Nano-Structures & Nano-Objects 29 (2022) 100843

Contents lists available at ScienceDirect " NanoStructures
&Nano Objects

Nano-Structures & Nano-Objects

journal homepage: www.elsevier.com/locate/nanoso

Fabrication and characterization of a magnetic biocomposite of N

Check for

magnetite nanoparticles and reduced graphene oxide for biomedical
applications

Yulia R. Mukhortova?, Artyom S. Pryadko , Roman V. Chernozem*, Igor O. Pariy ¢,
Elizaveta A. Akoulina®, Irina V. Demianova”, Irina I. Zharkova”, Yurii F. Ivanov ¢,
Dmitriy V. Wagner 4 Anton P. Bonartsev”, Roman A. Surmenev ?, Maria A. Surmeneva **

2 Physical Materials Science and Composite Materials Centre, Research School of Chemistry & Applied Biomedical Sciences, National Research Tomsk
Polytechnic University, 634050, Tomsk, Russia

b Faculty of Biology, M.V. Lomonosov Moscow State University, Leninskie Gory 1-12, 119234 Moscow, Russia

¢ Institute of High Current Electronics (IHCE), 2/3 Akademichesky Avenue, 634055, Tomsk, Russia

4 National Research Tomsk State University, 634050, Tomsk, Russia

ARTICLE INFO ABSTRACT

Article history: Functionalization of magnetite (Fes04) nanoparticles with reduced graphene oxide (rGO) with the
Received 31 October 2021 preserved magnetic properties of the former presents great potential for applying the Fe304/rGO
Received in revised form 23 December 2021 biocomposite in various biomedical applications, such as magnetic resonance imaging, as a ther-

Accepted 25 January 2022 apeutic component in initiating tumour cell death in magnetic and photon ablation therapy, and

Keywords: as an effective carrier for drug delivery. In this study, magnetite nanoparticles (MNPs) with a high
Magnetite nanoparticles saturation magnetization were synthesized by co-precipitation under various conditions, followed by
Reduced graphene oxide covalent functionalization with citric acid (CA) and subsequent attachment to rGO sheets by physical
Composite adsorption. Extensive characterization revealed increasing phase purity with a subsequent decrease
Biomedical applications in the crystallite size and average size of the MNPs synthesized in an inert atmosphere compared to
Saturation magnetization ambient conditions. Meanwhile, further functionalization of the MNPs with CA by covalent binding
does not affect the MNP structure and size, but decreases their agglomeration. To study the magnetic
properties of the MNPs and the Fe;04/rGO composite, magnetization curves were obtained with a
vibrating sample magnetometer at a pulsed magnetic field of up to 6.5 kOe. The largest values of
saturation magnetization are revealed for the samples synthesized without the addition of CA in an
inert atmosphere (o; = 80.27 emu/g). The addition of CA to the synthesized MNPs and Fe304/rGO
composites reduced agglomeration, with o5 values in the range from 64.10 to 60.97 emu/g. In vitro
biological experiments revealed the MNP concentrations that did not cause any toxic effects on cells
for use as magnetic fillers to investigate the strain-mediated effects of hybrid polymer composites on

cellular behaviour due to external magnetic field exposure in the next stages of research.
© 2022 Elsevier B.V. All rights reserved.

1. Introduction the presence of trace phases [3]. It has been reported that an
increase in the MNP size results in improved MR contrast [4].
There is great interest in superparamagnetic nanoparticles ~ MNPs can be functionalized with different drugs and used as
(NPs) due to their potential application in biomedicine. They magnetic f1e1d_-gu1ded er!g delivery agents [5]. MNPs exposed
can be used to enhance contrast in magnetic resonance imaging (0 an alternating magnetic field can generate heat by energy
(MRI) for molecular and cell imaging [1]. Magnetite (Fe;0,) NPs dissipation to achleye an mtragellular hyperthermia effect [6,7.].
(MNPs) exhibit strong relaxation properties, significantly larger Thus, the combination of antlgancer drugs and hyperthermic
than those of paramagnetic molecules used as MRI contrast effects makes MNPs very attractive for cancer therapy [8,9].

