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A B S T R A C T

Magnetic iron oxide nanoparticles (MNPs) are one of the most promising types of nanoparticles for biomedical
applications, primarily in the context of nanomedicine-based diagnostics and therapy. They are used as contrast
agents in magnetic resonance imaging and magnetite cell labelling. Furthermore, they are promising heating
mediator in magnetic hyperthermia-based therapy, and can serve as nanocarriers in targeted gene and drug
delivery as well. In biomedical applications, coating plays an important role in nanoparticle dispersion stability
and biocompatibility. However, the impact of nanoparticle surface chemistry on cell uptake and proliferation has
not been sufficiently investigated. The objective of this study is to prepare magnetic nanoparticles with inner
magnetite core and hydrophilic outer shell of surfactant, protein and polymers that are commonly used in
biomedical research. MNPs were characterized in-depth by various physicochemical methods. Magnetic hy-
perthermia, applied to find out the influence of MNPs coating on heating characteristics of the samples, did not
show any correlation between layer thickness and specific adsorption rate. To evaluate the impact of surface
chemistry on cell proliferation and internalization, the human lung adenocarcinoma epithelial (A549) cells were
utilized. Substantial differences were determined in the amount of internalized MNPs and cell viability in de-
pendence on surface coating. Our results indicate that the surface chemistry not only protects particles from
agglomeration but also affect the interaction between cell and MNPs.

1. Introduction

The application of nanotechnology to medicine provides an oppor-
tunity to study the biological systems at a subtler level, giving rise to
better understanding of disease mechanisms. Moreover, nanomaterials
enable more accurate and rapid diagnosis, targeted and effective drug
delivery, and novel ways of organ and tissue regeneration. The bio-
compatibility and colloidal stability of nanoparticles (NPs) in physio-
logical solutions is imperative for their development for clinical use [1].
Surface modification of particles with surfactants or polymers protects
particles from aggregation and agglomeration, prolongs the blood cir-
culation time and facilitates their further functionalization (i.e. binding
of specific ligands, antigen, aptamer, protein etc. on the surface of NPs)
to increase their accumulation in a tumour region [2]. Several methods
and numerous coating agents have been developed and employed for
modifying the surface properties of the magnetite nanoparticles (MNPs)

[3–6]. One of the suitable compounds to improve colloidal stability of
MNPs is polyethylene glycol (PEG), a non-degradable polyether of the
monomer ethylene glycol. Water-solubility, low toxicity together with
outstanding biocompatibility and bio-inertness, make PEG the most
frequently used coating polymer among biomaterials. Highly hydrated
PEG chains exhibit steric repulsion based on an osmotic or entropic
mechanism [7]. Bovine serum albumin (BSA) has been used as a ver-
satile protein carrier for drug delivery as well as coating protein. BSA
possesses non-toxic, non-immunogenic, biocompatible and biodegrad-
able properties [3,4]. Polymer nanoparticles created by poly(D,L-lactide-
co-glycolide) (PLGA) and polylactic acid (PLA) are FDA-approved bio-
degradable and biocompatible nanomaterials, especially for cancer-re-
lated human applications [8,9]. Their main advantage is that they ea-
sily undergo degradation due to the hydrolysis of the ester bond, and
the hydrolysis products are metabolized and removed from the body via
normal metabolic pathways [6]. These nanocarriers are stable in the
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blood, are non-toxic, non-immunogenic, non-inflammatory, and do not
promote thrombosis or affect the reticuloendothelial system [5].

The effect of surface chemistry on cell-nanoparticle interaction re-
mains unclear despite intensive research in this field. To better under-
stand the impact of coating on MNP uptake and cell viability, we syn-
thesized MNPs with different surface modification, in particular with
PEG, BSA and PLGA. MNPs were characterized in-depth by various
physicochemical methods, and their biocompatibility was investigated
in human lung cells A549. We analysed the capacity of surface modified
MNPs to internalize into cells, and their effect on cell morphology and
viability.

