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Abstract Superparamagnetic iron oxide nanoparticles
(SPIONs) are used as delivery systems for different thera-
peutics including nucleic acids for magnetofection-
mediated gene therapy. The aim of our study was to evaluate
physicochemical properties, biocompatibility, cellular
uptake and trafficking pathways of the custom-synthesized
SPION:S for their potential use in magnetofection. Custom-
synthesized SPIONs were tested for size, shape, crystalline
composition and magnetic behavior using a transmission
electron microscope, X-ray diffractometer and magnetom-
eter. SPIONs were dispersed in different aqueous media to
obtain ferrofluids, which were tested for pH and stability
using a pH meter and zetameter. Cytotoxicity was deter-
mined using the MTS and clonogenic assays. Cellular
uptake and trafficking pathways were qualitatively evalu-
ated by transmission electron microscopy and quantitatively
by inductively coupled plasma atomic emission spectrom-
etry. SPIONs were composed of an iron oxide core with a
diameter of 8—9 nm, coated with a 2-nm-thick layer of silica.
SPIONS, dispersed in 0.9% NaCl solution, resulted in a
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stable ferrofluid at physiological pH for several months.
SPIONs were not cytotoxic in a broad range of concentra-
tions and were readily internalized into different cells by
endocytosis. Exposure to neodymium-iron-boron magnets
significantly increased the cellular uptake of SPIONs, pre-
dominantly into malignant cells. The prepared SPIONs
displayed adequate physicochemical and biomedical prop-
erties for potential use in magnetofection. Their cellular
uptake was dependent on the cell type, and their accumu-
lation within the cells was dependent on the duration of
exposure to an external magnetic field.

Keywords Superparamagnetic nanoparticles -
Endocytosis - Magnetic field - Malignant cells -
Internalization

Introduction

Recent advances in engineering particles a few nanometers
in diameter have opened new possibilities for targeting
cells within an organism for either diagnostic or therapeutic
purposes. A particle of any kind of material which has one
or more dimensions equal to or smaller than 1,000 nm is
called a “nanoparticle” (Kreuter 1994). Due to their size,
nanoparticles can overcome various physiological barriers
as well as penetrate into and/or through cells (Willard et al.
2004). Nanoparticles consisting of elements such as iron,
nickel and cobalt and exhibiting magnetic properties are
called “magnetic nanoparticles.” Due to their magnetic
properties, magnetic nanoparticles can be manipulated by
an external magnetic field. Magnetic nanoparticles which
are small enough, composed of iron oxide and display
magnetic behavior only in the presence of an external
magnetic field are called “superparamagnetic iron oxide
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nanoparticles” (SPIONs). Magnetic nanoparticles and
SPIONSs are used in different biomedical applications, such
as contrast agents in magnetic resonance (MR) imaging,
tissue repair, immunoassay, detoxification of biological
fluids, anticancer magnetic hyperthermia, cell separation as
well as delivery systems (Gupta and Gupta 2005; Mirkovic
et al. 2010).

SPIONSs as delivery systems for therapeutic approaches
can act as vehicles for many different molecules, i.e., plant
alkaloids, alkylating agents, antimetabolites, radionuclides,
antitumor antibiotics, monoclonal antibodies, cytokines,
vaccines and nucleic acids (Alexiou and Jurgons 2007). The
beginnings of magnetic nanoparticles as delivery systems
for drug delivery in the treatment of cancer date back to the
late 1970 s. However, SPIONSs for cancer gene delivery have
only recently emerged as novel products of an interdisci-
plinary approach, linking expertise of chemistry, biology,
medicine and physics (Scherer et al. 2002; Senyei et al.
1978; Widder et al. 1979). A promising method for gene
delivery by SPIONS is magnetofection, which is defined as
enhanced delivery of nucleic acids that are associated with
SPIONSs into cells under the influence of an external mag-
netic field (Plank et al. 2003; Scherer et al. 2002). Several
reports have demonstrated enhanced transfection of reporter
genes into different cell lines in vitro (Kamau et al. 2006;
Kamau-Chapman et al. 2008; Krétz et al. 2003a, b; Scherer
et al. 2002; Xiang et al. 2003). In addition, magnetofection
contributed to site-specific delivery of antisense oligonu-
cleotides as well as reporter genes attached to SPIONs in
vivo (Krotz et al. 2003a; Scherer et al. 2002). Recently, two
trials consisting of dose-escalation neoadjuvant gene ther-
apy to surgery were performed in feline fibrosarcomas in
which therapeutic genes were applied by magnetofection
(Hiittinger et al. 2008; Jahnke et al. 2007). The use of SPI-
ON s either as a drug or gene delivery system contributes to
the effectiveness of the therapy in many ways. First,
exploiting the magnetic field as the driving force for SPIONs
results in a noninvasive therapeutic approach. A static
magnetic field of moderate magnetic flux densities does not
cause any known side effects, and therefore, patient com-
pliance is high (Leszczynski 2005). Second, in cancer
therapy, targeting of tumors with SPIONs by an external
magnetic field increases the site specificity and, thus,
selectivity of the therapy, which results in reduced side
effects and lower cost of the therapy (Alexiou and Jurgons
2007).

