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ARTICLE INFO ABSTRACT

Keywords: The iron oxide nanoparticles were synthesized by the co-precipitation method and consequently stabilized by a
Magnetic nanoparticles chitosan coating. The characterization of the chitosan modified nanoparticles was performed by X-ray diffraction
Chitosan (XRD), Fourier transform infrared spectroscopy (FTIR), Scanning electron microscopy (SEM), dynamic light
Il\ldjzllxivity scattering (DLS), SQUID magnetometer and MRI analysis. The particle size and {-potential measurement, the

measured hydrodynamic diameter of chitosan modified magnetic nanoparticles was equal to 136.1 nm, while the
{-potential is +48 mV. The superparamagnetic behaviour of both unmodified and chitosan modified Fe;O4
nanoparticles at room temperature was confirmed using a SQUID magnetometer. Finally, the relaxation times
(T, and T,) were measured by MRI. From the result of magnetic resonance imaging (MRI) analysis, the re-
laxation rate (R) and relaxivity (r) have been calculated: n = 0.713mM~'s™!, r, = 238.16 mM~'s~! and
r; =276.1mM 's™'. An acquired high r,/r; ratio (334) indicates that the prepared nanoparticles have a
significant prevailing effect on the transversal relaxation time (T») in comparison to the longitudinal relaxation
time (T;). These results demonstrate the potential usefulness of chitosan-stabilized iron oxide nanoparticles as a

Contrast agent

contrast agent for MRIL

1. Introduction

Nanomaterials and nanotechnology are becoming increasingly im-
portant in modern science. Nanotechnology offers broad opportunities
for scientists, engineers, physicians, chemists and physicists to achieve
optimum results in the fields of health, biotechnology and many other
areas of science and medicine [1]. As a consequence, nanomaterials,
particularly magnetic nanoparticles, offer significant advantages due to
their outstanding physicochemical properties and size, making them
indispensable in numerous medical applications, such as clinical diag-
nosis and therapeutic techniques [2-4].

Modified magnetic nanoparticles usually consist of three main
functional parts: a magnetic core, a surface coating and/or a functio-
nalized outer coating [5]. The magnetic core is often super-
paramagnetic, which allows for manipulation of such particles in the
presence of an external magnetic field. The appropriate nanoparticle
core is used depending on the type of application. For example, in
medicine, various nanoparticle materials, such as metals (gold, silver
and cobalt) or metal oxides (Fe304, TiO, and SiO,), are used. In science,
the primary interest is in iron oxides, which are mainly presented in two

forms, magnetite (Fe304) and maghemite (y-Fe,O3), both of which
possess low toxicity to the human body [6]. Magnetite is an iron oxide
that occurs naturally or can be synthesized by physicochemical
methods [7]. However, iron oxide magnetic particles tend to aggregate
due to the strong magnetic dipole-dipole attraction between them [8],
and hence the stability of such particles is reduced. To enhance their
stability, surface active substances, such as inorganic materials [9-11],
long-chain organic molecules and organic polymers [12-14] with spe-
cific functional groups, are usually used. Such surface modified nano-
particles can adsorb and bind hydrophilic and hydrophobic pharma-
cological drugs and, after being subsequently injected into the body,
can serve as a drug delivery system. The same superparamagnetic na-
noparticles can also be applied in MRI diagnostics to increase the
contrast of pathological tissues and/or to determine the condition of
organ functions [5].

In our case, when choosing a coating for nanoparticles, we were
guided by two important factors, namely, the biocompatibility and
biodegradation of the material. Among the many existing natural
polymers, we chose chitosan due to its comprehensive biological (bio-
compatibility, biodegradability, nontoxicity and bioactivity) and
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chemical properties [15].

In this study, a co-precipitation method was used to prepare su-
perparamagnetic magnetite nanoparticles (MNPs) modified by chitosan
for MRI contrast enhancement. Furthermore, the chitosan-stabilized
magnetic nanoparticles were fully characterized by different methods
and their effectiveness as an MRI contrast agent was studied.

