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Abstract

In order to reveal the biocompatibility of Fe;O,4 nanoparticles and bipolar surfactant
tetramethylammonium 11-aminoundecanoate cytotoxicity tests were performed as a function of
concentration from low (0.1 g ml™") to higher concentration (100 pg ml~") using various
human glia, human breast cancer and normal cell lines. Cytotoxicity tests for human glia
(D54MG, GOIT, SF126, U87, U251, U373), human breast cancer (MB157, SKBR3, T47D) and
normal (H184B5F5/M 10, WI-38, SVGp12) cell lines exhibited almost nontoxicity and reveal
biocompatibility of Fe;O, nanoparticles in the concentration range of 0.1-10 g ml~', while
accountable cytotoxicity can be seen at 100 ;g ml~'. The results of our studies suggest that
Fe;O4 nanoparticles coated with bipolar surfactant tetramethylammonium

1 1-aminoundecanoate are biocompatible and promising for bio-applications such as drug
delivery, magnetic resonance imaging and magnetic hyperthermia.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Testing for cytotoxicity is indispensable towards ensuring
the biocompatibility of a medical device for biomedical
applications. It is simply a first step. On the other hand, a
positive cytotoxicity test result can be taken as an early warning
sign that a material contains one or more extractable substances
that could be of clinical importance. In such cases, further
investigation is required to determine the utility of the material.

The targeted delivery of magnetic nanoparticles [1, 2],
loaded with drugs [3] or genes [4], has been of increasing
interest in cancer therapy. The exciting applications of these
particles could be in magnetic hyperthermia (heating via
AC magnetic fields) [5, 6] of tumors. The cells can be
placed, tracked and recovered using a magnetic resonance
imaging (MRI) technique if a high concentration of magnetic
nanoparticles is used [7-9]. However, the preparation of stable
Fe;O4 nanoparticles with high concentration in biocompatible
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solutions is difficult. In spite of very interesting and potential
biomedical applications, the concentration level at which
Fe; 0, nanoparticles become toxic has remained so far unclear.
It is generally believed that Fe;O4 [10, 11] nanoparticles
are biocompatible in biological systems. However, this
important issue remains controversial: various reports revealed
close links between toxicity and nanoparticle size [12],
concentration [7], surface properties [13—15] and surface
coating by hydroxyapatite [16], protein [17] and chitosan
molecules [18].

In the present work, the biocompatibility of Fe;O4
nanoparticles was evaluated by in vitro cytotoxicity assay
for their potential in vivo biomedical applications such as
targeted drug delivery [19, 20], cancer cell diagnostics [21-24]
and therapeutics [16]. Large near-infrared (NIR) absorption
of gold nanotriangles could be used in the hyperthermia of
tumors [25-27]. Many groups have investigated the acute
cytotoxicity of magnetic nanoparticles [28-30], antibiotic-
conjugated polyacrylate nanoparticles [31] and their qualitative
effects upon cellular morphology. However, little work

© 2010 IOP Publishing Ltd  Printed in the UK
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has been focused on quantifying the effects of magnetic
nanoparticles upon cell behavior.  Cytotoxicity studies
of poly(lactide-co-glycolide) nanoparticles against HCT116
cells [32] and various ferrite nanoparticles against human
cervical HeLa cancer cells [33] were carried out.

To the best of our knowledge, the internalization of Fe;Oy
nanoparticles and possible cytotoxicity with different kinds
of cell lines such as human glia DS4MG, G9T, SF126, U&7,
U251 and U373, human breast cancer MB157, SKBR3 and
T47D and normal HI84B5F5/M10, WI-38 and SVGp12 cell
lines were not sufficiently analyzed. [In vitro cytotoxicity
assays showed that the Fe;O4 nanoparticles are nontoxic
at lower concentrations from 0.1 to 10 ug ml~!, while
accountable cytotoxicity can be seen at higher concentrations
of 100 g ml~'. Thus our study on the biocompatibility of
Fe;O4 nanoparticles evaluated by in vitro cytotoxicity assays
using normal, glia and breast cancer cells may serve as an
improved way of targeting drug delivery and hyperthermia of
tumors.

