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Abstract In this study, we present in vitro cytotoxicity of
iron oxide (Fe30,4) and manganese oxide (MnO) using live/
dead cell assay, lactate dehydrogenase assay, and reactive
oxygen species detection with variation of the concentration
of nanoparticles (5-500 pg/ml), incubation time (18-96 h),
and different human cell lines (lung adenocarcinoma, breast
cancer cells, and glioblastoma cells). The surface of nano-
particles is modified with polyethyleneglycol-derivatized
phospholipid to enhance the biocompatibility, water-solu-
bility, and stability under an aqueous media. While the
cytotoxic effect was negligible for 18 h incubation even at
highest concentration of 500 pg/ml, MnO nanoparticle
represented higher level of toxicity than those of Fe;0, and
the commercial medical contrast reagent, Feridex after 2 and
4 day incubation time. However, the cytotoxicity of Fe;Oy4 is
equivalent or better than Feridex based on the live/dead cell
viability assay. The engineered MnO and Fe;O, exhibited
excellent stability compared with Feridex for a prolonged
incubation time.
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Introduction

Nanoscale structures and materials have been explored in
many biological applications because of their novel optical
and electronic properties that differ from their bulk
counterparts. Besides, high volume/surface ratio, surface
tailor-ability, and multifunctionality allow nanoparticles as
an ideal probe for molecular and cellular imaging. As the
nanotechnology has expanded its application to biomedi-
cine and biomedical areas, nanotoxicology is emerged to
elucidate the relationship of the physical and chemical
properties (size, shape, surface chemistry, composition,
and aggregation) of nanostructures with induction of toxic
biological responses [1]. In the field of biomedicine,
nanoparticles are used as efficient diagnostic and thera-
peutic tools to detect and treat human diseases, but the
small size of the nanoparticles typically less than 100 nm
has generated greater concerns in terms of risks to human
health and the environments [2—4]. For clinic adaptation
and commercialization of such nanoparticles, screening of
cytotoxicity effect should be performed, since toxicity is a
critical factor to consider when evaluating their potential.
Although the in vivo use of nanoparticles requires thor-
ough understanding of the kinetics and toxicology of the
particles and in vitro experiments must have in vivo val-
idation in order to be useful, the in vitro cytotoxicity
studies are being increasingly performed since they are
simpler, faster, and less expensive than their in vivo
counterparts [5-8]. For nanoparticles to move into the
clinical arena, it is important that nanotoxicology research
understands how the multiple factors such as nanoparticle
size and composition, surface coating, different cell lines,
incubation time, and colorimetric assays influence the
toxicity of nanoparticles so that their undesirable proper-
ties can be avoided.
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A representative example of nanoparticle application for
biomedicine is magnetic nanoparticles for contrast-
enhancement agents for MRI to provide excellent ana-
tomical images. In our previous study, novel metal oxide
nanoparticles such as iron oxide (Fe;O4) and manganese
oxide (MnO) were shown to overcome the drawbacks of
currently used MRI contrast agents and specifically target
and image breast cancer cells in a mouse brain [9]. A key
requirement for the successful use of these nanoparticles in
biomedical applications is their good dispersity, colloidal
stability in biological media, internalization efficiency, and
low toxicity. Recently, various methods for synthesizing
high-quality metal oxide nanoparticles with improved
monodispersity and crystallinity have been reported
[10-12]. However, such nanoparticles are water-immisci-
ble and not sufficiently stable for biomedical applications.
Therefore, the development of a method for modifying the
surface of these nanoparticles in order to endow them with
better water-dispersibility, stability, and biocompatibility is
essential for extensive biomedical use [13-15]. Quite
recently, several surface modification methods of rendering
magnetic ferrite nanoparticles water-dispersible have been
reported. Most of these studies focused on passivating the
nanoparticles with silica or polymer shells [16—18]. As the
metal oxide surface is so stable and unreactive that limited
strategies to make nanoparticles water-soluble are possible.
In this study, we used the polyethyleneglycol (PEG)-
derivatized phospholipid ligands with biocompatible PEGs
as tail groups and surface coordinating phospholipids as
head groups for the purpose of displacing the hydrophobic
ligands on the surface of the metal oxide nanoparticles,
thereby stabilizing them in an aqueous media [9, 19].
Another advantage of this sophisticated approach is not
dependent on the core materials of nanoparticles, enabling
any type of inorganic nanoparticles to be modified by
PEG-phospholipid. With these PEG—phospholipid encap-
sulated Fe;O,4 (12 nm diameter) and MnO (14 nm diame-
ter) nanoparticles, we performed the in vitro cytotoxicity
screening using live/dead cell assay, lactate dehydrogenase
(LDH) assay, and reactive oxygen species (ROS) detection
kit to infer the cytotoxic mechanism for cell damage that
nanoparticles caused. Epithelial cells of lung adenocarci-
noma (A549), breast cancer cells (MCF7), and glioblas-
toma cells (T98G) were selected as in vitro models to
assess nanocellular toxicity, as MRI contrast agents have
potential impact on those cell lines in vivo. The effect of
concentration of nanoparticles and incubation time on the
cytotoxicity was evaluated compared with that of a com-
mercial medical contrast reagent, Feridex. Even though in
vitro experiments must have in vivo validation in order to
be meaningful, simple in vitro toxicity models and assays
may provide the general sense of toxicity in a relatively
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short time and assist subsequent toxicity risk assessment of
nanoparticles.