agents, e.g. Gd-chelates [2]. Magnetic resonance (MR) contrast fro;lhsrieaorl?saslcs)?utrii&osrﬁ Oo]falrllidulgelllvi I:P;r;%rorl?ﬁt?l] l,?l?ere;l:g\clla;
generation with MNPs is influenced by their size, structure and d P . p

size [12], shape [13], size distribution [14] and magnetic proper-
ties [ 15] strongly depend on the synthesis route. There are various
* Corresponding author. methods of MNP fabrication, but thermal decomposition and co-
E-mail address: surmenevamaria@mail.ru (M.A. Surmeneva). precipitation are the most commonly used [16]. The thermal

https://doi.org/10.1016/j.nan0s0.2022.100843
2352-507X/© 2022 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.nanoso.2022.100843
http://www.elsevier.com/locate/nanoso
http://www.elsevier.com/locate/nanoso
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoso.2022.100843&domain=pdf
mailto:surmenevamaria@mail.ru
https://doi.org/10.1016/j.nanoso.2022.100843

Y.R. Mukhortova, A.S. Pryadko, R.V. Chernozem et al.

decomposition method allows for the production of high-quality
superparamagnetic MNPs, but the organic precursors of iron, such
as Fe(CO)s and Fe(acac)s (iron acetylacetonate), involved in this
method are toxic and may cause a negative cellular response
[17]. In turn, the chemical co-precipitation method allows the
preparation of MNPs with a spherical shape and size below 25 nm
with a homogeneous size distribution [18].

However, MNPs tend to form aggregates due to their magnetic
properties and long-range van der Waals interactions [19]. MNPs
can agglomerate due to strong anisotropic dipolar interactions,
which severely affect their properties [19]. To prevent agglomer-
ation, MNPs are synthesized via surface modification with other
compounds or coated with an active surface layer [20]. Fe304
NP aggregation can also take place before functionalization with
rGO. In this regard, the functionalization of MNPs with oleic and
citric acids (CA) helps to prevent agglomeration and enhance the
resistance against magnetite oxidation into maghemite, thereby
providing a more uniform distribution of the NPs’ shape and
size as well as phase purity and as a consequence the magnetic
properties [17,21,22].

As an alternative, graphene derivatives, such as reduced
graphene oxide (rGO), have a high specific surface area, mechani-
cal strength and biocompatibility [23]. rGO has been investigated
for drug delivery of water insoluble aromatic anticancer drugs
into cells [24] as well as for their antibacterial effects [25,26]. In
the case of rGO, sheet defects, poor dispersion, restacking and
multilayer thickness significantly limit the utilization of the 2D
materials’ high surface area and properties [23]. To make full
use of the unique properties of 2D materials, it is necessary to
isolate them from the bulk in several layers, or even in one
layer, using mechanical or liquid phase exfoliation processes. The
liquid exfoliation method by mechanical sonication is an effective
way to disperse 2D materials, but the dispersion is sometimes
unstable and tends to reaggregate [24].

It has been reported that during the synthesis of Fe30,4/rGO
composites, rGO nanosheets can prevent the aggregation of Fe30,4
microspheres; at the same time, the Fe;0, microspheres can
improve the aggregation stability of the rGO nanosheets [27,28].
Functionalization of MNPs with rGO can contribute not only to a
decrease in their agglomeration but also to an increase in their
electrical conductivity while maintaining their magnetic proper-
ties [29]. In addition, in case of the composite of Fe304/rGO, even
at a small rGO content, one can expect an increase of the specific
surface area of the composite compared with pure Fe;04 (13.1
m?/g) [30], and as a consequence an increase of the efficiency
and adsorption rate of drugs and/or other bioactive compounds,
whilst keeping the magnetic properties high [31].

Composites of Fe;04/rGO are reported to be used in various
biomedical applications. For example, a high content of Fe304 in
the nanocomposite was effective for improving both the osteo-
conductivity and heat generation characteristics for hyperthermia
applications [30]. The composite of Fe304/rGO has also been
applied for the removal of toxic elements and compounds from
contaminated water, including the sorption of antibiotics. Such a
composite responds to a magnet, which could realize the retrieval
and separation of rGO rapidly and effectively [25]. A number of
developments have been devoted to the use of composites in
the areas of drug loading [31], separation and chemical extrac-
tion [32], sensors and biosensors due to the synergistic effect
between the rGO matrix and Fe3s04, which aims to increase con-
ductivity and ionic diffusion, leading to a material with superior
electrochemical performance [33]. Hence, Fe;04/rGO composites
have various prospective applications due to the combination of
the magnetic properties of Fe304 and rGO, namely, high conduc-
tivity, large surface-to-volume ratio, high magnetization values
and the possibility of being controlled using an external magnetic
field [32].
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Despite many works being devoted to the biomedical appli-
cations of Fe304/rGO composites, the actual mechanism of inter-
action between these phases has not been sufficiently studied to
the best of our knowledge, which makes fabrication of the com-
posite with tailored properties for biomedical applications quite
challenging [33]. In addition, it is reported that rGO induced cyto-
toxicity, apoptosis and oxidative stress, therefore, the fabrication
of biocompatible composite materials which hallow overcoming
this significant drawback is required; as a prospective example
the Fe30,4/rGO composite can be prepared [33]. Thus, the present
study is aimed at the revealing of the most appropriate routes to
prepare nanometre-size MNPs with the highest saturation mag-
netization, namely, the change in the synthesis atmosphere and
the use of citrate ions to prevent particle agglomeration before
functionalization with rGO. It is envisaged that the Fe304/rGO
composites will provide high values of saturation magnetization,
increased specific surface area for efficient drug loading capacity,
better electrical conductivity and biocompatibility compared to
either the pure MNPs or rGO.