There are several commercially available polymer-
coated SPIONs measuring 100-200 nm in diameter which
have been used in many in vitro and some in vivo studies
for magnetofection (Huth et al. 2004; Jahnke et al. 2007;
Kim et al. 2006; Krotz et al. 2003a; Mykhaylyk et al.
2007a, 2009; Plank et al. 2003; Scherer et al. 2002). As
reviewed by Gupta and Gupta (2005), physical properties
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of magnetic nanoparticles such as size, shape, hydrophilic
nature, surface charge and magnetic behavior are respon-
sible for their biodistribution and biocompatibility.
Chemical properties such as composition of the core and
coating are responsible for biocompatibility as well as for
binding different molecules for therapeutic approaches and
consequently therapeutic efficacy (Gupta and Gupta 2005).
Various studies have reported more efficient membrane
crossing and cellular uptake of smaller particles in com-
parison to larger ones, e.g., 10-20 nm vs. 1,000 nm and
70 nm vs. 200 nm, regardless of their magnetic behavior
(Prabha et al. 2002; Zauner et al. 2001). We developed our
own method for SPION synthesis in order to prepare bio-
compatible SPIONs with a thin hydrophilic surface of
controlled combined size of <100 nm diameter (Drmota
et al. 2008).

The aim of our study was to evaluate the physical and
chemical properties of the custom-synthesized SPIONs for
their potential use in magnetofection. Therefore, we eval-
uated their cytotoxicity, internalization and cellular traf-
ficking pathways in different normal and malignant cells.
The potential increase in cellular internalization of SPIONs
was studied by exposure of different cells to an external
magnetic field generated by different permanent magnets.

Materials and Methods
Chemicals

Iron(Il) sulfate heptahydrate (FeSO, x 7H,0, 98%), iro-
n(IIl) sulfate hydrate (Fe,[SO4]z x H,O, reagent grade),
tetraethyl orthosilicate (TEOS) (C,Hs0),4Si, cyclohexane
(CgHya, ACS, 994+%) and citric acid (C¢HgO7, 99+4%)
were obtained from Alfa Aesar (Ward Hill, MA). Ammo-
nium hydroxide solution (NH4OH), sodium n-dodecyl
sulfate (SDS) (CH;3[CH,];;0SOsNa, 90%), 1-butanol
(CH3[CH,]30H, 99+4%) and 99.8% ethanol (CH;CH,OH,
absolut puriss. p.a.) were purchased from Sigma-Aldrich
(St. Louis, MO). Sodium chloride (NaCl, 0.9%) solution,
i.e., physiological saline solution, was obtained from B.
Braun (Melsungen, DE).

Synthesis of Silica-Coated SPIONs

SPIONs were synthesized by precipitation in a reverse
(water-in-oil [W/O]) microemulsion system water/SDS,
1-butanol/cyclohexane according to our previously descri-
bed procedures with a few modifications (Drmota et al.
2008). Coating with silica was performed by a modified
Stober method (Stober et al. 1968). In brief, two W/O
microemulsions (ME I and ME II) were prepared. The
water phase of ME I contained a 0.4 M aqueous solution of
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Fe?*/Fe with a ratio of 1/1.7, whereas the water phase of
ME 1II contained a 5% ammonium hydroxide solution as
the precipitation agent. The size of the reverse micelles was
thermodynamically determined by the water-to-surfactant
molar ratio (wy = 5.3) and temperature (T = 50°C). The
mixture of ME I and ME II was placed in a thermostatic
bath with magnetic stirring. After 1 h, TEOS was added,
leaving the mixture of ME I and ME II under the same
conditions for another 24 h. The precipitated SPIONs were
then washed with a mixture of ethanol and water and
centrifuged (Eppendorf 5810, Hamburg, DE) at 2,500 rpm
for 3 min, followed by washing with water only and cen-
trifuging at 5,000 and 7,500 rpm for 5 and 15 min,
respectively. Thereafter, SPIONs were dispersed in either
distilled water or 0.9% NaCl solution to obtain a ferrofluid
(magnetic liquid). After adjusting the pH and ionic strength
of the ferrofluid to the physiological range with 0.1 M
citric acid, pH was measured immediately and 1-4 months
later. The ferrofluid remained intact for 1 day in order to
eliminate potential aggregates by separating the liquid
phase from the sediment. Then, SPIONs were sterilized in
an autoclave at 121°C for 15 min (A-21CA; Kambic
Laboratory Equipment, Semic, Slovenia).

Cell Lines

Human melanoma SK-MEL-28 cells (ATCC, Manassas,
VA) and mouse 1.929 fibroblasts (ATCC) were maintained
in advanced minimum essential medium (MEM; Invitro-
gen-GIBCO, Paisley, UK), supplemented with 2% fetal
bovine serum (FBS, Invitrogen-GIBCO), glutamax (10 ml/
1, Invitrogen-GIBCO), penicillin (100 U/ml; Griinenthal,
Aachen, DE) and gentamicin (50 pg/ml; Krka, Novo mesto,
Slovenia). Human mesothelial MeT-5A cells (ATCC) were
maintained in advanced RPMI 1640 (Invitrogen-GIBCO),
supplemented with 4% FBS and the same quantity of
glutamax, penicillin and gentamicin as described above.
Cells were incubated in a humidified atmosphere of 5% CO,
at 37°C (Sanyo Electric Biomedical, Osaka, Japan). Cells
were grown in Petri dishes of 15 cm diameter until they
reached at least 80% confluence. Thereafter, the medium
was removed. Cells were washed with phosphate-buffered
saline (PBS) and detached with 0.25% trypsin/EDTA in
Hank’s buffer (Invitrogen-GIBCO). An equal volume of
medium with FBS for trypsin inactivation was then added,
and cells were collected, centrifuged and counted. All lab-
oratory plastic was obtained from Techno Plastic Products
(Trasadingen, Switzerland).

Study Design

Custom-synthesized SPIONs were tested for their physical
and chemical properties. We evaluated their cytotoxicity,

internalization and cellular trafficking pathways in differ-
ent normal and malignant cells. The potential increase in
cellular uptake of SPIONs was studied by exposure of cells
to an external magnetic field generated by different per-
manent magnets.