2. Methods and materials

2.1. Nanoparticle synthesis

Fe;O4 nanoparticles were synthesized using a slightly modified
protocol [34, 35]. Briefly, 0.71 g ferric acetylacetonate
(Sigma-Aldrich) was mixed with 20 ml of phenyl ether
(Sigma-Aldrich), 2 ml of oleic acid (Sigma-Aldrich), 2 ml
of oleylamine (Acros Chemicals) and 2.303 g of 1,2-
tetradecanediol (Sigma-Aldrich) under argon atmosphere with
vigorous stirring. The reaction mixture was heated to 210°C
and refluxed for 1.5 h. Ethanol was added to the solution
after cooling to room temperature. A dark-black precipitate
was separated by centrifugation at 10000 rpm for 15 min.
After washing with ethanol the nanoparticles were collected
by centrifugation at 10000 rpm and re-dispersed in hexane in
the presence of 75 mM each of oleic acid and oleylamine.

2.2. Phase transfer of Fe3O4 nanoparticles from organic to
aqueous media

Hydrophobic Fe;O4 particles were transferred from hexane to
aqueous solution using a bipolar surfactant, tetramethylammo-
nium I 1-aminoundecanoate [34, 36]. Briefly a methanolic sus-
pension of 11-aminoundecanoic acid (Sigma-Aldrich) (4.04 g
in ~7 ml methanol) was titrated with methanolic tetramethy-
lammonium hydroxide (15 ml) (Sigma-Aldrich), followed by
evaporation of the solvent under reduced pressure, and recrys-
tallization from tetrahydrofuran (~50 ml) (Sigma-Aldrich).
For the phase transfer, 0.035 g surfactant was suspended in
~2.5 ml of dichloromethane (Sigma-Aldrich) and 0.05 ml of
the hydrophobic Fe;O4 colloid was added. The mixture was
placed on a shaker for ~1.5 h leading to a complete phase
transfer. The phase-transferred Fe;O,4 nanoparticles were sep-
arated using a centrifugation method at 14 000 rpm for 15 min.
The nanoparticles were re-dispersed in millipore water. The
particles were washed from excess surfactant by removing the
supernatant after centrifugation and then re-dispersing in mil-
lipore water.

2.3. Surface-charge determination of the Fe3O4 nanoparticles

Surface-charge determination of the Fe;O4 nanoparticles was
performed at pH 7.4 using tris-borate-EDTA (TBE) buffer, 1%
agarose gel and an applied voltage of 100 V for 20 min.

2.4. Zeta potential determination of the suspensions of the
nanoparticles

The zeta potential determination of the suspensions of Fe;O4
nanoparticles was performed in PBS solution under 532 nm
laser by a Zetasizer 3000HS.

2.5. XRD analysis of the Fe3;04 nanoparticles

The x-ray diffraction patterns of the Fe;O4 nanoparticles were
recorded with the use of a BLO1C2 (A = 0.774903 A) light
source at the National Synchrotron Radiation Research Center
(NSRRC), Hsinchu, Taiwan.

2.6. Fourier transform infrared (FTIR) analysis

In order to reveal some interactions of nanoparticles with
the organic phase, samples were mixed with IR grade
KBr and subjected to FTIR analysis on a Perkin-Elmer
FTIR spectrophotometer in the diffuse reflectance mode at a

resolution of 4 cm™!.

2.7. Characterization of nanoparticles

The morphology of Fe;O4 nanoparticles was characterized
by transmission electron microscopy (TEM) (JEOL-1200
EX operating at an accelerating voltage of 80 kV). The
nanoparticle samples dispersed in hexane solution and in
aqueous media were cast onto a carbon-coated copper grid
sample holder, followed by evaporation at room temperature.