2. Materials and methods
2.1. Precursors

The reagents used in the experiments were as follows: hy-
drochloric acid (HCl), sodium hydroxide (NaOH), ferric(IIl) chlo-
ride hexahydrate (FeCl3-6H,0), ferric(Il) sulphate heptahydrate
(FeSO4-7H,0), ammonium hydroxide (NH,OH), CA (CsHgO7) and
rGO, which were purchased from Sigma-Aldrich. De-ionized wa-
ter was also used in the experiments.

2.2. Fe304/rGO composites preparation

2.2.1. Synthesis of MNPs

The Fe304 NPs were synthesized by a co-precipitation method
using two different methodologies. Prior to the first synthesis of
Fe;04 MNPs at room temperature, the pH of the solution was
adjusted to 2 using HCl to avoid the formation of iron oxide
impurities other than magnetite [34]. It should be noted that the
Fe?*:Fe3* ratio in mFe,03- nFeO precipitation results in high pu-
rity Fe;04 precipitation when m = n (equimolar ratio) [35]. When
m and n are not equal, excess Fe3* or Fe?* ions will precipitate as
iron oxides, FeO or Fe30y4, respectively. However, the impurities in
FeO disturb the structure of Fe30,4, and the magnetization of the
mixture of FeO and Fe304 is lower than that of pure Fe;04. These
two factors lead to a decrease in the saturation magnetization.
Theoretically, the Fe3*:Fe?* molar ratio should be 2, but in the
case where no inert gas was used and the solution had direct
contact with air, Fe** was easily oxidized to Fe** under these
conditions. In addition, under the conditions where Fe’* was
easily oxidized, «-FeOOH was formed under alkaline conditions,
which reduces the purity of the product. Therefore, we used
excess Fe’* to compensate for this deficiency [35]. In the present
study, the Fe>*/Fe** molar ratio was always 1.5. The MNPs were
obtained according to the following reaction (1):

2FeCl; + FeSO4 + 8NH4,OH—Fe30,4 + 6NH4Cl 4 (NH4),S04 + 4H,0
(1)

For this synthesis, 2.80 g of ferric(Ill) chloride hexahydrate and
1.92 g of ferric(Il) sulphate heptahydrate were placed in a three-
necked flask, dissolved in 25 mL of deionized water and stirred
with a magnetic stirrer for 1 h at 300 rpm without heating.
Then, a few drops of HCl were added to the solution to give
a pH value of 1-2, followed by heating at 85 °C for 45 min.
Then, the solution was cooled to room temperature. In the next
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step, the rotation speed was increased to 1500 rpm and 8 mL
of concentrated NH4,OH was added dropwise until pH 11 was
reached, while a colour change from light orange to black was
observed, indicating the formation of magnetite particles. After
that, the reaction mass was stirred for 60 min. The resulting
solution was washed with deionized water. The particles were
separated by magnetic separation and dried at 35 °C for two
days in a convection oven. To examine the influence of the atmo-
sphere in the reaction zone on the morphology and crystallinity
of the products, the Fe;04 NPs were also synthesized in ambient
and nitrogen atmospheres while keeping the other conditions
unchanged. An inert atmosphere allows the exclusion of oxygen
from the atmosphere, which participates in the formation of
non-magnetic oxide impurities [36].

