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ABSTRACT

Background: Iron oxide nanoparticles hold great promise for future biomedical applications. To this end numer-
ous studies on iron oxide nanoparticles have been conducted. One aspect these studies reveal is that nanoparticle
size and shape can trigger different cellular responses through endocytic pathways, cell viability and early
apoptosis. However, systematic studies investigating the size dependence of iron oxide nanoparticles with highly
defined diameters across multiple cells lines are not available yet.
Methods: Iron oxide nanoparticles with well-defined size distributions were prepared. All samples were thoroughly
characterized and the cytotoxicity for four standard cell lines (HeLa Kyoto, human osteosarcoma (U20S), mouse
fibroblasts (NIH 3T3) and mouse macrophages (J7442)) where investigated.
Results: Our findings show that small differences in size distribution (ca. 10 nm) of iron oxide nanoparticles do not
influence cytotoxicity, while uptake is size dependent. Cytotoxicity is dose-dependent. Broad distributions of
nanoparticles are more easily internalized as compared to the narrow distributions for two of the cell lines tested
(HeLa Kyoto and mouse macrophages (J7442)).
Conclusion: The data indicate that it is not feasible to probe changes in cytotoxicity within a small size range
(10 nm). However, TEM investigations of the nanoparticles indicate that cellular uptake is size dependent.
General significance: The present work compares narrow and broad distributions for various samples of carbon-
coated iron oxide nanoparticles. The data highlights that cells differentiate between nanoparticle sizes as indicated
by differences in cellular uptake. This information provides valuable knowledge to better understand the interac-
tion of nanoparticles and cells.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

interest in iron oxide NPs lies in their potential as elements for contrast
enhancement in magnetic resonance imaging, tissue repair, immunoas-

Magnetic nanoparticles are of great interest for use in a wide range
of disciplines and are expected to play an evermore important role in
biotechnology and biomedicine. Novel methods in treatment and diag-
nostics are being developed using nanoparticles (NPs) with the promise
of overcoming many of the limitations of current procedures. Nonethe-
less, dextran coated iron oxide nano-particles are the only form of NPs
thus far approved by the US Food and Drug Administration (FDA). The
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say, detoxification of biological fluids, cell separation, drug delivery and
hyperthermia [1-7].

The scientific curiosity with regard to nanoparticles stems from their
size dependent-properties that mainly originate from the dominance of
their large surface area. Moreover, the morphology of NPs can be an in-
trinsic functionalization in itself [8]. However, the impact of the size and
shape of NPs on their toxicological effects is only beginning to be inves-
tigated and its understanding is crucial for designing their physical and
chemical properties more accurately and according to the requirements.
Stoehr et al. [9] found that spherical silver nano- and microparticles ex-
hibit little impact on alveolar epithelial cells whereas wire-shaped silver
particles induced a strong cytotoxicity, loss in cell viability, and early
calcium influx. Another recent study with silica NPs showed that


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbagen.2013.08.025&domain=f
http://dx.doi.org/10.1016/j.bbagen.2013.08.025
mailto:mhr1@skku.edu
http://dx.doi.org/10.1016/j.bbagen.2013.08.025
http://www.sciencedirect.com/science/journal/03044165

R.G. Mendes et al. / Biochimica et Biophysica Acta 1840 (2014) 160-169 161

variations in their shape and size can trigger different cellular responses
and even influence the cell migration on surfaces [10]. Various other
studies hint that NP size and shape can trigger different cellular re-
sponses in endocytic pathways, cell viability and early apoptosis
[11-14]. Theoretical and experimental studies with iron oxide NPs
with large diameter distributions suggest that particles of different di-
ameters could be internalized differently by cells which could lead to
different biological responses. However, the mechanisms involved are
still unclear [15]. Ying and Hwang investigated the cytotoxicity of iron
oxide NPs with different sizes and coatings on A3 human T lymphocytes
using commercial NPs for which no information on their diameter dis-
tributions was available [16]. Another study compared various metal
oxide particles including iron oxide, again using only a single cell line.
The diameter distributions of the investigated NPs were very large
[17]. Ideally studies with very narrow diameter distributions, so called
monodisperse samples, are thought to be preferable so as to avoid any
size dependency that may or may not exist within the observed diame-
ter distribution.

To our knowledge no systematic study on size dependency of cyto-
toxicity using iron oxide NPs with highly defined diameter distributions
across multiple cell lines exists so far. Even though iron oxide NPs are
regarded as stable [18], there is the risk that NPs in general can react
when in direct contact with an external biological environment. This
can lead to their degradation resulting in toxic byproducts [19]. A prom-
ising means to overcome this problem is to use coatings that can also
provide these particles with new and enhanced properties [20]. Some
examples include polymers [21,22], surfactants [23] and proteins [24].
A recent study suggests that it is not only the type of molecule used in
the bioconjugation that is important, but also how it is distributed on
the surface [25]. Even differences in the surface charge of NPs can be rec-
ognized by cells [26]. Carbon coatings are attractive because they do not
only offer high chemical and thermal stability, but also provide a plat-
form that can be easily functionalized [27-30]. In the case of magnetic
NPs (e.g. iron oxide), carbon coatings can also help to reduce magnetic
interparticle interactions and thereby hinder agglomeration [31].
Indeed carbon-based nanostructures are potentially attractive for a va-
riety of applications in biomedicine ranging from drug delivery to
biosensing [32-36].