Ultraviolet—visible (UV-vis) spectra were obtained with
a Shimadzu UV-1700 UV-visible spectrophotometer. The
spectra were recorded over the range 200—1100 nm. Particle
size was determined from TEM images using Matrox Inspector
2.2 software.

2.8. Cell cultures

This study was carried out using nine cancer cell lines and
three normal cell lines. There were two cancer cell types,
human glia and human breast cancer. Human glia cell
lines contained D54MG, G9T, SF126, U87, U251 and U373.
Human breast cancer cell lines contained MB157, SKBR3 and
T47D. SVGp12 was a SV40 transformed human embryonic
astroglia cell as a normal control of glioma. H184B5F5/M10
was an irradiation transformed human mammary epithelial
cell as a control of breast cancer. WI-38 was a human
normal lung fibroblast. Among these cell lines, D54MG,
GIT, SF126, MB157, U87, U251 and U373 were cultured in
Dulbecco’s modified Eagle’s medium (DMEM). SKBR3 and
T47D were cultured in RPMI medium 1640. SVGpl2 and
WI-38 were cultured in minimum essential medium (MEM)
with 0.1 mM non-essential amino acids and 1.0 mM sodium
pyruvate. H184B5SF5/M10 was cultured in alpha-minimum
essential medium (alpha-MEM). All media also contained
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Figure 1. TEM micrographs of Fe;O, nanoparticles in hexane represented by (a) and in water (b); surface-charge determination by gel
electrophoresis (pH 7.4, 100 V, 1% agarose gel and TBE buffer) for Fe;O4 in aqueous media (c). UV-vis spectra of Fe;O, corresponding to
sample in aqueous media (d). Size distribution panel of Fe;O4 nanoparticles in aqueous media.

2 mM L-glutamine, 100 units ml~! penicillin, 100 pg ml~!
streptomycin and 10% fetal bovine serum. These cells were
maintained at 37 °C, under 5% CO; for 24 h. At this point
cells were incubated in complete medium supplemented with
0.1-100 pg m1~! of Fe304 nanoparticles for a further 72 h. All
control cells were cultured in the absence of nanoparticles.

2.9. Cell viability assay

To determine the cell viability/toxicity, the cells were plated
at a density of 2 x 10% cells/well in a 96-well plate at 37 °C,
under 5% CO,. The nanoparticles in varying concentrations
from 0.1 to 100 ;1g ml~! were prepared in phosphate buffered
saline (PBS) and added at the same time when plating cells. To
get the net value of absorbance from the cells, the absorbance
of each well was measured at 490 nm, before addition of
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium, inner salt) MTS as a
background value obtained due to nanoparticles. MTS contains
the tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, in-
ner salt) and an electron coupling reagent (phenazine
ethosulfate; PES) to form a stable solution. After 72 h, 20 ul
of MTS (Promega) was added to each well. After 1 h of
incubation at 37 °C, the absorbance of each well was read on a

microplate reader (Tekon, SpectraMax M2) at 490 nm. The
spectrophotometer was calibrated to zero absorbance, using
culture medium without cells. The quantity of formazan
product as measured by the absorbance at 490 nm is directly
proportional to the number of living cells in the culture. The
relative cell viability (%) related to control wells containing
cell culture medium without nanoparticles was calculated by
[Altest/[Alcontror X 100, where [Alws is the absorbance of
the test sample and [A]conior 1S the absorbance of the control
sample. The images of cancer cell lines were acquired by 400 x
magnification by an Olympus IX71 microscope.

