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Metal nanoparticles have the potential to be used in many technological and medical applications, especially in
imaging, diagnosis, and treatment. Most of the metal nanoparticles are cytotoxic. Coating of metal nanopatrticles
with inorganic / organic groups is proposed to reduce their toxicity. In our research, FesOs4 nanoparticles were
produced by the co-precipitation method and separately coated with tetraethyl orthosilicate (TEOS), polyethylene
glycol (PEG) and chitosan molecules in order to reduce their cytotoxicity where core@shell magnetic nanostructures
were obtained. For the chemical characterization of the coated magnetic nanoparticles, Fouirer Transform Infrared
(FTIR) spectra were taken, and thermal gravimetric analysis (TGA) were performed. Morphological features were
characterized by Transmission Electron Microscopy (TEM), and Magnetic Hysteresis Measurement (VSM) analysis

were performed for magnetic measurements.
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1. Introduction

Particles in nano size have unique properties which enable
them to be used in novel applications as key figure [1].
Nanoparticles are often accepted in a special size range
which is between bulk and atomic matter [2,3]. In such a
size range, the properties of the nanoparticles alter with their
size since surface area/volume ratio becomes prominent
factor. Beside the size, the shape also affects and defines the
characteristics and properties of the nanoparticles.
Therefore, different groups try to produce nanoparticles in
various shapes. Metallic nanoparticles can be used different
applications such as sensors, catalytic applications,
supercapacitors, medical applications, etc [4-11]. Among
those, magnetic nanoparticles (MNPs) attract the attention
of different researchers since they have vast area of
application. MNPs are useful and important nanostructures
since they have unique properties such as magnetic
susceptibility, biocompatibility with highly stable structure
[10,12]. Due to their magnetic characteristics, these

nanoparticles are commonly used in various medical
application such as MR imaging, drug delivery, gen
delivery, protein and enzyme immobilization, cancer
hyperthermia and vast amount of biomedical application
[10,13-17]. MNPs can help to diagnose and treat different
diseases such as cancer, cardiovascular diseases, etc
[12,18,19]. MNPs are crucial since they have low toxicity,
increased drug half-life [20]. Iron oxide nanoparticles
exhibit superparamagnetic characteristics which are affected
from oxidation [21-24]. Therefore, a shell layer is produced
to cover nanoparticle from oxidation [24,25]. Such shells not
only protect the MNPs but also can be used to alter the
magnetic properties of nanoparticles. Such shells can also be
used to functionalize the nanoparticles which give them
multirole and enable them to be used in various applications
[10,14-16] where more useful and functional nanostructure
were  obtained. Nowadays, different types of
nanocomposites were produced using double and triple
compound as ingredient [26-28]. Magnetic materials like
Fez04 were often used in the production to give magnetic
properties to the produced material or enhance the intrinsic
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magnetic characteristics of the nanomaterials. Moreover,
the produced magnetic material was covered with SiO,,
PEG and chitosan as cover shell where inorganic@organic
core@shell nanocomposite structures were obtained
[15,29-33].

Previously, similar works about organic/inorganic polymer
coated Fe3O4 nanoparticles were reported. None of the
illustrates a structure which consist of three different
coating; and none of the investigates shell structure and shell
size in details. In this work, the surface of Fes;0s
nanoparticles were coated with different inorganic/organic
molecules. The effect of shell thickness and structure on
morphological and magnetic properties were assessed.

2. Experimental
2.1. Materials and spectral data measurements

FeCls.6H,0O, FeCl,.4H,0, tetraethylortasilicate (TEOS),
PEG-4000, chitosan (medium molecular weight), sodium
oleate, glutaraldehyde 25% in H,O, ammonia (NH3) 28%,
ethanol were purchased from Sigma-Aldrich.

Shimadzu IR Prestige 21 was used in FTIR spectrometer
investigations for the wavelengths between of 400 to
4000 cm™. HR-TEM images were obtained using JEOL
1220 JEM electron microscope with an acceleration voltage
of 200 kV. Magnetic measurements results were obtained at
room temperature by Cryogenic Limited PPMS-vibrating
sample magnetometer (VSM), with the maximum magnetic
field of + 5 Tesla. Thermogravimetric analysis of the
polymeric supports was determined using LABSYS evo
SETARAM Instrumentation using a 15 to 20 mg polymer
sam- ple heated up to 900 °C at a rate of 10 °C/min.

