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mented at the bottom of the flask during centrifugation), respectively. The XRD
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nanoparticles. Furthermore, the formation of maghemite layer on the surface of
nanoparticles was observed. Average particle sizes determined from TEM and
XRD studies were lower than the superparamagnetic limit for the magnetite
NPs. For glycerol dispersions of both types of NPs, when exposed to 100 kHz
external magnetic field, a significant heat release was observed. Furthermore,
the contrasts of T;- and T,-weighted MR images were significantly dependent
on the concentration of NPs in their water solutions. Additionally, the reduc-
tions of the relaxation times were different for the top and the bottom NPs. The
viability studies of the colon cancer cells have shown low cytotoxicity of both
types of NPs due to their coating with triethanolammonium oleate, which
confirm the possibility to apply the NPs for MRI-guided hyperthermia.
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Moreover, the presence of NPs did not cause greatest increase of the number of
apoptotic cells in the human dermal fibroblasts’ culture and has stimulated
proliferation of those cells, revealing great potential of the NPs in regenerative

medicine.

GRAPHICAL ABSTRACT
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Introduction

The unique properties of nanomaterials are currently
utilized in the nanomedicine aiming to increase the
sensitivity and accuracy of diagnostic methods, as
well as to create new generations of pharmacological
agents used in targeted therapies. They are also uti-
lized to improve chronic wound healing and to
penetrate biofilm. In particular, iron-oxide (G.e.,
magnetite and maghemite) nanoparticles (NPs)
exhibiting low cytotoxicity can be produced in large
quantities, which make them promising in the
nanomedicine for diagnostics and therapy. The
superparamagnetic ~ iron oxide nanoparticles
(SPIONs) and ultra-small (5-10 nm) superparamag-
netic iron oxide nanoparticles (USPIONs) have been
used for labeling of both the mesenchymal and neu-
ronal stem cells isolating them from the cell suspen-
sion [1], as well as for their visualization and
monitoring with magnetic resonance imaging (MRI)

[2-4], which is important for the stem cell trans-
plantation. These properties are often enhanced by
the ability to remotely control their delivery in vivo
by external magnetic field, ensuring targeted delivery
to the tumor cells. Furthermore, they can be used in
the magnetic hyperthermia—an adjuvant therapy in
the cancer treatment [5-9]. This technique provides
local heating of cancer tissue during the magnetiza-
tion reversal of magnetic iron-oxide NPs subjected to
the alternating external magnetic field. The hyper-
thermia is based on magnetization dynamics of
magnetic NPs, which is determined by the orienta-
tion of their magnetic moments along a certain
direction. The characteristic time of such orientation
depends on the specific mechanisms of the magnetic
moment relaxation: either by rotation of the entire
particle with a rigidly fixed magnetic moment
(Brownian relaxation), or by rotation of the magnetic
moment relative to the particle itself (Néel relaxation)
[10, 11]. During the Néelian relaxation, the heating
occurs due to the energy loss, when the individual
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magnetic moments rotate within the particles (hys-
teresis loss). On the other hand, in the Brownian
relaxation, the heat is generated by the physical
rotation of magnetic particles in external magnetic
field. Nevertheless, both types of relaxations can
occur at the same time [12]. The magnetic hyper-
thermia can be particularly useful to treat cancer
difficult to reach by direct surgical intervention.

The cancer wound healing is impaired, and it is
crucial to understand how potential anticancer ther-
apy based on Fe;0, NPs may be used to improve the
wound healing. Wound healing is also hindered in
the chronic wounds. Chronic wounds preceded 85%
of amputations and five-year mortality rate after
developing a diabetic ulcer is approximately 40%;
therefore, proper treatment of wounds is crucial [13].
Chronic wounds are attributed to senescent cell
populations with impaired proliferative and secre-
tory possibilities [14]. Unlike the traditional wound
dressings, NPs are designed to have a biological
activity on its own and thus impact the wound area
[15]. What is more, NPs can be used as carriers for
growth factors and antimicrobial particles. Moreover,
it is known that the combination of Ag nanoparticles
with FezO,4 can overcome typical for bacterial biofilm
problems of the persistence of chronic wounds, as
they penetrate and eradicate biofilms when applying
a magnetic field [16]. Yang Y. et al. emphasized that
PLGA coating of Ag-Fe;O, NPs could significantly
maintain the antibacterial activity and avoid bacterial
adhesion to the implant [17]. However in infected
wounds, silver is beneficial for the first, few days/
weeks, after which non-silver dressings should be
chosen [18]. Still these particles have to remain sterile,
have low cytotoxicity and high biocompatibility.
Most preferable if the nanoparticles would stimulate
viability or proliferation in fibroblast population
which may break non-healing circle of chronic
wound. Human skin wounds heal mostly by the
reparative wound healing, which largely involves the
dermal fibroblast [19]. Fibroblasts are critical in all
three phases of the wound healing (inflammation,
proliferation and remodeling). These cells play a
pivotal role in the deposition of extracellular matrix
(ECM) components, wound contraction and remod-
eling of new ECM [20]. Impairment in fibroblasts
functionality may result in pathological wound
healing [21]. Persistent inflammation observed in
chronic wounds is associated with an increase of the
ROS levels and leads to tissue damage. Prolonged
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degradation of extracellular matrix (ECM) is inextri-
cably linked to a poor response of fibroblasts present
in wound. Therefore, usage of iron-oxide nanoparti-
cles has also enormous potential to promote self-
healing mechanisms that can mimic regeneration
[22].

While various methods have been used for the
synthesis of SPIONs and USPIONSs, co-precipitation
and thermal decomposition are the most frequent.
Other methods include sol-gel, pyrolysis and
hydrothermal techniques [23, 24]. In the last decade,
the microwave-driven synthesis method was fre-
quently utilized and has proven to be very effective
[25]. Each of these methods has their advantages and
drawbacks. For example, the microwave-driven
synthesis technique has two main drawbacks: high
equipment cost and difficulty to monitor kinetics of
NPs’ nucleation and growth processes [26]. The co-
precipitation method is simpler, cheaper and is
environmentally friendly. However, the fabricated
NPs are normally polydisperse in the liquid medium.
On the other hand, the thermal decomposition pro-
cess allows to produce monodisperse and well-crys-
tallized NPs. The drawbacks of the method are long
time of reactions and requirement of organic solvents
[24].

