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Abstract. Superparamagnetic iron oxide nanoparticles were synthesized by simple co-precipitation method
and modified with different coating agents such as ascorbic acid, hexanoic acid, salicylic acid, L-arginine
and L-cysteine. The synthesized nanoparticles were characterized by various techniques such as FT IR, XRD,
VSM, SEM, TEM and thermal analysis. Both bare and coated magnetites were of cubic spinel structure and
spherical in shape. All the magnetite nanoparticles showed superparamagnetic behaviour with high saturated
magnetization. In vitro cytotoxicity test of bare and coated nanoparticles was performed using adenocarcinoma
cells, A549. Cell viability of bare and L-arginine coated magnetite nanoparticles showed IC50 value of 31.2
µg/mL proving the compatibility of nanocarriers when compared to others. Hence, L-arginine coated nanopar-
ticles were used for loading the drug paclitaxel and the observed IC50 value (7.8 µg/mL) shows its potent
anti-proliferative effect against A549 lung cancer cell lines. Thus, it can be speculated that the drug paclitaxel
loaded L-arginine coated nanoparticles could be used as an effective drug carrier for the destruction of cancer
cells.
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1. Introduction

In recent years, nanoparticles have attracted considerable
attention because of their potential medicinal applica-
tions such as cellular therapy involving cell labelling
and targeting as a tool for cell biology research to sep-
arate and purify cell population, tissue repair, targeted
drug delivery, magnetic resonance imaging and hyper-
thermia for cancer treatment.1 Most of these applica-
tions require the nanoparticles to be uniform in size and
shape and well-dispersed in solvents, which are gen-
erally controlled by synthesis method.2 The magnetic
nanoparticles have gained increasing attention for use
in biomedical applications. Among these, iron oxide is
one of the most important transition metal oxides. Six-
teen pure phases of iron oxide i.e.,oxide, hydroxide or
oxy-hydroxides are known to date; these are Fe(OH)3,
Fe(OH)2, Fe5HO8-4H2O, Fe3O4 FeO, five polymorphs
of FeOOH, and four Fe2O3. Magnetite (Fe3O4) is a
black ferromagnetic mineral containing both Fe(II) and
Fe(III).3 It has cubic inverse spinel structure with fcc
close-packed oxygen and iron ions occupying intersti-
tial tetrahedral and octahedral sites.4 In the nano-realm,
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Fe3O4 particles exhibit superparamagnetic behaviour at
room temperature, i.e., they magnetize strongly under
the applied magnetic field but do not retain this property
once the field is removed. This nature makes them suit-
able for biomedical applications.5 Superparamagnetic
iron oxide has been recognized as a promising tool for
site specific delivery of drugs and diagnostic agent.6 To
date, these nanoparticles are known to be low in toxic-
ity and biocompatibile. These features make it an ideal
material for in vitro studies.7

The surface functionalization of magnetite nanopar-
ticles with a biological or chemical agent which binds
to a specific target has been of great interest in recent
years.8 The functionalization of nanoparticles improve
their biocompatibility, avoid aggregation among the
particles by magnetic forces and provides the specific
functionilization to cancer cells.9 To impart function-
ality and conjugate with biologically active agents,
iron oxide nanoparticles are usually coated with func-
tional groups on their surface, such as phosphate, sul-
phate, carboxylate, etc. Of these functional groups, car-
boxylate is the strongest binder. The carboxyl/hydroxyl
group gets chemisorbed to the nanoparticles forming
a carboxylate group with Fe-OH molecules leaving
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any other group present for various purposes.10 Several
anti-cancer drugs including doxorubicin, 5-fluorouracil,
dexamethasone and paclitaxel have been successfully
formulated using nanomaterials, which can either be
integrated in the matrix of particles or attached to
the particle surface.11 Drug delivery using superpara-
magnetic nanoparticles can be manipulated by external
magnetic field.12 The drug loaded magnetic nanopar-
ticles have been investigated for various biomedical
application such as DNA separation, drug delivery,
magnetic resonance imaging, and hyperthermia.13

This paper describes the synthesis of non-toxic and
biocompatible Fe3O4 nanoparticles functionalized with
different acids such as ascorbic acid, hexanoic acid, sal-
icylic acid, L-arginine and L-cysteine by co-precipitation
method, which allows targeted drug delivery to the
cancer cell lines thereby reducing the systemic toxic-
ity of the anti-cancer drug. The effect of the crystal
structure, morphology and magnetic properties of bare
and modified Fe3O4 were investigated. Further, all the
acid coated nanoparticles and paclitaxel drug loaded L-
arginine coated nanoparticles were evaluated for their in

vitro cytotoxicity on adenocarcinoma cells A549 using
MTT assay. It was found that positively charged L-
arginine coated nanoparticles demonstrated a signifi-
cant amount of cytotoxicity with IC50 value of 31.2
µg/mL when compared to the negatively charged car-
boxylic and hydroxy acids (ascorbic acid, salicylic acid
or hexanoic acid) coated nanoparticles. The nanopar-
ticles functionalized with L-arginine exhibit highest
cytotoxic effect, and hence subjected to DNA fragmen-
tation by agarose gel electrophoresis.