2. Materials and methods

2.1. Material

Ferric chloride hexahydrate (FeCl3·6H2O), ferrous sulphate hepta-
hydrate (FeSO4·7H2O), ammonium hydroxide (NH4OH), sodium oleate
(C17H33COONa), poly(ethylene glycol) with average molecular weight
(MW) 1 kDa, PLGA with a D,L-lactide to glycolide ratio 85:15, MW

50–75 kDa, bovine serum albumin and pluronic F68, were provided by
Sigma Aldrich. All compounds were used without any further treat-
ment.

2.2. Cell culture

The human lung adenocarcinoma epithelial cell line A549 were
maintained in Dulbecco‘s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and antibiotics (penicillin,
100 U/mL; streptomycin and kanamycin, 100 µg/mL). The cell lines
were cultured in a humidified atmosphere of 5% CO2 at 37 °C. In all
experiments, cells were exposed to nanoparticles in medium supple-
mented with 2% FBS.

2.3. Synthesis of magnetic nanoparticles and surface coating

The magnetic iron oxide (Fe3O4) nanoparticles were synthesized by
chemical co-precipitation of ferric and ferrous salts in alkaline aqueous
medium [6,10]. Firstly, FeSO4·7H2O and FeCl3·6H2O in molar propor-
tion of 1:2 were dissolved in deionized water, and then NH4OH solution
was added into the solution under constant stirring. The black pre-
cipitate was mixed thoroughly and subsequently washed several times
with water by magnetic decantation. The colloidal suspension of MNPs
was stabilized by the formation of a bilayer of the sodium oleate sur-
factant. Sodium oleate (SO, 70 wt% with respect to Fe3O4) was added to
the nanoparticle suspension and mixed under heating until the boiling
point was reached [11,12]. This stable colloidal suspension of the MNPs
dispersed in water is referred hereafter as magnetic fluid (MF).

2.4. Modification of nanoparticles

MF nanoparticles were further coated with the polymer, poly
(ethylene glycol) (PEG) according to the process described by Závišová
et al. [13–15]. PEG prolongs the circulation time of nanoparticles. The
mixture of PEG water solution and MF suspension was incubated in a
horizontal shaker for 24 h at 40 °C and 200 rpm. The PEG/magnetite
weight ratio was equal to 0.25. Further on, the resulting stable colloid
sample consisting of MNP suspension modified by PEG is referred to as
MFPEG.

To improve the biocompatibility of MF, bovine serum albumin
(BSA) in weight ratio of BSA/Fe3O4= 2 was used [12]. BSA strongly
reduces the non-specific interactions with the plasma protein. The
mixture was incubated in a horizontal shaker for 6 h at 40 °C and
200 rpm. Then, pH of the colloid was adjusted to value of 7.4 by
phosphate buffer. The resulting sample consisting of MF modified by
BSA is referred to as MFBSA.

2.5. Preparation of magnetic polymer nanospheres

A modified nanoprecipitation method [16] was used to prepare
magnetic polymer nanospheres. Briefly, 100mg of PLGA was dissolved
in 10mL acetone to prepare a polymer solution. Next, the aqueous
solution was prepared by mixing 5mL pluronic F68 (1.25mg/mL in
water) as a stabilizing agent and 2mL of water-based MFPEG (60mg
Fe3O4/mL). The organic phase was added dropwise into the aqueous
solution and stirred vigorously for several hours to allow for complete
evaporation of the organic solvent at room temperature. A turbid na-
noparticle suspension was formed (PLGA-MFPEG).

All prepared samples were washed by water by centrifugation at
18,000 rpm for 2 h to remove unbound compounds.

2.6. Particle size determination

2.6.1. Transmission electron microscopy
The particle size, size distribution and morphology were determined

by transmission electron microscopy (TEM) with a Tesla BS 500 mi-
croscope normally operated at 90 kV with 80,000× magnification by
the replication technique. Samples were prepared by placing a drop of
the water diluted sample onto a carbon-coated copper grid and al-
lowing it to dry at room temperature. The size distributions were de-
termined by manual measurement of more than 100 particles using the
software ImageJ.