Characterization of Physicochemical Properties of SPIONs

Size and shape were evaluated using transmission electron
microscopy (TEM) (2000 FX with EDS AN10000; JEOL,
Tokyo, Japan). Crystalline compounds were determined
using X-ray diffractometry (XRD) (AXS, D5005; Bruker,
Billerica, MA). The mean crystallite size was calculated
according to the broadening of the characteristic peak of
the XRD pattern using the Debye-Scherrer formula (Patt-
erson 1939). Using a magnetometer, mass magnetization
was measured and a hysteresis loop was obtained. The
electrokinetic (zeta/{) potential of ferrofluids in two dif-
ferent aqueous media was measured by a zetameter (Ze-
taPALS; Brookhaven Instruments, New York, NY). The
pH of the ferrofluid containing SPIONs in 0.9% NaCl
solution was measured by a pH meter (S47 K; Mettler
Toledo, Greifensee, Switzerland). The concentration of
iron oxide in SPIONs was determined by thermogravi-
metric analysis (Mettler Toledo, HB43).

Cytotoxicity

To evaluate the cytotoxicity of SPIONs alone, 1.5 x 10*
cells/ml were plated in 90 pl of cell culture medium on
clear-bottomed, 96-well plates and the MTS assay was
performed. Ferrofluid was diluted with the cell culture
medium so that SPIONs were added to the cells in the
following concentrations: 12.5, 25, 50, 100 and 200 pg/ml.
Cell survival was determined 72 h posttreatment with
SPIONs by the MTS assay as described above. The sur-
vival of cells treated with SPIONs is presented as the
percentage of the absorbancy obtained from untreated
control cells.

In addition, the reproductive potential of cells following
treatment with SPIONs was determined by a clonogenic
assay. We plated 50 cells/ml in 4 ml of cell culture medium
on Petri dishes 6 cm in diameter. SPIONs were added to
the cells at the same concentrations as described above.
After 8 days of incubation, colonies were stained, fixed and
counted. The survival of cells treated with SPIONs is
presented as a cell surviving fraction of the ratio between
the plating efficiency of treated cells and the plating effi-
ciency of untreated control cells.

To evaluate the cytotoxicity of neodymium-iron-boron
(Nd-Fe-B) magnets alone, (Supermagnete, Uster, Swit-
zerland), 1.5 x 10* cells/ml were plated in 90 pl of cell
culture medium on clear-bottomed, 96-well plates in every
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second well, followed by two empty columns to avoid the
influence of neighboring magnets on the magnetic flux
density (B) and magnetic gradient (G). Nd—Fe—B magnets
with surface B = 245 mT and G = 40 T/m were placed
below the plates for different lengths of time (0, 15, 30, 45,
60 and 90 min). Cell survival was determined 72 h after
exposure to magnets by adding 20 pl of MTS (3-[4,
5-dimethlythiazol-2-yl1]-5-[3-carboxymethoxyphenyl]-2-[4-
sulfophenyl]-2H-tetrazolium) reagent (Promega, Madison,
WI) to the cells. After 2 h incubation, the absorbance of
formed formazan product was quantified using a spectro-
photometer (Anthos Ht II; Biochrom, Cambridge, UK) at
492 nm. The survival of cells exposed to Nd-Fe-B mag-
nets is presented as a percentage of the absorbancy
obtained from untreated control cells.

To evaluate the cytotoxic effect on MeT-5A, L929 and
SK-MEL-28 cells treated with SPIONs while exposed to
Nd-Fe-B magnets, a clonogenic assay was performed. We
plated 100 MeT-5A, 50 L929 and 50 SK-MEL-28 cells
were plated in 900 pl of cell culture medium on clear-
bottomed, 24-well plates. Ferrofluid was diluted with the
cell culture medium to obtain SPION concentrations of
12.5, 25, 50 and 100 pg/ml, which were added to the cells.
Nd-Fe-B magnets with surface B = 403 mT and G = 38
T/m were then placed below the cells treated with SPIONs
for 0, 15, 30, 45, 60 or 90 min. After 8 days of incubation,
colonies were stained, fixed and counted. The survival of
cells treated with SPIONs while exposed to Nd-Fe-B
magnets for a certain length of time is presented as the cell
surviving fraction of the ratio between the plating effi-
ciency of treated cells and that of untreated control cells.