2. Materials and methods
2.1. Materials

The following chemicals were used: iron (II) chloride tetrahydrate
(FeCly4H,0) from Merck (Germany), iron (III) chloride hexahydrate
(FeCl36H,0) from Sigma-Aldrich (Germany), chitosan with low mole-
cular weight (50-190kDa) and 75-85% deacetylation degree from
Sigma-Aldrich (China), acetic acid (CoH405, 99 wt%) and ammonium
hydroxide solution (NH4,OH, 25%) from Slavus (Slovakia), and urea
(CH4N,0) from Fluka (Germany). All solutions were prepared with
ultrapure water.

2.2. Synthesis of Fe304 magnetic nanoparticles by co-precipitation method

The magnetic Fe30, nanoparticles were synthesized by a chemical
co-precipitation method using ferric and ferrous salts at a molar ratio of
2:1 in an alkali medium. Briefly, the mixture of Fe?* and Fe>* aqueous
solutions was filtered to remove insoluble residues and then 4.5%
NH4OH with dripping rate of dissolved ammonium at 6.8 ml/min was
added at room temperature with constant stirring to produce a black
magnetite precipitate. The precipitate was washed three times by
magnetic decantation using deionized water to remove salt residues.
The resulting magnetic nanoparticles were sonicated using an im-
mersed probe of a sonicator (Branson-Model 450) for 5min at 70% of
maximum power (280 W) in an ice bath.

2.3. Preparation of chitosan-coated Fe3;0, nanoparticles

The surface of iron oxide nanoparticles was coated with chitosan to
obtain modified magnetic nanoparticles. Urea was used for supported
uniform distribution for the Fe30, particle size [16,17]. The first stage
of this synthesis was the preparation of a 5% w/v urea in water and a
5% w/v chitosan solution using a 2% aqueous acetic acid solution. At
the second stage, a known volume of urea solution was mixed with the
MNP suspension to form a dispersion with the theoretical urea/Fe;0,4
weight ratio equal to 2.7 w/w. Then, a known volume of chitosan so-
lution was added to the formed mixture to prepare a solution with a
theoretical chitosan/urea weight ratio of 1 w/w.

Next, the formed solution was incubated in a horizontal thermo-
mixer (BioShake iQ) for 2h at 95 °C and 350 rpm. Finally, the samples
were ultracentrifuged at 55,000 rpm for 2h at 4°C to increase the
concentration of the prepared chitosan-coated magnetic nanoparticles
(Chit-MNPs). Having removed the supernatants, the sediments were
dispersed in ultrapure water thoroughly and collected to subsequently
produce the Chit-MNPs.

2.4. Characterization of Fe304 and Chit-MNPs

Scanning electron microscopy (SEM, JEOL7000F microscope) was
applied to evaluate the morphology and microstructure of the coated
nanoparticles. To determine the mean size and particle size distribu-
tion, the sample was measured by the dynamic light scattering (DLS)
method using a ZetasizerNanoZS (Malvern Instruments). DLS evaluates
the fluctuations of scattered light intensity diffracted from nano-
particles undergoing steady Brownian motion in the suspension. To
study colloidal stability, the {-potential was estimated using laser
Doppler electrophoretic measurements with a scattering angle of 173°
at 25 * 0.1°C. Crystal structures of the prepared samples were
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analyzed by X-ray diffraction (XRD, Rigaku, Ultima IV, Cu Ka radia-
tion). Attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy (model FTLA2000-100 instrument from ABB) was
applied to produce the spectra of chitosan, magnetite and chitosan-
coated iron oxide nanoparticles and to confirm chitosan layer adsorp-
tion on MNPs. The samples for FTIR analysis were previously freeze-
dried in a lyophilizer at —52 °C. The wavelengths were scanned from
520 to 4,000 cm ™! with a resolution of 4 cm ™. Magnetic properties of
the samples were measured by a SQUID magnetometer (MPMS 5XL,
Quantum Design) at room temperature.

