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The iron nanoparticles coated with oleic acid and drugs such as folic acid/Amoxicillin were
synthesized by high energy ball milling and characterized by X-ray diffraction, Transmission
electron microscope, zeta potential, dynamic light scattering, Fourier Transform Infra red (FT-IR)
measurements, and thermo gravimetric analysis (TGA). FT-IR and TGA measurements show good
adsorption of drugs on oleic acid coated nanoparticles. Magnetic measurements indicate that
saturation magnetization is larger for amoxicillin coated particles compared to folic acid coated
particles. The biocompatibility of the magnetic nanoparticles prepared was evaluated by in vitro
cytotoxicity assay using L929 cells as model cells. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4868681]

INTRODUCTION

Investigations on magnetic nanoparticles are currently a
topic of extensive research due to the interesting properties
arising from their nanoscale dimensions that result in
strongly modified magnetic properties when compared to the
corresponding bulk materials. Among the magnetic materi-
als, magnetite and heamatite have been extensively studied
in their reduced state'™ due to their potential for biomedical
applications and ease of synthesis. Due to the chemical insta-
bility of metallic magnetic nanoparticles, iron as well as
other metals such as cobalt, gold, and nickel have been
somewhat neglected in favor of its own oxides. Among
metallic magnetic nanoparticles, iron nanoparticles are
attractive as they have relatively high magnetization and are
able to maintain superparamagnetism at larger particle sizes
compared to their oxide counterparts.* Though iron nanopar-
ticles have received significant attention due to their poten-
tial applications in environmental remediation,™® a very few
reports are available on biocompatibility of Fe nanoparticles
for biomedical applications such as hyperthermia and drug
delivery.”® Folic acid, an essential nutrient which also has
the ability to preferentially target cancer cells,” and amoxi-
cillin, a well known antibiotic, were chosen for coating on
iron nanoparticles. In this paper, we report for the first time
to the best of our knowledge, the synthesis of iron nanopar-
ticles coated with folic acid/amoxicillin by high energy ball
milling and the investigation of their magnetic properties
and biocompatibility.

EXPERIMENTAL DETAILS

In order to obtain iron nanoparticles, the iron powder
(LOBA Chemie, Electrolytic grade 99.5% purity) was sub-
jected to high energy ball milling using a Fritsch Pulverisette
PS5 Planetary Mill. The sample was ground in a tungsten car-
bide vial with 10 mm tungsten carbide balls in the weight
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ratio of 15:1 with 300rpm speed in a wet medium using
toluene. About 12 wt. % oleic acid (OA) was added to the
wet medium and milled for 30 h. Then, folic acid
(FA)/amoxicillin (AMX) were taken (75 wt. % of oleic acid)
and milled with the OA coated nanoparticles for 3 h at a
speed of 50 rpm. The iron nanoparticles coated by oleic acid
and drugs have been characterized by X-ray diffraction
(XRD), Fourier transform infra red (FT-IR), and thermo
gravimetric analysis (TGA). The microstructure of Fe
nanoparticles was investigated by transmission electron
microscope (TEM). The hydrodynamic diameter, the size
distribution, and zeta potential of the nanoparticles were
evaluated by dynamic light scattering (DLS) technique by
using Zetatrac (Microtrac, Inc., USA) instrument. The mag-
netic hysteresis loops were recorded on the samples at room
temperature by vibrating sample magnetometer (VSM) up to
a maximum applied field of 20 kOe.

The in vitro cytotoxicity of iron nanoparticles coated
with drugs was evaluated on L929 cell lines by using MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide) assay as described in the literature.” To determine cell
cytotoxicity/viability, 1929 cells were seeded into 96-well
tissue culture plates at a density of 1 x 10* cells/well at
37°C in a 5% CO, atmosphere. After 24 h, the Dulbecco’s
Modified Eagle medium (DMEM) in the wells was replaced
with fresh DMEM containing iron nanoparticles coated
with drugs at different concentrations (50, 100, 200, and
500 pg/ml). After 24 h, the medium containing iron nanopar-
ticles coated with drugs was removed, and the cells were
washed three times with Phosphate Buffered Saline (PBS).
20 ul of MTT dye solution (5mg/ml in PBS, pH 7.4) was
then added to each well. After incubation for 4h at 37°C,
the DMEM medium was removed.'® The formazan crystals
formed inside the cells were dissolved with 200 ul of dime-
thylsulfoxide (DMSO). After 10 min, absorbance was meas-
ured spectrophotometrically at 595nm with a Spectramax
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Plus384® Spectrophotometer (Molecular Devices, CA,
USA). The production of formazan is directly proportional
to the number of viable cells.!"!?