Cellular Uptake

For qualitative and semiquantitative determination using a
pulse-chase approach (Alberts et al. 2002), 4 x 10° cells/
ml (MeT-5A), 1.5 x 10° cells/ml (L929) or 2.5 x 10° cells/
ml (SK-MEL-28) were plated in 90 ul of cell culture
medium on clear-bottomed, 96-well plates to 70% conflu-
ence. After 2448 h of incubation, 100 pg of SPIONs/ml
were added to each well. The medium of the pulse group
was aspirated 1 h postincubation, whereas the pulse-chase
group was left in cell culture medium without SPIONs for
another 3 h. After medium removal, cells were washed
three times with PBS. Cells were fixed in a mixture of 4%
(w/v) paraformaldehyde and 2.5% (v/v) glutaraldehyde in
0.1 M cacodylate buffer, pH 7.4, for 1 h at 4°C. Postfix-
ation was carried out in 1% osmium tetroxide (OsQ,) in
0.1 M cacodylate buffer for 2 h, followed by dehydration
in graded ethanols and embedding in Epon 812 resin.
Ultrathin sections (60 nm) were cut, counterstained with
uranyl acetate and lead citrate and examined with a TEM
(CM100; Philips, Amsterdam, the Netherlands).
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For quantitative determination of SPIONs in cells, iron
content was measured by inductively coupled plasma
atomic emission spectroscopy (ICP-AES). We plated 2.5 x
10° cells/ml (MeT-5A), 0.5 x 10° cells/ml (L929) or 1.5 x
10° cells/ml (SK-MEL-28) in 900 ul of cell culture medium
on clear-bottomed, 24-well plates to 90% confluence. After
24 h of incubation, 100 pg of SPIONs/ml were added to
each well. Ceramic and Nd-Fe-B magnets with surface
B =60mTandB =403 mTand G = 5.5T/mand G = 38
T/m, respectively, were placed below the plates. After
certain incubation times (0, 15, 30, 45, 60 and 90 min),
magnets were removed, the medium was aspirated and the
wells were washed three times with PBS. Thereafter, cells
were trypsinized, collected in 4.5-ml cryo tubes and stored
at —18°C. Prior to analysis, samples were equilibrated to
room temperature and digested with a mixture of 0.2 ml
65% nitric acid and 0.2 ml 30% hydrogen peroxide by
incubation at 90°C for at least 24 h to obtain clear solutions.
Samples were then diluted with water to 4 ml. The iron
concentration in digested samples was determined by ICP-
AES on a Perkin-Elmer (Norwalk, CT) plasma 40 emission
spectrometer at a wavelength of 259.94 nm.

Statistical Analysis

Each experiment was carried out at least in triplicate. Data
are presented as means =+ standard errors. Differences
between mean values of two groups and more than two
groups were tested for significance by Student’s -test and
one-way analysis of variance (ANOVA), followed by the
Holm-Sidak test, respectively. P < 0.05 was considered
significant. Sigma Plot, version 11, statistical software
(Systat Software, San Jose, CA) was used for statistical
analysis.

Results

Characterization of Physicochemical Properties
of Silica-Coated SPIONs

SPIONs were synthesized by precipitation in a reverse (W/
O) microemulsion and coated with silica using a modified
Stober method. After synthesis, SPIONs were dispersed in
different aqueous media (distilled water and 0.9% NaCl
solution) to obtain a ferrofluid (magnetic liquid). Size,
shape, crystalline compounds and magnetic properties of
SPIONSs, as well as pH and stability of ferrofluids, were
determined by different methods.

Size and shape of SPIONs, as determined by TEM
analysis, demonstrated spherical core shell-type nanopar-
ticles. The particle size was estimated to be 12 nm in
diameter (11.60 £ 1.48 nm), with the iron oxide core being
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Fig. 1 TEM images of SPIONs. a Darker spherical area represents
the core of a single nanoparticle measuring approximately 8 nm in
diameter (arrows), coated with an approximately 2-nm-thick shell of
silica on the surface (double arrow). SPIONs not autoclaved (b)

8 nm and the silica coating 2 nm (Fig. 1). Ferrofluids used
in biomedical applications have to be sterile. Sterilization
of the ferrofluid by autoclaving did not change the size and
shape of the SPIONs (Fig. 1).

Crystalline compounds of synthesized SPIONs were
determined by XRD. SPIONs should be composed of iron
oxide since the agent we used for precipitation from iro-
n(Il) sulfate heptahydrate (FeSO, x 7H,0) and iron(II)
sulfate hydrate (Fe;[SO4]; x xH,O) was ammonium
hydroxide solution (NH,OH). The XRD pattern obtained
confirmed iron oxide, most probably maghemite (y-Fe,O3),
due to the value of mass magnetization and since magnetite
(Fe;0y,) is less stable and more prone to oxidation (Fig. 2)
(Kang et al. 1996; Makovec et al. 2005). Furthermore,
we calculated mean crystallite size according to the

3000

2000

311)

Intensity (a.u.)

1000

lovoa b e b by b bewa |

30 40 50 60
20 ()

Fig. 2 X-ray diffractogram of SPIONs. The pattern shows charac-
teristic peaks of iron oxide maghemite (y-Fe,O3). * Peak possibly due
to an Fe-Si compound

resembled those after autoclaving (¢). Samples for TEM observations
were prepared by placing ultrasonically agitated suspension onto lacy
carbon-coated nickel grids. When drying, SPIONs tend to form
agglomerates due to their high surface energy

broadening of the XRD characteristic peak 311 using the
Debye-Sherrer formula, which was 9.2 nm. This calcula-
tion of the iron core size is in accordance with the obser-
vations based on TEM images.

Magnetic properties of SPIONs were evaluated by a
magnetometer. SPION mass magnetization as a function of
an applied magnetic field at room temperature was 36.27 +
1.45 Am?/kg. The hysteresis loop obtained demonstrated
superparamagnetic behavior of SPIONs due to zero coer-
civity (Fig. 3). The data indicate that magnetic properties
of SPIONs are favorable for their use in biomedical
applications—namely, SPIONs demonstrated magnetic
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Fig. 3 Hysteresis loop of SPIONs obtained by a magnetometer. Mass
magnetization and absence of magnetic behavior when not exposed to
an external magnetic field indicate their suitability for use in
biomedical applications. Data are presented for a representative
sample
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behavior only in the presence of an applied external mag-
netic field.

The pH stability of the ferrofluid over a period of
4 months was measured by a pH meter. The pH of the
ferrofluid (SPIONSs dispersed in 0.9% NaCl solution) after
synthesis was not in the physiological range (8.73 £ 0.23).
Therefore, we adjusted pH with 0.1 M citric acid to 7.06 £
0.17. Adjustments of pH were stable from 1 to 4 months,
with a minor increase in pH to 7.41 £+ 0.28. The mea-
surements demonstrated pH stability of the ferrofluids
without statistically significant changes of pH after 1-
4 months, indicating that ferrofluids can be prepared as a
stock solution for several experiments at a certain time
(Table 1).