Magnetic iron-oxide NPs have relatively low
cytotoxicity; however, their surface has to be modi-
fied in order to prevent their agglomeration and
subsequent sedimentation. The agglomeration is
caused by attraction of NPs due to their strong
magnetic dipole-dipole and Van der Waals interac-
tions [27]. In the case of iron-oxide NPs produced by
the thermal decomposition method, chemical
adsorption of oleic acid or oleylamine on their surface
creates hydrophobic NPs, which allows their dis-
persion in organic solvents only, making them
unsuitable for biomedical applications [28]. More-
over, there are conflicting reports concerning the
effect of hydrophobic coatings on cytotoxicity of NPs.
A positive influence of hydrophobic oleic acid coat-
ing on the cytotoxicity of nanoparticles was reported
in [29]. On the other hand, there suggested that the
oleic acid coating may induce cytotoxicity and
genotoxicity [30, 31]. To make them water soluble, the
surface of the nanoparticles has to be further modi-
fied and cytotoxicity of the final NPs depends on the
applied coating procedure [32]. For example, NPs can
be encapsulated in a SiO, shell [33] or functionalized
by cystine [34]. Combining the fabrication of iron-
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oxide NPs by thermal decomposition method with
their further encapsulation in the SiO, [35, 36] or
cystine [37, 38] shell is a very effective technique that
allows producing monodisperse NPs with required
properties and effectiveness of application, for
example for MRI. However, the presence of the small
amount of toxic waste (i.e., cyclohexane, hexane,
1-octadecane, acetone, methanol, toluene, etc.) after
thermal decomposition and encapsulation is inevi-
table; therefore, the synthesis is no longer eco-
friendly. In mass production, a compromise between
their physical properties, costs as well as an impact
on the environment should be considered. Also, if
NPs are to be used in clinical and commercial
application methods of scaling up, the reactions
should be considered. In case of the water-based co-
precipitation method, allowing fabrication of poly-
disperse iron-oxide NPs, almost no waste products
remain. This type of process can be performed in a
continuous way avoiding the use of high-tempera-
ture boiling solvents. Furthermore, relatively non-
complicated post-modification steps may be applied
in some cases [23, 24]. Moreover, most likely the
broad distribution of particle sizes produced by the
co-precipitation has a moderate effect on the size
dependence of reversal losses, which are very
important in effectiveness of hyperthermia [10, 39].
Stabilization of iron-oxide NPs produced by the co-
precipitation method is also an issue, as the
agglomeration and subsequent sedimentation may
occur immediately after precipitation of NPs [40].
Therefore, the fabricated iron-oxide NPs can be sub-
sequently stabilized via the peptization effect, which
prevents the agglomeration of NPs by electrostatic
repulsion. Using of tetramethylammonium hydrox-
ide, perchloric acid, citric acid, nitric acid, and acrylic
acid in the role of peptizing agents was reported
[40-42]. Application of inorganic and toxic peptizing
agents lead to the particles being incompatible for
biomedical applications. Therefore, many different
solutions developed in order to deal with this
incompatibility have been presented in the last dec-
ades [43]. One of them is the use of triethanolamine
or one of its salt, for example triethanolammonium
oleate, as a coating agent. They are water-soluble
reagents, which have a low systemic toxicity via all
routes of absorption [44, 45]. For example, it was
shown that triethanolamine can prevent agglomera-
tion and sedimentation of the iron-oxide nanoparti-
cles. Xia et al. [46] and Han et al. [47] have used
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triethanolamine as ligands to the iron precursors in
the hydrothermal method, which allowed to fabricate
triethanolamine-coated Fe;O, nanocrystals with
excellent magnetic properties. Maity et al. [48] fabri-
cated water-soluble magnetic nanoparticles by high-
temperature decomposition of Fe(acac); in a liquid
mixture of tri(ethylene glycol) and triethanolamine.
In the framework of our investigations, we came to
the question whether it is possible to cover the iron-
oxide NPs by triethanolamine or by triethanolam-
monium oleate, after NPs’ fabrication. This will allow
to stabilize NPs, which were fabricated by well-de-
veloped co-precipitation routes.

In the present work, we reported our successful
fabrication of the novel stabilized triethanolammo-
nium oleate-coated Fe;O4 NPs, which were fabricated
by a traditional approach. It consisted of the aqueous
co-precipitation of ferrous and ferric salts using
ammonium hydroxide, followed by their stabilization
using a mixture of triethanolamine and oleic acid,
which react, and triethanolammonium oleate is
obtained. We investigated potential application of the
produced NPs in theranostics, for example, in mag-
netic resonance imaging (MRI) and hyperthermia
treatment of the cancer cells. The effectiveness of the
NPs as the contrast agents for MRI and as the heating
agents for hyperthermia was tested ex vivo. We also
measured cytotoxicity of the NPs using two colon cell
lines: SW480 and SW620, in terms of cell viability
(MTT assay) and morphological changes induced in
the tumor cells. As a complementary study, we have
tested the impact of the Fe;O4 NPs on proliferation
(population doubling), viability, apoptosis, and
oxidative stress of human fibroblasts cultured rou-
tinely in clean rooms as advanced therapy medicinal
product for the treatment of chronic wounds in order
to check biocompatibility and possibility of usage of
these particles as supplementary material for fibrob-
last transplantation and also to assess the possible
effect of NPs on fibroblasts present in wound bed and
edges.

Experimental
Synthesis of the Fe;O, magnetic NPs

Materials. Analytical-grade ferric chloride (FeCls.
6H,0), ferrous sulfate (FeSO,7H,0), concentrated
ammonia solution, oleic acid, triethanolamine and
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concentrated perchloric acid were used as obtained
from Sigma-Aldrich, USA. Distilled water was used
throughout these experiments.

Synthesis. Magnetite NPs were obtained by alkaline
hydrolysis of iron (II) and iron (III) salts according to
the reaction equation:

Fe’" + 2Fe’* + 80H™ — Fe;O, + 4H,0 (1)

This method is described in detail elsewhere
[49-51]. Shortly, to obtain magnetite NPs two salt
solutions were prepared: (1) 6 g of FeCl; - 6H,O was
dissolved in 7.5 ml of distilled water; (2) 10.65 g of
FeSO, - 7H,0 was dissolved in 35 ml of water, while
a few drops of concentrated perchloric acid were
added to the solution to prevent the oxidation of
ferrous ions. Then, the solutions were mixed and
filtered on a vacuum filter. The filtered salt solution
was poured dropwise into a 200-ml beaker contain-
ing 35 ml of 25% NH4OH under continuous stirring
with a mechanical stirrer for 15 min. Finally, the
precipitate was collected by magnetic field separation
and washed several times with distilled water by
decantation until the pH value decreased to 8.

The stabilization of NPs is made by triethanolam-
monium oleate, which is prepared by the reaction of
2 ml of oleic acid and 2.5 ml of triethanolamine
(225 pl/min) added in portions over 20 min to the
water dispersion of the NPs under the permanent
stirring at 50 °C. Then, the obtained mixture was left
for resting at the above-mentioned conditions for 2 h.
When the stabilization process ended, the resulting
colloid was poured to 15-ml flasks and centrifuged at
3000 rpm for 15 min to separate large NPs from small
ones. Because of the weight difference, the large NPs
were sedimented at the bottom of the vial during
centrifugation, while the small ones stayed in the
supernatant. As a result of this process, two types of
NPs were obtained: the NPs from supernatant (top
NPs) and NPs sedimented at the bottom of the flask
(bottom NPs).