2.5. MRI measurements and relaxivity determination

The MRI relaxivity measurements were performed using a 7T
BioSpec Bruker system. Three different protocols were used for T;, T,
and T," parametric mapping:

e T; mapping — Rapid Acquisition with Refocused Echoes (RARE) pulse
sequence, with repetition time TR = 5,500, 3,000, 1,500, 800, 400
and 200 ms, and echo time TE = 7 ms.

o T, mapping — Multi-Slice Multi-Echo (MSME) pulse sequence, with
repetition time TR = 2,000 ms, starting echo time TE = 8 ms, spa-
cing = 8 ms, and 25 images.

e T," mapping — Multi Gradient Echo (MGE) pulse sequence, with re-
petition time TR = 800 ms, starting echo time TE = 3.5ms, spa-
cing = 5ms, and 10 images.

To perform the relaxivity measurements, the chitosan-stabilized
magnetite nanoparticles were diluted in eight samples with con-
centration gradients of magnetite equal to 1.28, 12.8, 24.4, 35.9, 47.5,
59, 70.6 and 82.1 pg/ml. As the reference sample, nanoparticles with a
weight ratio of chitosan:urea:magnetite equal to 1:1:0.37 were used.
The signal intensity values (I, — without magnetite and I — with mag-
netite) were acquired and evaluated. Subsequently, the longitudinal
and transversal relaxation times (T;, T, and T,") of the samples were
determined by fitting with the following functions:

M(t) =A+ Mg (1 — exp(t/Ty)) @

(2)

where M is the equilibrium magnetization, A is the absolute bias, T; is
the longitudinal recovery time, C is the signal intensity and T, is the
transversal relaxation time.

The value of T, is influenced only by atomic molecular interactions,
while the T, value reflects atomic molecular interactions as well as the
main magnetic field (Bp) inhomogeneities. The relative contrast (RC),
transversal and longitudinal relaxation rates (R;, R, and R,") and re-
laxivity (r1, 15, 127) were also calculated and evaluated. The RC of
magnetite nanoparticles as a negative contrast agent (I > I) is defined
as follows:

y=A+ Cxexp(—t/T;)

RC = - 1o)/Io 3)

where [, is the signal intensity without magnetite particles and I re-
presents the signal intensity with magnetite nanoparticles. The trans-
versal relaxation rate (R,) is inverse to the relaxation time (T):

R,=1/T,(n=1or2) ()]

The change in R, is defined as the relaxivity of the magnetic na-
noparticles (contrast agent):

=R, — R,?)/C (n=1or2) 5)

where R,® is the relaxation rate in the absence of magnetic particles, R,
represents the relaxation rate in the presence of magnetic particles and
C is the particle concentration.

For data processing, the following software tools were employed:
Paravision “Image Sequence Analysis” tool (Bruker, Germany) and
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Fig. 1. SEM images of magnetite nanoparticles (a) and chitosan-coated magnetic nanoparticles (b) and their corresponding particle diameter histograms.

Table 1
Physical properties of magnetic nanoparticles and chitosan-coated magnetic
nanoparticles.
Sample DLS (-potential Dsgm Dwmac M; (emu/
@V (nm) (nm) 8re304)
Duyp PDI
(nm)
MNPs 128.6 0.147 21 19 9.9 63.47
Chit-MNPs  136.1 0.230 48 26.4 10.34 62.35
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Fig. 2. XRD patterns of magnetite nanoparticles and chitosan-coated magnetic

nanoparticles.

Matlab R2011b (Mathworks Inc., Natic USA).

3. Results and discussion

3.1. Characterization of MNPs and Chit-MNPs

Chitosan-coated magnetic nanoparticles were successfully prepared
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Fig. 3. ATR-FTIR spectra of bare MNPs, pure chitosan and chitosan-coated
MNPs.

and fully characterized by different methods.