Materials and methods

Synthesis of water-dispersed Fe;04 and MnO
nanoparticles

Water-dispersible and biocompatible Fe;O, and MnO
nanoparticles were prepared by the method described pre-
viously with some modifications [9, 12, 19]. Uniform-sized
Fe;0, and MnO nanoparticles dispersed in nonpolar
organic solvent were synthesized by the thermal decom-
position of Fe—oleate and Mn—oleate complexes, respec-
tively [12].

The resulting Fe;0,4 and MnO nanoparticles dispersed in
chloroform were then encapsulated by PEG—phospholipids
shell to endow them with biocompatibility. Typically, 2 ml
of the organic dispersible oxide nanoparticles in CHCl;
(5 mg/ml) was mixed with 1 ml of CHCl; containing 10 mg
of 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (mPEG-2000 PE,
Avanti Polar Lipids, Inc.). After evaporating solvent, it was
incubated at 70°C in vacuum for 1 h. The addition of 5 ml
water resulted in a clear and dark-brown suspension. After
filtration, excess mPEG-2000 PE was removed by ultra-
centrifugation. Resulting nanoparticles were well dispersed
in phosphate buffered saline (PBS, pH 7.2).

Cell culture and treatment with nanoparticles

The human cancer cell lines were derived from the epi-
thelial cells of lung adenocarcinoma (A549, ATCC CCL-
185), breast cancer cells (MCF7, ATCC HTB-22), and
glioblastoma cells (T98G, ATTCC CRL-1690). Growth
properties of all cell lines used in this study are as
adherent cells and used between subculture passages 5 and
15. The cell lines were maintained in Dulbecco’s-Modified
Eagle’s Medium (DMEM, Invitrogen, Eugene, OR, USA)
containing 10% fetal bovine serum (FBS, Invitrogen,
Eugene, OR, USA) and 1% mixture of 10* units/ml pen-
icillin and 10 mg/ml streptomycin (Invitrogen, Eugene,
OR, USA). Subsequently, cells were grown and main-
tained in T-75 cell culture flask at 37°C in a 5% CO,
humidified incubator (HERAce11® 150, Thermo electron
corporation, Asheville, USA) with 80-90% confluence
before cell detaching and subculture. After the process of
washing with phosphate buffered saline (PBS, Invitrogen,
Eugen, OR, USA), cells were incubated in 3 ml of 0.2%
trypsin—ethylenediaminetetraacetic acid (trypsin—EDTA,
Invitrogen, Eugene, OR, USA) for 3—-5 min at 3°C in CO,
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incubator. Cell suspensions were centrifuged for 3 min at
1,300 rpm. The pellet was re-suspended with fresh DMEM
and the seed density was adjusted using a disposable
hemocytometer (SKC Co. Ltd., Seoul, Korea) based cell
counting with the aid of an inverted microscope (Nikon
SMZ 1500 microscope, Tokyo, Japan). Cells were cultured
in 8- or 96-well plates for confluent exposures with Fe;0,
and MnO nanoparticles. The cells were treated with var-
ious concentrations of nanoparticles according to the time
schedule, which are designated in the following sections of
each cytotoxicological study.