There are an increasing number of publications relating the cytotoxic-
ity levels of nanoparticles to their morphology with special emphasis on
size, shape, and surface defects. However this correlation between mor-
phology and cytotoxicity has been mostly investigated for nanoparticles
pursuing extreme differences such as comparing 10 nm particles with
100 nm ones or using samples that do not have a homogeneous nature
(e.g. different shapes and sizes intermixed within a sample). Here we
deliberately focus on a small range of diameters and narrow specific di-
ameter distributions of purely spherical iron oxide nanoparticles. To our
knowledge there is still a need to determine if cells are able to discrim-
inate between small diameter variations in the order of 10 nm, namely
when differences in the size of NPs start to be significant and measurable
when brought together with cells. In this work we aim to investigate a
small range of diameters of iron oxide NPs. For this we use a colloidal
chemistry route involving the decomposition of iron oleate to synthesize
spherical iron oxide NPs [37]. Moreover, the technique inherently leaves
a thin carbon rich coating on the surface of the as-produced NPs. The
implemented synthesis route is attractive because, apart from yielding

Table 1

NPs with highly defined diameter distributions, it is also possible to tai-
lor the mean diameters of the NPs by varying the reaction conditions.
We also show that one can tailor the width of the diameter distribution
by altering the purity of the precursors. This allowed us to produce three
very narrow size distributions (9.7, 14.8 and 16.8 nm) and full width
at half maximum (FWHM) corresponding to 1.4 nm, 1.4 nm, 2.5 nm,
respectively. In addition, a fourth sample with a broad diameter distribu-
tion (20.3 nm) and FWHM of 5.5 nm spanning the diameters of the ini-
tial three samples was prepared. The results are presented in Table 1.
These samples enable us to investigate two important questions. Firstly,
are the cytotoxicity and cellular uptake influenced by small diameter
changes and secondly, are the cytotoxicity and uptake sensitive to
broad diameter distributions as compared to narrow diameter distribu-
tions? This latter question is important when considering the synthesis
of high performance NPs on an industrial scale where a broad diameter
distribution usually implies reduced production costs.

The as-produced samples were carefully characterized and their bio-
compatibility was evaluated. In order to determine the material toxicity
and the possible size dependence, four cell lines were incubated with
the NPs and the cell viability was measured using the MTT and trypan
blue assays. The standard cell lines used in the viability assays were
HeLa Kyoto, human osteosarcoma (U20S), mouse fibroblasts (NIH
3T3) and mouse macrophages (]7442).

2. Experimental
2.1. Iron oxide NP synthesis

The iron oxide NPs were synthesized based on the work of L. M.
Bronstein [38], which is now briefly explained. A typical procedure to
synthesize iron oxide NPs with highly defined sizes is based on the
iron oleate complex serving as a precursor. This complex is formed in
the reaction between iron chloride (II) and sodium oleate dissolved in
a mixture of ethanol, hexane and distilled water. When heated for 4 h
on a hot plate, the metal chloride and the sodium oleate react to form
a metal-oleate complex (iron oleate) and sodium chloride (NaCl). The
resulting mixture containing the iron oleate is then washed with dis-
tilled water to remove the salt byproduct and the oleate is isolated
using a separation funnel. The purified and waxy complex is then ther-
mally decomposed by boiling in a high temperature solvent. Following a
modified procedure of the original synthesis route [38], the iron oleate
complex passes through a two-step process, which allows the formation
of NPs with different diameters. As a first step the iron oleate complex is
thermally treated in vacuum for 24 h at 30 and subsequently 70 °C. This
heating treatment removes crystal hydrate water and at 70 °C dissoci-
ates the metal carboxylate bonds [38]. The second step is the thermal
decomposition of the iron oleate complex in different solvents. The
use of various solvents to decompose the iron oleate complex is impor-
tant because each solvent has a different boiling temperature at which
the decomposition occurs and plays a role in the final monodispersed
size of the NPs. In other words the different temperatures influence
the nucleation and growth processes of the NPs. The different thermally
treated iron-oleate complexes were firstly dissolved in a mixture of
oleic acid and different solvents (octadecane, octadecene, eicosane
and docosane) and heated up for different periods of time and temper-
ature in a reflux system. The solution, which then contains the iron

Main parameters used to synthesized different size iron oxide nano-particles and comparison between LVTEM mean diameter evaluations and diameter estimates using the Scherrer equation.