3. Results

3.1. Characterization of nanoparticles

Fe3;04 nanoparticles were synthesized according to a well-
established procedure [34, 35] with slight modification,
followed by phase transfer from the organic to aqueous
media using a bipolar surfactant, tetramethylammonium 11-
aminoundecanoate [34, 36]. The Fe3;04 solution was
centrifuged at 14000 rpm for 15 min followed by washing
twice with millipore water and recollected by centrifugation.
Figures 1(a) and (b) show a representative TEM images
of the Fe;Oy4 nanoparticles collected from the above separation
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Figure 2. The x-ray diffraction patterns of the standard (al) and as-prepared (a2) Fe;O, nanoparticles; (b) the zeta potential of the
suspensions of Fe;O4 nanoparticles; (c1) FTIR spectra of the bipolar surfactant, Fe;O4 nanoparticles in organic (c2) and aqueous (c3) media.

processes in hexane and water, respectively. To examine the
surface charge of the precipitates of nanoparticles by agarose
gel electrophoresis (1%, an applied voltage of 100 V cm™!,
TBE buffer) of Fe;O4 (shown in figure 1(c)) was performed
at pH 7.4, since the pH of blood is 7.4, which would be one
of the important factors needed to be considered to extend this
work to an in vivo study. Here, the result of electrophoresis did
not reveal migration of Fe;O,4 nanoparticles to either positive
or negative electrodes, owing to the zero surface potential as a
pH 7.4 medium is used.

UV-vis spectra of Fe;O4 nanoparticles in water did
not show any characteristic surface plasmons (SP) in the
visible region of the electromagnetic spectrum (figure 1(d)).
The diameter statistics plot of Fe;O4 nanoparticles reveals
monodisperse Fe;O4 nanoparticles with an average diameter
~5 nm (figure 1(e)).

Figures 2(al) and (a2) show the x-ray diffraction
patterns of the standard Fe;O, and as-prepared Fe;Oy
nanoparticles, respectively. The 26 values of the standard
Fe;O4 nanoparticles 14.973°, 17.583°, 18.378°, 21.256°,
26.0998°, 27.7185°, 30.2250° and 33.90° correspond to the
Bragg reflections (220), (311), (222), (400), (422), (511),
(440) and (531), respectively, whereas the 26 values of
as-prepared Fe;O4 nanoparticles 15.044°, 17.652°, 21.32°,
26.33°, 27.831°, 30.04° and 34.04° correspond to the Bragg
reflections (220), (311), (400), (422), (511), (440) and (531),
respectively. In consideration of the wavelength of the light
source BLO1C2 (A = 0.774903 A) our 26 values are almost a
match with JCPDF file no. 79-0419 for Fe;0, (magnetite).

The average of three runs of zeta potential (—0.9, +2.0
and —1.5 mV) of the suspensions of Fe;O, nanoparticles was
—0.1 mV (figure 2(b)). The value is almost very close to

zero. We agree that a Z potential near zero is not convenient at
the isoelectric point. However, these are macroscopic average
measurements and hence do not reflect the localized charges
of these nanoparticles. Hence our experimental results on
electrophoresis cannot be correlated with their charges in zeta
potential value.

FTIR spectra of bipolar surfactant (figure 2(cl)) and
Fe;O4 nanoparticles in organic (figure 2(c2)) and aqueous
(figure 2(c3)) media give a clear indication that the
nanoparticles of Fe;O,4 are coated with a surfactant. We have
modified the Fe;O4 nanoparticle surface by replacing the oleate
species using the tetramethylammonium 1 1-aminoundecanoate
ligand to promote hydrophilicity [34].

The carboxylate group of the ligand binds to the surface
iron and exposes the hydrophilic amino group to aqueous
media. This can be revealed by the shifting of a strong
asymmetrical stretching carboxylate band of the bipolar
surfactant from 1561 to 1527 cm~!, and C-O stretching and
O-H deformation from 1311 to 1261 cm™~" [37, 38].