Cell viability tests using a laser scanning confocal
microscope

Cell viability was measured by live/dead cell assay (Live/
Dead® Viability/Cytotoxicity Kit, Invitrogen, Eugene, OR,
USA). Cells (A549 and MCF7) were seeded on 96-well
tissue culture plates with 1 x 10* cells in 100 pl media per
well. After 24 h stabilization of the cells, they were treated
with 5, 50, and, 500 pg/ml concentrations of nanoparticles
(Fes04, MnO, and Feridex) for 18 h. At the end of the
exposure, the cells were washed with PBS followed by the
addition of 2 uM calcein acetoxymethyl (Calcein AM) and
4 uM ethidium homodimer-1 (EthD-1). After a brief incu-
bation of 30 min at 37°C, the cells were visualized using a
laser scanning confocal microscope (LSM 510—Mets
NLU, Carl Zeiss, Oberkochen, Germany) with excitation
and emission of green (ex/em 494/530 nm for Calcein AM)
and red (ex/em 528/645 nm for EthD-1) fluorescence.

Cell viability tests using a microplate
spectrofluorometer

Cytotoxicity of the cells (A549, MCF7, and T98G) was
measured by live/dead cell assay. Cell lines were seeded on
96-well tissue culture plates with 1 x 10°=5 x 10? cells in
100 pl media per well. Cells incubated for 24 h after
seeding were pretreated initially with 500 pg/ml of nano-
particles such as Fe;O4, MnO, and commercial contrast
reagent Feridex (Feridex I.V. ®, TAEJOON pharmaceutical
Co. Ltd., Seoul, Korea) for 2 and 4 days. Treated cell
samples were washed with PBS and then incubated with
2 pM calcein AM and 4 pM EthD-1 for 30 min. At the end
of the incubation, culture plates were read under a micro-
plate spectrofluorometer (Spectra Max M2, Molecular
Devices, CA, USA) with excitation and emission of green
(ex/em 494/530 nm for Calcein AM) and red (ex/em 528/
645 nm for EthD-1) fluorescence. Each experiment was
repeated in quadruplicate, and mean and standard deviation
were calculated.

Lactate dehydrogenase (LDH) leakage assay

The leakage of lactate dehydrogenase (LDH) in A549,
MCF7, and T98G cells were determined using a LDH assay
(DHL™ Cell Cytotoxicity Assay Kit, Anaspec, San Jose,
CA, USA). Initially, cells were seeded on 96-well tissue
culture plates with 1 x 10°-5 x 10° cells in 100 pl media
per well. After 24 h stabilization of the cells, they were
treated with 500 pg/ml concentrations of nanoparticles
(Fe5;04, MnO, and Feridex) for 2 and 4 days. At the end of
exposure, cells were washed with PBS and incubated with
15 pl/well of lysis solution for 2 min. Subsequently, it was
followed by the addition of 30 ul LDH assay solution
supported by the assay kit and incubated for 10 min at
25°C. At the end of the incubation, cells were read under a
microplate spectrofluorometer with an excitation 545 nm
and an emission of 590 nm.