Sample Anneal in vac. [°C] Solvent Reflux temp. [°C] Reflux time [min] TEM diameter [nm] Scherrer size [nm] Full width at half
maximum [nm]

a 30 Octadecane 318 30 9.7 (£14) 12.3 (£45) 14

b 70 Docosane 365 3 14.8 (£0.8) 14.3 (£48) 14

c 70 Eicosane 335 30 168 (£14) 16.7 (£5.3) 25

d - Octadecene 300 30 203 (+2.6) 183 (£9.2) 55




162 R.G. Mendes et al. / Biochimica et Biophysica Acta 1840 (2014) 160-169

oxide crystals, is afterwards cooled down to room temperature. Ethanol
and acetone were used to precipitate the crystals, which were collected
using a strong magnet. Moreover all samples were intensely rinsed with
organic solvents (chloroform and hexane) and again collected using a
strong magnet. This process was used to remove possible remnants
from the oleic acid, avoiding in this way an unwanted coating oleic
acid on the NPs. Table 1 provides a summary of the as-synthesized
NPs and the decomposing solvent used. It is important to mention
that the iron oleate complex used in the synthesis of the sample con-
taining the NPs with an average diameter of 20.3 nm was not annealed
in vacuum and used precursor chemicals with different impurity con-
tents, which led to the formation of a broad size distribution.

The commercial chemicals FeCl;.6H,0 (98%), docosane (99%),
eicosane (99%), octadecane (99%) and octadecene (99%) were pur-
chased from Alfa Aesar. Hexane, ethanol, chloroform, acetone and oleic
acid were purchased from Merck Chemicals. The sample containing
the iron oxide nanoparticles with the broad size distribution (Sample
D) was synthesized using the sodium oleate purchased from Sigma
Aldrich with a purity of 82%, whereas the other samples with narrow
distributions were synthesized with a sodium oleate purchased from
J. T. Baker with a higher purity (90-100%).

The as-produced material was analyzed using a transmission elec-
tron microscope (TEM model JEOL 2010F), X-ray diffraction apparatus
(Rigaku Miniflex), a Raman spectrometer (Thermo Scientific DXR) and
a Fourier transform infrared spectrometer (Bruker).

2.2. Biological studies

2.2.1. Cell culture

Hela cells (Kyoto line) were cultured in DMEM + GlutaMAX™
(gibco) supplemented with 1% NEAA (gibco); human osteosarco-
ma U20S cells (GFP-53BP1) in standard DMEM (Sigma-Aldrich)
supplemented with 1 mM pyruvate and 0.5 mg/mL genectin (gibco)
and NIH 3T3 mouse fibroblast as well as macrophage J7442 cells were
grown in DMEM F12HAM supplemented with 2 mM L-glutamine
(Sigma-Aldrich). Additionally all the media contained 10% FBS (Sigma-
Aldrich), 100 U/mL penicillin and 100 pg/mL streptomycin (gibco). To
create a cell suspension the cells were washed once with PBS (gibco)
and detached using a cell scraper for the macrophages (Greiner Bio-
One) or for the other cell lines, 0.25% Trypsin-EDTA solution (Sigma).

2.2.2. MTT viability assay

For cell viability studies, a commercial TOX-1 in vitro toxicology
assay kit (Sigma-Aldrich) was used. The assay measures the viability
of living cells via the cleavage of MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) to purple formazan crystals by the
cells' mitochondrial dehydrogenases. Four different cell lines were
grown in standard 96 well flat-bottom plates as testing systems and
40 x 10° cells per well were tested. The NPs were suspended in DI
water at a stock concentration of 0.5 mg/mL. To assure a uniform
dispersion of the particles the suspensions were vortexed (stirred) on
a Vortex Genie 2 T for 2 min prior to usage. After incubating the cells
at 37 °C and 5% CO, in the presence of increasing concentrations of
NPs (controls with only DI water, 1 pg/mL, 10 pg/mL and 100 pg/mL)
for either 12 or 48 h, 10 L of the MTT solution (5 mg/mL in PBS) was
added to the 0.1 mL culture medium per well and the 96 well plates
were returned to the incubator for another 4 h. After carefully removing
80 pL of the supernatant the produced formazan crystals were then
dissolved in 0.1 mL of the prewarmed MTT Solubilization Solution
(10% Triton X-100, 0.1 N HCl in anhydrous isopropanol) by gently shak-
ing the plates in an ELISA microplate reader (15 min, 14 Hz, 37 °C,
SAFAS MP96). The absorbance of the formazan dye was measured in
the SAFASMP96 reader at 550 nm/650 nm within an hour and after
having subtracted the background from the sample, the percentage
cell viability was calculated. Each of the conducted experiments was
repeated three times.