2.6.2. Scanning electron microscopy
Scanning electron microscopy (SEM, JEOL7000F microscope) was

used to evaluate the morphology and microstructure of the coated na-
noparticles in the prepared samples. A droplet of the colloidal disper-
sion was first diluted in water and then deposited on the SEM sample
stub and dried under vacuum prior to sputtering with carbon and
subsequent observation.

2.6.3. Dynamic light scattering method (DLS)
DLS is a technique for measuring the size of particles typically in the

nanometer region. DLS-method is based on measuring of fluctuations of
intensity of scattered light by small volume of colloidal solution.
Fluctuations of light intensity are related to the intensive Brownian
motion of the colloidal particles. The velocity of the Brownian motion is
defined by a translational diffusion coefficient. Depending on the shape
of the MNP, for spherical particles, the hydrodynamic radius of the
particle RH was calculated from its diffusion coefficient by the Stokes-
Einstein equation Df= kBT/6πηRH, where kB is the Boltzmann constant,
T is the temperature of the suspension, and η is the viscosity of the
surrounding medium.

For hydrodynamic particle size measurement of prepared samples,
Zetasizer Nano ZS from Malvern Instruments (UK) equipped with a
He–Ne laser (633 nm) and operating at scattering angle of 173 °C and a
temperature of 20 °C was applied.

Particle size distribution and zeta potential of surface-modified
MNPs in culture medium at 37 °C were determined by DLS using
Zetasizer Nano-ZS (Malvern Instruments, UK) equipped with a 4 mW
helium/neon laser (λ=633 nm) and a thermoelectric temperature
controller. The measurements were performed at ∼3min intervals
during 24 h; every data point was recorded as the average of at least 11
repetitions. The characteristics of MNPs and culture medium have al-
ready been published elsewhere [17].

2.6.4. Magnetic measurements (Langevin fit)
It is possible to determine the particle-size distribution from mag-

netic measurements. If an ideal sample is measured in the super-
paramagnetic state, then the magnetization is simply given by the in-
tegration of the Langevin function Eq. (1) for each particle size in the
distribution [18]. The field dependent magnetization measurements
were performed using Magnetic Property Measuring System model
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MPMS-XL-5 (Quantum Design) equipped with 5 T superconducting
magnet.

In order to estimate the particle size and the width of the size dis-
tribution, the positive quadrant part of the curve was fitted to the
classical Langevin function weight-averaged with the modified log-
normal PSD of Eq. (1):

∫=
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where MS is the saturation magnetization, L(ξ)= coth(ξ)− 1/ξ, is the
Langevin function with ξ = μ0 μ H/kB T, μ0 is the magnetic permeability
of vacuum, μ is magnetic moment, H is the magnetic field strength, kB is
the Boltzmann constant and T is the absolute temperature. The particle
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where x is the magnetic diameter, D0 and s are the parameters de-
termined from the magnetization curve. We used the fitting procedure
introduced by Rozynek [19]. On the basis of these parameters, the
mean diameter <d> and standard deviation of particle size σ can be
determined from the formulae:

⎜ ⎟< > = ⎛
⎝

⎞
⎠

d D exp s
20
2

(3)

⎜ ⎟= ⎛
⎝

⎞
⎠

−σ D exp s exps
2

10
2

2

(4)

2.7. Zeta potential measurements

Zeta potential is a physical property exhibited by all particles in
suspension that can be quantified using an electrophoretic mobility
measurement. Zeta potential has long been recognized as a good index
of the magnitude of the charge interaction between colloidal particles,
and its measurement is commonly used to predict and control the sta-
bility of colloidal systems. If all the particles in suspension have a large
negative or positive zeta potential, then they will tend to repel each
other and there will be no tendency for the particles to come together.
However, if the particles have low absolute value of zeta potential then
there will be no force to prevent the particles coming together and
flocculating. The dividing line between stable and unstable suspensions
is generally taken at either +30 or −30mV.