2.2. Synthesis of FesOs MNPs

Fes04 MNPs was synthesized according to previous studies
[15,34]. Briefly, 25.0 mL of Fe3*/Fe?* mixture was prepared
by dissolving 2.6 g FeCl;.6H,0 and 1.0 g FeCl,.4H,0 in a
two-necked round bottom flask under N, atmosphere. Then
the materials were completely dissolved, a 28% NHs
solution (10 mL) was added dropwise to the reaction
medium. The resulting black MNPs were collected with the
help of a magnet and washed with pure water and ethyl
alcohol and dried in a vacuum oven at 40 °C for 24 hours
(See Fig. 1).
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Fig.1. Synthesis scheme of Fe304 MNPs

2.3. Synthesis of FesO4 MNPs coated with inorganic /
organic molecules

2.3.1. Synthesis of Fe3;Os MNPs coated with TEOS
(F6304@Si02)

0.1 g FesO4 was sonicated for 30 minutes in 20 mL ethyl
alcohol. Then, 1 mL of TEOS and 1 mL of 28% NHs solution
were added to the solution. The solution was stirred at room
temperature for 12 h. MNPs were collected using a magnet.
The collected precipitate was washed with purified water
and ethyl alcohol. The resulting product was kept in a drying
oven at 40 °C for 24 hours under vacuum conditions [15,34].
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Fig.2. Schematics of the production of SiO; shell over Fe;04
core.

2.3.2. Synthesis of FesO4 MNps coated with chitosan

In previous works, the coating of Fes04 MNPs with chitosan
was performed [35]. In this report, we modified the previous
techniques where glutaraldehyde was added to the recipe. 20
mL deionized water was added to 0.4 g FesOs MNPs and
sonicated for 30 minutes in an ultrasonic bath. Then,
chitosan solution was added to the mixture. The chitosan
solution was prepared by dissolving 1 g of chitosan in 50 mL
of 1% (v/v) acetic acid solution, pH 4.0. After 1 h,
glutaraldehyde solution (1 mL) was added to the solution
medium. The mixture was stirred on magnetic stirrer for 12
h. Chitosan coated MNPs were collected with the help of a
magnet. It was dried in a vacuum oven at 40 °C for 24 hours
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Fig.3. Schematics of the production of chitosan shell over
FesO,4 core.

2.3.3. Synthesis of FesO, MNPs coated with PEG

0.1 g of Fe304 and 10 mL of distilled water were added to a
50 mL round bottom flask and sonicated in an ultrasonic
bath for 20 min. Then 5 mL of sodium oleate solution was
added under N2 gas. The solution was stirred for 20 minutes.
0.25 g of PEG-4000 was dissolved in 20 ml of deionized
water and added to the reaction medium. The mixture was
then sonicated for 1 hour. The products were separated
using magnet after cooling the suspension at room
temperature. The products were dried under vacuum at 40
°C for 24 hours [36].
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Fig.4. Schematics of the production of PEG shell over Fe;04
core.
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3. Results

3.1. FTIR spectrums of Fes0s4 Fe304@SiOz,
FesO4s@PEG and FesOs@chitosan

FTIR spectra of Fe30s, Fe;0.@SiO;, FesO4s@PEG and
Fes0s@chitosan MNPs are presented in Fig. 5. When the
FTIR spectrum for FesO4 MNPs was examined, it was seen
that the bands were observed at approximately 583 cm* and
456 cm® which belong to the internal stretching vibrations
of the metal in the tetrahedral region (Fetetra«<>O) and
octahedral region (Feocta>O) [37]. In the FTIR spectrum
of Fes04@SiO; MNPs, Fe-O stretching vibration was
observed at 583 cm™. After coating the nanoparticles with
TEOS, the bands at 1053, 948 and 795 cm™* were observed.
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The bands in these number of waves belong to Si-O-Si
asymmetric stress vibrations [38].
In the FTIR spectrum of Fes04@PEG nanocomposite, peaks
at 595 cm* were attributed to the Fe-O group. The v(C-H)
asymmetric and symmetric stretching vibration was
observed at 2890 and 2930 cm ™, while the v(O-H) stretching
vibration was observed at 3450cm™ [39]. C-H related
bending was observed at 1485 and 1495 cm™.
The FTIR spectra of FesOs@chitosan is shown in Fig. 5.
When the FTIR spectrum was examined, the peaks at around
3420 cm were seen, they were attributed to the stretching
vibration of -OH and N-H bands and two characteristic
absorption bands from the Fe-O in FesOs4 nanoparticles
appeared at 585 cm* and 598 cm™. The absorption bands for
FesO,@chitosan appeared at 2900 cm™ for C-H stretching
vibrations, 1690 cm for N-H bending vibrations and 1450
cm? for C-N stretching vibrations. The weakening of the
peaks for -OH and -NH; groups in the spectrum of chitosan
coated FesO. particles can be explained as their depletion
during the binding reaction [40].

Fe,0,@sio,

Transmittance (a.u.)

Fe O ,@chitosan

4000 35'00 30'00 25'00 2oloo 15'oo 10'00 560
Wavenumber, cm™!

Fig.5. FTIR spectrum of Fe304, Fe;0.@SiO2, Fes0.@PEG,

FesOs@chitosan.

3.2. TGA of Fes0s Fe30s@Si02, Fe:0s@PEG and
FesOs@chitosan

The TGA curves of the Fe;0,@SiO,, Fe:0.@PEG and
FezOs@chitosan hybrid materials are illustrated in Fig. 6.
Two stages of weight loss were observed in the TGA curve
of the Fe304@SiO, nanomaterial which are 28.08-141.03°C
and 144.36-287.36°C. While the adsorbed water removed,
2.416% mass loss was seen in the first step, it was thought
that the main structure decomposed by 6.037% mass loss in
the second step [41].