2.2.3. Dye exclusion test (trypan blue)

The cell lines were grown in standard 6 well flat-bottom plates and
incubated for 12 or 48 h with the respective nanoparticle suspension
at a concentration of 10 pg/mL. Afterwards the cells were detached
and resuspended in 1 mL cell culture medium per well. 20 pL of each
cell suspension was carefully mixed with 0.4% trypan blue solution
(Sigma) and added to the chambers of a standard hemocytometer
(improved Neubauer) to count the number of viable and dead cells.
The results are presented as means of two measurements each and
their deviation.

2.24. Live cell imaging

Cells were cultured in 6 well plates. Images were acquired with an
Axio Observer Z1 inverse microscope equipped with a 37 °C heated
stage and CO, chamber. The software Axio Vision Rel. 4.8 (Carl Zeiss,
Inc.) was used for the image acquisition.

2.3. TEM studies

The cells were grown in a 10 ¢cm petri dish as described above and
incubated with the NPs in a concentration of 10 pg/mL for a period of
12 h and 48 h respectively. After collecting the cells from the culture
dish and centrifugation at 1000 rpm for 5 min, the supernatant was
removed. The cell pellets were fixed in a 2.5% glutaraldehyde solution
in PBS for 4 h. They were then rinsed with PBS, embedded in a 4% aga-
rose gel, stained in a 2% osmium tetroxide solution for 24 h and then
rinsed with distilled water. The samples were then additionally stained
with 1% uranyl acetate for 1.5 h, dehydrated in a graded series of ace-
tone (25, 50, 75, 96 and 100%), and then embedded in an epoxy resin.
The resin was polymerized first for 3 h at 50 °C and then the tempera-
ture was increased to 60 °C for 48 h. Ultrathin sections (50-70 nm)
were obtained with an ultramicrotome and imaged using a transmis-
sion electron microscope (TEM) model JEOL 2010F retrofitted with
two third order Cs aberration correctors from CEOS operating at 80 kV
and a FEI TECNAI T20 operating at 200 kV.

2.4. Sample characterization

The morphological characterization (shape, diameter and coating)
of the samples was conducted using a TEM. The samples were dispersed
in a non-polar solvent and a 5 pL droplet at a concentration of approxi-
mately 1 mg/mL was placed and dried on a carbon film coated TEM grid.
The crystalline structure of the samples was analyzed using an X-ray
diffractometer (XRD) (model Rigaku Miniflex). The XRD pattern was
used to estimate the average crystal size and the results were compared
with the TEM observations. The presence of sp?>-carbon was studied
using Raman spectroscopy (model Thermo Scientific DXR, laser N =
532 nm). To examine the different NP samples they were pressed and
fixed on Si/SiO, wafers prior to the measurement. The as-produced
samples were dried and small amounts of the powder were weighted
before both the magnetization over external field (MxB) and tempera-
ture (MxT) were conducted in a VSM-SQUID from Quantum Design.
The heating experiments were performed in purpose built equipment
with an operating frequency of 120 Hz. The samples were dispersed
in an aqueous solution using a tip sonicator with a concentration of
5 mg/mL and measured over 4 min.

3. Results
3.1. Sample characterization

The morphology of the as-synthesized iron oxide NPs was studied
using low voltage transmission electron microscopy (LVTEM) at 80 kV.
In Fig. 1 ordered arrays of iron oxide NPs formed on carbon membrane
TEM grids are shown. The images, as well as in-depth statistical analysis
of the particles, reveals that the NPs presented in Fig. 1 panels A, B and C
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have highly narrow diameter distributions and all consist of spherical
particles, whereas the NPs in Fig. 1 panel D have a variation in size and
shape. The broader distribution varies from 10 to 26 nm and envelopes
the sum of the 3 narrow diameter distribution samples. Both spherical
and cubic NPs can be observed in the samples shown in panel D of
Fig. 1. A statistical analysis was conducted for at least 100 particles with
each particle's diameter measured at four positions and then averaged.
High resolution LVTEM investigations show that the iron oxide NPs
are single crystals and have a graphitic coating. Panels A and B of Fig. 2
show two typical examples of crystalline iron oxide NPs. The surface
of the NPs has a layered structure (see arrows) hinting at a graphitic
coating. Typically the coating thickness is 0.5-1.0 nm, which corre-
sponds to 1-3 graphitic layers. To investigate the coating in more detail
we employed Raman spectroscopy. This technique is sensitive to sp?
carbon materials, in particular to the presence of the so called G mode
(ca. 1600 cm™ '), which appears due to bond stretching of all sp? carbon
pairs in both rings and chains, and the D mode (ca. 1350 cm™!), which
is due to the fact that breathing modes of sp? atoms in rings can provide
signatures for the presence of graphitic material [39]. Fig. 2C shows a
typical Raman spectrum in which both the G and D modes are present.
The modes are broad and the D mode, which is activated by defects, is
rather large. These factors indicate a rather defective graphitic material.