2. Experimental

2.1 Materials

Ferrous chloride tetrahydrate (FeCl2.4H2O) and ferric
chloride anhydrous (FeCl3) were used as the precur-
sor and purchased from Sigma-Aldrich. Ascorbic acid,
hexanoic acid, salicylic acid, L-arginine and L-cysteine
were used as coating agent and purchased from Merck.
All the materials were analytical grade and used without
further purification. Solvents were dried and purified
before being used according to standard procedure.

2.2 Synthesis of magnetic nanoparticles

Synthesis of magnetite (Fe3O4) nanoparticles was car-
ried out by chemical co-precipitation method in a nitro-
gen atmosphere as per the reported procedure with
little modification. 2 FeCl2.4H2O and FeCl3 with the
molar ratio of ferric to ferrous ion 0.01:0.007 were

dissolved in 100 mL deionised water and 25 wt% NH4OH
was added slowly to achieve complete precipitation
of iron oxide. Coating agent (Ascorbic acid, hexanoic
acid, salicylic acid, L-arginine or L-cysteine) was added
at a concentration of 0.07% to the above solution
with vigorous stirring. On addition of the hydroxy and
carboxylic acid, the solution became yellow in colour
which then turned to black on vigorous stirring. When
the amino acids were added, the solution became dark
blue which then turned to black on vigorous stirring.
The modified magnetite nanoparticles were filtered,
thoroughly washed with deionized water to remove
chloride ions, then washed several times with ethanol to
remove excess coating agent, and finally dried in vac-
uum at 80oC for 24 h. The bare magnetite nanopartic-
les were also prepared by adopting same procedure
without adding coating agent. The samples are denoted
as S–S7; S-Bare magnetite nanoparticles, S1–Ascorbic
acid coated magnetite nanoparticles, S2–Hexanoic
acid coated magnetite nanoparticles, S3–Salicylic acid
coated magnetite nanoparticles, S4–L-arginine coated
magnetite nanoparticles, S5–L-cysteine coated mag-
netite nanoparticles, S6–Drug paclitaxel, S7–Paclitaxel
loaded L-arginine coated magnetite nanoparticles.

2.3 Characterization

FT IR measurements were carried out on Shimadzu
IR460 spectrophotometer in the range 4000–400 cm−1

using KBr pellets. The crystalline structure of the
nanoparticles was determined using X-ray diffraction
(XRD) on a Siefert Analyze diffractometer operated at
40 Kv and 35 mA with Cu Kα radiation (λ = 0.15406
Å). The hydrodynamic size and the zeta potential dis-
tribution of nanoparticles were measured on Malvern
Zetasizer Ver 6.20 (Malvern instruments, UK). Mag-
netization (MS) values of dried magnetite nanoparti-
cles were evaluated at room temperature by Lakeshore
vibrating sample magnetometer model 7410. The mor-
phology was studied by a Field Emission Scanning
Electron Microscope (FESEM) at 10 to 30 kV (Hitachi
SU6600). The particle size and size distribution were
calculated from TEM image of nanoparticles on Philips
Technai at 180 kV. The thermal stability was determined
by thermogravimetric analysis (Netzsch STA 409 TGA/
DSC). The thermogram was recorded for 5 mg of pow-
der sample at a heating rate of 10◦C per min in the
temperature of 30–800◦C under nitrogen atmosphere.

2.4 Cytotoxitcity

Human lung adenocarcinoma (A549) cancer cell lines
were obtained from National Centre for Cell Sciences
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(NCCS), Pune, India. The cells were maintained in
Minimal Essential Media supplemented with 10% Fetal
Bovine Serum (FBS), penicillin (100 µg/mL) and strep-
tomycin (100 µg/mL) in a humidified atmosphere of
5% CO2 at 37◦C.