The second synthesis of MNPs, with heating up to 60 °C, can
be described by the following reaction (2) [37]:

2FeCl3 + FeSO4 + 8NaOH—Fe304 + 6NaCl + Na,S04 + 4H,0 (2)

To perform the synthesis, 3.73 g of ferric(Ill) chloride hexahydrate
and 1.92 g of ferric(Il) sulphate heptahydrate were loaded into
a three-necked flask, which was placed on a magnetic stirrer
and connected to the Schlenk system. Dry salts were alternately
degassed using a vacuum unit and saturated with argon three
times. Then, using a syringe, 175 mL of deionized water was
introduced into the flask, followed by stirring and heating on
a magnetic stirrer. The solution was heated to a temperature
of 60 °C with stirring at a speed of 300 rpm for 30 min. The
removal of oxygen was achieved by passing argon through the
reaction mixture throughout the entire synthesis. Upon reaching
the specified temperature, the stirring speed was increased to
1500 rpm, and 50 mL of 1.5 M NaOH heated to 60 °C was added
to the solution dropwise with a syringe to shift the pH level to 11.
At the same time, blackening of the solution was observed, which
indicates the formation of magnetite. Heating was continued for
30 min.

To reduce or eliminate the aggregation of MNPs, after 30 min
of continuous heating, 3.7 mL of CA (0.5 g in 1 mL of water) was
introduced into the solution, and the temperature was increased
to 80 °C with continuous stirring for 90 min. After completion
of the synthesis, the solution was decanted and the powders
were washed with deionized water. The washing procedure was
repeated until neutral pH was reached and then the powders
were precipitated by an external magnetic field and dried at
35 °C in a convection oven for two days. As a result, black
magnetite powders were obtained. To study the effect of CA on
the morphology and parameters of the Fe;04 NPs, the materials
were obtained without and with CA treatment while keeping the
other conditions unchanged.

2.2.2. Synthesis of the composite of Fe304/rGO

Prior to the Fe304/rGO composite preparation, the surface of
rGO was prepared by the impregnation method before synthesis,
in which a solution of 0.1 g of rGO in 8 mL of 0.25 M NaOH
was placed in an ultrasonic bath for 4 h and then heated on a
magnetic stirrer for 20 h at 60 °C. Soaking of rGO in an alkaline
solution causes electrostatic repulsion of negatively charged lay-
ers and leads to exfoliation and thereby dispersion stabilization
of rGO [38], which is necessary for further uniform distribution
of magnetite nanoparticles on the rGO sheets.

For the synthesis of the Fe304/rGO composite, as-prepared
MNPs and rGO sheets were used. The synthesis of the Fe30,4/rGO
composite was performed by mixing magnetite and rGO at room
temperature with slow magnetic stirring at 160 rpm. The process-
ing time to obtain a composite sample was 2 h. Then, the reaction
mass was infused for 2 h without stirring. After thorough mixing
of Fe304 and rGO, the final mixture was washed with deionized
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Table 1
Description of the prepared samples and synthesis details.

Composite MNPs synthesis atmosphere Abbreviations Ratio (Fe304/rGO)

Fes 04 Air M1 -
Fes04 Nitrogen MI1N -
Fe;04 Argon M2 -
Fe304 Argon with CA M2CA -

Fe;04/rGO  Nitrogen
Fe304/rGO Argon with CA

M1N/rGO 6:1
M2CAIGO  6:1

water and the composite obtained was precipitated via magnetic
separation, thus any unreacted rGO was removed. The resulting
precipitate was dried at 35 °C for two days in a convection oven.
Thus, only MNPs adsorbed on the surface of rGO nanoflakes were
prepared and investigated.

The abbreviations of the samples with the corresponding fab-
rication parameters are presented in Table 1.

2.3. Characterization of the samples

The phase composition was analysed by X-ray diffraction on a
Shimadzu XRD 7000S diffractometer (CuK, radiation) equipped
with a high-speed 1280-channel OneSight detector. The study
was carried out in the automatic mode with the range of scatter-
ing angles from 5 to 80°. The crystallite size (nm) was calculated
according to the Scherrer Eq. (3) from the full width at half
maximum of the diffraction peaks in the angular 26 range of
30-45° [39]:

KA
" Beost’

where X is X-ray wavelength (nm), 8 is peak width at half height
(rad), K is the dimensionless particle shape factor (usually taken
as being equal to 0.9) [40] and 6 (°) is the diffraction angle.