The stability of ferrofluids in different aqueous media
and isoelectric points were determined by a zetameter,
measuring the zeta potential. Bare SPIONs without silica
coating in distilled water exhibited an isoelectric point in
the physiological pH range, which resulted in disruption
of the stability of ferrofluid and formation of aggregates.

Table 1 The pH of the ferrofluid (SPIONs dispersed in 0.9% NaCl
solution) at the time of its preparation, after adjustment with 0.1 M
citric acid and after a few months

Sample pH after pH after adjustment  pH after
synthesis with citric acid 1-4 months
1 8.72 6.91 7.12
2 8.50 7.01 7.43
3 8.96 7.24 7.69
Mean £ SD 8.73 £ 0.23 7.06 + 0.17 7.41 £ 0.28
60 O  bare SPIONS in distilled water
@ silica-coated SPIONS in distilled water
0 W silica-coated SPIONSs in 0.9% NaCl solution

C-potential (mV)
<

-20

-60 L

Fig. 4 Zeta potentials of ferrofluids in aqueous media (distilled water
and 0.9% NaCl solution), containing either bare or coated SPIONS.
Bare SPIONs dispersed in distilled water exhibited an isoelectric
point in the physiological pH range. Silica-coated SPIONSs, dispersed
in either distilled water or 0.9% NaCl solution, exhibited a highly
negative zeta potential, with isoelectric points in the acidic pH range

@ Springer

Coating SPIONs with silica shifted the isoelectric point of
the ferrofluid; i.e., SPIONs dispersed in either distilled
water or 0.9% NaCl solution well into the acidic pH
range. In the physiological pH range, the zeta potential of
ferrofluids containing silica-coated SPIONs was approxi-
mately —-40 mV, which suggests that ferrofluids of silica-
coated SPIONs can be used in the physiological pH range
(Fig. 4). Furthermore, this indicates a negative surface
charge of the particles; therefore, this must be taken into
account when they are functionalized with specific
molecules.

Cytotoxicity

In order to use SPIONs in biomedical applications, their
potential cytotoxicity should be evaluated. Two tests were
employed: the MTS test, which measures cell viability, and
a clonogenic assay, which determines the reproductive
potential of cells. Mesothelial cells (MeT-5A), mouse
fibroblasts (L929) and human melanoma cells (SK-MEL-
28) were exposed to different concentrations of SPIONs in
0.9% NaCl solution, ranging 10-200 pg/ml. Cell viability
determined by the MTS assay displayed no cytotoxicity to
all three cell lines exposed to different concentrations of
SPIONs. However, the highest concentration tested
reduced survival below ICs (the concentration that reduces
the survival of cells by 50%) for MeT-5A cells only
(Fig. 5).

The reproductive potential of MeT-5A, L.929 and SK-
MEL-28 cells was determined by a clonogenic assay. No
statistically significant reduction in survival of 1929 and
SK-MEL-28 cells in comparison to untreated control cells
was observed at almost all concentrations of SPIONs.
SPIONs decreased survival of L.929 and SK-MEL-28 cells
when added at the highest concentrations, which was,
however, still above ICs. In contrast, survival of MeT-5A
cells in comparison to untreated control cells was statisti-
cally significantly decreased with exposure to all concen-
trations of SPIONs. However, concentrations >50 pg/ml
reduced survival by >50% (Fig. 5).

In order to determine the potential cytotoxic effect of
Nd-Fe-B magnets, the viability of all three cell lines was
assessed by the MTS assay at different durations of
exposure to an external magnetic field. There was no sta-
tistically significant decrease in survival of all three cell
lines compared to the unexposed control group at all time
intervals (Fig. 6).

To determine the potential cytotoxic effect of SPIONs
and Nd-Fe—-B magnets on MeT-5A, L929 and SK-MEL-28
cells, a clonogenic assay was performed. A statistically
significant decrease in survival of 1.929 and SK-MEL-28
cells was obtained predominantly at the highest concen-
tration of SPIONs (100 pg/ml) irrespective of the length of
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Fig. 5 Cytotoxicity of SPIONs
to mesothelial MeT-5A cells,
mouse 1929 fibroblasts and
human melanoma SK-MEL-28
cells by the MTS assay (a) and
clonogenic assay (b). SPIONSs at
concentrations >50 pg/ml
significantly affected cell
growth, predominantly for
MeT-5A cells (* P < 0.05 vs.
untreated control cells)

Fig. 6 a Cytotoxicity to MeT-
5A, L929 and SK-MEL-28 cells
exposed to Nd—Fe-B magnets at
different time intervals.
Cytotoxicity of SPIONs to
MeT-5A (b), L929 (¢) and SK-
MEL-28 (d) cells with
additional exposure to Nd—Fe—B
magnets for different time
intervals. a When exposed to
Nd-Fe-B magnets only, no
statistically significant decrease
in cell survival for all three cell
lines was observed. b At longer
exposures to Nd—Fe-B magnets
(60 and 90 min), concentrations
of SPIONs >25 pg/ml
statistically significantly
decreased survival of MeT-5A
cells. ¢, d The highest
concentrations of SPIONs (50
and 100 pg/ml) significantly
decreased survival of L929 and
SK-MEL-28 cells independently
of the duration of exposure to an
external magnetic field (P <
0.05 vs. untreated control cells;
for the purpose of clarity, we
omitted asterisks representing
statistically significant
differences)

exposure to an external magnetic field. MeT-5A cells were
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(60 and 90 min), also at a low concentration (25 pg/ml) of

SPIONS (Fig. 6).
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SPIONSs as potential delivery systems should be able to be
internalized into different types of cells, in the greatest
amount and as fast as possible. Qualitative, semiquantita-

tive and quantitative analyses of internalized SPIONs were
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Fig. 7 TEM images of a
mesothelial MeT-5A cell (a), a
mouse 1.929 fibroblast (b) and a
human melanoma SK-MEL-28
cell (¢) after 1-h incubation
(pulse group). a Caveola-like
structure is observed (arrow).

b Endosomes have the
morphology of MVBs (arrows).
¢ Endocytotic—degradative
compartments, involved in
internalization and trafficking of
SPIONSs (arrows)

performed by TEM and ICP-AES, measuring the iron
content.

