of nanotechnology has provided many resources
for various applications in the medical field, for example, in the field of diagnosis, biological
detection, treatment, and drug delivery [1-5]. In this research context, magnetic nanoparticles
have many important properties that make them attractive for a wide variety of biomedical
applications, cell detection and separation [6,7], and the treatment of hyperthermia [8]. We find
that magnetic iron oxide nanoparticles (IONPs) possess stable physical and chemical
properties, making them biocompatible, environmentally safe [9], and have clinical
applications. When IONPs (FesO4 (magnetite) or Fe203 (magnetite)) reach smaller sizes (about
10-20 nm iron oxide), higher magnetic properties become apparent so that the particles reach
better performance for most of the aforementioned applications [10, 11].
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Chitosan and its products can interact safely with live cells without negative effects on
the body. [12]. Mixed with other polymers and metal nanocomposites, chitosan is used in many
biomedical applications, including wound dressings, as an antimicrobial, antibacterial, and
antifungal [13]. In addition to the biological applications, the unique hydrogen bonding in the
chitosan dedicates it to versatility, selectivity, and large adsorption capability, making it a good
candidate for water treatment [14, 15]. With the help of iron oxide, chitosan could be prepared
as a microsphere to remediate Cr [16]. Again, the amazing applications of chitosan-coated with
iron oxide are effectively applied against the human colorectal carcinoma (HCT-116) cell line
[17]. It is stated that chitosan-coated with magnetic nanoparticles is likely to be adsorbed by
normal tissues according to their circulation route based on their mucoadhesive and
bioadhesive features [18].

Iron oxide nanoparticles are modified by adding polymers for biocompatibility and
biostability [19]. Therefore, the polymer matrix provided in this modification has significant
advantages in biomedical applications [20]. This provides a surface that facilitates access to
biomolecular coupling through bio-coupling chemistry developed for biomedical applications
[21].

Researchers have proven that iron oxide nanoparticles have antimicrobial properties
depending on three factors, size, stability, and concentration in the growth medium [22].
However, they were found to suffer from clumping during preparation, which reduces their
effectiveness in terms of inhibiting bacterial growth. Therefore, they must be coated with
biocompatible and non-toxic polymers to avoid this caking [23, 24].

Chitosan has become a popular material for medical applications in recent years,
especially when it is used with magnetic nanoparticles [25]. Chitosan is used along with iron
oxide nanoparticles as a stabilizer due to its excellent film-forming ability, mechanical strength,
biocompatibility, non-toxicity, high permeability to water, sensitivity to chemical
modifications, and antibacterial properties [26]. Chitosan-coated iron oxide was irradiated by
ultrasonic then the crystallinity, stability, biocompatibility, and magnetic properties were
studied. Results indicated that above 70% of cells were viable with increasing concentration
[27]. Further enhancement for the role of chitosan-coated with iron oxide is achieved by
graphene quantum dots to act as a magnetic imaging agent [28]. Rather than biomedical
applications, chitosan-coated with iron oxide show an application in the mitigation of drought
stress and growth stimulant in peppermint [29]. Ag NPs/chitosan-agarose composite, which
functionalized core-shell type FesO4 nanoparticles, was reported as novel anticancer studies
against liver and lung cancer cells [30]. Chitosan/iron oxide shows an emerging application in
the field of ophthalmology research. It shows the efficient application as a green catalyst [31].
It also could act as an active photocatalytic removing agent [32]. Show the ability to remove
dye as well as mercury from the aquatic environment [33].

Based upon the above considerations, the current study is conducted to prepare and
functionalize Chitosan/FesO4 nanocomposites. So, the prepared samples' structural, magnetic
properties, and antimicrobial activity were studied against various microorganisms.