Prior to the study of the morphology, a conductive coating of
Au was deposited on the samples. Scanning electron microscopy
(SEM) (Quanta 600 electron microscope (Thermo Fisher, Japan))
equipped with energy dispersive spectroscopic analysis (EDS)
was performed to evaluate the changes in the morphology and
elemental composition of the samples. The electrical conductivity
of rGO highly depends on the degree of reduction and can vary
in a broad range between separate nanoflakes. Moreover, in the
present study, rGO was studied as a component of the composite
with magnetite NPs, whereas, magnetite may also reveal semi-
conducting properties. Thus, the sputtering of a thin conductive
Au coating (5 nm) was experimentally adopted to improve the
resolution to obtain representative SEM images. Transmission
electron microscope (TEM) images and selected area electron
diffraction (SAED) patterns were obtained on a Hitachi HU-11B at
an accelerating voltage of 200 kV. The samples were prepared by
placing a drop of the nanoparticle suspension on a carbon-coated
Cu grid. The distribution of the diameters of the synthesized
particles was measured using Image] software.

The Fourier-transform infrared (FTIR) spectra were recorded
using a Tensor 27 Fourier transform IR spectrometer (Bruker,
Germany). FTIR spectra were processed from 128 scans at a
4 cm™! resolution in the attenuated total reflection mode for each
sample.

Raman spectra were obtained using an InVia confocal disper-
sive Raman spectrometer (Renishaw, UK) equipped with a Leica
microscope and a 50x objective. Excitation was performed with a
semiconductor laser at a wavelength of 528 nm with a maximum
power of 100 mW. To prevent heating of the sample and phase
transformations, 5% of the laser power was used. To attenuate the
radiation, 100% beam defocusing was additionally applied.

(3)
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The magnetic properties of the MNPs and Fe304/rGO com-
posites were investigated at a temperature of 300 K with an
external pulsed magnetic field from 0 to 6.5 kOe using a pulsed
magnetometer. The measurements were carried out according to
the method described in [41].

2.4. In vitro assays

2.4.1. Materials for cell culture experiments

The culture media included Dulbecco’s modified Eagle
medium (DMEM) (PanEco, Russia), FBS foetal bovine serum (FBS)
(Biolot, Russia), antibiotic penicillin—streptomycin (PanEco, Rus-
sia) and phosphate-buffered saline (PBS) (Merck, Germany); thia-
zolyl blue tetrazolium bromide (MTT reagent) (Merck, Germany)
was used for cell viability testing.

2.4.2. Cell culture methods to determine the cytotoxicity

Evaluation of the Fe;04/rGO composite biocompatibility in
vitro was performed on cultures of mesenchymal stem cells
(MSCs) of Wistar rats; cells were isolated from the adipose tissue
of 3-day-old male rats [42]. Solutions of each magnetite sample
were made in growth medium (DMEM 89%, FBS 10%, penicillin-
streptomycin 1%) at different concentrations. The cells were culti-
vated before the experiment in the same growth medium for two
passages. The cells were placed in a 96-well plate at a density of
2000 per well and the medium in the wells was replaced with
magnetite solutions after one day of incubation.

Stock solutions of all the fabricated particles in growth media
were made with a concentration of 100 mg/mL (20 mg in 200
mL - the volume of liquid introduced into one well). Further
dilutions for each solution were made 3, 10, 30 and 100 times
with concentrations of 33, 10, 3 and 1 mg/mL, respectively. Using
these dilutions, a cytotoxicity test was performed. The cells were
seeded in 96-well plates, and growth media was replaced in the
solution with samples after 24 h of incubation. The cell viability in
the presence of the synthesized NPs and composites was assessed
by the MTT method on days 1 and 3 of incubation. To determine
the viability, the medium with samples was removed and 50 mL
of DMEM and 50 mL of MTT reagent (5 mg/ml) were placed into
each well. After incubation for 3 h at 37 °C, 150 mL of DMSO was
added to each well and, after incubation for 10 min, spectropho-
tometric data were obtained at 595 and 620 nm (as a reference
absorbance). The calibration plot “cell number—absorbance at
450 nm” was built using a known number of the same cells
counted by light microscopy on the micron scale. The criterion
for cytotoxicity was a decrease of the cell viability below 70% of
the control, according to Annex C ISO 10993-5 Tests for in vitro
cytotoxicity.

2.5. Statistical analysis

The experiments were conducted with 3 samples for each
composite material. The non-parametric Kruskal-Wallis test was
employed for the statistical evaluation of data using the software
package SPSS/PC+ Statistics™ 12.1 (SPSS: An IBM Company, Ar-
monk, NY, USA). The obtained data are presented as the mean +
SD (standard error of the mean) and were considered significant
at p < 0.05.