TEM characterization

Scanning transmission electron microscopy (STEM)
with the high-angle annular dark-field detector
(HAADF) was used for the morphology investigation
of the fabricated NPs. The TEM mode was used for
selected area electron diffraction (SAED) pattern
acquisition. The measurements were taken on an
aberration-corrected FEI Titan electron microscope
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(FEI Company, USA) operating at 300 kV, equipped
with a FEG cathode. For the particle size evaluation,
the HRSTEM images were taken from different areas
of the TEM grids.

Hydrodynamic size characterization

The hydrodynamic size of the nanoparticles and their
agglomerates in water dispersion was measured
using a Laser Scattering Particle Size Distribution
Analyzer LA-950 Horiba (Japan).

X-ray diffraction

The crystallographic properties of the NPs were
investigated wusing Bruker D8 Advance X-ray
diffractometer (Bruker AXS GmbH, Germany). The
measurements were taken in the standard Bragg-
Brentano configuration using CuK,, radiation in the
range of 20 angles from 20 to 100 deg in steps of
0.02 deg. The incident beam was formed by 24-mm-
long linear focus and 0.6 mm-wide primary diver-
gence slit. The intensities of diffracted beam were
detected using the LynxEye detector (equipped with
the Ni filter of CuKy radiation). The XRD patterns
were analyzed using FullProf software utilizing the
Rietveld refinement method [52]. The peaks were
fitted with the use of Thompson—Cox-Hasting [53]
pseudo-Voigt profile function, and the background
was approached by the 6-coefficient polynomial
function.

FTIR measurements

The Fourier transform infrared spectroscopy (FTIR)
measurement was taken using Shimadzu IRAffinity-1
spectrometer (Japan) on water-dispersed top and
bottom NPs and on the non-coated iron-oxide NPs.
The measurements were taken in the reflection mode
at room temperature. All obtained spectra were
smoothed with 9 points. The vector normalization
and the baseline correction were applied. The
obtained spectra were analyzed using OPUS 7.0
software.

Magnetometry

The magnetic properties of the samples were inves-
tigated with a PPMS setup in magnetic fields up to
14 T and temperature range of 4-300 K (Cryogenic
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Ltd., USA). The hysteresis curves were measured for
dried samples of NPs in a gelatin capsule at tem-
peratures 5 and 300 K, respectively. The zero-field
cooled (ZFC) and field cooled (FC) temperature
dependences of the magnetization were measured
under an applied field of 400 Oe.

Maossbauer spectroscopy

Mossbauer spectra were recorded in transmission
geometry at room temperature and at 16 K, using the
MS4 (SEE Co., USA) spectrometer equipped with a
*’Co/Rh source (having the activity of 12 mCi). Low-
temperature measurements were taken using a
closed cycle refrigerator system CCS-850 (Janis
Research Company, USA). The temperature was
controlled using a LakeShore LS335 temperature
controller (Lake Shore Cryotronics, Inc.,, USA) with
dual calibrated DT-670 sensors (an accuracy of £
0.005 K). The spectra were fitted using MOSMOD
software, assuming a Gaussian distribution of the
hyperfine magnetic fields (Hy) and quadrupole
splitting (QS) within the iron nuclei. The Lorentzian
line shape of the source natural line width was
determined from the Mossbauer spectrum of a pure
28-pm-thick a-Fe foil. The spectrometer was cali-
brated by collecting the spectra for the standard a-Fe
foil at room temperature and at 16 K. All isomer
shifts (IS) were presented with respect to the o-Fe
standard.

The 9.4 T MRI experiments

The T; and T, relaxation measurements and MR
images were obtained using a 9.4 T/21 cm magnet
(Magnex, UK) and a Bruker console (Bruker, Ger-
many). Standard 5-mm-diameter NMR tubes were
used for experiments. A transmit/receive radio fre-
quency (RF) volume birdcage coil was used. A single-
slice multi-echo pulse sequence was used for T2
measurements with the following parameters: repe-
tition time (TR) 5s, echo time (TE) =4 ms, Nr
echoes = 128, 1 average, matrix size 128 x 128, field
of view (FOV) 3 cm x 3 cm, one slice — 2 mm thick.
The T, relaxation time was calculated using a single
exponential fitting of the echo train (Bruker, Ger-
many). For T; measurements, Inversion Recovery
True FISP method was used with the following
parameters: repetition time (TR) within each segment
3 ms, echo time (TE) 1.5 ms, flip angle 15°, matrix
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size 128 x 128, (FOV) 3 cm x 3 cm, slice thickness
3 mm, 60 frames (96 ms apart) x 4 segments. Sixty
data points on the recovery curve were used for the
fitting. The standard mono-exponential fitting (Bru-
ker, Germany) method was applied for T;.

The 1/T; and 1/T, times of both top and bottom
NPs concentrations were plotted against their con-
centrations, [CA]. The slope of the linear fit provided
r; and 1, relaxivities according to the equation:

1 1

—=—+1]CA [ =1,2

T{ TZO + rl[ }? 1 b

where T; is the T; and T, relaxation time at particular
concentration of NPs [CA], T is the relaxation time
of the solution without NPs.

Heating rate dependence measurements
and specific loss power calculations

The measurements of the heating rates were taken in
a glass vial (2 mL) using a home-built induction
heating unit (Czestochowa University of Technology,
Poland) with a 100-mm-diameter (8 turns) heating
coil. The temperature of the coil was controlled by a
cooling system with circulating water. The magnetic
field generated in the induction heating coil was
controlled using the Rogowski coil. Glass vial con-
taining the NPs dispersion was thermally isolated
from the induction heating coil and situated in its
center. The temperature of the dispersion was mea-
sured using the T-type micro-thermocouple.

For the measurement, a 5 wt.% dispersions of iron-
oxide NPs in glycerol have been used. The mea-
surements of the heating rates were taken on 5 wt.%
dispersions of iron-oxide NPs in glycerol. The glyc-
erol was used as a liquid medium for measurement
of the heating efficiency of magnetite nanoparticles,
in order to eliminate or significantly reduce the con-
tribution of Brownian relaxations in alternating
magnetic field of frequency 100 kHz, due to its high
viscosity [54]. The specific loss power (SLP) was cal-
culated for both the top and the bottom NP disper-
sions using the formula:

C 4T

SLP = —_
MEe304 At

(2)

where mpe30,—the mass of the magnetite NPs dis-
persed in glycerol, T—temperature, t—time. The heat
capacity of the dispersion (C) was calculated using
the formula:
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n
C= Zc,-m,- (3)
i=1

where c—are the specific heat capacities of glycerol
(2.434J/(g K)) and magnetite NPs (0.62 J/(g K)),
while m;—are the masses of glycerol and magnetite
NPs, respectively.