2. Materials and Methods

2.1. Magnetite nanoparticle preparation.

FeSO4.7H20 extra pure from Sham Lab, FeCls.5H20 anhydrous LR, and NH4sOH
wt% NHs in water) from Laboratory Rasayan were used to prepare magnetite in the form
(25 wt% NHs i ) f Lab R d ite in the f
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of powder. A solution of FeSO4.7H20 (2.8gm/150ml distilled water) (1M) was prepared with
stirring at 70 °C for 30 min. A solution of FeCl3.5H20 (3.25gm/100ml distilled water) (2M)
was prepared with stirring at 70 °C for 30 min. A mixture of 0.1 M of FeCls and FeSOa4 solution
was made with continuous stirring at 70 °C and a quick addition of a solution of NH4OH (10
V%) of pH =10. Immediately, a dark magnetite precipitate was formed and left to dry for 24
hrs at 40 °C.

2.2. Cs/Fes04 nanocomposite preparation.

A medium molecular weight Aldrich chitosan powder prepared the proposed
homogenous films. Appropriate weight of chitosan was dissolved in 98 ml of DI water and 2
ml acetic acid under stirring at 60°C for 4 hrs until a homogenous viscous solution was formed.
Different weight percentages of FesOas (5, 10, 15, and 20 wt%) were added to the chitosan
solution, as presented in Table 1. The solution was magnetically stirred for 6 hrs and sonicated
(by using 450 Sonifier) for 1 hr to prevent the agglomeration of the nanoparticles. The
nanocomposite solution was cast in a plastic petri dish and left to dry for 24 hrs at 40 °C. The
films were about 20 pm in thickness.

Table 1. Composition as the weight percentage of the studied chitosan/ Fe3Oa.

Sample Chitosan Wt % FesO4s Wt %
S1 100 0

S2 95 5

S3 90 10

S4 85 15

S5 80 20

S6 0 100

2.3. Antibacterial activities for chitosan/Fe3O4 hanocomposite preparation.

Antibacterial activities of the synthesized Cs/FesO4 nanocomposite were performed
against pathogenic bacteria. The antimicrobial activity of the tested compounds was
determined by means of the agar diffusion method on Muller Hinton agar. The wells (8 mm
diameter) were cut using a sterile cork borer on Muller Hinton agar (MHA, India). Twenty-
four hours young cultures of antimicrobial activity against two Gram-negative (Escherichia
coli, Bacillus subtilis) and two Gram-positive bacteria (Staphylococcus aureus, Salmonella
typhi) were studied. The samples were swabbed with sterilized cotton swabs on the surface of
prepared Muller Hinton agar. One hundred microliters of compounds were loaded into each
well and left for 2 hr at 4°C until the compounds were diffused. Then the plates were incubated
for 24 h at 37 °C. After incubation, the zone of inhibitions was measured and recorded [34,
35].

2.4. Characterizing techniques.
2.4.1. ATR -FTIR measurement.

ATR -FTIR spectral data were collected in the range 4000-400 cm™ using
spectrometer VERTEX 80 (Bruker Corporation, Germany) coupled with Platinum Diamond
ATR, which consists of a diamond disc as an internal reflection element.
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2.4.2. X-ray diffraction measurement.

X-ray diffraction data of the studied samples were measured at ambient temperature
using a computer-controlled X-ray diffractometer (PANalytical Empyrean, Netherlands) with
Cu ka- radiation ( Ako= 1.5406 A) operated at 30 mA and 45 kV. The powder diffraction
patterns were scanned in the 2-theta range of 4°-80°, with scan step 0.026, counting time 40
s/step. A standard quartz sample was used for determining the instrumental profile under the
same conditions as the investigated samples for crystallite size and crystallinity index analysis.
Data analysis was performed through High Score Plus suit v3 [36] and the WinFit program
[377].

2.4.3. Magnetic properties measurement.

Magnetic measurements were conducted by vibrating-sample magnetometer (VSM)
model: 7410 series (Lake Shore Cryotronics, USA) at Physics Division, National Research
Centre.

3. Results and Discussion

To elucidate their structural properties, a series of chitosan with different weight
percentages of magnetite films were analyzed with ATR-FTIR, XRD, and VSM. Then, its
antimicrobial activity was assessed against different microorganisms, as in the following.