The analysis of the surface, shape, and size of the prepared samples
was carried out using SEM. In the SEM images of the Fe3O, nano-
particles (Fig. 1a), it can be seen spherically shaped the nanoparticles
with a mean size of 19nm. The SEM image of the chitosan-coated
magnetic nanoparticles is shown in Fig. 1b. The mostly spherical shape
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Fig. 4. Magnetization curves of MNPs and Chit-MNPs.

of the nanoparticles with an average size of 26 nm is seen. The corre-
sponding particle size distribution histograms are also shown in Fig. 1.
The SEM images show that the samples consist of magnetic nano-
particles with a roughly spherical shape with a 7.4nm coating layer.
Some physical properties of the MNPs and Chit-MNPs are summarized
in Table 1.

The size distributions determined by DLS in aqueous solution, are
quite narrow with a polydispersity index for magnetite nanoparticles
equal to 0.147, while for chitosan-coated magnetic nanoparticles, it was
0.23. The measurements indicate a significantly large hydrodynamic
diameter of the studied uncoated magnetite particles equal to 128.6 nm,
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while for the Chit-MNPs, it was 136.1 nm, which is larger than that
determined by SEM. DLS technique is very different from imaging of
dried samples and is sensitive to dynamic aggregation, aggregation,
agglomeration, etc. Furthermore, the measurement of particles sizes
from DLS data is an indirect method, based on the determination of the
frequency of movement, and calculation of the size from this data.
Thus, there are several reasons to expect different results from this
technique compared to the microscopic techniques. Despite this fact,
there is no significant difference between chitosan layer thickness
(approximately 7 nm) measured by two different methods. Regarding
the {-potential measurement, the obtained results indicated good col-
loidal stability for Chit-MNPs sample (Table 1).

The structural analysis of a dried powder of magnetite and chitosan-
coated magnetite nanoparticles was conducted using the X-ray dif-
fractometer. XRD patterns (Fig. 2), having all the characteristic peaks of
magnetite, confirmed that all samples were in the form of magnetite
with the inverse spinel structure (as in the case of the bulk sample).
Because the XRD patterns (Fig. 2) for magnetite and Chit-MNP samples
have the same shape, one can conclude that the coating process did not
result in the phase change of magnetite.

Fig. 3 shows the ATR-FTIR spectra for pure chitosan, magnetite
(bare MNPs) and the prepared Chit-MNPs. The main characteristic
bands for chitosan (red line) appeared at 3369.5 cm ™! (O-H and N-H
stretching vibrations), 2871.8 em™ ! (C-H stretching vibrations),
1647.1cm™' (N-H bending vibrations) and 1060.8cm~! (C-O-C
stretching vibrations) [18-20]. A wide and strong band at ~ 550 cm ™!
in the spectra of MNPs (dark cyan line) and Chit-MNPs (blue line) was
obtained and assigned to the vibration of the Fe-O bonds of magnetite
[21]. The presence of chitosan on the surface of MNPs shifted the vi-
bration of Fe;O, from 555.6to 559.3cm™'. Comparing the pure
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Fig. 5. Longitudinal relaxation time mapping of chitosan-stabilized magnetite nanoparticles with T;-mapping RARE pulse sequence. (a) Signal intensity. (b)
Relaxation time T; map. (c) Relaxation time T; depending on magnetite concentration. (d) Relaxation rate R; depending on magnetite concentration. Calculated

relaxivity of r; = 0.713mM ~'s~ L.
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Fig. 6. Transversal relaxation time mapping of chitosan-stabilized magnetite nanoparticles with T-mapping MSME pulse sequence and T, -mapping MGE pulse
sequence, respectively. (a) Signal intensity acquired with T,-mapping MSME pulse sequence. (b) Relaxation time T, map acquired with T,-mapping MSME pulse
sequence. (c) Signal intensity acquired with T, -mapping MGE pulse sequence. (d) Relaxation time T, map acquired with T, -mapping MSME pulse sequence.
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Fig. 7. Comparison of transversal relaxation time mapping of chitosan-stabilized magnetite nanoparticles acquired with T,-mapping MSME pulse sequence and T, -
mapping MGE pulse sequence, respectively. (a) Relative contrast. (b) Relaxation time. (c) Relaxation rate.