Qualitative and semiquantitative determination of inter-
nalization and cellular trafficking pathways of SPIONs in
MeT-5A, L929 and SK-MEL-28 cells were evaluated by
TEM using a pulse-chase approach. A particular cell line
was exposed to 100 pg of SPIONs/ml for the 1 h pulse
group, followed by incubation for another 3 h after SPION
removal for the pulse-chase group. Cellular uptake of SPI-
ONs was mediated by endocytosis. In all cell types, coated
invaginations of the plasma membrane were detected, but
they did not seem to contain SPIONs. Instead, caveolae-like
structures were observed (Fig. 7). However, further studies
are needed to determine the mechanism of internalization of
SPIONs. In the pulse group, internalized SPIONs were
observed throughout the endocytotic-degradative pathway,
i.e., in endocytotic vesicles, endosomal compartments and
lysosomes, in all tested cell lines (Fig. 7). Endosomes
appeared as electron lucent multivesicular bodies (MVBs)

Fig. 8 TEM images of a
mesothelial MeT-5A cell (a), a
mouse 1.929 fibroblast (b) and a
human melanoma SK-MEL-28
cell (¢) after prolonged 3-h
incubation subsequent to SPION
removal after 1-h incubation
(pulse-chase group).

a Accumulation of SPIONSs in
MVB (arrowheads) and
lysosome (arrow).

b Accumulation of SPIONs in
endosomes (arrows). ¢ Enlarged
endosomes with high
accumulation of SPIONs
(arrows)

@ Springer

with a varying number of internal vesicles, probably repre-
senting transition from early to late endosomes. In the pulse-
chase group, numerous enlarged endosomes were observed
in all cell lines tested, which accumulated SPIONs in large
amounts (Fig. 8).

Due to their magnetic behavior, SPIONs can be
manipulated by an external magnetic field, which can be
generated by different types of magnets. Therefore, two
magnet types having different magnetic properties were
used for the quantitative determination of SPIONs in dif-
ferent cell lines by ICP-AES. Ceramic and Nd-Fe-B
magnets with surface magnetic flux density of 60 and 403
mT and magnetic gradient of 5.5 and 38 T/m, respectively,
were used for 15-min exposure of MeT-5A, L929 and SK-
MEL-28 cells. Exposure of cells to an external magnetic
field with either of the magnets statistically significantly
increased cellular uptake of SPIONs (Fig. 9). Moreover,
Nd-Fe-B magnets were statistically significantly more
effective for the internalization process of SPIONs to all
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Fig. 9 Iron content in the cells represents the cellular uptake of
SPIONs. A statistically significant increase in cellular uptake of
SPIONs in the presence of either ceramic or Nd-Fe-B magnets
compared to uptake in the absence of an external magnetic field was
observed (* P < 0.05 vs. no magnet)

cell lines in comparison to ceramic magnets. Depending on
the cell type, Nd—-Fe-B magnets were 1.5- to 2.6-fold more
effective in the internalization of SPIONs than ceramic
magnets. Furthermore, there was a difference in internali-
zation between the cell types: the highest amount of
internalized SPIONs was observed in SK-MEL-28 cells,
followed by L929 and MeT-5A.

To determine time-dependent cellular uptake of SPIONS,
MeT-5A, 1929 and SK-MEL-28 cells were exposed to an
external magnetic field, which was generated by Nd-Fe—-B
magnets, at different time intervals, ranging 0-90 min.
When exposed to an external magnetic field, all three cell
lines demonstrated a statistically significant increase in
internalization of SPIONs compared to unexposed cells

50 MeT-5A no magnet

MeT-5A magnet *
1.929 no magnet
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SK-MEL-28 no magnet
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Fig. 10 Iron content in MeT-5A, L929 and SK-MEL-28 cells
represents the cellular uptake of added 100 pg/ml of SPIONs. A
statistically significant increase in cellular uptake of SPIONs in the
presence of Nd-Fe—-B magnets was observed in all cell lines tested
(* P < 0.05 vs. no magnet)

(Fig. 10). However, for the time interval 0 min (SPIONs
present for <30 s), the difference in cellular uptake of
SPIONs between exposed and unexposed cells was not
statistically significant. As already demonstrated (Fig. 9), a
statistically significant difference in internalization between
all three cell types was observed, except for the time
interval O min. The highest amount of internalized SPIONs
was observed in SK-MEL-28 cells, followed by 1929 and
MeT-5A.

Discussion

Our results demonstrate that custom-synthesized SPIONs
displayed adequate physicochemical and biomedical prop-
erties for their potential use in magnetofection of cells and
tissues in vivo. SPIONs were demonstrated to be spherical
maghemite nanoparticles with a diameter of 8-9 nm, coated
with a 2-nm-thick layer of silica. Their magnetic properties
were in agreement with their size and the type of coating
and were expressed only in the presence of an external
magnetic field. SPIONs dispersed in a 0.9% NaCl solution
resulted in a stable ferrofluid with physiological pH, which
was noncytotoxic in a broad range of concentrations.
Endocytosis-mediated internalization of SPIONs was more
efficient in malignant than normal cells and was dependent
on the duration of magnetic field exposure.