3.1. ATR- FTIR results.

Figure 1 represents ATR-FTIR spectra of chitosan, Fe3Os, and chitosan/ FesO4 with
different weight percentages of FesO4 (5.0, 10.0, 15.0, and 20.0 wt%). Pure chitosan has an
absorption band at 3250 cm™ corresponding to O-H and N-H stretching vibration. Bands at
2924 cm™tand 2875 cm™ are assigned to C-H symmetric and asymmetric stretching vibration,
respectively. The stretching vibration of amide | is seen at 1637 cm™, while the band at 1546
cm is related to the amide 11 band of N-H bending vibration. The bending vibration of the C-
H group is seen at 1405 cm™, 1378 cm™, and 1321 cm™. The stretching vibration of the C-O-
C group is observed at 1152 cm, and bands at 1064 cm™ and 1022 cm™ correspond to skeletal
vibration of the stretching vibration of C-O of glucosamine residue. The bending vibration of
the O-H group is seen at 648 cm™ and 614 cm™. The band at 558 cm is assigned to the out-
of-plane bending of NH and C-O, respectively.

Fe304 shows bands at 3195 cm™ and 1628 cm™ related to O-H stretching and bending
vibration of moisture, respectively [38-42]. Magnetite Fe3O4 has two strong infrared absorption
bands at 547 cm™ and 435 cm™, which are assigned to the Fe-O stretching mode of the
tetrahedral and octahedral sites (the band at 547 cm™) and the Fe—O stretching mode of the
octahedral sites (the band at 435 cm™) [43, 44].

For chitosan/ Fe3Os with different weight percentages of FesO4 (5.0, 10.0, 15.0, and
20.0 wt%), the broadening of the O-H band becomes broader compared to pure chitosan. A
new band appeared at 468 cm™ and then shifted toward lower frequency, while its intensity
increased with increasing the weight percentage of FesOs4. This confirmed the interaction
between chitosan and FesOa. It is observed that chitosan with a 10.0 weight percentage of FesO4
has bands of lower intensities compared to another weight percentage of FesO4. That means
this weight percentage of FesOa is the most reactive ratio compared to the others.
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Figure 1. ATR-FTIR absorption spectra of (a) Chitosan and Fe;Os; (b) Chitosan with a different weight
percentage of Fes04 (5.0, 10.0, 15.0 and 20.0 wt%); (c) Chitosan, Fes;O4, and chitosan with: 5.0, 10.0, 15.0 and
20.0 wt% of Fe30a.

3.2. X-Ray results

XRD results showed that the chitosan (Fig.2) is well defined according to the chitosan
broad peaks around 9°, 11°, and 20°. Also, the magnetite reference card no. 98-015-8742 of
the ICDD database (PDF-2, 2010) (Fig.3) matched the most prominent diffraction peak
positions of magnetite 35.55°, 43.03°, 57.17°, 62.74° which is consistent with previous
literature [45]. The chitosan diffraction peaks became broader compared to pure chitosan and
shifted toward higher 2 theta, which can be interpreted by the rearrangement of chitosan chains
resulting from the interaction of chitosan with magnetite. These results confirm the interaction,
showing that the preparation method gave the chitosan with magnetite as a composition in the
same matrix, which is in agreement with previously reported literature [46, 47].

The crystallinity index (Crl) and crystallite size were calculated according to the
reported literature using the area under the peaks based on the profile fitting to eliminate the
instrumental error [48]. Crl was estimated considering that the peak at 35.55° is the most
crystalline peak, using the ratio of the area of the crystalline peaks (A cryst) to the total area of
the diffraction peaks (Atotal) [%Cr | = 100 x Acryst/ATotal [49]. As indicated in Table 2, the
increase in the crystallinity index and crystallite size with increasing the concentration of
magnetite indicates that the samples prefer the amorphous form at the low concentrations of
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FesOs, and they rearrange towards the crystalline state due to the presence of magnetite, as the
calculations depend on its characteristic crystalline peak. The chitosan has a semi-crystalline
nature which is evident in the broadening of the characteristic diffraction peaks. It is noticed
that chitosan with a 10.0 weight percentage of magnetite has the broadest peaks of chitosan,
which means that this weight percentage is the most reactive ratio compared to the other ratios,
which is consistent with FTIR results.