Cell lines and MTS assay

Two human colon cell lines (SW480 and SW620) were
used as an in vitro model. These cell lines were cul-
tured in DMEM cell culture medium with high glucose
(Corning, NY, USA) in a 37 °C humidified atmosphere
with 5% of CO,. All media were supplemented with
10% fetal bovine serum (FBS, Biowest, Nuaille, France)
and gentamicin (50 ng/ml), (PAN-Biotech, Aiden-
bach, Germany). The cells were cultured by biweekly
passages and were regularly tested for Mycoplasma sp.
contamination by PCR-ELISA kit (Roche, Mannheim,
Germany) according to the manufacturers’ instruction.
Moreover, for determining the effect of NPs on cells’
proliferation, the3-(4,5-dimethylthiazol-2-y1)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay (CellTiter 96® AQueous One Solution Cell
Proliferation Assay, Promega, Madison, WI, USA) was
performed. Briefly, the cells were cultured on the flat-
bottom 96-well plates (Sarstedt, Numbrecht, Germany)
atadensity 1 x 10*/well in DMEM medium containing
10% FBS. After 24 h, the 10 pl of NPs solutions having the
concentrations of 5 pg/ml, 50 pg/ml and 100 pg/ml
was added to the cells. After additional 3 h and 24 h of
culture, the 20 pl of MTS (CellTiter 96® AQueous One
Solution Cell Proliferation Assay, Promega, USA) dye
solution was added per well and incubated for 3 h. The
quantity of formazan product, directly proportional to
the number of living cells in culture, was detected by
absorbance measurements at 490 nm with a 96-well plate
reader (Spark® Tecan, Mannedorf, Switzerland). The
obtained MTS assay results are represented as the aver-
age values from three parallel wells £ SEM (the stan-
dard deviation). The quantitative results were compared
with the T-test. P value (probability of obtaining test
results) < 0.05 was considered to be statistically
significant.
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Fibroblast cell line studies

Requirements for human cell culturing according to
GMP guidelines were described before [19]. Cells’
culture (fibroblasts) was carried out in a tissue bank
clean room (GMP class C; ISO class 7) under laminar
low cabinet conditions (GMP class A; ISO class 4.8;
HSKS 18, thermo).

After 24 h and 48 h, the color of medium was
checked and plates were observed under microscope
(Nikon) for evidence of any contamination. If the
medium has changed its color, it indicated bacterial
contamination. Samples from every plate were taken
for microbiological testing with protocol described by
us before [55].

To analyze the multiplicity of population doubling
(PD), the cells were detached from the surface of cell
culture bottle by digestion (using TrypLE Select
Enzyme (1x) by Thermo Fisher Scientific) after
7 days and compared with the number of seeded
cells. The doubling time of population was calculated
using earlier presented [56] formula:

log Nj, — log Ny)
log(2)

where N, is the number of cells on the day of the end
of the growth of the cell culture, N is the cell-seeding
number.

The analysis of apoptosis and percentage of dead
cells were performed using The Tali® Apoptosis Kit.
Cells were seeded in a 24-well plate at a density of
100,000 cells/well. The experiment was performed in
accordance with the manufacturer’s protocol. For
analysis, the cells were detached from the plate
(TrprETIVI Select (1 x), Phenol Thermo Fisher Sci-
entific) at the seventh day of the culture.

The analysis of oxidative stress was performed
using The CellROX™ Green Reagent, for oxidative
stress detection. The experiment was performed in
accordance with the manufacturer’s protocol. For
analysis, the cells were detached from the plate
(TrypLE™ Select (1 x), Phenol Thermo Fisher Sci-
entific) at the seventh day of the culture.

PD:(
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Results and discussion

Morphology, phase composition
and magnetic properties of NPs

The morphology investigation of the fabricated NPs
was observed using the transmission electron
microscopy (Fig. 1) (methodology described in the
paragraph 2.2). The images for the top NPs (which
were in supernatant after centrifugation) and the
bottom NPs (which sedimented at the bottom of the
vial after centrifugation) are presented in Fig. 1a and
b, respectively. In order to find the size distributions
of the NPs, the measurements of their sizes were
taken using many different images taken from dif-
ferent areas of the TEM grids. We have selected
images of only these NPs, which were separated and
clearly visible in images of their aggregates. From the
size distributions (Fig. 1c and 1d), one can see that
the morphology of the top NPs differs from the bot-
tom NPs in more uniform sizes around 11 nm, while
the bottom NPs have an average diameter around
19 nm and much wider size distribution (from 7 to
50 nm). The shapes of fabricated NPs are close to
spherical. Both types of NPs have shown a tendency
to form aggregates due to their inherent magnetism
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and Van der Waals forces. Therefore, as can be seen
from the TEM images, the NPs form clusters, which
consists of aggregates of a few NPs. The particle size
distribution measured for the bottom NPs suggests
the presence of relatively large fraction of NPs of
similar sizes to those for the top NPs. This is
inevitable due to their aggregation with nanoparticles
of larger sizes and their subsequent sedimentation
during centrifugation. However, this fact does not
significantly impact their performance in the mag-
netic field and in contact with cells. The SAED pat-
tern of the bottom NPs (Fig. 1e) with clearly visible
diffraction rings demonstrates the highly crystalline
nature of the fabricated NPs. The diffraction rings
were indexed to the (220), (311), (400), (422), (511) and
(400) lattice diffractions of the Fe;O, phase with
inverse spinel crystal structure.

The hydrodynamic size histograms of the top and
bottom NPs (Fig. 2) were obtained from Laser Scat-
tering Particle Size Distribution Analyzer (LA-950
Horiba) measurements. According to these his-
tograms, top NPs formed small agglomerates with
mean hydrodynamic sizes of 80 nm, where bottom
NPs formed larger agglomerates with mean hydro-
dynamic sizes of 170 nm. Therefore, both the top NPs
and the bottom NPs are suitable for imaging or drug

30 (© 30
Mean =11 nm,

25 SD=2.0nm 25
%) %)
-EZO §2O
315 315
© 10 10

5 5
0 ..... O

5 10 15 20 25 30 35 40 45
Size [nm]

5 10 15 20 25 30 35 40 45
Size [nm]

(d
Peak 1

Mean= 11 nm,
SD=3.4 nm

Peak 2
Mean= 19.2 nm,
SD=15nm

Figure 1 HAADF STEM overview of a the top and b the bottom NPs; the size distributions of ¢ the top NPs and d the bottom NPs were
obtained by analysis of the TEM images; e SAED pattern of the bottom NPs.
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Figure 2 Hydrodynamic particle size distributions of the top and
the bottom NPs in water dispersion.

delivery to liver and spleen. They also can become an
alternative to the FDA-approved AMI-25 contrast
agent. Moreover, the top NPs can be used for blood
pool and be an alternative to SHU 555A contrast
agent [57].

XRD patterns of the top and the bottom NPs are
presented in Fig. 3. Both XRD patterns indicated high
crystallinity of the investigated NPs. For both types of
NPs, the observed diffraction peaks are well indexed
and can be assigned to the magnetite (Fe;O,4) or to the
maghemite (y-Fe,O3;) phases, which have the same
cubic spinel crystal structure and positions of their

O Yobs
— YcalcB Top NPs
a=8.356(2) A
<Leoy>= 11 nm

“"‘L I’AINWWHNI I\‘ 1 ‘! ] - Ll IL I I
3 —— Yobs-Ycalc Bottom NPs
Q | Bragg Peak
S, a=8.3625(3) A
> <Lcop>= 19 nm
c
g I 11 1 ) L) I ] [ ) 110 ()
- @11) a=8.396 A [Fe,0,

(440)
511
|(220) 222) I(400) @22 I( ) | (620559 622) 400
T T T T T
a=8.33A |[Ily-Fe,0,
|i _ ;Njil I | T - [ : T ‘ "\ljj‘ 7‘ ; 222) T
30 40 50 60 70 80
20 [deg.]