chitosan spectrum with the spectrum of the Chit-MNPs, the band cor-
responding to the N-H stretching mode was shifted to a lower wave-
number that confirms the successful chitosan modification of the MNPs.

The results of the magnetic measurements of magnetite nano-
particles are depicted in Fig. 4. As can be seen, the results of magnetic
characterization for the non-coated nanoparticles are very similar to
those for Chit-MNPs. Typical characteristics of superparamagnetic be-
havior with the absence of both remanent magnetization and a coercive
field were observed. The saturation magnetization values for the non-
coated nanoparticles and chitosan coated nanoparticles were found to
be 63.47 emu/gre304 and 62.35emu/gre304, respectively, at 290 K.
Basing on the results we can conclude that chitosan functionalization
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on MNPs has no impact on the magnetic properties of the MNPs. The
superparamagnetic behavior is typical for magnetite and maghemite
nanoparticles smaller than 10-15nm in diameter [22]. Having fitted
the measured magnetization curves of our samples by the Langevin
function [23,24], the magnetic core diameters were calculated (see
Table 1).

3.2. MRI measurements

Subsequently, the longitudinal and transversal relaxivities of chit-
osan-coated magnetite nanoparticles were determined. First of all, the
nanoparticles were diluted to prepare the eight samples with a



I. Khmara et al.

(a) r,=238.16 mM 15!

0.4

0.3} ]
E 02! ]
o ¢

0.1 o ]

o - MSME
‘_B linear
0 1= - ;
0.5 0 0.5 1 1.5

iron concentration [mM]

Journal of Magnetism and Magnetic Materials 474 (2019) 319-325

(b) r; =276.71 mM s

0.4

0.3+ ]
'Tw
E 02
x o
[+ 4

0.1

-—MGE
linear
-%.5 0 0.5 1 1.5

iron concentration [mM]

Fig. 8. Comparison of transversal relaxivity of chitosan-stabilized magnetite nanoparticles acquired with T,-mapping MSME pulse sequence and T, -mapping MGE
pulse sequence, respectively. (a) Relaxivity r, = 238.16 mM ~'s ™. (b) Relaxivity r,” = 276.1mM~'s~ ..

concentration gradient of magnetite. These samples were measured
with relaxation time-mapping pulse sequences (RARE, MSME and MGE)
to obtain the signal intensity (I and I) and the relaxation time (Tq, T»
and T,") values.

The sample contrasts and the relaxation time T; maps acquired with
the T;-mapping RARE pulse sequence are shown in Fig. 5a, and b, re-
spectively. The signal intensity and T; decreases (8 —1) with in-
creasing concentration of magnetite (1 — 8) are clearly visible. Despite
the fact that magnetite nanoparticles are generally referred to as a
negative contrast agent, mainly shortening the T, relaxation time, they
also partly affect the T; relaxation time, acting as a positive contrast
agent [25]. In our case, this is clearly visible with sample no. 1 (Fig. 5¢),
with a magnetite concentration of 1.28 pg/mL. In general, the positive
contrast effect of magnetite nanoparticles is visible in ultra-small sizes
[25]. The longitudinal relaxivity r; was obtained by linear fitting of R;
and is equal to 0.713 mM's? (Fig. 5d). However, it is much smaller
compared to the findings of Zei-Tsan et al. (22 mM~1s™1) [26]. It is
highly likely that this is caused by the different hydrodynamic sizes of
the particles (136.1 nm in our case, compared to 87.2nm in [26]).
However, this is contrary to the fact that r; values are less affected by
the particle size than r values. In Fig. 8a, we present the linear fit of R,,
with a determined relaxivity value r, equal to 238.16 mM ™ 's™'.
Compared to 202.6 mM~'s™! in [26], it is a very similar value. Al-
ternatively, this meets the expectations that with increasing particle
size, the transversal relaxivity r, also increases [27]: 87.2nm —
202.6mM " 's™! in [26], in comparison with 136.1 nm—
238.16 mM s~ ! in our samples.