RESULTS AND DISCUSSION

The XRD patterns of Fe nanoparticles obtained at zero
hour and 30 h milling with OA and FA/AMX are shown in
Figure 1. Normally, iron particles at nanoscale size are easy
to be oxidized in air. However, XRD pattern could be
indexed to cubic structure of iron (JCPDS card, no. 06-0696)
with no traces of iron oxide phase detected, which might be
due to oleic acid coating on the surface of nanoparticles.
The average crystallite sizes estimated using the Scherrer’s
formula for Fe nanoparticles coated with OA (FeOA), Fe
nanoparticles coated with OA and FA (FeOAFA), and Fe
nanoparticles coated with OA and AMX (FeOAAMX) are
13, 24, and 24nm, respectively. TEM microstructure of
FeOA sample shows that they have nearly narrow size distri-
bution with size ~11 nm as seen in Figure 2 with no agglom-
eration. The DLS measurements of FeOA, FeOAFA, and
FeOAAMX with particle concentration of 0.02/1 in ethanol
are shown in Figures 3(a)-3(c), respectively. The average
hydrodynamic diameters for FeOA, FeOAFA, and
FeOAAMX are 24.64 nm, 319 nm, and 330 nm, respectively.
The significantly large hydrodynamic sizes of FeOAFA and
FeOAAMX nanoparticles possibly could be due to bond
formation between drugs coated on nanoparticles with its
adjacent surfaces, which can cause crosslinking between par-
ticles and result in a large hydrodynamic size. It is generally
accepted that the particles are electrostatically stable if the
zeta potential has an absolute value higher than 30mV."?
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FIG. 1. XRD patterns of Fe nanoparticles obtained at 0 h and 30 h milling
with oleic acid and coated with folic acid/amoxicillin.
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FIG. 2. TEM micrograph of iron nanoparticles coated with oleic acid
(FeOA).

The zeta potential value can be used as an indicator of the
stability of a colloidal system. The zeta potential for FeOA,
FeOAFA, and FeOAAMX is +68mV, +122mV, and
+129 mV, respectively.

FT-IR spectra of OA,' FA,"> AMX,'® FeOA, FeOAFA,
and FeOAAMX are shown in Figure 4 (The inset shows
expanded region FT-IR spectra of the samples between 1000
and 3000 cmfl). In FT-IR spectra of FeOA sample, the
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FIG. 3. Particle size distribution plots for (a) FeOA (b) FeOAFA, and (c)
FeOAAMX by DLS method.
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FIG. 4. FT-IR spectra of OA, FA, AMX, FeOA, FeOAFA, and FeEOAAMX.
The inset shows the expanded region of FT-IR spectra of FeOA, FEOAFA,
and FeFOAAMX between 1000 and 3000 cm ™.

asymmetric CH, stretch and the symmetric CH, shifted from
2925 and 2855 to 2922 and 2851 cm ', respectively. The
band from 1710cm ™' (C=0 bond asymmetric vibration) has
been shifted to 1743cm™'. A new band can be observed
at 1018cm ', These results revealed the adsorption of
oleic acid on iron nanoparticles. The FT-IR spectra of
FeOAFA/FeOAAMX show characteristic bands of both OA
and FA/AMX with slight modifications such as shifting of
bands, new bands, or missing of some bands due to the
chemical bonds occurring between Fe nanoparticles, OA,
and FA/AMX. These bands appeared with reduced intensity
due to the smaller concentrations. The FT-IR results showed
that FA/AMX is adsorbed on the oleic acid coated Fe
nanoparticles.

TGA curves of FeOA are characterized by weight losses
in two distinct steps in the temperature ranges room tempera-
ture to 500 °C and 500-700°C as shown in Figure 5. Since
the total weight loss occurred is matching with the amount of
OA added, we ascribe these two steps of weight losses to the
secondary and primary OA-coated layer in FeOA nanopar-
ticles, respectively.'” This confirms that OA is coated on Fe
nanoparticles. In the case of FEOAFA sample, the initial
weight loss is due to the moisture, and the weight losses at
212, 339, 449, and 597 °C could be due to the decomposition
of FA and OA. The decomposition temperatures are slightly
altered for both of them. In the case of FEOAAMX sample,
the weight losses at temperatures around 125, 222, 356, 421,
554, and 667 °C are due to the decomposition of OA and
AMX.'""'® The decomposition was not complete even at
700 °C. From the TGA curves, it is confirmed that FA and
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FIG. 5. TGA measurements of FeOA, FeOAFA, and FEFOAAMX.