Figure 3 XRD patterns for the top NPs and the bottom NPs. On
the bottom of the image, the standard references for the Fe;04 [58]
and y-Fe,O3 [59, 60] are presented.
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diffraction peaks are almost identical. We can deter-
mine the crystal structure of the NPs based on the
lattice parameter values. The calculated lattice con-
stants for the top NPs (2 = 8.356(2) A) and for the
bottom NPs (a2 = 8.3625(3) A) are lower than this for
the bulk magnetite (2 = 8.396 A) [58]. This can be
explained by the surface oxidation of the NPs, where
the oxygen atoms diffuse into the crystal lattice and
cause the phase transformation on the surface of the
NPs. The unit cell parameters calculated for the
investigated specimens are more coherent with those
characteristic for the maghemite y-Fe,O3; [59, 60],
which lattice constant (z = 8.33 A) is smaller than this
for the magnetite (2 =8.396 A). As a result, the
average value of the lattice constant depends on the
scale of interplay between the two crystal phases in
the NPs. Since the maghemite is mainly present at the
surface of the particles, for the smaller NPs this
maghemite layer plays a greater role in the total
volume fraction. Thus, its impact on the average lat-
tice constant is greater for the smaller NPs (top NPs).
For this reason, calculated average lattice constant for
the top NPs is smaller than this for the larger ones
(bottom NPs). The Rietveld refinement performed
using FullProf allowed to calculate the average
coherent scattering lengths for the Top ((Lcon ) =
9 nm) and the Bottom ((Lcon ) & 13 nm) NPs, which
we assumed to be equal to the average crystallite
sizes. The obtained values are in a good agreement
with the TEM results, where the larger values of

(Lcon) correspond to NPs with larger average sizes.

The stabilization of the NPs by coating occurs
when triethanolammonium oleate molecules cover
the surface of the NPs. Triethanolammoium oleate is
formed when the mixture of triethanolamine and
oleic acid is added to the water dispersion of NPs at
elevated temperature (50 °C). It is a well-known
reaction explained in detail elsewhere [61]. To obtain
information about molecular structure of the coating
as well as interactions between coating and iron-ox-
ide NPs core, the Fourier transform infrared spec-
troscopy (FTIR) measurement was taken. For this
purpose, transmittance spectra of Fe;O, magnetic
nanoparticles without and with triethanolammonium
oleate coating were measured (Fig. 4).

The triethanolammonium oleate attaches directly
to the precipitated NPs via bonding between OH
groups contained in the amine functional group of
the coating and the Fe-OH on the surface of the NPs.
The colloidal stability is achieved by steric repulsion.
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reference bare Fe;O, specimen
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Figure 4 FTIR spectra of Fe;0, magnetic nanoparticles without
triethanolammonium  oleate (black spectrum) and with
triethanolammonium oleate—top NPs (red spectrum), bottom
NPs (blue spectrum).

When we compared the obtained FTIR spectra for
bare Fe;O; NPs (not coated with triethanolammo-
nium oleate—black spectrum) and with those coated
with triethanolammonium oleate—top NPs (red
spectrum) and bottom NPs (blue spectrum), some
differences in the peaks were visible. In all-obtained
FTIR spectra, the peaks corresponding to the Fe-O
vibration bonds of the Fe,O; were visible at 420 cm ™!
and 576 cm™' [62]. The second peak was shifted in
the spectra of top and bottom NPs, which can be
caused by coating of NPs with triethanolammonium
oleate. However, in spectra obtained for coated NPs
(top and bottom NPs) some additional peaks were
noticed. The peaks corresponding to wavenumbers:
899 cm™' and 803 cm ™' originate from out-of-plane
C-H vibrations caused by the remnant tri-
ethanolammonium oleate on the surface of iron-oxide
NPs, while the peaks around 1629 cm™' were
assigned to the vibrations of C-N bonds [63]. More-
over, the peaks at 2831 cm™' and 2917 cm™' corre-
spond to CH; symmetric and asymmetric vibrations
from triethanolammonium oleate and the peaks at
3134 cm ™' were assigned to the v(N + —H) vibrations
from these chemical compound [64]. Furthermore,
signal from O-H stretching vibrations of absorbed
water was noticed at 3448 cm ™' [63].

Magnetic measurements were taken to investigate
the magnetic properties of the top and the bottom
NPs. Hysteresis loops recorded at 5 K and 300 K for
both types of NPs are presented in Fig. 5. Both the
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top and the bottom Fe;O, NPs reveal zero hysteresis
losses and zero magnetization remanence (M,) at
300 K, which means that both NPs are superparam-
agnetic at room temperature. The values of saturation
magnetization (My) at 5 and 300 K for the top
(Mg(5 K) =58 emu/g and My(300 K) =51 emu/g)
and the bottom (My(5 K) = 52 emu/g and M4(300 K)
=45 emu/g) NPs were lower than the M, for the
reference bulk magnetite at room temperature
(92 emu/g) [65-67] and also for unstabilized mag-
netite NPs of similar sizes [68]. Moreover, the values
of My are larger than these measured for SPIONs
produced by thermal decomposition, encapsulated in
5i0; (Mg = 15 emu/g [36]) and larger than Mg mea-
sured for USPIONs (5 nm) coated with the cystine
shell (30 emu/g [38]). Also, these values coincide
well with M; (52 emu/g) measured for the iron-oxide
NPs produced by co-precipitation method and the
subsequent functionalization [69], showing high
efficiency in hyperthermia treatment. The M, values
are normalized to the mass of the nanoparticles,
which includes the mass of the bare magnetite NPs
and the mass of the surfactant shell, which stabilize
them. The surfactant contributes to the overall weight
of the sample and thus affects the measured satura-
tion magnetization. Also, as it was shown by Haracz
et al. [70], the organic ligands can change the mag-
netic moment on the surface of NPs, which leads to
differences in magnetic properties of the same NPs
covered with the different coatings. On the other
hand, the presence of the surfactant layer stabilizes
the dispersions of NPs. The influence of surfactant (a
layer of triethanolammonium oleate used for NPs
stabilization, adsorbed on the surface of the NPs) on
the values of M; for the bottom NPs was more pro-
nounced. This is because the excess of the unad-
sorbed surfactant on the surfaces of NPs was
deposited on the bottom NPs during centrifugation
and was hard to be washed out. Although the values
M; for the top and the bottom NPs are lower than
those for the reference magnetite specimen, they are
still high enough to make them promising in appli-
cation for both diagnosis and treatment with hyper-
thermia. In case of MRI, a high value of M causes
strong magnetic field perturbations, hence fast proton
dephasing, which leads to shortening of T, (trans-
verse or spin—spin) relaxation time of the neighboring
regions [71]. Furthermore, NPs with high M; provide
high heating power, which can be delivered by a
minimal amount of material during hyperthermia
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therapy [10, 39, 72]. At 5 K, the reversal of the NPs
magnetic moments is limited; thus, the magnetic
measurements clearly have shown ferrimagnetic
behavior of the NPs. The coercive field of the top NPs
was larger than this for the bottom NPs (;H¢ = 240 Oe
for the top NPs and jHc = 1700e for the bottom NPs).
Lower jHc for the bottom NPs can be attributed to
the larger dipolar interparticle interactions that
favors the demagnetization process [73, 74].