The zeta potential of all prepared samples was measured at 25 °C in
the apparatus used for DLS.

2.8. Measurement of particle heat generation by alternating magnetic field
(AMF) calorimetry

Calorimetric measurements for all studied samples (with magnetite
concentration of 5mg/mL) were performed by commercial AC appli-
cator (model DM100 nanoScale Biomagnetic, Spain). Temperature
evolution curves in time were recorded under an AMF with applied
intensity H up to ∼24 kA/m and frequency f=252 kHz for 160 s.
Temperature of the samples was monitored by fibre optical probe im-
mersed in the 1mL of NPs suspension.

2.9. Thermogravimetric analysis (TGA)

TGA was carried out to determine the amount of modifying com-
pound adsorbed on the magnetic nanoparticles. For this purpose, the
washed samples were freeze-dried in a lyophilizer at −52 °C. TG ex-
periments were performed on the dried samples under flowing air in the

temperature range of 20–700 °C with the heating rate of 10 °C/min
using TGDTA Setaram SETSYS 16 apparatus.

2.10. Treatment of cells

Exponentially growing cells were exposed to different concentra-
tions of MF, MFPEG, MFBSA and PLGA-MFPEG nanoparticles for 24 h.
The viability of cells after exposure to MNPs differing in surface coating
was evaluated in the concentration range 0–1.2 mM (0–277.80 µg/mL).
The unit mM (mmol/L) of iron oxide was used to express the MNPs
concentrations; under these conditions, equal numbers of particles were
applied to human lung cells regardless of the surface coating.
Concentrations of surface modified MNPs expressed in µg/mL as well as
in µg/cm2 are presented in Table S1. The treatment of the cells was
finished by removing the medium and washing the cells twice with
phosphate buffer saline (PBS). Then the cells were processed im-
mediately.

2.11. Atomic absorption spectrometry (AAS)

AAS was adapted to quantify the cellular uptake of MNPs. Duplicate
analyses were carried out by flame atomic absorption spectrometry for
Fe. The digestion of cell pellet was realized with 500 μL of 65% HNO3

(Suprapure) in ultrasonic bath at 85 °C for 5 h. The digests were then
diluted with 2% HNO3 in deionized water. The instrumental parameters
for Fe determination were: wavelength 248.3 nm, slit width: 0.2 nm,
flame type: acetylene-air, flow: 2.0 L/min for acetylene and 13.5 L/min
for air, deuterium background correction, method of calibration curve
in the range 0.1–10mg/L. The limit of detection (LOD) and limit of
quantification (LOQ) for the present method were 0.007mg/L and
0.025mg/L, respectively.

2.12. Time-lapse imaging of cells

Exponentially growing A549 cells seeded in 24-well plates were
treated with surface modified MNPs. Phase-contrast images were taken
in the IncuCyte ZOOMTM Live Content Imaging System (Essen
BioScience, Hertfordshire, UK) at 2 h intervals. Cell morphology and
confluence were screened using IncuCyte ZOOM 2013A software as
recommended by the manufacturer.

2.13. Cytotoxicity of surface coated MNPs

The 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay based on the protocol described by Mosmann [20] was
used with minor modifications. Briefly, viability of A549 was carried
out in plastic 96-well cell culture cluster plates at 4× 103 cells/well
and photometric evaluation (at 540 nm excitation and 690 nm emission
wavelengths) using the Multiskan Multisoft plate reader (Labsystems,
Finland) and Genesis software provided by the producer. IC50 values
were calculated from the dose–response curves using CalcuSyn software
(Biosoft, Cambridge, UK). Since the colour of magnetic nanoparticles
interferes with the spectrophotometry readings when up by the cells,
the net readings were corrected with a net particle reading according to
Hafeli et al. [21].