The anti-cancer activity of bare and coated magnetite
nanoparticles was determined by MTT (3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyltetrazolium bromide) assay.
The A549 cells (1× 105/well) were plated in 0.2 mL of
medium/well in 96-well plate and treated with bare and
coated magnetite nanoparticles suspension at different
concentrations (10–1000 µg/mL) and incubated for 72
h at 37◦C in a 5% CO2 incubator for better cell attach-
ment. Thereafter, the wells were washed with warm
phosphate buffered saline solution and incubated again
for 4 h with DMEM containing 25 µL of 5.5 mg/mL
MTT solution. After discarding the culture medium, 1
mL of DMSO was added to dissolve the precipitate,
and the resultant solution was measured at 540 nm. The
inhibitory concentration value (IC50) was determined

from the absorbance versus the concentration curves.
The experiment was carried out in triplicate and the
values are expressed as mean ±SD.

2.5 DNA Fragmentation

Inter-nucleosomal cleavage of DNA was analysed as
described previously.14 The cells were incubated with
L-arginine coated nanoparticles for 48 h followed by
cell detachment using trypsin-EDTA and washed with
phosphate buffered saline solution. The cell pellets were
incubated with 200 µL at 5% CO2 with protein pre-
cipitation solution. After centrifugation, the supernatant
containing the DNA was separated and mixed with 600
µL isopropanol followed by centrifugation and mixing
the pellets with DNA sample solution at 65◦C for 1 h.
DNA bands were separated using 2% agarose gel elec-
trophoresis containing ethidium bromide and visualized
using UV trans illuminator. The untreated cells were
used as a negative control.

Figure 1. Schematic representation of esterification of iron oxide nanoparticles with differ-
ent coating agents (a) Ascorbic acid; (b) Hexanoic acid; (c) Salicylic acid; (d) L-Arginine;
and (e) L-Cysteine.
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3. Results and Discussion

Iron oxide nanoparticles were synthesized by co-
precipitation method using aqueous Fe2+/Fe3+ by the
addition of a base under inert atmosphere at elevated
temperature. A black coloured precipitate was obtained
which was washed and dried. There was no colour
change between bare and coated iron oxide nanopar-
ticles. Flow of nitrogen not only protects oxidation
but also reduces the size of the particle. Ammonium
hydroxide plays a key role in the formation of Fe3O4. It
acts as a pH buffer and reacts with water to give con-
stant supply of OH− ions.15 The reaction involved in
this process is expressed as follows.16

Fe2+ + 2Fe3+ + 8OH−

→ Fe3O4 (black colloidal particles) + 4H2O

Fe3O4 + 0.25O2 + 4.5H2O → 3Fe (OH)3

During the coating process, acid was chemically
adsorbed on to the magnetite nanoparticles which then
undergo esterification between the hydroxyl, amino
and carboxyl groups of the different coating agents.
Schematic representations of functionalized nanopar-
ticles are shown in figure 1. It is reported that mag-
netic nanoparticles prepared by co-precipitation method
have a number of hydroxyl groups on the surface.17

Hence, the interaction between the coating material
containing carboxyl or hydroxyl groups which acts as
a hydrogen bond acceptor or donor with the magnetite
nanoparticles takes place through hydrogen bond.18

3.1 FT IR analysis

FT IR spectra of bare and coated magnetite nanoparti-
cles are shown in figure 2. The characteristic band at
590 cm−1 indicative of Fe-O present in Fe3O4.16 This
band is shifted to 574–584 cm−1 for acid coated mate-
rials indicating successful functionalization on the sur-
face of the magnetite nanoparticles. These bands are
attributed to the intrinsic vibration of iron ion in tetrahedral
and octahedral sites of spinel structure, respectively.
It was also reported that the magnetite nanoparti-
cles take up hydroxy groups on the surface upon
contact with aqueous phase through adsorption of OH−

ion on Fe and H+ on O.19 The band at 1633 cm−1 is
assigned to the OH stretching vibration of Fe3O4. The
appearance of band at 1600–1630 cm−1 corresponds to
stretching vibration of C=O for the coated nanopar-
ticles. The band at 2840–2855 cm−1 and 2920–2955
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Figure 2. FT-IR spectra of (a) Fe3O4 nanoparticles; and
nanoparticles coated with (b) Ascorbic acid; (c) Hexanoic
acid; (d) Salicylic acid; (e) L-Arginine; (f) L-Cysteine.