Figure 5¢ and d shows the temperature depen-
dence of the magnetic moment M(T) for the top and
the bottom NPs under an applied magnetic field
(Hext = 400 Oe) after zero-field cooling (ZFC) and
after field cooling (FC). The feature of the ZFC-FC
curves confirmed that both the top and the bottom
NPs are superparamagnetic in their nature with the
blocking temperatures Ty at around 135K and
bifurcation temperature T, (temperature where the
ZFC and FC curves split) around 220-230 K.
According to Plouffe et al. [75], a broad peak on ZFC
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curve indicates a presence of wide particle size dis-
tributions of NPs. The top and bottom NPs have
almost similar Tp and T, which indicates their sim-
ilar magnetic ordering at low temperature and
superparamagnetic behavior above 135 K [76].

Also, it should be mentioned that the top and the
bottom NPs make a stable uniform colloid (with the
maximum studied concentration of about 0.1 g/mL),
which did not sediment for several months. In the
presence of magnetic field, the top and the bottom
NPs in low concentration dispersions can be con-
densed in a small area (see Fig. 5e), leaving the bulk
solution clear and transparent.

Mossbauer spectra were measured for the top and
bottom NPs at 16 K and at 300 K. This technique was
used as a complementary study to the XRD and
magnetometry. It allows to characterize local struc-
ture, phase composition and the oxidation state of
iron ions in NPs. Also, due to its short relaxation time
(107%s), the Mossbauer spectroscopy allows to
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understand better the nature of observed magnetic
properties of NPs in the processes of local hyper-
thermia treatment and/or MRI diagnostics [77, 78].
Experimental Maossbauer spectra together with
their fits are presented in Fig. 6. The parameters of
hyperfine interactions extracted from fitted subspec-
tra are summarized in Table 1. It was shown that
Mossbauer spectrum measured for the top NPs at
300 K has a shape of magnetically collapsed sextet
with broadened lines not allowing its reliable fit.
However, when it was measured at T = 16 K, this
spectrum transformed into the well magnetically split
sextet, successfully fitted by superposition of three
magnetic subspectra with hyperfine parameters well
corresponding to the Fe;0O, NPs [78, 79]. In particular,
the sextet (area contribution of 53%) with the IS =
0.27 mm/s and the Hy¢ = 50.0 T corresponds to the
Fe®>" ions at tetrahedral sites (Fe®'iotra). Two other
sextets—one with the IS =037 mm/s and Hjg
=51.4 T and another with IS = 0.70 mm/s and Hj;.
= 42.1 T—are assigned to Fe’* (Fe’*,.,) and Fe*"
(Fe®* ) ions at octahedral sites, correspondingly.
Observed transformation of magnetically collapsed
sextet at 300 K toward resolved magnetic sextet at
16 K obviously proves the sufficient contribution of
nanoparticles that demonstrate superparamagnetic
relaxation at room temperature. This effect well cor-
relates with the outcome of the magnetometry (see
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Fig. 6a and 6c¢). This observation is also in a good
agreement with the TEM and XRD data, confirming
the formation of NPs having the average diameter of
9-11 nm, that is way below the threshold of super-
paramagnetic state for the Fe;O4 NPs at room tem-
perature [80].

For the bottom NPs, the magnetic-split Mossbauer
spectra were measured both at 300 K and 16 K. At
room temperature, the best possible fit represents
superposition of two sextets, characteristic for Fe’*-
tetra i0ns (IS = 0.31 mm/s; Hys = 47.8 T) and Fe®
(IS = 0.40 mm/s; Hys = 42.5 T) in Fe;O, phase. Fur-
thermore, the spectrum measured at T = 16 K for the
bottom NPs was successfully fitted with three sub-
spectra, typical for the Fe;O, phase. As was evi-
denced in the data collected in Table 1, fitted
parameters for the top and the bottom NPs at
T =16 K are very close, thus confirming the correct-
ness of applied fitting model.

It is worth noticing that contribution from the
Fe?" . decreases for top NPs as compared to bottom
NPs. This effect could be attributed to a partial oxi-
dation of NPs, leading to the formation of maghemite
v-Fe;O3 on the surface of both types of NPs.

The time window for the detection of the Moss-
bauer effect is defined by the Larmor precession
period, which in the *’Fe nucleus is about 10 ns. The
outcome of the Mossbauer spectra measurement

Figure 6 Mossbauer spectra 1.000 T=
of the top (a, ¢) and the bottom &
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measured 16 K (a, b) and at £ 0.998+
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Table 1 Fitting parameters of Mssbauer spectra approximation

I J Mater Sci (2022) 57:4716-4737

Sample (temperature) Sub-spectrum 1S, mm/s Hy, T Hy¢ -Sigma, T QS, mm/s Area ratio, %
Top Fe;04 NPs Fe* erra 0.27 50.0 1.0 -0.01 53
(16 K) Fe?t oo 0.37 514 0.5 0.00 43
Fe’t o 0.70 42.1 2.6 -0.14 4
Down Fe;0,4 NPs (300 K) Fet eia 0.31 47.8 1.8 0.01 52
Fe*t 0.40 42.5 5.5 -0.02 48
Down Fe;04 NPs (16 K) Fet ea 0.28 49.9 0.9 -0.02 43
Fet oo 0.35 51.5 0.5 0.01 50
Fe** oo 0.80 403 4.4 0.02 7

Hyp—hyperfine magnetic fields, QS—quadrupole splitting, I[S—isomer shifts

depends on the magnetic state of the Fe atoms. For
the superparamagnetic nanoparticles, the spin fluc-
tuation time can be comparable or less than the Lar-
mor precession period. In such case, the Mossbauer
spectrum consists of the doublet line similar to this
for the paramagnetic specimen [81]. For larger ferri-
magnetic nanoparticles and agglomerates of small
magnetically interacting NPs, the fluctuation time is
longer than 10 ns; thus, the sextet lines are detected.
The Mossbauer spectrum measured for the bottom
NPs at room temperature is typical for the specimens
with ferrimagnetic ordering evidenced by the pres-
ence of well-pronounced Mdossbauer spectrum, which
can be fitted with the use of two sextet lines (Fig. 6d).
This also has its consequence in the behavior of the
bottom NPs in the alternating magnetic field (AMF)
of the frequency 100 kHz. The majority of the NPs (or
rather their agglomerates) respond collectively to
AMF, which results in hysteresis losses and thus their
intensive heating. On the other hand, the noisy
Mossbauer spectrum with less pronounced sextet for
the top NPs comes from the presence of large fraction
of non-agglomerated superparamagnetic particles. In
such case, the magnetic moment undergoes reorien-
tation at times around 10 ns. For this specimen, one
can expect lower hysteresis losses when subjected to
the 100 kHz alternating magnetic field.