Reactive oxygen species (ROS) detection

The generation of reactive oxygen species (ROS) was
recorded in A549 cells treated with MnO nanoparticles
using ROS kit (Image iT™ LIVE Green Reactive Oxygen
Species Detection Kit, Invitrogen, Eugene, OR, USA). Cell
lines incubated for 24 h after seeding were pretreated with
5, 50, and 500 pg/ml concentrations of MnO nanoparticles
for 1, 2, and 4 days. Later, cells were washed with PBS
and then incubated with 20 M 5-(and-6)-carboxy-2/,
7'-dichlorodihydrofluorescein diacetate (carboxy-H,DCFDA)
for 30 min at 37°C. At the end of the incubation, cells were
washed again with PBS and visualized using a laser
scanning confocal microscope with an excitation 495 nm
and an emission of 529 nm.

Results and discussion
Characterization of synthesized nanoparticles

Water-dispersible iron oxide (Fe;0,) and manganese oxide
(MnO) nanoparticles were prepared by the reported method
with some modifications (Fig. 1) [9, 12, 19]. This method
is using the hydrophobic interaction between the surfac-
tants stabilizing nanoparticles and phospholipids like
liposome preparation. At first, uniform-sized oxide nano-
particles were synthesized by the thermal decomposition of
metal-oleate complex [12]. As resulting nanoparticles were
stabilized by hydrophobic tails of surfactants (oleic acid
and oleylamine), they were dispersed in nonpolar organic
solvent such as chloroform. They were then encapsulated
by PEG—phospholipids shell to endow them with biocom-
patibility [19]. Figure 2 shows the transmission electron
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Fig. 1 Schematic illustration for water-dispersible oxide nanoparticle
synthesis. Monodisperse nanoparticles coated by hydrophobic tails of
surfactants are produced in thermal decomposition process and then
encapsulated by PEG—phospholipids shell

microscopic (TEM) images of monodisperse Fe;O4 (12 nm
dia.) and MnO (14 nm dia.) nanoparticles in inorganic core
size without organic surfactants or PEGs. After modifica-
tion with lipid—PEGs, hydrodynamic diameters of coated
nanoparticles were measured, which are larger than the
sizes in TEM image due to swelling of PEG-shell in water.
This result demonstrates realistic size of encapsulated
nanoparticles, and well dispersity without any aggregation
in an aqueous solution that are indispensible requirements
for cytotoxicity evaluation to obtain consistent and repro-
ducible data.

Viability survey using live/dead cell assay

Live/dead cell assay kit provides a two-color fluorescence in
cell viability test that is based on the simultaneous determi-
nation of live and dead cells with two probes that measure
recognized parameters of cell viability; intracellular esterase
activity, and plasma membrane integrity. Live cells are
distinguished by presence of ubiquitous intracellular ester-
ase activity, determined by the enzymatic conversion of the
virtually nonfluorescent cell-permeant calcein AM to the
intensely green fluorescent calcein [20-22]. On the other
hand, EthD-1 enters cells through damaged membranes and
undergoes a 40-fold enhancement of fluorescence upon
binding to nucleic acids, thereby producing a bright red
fluorescence in dead cells [20-22].

As a first step, A549 and MCF7 cells were incubated
with different concentrations of Fe;O, and MnO nanopar-
ticles for 18 h to determine the screening concentration
range in our conditions. In some references, the uncoated
Fe;0,4 had an effect on the viability of PC12 neuronal cells
more than 0.15 mM concentration, inhibiting the normal
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formation of cell morphology [23]. Other reports presented
various concentrations of Fe;O, showing the cytotoxicity
such as 0.05 and 0.25 mg/ml [24-26], depending on the
sizes of nanoparticles and assay methods. Meanwhile,
Fe;04 with biocompatible surface modification revealed
cytotoxicity with much higher concentration. For example,
10 mg/ml concentration of Fe;O, coated with a Feru-
moxtran-10 exhibited low cytotoxicity when treated with
human monocyte—macrophages [27]. When the surface
modification consisted of poly(maleic anhydride-alz-1-
octadecene), it did not have any cytotoxicity less than
100 mM concentration [28]. Similarly as the coated Fe;O4
nanoparticles, ICs( (half maximal inhibitory concentration:
a measure of the effectiveness of a compound in inhibiting
biological or biochemical function) value of MnO coated
with PEG was 4.73 mM [9], while naked MnO had the
cytototoxic effect more than 0.1 mg/ml [24], or 25 pM
[29]. Although the direct comparison of in vitro data of
published reports is difficult due to the inconsistent cell
lines, culturing conditions, and exposure times, it was
helpful to decide a reasonable concentration range of PEG—
phospholipid modified nanoparticle as 5-500 pg/ml for
concentration-dependent cytotoxic screening.