The carbon coating probably consists of defective turbostratic graphene-
like layers. Despite the fact that the exact mechanisms involved in the
formation of these thin graphene-like layers are not investigated in
more detail, they are likely formed during the decomposition process
due to the high temperatures used. The energy dispersive X-ray spectro-
scopic (EDS) studies show only the presence of carbon (C), oxygen (O)
and iron (Fe) indicating that the as-produced iron oxide NPs coated
with carbon are pure. Additionally Fourier transform infra-red (FTIR)
studies were conducted to better investigate the NP surface coating. A
typical example is shown in Fig. 2D. The absorbance spectrum of oleic
acid (precursor material) is provided for comparison. The FTIR data
show a variety of functional groups, namely, a C— O bond with a peak
at 805 cm~ !, a bending mode peak of C—C can be seen at 1050 cm ™,
a (=0 bond with a peak close to 1700 cm~ ' and C-H and O-H
bonds are present at higher wavenumber values above 2500 cm™'.
The strong peak appearing at 550 cm™ ! is assigned to ferrite. The pres-
ence of these groups contributes to the dispersion of the NPs in aqueous
solution after ultrasonication. However it cannot be excluded that traces

of oleic acid may also be present. The existence of oleic acid has been ob-
served in other samples produced from this synthesis route, however,
this molecule is not toxic and can itself form a platform for further
functionalization [40].

80
70
Bso
£ 50
g-ao
30
En
310
; T 0 B ™ % %
Diameter [nm]
70 .
EBSO- 148nm
T 501
§ «]
‘5 304
£x
3 101
0 — A
0 5 10 15 20 25 30
Diameter [nm)
o]  168nm)
-§ ]
.E30. ]
= S
|5 20 4
£,
=4
0 — e —
0 5 10 15 20 25 30
Diameter [nm)]
50
B 07
£
g
B i,
4

04
0 3 6 912151821 24 27 0
Diameter [nm]

Fig. 1. TEM images showing the four as-produced samples. Panels A, B and C show the NPs that have narrow diameter distributions while panel D has a broad diameter distribution that

envelopes the sum of A, B and C.



164

R.G. Mendes et al. / Biochimica et Biophysica Acta 1840 (2014) 160-169

Absorbance [Arb. units]

T T T T T
Ferrite
¥/ -
c-0 = C-H
[ .& — <
c-C = O-H
— &' —i ]

Nanoparticles]

Oleic acidT

800 1000 1200 1400 1600 1800 2000 2200
Raman shift [cm™1]

500

1000 1500 2000 2500 3000 3500
Wavenumber cm-1

Fig. 2. TEM images with arrows highlighting the graphitic coating are shown in (A) and (B). In (C) the Raman spectra show the presence of D and G modes confirming the presence of sp?

carbon. In (D) the infrared spectroscopy indicates the presence of functional groups.

The crystalline structure of the samples was studied using X-ray dif-
fraction (XRD). Typical XRD patterns are provided in Fig. 3A. From the
XRD data the average crystal size can be estimated according to the
Scherrer equation [41]

KA\

thl = B Cos(e) ) (1)
where K is a shape constant factor (for spherical NPs K = 0.9), \ is the
X-ray wavelength (1.546 A), 3 is the full width at half maximum
(FWHM) expressed in units of 26 (radians) and 0 is the Bragg angle (in
radians). The average crystal diameter (Dy,y) for each sample was calcu-
lated and is shown in Table 1. The values are in good agreement with the
average particle size determined in the LVTEM investigations.

Analysis of the lattice spacing values does not provide sufficient infor-
mation to differentiate between the magnetite (Fe3O4) and maghemite
(y-Fe;03) phases since their signature peak positions are very similar.
The use of Mossbauer spectroscopy can differentiate between the NP
phases. It is however important to mention that the NPs used are

carbon-coated so that in terms of surface interaction with the environ-
ment the phase of the nanoparticle is of minor relevance. Nonetheless
the NP phase was indirectly probed using a simple method described
by Sun and Zeng [42] to differentiate between the magnetite and
maghemite phases.

The technique relies upon the fact than when annealing in air magne-
tite converts to the hematite (a-Fe;03) phase whereas the maghemite
phase does not change. Since the XRD pattern of hematite is very distinct
from the other iron oxide phases the annealing process helps to identify
the presence of magnetite. The result of the annealing process is shown
in Fig. 3B. The XRD reflexes clearly show that the diffraction patterns of
samples with diameters of 9.7 and 14.8 nm have new peaks characteris-
tic of the hematite phase at the crystalline coordinates (104), (113),
(024), (116), and (300), while the XRD reflexes of the samples with
16.8 and 20.3 nm remain unaltered. The data suggests that these two
samples with smaller mean diameters are mostly composed of magne-
tite, while the two samples with larger mean diameters comprise
the maghemite phase. This finding follows an opposing trend to that
found by Park et al. [37], who observed an increase in magnetite content