3. Results and discussion

3.1. Investigation of the morphology and structure of the magnetite
nanoparticles

Fig. 1 shows the SEM images and size distributions of the
MNPs synthesized by various methods.
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Fig. 1. SEM images of MNPs synthesized under different conditions: M1 — room
temperature in air atmosphere; MIN — room temperature in an inert (N;)
atmosphere; M2 — process with heating to 60 °C in an inert (Ar) atmosphere;
M2CA — process with heating to 60 °C in an inert (Ar) atmosphere and addition
of CA.

The average sizes of the MNPs obtained at room temperature
in air (M1) and nitrogen (M1N) atmospheres were 75 4 12 and
46 + 8 nm, respectively. In the case of heating in an argon
atmosphere, CA-uncoated (M2) and coated (M2CA) MNPs were
46 + 10 and 47 + 9.3 nm, respectively. The MNPs obtained in
the present study by varying the synthesis parameters (e.g., at-
mosphere and CA doping) had an average size from 46 + 8 to
75 + 12 nm, which is different from that (20-30 nm) of the
particles reported elsewhere [22,37].

Notably, the diameter of the NPs did not change significantly
when an inert atmosphere was used. It is known that the process
of magnetite fabrication in an inert atmosphere prevents the
formation of other iron oxide compounds, thereby increasing
the phase purity and enhancing the magnetic properties of the
final product. The effect of the inert atmosphere was also re-
flected by the decrease in the average particle diameter for M1N
NPs compared to M1 NPs synthesized under ambient conditions.
This is explained by the dense magnetite’s inverse spinel crystal
structure, which possesses a smaller unit cell that does not have
free vacancies compared with Fe-oxide impurities on surface for
M1 [43]. Maghemite, similar to haematite and goethite, is a fully
oxidized iron oxide polymorph where all the iron is in the Fe**
state, and the maghemite crystal structure possesses 2 and 1/3
vacant sites within its unit cell and is packed less densely [44].

Samples M1 and M1N were obtained without the use of
surface-active additives, which prevented particle aggregation. As
a result, dense accumulations and agglomerates of MNPs were
observed in the images of samples M1, M1N and M2. In contrast,
the M2CA sample, obtained using a citrate ion coating, appears
to be less agglomerated. The use of a citrate ion coating also
contributes to the formation of finer particles and stabilization
of magnetite particles against agglomeration [45]. The adsorption
properties of magnetite are due to its chemical nature and are
the basis of its interaction with the CA stabilizer. The centres
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Fig. 2. (A) X-ray diffraction patterns, (B) FTIR and (C) Raman spectra of synthesized MNPs: M1 — at room temperature in an air atmosphere; MIN — at room

temperature in an inert atmosphere.

of adsorption on the surface of magnetite can be coordination-
unsaturated Fe** and Fe?* ions, as well as 2~ and ~ ions, formed
as a result of dissociative chemisorption of oxygen and water on
its freshly formed surface [45]. Due to the presence of 3d-vacant
and 3d-filled orbitals, the iron atoms can participate in chemical
reactions as electron donors and acceptors [45].

Fig. 2 shows the results of MNPs synthesized under various
experimental conditions. Fig. 2A demonstrates that the samples
exhibit peaks at 26 = 30.35, 35.63, 43.49, 53.56, 57.12 and 62.81°,
corresponding to the dp crystal planes of magnetite at (220),
(311), (400), (422), (511) and (440), respectively. These results
are in good agreement with the standard peaks of the Fe30, XRD
pattern (PDF card 01-080-6403). However, sample M1 also con-
tains a reflection corresponding to the goethite (FeEOOH) phase at
26 = 21.22° [46]. The quantitative analysis showed that the phase
distribution of synthesized M1 was as follows: Fe30, — 64.8% and
FeOOH — 35.2%. In contrast, the sample obtained in a nitrogen
atmosphere (M1N) fully corresponds to the standard XRD pattern
of Fe304, which shows the high purity of the prepared sample.
Due to the cubic symmetry of the MNPs, the average crystallite
size can be calculated by the Scherrer equation (1) from the full
width at half maximum of the diffraction peaks in the angular 26
range of 30-45° [39]. Thus, the average crystallite sizes for M1
and M1IN were d = 40 £ 12 and 16 £ 5 nm, respectively. This
difference can be explained by M1 being obtained under ambient
conditions, thus oxygen from the air can contribute to the growth
kinetics of the magnetite crystals.