MR Relaxation measurements and MR
imaging of the top and the bottom NPs

Changes in T, and T; relaxation times due to the
presence of NPs were demonstrated by collecting the
T,- and T7-weighted MRI for phantoms with different
concentrations of NPs. The initial concentrations of
the top and the bottom NPs (10.8 mg/ml) were

@ Springer

diluted 50, 100 and 250 times, corresponding to
0.22 mg/ml, 0.11 mg/ml and 0.04 mg/ml,
respectively.

Figure 7 shows images of phantoms with various
concentrations of NPs obtained with SE and Inver-
sion Recovery TRUE FISP pulse sequences, respec-
tively. With the decrease of concentration, obvious
lightening of T,-weighted MRI (Fig. 8a) and darken-
ing of T;-weighted MRI (Fig. 7b) were observed for
both types of NPs. Figure 8 shows relationship
between relaxation times and concentrations of NPs.
From Fig. 8a, a linear increase of T, with decrease of
the NPs concentrations can be seen. Also, linear
relationships can be found for T;, where T; increases
with decreasing concentrations of the top and the
bottom NPs. Therefore, the higher the concentration
of NPs, the stronger the reduction of T, and T;
relaxation times can be observed. These results indi-
cate that both types of NPs can be used as contrast
agents for T,- and T;-weighted MRI. As seen, the
larger NPs (bottom) reduce relaxation time more than
smaller NPs (top).

Figure 7 a An example of a spin echo T,-weighted MR image
(TR/TE = 5000 ms/4 ms) of the top (4,5,6) and the bottom (1,2,3)
NPs with concentrations 0.22 mg/ml (1,4); 0.11 mg/ml (2,5) and
0.04 mg/ml (3,6), respectively; b an example of a T;-weighted
MR image (TR/TE =3 ms/1.5 ms) of the top (4,5,6) and the
bottom (1,2,3) NPs with concentrations 0.22 mg/ml (1,4);
0.11 mg/ml (2,5); and 0.04 mg/ml (3,6), respectively.
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The fitting provided r; = 0.0002 ml/mg s~' and
11 =7 x 10° ml/mg s~ for the bottom NP and top
NPs, respectively, and 7, = 0.0823 ml/mg s ' and
7, = 0.0432 ml/mg s~ ' for the bottom NP and top
NPs, respectively (Fig. 9). r,/r; was found to be 411
and 617 for the bottom and top NPs, respectively.

The r,/r; ratio provides a qualitative measure of
the effectiveness of the contrast agent. The r,/ry ratios
we measured are higher than those reported so far
(10 nm IONPs: r,/r; = 90.5 at 9.4 T) [82]. These val-
ues indicate that both the bottom and the top NPs are
suitable as T, contrast agents. Furthermore, the top
NPs are more potent than the bottom NPs.

Most publications do not provide r; and r, at 9.4 T.
A paper [83] reports r,/r; to be in the order of
200-500 depending on the NP size (8.8 nm — 249;
15 nm—788). In our case, r,/r; was found to be 411
and 617 for the bottom and top NPs, respectively,
which is in the agreement with the previous works.

0.30
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Figure 9 a Transverse (1/T,) and b longitudinal (1/T;)
relaxivities obtained for top and bottom NPs at 9.4 T. R-square
(coefficient of determination) values defining the goodness are:

Concentration [mg-ml™]

Magnetic hyperthermia simulation and SLP
analysis

The heating rate dependences measured at various
amplitudes of external magnetic field for two types of
specimens are presented in Fig. 10a and b.

In Fig. 10a and b, the vertical dashed lines separate
two regions of variability of the T(t) dependences.
They denote different time dependences measured at
lower and higher temperatures, especially for non-
linear T(t) dependences. The appropriate heating
rates and specific loss power (SLP) values calculated
for both dispersions are collected in Table 2.

One can notice for dispersion of the top NPs that
the time required to reach 45 °C (the temperature at
which the cancer cells may undergo deterioration
when exposed to such conditions) was ~ 800 s for
the highest external magnetic field (4kA/m). Appli-
cation of alternating magnetic fields less than 3.8kA/
m did not allow to reach this temperature at any
reasonable period. This effect might be related to the
lower particle sizes of the top NPs than those for the
bottom NPs. Furthermore, the effect of coating of
nanoparticles with surfactant must be considered. In

80E-4] ° TopFeO, /’,,“(b)
4 Bottom Fe;0, _#PE
'Z6.0E-4~ A
e o _---o
E 40E4{ 8 oo
————— Fit Top
2047 Fit Bottom
0.04 0.11 0.22

Concentration [mg-ml'1]

0.9647, 0.9817 for r; for bottom and top NP, respectively, and
0.9962 and 0.9977 for r, of the bottom and top NP, respectively.
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Table 2 Heating rate (‘2—7;) and specific loss power (SLP) for the
top and the bottom NPs measured at various amplitudes of
external magnetic field of the frequency 100 kHz

H[kA/ % SLP
m] K/ [W/
min] g]
Top NPs 2.8 1 1 0.783
1I 0.63 0.49
5 wt.% 32 1.2 0.49
I 2.6 2.01
3.6 II 1.43 1.10
1 3.48 2.72
4.0 1I 1.53 1.17
Bottom NPs 1 4.03 3.14
2.0 11 1.13 0.90
2.4 291 2.25
5 wt.% 2.8 5.23 4.03
3.2 7.41 5.67
3.6 10.68 8.38
4.0 19.84 15.46

Fig. 10a, the T(t) dependences are nonlinear due to
the faster dissipation of the energy generated by the
particles subjected to the alternating external mag-
netic field. In the case of the bottom NPs (Fig. 10b),
reaching of 45 °C when exposed to the alternating
magnetic field of 4kA/m takes less than 100 s. Only a
little longer (~ 200 s) takes heating of this specimen
to 45°C under the alternating magnetic field of
2.8kA/m. Furthermore, in this range of external
magnetic fields the T(t) dependences are more linear.
Nonlinear time-temperature dependences were
measured only for the lowest external magnetic field
(of 2kA/m). As the specific loss power is related to
the dT/dt dependences, similar tendencies were
noticed for the SLP values. In the case, the bottom
NPs much higher SLP values (of one order of mag-
nitude) than those for the top NPs were measured.
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Cytotoxic effect of NPs