Figure 3 shows live (green)/dead (red) stain of (a)
Fe;0,, (b) MnO, and (c¢) Feridex induced A549 and MCF7
cell lines for 18 h incubation with 5, 50, and 500 pg/ml of
concentration. To interpret the toxicity phenomena in a
meaningful way, we used a medical contrast reagent, Fe-
ridex, as a control to evaluate the relative cytotoxic effect
of Fe30,4 and MnO nanoparticles on human cells. In all the
cell images of Fig. 3, green fluorescence emission signal
was dominant, showing that the cytotoxic effect of Fe;0,
and MnO was not observed, the same as Feridex repre-
sented, and those engineered nanoparticles, thus, are stable
enough to maintain the cells alive under the tested condi-
tions. In the case of MCF7 cells treated with 5 and 50 pg/ml
concentration, some of them exhibited orange fluorescence,
but this merged fluorescence detection may be derived
from interference of green and red fluorescence signal
caused by adhesion of EthD-1 to cell membrane because
there was no signal of EthD-1 in the nucleus with x400
enlarged images. These results demonstrated no significant
cytotoxicity caused by Fe;0, and MnO treatment for 18 h
incubation at 5-500 pg/ml concentration. Please note that
500 pg/ml is considered as extremely high concentration
for cytotoxicity test, and the results prove the excellent
stability and biocompatibility of PEG-phospholipid
encapsulated Fe;04 and MnO. Encouraged by the previous
data, we prolonged the incubation time to 2 and 4 days
with the highest concentration of 500 pg/ml to test cyto-
toxicity expression under harsh conditions.

Figure 4 shows the relative live percent of cells after 2
and 4 day incubation with 500 pg/ml concentration of
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Fig. 2 Transmission electron
microscopic (TEM) images and
hydrodynamic diameter
diagrams. a Fez0y4
nanoparticles; b MnO
nanoparticles. Scale

bar = 100 nm
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MnO, Fe3;0,4, and Feridex. The cytotoxicity of control
experiments in which an incubation step with nanoparticles
was omitted was calculated as 100% according to the
below equation, and relative live percent of cells of other
nanoparticles compared with that of control was recorded:

F(530),,., — F(530)
F(530), . — F(530)

sam

min . 100%

min

% Live Cells =
max
where F(530),,y, is the fluorescence intensity of the sam-
ples at 530 nm where cells are stained with calcein AM and
EthD-1; F(530),.x the fluorescence intensity of the control
at 530 nm where all cells are alive stained with calcein
AM; F(530),i, the fluorescence intensity of the control at
530 nm where all cells are dead stained with EthD-1.