FTIR spectra of the MNPs obtained in air (M1) and in a nitrogen
atmosphere (M1N) are shown in Fig. 2B. Both spectra demon-
strate the typical absorption bands of MNPs at ~580, 1110 and
1400 cm™!, corresponding to Fe-O vibrations for magnetite [47].
However, the presence of the 1110 cm~! band can also be as-
sociated with other iron oxides, such as maghemite [47]. The
observed band at 1614 cm™' is associated with OH bending
vibrations in combination with Fe atoms [48], while the broad
band at 2500-3550 cm~! refers to the stretching vibrations of
OH groups [47]. The bands at 891 cm~! (80H in-plane bending
vibrations) and 794 cm™' (y OH out-of-plane bending vibrations)

present in the spectrum of the M1 sample are attributed to Fe-OH
bending vibrations of the non-magnetic phase of the iron oxide,
goethite [49]. Moreover, the Fe-O band at 580 cm™! shifted to
~620 cm™!, indicating the presence of a goethite phase in the M1
sample [50]. In addition, the Raman spectrum of MNPs obtained
in air (M1) exhibited characteristic peaks of the goethite phase
(Fig. 2C), as follows: at 300 cm~! (Fe—-OH symmetric bending vi-
brations), at 388 cm~! (Fe-O-Fe/-OH group symmetric stretching
vibrations), at 480 and 550 cm~' (Fe-OH asymmetric stretching
vibrations) [51]. In turn, MNPs synthesized in an inert (nitro-
gen) atmosphere exhibited only a peak at 670 cm~! associated
with Fe-O symmetric stretching vibrations, which indicates the
presence of a magnetite phase [52,53].

CA is a water-soluble biocompatible (Krebs cycle) surfactant
that exists in the human body and is involved in the three
carboxylic acid cycle (TCAC), contributing to the decomposition
of fat [46,54]. It is used to control the morphology of magnetite
particles [55] to achieve stability against aggregation [37]. The
presence of three free carboxyl groups and one hydroxyl group in
CA provides maximum chemical interaction (chemisorption) with
the surface of magnetite, which has active sorption centres [56].
In this case, it is possible to carry out chemisorption due to
the formation of hydrogen bonds between the carboxyl groups
and the hydrated oxide surface. The electrostatic repulsive forces
arising among highly negatively charged CA-coated magnetite
particles in an aqueous suspension also play an important role
in the homogenous dispersion in water [50].

Fig. 3 shows the XRD patterns and FTIR spectra of MNPs
fabricated in an inert atmosphere without (M2) and with (M2CA)
CA. Depending on the CA addition during the synthesis, all MNPs
demonstrated Bragg reflections at 30.35, 35.63, 43.49, 53.56,
57.12 and 62.81°, corresponding to the cubic symmetry of the
(220), (311), (400), (422), (511) and (440) planes of magnetite,
respectively (Fig. 3A). Moreover, the calculated average crystallite
size was similar for M2 (d 13 =+ 3 nm) and M2CA (d
15 £+ 4 nm) sizes. Therefore, there is no influence of CA addi-
tion on the magnetite synthesis in an inert atmosphere for the
crystalline structure of MNPs.
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Fig. 3. (A) XRD patterns and (B) FTIR spectra of MNPs: M2 — synthesized in an inert atmosphere without the addition of CA, M2CA — synthesized in an inert

atmosphere with the addition of CA.

FTIR spectra of CA-uncoated and coated MNPs exhibited typ-
ical absorption bands of magnetite at ~580 cm~! (Fe-O vibra-
tions) and 2500-3550 cm™' (-OH group stretching vibrations)
(Fig. 3B) [50]. However, CA-coated MNPs also had bands at 1592
and 1370 cm~!. The band at 1592 cm™! refers to the asymmetric
stretching vibrations of the COOH groups of CA and indicates the
covalent binding of the CA radical to the surface of Fe304 NPs by
chemisorption of the carboxylate (citrate) ions [50]. A C-O band
at 1370 cm™ ! occurs when CA is covalently bonded to the surface
of iron oxide [57]. Thus, the FTIR results confirmed the successful
coating of the MNPs with CA. In addition, Raman spectroscopy
did not reveal a difference between MNPs without (M2) and with
citric acid (M2CA) (Supporting information, Figure S1). Also, in
comparison with the MNPs synthesized at room temperature and
in an air atmosphere (M1, Fig. 2B), no bands of goethite were
detected in the FTIR spectra of the MNPs synthesized with heating
in an inert atmosphere.