cm−1 are assigned to CH2 symmetric and asymmetric
stretching of all the functionalized nanoparticles except
salicylic acid coated nanoparticles.20 The band at 1400–
1431 cm−1 and 1530–1552 cm−1 corresponds to the
asymmetric and symmetric stretching vibrations of car-
boxyl group (COO−) of coating agents except ascorbic
acid. Here, two binding modes have been suggested.
In one mode, carboxylate is connected to the surface
through one oxygen atom giving rise to symmetric and
asymmetric vibrations, while in the other mode it is
bound symmetrically to the surface giving rise to only
stretching vibrations. The combination of molecules
bonded symmetrically and molecules bonded at an
angle by the carboxylic acid on the surface of mag-
netite nanoparticles is thus explained.21 However, the
ascorbic acid coated material showed two strong bands
at 1024 and 1091 cm−1 corresponding to the symmet-
ric stretching mode of C-O-C vibration. The L-arginine
coated nanoparticles exhibit a band at 1637 cm−1 cor-
responding to NH bending and a broad band could be
visualized in the range 3377–3398 cm−1 indicative of
the presence of NH2 and OH group on the surface of
the nanoparticles. The observed sharp band at 2360
cm−1 for L-cysteine functionalized magnetite nanopar-
ticles is due to the presence of SH onto the surface of
nanoparticles.22
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3.2 XRD analysis

Powder XRD analysis revealed information about
crystallographic structure, chemical composition and
physical properties of the synthesized nano materials
(figure 3). XRD pattern of magnetite exhibit the char-
acteristic 110, 220, 311, 400, 422, 511 and 540 peaks
of Fe3O4 crystal with a cubic spinel structure at ∼2θ

of 30◦, 35◦, 43◦, 53◦, 57◦ and 74◦, respectively.2

Crystallinity and morphology of bare and coated iron
oxide nanoparticles have been affected by different
groups such as phosphates, carboxyl etc have also been
reported.23 The most intense peak (311) appeared for
both bare and acid functionalized Fe3O4 corresponds to
reflection of Fe3O4 related to the mean size of the crys-
tal according to Scherrer equation.16 The XRD pattern
of the coated Fe3O4 materials indicate that the coating
agent does not significantly affect the crystal structure
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Figure 3. XRD pattern of (a) Fe3O4 nanoparticles; and
nanoparticles coated with (b) Ascorbic acid; (c) Hexanoic
acid; (d) Salicylic acid; (e) L-Arginine; (f) L-Cysteine.

of the magnetite nanoparticles. The Fe3O4 peak (110)
weakened in the coated material which is probably
caused by the coating of different acids on the surface
of magnetite nanoparticles.

However, XRD pattern of the coated magnetite
nanoparticles depicted same peaks but the intensity var-
ied due to the organic material present in it proving
that coating agent helps in reducing the crystalline size
without affecting the crystal structure. The peaks such
as 311, 400 and 422, of the coated Fe3O4 nanoparti-
cles were selected for good fit correlation, half maxi-
mum width, average crystalline size and size distribu-
tion using Scherrer equation which resulted in error due
to low fit correlation and poor crystallization.24

3.3 Zeta potential and particle size measurements

The stability of the nanoparticles were characterized by
zeta potential value (figure 4). A lower zeta potential
value means less charge and may be related to shorter
adsorption time.10 L-Arginine functionalized nanopar-
ticles do not exhibit good stabilization due to the fact
that they do not possess electrostatic stabilization but
have steric stabilization and hence have less zeta poten-
tial value of 3.8 mV. Hexanoic acid coated iron oxide
nanoparticles have zeta potential value of 21.2 mV and
are also unstable; this may be due to the agglomeration
of the nanoparticles. L-Arginine due to steric stabiliza-
tion property and also the positive surface charge on
the amino group plays a critical role in non-specifically
sticking to the cells, entering into it and destroying it.

The average particle size measured by dynamic light
scattering (DLS) analysis for L-arginine and hexanoic
acid coated iron oxide nanoparticles are 30 nm and
195 nm, respectively (figure 5). Particles were seen
to aggregate due to strong dipole interaction, coating
with pendant functional groups imparted stability by
electrostatic repulsion. In the case of L-arginine coated

Figure 4. The zeta potential measurement of (a) L-Arginine coated Fe3O4 nanopar-
ticles; (b) Hexanoic acid coated Fe3O4 nanoparticles.
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Figure 5. The particle size distribution of (a) L-Arginine coated Fe3O4 nanoparti-
cles; and (b) Hexanoic acid coated Fe3O4 nanoparticles.

nanoparticles the strong hydrogen bonding between the
surface and the coating agent reflects a decrease in the
positive zeta potential and the small size favours the
penetration into the cancer cell line thereby inhibiting
its growth.22 Thus, the size and the surface charge dis-
tribution of functionalized nanoparticles anticipated the
anti-cancer activity.