The type of initial chemicals, as well as the type of
synthesis process, determines the majority of physical
properties of SPIONs. We chose unique biocompatible
chemicals for the synthesis of SPIONs by precipitation in a
reverse (W/O) microemulsion. Using this method, the
particle size is indirectly controlled by the thermodynam-
ically determined size of the water droplets, i.e., reverse
micelles, where the particles precipitate (Pileni 1993).
Reverse micelles are distributed apart from each other
within the oily phase with the help of different types of
cationic, anionic or non-ionic surfactants (Capek 2004;
Makovec et al. 2005; Vidal-Vidal et al. 2006). We syn-
thesized SPIONs which were 12 nm in diameter by pre-
cipitation from iron(Il) and iron(Ill) sulfates in a W/O
microemulsion using SDS as the surfactant. Therefore, we
developed a unique and efficient method for synthesis of
SPIONs which are smaller than commercially available
ones, e.g., PolyMag and CombiMag.

A relatively large surface area in comparison to the
volume makes SPIONs more susceptible to reaction with
other molecules rather than the bulk material, which can
lead to toxicity (Thassu et al. 2007). Hence, in addition to
using biocompatible initial chemicals, coating of SPIONs
with an appropriate material is crucial to prevent toxic
effects (McBain et al. 2008). Moreover, the hydrophilic
surface is of great importance in avoiding the clearance of

@ Springer



176

S. Prijic et al.: SPION Uptake in Malignant Cells

SPIONs by mononuclear phagocytic cells of the reticulo-
endothelial system from the bloodstream (Storm et al.
1995), as well as increasing cellular uptake (Gupta and
Gupta 2005; Petri-Fink et al. 2005; Wilhelm et al. 2003). In
our study, SPIONs were coated with TEOS using a mod-
ified Stober method, which resulted in a 2-nm-thick layer
of a nontoxic, indigestible and hydrophilic silica surface
(Brunner et al. 2006; Ulman 1996). Other studies have also
reported on similar thickness of the silica coating using the
same coating method (Makovec et al. 2009; Maver et al.
2009).

The type and thickness of the coating, as well as the size
of SPIONS, determine their magnetic properties (Lu et al.
2007). A thinner coating and larger size of particles con-
tribute to higher magnetization and vice versa (Gupta and
Gupta 2005). Mass magnetization of our silica-coated
SPIONs was 36.27 + 1.45 Am?/kg, which was approxi-
mately 50% higher than magnetization of the glucosaminic
acid-modified magnetic nanoparticles of the same size (Yu
et al. 2008). However, our results correlated with the
magnetization of silica-coated SPIONs of the same size
produced by others (Makovec et al. 2009; Maver et al.
2009). The superparamagnetic behavior of SPIONs was
inferred due to zero coercivity. This correlated with the
determined size of SPIONs by TEM and XRD since, as
reviewed by Gupta and Gupta (2005), only particles of the
order below 15 nm display superparamagnetic behavior.

The indirect toxicity of SPIONs depends on the type of
aqueous medium in which the material is dispersed, as well
as on the pH value of the obtained dispersion (Sincai et al.
2002). After synthesis, we dispersed SPIONs into an iso-
tonic medium, 0.9% NaCl solution, to obtain a ferrofluid
(magnetic liquid) appropriate for use in biomedical appli-
cations. We adjusted pH using citric acid, and the resulting
dispersion was stable from 1 to 4 months without a sta-
tistically significant increase in pH. In the other studies, pH
adjustments were performed just by dispersing SPIONs
into different isotonic solutions (Dormer et al. 2005; Wil-
helm et al. 2003). However, no reports on the long-term
stability of pH of ferrofluids for use in biomedical appli-
cations exist.

The surface charge of nanoparticles influences their
stability as well as the cellular internalization and traf-
ficking pathways (Harush-Frenkel et al. 2008; Hunter
2001). In the case of ferrofluids, direct measurement of the
surface charge of SPIONs is impossible due to their small
size. Instead, the zeta potential measurement yields infor-
mation for calculation of the surface charge (Hunter 2001).
In our study, the zeta potential of the ferrofluid (silica-
coated SPIONs in 0.9% NaCl) at physiological pH was
approximately —40 mV, which indicates good stability
without formation of aggregates. The negative sign indi-
cates the anionic nature of SPIONs, which was reported to
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contribute to 3-fold more efficient cellular uptake than that
observed with cationic SPIONs and was comparable to Tat
peptide-modified nanoparticles (Josephson et al. 1999;
Wilhelm et al. 2003).

Ferrofluids used in biomedical applications have to be
sterile. Since various sterilization methods, i.e., filtration,
y-irradiation and chemical sterilization, resulted in changes
of physicochemical properties of nanoparticles or toxic
chemical residues (Miiller 1991; Sommerfeld et al. 1998),
autoclaving was chosen as the sterilization method. As is
evident from the TEM images, sterilization of SPIONs by
autoclaving did not result in any changes of their size and
shape. Similarly, Bahadur et al. (2005) autoclaved ferrofl-
uids; however, no observations on the consequences of
sterilization on alterations of the amount and properties of
SPIONs were reported.