Three stages of weight loss were observed in the TGA curve
of the Fes04@PEG nanomaterial which are 161.18-
279.71°C (mass loss 3.658%), 281.48-515.58°C (mass loss
12.174%), and 530.14-900 °C (mass loss 22.174%). The
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adsorbed water in the structure was removed in the first step,
decomposition of C-C and C-O units was seen in the second
step, and decomposition of O-H units was seen in the third
step [42].

Three stages of weight loss were observed in the TGA curve
of the FesOs@chitosan nanomaterial which were at 46.21-
122.11°C, 153.90-477.98°C, and 493.64-900 °C. The first
step caused 0.487% mass loss, which is due to the
dehydration of the samples. 4.036% mass loss was seen in
the second step, which was thought to be exist due to the
breakage of C-N and C-C bonds where NHs, CH4 and CO
units were separated from the structure. In the third step
2.588% mass loss was observed, which is thought to be
caused by the breakage of N-H, C=0 and C-H bonds [43].
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Fig.6. TGA curves of Fe30s, Fes0.@SiO;, Fes0.@PEG,
Fes0s@chitosan

3.3. TEM images of Fe3Os, Fes04@SiO2, FesOs@PEG
and Fes3Os@chitosan

Microscopic investigations of FesOs4, Fe304@SiO,,
FesO4@PEG and FesOs@chitosan MNPs were performed
using transmission electron microscopy (TEM) (See Fig. 7).
When the TEM images of FesO4 MNPs are examined, it was
seen that the nanoparticles have a typical spheric FesOs
particle structure in nano size (Fig. 7a). Magnetic
nanoparticles agglomerate due to their high magnetic
properties. It was seen that the FesO4 MNPs had an average
diameter of about 12 nm.

It was clearly seen from the TEM image that silica coated
magnetic nanoparticles have a typical core-shell structure
where the magnetic core is dark, the silica shell is light (Fig.
7b). From this image, it can be said that the magnetic
nanoparticles are completely and smoothly covered with a
silica layer. While the core thickness for Fe30,@SiO, was
determined as approximately 99.67 nm, the shell thickness
was found to be approximately 17.76 nm from the TEM
image.
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Fig.7. TEM images of (a) FesO4 (b) F
Fes04@PEG, (d) FesOs@chitosan
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FesO4@PEG was illustrated in Fig. 7c. Total size of the
PEGylated nanoparticle was found to be 81.79 nm with 9.58
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nm. It can be identified in the image that Fe3O4
nanoparticles were stay in agglomerated state in the PEG
shell. It was seen in the figure that some FezO4 nanoparticles
around 10 nm were accumulated in the centre of the
core@shell structure, but some gaps were identified. Such a
case illustrate that nanoparticles are agglomeration of the
FesOs MNPs which increases the overall size of the
composite.

Fe:0s@chitosan was illustrated in Fig. 7d. It was seen from
the TEM image that the diameter of the chitosan coated
Fes04 particles was approximately 83.31 nm and the shell
thickness approximately 19.47 nm.

3.4. Magnetic measurement of FesOs, FesOs@SiOz,
FesO4@PEG and FesOs@chitosan MNPs

Magnetic hysteresis curves of Fes0s Fes04@SiO;
Fes04@PEG and FesOs@chitosan are shown in Fig. 8.
Room temperature specific magnetization versus applied
magnetic field curve measurements of the samples indicate
that nanoparticles exhibit superparamagnetic characteristics
where a saturation magnetization values were seen.
Saturation magnetization value for FesO., Fes0.@SiO;
Fe;04@PEG and FesO.@chitosan MNPs were found to be
63.7 emu/g, 17.3 emu/g, 49.8 emu/g and 20.4 emulg
respectively.
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Fig.8. Magnetic hysteresis of Fes0s, Fe304@SiO,,
Fes04@PEG, FesOs@chitosan

4, Conclusion

In the study, FesO, MNPs were prepared by co-precipitation
method and core-shell structures were obtained by coating
with silica, PEG and chitosan. It is known that Fe3O.
structures show magnetic hysteresis in their magnetic
investigations. In this work, our nanoparticles were
investigated with VSM, it was understood that Fe3;O4 based
MNPs showed superparamagnetic like hysteresis curves.
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TEM images of the samples were obtained which confirmed
that Fe;0.@SiO2, Fes;04@PEG and Fe;Os@chitosan MNPs
are in core@shell form. Magnetic investigations revealed
that covering nanoparticles with shell dramatically reduced
the magnetic characteristics of the bare Fe3O4 nanoparticles.
Core@shell structure of the Fe;04@SiO;,, Fes04s@PEG and
FesO4@chitosan nanocomposites were also confirmed by
spectroscopic analysis techniques as well.
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