AMX have been adsorbed on Fe nanoparticles coated
with OA.

The magnetic hysteresis loops measured at room tem-
perature on FeOA, FeOAFA, and FeOAAMX are shown in
Figure 6. The saturation magnetization (M) values for
FeOA, FeOAFA, and FeEOAAMX are 172.3, 144.5, and
149 emu/g per Fe, respectively. The decrease in M values
compared to that of bulk Fe (My=212emu/g) could be due
to the reduced size and the coatings covered around them. In
the case of FeOAFA, the M value is slightly less than that
of FeEOAAMX though their particle sizes are same, which
may be due to the more carbon chain involved in FA coating
compared to that of AMX. The fact that the samples having
coercive field ~1000e indicates that they have hysteresis
losses suitable for heat induced biomedical applications like
hyperthermia, etc.'’

The biocompatibility of the samples is shown in
Figure 7, and the cell viability is inversely proportional to
the concentration of the coated nanoparticles used as seen in
Fig. 6. At 50 ug/ml, the iron nanoparticles coated with FA
and AMX have shown 91.49 and 90.05% cell viability,
respectively. The cell viability of FEOAAMX is more
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FIG. 6. Magnetic hysteresis loops of FeOA, FeOAFA, and FeFOAAMX.
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FIG. 7. MTT assays on L1929 cell lines for different concentrations of FeOA,
FeOAFA, and FeOAAMX nanoparticles.

compared to that of FeOA and FeOAFA at all the concentra-
tions done (within the error bar limits), indicating its more
biocompatibility.

SUMMARY AND CONCLUSIONS

The iron nanoparticles were synthesized by high energy
ball milling coated by OA, and we have first reported to the
best of our knowledge that drugs like FA/AMX can also be
coated on the magnetic nanoparticles by ball milling apart
from chemical methods. The biocompatibility of the mag-
netic nanoparticles prepared was evaluated by in vitro
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cytotoxicity assay. Having high M values, hysteresis loss
and biocompatibility make iron nanoparticles more suitable
for in vivo biomedical applications such as biosensing,
hyperthermia, etc.

ACKNOWLEDGMENTS

This work was supported by Department of Science and
Technology (DST), India, under Women scientists scheme
(WOS-“A”).

'A. K. Gupta and M. Gupta, Biomaterials 26, 3995 (2005).

2Q. A. Pankhurst er al., J. Phys. D: Appl. Phys. 36, R167 (2003).
3B. Ankamwar et al., Nanotechnology 21, 075102 (2010).

“D. L. Huber, Small 1(5), 482 (2005).

SW. Zhang, J. Nanopart. Res. 5, 323 (2003).

°M. Dickinson and T. B. Scott, J. Hazard. Mater. 178, 171 (2010).
"M. Chen er al., J. Appl. Phys. 93, 7551 (2003).

8M. Maeda er al., J. Appl. Phys. 99, 08H103 (2006).

°S. D. Weitman et al., Cancer Res. 52, 3396 (1992).

19p R, Twentyman and M. Luscombe, Br. J. Cancer 56(3), 279 (1987).

"'T. L. Riss e al., “Cell viability assays” in Assay Guidance Manual
[Internet], edited by G. S. Sittampalam, N. Gal-Edd, M. Arkin et al.
(Eli Lilly & Company and the National Center for Advancing
Translational Sciences, Bethesda, MD, 2004).

12T, Mosmann, J. Inmunol. Methods 65, 55 (1983).

M. Bloemen et al., J. Nanopart. Res. 14(9), 1100 (2012).

14L. Zhang et al., Appl. Surf. Sci. 253, 2611 (2006).

137, Zhang et al., Acta Biomater. 4, 40 (2008).

16S. Z. Qureshi ez al., J. Pharm. Biomed. Anal. 21, 473 (1999).

17Q. Lan et al., J. Colloid Interface Sci. 310, 260 (2007).

18G5, M. de Lacerda Gontijo et al., Electron. J. Biotechnol. 16, 2 (2013).

19A. G. Kolhatkar et al., Int. J. Mol. Sci. 14, 15977 (2013).