SPIONs were first used as contrast agents for MR
imaging 35 years ago (Webb 1988) and have been to date
the only magnetic nanoparticles approved for clinical use.
However, toxicity of SPIONs predominantly depends on
their surface properties (Brunner et al. 2006). We observed
no cytotoxicity of silica-coated SPIONs to human mela-
noma SK-MEL-28 cells and mouse 1929 fibroblasts when
added in different concentrations measured by the MTS
and clonogenic assays. However, the highest concentration
tested (200 pg/ml) reduced the survival of MeT-5A cells
below ICso by the MTS assay. Moreover, as determined by
a clonogenic assay, concentrations of SPIONs >50 pg/ml
reduced survival of MeT-5A cells by >50%. These results
suggest that MeT-5A cells are more sensitive to SPIONs
than mouse L1929 cells and malignant SK-MEL-28 cells.
The same was demonstrated when the cells were exposed
to the combination of SPIONs and an external magnetic
field. Similarly, Brunner et al. (2006) observed cell type—
specific cytotoxicity of uncoated SPIONs—namely, slower
proliferating rodent fibroblasts (3T3) exhibited higher
survival than fast-growing human mesothelioma cells
(MSTO).

Cellular uptake of nanoparticles is mediated by endocy-
tosis, beginning with invagination of the plasma membrane
at either clathrin-coated pits or caveolae (Harush-Frenkel
et al. 2008; Huth et al. 2004; Kim et al. 2006; Ma and Gu
2007; Petri-Fink et al. 2005). We observed that uptake of
SPIONSs into different cells was mediated by endocytosis.
Moreover, invagination of the plasma membrane of MeT-
5A, L929 and SK-MEL-28 cells was initiated at the caveo-
lae-like structures, which was also observed by others (Huth
et al. 2004). When the cells with added SPIONs were left in
the cell culture medium for 4 h, enlarged endosomes with a
high accumulation of SPIONs were observed, which indi-
cates saturated accumulation of SPIONs. Aggregation of
SPIONSs observed prior to their internalization (Fig. 7) most
probably occurred due to the composition of cell culture
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media and the amount of FBS added. MeT-5A cells were
maintained in RPMI medium, which reportedly disrupted
the colloidal stability of ferrofluids containing SPIONs, thus
forming aggregates (Petri-Fink et al. 2008).

The kinetics of cellular uptake and potential saturated
accumulation of SPIONs is cell type— as well as time-
dependent (Ma and Gu 2007; Wilhelm et al. 2003; Yu et al.
2008). According to our results, the highest iron content,
representing internalized SPIONs, was measured in malig-
nant SK-MEL-28 cells, followed by mouse L929 and MeT-
5A cells. These results correlated with the results of the
study by Ma and Gu (2007), where malignant human lung
cells internalized up to severalfold more SPIONs than
normal lung cells. Also, other studies confirmed that
malignant cells are more prone to internalization of mag-
netic nanoparticles than normal cells (Harutyunyan et al.
1999; Jordan et al. 1996; Ma and Gu 2007; Wilhelm et al.
2003; Yu et al. 2008). The reason is that malignant cells
possess higher endocytotic potential than normal cells due
to the enhanced requirement for nutrients by virtue of their
high metabolic activity and proliferation rate (Sincai et al.
2000). After a certain incubation time of cells with SPION:Ss,
saturated accumulation with plateau formation is reached
(Wilhelm et al. 2003). In our study, a significant increase in
their cellular uptake was detected in malignant SK-MEL-28
cells already within 90 min of incubation with SPIONS,
whereas in MeT-5A cells 8.8-fold less iron was detected.
Further incubation would lead to saturated accumulation,
with malignant SK-MEL-28 cells reaching the plateau
formation before normal MeT-5A cells. Similarly, several
studies have demonstrated that malignant cells (ECA109,
HEC-1B, HeLa) reached saturated accumulation before
normal cells did (macrophages RAW?264.7, fibroblasts 3T3)
(Wilhelm et al. 2003; Yu et al. 2008).

Saturated accumulation is reached earlier when cells are
exposed to an external magnetic field as the magnetic force
increases the sedimentation of SPIONs onto the cellular
surface (Luo and Saltzman 2000). According to our results,
2.7-fold more iron per cell (26.18 & 2.38 pg) was observed
in normal MeT-5A cells after 90-min exposure to Nd-Fe—-B
magnets in comparison to unexposed cells. On the other
hand, malignant SK-MEL-28 cells, exposed to Nd—Fe-B
magnets for 90 min, internalized 204.12 £+ 26.15 pg of
iron, which is 2.4-fold more than unexposed cells. This
result is in accordance with the maximum iron contents
observed in different malignant cells after addition of
100 pg/ml of SPIONs below 30 nm but after a much longer
incubation time (Ma and Gu 2007; Yu et al. 2008). How-
ever, no reports dealing with quantitative evaluation of
SPION internalization with a size of 100-200 nm have
been published. Our data suggest that malignant SK-MEL-
28 cells might have reached a plateau after 90 min of
exposure to Nd-Fe-B magnets, which indicates that the

presence of an external magnetic field increases cellular
uptake of SPIONS.

Therefore, with supplementary functionalization by
specific molecules containing positive functional groups,
our custom-synthesized SPIONs can -electrostatically
interact with or covalently bind DNA. For example, dif-
ferent amines and imines containing nitrogen functional
groups have already proven to efficiently link magnetic
nanoparticles with nucleic acids, and it was demonstrated
that these functionalized SPIONs can be effectively inter-
nalized into the cells (McBain et al. 2007; Mykhaylyk et al.
2007b; Taira et al. 2009).

In conclusion, our results demonstrate adequate physi-
cochemical properties of biocompatible custom-synthe-
sized SPIONs that show increased cellular uptake into
malignant cells in the presence of an external magnetic
field.
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