) oy Cl

= —97nm 3

:E g —148nm

g : — 168 nm T

< g ——203nm

P E T=300K ; ~— |

g' A g /| J

Er )8 e 4 1 E = _
-1000 0 1000

30 35 40 45 S0 55 60 65 70 000 -10000 0 10000 20000
Position 20 [°] Position 20 [] H[Oe]

Fig. 3. XRD reflexes before and after annealing in air are shown in (A) and (B). In (C) the magnetization curves (at T = 300 K) are presented.


image of Fig.�2
image of Fig.�3

R.G. Mendes et al. / Biochimica et Biophysica Acta 1840 (2014) 160-169 165

with increasing particle size. We attribute this difference to slight varia-
tions in some of our synthesis parameters such as the synthesis atmo-
sphere and temperature (e.g. we did not use a rotary heating system).
We also conducted magnetization studies (see panel C of Fig. 3). The
hysteresis curves confirm that the NPs pursue a ferromagnetic nature,
while the exact stoichiometry of the samples could not be calculated
from the magnetization curves since the difference in the magnetization
saturation (Ms) suggests either a mix of phases and/or presence of non-
magnetic material, for example diamagnetic organic material concomi-
tant with a carbon coating. In order to further study the magnetic prop-
erties field-cooled and zero field-cooled curves (MxT) were measured.
Samples with 14.8, 16.8 and 20.3 nm show ferromagnetic behavior
with a blocking temperature above room temperature. The sample con-
taining the smallest diameter (9.7 nm) shows a blocking temperature
below room temperature (Tgz = 39 K) indicating superparamagnetic
behavior (see Fig. S1 in the supporting information).

3.2. Cytotoxicity evaluation

The size dependent cytotoxicity of the carbon-coated iron oxide
NPs was investigated. Four different cell lines (HeLa Kyoto, human oste-
osarcoma U20S, fibroblasts (NIH 3T3) and macrophages (]7442)) were
incubated with the NPs dispersed in water at three distinct concentra-
tions (1, 10 and 100 pg/mL) for a period of 12 and 48 h. In order to
quantify the toxicity of the different NPs two different approaches
were used. First, the number of viable cells was measured with a color-
imetric assay that is based on the reduction of yellow MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) to purple
formazan crystals by mitochondrial dehydrogenase enzymes. The cleav-
age of MTT occurs only in living cells so that the amount of the produced
formazan crystals is proportional to the number of living cells. In addi-
tion, to exclude the possible influence of the NPs on the test results,
cell-free tests were simultaneously conducted. No influence of the NPs
alone was detected (data not shown).

The MTT assay does not provide any information as to whether the
NPs themselves cause cell death or whether they simply reduce the
cellular metabolic activity. Hence we implement a second approach,
the dye exclusion method with trypan blue. The cell viability assay is
based on the exclusion of the blue dye from healthy cells. In dead cells
the membrane is no longer functional (ruptured) and the dye is able
to cross the membrane, staining the cell interior. Using a visible light mi-
croscope, the dead cells are observed to be dark blue instead of bright.

3.2.1. Incubation for 12 h with cells

The MTT assay was first performed for an incubation period of 12 h.
The data from the MTT assay of this short-exposure are provided in
Fig. S2 in the supplementary information. The results suggest that it is
not possible to relate the decrease in viability between the cell lines test-
ed to the size of the NPs. The trypan blue test conducted for the short-
exposure time (12 h) also demonstrates no change in viability as can
be seen in Fig. S3 in the supplementary information. As with the MTT
assay, no size dependence was observed in the trypan blue assay.

3.2.2. Incubation for 48 h with cells

In order to observe any time-dependent influence of toxicity, the
MTT assay was measured for a long exposure time (48 h). This data
shows slightly different values of cytotoxicity as compared to the
short-exposure time. The MTT viability results for each cell line are pro-
vided in Fig. 4(A-D). For the four investigated cell lines the nanoparticle
solutions with a concentration of 1 pug/mL did not show a toxic effect.
For a NP concentration of 10 pg/mL there is a slight decrease in viability,
which is more pronounced for the macrophage cell line (in Fig. 4D).
With a NP concentration of 100 pg/mL all cell lines show an obvious de-
crease in viability. Both the human HelLa (Fig. 4A) and osteosarcoma
(Fig. 4B) cell lines show a higher resistance to the NPs as compared to
the mouse cell lines. This difference is most evident when comparing

the NP solutions of 100 pg/mL. Despite the decrease in viability when
compared to the short-exposure incubation periods, the data show no
apparent size dependence or diameter distribution dependence on toxic-
ity within the explored diameter range. The results suggest that the tox-
icity of the NPs is primarily defined by the nanoparticle concentration.