In Fig. 4a, cytotoxicity of MnO nanoparticles affected
cell viability most significantly upon A549 and MCF7 cells,
while Feridex showed the highest live percent of cells. In
case of T98G cells, the cell viability treated with Fe;0,4 was
higher than that of Feridex. However, after 4 days incuba-
tion (Fig. 4b), the absolute viability value is improved and
the difference of relative live percent of cells of three
nanoparticles becomes minimized. During the prolonged
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incubation time from 2 to 4 day, the number of live cells was
multiplied due to the cell division of which the period is
approximately 24-48 h. In addition, the concentration of
nanoparticles gradually decreases by the cellular uptake of
nanoparticles into the cytoplasm through the endocytosis
process. Thus, the newly born-cells by cell division are
exposed to relatively low concentration of nanoparticles,
and increase the F(530),, factor in a numerator, resulting in
the cell viability was close to the control value after 4 day
incubation. Similarly, when treated with poly(ethylenegly-
col) monomethacrylate (PEGMA)-coated magnetic nano-
particles (MnFe,O, and Fe,O5 core/polystyrene shell), the
viability of macrophages also increased as the incubation
time increased from 3 to 5 days [30]. Whereas the pattern of
A549 cell viability after 4 day incubation was similar to that
of 2 day, the viability of MnO- and Fe;Oy-treated cells
showed 45 and 19% increase compared with the control and
that of Feridex-treated cells showed 12% decrease. In the set
of MCF7 cells, the viability of MnO, Fe;0,, and Feridex-
treated cells showed 18, 23, and 7% increase, respectively,
and the lowest cytotoxicity was represented with Fe;Oy
rather than Feridex. In case of T98G, the cell viability of all
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Control

Fig. 3 Laser scanning confocal
microscopic images of the cells
treated with the live/dead cell
assay kit after 18 h of
incubation with nanoparticles.
a Fe;0y-treated A549 (upper
panel) and MCF7 cells (lower
panel); b MnO-treated A549
and MCF7 cells; ¢ Feridex-
treated A549 and MCF7 cells at
indicated concentrations. Green
fluorescent emission was
dominated in all the cells,
suggesting low cytotoxic effect
on the cells. Scale bar = 20 pm

the nanoparticles after 4 day incubation was close to that of
the control, and the percent of live cell treated with MnO
increased significantly. As the incubation time is expanded
from 2 to 4 days, the rate of viability increase is much larger
with MnO and Fe3;O,4 than Feridex. This result suggested
that PEG-derivatized phospholipid confers nanoparticles
high biocompatibility as well as higher stability than that of
Feridex to minimize the metal ion leakage for 4 days.
Another notable phenomenon is that the drastic viability
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recovery of T98G cells after 4 day incubation under MnO
treatment. This result may be attributed to the unique
property of glioma T98G cell line. Manganese is mainly
used as components for metalloproteins, mitochondrial
enzymes, Mn-superoxide dimutase, pyruvate carboxylase,
glutamine synthetase, and so on [31]. Especially, in case of
glioma cells like T98G, the receptor for manganeses is
highly developed to enable the manganese components to
penetrate the cell membrane through endocytosis with ease.
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Fig. 4 Cytotoxic effects of nanoparticles on human cells (A549,
MCF7, and T98G) treated with the live/dead cell assay kit after 2 and
4 days of incubation with 500 pg/ml concentration of nanoparticles.
(control: m, MnO: ™, Fe;04: @, Feridex: )

Those properties could explain why cell viability treated
with MnO nanoparticles on T98G is recovered drastically
after 4 day incubation.

As a consequence, PEG-phospholipid encapsulated
Fe;04 and MnO nanoparticles revealed cytotoxicity after
2 day incubation with 500 pg/ml concentration, and MnO
represented more cytotoxic effect than Fe;Oy4. As incuba-
tion time increased to 4 days, the relative cell viability with
Fe;04 and MnO has improved compared with that of a
control mainly due to the cell doubling, and the recovery
rate for Fe;O, and MnO is much larger than a medical
contrast reagent, Feridex, which means high stability of
nanoparticles for a long time. In general, the phospholipid—
PEG encapsulated Fe;0,4 exhibited equivalent or better cell
viability than Feridex, demonstrating a potential as an
advanced MRI contrast agent.