3. Results and discussion

3.1. Physical-chemical characterization of MNPs

The X-ray diffraction measurement confirmed the magnetite inner
core with a mean diameter 6.6 ± 0.1 nm in MF [22]. TEM images of
unmodified MF and modified MF samples are shown in Fig. 1AB (I) and
AB (II-IV), respectively. While TEM microscopic evaluation allow us to
“really” see the particles and evaluate their range of shapes and sizes,
SEM microscope visualize surface morphology, dispersed and
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agglomerated nanoparticles, and surface functionalizations. SEM is
considered to be an absolute measurement of particle size (including
magnetic core and coating layer). SEM images (Fig. 1C (I-IV)) analyses
determined irregularly-shaped quasi-spherical MNPs with primarily
smooth surface. The number of nanoparticles subjected to analysis, the
average particle diameter, and the corresponding standard deviation

are summarized in each corresponding histogram. The particle size of
unmodified MF was measured as 50.5 ± 0.2 nm (Fig. 1D (I)). The
particle size of BSA modified MF (Fig. 1D (II)) was determined as
71 ± 2 nm. The particle sizes of MFPEG (Fig. 1D (III)) and PLGA-
MFPEG (Fig. 1D (IV)) were 74 ± 2 nm and 133 ± 5 nm, respectively.
Size data from the analysis were divided into bins, and Origin 8

Fig. 1. TEM image of MNPs in MF (I), MFBSA (II), MFPEG (III), PLGA-MFPEG (IV) in a bright field mode (A) and in dark field (B), SEM images of MNPs (C), and
corresponding particle size distributions determined from SEM images (D).

Table 1
Basic physicochemical characteristics of MNPs in MF, MFBSA, MFPEG, and PLGA-MFPEG. The magnetic core diameter obtained from Langevin fit (DLF), the MNPs
diameters obtained from SEM images (DSEM) and DLS characterization (DDLS), polydispersity index (PDI), zeta potential, saturation magnetization (Ms), weight loss
and weight ratio of modifying compounds (SO, BSA, PEG, PLGA)/Fe3O4, and SAR values.

Sample DLF (nm) DSEM (nm) DDLS

(nm)
PDI Zeta potential

(mV)
Ms (emu/
g)

Modifying compound
weight loss (wt%)

Modifying compound/
Fe3O4 (mg/mg)

SAR (W/g) (252 kHz,
23.9 kA/m)

MF 10.6 50.5 ± 0.2 44 0.10 −42 2.66 26 0.35 13.4
MFBSA 10.1 71 ± 2 70 0.16 −37 2.74 11 0.23 14.6
MFPEG 10.0 74 ± 2 76 0.12 −42 2.06 4 0.08 13.6
PLGA-MFPEG 10.0 133 ± 5 155 0.13 −50 1.87 35 1.02 15.9
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software was used for lognormal fits. As a result, average size (DSEM)
and geometric standard deviation (σ) are reported in histograms.
Number of measured particles was sufficient (over 100) in all studied
samples and are included in the relevant histograms. The size of na-
noparticles increased proportionally with the surface coating. The mean
diameters obtained by fitting histograms by log-normal distribution
function are summarized in Table 1. DLS was also used to characterize
the prepared sample solutions from which the samples for microscopy
were made. This technique differs in many aspects from imaging of
dried samples, and is sensitive to dynamic aggregation, aggregation,
agglomeration, etc. Thus, there are several reasons to expect different
results from this technique compared to the microscopic techniques. In
spite of the facts, the obtained hydrodynamic diameters DDLS are very
close to the diameters from SEM microscopy (see in Table 1).