In particular, some of the carboxylate groups of CA are strongly
coordinated with iron cations on the Fe304 surface to form a
durable coating (a possible schematic representation of CA-coated
magnetite particles is shown in Fig. 4), while uncoordinated car-
boxylate groups penetrate into the aqueous medium, giving Fe304
a high degree of colloidal stability in an aqueous suspension.

Based on the results of the XRD analysis, FTIR and Raman
spectroscopy, we have shown that the absence of oxygen in the
reaction medium leads to the formation of magnetite phase-
pure NPs. In contrast, NPs synthesized under air atmosphere
conditions, without the protection of an inert atmosphere, are
reddish-brown, indicating the presence of contamination with
other iron oxides due to strong oxidation [58]. At the same
time, this contamination critically reduces the magnetic proper-
ties of the iron oxide NPs [58]. Meanwhile, nitrogen gas bubbling
through iron salt solutions protects MNPs against critical oxida-
tion and reduces the particle size compared to methods without
oxygen removal [36]. Thus, the use of an oxygen-free atmosphere
for MNP synthesis is highly desirable to avoid the formation of
oxide contamination.

3.2. Investigation of the morphology and structure of the synthesized
Fe304/rGO composites

Fig. 5 shows the SEM images of Fe;0,4/rGO composites synthe-
sized by the co-precipitation method with various methodologies.
The analysis of their size distribution revealed an average value
of 60 + 10 nm for MIN/rGO (Fig. 5B), which is slightly in-
creased compared to the surfactant-treated composite particles.
Composite particles based on rGO and MNPs synthesized with
CA had an average size of 47 £+ 9 nm (Fig. 5D). The composite

Fig. 4. Schematic representation of the covalent bonds between a magnetite
particle and citrate ions.

particles M1N/rGO without a surfactant (CA) coating retain a ten-
dency towards stronger agglomeration and aggregation. Figure S3
shows a typical SEM image of rGO (805424-1G, Sigma Aldrich),
revealing that the product consists of large numbers of layers of
separated ultrathin sheets with an accordion-like structure. The
folding nature is clearly visible. The graphene sheets have an ex-
foliated form, which corresponds to the literature data [59]. Since
Si substrates were used for SEM measurements, EDX analysis
demonstrated that the composite particles contained iron, oxygen
and carbon. The relative atomic concentrations of these elements
in the composite particles were as follows: M1N/rGO — Fe of 2%,
C of 82% and O of 7%, M2CA/rGO — Fe of 5%, C of 29% and O
of 11%. The remaining atomic concentrations in the EDX-spectra
referred to Si, which was used as substrate. The presence of C is
associated with rGO-coated iron oxide. Therefore, the EDX-results
revealed the formation of the Fe;04/rGO composites.

Fig. 6 shows the XRD patterns of the Fe304/rGO compos-
ites synthesized with various experimental methodologies. The
Fe304/rGO composites obtained by co-precipitation in an inert
atmosphere exhibited the same Bragg's reflections as their pre-
cursors MIN and M2CA (Figs. 2A and 3A). At the same time,
a typical rGO reflection at 24.56° was not observed in the syn-
thesized Fe;04 composites, which can be explained by the low
content of rGO sheets in the Fe304/rGO composite [60]. A crucial
factor in the preparation of Fe304/rGO composites is the mass
ratio of the initial components used in the synthesis. In the litera-
ture, the peaks of rGO on the diffraction pattern of the Fe304/rGO
composites appear only at a relatively high rGO content (more
than 6:1 Fe304/rGO) [12,61].

Both FTIR spectra (Fig. 7A and C) have no absorption bands
of rGO, which may indicate that no chemical bonds were formed,



	Fabrication and characterization of a magnetic biocomposite of magnetite nanoparticles and reduced graphene oxide for biomedical applications 
	Introduction
	Materials and methods
	Precursors 
	Fe3O4/rGO composites preparation
	Synthesis of MNPs
	Synthesis of the composite of Fe3O4/rGO

	Characterization of the samples
	In vitro assays
	Materials for cell culture experiments
	Cell culture methods to determine the cytotoxicity

	Statistical analysis

	Results and discussion
	Investigation of the morphology and structure of the magnetite nanoparticles
	Investigation of the morphology and structure of the synthesized Fe3O4/rGO composites
	The results on samples magnetization
	Cell culture results

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