Cytotoxicity survey using LDH assay

Cell membrane damage caused by nanotoxicity leads to the
release of cytoplasmic enzymes, and the measurement of
LDH release is a well-accepted assay to estimate cell
membrane integrity and quantify cell cytotoxicity [32-36].
LDH leakage measurement uses resazurin as a fluogenic
indicator for measuring the activity of LDH released from
damaged cells [37]. Released LDH transfers lactate to
pyruvate with co-reaction of NAD" to NADH transition,
and then the oxidation reaction of NADH to NAD™
transfers the non-fluorescent resazurin to red fluorescent
resorufin [37]. Viable cells, however, produce negligible
fluorescent signal with LDH assay.

Based upon the results of live/dead cell assay, cytotox-
icity of nanoparticles was investigated with LDH assay at
highest concentration of nanoparticles (500 pg/ml) and
incubation time (2 and 4 days) (Fig. 5). In Fig. 5a, the
relative cytotoxicity data of A549 cells were similar to
those of live/dead cell assay, showing the order of cyto-
toxicity is MnO > Fe;0,4 > Feridex, which trend was also
maintained at 4 day incubation. Almost same level of
cytotoxicity of all the nanoparticles was expressed with
MCF7 cells after 2 day incubation, but MnO became the
most toxic after 4 day following the cytotoxic order of
A549 as shown in Fig. 5b. However, in case of T98G,
unexpectedly Fe;O4 resulted in the highest toxic effect
after both 2 and 4 days, and the overall cytotoxicity level is
higher than other cell lines. As incubation time was
expanded from 2 to 4 days, the relative percent of cyto-
toxicity based on the LDH assay increased 13% except for
A549 cells, whereas the cell viability also increased in
proportion to the incubation time as shown in Fig. 4. This
discrepancy can be interpreted as the different principle
between a live/dead viability test and a LDH leakage assay.
A LDH leakage assay measures the fluorescent signal of
membrane-damaged cells, not the live normal ones, while
the live/dead assay considers the fluorescent signal of live
cells, too. Therefore, even though the cell number is dou-
bling as incubation time is more than 2 days, the LDH
leakage assay cannot count the viability of live ones, but
only detect the accumulated LDH derived from continuous
leakage of damaged cells which number is proportional to
the time. That explains why T98G cells treated with MnO
shows slightly (10%) increased cytotoxicity with incuba-
tion time from 2 to 4 days (Fig. 5), while the cell multi-
plication and unique receptor of the glioma T98G cells
significantly contributed to the improved cell viability
evaluated by live/dead cell assay. From the LDH assay
experiments, it is concluded that the MnO and Feridex
nanoparticle are the highest and lowest cytotoxic to human
cell lines, respectively, and the overall toxicity level
increases as incubation time prolonged.

@ Springer



28

Bioprocess Biosyst Eng (2010) 33:21-30

200
2 days

150 4 lI

F—
—
H
}
H

100 4

Relative % cytotoxicity
3
—

v

MCF7 T98G

Cell lines

A549

(b)
200

4 days T

150 A

100 A =

Relative % cytotoxicity
(<

MCF7 T98G

Cell lines

A549

Fig. 5 Cytotoxic effects of nanoparticles on human cells (A549,
MCF7, and T98G) treated with the LDH assay kit after 2 and 4 days
of incubation with 500 pg/ml concentration of nanoparticles. (control:
m, MnO: M, Fe;0,4: m, Feridex: 7)