3.2. Cytotoxicity of bipolar surfactant towards cancer cell
lines

One could suspect a surfactant coating of Fe;O4 nanoparticles
may adversely impact the toxicity examination. To clarify
this issue, the bipolar surfactant, tetramethylammonium 11-
aminoundecanoate, was analyzed to examine the possible
cytotoxicity. Figure 3(a) shows representative bright-field
microscopy images with 400x magnification at maximum
exposure dosage (100 g ml~") after incubating with normal
lung fibroblast WI-38 cell line, normal glia cell line (SVGp12),
glia cancer cell lines (D54MG, G9T/VGH, SF126, U87, U251
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Figure 3. (a) Bright-field microscopy of various cell images with 400x magnification after incubating with surfactant at maximum exposure
dosage (100 p1g ml~") for 72 h. (b) Cell viability curves for each cell line incubated with surfactant dosage in the range from 0.1 to

100 g ml~! for 72 h.
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Table 1. Percentage cell viability at various exposure dosages (0.1-100 z.g ml~") of bipolar surfactant.

Surfactant 0.1

Surfactant 1

Surfactant 10 Surfactant 100

Cell line (g mi™) (g ml™) (g ml™) (g ml)
WI-38 92.44+24.5 93.6+7.1 110.4 £ 12.5 84.9 +26.9
SVGpl2 98.5 8.1 96.4+7.2 90.8 £10.7 959+ 13.6
D54MG 105.3£9.5 103.6 £5.7 99.1 8.1 80.5+5.1
G9T/VGH 103.2 £ 12.5 105.3 £2.1 112.0£09.1 103.3 £3.6
SF126 100.6 £ 7.1 102.7 £ 10.9 101.8 £9.2 47.8+£5.8
U7 95.7+11.0 85.1 £8.1 9.6+ 124 100.5 £ 14.5
U251 100.8 £7.0 99.9+3.5 114.1£11.7 90.8 = 6.9
U373 99.2 4+ 12.1 1059+£5.9 102.1 £6.2 97.7+11.1
H184B5F5/M10 99.44+21.0 105.1 £13.3 102.9 £ 13.6 95.14+11.0
MB157 103.5 4.6 105.4+£5.0 1089 £5.2 108.2 7.3
SKBR3 103.4 £22.0 102.7 £ 20.2 105.3 £20.2 98.4+22.9
T47D 99.6 £ 6.0 99.2+6.9 998+ 11.3 101.5 £8.1

Table 2. Percentage cell viability at various exposure dosages (0.1-100 ;g ml~!) of Fe;0, nanoparticles.

Fe304 0.1 Fe304 1 Fe304 10 Fe304 100
Cell line (g mi™) (g mi™) (g ml™) (g mi™)
WI-38 93.3+6.8 98.8 £22.5 99.3+12.3 1147£17.2
SVGpl2 94.1£4.7 105.0 + 8.8 97.7+4.4 78.8 £ 8.3
D54MG 112.2 + 14.1 112.7 +15.7 95.8 6.4 69.8 £ 12.1
GI9T/VGH 101.7 £ 1.7 109. £9.0 96.5£9.1 76.5+10.9
SF126 94.18 £ 3.8 94.0+54 99.9 £ 2.1 93.6 +6.8
us7 100.7 £ 7.3 100.3+7.9 99.0£7.5 91.4£10.3
U251 107.2+£7.1 107.5+ 6.4 108.6 £ 6.4 75.4+7.2
U373 104.4£9.9 100.5 £ 12.0 93.5+9.7 91.6 +8.2
H184B5F5/M10 96.6 £ 1.8 99.5£5.0 100.3 +7.6 80.4 £10.0
MB157 1029 +£8.3 99.7+4.0 102.4+£9.2 90.5+6.2
SKBR3 109.7 £ 11.0 121.3+12.3 137.2 £ 8.1 1055+ 12.4
T47D 95.6+4.4 93.4+23 95.2+6.2 81.8£7.6

and U373), normal breast epithelial cell line (H184B5F5/M10)
and breast cancer cell lines (MB157, SKBR3 and T47D) for
72 h. The MTS data as shown in figure 3(b) indicates that
the bipolar surfactant is almost nontoxic in the range of 0.1—
10 nug ml~!. However, the WI-38, D54MG and SF-126 cell
lines show cytotoxicity at 100 ug ml~!. The surfactant was
found to be more toxic in the case of SF126 at 100 ;g ml~".