The same equipment was applied to measure zeta potential to give
us information about the value of surface charge the studied nano-
particles. All coated MNPs were negatively charged, zeta potentials
were determined to be −42, −37, −42, and −50mV for the samples
MF, MFBSA, MFPEG, and PLGA-MFPEG, respectively (see Table 1). As
value of zeta potential is directly proportional to stability of nano-
particles, (e.g. higher absolute value of zeta potential means that na-
noparticles colloidal system will be more stable), we could summarize
that the samples are colloidal stable. Although positively charged na-
noparticles have been shown to improve the efficacy of imaging, and
drug delivery due to electrostatic attraction to the negatively charged
cell membrane, they are more toxic and produce superior local immune
responses than negatively charged ones [23].

The quantification of modifying compound amount on MNPs was
conducted by TGA. The theoretical loading weight ratio of modifying
agent to MNPs was as follows BSA/Fe3O4=2, PEG/Fe3O4=0.25 and
PLGA/Fe3O4=2. The determined weight losses of organic coatings at
T= 650 °C, temperature at which the samples decomposed almost
completely, are summarized in Table 1. The amount of organic coating
per magnetite amount was then derived by taking the residue of organic
mass (wt%) and dividing by the resulting magnetite weight after water
loss determined before coating.

The magnetic properties were evaluated for all samples in liquid
suspensions by magnetic measurements at room temperature (Fig. 2).
The saturation magnetization values of MFBSA (2.74 emu/g), MFPEG
(2.06 emu/g) and PLGA-MFPEG (1.87 emu/g) covered with BSA, PEG,
or PLGA, respectively, are slightly lower than those of the starting MF
(2.66 emu/g). This decrease in saturation magnetization is due to the
increase in total mass, e.g. the presence of a non-magnetic phase
(coating) in the sample. The saturation magnetizations (Ms) of in-
dividual MNPs are presented in Table 1. Moreover, the absence of both
remanent magnetization and coercivity field confirm super-
paramagnetic behaviour in all the prepared samples in this study. To
extract information about the magnetic core diameter (DLF) of parti-
cular MNPs, the experimental magnetization was fitted by Langevin
function. Obtained size distributions are shown as insets in Fig. 2 and
diameters are summarized in Table 1 as well.

Once entering the biological fluids, the surface of nanoparticles is
rapidly covered by proteins to form a corona (‘soft’ and ‘hard’ protein
corona). For majority of NPs, the corona is dominated by albumin, the
most abundant protein in serum (55%); however, lower abundance
proteins, such as immunoglobulins, apolipoproteins, and fibrinogen,
are also found in the corona [24]. The corona composition depends on
the physicochemical properties (e.g. surface chemistry, size, shape,
charge etc.) of the particle, which in turn determines the interactions
between NP and cells/tissue and also might predict any adverse cellular
responses [25]. The colloidal stability and particle size distribution of
nanoparticles in culture medium (DMEM+2% FCS+1% ATB) was
performed by DLS, and the data are presented in Table 2. A substantial
increase in the hydrodynamic particle size due to adhesion of serum
proteins to the particle surface has been determined in all surface-
modified MNPs. The greatest change in particle size was observed in

PLGA-MFPEG while the smallest increase in particle size was de-
termined in MFBSA. Additionally, MF, MFBSA and MFPEG dispersions
in culture medium were stable at least for 24 h while PLGA-MFPEG
particles were less stable, and were prone to precipitate slowly after
24 h. The zeta potential of all surface modified MNPs increased to less
negative values in culture medium compared to stock MNPs dispersions
in deionized water; the values of zeta potential ranged from −18.8 to
−16.3mV.