The viability test presented in Fig. 11 showed that
cytotoxic effect of the smallest concentration of both
the top and the bottom NPs was not observed for
SW480 and SW620 cell lines after 3 h and 24 h of
incubation time. Moreover, addition of 50 pg/ml of
the top NPs and the bottom NPs to the cell culture
did not change the percentage of cell viability after
3-h incubation. However, an increase of the incuba-
tion time to 24 h caused significant decrease of the
SW480 and SW620 cells viability. Furthermore, the
highest decrease of number of live cells was observed
for the cells, cultured with 100 pg/ml of the top NPs
and the bottom NPs. This concentration of the top
NPs caused decrease of SW480 cells viability by
around 20% and 24%, respectively, after 3 h and 24 h
of incubation, while for the bottom NPs the viability
of cells was higher by about 4%. For SW620 cell line,
the viability of cells, cultured with 100 pg/ml of the
top NPs, was 90% and 82% for 3h and 24 h of
incubation, while, respectively, for the bottom NPs—
83% and 78%. The low cytotoxicity of the top NPs
and the bottom NPs can be attributed to the coating
of the iron-oxide NPs by triethanolammonium oleate.
This substance, as well as triethanolamine by itself, is
biocompatible and is very often used in cosmetics
and medicines and even has been used as an indirect
food additive [45, 84]. However, the MTS assay
showed that the bottom NPs caused higher decrease
of cells viability than the top NPs, which depends on
the nanoparticle sizes. Smaller NPs are more toxic
than bigger ones, because they have higher active
surface [85, 86]. Furthermore, these studies have
shown an impact of NPs concentration on the via-
bility of cells. Higher concentration of NPs caused
higher percentage of cells’ deaths. In such case, the
interactions between cells and NPs increase and
processes leading to cell death are more active [85].
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Figure 11 Viability of colon
cancer cells: SW480 (a);

SW620 (b); cultured with 100
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100 pg/ml (III) top NPs and 80
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Moreover, longer incubation time for cells exposed to
the presence of NPs and thus larger number of NPs
getting into the contact with the cells intensified the
impairing of the functions of major components of
cell, namely mitochondria, nucleus and DNA [87].

Fibroblast cell studies

Viability and apoptosis on human dermal fibroblasts
tests were performed to support the result of cyto-
toxicity depicted by MTT assay and to confirm the
lack of cytotoxicity on cells routinely transplanted in
chronic wounds treatment. Morphology microscopic
assessment, proliferation and ROS studies were per-
formed due to dysfunctions observed in senescence-
like phenotype fibroblasts present in chronic wounds.
All studied samples remained sterile during whole
experiment, but macroscopic and microscopic

Top NPs

Bottom NPs

conglomerates were present in some of the NPs
samples (Fig. 12).

Highest viability was obtained in samples with 8 pl
and 16 pl per well of studied NPs (Table 3). Addition
of NPs increased the viability of the cells in com-
parison with the control samples.

Fibroblasts are one of the key cells in chronic
wound healing due to the production of extracellular
matrix that is required to fill the wound with a newly
synthesized tissue [88] and maintaining high viability
of cells in wound edge.

Nanoparticles did not cause an increase of per-
centage of apoptotic cells in the culture (Table 4).
Interestingly, the lowest concentration of particles
was correlated with the highest percentage of apop-
totic cells, which suggest that a higher concentration
is safer.
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Figure 12 The 3-well dish with sample: a control, b bottom NPs,
¢ top NPs; d microscopic image of fibroblast cell culture with
16 pl per well of bottom NPs.

Table 3 Viability of fibroblasts
concentration and type of particles

depending on samples

Sample name 2 ul 8 ul 16 ul 32 u Mean
Control 76 72 76 61.5 71.4
Bottom NPs 89.5 92.5 96 98 94.0
Top NPs 56.5 57.5 81 83 69.5

Table 4 Percentage of apoptotic fibroblasts depending on samples
concentration and type of particles

Sample name 2 ul 8 ul 16 ul 32 ul Mean
Control 6 1 4 0 2.8
Bottom NPs 6 2.5 0.5 0.5 2.4
Top NPs 1.5 4.5 1 3 2.5
Table 5 Impact of particles on oxidative stress in cells

Sample name 2 ul 8 ul 16 ul 32 ul Mean
Control 5 4 9 10 8
Bottom NPs 7 9 4 8 7
Top NPs 6 3 11 8 7
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Table 6 Population doubling of fibroblasts depending on
samples’ concentration and type of particles

Sample name 2 ul 8 ul 16 pl 32 ul Mean
Control 0.4 1.9 1.2 0.4 1.0
Bottom NPs 39 6.7 42 6.5 5.3
Top NPs 2.6 35 2.8 3.4 3.1

Also, oxidative stress in cells incubated with
nanoparticles was not greater than in control sample
(Table 5). Levels of oxidative stress and percentage of
apoptotic cells suggest that particles are potentially
safe in clinical use. If they revealed cytotoxic effect, it
may hamper the healing process in wound (Table 6).

Population doubling was highest in cultures where
8 ul of NPs was added (Table 5). Bottom NPs had the
greatest ability to stimulate the proliferation of cells.
Distinct increase in cellular proliferative activity may
lead to the rapid and almost complete closure of
chronic wound [87].

Wound healing is the highly coordinated process
[89] in which fibroblasts play a key role [88], and any
disruption may prolong each stage of healing [89].
Fe;04 nanoparticles have found a lot of applications
in various fields, and usage of this particles gives
hope for definite wound closure. Our studies shown
that fibroblast culture remained sterile, highly viable
and no cytotoxic effect was observed, which confirms
their potential in chronic wounds healing.

Conclusions

In the present work, we have discussed a novel
technique of producing the Fe;O, NPs. The
nanoparticles were synthesized by the co-precipita-
tion method and stabilized by the triethanolammo-
nium oleate. The fabrication protocol allowed to
produce two types of magnetite NPs in one step. The
top and bottom NPs differed in their average diam-
eters (11 nm and 19 nm, respectively) and size dis-
tributions. It is reflected in their physical properties,
and application potential in theranostics. Both types
of the stabilized NPs are hydrophilic and form the
uniform dispersions in water, which are stable and
do not sediment for months. VSM magnetometry has
shown the superparamagnetic behavior of both types
of NPs at room temperature, while Mossbauer spec-
troscopy revealed pronounced ferrimagnetic
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interaction, especially for larger NPs. The XRD as
well as Mossbauer spectra analysis suggests the for-
mation of maghemite layers on top of the magnetite
core of NPs. This can be attributed to the oxidation of
magnetite that occurs when the NPs are washed and
dispersed in the water after their precipitation. Both
NPs indicated promising results regarding their use
as heating agents in hyperthermia and contrast
agents in MRI. In addition, stabilized NPs have
revealed low cytotoxicity. All observed properties of
the both types of NPs indicate their potential in MRI-
guided hyperthermia cancer treatment. Fibroblast
dysfunction is one of key factors in the chronic
wounds; therefore, positive impact on their viability
and proliferation suggests possible applications of
NPs in non-healing wounds treatment.
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