In Fig. 6, we present the contrast images and transversal relaxation
times of samples acquired with MSME (Fig. 6a and b) and MGE (Fig. 6¢
and d) pulse sequences. For both used sequences, we can see that the
expected signal intensity decreases (Fig. 6a and c¢) with increasing
concentration of magnetite nanoparticles. The same situation occurs
with the T, and T," values, respectively (Fig. 6b and c).

A comparison of the RC, T, and Ty, and R, and R, measured with
spin echo and the gradient echo protocol is shown in Fig. 7a—c. Since
the gradient echo protocol is sensitive to magnetic field in-
homogeneities produced by magnetite nanoparticles, differences in
relaxation time and relaxation rate values were expected. In the case of
RC, the field inhomogeneities linearize (MGE) the exponential decrease
(MSME) of signal intensity (relative contrast increase), hiding such in-
formation of pure molecular interaction that affects sample relaxation
(Fig. 7a). According to theory, the T," relaxation time should be smaller
or equal to the T, relaxation time. This is certainly fulfilled in our
samples (Fig. 7b). The transversal relaxivity values determined from the
MSME (T,), as well as the MGE (Ty") protocol, are as follows:
r, =23816mM ‘s landr, = 276.1mM 's™! (Fig. 8).

Here, the ry/r; ratio is equal to 334, which is greater than the
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corresponding value of 9.2 found in [26]. This indicates that our chit-
osan-stabilized magnetite nanoparticles have a significant prevailing
effect on T, compared to T;. These findings demonstrate the potential
usefulness of chitosan-stabilized magnetite nanoparticles as a negative
contrast agent for MRI biomedical applications, since their relaxivity
exceeds the transversal relaxivity of clinically used iron-based contrast
agents: Feridex ry = 120 mM~'s™!, Resovist r, = 186 mM ~'s~! and
Combidex r, = 65mM~'s~* [28]. Alternatively, they show the relax-
ivity value dependence on the particle size, and the disproportionate
changes in longitudinal and transversal relaxivity, respectively. This
topicis certainly worthy of further study because these materials could
potentially be used in selective contrast imaging of bounded molecules
of interests that selectively affect the longitudinal or transversal re-
laxation time.

4. Conclusions

In this study, we present the results of using the chitosan-stabilized
magnetite nanoparticles as a potential negative contrast agent in MRI
and the resulting biomedical applications. The prepared particles were
analyzed with SEM, DLS, XRD and ATR-FTIR techniques. Measurements
of the magnetic properties of the samples showed their super-
paramagnetic behavior at room temperature. It was found that the
modification of magnetite nanoparticles does not have a significant
effect on the saturation magnetization of MNPs. The MRI parametric
mapping showed the significant prevailing effect on the transversal
relaxation time T, compared to longitudinal relaxation time Tj;.
Moreover, the relaxivity of chitosan-stabilized magnetite nanoparticles
exceeds the transversal relaxivity of clinically used iron-based contrast
agents. Surprisingly, we observed the stronger effect of the particle size
to the longitudinal relaxivity value r; in comparison with transverse
relaxivity ro,. However, the chitosan-stabilized magnetite nanoparticles
certainly have strong potential as a negative MRI contrast agent.
Moreover, with an optimized relaxivity protocol, they could be used for
selective contrast imaging of bounded molecules of interests, which
selectively affect the longitudinal or transversal relaxation time.
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