3.3. Cytotoxicity of Fe304 nanoparticles towards cancer cell
lines

Figure 4(a) shows representative bright-field microscopy
images of normal fibroblast WI-38 cell line, normal glia cell
line (SVGpl12), glia cancer cell lines (D54MG, G9T/VGH,
SF126, U87, U251 and U373), normal breast epithelial cell
line (H184B5F5/M10) and breast cancer cell lines (MB157,
SKBR3 and T47D) after incubating with Fe;O4 nanoparticles
at maximum exposure dosage (100 g ml~") for 72 h.

Figure 4(b) shows cell viability curves of Fe;Oq4
nanoparticles at maximum exposure dosage (100 pgml™")
after incubating with cells for 72 h. Fe;O,4 nanoparticles are
nontoxic for all cell lines in the range of 0.1-10 g ml~'.
However, cell viability was found to be reduced at 100 j1g m1~!
of Fe; 04 nanoparticles.

In SKBR3 and T47D cell lines, cell injury is
clearly visible. However, in the rest of the cell lines,
WI-38, D54MG,G9T/VGH, SF126, US87, U251, U373,

H184B5F5/M10 and MB157, Fe;O,4 nanoparticles entered into
the cell membrane and nucleus. This reveals that there are at-
tractive forces between the cell membrane and nanoparticles.

In table 1, the data of percentage cell viability at different
bipolar surfactant concentrations reveals that more or less all
cell lines are ~100% viable below a surfactant concentration
of 10 ugml~'. However, at a surfactant concentration up
to 100 g ml~!, slightly reduced cell viability was observed
in the case of normal fibroblast WI-38 and cancer cell lines
D54MG and U251, except SF126 where it was found to be
greatly reduced to 50%. Table 2, the percentage cell viability at
different Fe;O4 concentrations, reveals that more or less all cell
lines are ~100% viable at and below Fe;O4 concentration of
10 g ml~!. However, at Fe;O, concentration of 100 ;g ml~!,
10-25% cell viability was found to be reduced, except in the
case of SKBR3 and WI-38 it was slightly increased.

4. Discussion

The use of Fe;O, nanoparticles in cancer cell biology is
well documented with various applications, e.g. targeted
drug delivery [19, 20], cancer cell diagnostics [21-24] and
therapeutics [16]. The latest study on particle stability
in physiological conditions as well as biocompatibility has
important issues for these applications. To provide an
insight into the origin of toxicity towards cancer cells, Fe;O4
nanoparticles are fabricated using a bipolar surfactant. In this
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Figure 4. (a) Bright-field microscopy of various cell images with 400 x magnification after incubating with Fe;O,4 nanoparticles at maximum
exposure dosage (100 g ml~") cells for 72 h. (b) Cell viability curves for each cell line incubated with Fe;0, nanoparticle dosage in the
range from 0.1 to 100 1g ml~! after incubating with cells for 72 h.
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study, Fe;O4 nanoparticles were synthesized in organic media
and phase-transferred to aqueous media, since hydrophilic
nanoparticles have the additional advantage of prolonged
circulation in the blood, which would facilitate the targeting
of nanoparticles to the tumor cells [39].