Table 2. Crystallite index and crystallite size in (nm) for chitosan, Fe;O4, and chitosan/ Fe;O, with different
weight percentages of Fe3O4 (5.0, 10.0, 15.0, and 20.0 wt%).

Sample Chitosan (Cs) | Cs: Fe304 Cs: Fe304 Cs: Fe304 Cs: Fe304 Magnetite
S1 =95:5 =90:10 =85:15 =80:20 Fe304
S2 S3 sS4 S5 S6
Crystallinity 0% 0.5% 1% 5% 9% 100%
index
Crystallite size | 1.7 5.2 7.8 8.9 9.5 115
(nm)
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Figure 2. X-ray diffraction patterns of pure chitosan and chitosan with different weight percentages of

magnetite.
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Figure 3. X-ray diffraction patterns of magnetite with reference card no. 98-015-8742.
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3.3. Magnetic hysteresis loop results.

Figure 4 presents the changes in the magnetization of chitosan under the influence of a
high magnetic field (20 K Oe). This figure shows that pure chitosan has a diamagnetic nature
as it has negative susceptibility and that chitosan / FesO4 nanocomposites are a hard magnetic
material and possess unsaturated magnetization even at higher values of the external field.
Extrapolating the Moment/Mass-Field curve gives the saturation magnetization for all samples.

Figure 5 shows the magnetization and the higher saturation magnetization value for
pure magnetite, which is 66.141 emu/g. The saturation magnetization (Ms), remanent
magnetization (My), the ratio (SQ = M:/Ms), and the coercive field (Hc) are listed in Table 3.
As listed in the table, the saturation magnetization equals 0.01429 emu/g for pure chitosan and
66.141 emu/g for pure magnetite and increases with increasing magnetite concentration in the
samples.

Figure 6 presents the variety of Ms with Fe3O4 in chitosan/ FesO4 nanocomposites; the
Ms increased with decreasing the amount of chitosan in the prepared chitosan/ FesO4
nanocomposites because chitosan is not a magnetic material. This means increasing the amount
of FesOs to 20 wt.%, causing the Ms to increase. The superparamagnetic behavior of the
prepared chitosan/ FesO4 nanocomposites is displayed by the little values of Mr, M+/Ms ratio,
and Hc. Similarly, the remanent magnetization (M) is increased slightly upon adding different
amounts of FesOsas compared with the undoped sample. The small M:/Ms values demonstrated
a critical part of superparamagnetic particles. On the other hand, Hc of Chitosan decreases with
increasing the amount of FesO4 up to = 10 wt% and then increases slightly at higher FesO4
concentrations.
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Figure 4. Dependence of magnetization on the applied magnetic field for pure chitosan and chitosan doped with
different concentrations of magnetite nanoparticles, focusing on the range of small G to show the existence of
different magnetic parameters.
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Figure 5. Magmatic moment/mass as a function of applied magnetic field for magnetite.
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Table 3. Magnetic parameters for pure chitosan and chitosan with different weight percentages of magnetite at

room temperature.

Sample Ms (emu/g) Mr(emu/g) Mr/Ms Hc (G)
Sl 0.01429 0.00148 0.10419 4023.3
S2 0.91896 0.03731 0.04060 22.643
S3 1.7828 0.07397 0.04149 20.629
S4 3.8728 0.17058 0.04404 21.100
S5 4.3316 0.20963 0.04839 22.035
S6 66.141 1.6025 0.02422 17.690
5 1 1 1 1 1
4 F ./ ]
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Figure 6. Saturation magnetization as a function of Fe;O. concentration in chitosan/ Fe;O4 samples.

The obtained results could dedicate the studied FesOa/chitosan nanocomposite as an
effective tool for magnetic drug targeting. It was stated earlier that such a material could be
used for magnetic drug targeting for cancer [50].