The dye exclusion test (trypan blue) was also conducted for the
smallest and biggest NP diameters (9.7 and 20.3 nm). In Fig. 4E a typical
light micrograph of the cells treated with the dye is shown. The arrows
indicate blue and therefore dead cells. The results for all cell lines and a
NP concentration of 10 pg/mL are shown in Fig. 4F. The HelLa, osteosar-
coma (U20S) and fibroblast (NIH 3 T3) cell lines do not exhibit a prom-
inent change in viability, while the macrophages (J7442) do show a
slight decrease in viability.

This decrease is however less than that observed in the MTT assay.
This indicates that the cells incubated with the carbon-coated iron
oxide NPs tend to undergo a reduction in mitochondrial activity (indicat-
ed by MTT assay) rather than die (as indicated by the trypan blue assay).

3.3. Cluster formation

In practice, some NPs will agglomerate due to magnetic interactions,
and to a lesser degree through van der Waals interactions. Indeed visible
light microscopy studies of the NPs confirm the presence of clusters in
the NP solution. To investigate if there is a dependence of the cluster
size on toxicity the MTT and trypan blue tests for the smallest and larg-
est diameter samples (samples a and d) were repeated. For the new set
of experiments, two cell lines were explored (HeLa Kyoto and macro-
phages) and the NP samples were sonicated in order to obtain a better
dispersion of the NPs in the aqueous solution. The HeLa Kyoto cell line
was chosen as a standard human cell line whose toxic response did
not significantly differ from the osteosarcoma one and as a mouse cell
line, the macrophages were chosen because they showed the highest
sensitivity. Before incubating the NPs with these cells, the solutions
were sonicated for 50 h to dissociate formed clusters. From visible
light microscopy investigations the mean cluster size for the NPs with
9.7 nm was reduced by 70% and for the sample with NPs with
20.3 nm a 45% reduction was observed. It is also important to note
that the same experiments with the sonicated samples were also
conducted and in this case there was neither an increase nor a decrease
in viability (see in Figs. S2 and S3 in the supplementary information).
The data for the MTT and trypan blue studies are provided in Fig. 5.
The MTT assay shows an increase in mitochondrial activity as compared
to the non-sonicated samples initially investigated. This effect was more
prominent for the macrophages. The increase in viability for the sonicat-
ed samples was more evident for the highest concentration of NPs used
(100 pg/mL). These observations are in accordance with the trypan blue
assay (see Fig. 5D). This difference is most probably assigned to the fact
that the big clusters precipitate and accumulate on top of the cells,
forming a rather large amount of material that eventually influences
the cell proliferation. The samples with improved dispersion will have
a larger number of small clusters and individual NPs that either do not
precipitate or can be internalized and processed by cellular organelles.
This leads to a relative increase in cellular activity as we observe. Trans-
mission electron microscopy studies, discussed below, confirm that the
cells do uptake individual NPs and small clusters as opposed to large
clusters. This indicates that the carbon-coated iron oxide NPs are toler-
ated by cells even for large concentrations when the NPs are well dis-
persed or with small clusters.

3.4. Uptake studies

The uptake of the carbon-coated iron oxide NPs was investigated
using visible light microscopy and TEM. The visible light microscopy
studies were conducted for all four cell lines for the NP concentration
of 10 yg/mL. Two representative snapshot images are provided in
Fig. 6, panels A and B. The full videos showing a greater detail of the
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Fig. 4. Percentage viability of different cell lines in dependence on the nanoparticle diameter for three different nanoparticle concentrations using the MTT assay (green: 1 pg/mL, orange:
10 pg/mL, white: 100 pg/mL) for A) HeLa Kyoto, B) human osteosarcoma U20S (GFP-53BP1), C) NIH 3T3 fibroblasts and D) Macrophages J7442. Error bars represent the standard
deviation; *: p < 0.05 and **: p < 0.001. In panel E an example of a light micrograph image of the trypan blue viability assay is shown (the arrow indicates a dead cell) and in panel F
the comparison of the percentage cell viability for the different cell lines for two nanoparticle diameters (green: untreated cells, orange: 10 nm Nanoparticle and white: 20 nm Nanoparticle

48 h incubation) is provided. The nanoparticle concentration in each case is 10 pg/mL.

cells in the presence of the NPs were recorded and provided in the sup-
plementary information. The live observation of the cells incubated
with NPs shows that they are able to carry large clusters that seem to
be attached to their membrane. The cells however appear to continue
their regular proliferation cycle (see videos and frames in the supple-
mentary information). In addition, the macrophages tend to accumulate
around the clusters, possibly in an attempt to conduct phagocytosis — a
process in the natural immune response to remove pathogens and
cell debris. To determine if the observed clusters were internalized,
micrographs of different focal planes within the cells were taken and
analyzed. The z-stacking of the images is shown in Fig. 6A and B. Unfor-
tunately, although the NPs/clusters were obviously in contact with the
cellular material, their internalization could not be fully resolved by
this technique and thus the study was inconclusive. Hence, studies
with TEM were conducted. The TEM analysis of the treated HelLa
cells (Fig. 6C) and macrophages (Fig. 5D) shows that both cell lines in-
ternalize rather large amounts of NPs. In Fig. 6E a higher magnification
image of the internalized NPs is distinguishable. Both small clusters