3.2. Heat generation of nanoparticles in AMF

The ability of some magnetic nanoparticles to transform magnetic
energy into heat has recently emerged as a prospective therapeutic
option in the treatment of cancer [26]. A part of the energy absorbed by
a sample under an AMF undergoes irreversible conversion into thermal
energy and results as heat. For superparamagnetic nanoparticles the
physical principle of heating is due to Néel and Brownian relaxation
processes [27,28]. The capacity of surface coated MNPs to generate
heat was measured at various magnetic field intensities and constant
frequency 252 kHz in AMF. From the monitored time evolution of
temperature, the dT/dt was estimated as a linear fit of the temperature
vs. time dependences for all samples at each of the applied AMF in-
tensity. Obtained heating rates dT/dt were subsequently plotted as a
function of the AMF intensity (Fig. 3A). With increasing AMF the dy-
namics of the temperature increase, slope (∼dT/dt) became much
steeper as well. The experimental points were fitted by the function (H/
a)n. where the a and n are fitting parameters which depend on many
particle features, such as permeability, conductivity, shape, and size
distribution. Exponent “n” for all dT/dt vs H dependencies was approx.
2, so temperature increased with increasing field intensity H2. It agrees
with Rosensweig’s claim [29] that for magnetic fluid with particle mean
size of 10 nm in AMF the power dissipation increases with H2. The time
dependent temperature changes for tested magnetic fluid samples were
used to determine the specific absorption rate (SAR) values. The SAR is
defined as the amount of heat released by a unit weight of the material
per unit of time during exposure to an oscillating magnetic field of a
given frequency and field strength [30] (Eq. (5))

= ⎛
⎝

⎞
⎠

−SAR
C ρ

m
dT
dt

Wg[ ]p s 1
(5)

where Cp (4.18 J/K∙g) and ρs (kg/m3) are the specific heat and density
of the sample, respectively, and m is the mass of magnetite per unit
volume of the colloid.

The SAR values obtained at AMF frequency f=252 kHz and max-
imum applied field intensity H=23.9 kA/m are shown in Fig. 3B. The
SAR values at this condition reached approx. 13–16W/g, e. g. values
show no significant difference, therefore we can conclude that coating
shell do not have influence on SAR what is in accordance with results
presented in paper [31].

3.3. Biological effects of MNPs

Representative images of A549 cells treated with surface modified
MNPs at 0, 12, 18 and 24 h are shown in Fig. 4. For this analysis, sub-
toxic concentrations (viability> 70%) was selected. Some changes in
cell morphology were observed in all MNP-exposed cells already after
12 h of treatment. The MNPs-treated cells acquired more fibroblastoid
shapes, and became grainy. The most visible changes were observed in
MF- and MFPEG-treated cells while the impact of MFBSA and PLGA-
MFPEG particles on A549 cell morphology was less apparent.

All types of MNPs induced a dose-dependent decrease in cell via-
bility after 24 h treatment (Fig. 5A). The cytotoxicity of particular
MNPs correlated with the hydrodynamic size of MNPs (Table 1).
Moreover, differences in cell toxicity were determined in dependence
on the surface coating. The strongest inhibition of cell growth was
determined in PLGA-MFPEG treated A549 cells, while MF particles
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were less cytotoxic. As PLGA is a US-FDA approved polymer for clinical
applications, the strong toxicity is probably not primarily caused by the
coating. The large hydrodynamic size of PLGA-MFPEG in culture
medium (>555 nm) underlies colloidal instability of this dispersion
resulting in slow sedimentation the bottom of the plate. We can spec-
ulate that these MNPs might form a thin layer over the adherent cells.
This thin film might in turn disturb the normal cellular physiological
functions due to mechanical stress, disruption of nutrition intake and
intercellular communication. It has been shown that mechanical stress
[32], nutrient starvation, oxidative and energetic stresses [33] can in-
duce autophagy in most cell types.

In general, oxidative stress and generation of reactive oxygen spe-
cies (ROS) are supposed to underlie the toxicity of nanoparticles, par-
ticularly iron oxide nanoparticles. Based on our previous results, oxi-
dative stress plays, at most, only a marginal role in the genotoxicity of
these surface modified MNPs in lung cells [17]. On the other hand, we
have shown that these surface modified MNPs are able to interfere with
tubulin polymerization leading to disrubtion of cytoskeletal structure
and chromosome malsegregation [34]. Cytoskeleton plays an important
role in many cellular physiological functions such as cell division, cell
morphology, cell signaling and cell motility. Functional constraints due
to disturbance of cytoskeleton network might underlie the changes in
cell morphology and viability.