3.4. Antimicrobial efficiency (AME) of FesO4-functionalized nanoparticles.
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It is observed that the superoxide and hydroxide in FesO4 cause the nanoparticles to
agglomerate the iron oxide nanoparticles, which often increases the ionic strength, leads to
oxidative stress, and damages proteins, membranes, and DNA.

Table 4. Values of zone inhibitions for gram-positive and gram-negative bacteria for Cs/ FesO4and Cs/ Fe;04
doped with different weight percentages of Fe3O4 NPs.

sample Sample Escheriphia Bacillus cereus Salmonglla Staphylococcus
Name Coli typhi aureus
S1 Cs/Fe304 0% 0.18 cm 0.22cm 0.14 cm 0.20 cm
S2 Cs/Fe304 5% 0.20 cm 0.24 cm 0.15cm 0.23cm
S3 Cs/Fe304 10% 0.24 cm 0.28cm 0.16 cm 0.28cm
S4 Cs/Fe304 15% 0.25 cm 0.30 cm 0.18 cm 0.29 cm
S5 Cs/Fe304 20% 0.27 cm 0.32cm 0.21cm 0.31cm

Antimicrobial Efficiency
0.35

0.3

0.25
0.2
0.15
0.1
0.05
0

Escherichia coli Bacillus ceras Salmonella typhi Staphylococcus auras
®mCs/Fe3040% MWCs/Fe3045% W Cs/Fe30410% Cs/ Fe30415% M Cs/ Fe304 20%

Figure7. Values of zone inhibitions for chitosan and chitosan /Fe3;0,4 with different weight percentages of Fe;04
against different types of bacteria.
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(©) (d)
Figure 8. Zone of inhibition (a) Staphylococcus aureus, (b) E. coli, (c) Salmonella typhi, and (d) Bacillus
cereus.

In addition, the formation of the bond between the superoxide of the FesO4 group and
the NH2 group of chitosan increases the activity. It is stated that the antimicrobial effects
prevent bacteria growth, which was established previously [51]. The growth kinetic studies of
2 Gram-positive bacteria (Staphylococcus aureus 6538 and Bacillus cereus ATCC 10987) and
2 Gram-negative bacteria (Escherichia coli 8739 and Salmonella Typhimurium 14028) in the
presence of different concentrations of the negative surface potential of iron oxide nanoparticle
(n-IONP) are shown in Table 4. The data indicates a strong antimicrobial propensity of n-IONP
against studied bacterial strains. Additionally, the data support the kinetic growth studies
observed in Figure 7. Figures 8a and d display the growth zone inhibitions of B. subtilis and S.
aureus, respectively, in the presence of different concentrations of n-IONP. As shown in the
figures, there is insignificant growth inhibition compared to E. coli (Figure 8b) and Salmonella
Typhi (Fig. 8c), whereas the inhibition is relatively very dominant. However, measurements
indicate the antimicrobial activity of n-IONP S. aureus, and B. cereus was better than that of
E. coli, S. typhi bacteria shown in Figure 8.

5. Conclusions

Chitosan and chitosan/FesO4 nanocomposites (IONPs) were synthesized with different
concentrations of FesOs by the solution casting method. ATR-FTIR of chitosan/ FesOs
nanocomposites revealed that they undergo a lower frequency shift than pure chitosan,
confirming the strong interaction between the matrix and FesOa.

XRD results revealed that as the concentration of FesOs increases in the prepared
samples, the crystallinity index (Crl) and crystallite size increase due to the mismatch between
the chitosan lattice and that of FesOs. The saturation magnetization increases as the chitosan
amount decreases in the nanocomposites, while the coercivity first decreases and then increases
as the amount of Fe3O4 increases and as the crystallite size of the nanocomposites increases.
Magnetic results confirm the previous findings that dedicate such structure to act as magnetic
drug targeting. Finally, the IONPs showed antimicrobial activity against gram-positive bacteria. The
bioactivity was noticed strongly in the sample with 10% of F;0, and increased with 15% and 20%.
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