Ocxidative stress level survey using a ROS detection kit

The ROS detection assay is based on carboxy-H,DCFDA,
a reliable fluorogenic marker for ROS in live cells [38, 39].
Under oxidative stress conditions, ROS production is dra-
matically increased, resulting in subsequent alteration of
membrane lipids, protein, and nucleic acids. The nonfluo-
rescent carboxy-H,DCFDA permeates live cells and is
deacetylated by nonspecific intracellular esterases. In the
presence of ROS particularly produced during oxidative
stress, the reduced fluorescein compound is oxidized and
emits bright green fluorescence [38, 39]. It is reasonable to
perform oxidative stress evaluation since the metal oxide
nanoparticles have a potential to generate ROS. We
selected A549 cells and MnO as a representative for ROS
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test, which showed reduced cytotoxicity in both live/dead
cell assay and LDH assay as incubation time increased
from 2 to 4 days. Confocal microscopic images of ROS
generation were displayed in Fig. 6 depending on the 1, 2,
and 4 day exposure to MnO with concentration of 0, 5, 50,
and 500 pg/ml. One-day incubation produced a minimal
ROS level, while 2-day incubation represented a significant
ROS and then the expression level was diminished after
4 days, which trend is matched with that of live/dead cell
viability and LDH test on A549 cells. These results can be
explained by induction of an active glutathione (GSH)
reductase and glucose-6-phosphate dehydrogenase [31].
These enzymes reduce the glutathione disulfide (GSSG) to
GSH, an oxidized form of GSSG. The produced GSHs can
lessen the concentration of reactive oxygen species by
donating the protons and electrons with conversion of GSH
to the oxidized form, GSSG. In other words, the ROS level
started to decrease from 2 days by the continuous activity
of such enzymes, supported by previous studies showing
that GSH concentration of A549 cells treated with cerium
oxides decreased up to 2 days, and then started to increase
from 3 days [40]. Notably, the ROS level is proportional to
the concentration of nanoparticles, and dose-dependent
increase of oxidative stress was clearly demonstrated at
2 day incubation. At high concentration of MnO, the
expression and activity of glutathione (GSH) reductase and
glucose-6-phosphate dehydrogenase will be augmented to
offset the generated ROS. This could interpret the similar
green fluorescent emission intensities after 4 day incuba-
tion regardless of the MnO concentration, although detailed
researches on the enzyme activity and kinetics are neces-
sary to clarify the ROS expression mechanism.

Conclusion

In this study, we conducted cytotoxicity screening of PEG-
derivatized phospholipid coated Fe;O4 (12 nm) and MnO
(14 nm) metal oxide nanoparticles by varying the con-
centration, incubation time, human cell lines, and viability/
cyctoxicity assay. The surface chemistry with PEG-
phospholipid modification provides the advanced mono-
dispersity, biocompatibility, water-solubility, and stability
in an aqueous media, so that the resultant cytotoxic effect
was minimal in one day incubation even at high concen-
tration (500 pg/ml). Under the harsh conditions with longer
incubation time and high concentration, the MnO nano-
particle generally represented higher level of toxicity,
whereas cytotoxicity of Fe;0, is equivalent or better than
the commercial medical contrast reagent, Feridex, based on
the live/dead cell viability assay. In addition, the PEG-
modified MnO and Fe;O, exhibited better stability than
Feridex for a prolonged incubation time. In the LDH
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Fig. 6 Laser scanning confocal Control
microscopic images of the A549
cells treated with the ROS
detection kit after 1, 2, and

4 days of incubation with 5, 50,
and 500 pg/ml concentrations
of MnO. No significant
fluorescent signal was detected
after 1 day incubation, while
green fluorescent emission for
2 days was intensified and then
reduced after 4 day incubation.
Scale bar = 20 um

1 day

2 days

4 days

leakage assay, the absolute number of membrane-damaged
cells is proportional to the incubation time, resulting in the
increase of cytotoxicity of all the nanoparticles on the
human cell lines. However, the lung, breast, and neuron
cells exhibited somewhat different pattern of cytotoxic
effect, indicating that studies on unique cell properties and
cell biology related to the interaction with nanoparticles are
necessary to elucidate the mechanism of cytotoxicity. The
ROS expression level was involved with the activity of
glutathione (GSH) reductase and glucose-6-phosphate
dehydrogenase. While 2 day incubation of MnO on the
lung cancer cells shows higher and dose-dependent
increase of oxidative stress, 4 day incubation exhibited the
reduced and dose-independent ROS expression. Although
in vitro results need to be validated in in vivo system, these
in vitro studies strongly suggest a bright prospect of PEG—
phospholipid coated Fe;O, and MnO nanoparticles for
practical application in nanomedicine because of their
unique electronic properties and the relatively low toxicity.
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