Substantial differences in the internalized amount of surface mod-
ified MNPs were determined in A549 cells (Fig. 5B). MFBSA and PLGA-
MFPEG were taken up less efficiently (0.39 and 0.70 pg/cell, respec-
tively) in comparison with MFPEG and MF (2.58 and 1.93 pg/cell, re-
spectively). The particle size has been shown to determine the me-
chanism of the uptake. Larger nanoparticles (100–150 nm) are
supposed to be taken up via clathrin-mediated endocytosis (CME),
while smaller particles (50–80 nm) are internalised by caveolin-medi-
ated endocytosis (CavME). However, the data published so far lack
concordance about the threshold diameter determining the particular
pathway of endocytosis the nanoparticles are taken up. There is
growing evidence that the composition of protein corona can strongly
affect cellular internalization of nanoparticle [35]. Using the specific
inhibitors of endocytosis, we have found that MFBSA are internalized
by CME pathway while MFPEG are taken up by CavME (manuscript
under preparation). In line with our results, Lewinski et al. [36] and
Kim et al. [37] have shown that MNPs with the hydrodynamic size
around 80 nm are internalized by CME. Our preliminary results indicate
that MF and PLGA-MFPEG particles might be internalized by CavME,
however, the role of macropinocytosis or CME and CavME pathways
cannot be excluded. MNP uptake is a complex process influenced by the
characteristics of MNPs (size, shape, coating, stability, solubility, sur-
face charge, etc.) and their availability for cell on one hand, and by the

Fig. 2. Magnetization curves of MF, MFBSA, MFPEG, and PLGA-MFPEG measured at room temperature. Size distribution of the magnetic cores obtained by fitting
magnetization curves by Langevin function (insets).

Table 2
Characteristics of colloidal dispersions of surface modified MNPs in culture medium.

MNPs C (Fe3O4) [mM]/[µg/mL] DDLS [nm] PDI Zeta potential [mV] Stability [24 h]

MF 0.3/69.45 244 ± 6 0.173 ± 0.017 −14.6 ± 0.9 stable
MFBSA 0.3/69.45 98 ± 8 0.138 ± 0.012 −16.3 ± 0.9 stable
MFPEG 0.3/69.45 281 ± 4 0.169 ± 0.011 −13.8 ± 0.9 stable
PLGA-MFPEG 0.3/69.45 555 ± 161 0.386 ± 0.045 −14.7 ± 1.2 unstable
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biological factors (mechanism of endocytosis, cell type, cell density, cell
fitness, etc.) on the other hand [34,38]. Further experiments are re-
quired to determine the mechanism(s) of uptake of particular surface

modified MNPs.

4. Conclusion

MNPs with magnetite inner core diameter of ∼10 nm and hydro-
philic outer shell of surfactant, protein and polymers that are widely
used in biomedical research were prepared. Coated MNPs were sphe-
rical in shape with mean hydrodynamic diameter in range of
40–155 nm in dependence of used modifying agent. All magnetic fluids
exhibit superparamagnetic behaviour at room temperature. The heating
characteristics of the magnetic fluid samples (unmodified as well as
modified) were studied by magnetic hyperthermia and no influence of
modified layer thickness on SAR was found. However, the coating
material and the resulting surface charges are of high importance for
cellular uptake, and biocompatibility. Cytotoxicity study showed that
A549 cells exposed to surface modified MNPs for 24 h caused a dose-
dependent decrease in cell proliferation. MF with the smallest hydro-
dynamic size (44 nm) were at least two-fold less cytotoxic than the
larger MFPEG and PLGA MFPEG (DHYDR=76 nm and 155 nm, re-
spectively). MFPEG and MF were taken up by A549 cells more effi-
ciently that MFBSA and PLGA-MFPEG. Further experiments are re-
quired to specify the mechanism of MNPs internalization.
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