(<100 nm) and individual NPs can be seen inside the endosome.
No large clusters were ever observed within cells. Finally in Fig. 6F a
high resolution image of an individual carbon-coated iron oxide NP is
presented. The lattice structure of the particle is easily observable.
Moreover, the TEM investigations of the uptake suggest that cells can in-
deed discriminate between the sizes of two of the samples investigated:
the data strongly suggests that the 9.7 nm NPs, for both the HeLa cells
and macrophages, are hardly internalized after the 12 h incubation,
whereas the 20.3 nm NPs are seen to be internalized in large numbers
by both cells. In order to improve our understanding in the NP internal-
ization, further experiments to test the uptake were conducted for the
24 h incubation and a similar trend is observed in that significantly
fewer particles of the 9.7 nm NPs were internalized as compared to
the larger ones. However, after 48 h this difference is less distinct. It is
important to point out that the characterization data shows that all
samples are identical in all respects except diameter, this data strongly
suggests that cells are indeed able to discriminate between small size
differences of NPs. The reason for the difference is still not clear and
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Fig. 5. Panels A and B show the MTT assay conducted with the HeLa and macrophages for the sonicated nano-particles with the smallest (9.7 nm) and biggest size (20.3 nm) diameter. The
experiment was performed for different concentrations (green: 1 pg/mL, orange: 10 pg/mL and white: 100 pg/mL). This assay with the sonicated nano-particles shows an increase in cell
viability in comparison to our initial tests. Panel D shows an example of the cells treated with the trypan blue — the arrows indicate dead cells. Panel D shows the results for the two cell

lines treated with the nano-particles.

needs to be further investigated in future studies. Representative TEM
images of the uptake studies are provided in Figs. S5 and S6 in the sup-
plementary information.

4. Discussion

When comparing our results with work from others it becomes ap-
parent that there seem to be differences between not only our samples
but also between those from different research groups as a whole. For
example, according to the obtained results the mouse fibroblasts show
no or low cytotoxicity effects when incubated with the NPs at a concen-
tration between 1 and 10 pg/mL, whereas relatively high toxic effects
are observed for concentrations of 100 pg/mL. Other studies using
mouse fibroblast cells show no toxicity even at 500 pg/mL [43-45]. An-
other study evaluating the toxicity of superparamagnetic iron oxide
nanoparticles (SPIONs) on a human lung epithelial cell line showed
low toxicity for these particles in concentrations raging from 20 to
80 pg/mL. Others found high toxicity levels at the same concentration
on human fibroblast [46,47]. This indicates that the cytotoxicity of iron
oxide NPs is dependent on multiple parameters. The presented study
here in which a set of three narrow diameter distribution samples and
a broader diameter distribution sample were investigated show little
difference between all four NP samples. This indicates, that to some
extent broad diameter distributions (as used in studies by others) are
unlikely the reason behind the discrepancies. Our data show that the
presence of clusters can affect cytotoxicity evaluations. Opposite to the
cytotoxicity tests, the uptake studies indicate a strong difference in in-
ternalization for diameters between the 9.7 and 20.3 nm mean diame-
ter samples. Moreover, TEM investigations indicate that cells uptake
both individual particles and smaller clusters. In our four cell line
study, some differences between cell lines were observed, and this high-
lights that toxicity variations can exist between different cell lines.

Studies by Ying and Hwang [16] found that while the nanoparticle
size (10 and 50 nm) shows little effect on toxicity, the surface coating
can significantly alter cytotoxicity results. In short, determining the
cytotoxicity effects of iron oxide NPs is complex.

5. Conclusions

Carbon-coated iron oxide NPs with three well-defined diameter
distributions and a fourth sample with a broad diameter distribution
spanning the range of the first three samples were synthesized and
thoroughly characterized. Cytotoxicity evaluations of these samples
showed no apparent difference between them; however, cluster forma-
tion was able to alter cytotoxicity results, albeit to a limited degree. In
other words, it is not possible to observe changes in cell viability within
a small NP diameter range (10 nm), suggesting that samples containing
NPs with a broader diameter distribution are suitable for conducting cy-
totoxicity evaluations, since the narrow distribution results presented
similar values of viability. Surprisingly, clear differences in particle
uptake were observed with respect to the particles mean diameter
sizes. The preferential uptake of NPs in cells depending on particle size
is very important because it suggests that the morphology of NPs can
already be used to trigger biological responses (in this case cellular
uptake). This knowledge might prove promising in tailored responses
of cells for biomedical applications.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.08.025.
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