The Fe;O, nanoparticles preferentially associate with
cancer cells (figure 4(a)). This may be due to interaction
between surfactant and proteins on cancer cells through a
—NH, functional group. Because of the large surface area to
volume ratio, the magnetic nanoparticles tend to agglomerate
and adsorb plasma proteins [11]. The dark brown color in
the cell image appears on the surface of cells owing to the
agglomeration of Fe;O4 nanoparticles, which show the dipolar
surfactant can supply the nonspecific interaction for Fe;Oy4
nanoparticles to incorporate with the surface of cells. In
glia cell lines (D54MG,G9T/VGH, SF126, U87, U251 and
U373) and breast cell lines (MB157, SKBR3 and T47D), cell
bubbles indicate cell death. Magnetite nanoparticles entered
into the cell membrane and the nucleus of glia cells U373
and breast cells MB157 and formed necklace-like eccentric
circles. This may be an indication of endocytosis. Figure 4(b)
gives cell viability MTS results of Fe3;O, nanoparticles.
Cell viability of all cell lines are almost unaffected up to
10 ng ml~' Fe304 nanoparticles, but it was found to be
reduced by an average ~20% at 100 ugml~' of Fe304
nanoparticles except for WI-38, SF126, U87, U373, MB157
and SKBR3. To reveal the cause of this observation needs
further study. Overall, it was revealed that the exposure of
cells to high concentrations of Fe;O4 nanoparticles adversely
affects cell function, phenotype and viability. Our findings
also indicate and confirm previous reports that the presence
of intracellular magnetic nanoparticles can result in significant
changes in cell behavior and viability [9, 14, 28]. In this study
observed cytotoxicity effects are difficult to diagnose but the
following plausible explanations can support our observations
as reported earlier by Pisanic et al [9]: first, coordination
between surfactant and the nanostructures facilitates entry of
both the nanostructures and surfactants into or interaction
with the cells; secondly, the variance in effectiveness of
the surfactants to shield the nanostructures from adverse
interactions with cellular components and, thirdly, it may be
a combination of both. The presence of Fe;O4 nanoparticles
into or on the cells may obstruct transcriptional regulation
and protein synthesis resulting in cell death [9]. Auffan
et al [40], demonstrated the relationship between the redox
state of iron-based nanoparticles and their cytotoxicity toward
a Gram-negative bacterium, Escherichia coli. They [40]
reported that the chemically stable nanoparticles (Fe,O3)
have no apparent cytotoxicity, while nanoparticles containing
ferrous and, particularly, zero-valent iron are cytotoxic. The
cytotoxic effects appear to be associated principally with an
oxidative stress as demonstrated using a mutant strain of E. coli
completely devoid of superoxide dismutase activity. This stress
can result from the generation of reactive oxygen species with
the interplay of oxygen with reduced iron species (Fell and/or
Fe) or from the disturbance of the electronic and/or ionic
transport chains due to the strong affinity of the nanoparticles
for the cell membrane. A similar mechanism may be operative

in our study causing stress which could be the result of the
generation of reactive oxygen species with the interplay of
oxygen with reduced iron species (Fe’*/Fe’*) or from the
disturbance of the electronic and/or ionic transport chains due
to the strong affinity of the nanoparticles for the cell membrane.

5. Conclusions

In summary, Fe;O4 nanoparticles were synthesized and
phase-transferred from organic to aqueous media. Fes;Oy
nanoparticles exhibited almost nontoxicity in the range of
0.1-10 pugml~! while observable toxicity can be seen
at 100 pwgml~'. In all types of cells, nanoparticles
are preferentially either adhered to the cell membrane or
internalized into the cells. For the cell lines FezO4
nanoparticles could be used as a drug carrier, where the
least toxicity of Fe;O4 nanoparticles was observed. Whereas
in the case of other cell lines where substantial toxicity
was observed, we can use them for cancer therapy. This
observation also reveals that either bipolar surfactant and/or
Fe;O4 nanoparticles are biocompatible in the range of 0.1—
10 g ml~! towards normal as well as glia and breast cancer
cells. The plausible mechanisms of cytotoxicity/cellular
uptake of Fe3;O4 nanoparticles in general are demonstrated.
These results also further imply that more study into the
internalization of Fe;Oy4 is both warranted and essential with
regard to the toxicity of nanomaterials [41, 42]. This is
indispensable to reveal its biocompatibility and biosafety for
in vivo use.
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