3.4 Magnetic properties

At the atomic level, the magnetic properties originate
from the quantum coupling including coupling between
electron spin (S-S coupling) and the coupling between
the electron spin and angular momentum of the elec-
tron orbital (L-S coupling).25 Paramagnetic materials

have a tendency to align with the magnetic dipole
with an external magnetic field due to their small pos-
itive susceptibility and their random orientation in the
absence of magnetic field. Superparamagnetic materi-
als have much larger susceptibility as the entire crystals
aligns with the applied field.26 Figure 6 shows the rela-
tive magnetization curves of the bare and coated mag-
netite nanoparticles as a function of magnetic field. The
samples exhibited superparamagnetic behaviour due to
the symmetric hysteresis and saturation magnetization
which means that they are attracted by external mag-
netic field but retain no residual magnetism when the
external magnetic field is removed at room temperature.
Table 1 shows coercivity and magnetization values of
bare and coated magnetite nanoparticles. The coercivity
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Figure 6. Magnetization curves of (a) Fe3O4 nanoparticles; and nanopar-
ticles coated with (b) Ascorbic acid; (c) Hexanoic acid; (d) Salicylic acid;
(e) L-Arginine; (f) L-Cysteine.
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Table 1. Coercivity and magnetization values for the syn-
thesized nanoparticles.

Coercivity Magnetization
Samples HCi Gauss Ms (memu/mg)

S 1.5712 1.0645
S1 3.5794 1.7552
S2 5.1393 2.2312
S3 0.9190 1.8323
S4 1.8260 1.8323
S5 16.334 1.2387

and the remanence values are not discernible indicating
a superparamagnetic behaviour. The Ms value of bare
iron oxide nanoparticles is 1.0 memu/mg and that of
acid coated iron oxide nanoparticles ranges between
1.2387 and 2.2312 memu/mg. The lower magnetization

value of bare magnetite when compared to the coated
materials is due to easy transformation of magnetite to
other phases with temperature.2 This difference in Ms
value of the magnetic behaviour is mainly due to the
decrease in particle size due to the reduction in crys-
tallinity. The best way to increase the Ms value is to
increase the crystalline size.

The high saturation magnetization of hexanoic acid
coated nanoparticles indicated its good crystal struc-
ture. The changes of Ms value are correlated with the
change of magnetic particle size and also the purity of
the magnetite.27 Magnetization of the samples increases
with external magnetic field which is the characteris-
tic feature of superparamagnetic behaviour. This differ-
ence may give rise to non-collinear spin arrangement
near the surface occurring due to the reduction of mag-
netic moment in iron oxide nanoparticles.28 Thus, such

(a) (b)

(c) (d)

(e) (f)

Figure 7. SEM images of (a) Fe3O4 nanoparticles; and nanoparticles coated with (b)
Ascorbic acid; (c) Hexanoic acid; (d) Salicylic acid; (e) L-Arginine; (f) L-Cysteine.
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nanoparticles can be used as magnetic carriers which
have good potential and broad application in drug deliv-
ery and hence can be used for the treatment of cancer in
near future.

3.5 SEM and TEM analysis

FESEM micrographs (figure 7) display the morphol-
ogy of the Fe3O4 nanoparticles. The shape of Fe3O4

nanoparticles is roughly spherical and with rough
particle surface which will be useful for further surface
coatings. The presence of rough surface suggests that
these particles grow by aggregation of the small par-
ticles. The growth of large particles at the expense of
smaller ones so as to achieve a minimum of total free
energy by the tendency of solid phase in the system is
described as Ostwald ripening.29 The images also indi-
cate that these particles show good dispersion result-
ing from the protection of coatings on the surface of
nanoparticles.

Transmission electron microscopy (TEM) images of
L-arginine coated nanoparticles with different magni-
fication shows that all the particles are spherical in
shape (figure 8). TEM images revealed that the par-
ticle size for bare iron oxide nanoparticle is 31 nm
and that of L-arginine coated nanoparticles was 26
nm. This decrease in size is may be due to the coat-
ing agent, which prevents agglomeration and hence
reduces the size of the nanoparticles. The nucleation
rate per unit area is isotopic at the interphase between
the iron oxide nanoparticles and hence gives rise to
spherical shape.30 However, small particles have larger
surface area-to-volume ratio and represent a higher
energy state than large particles. The crystallization of
L-arginine coated magnetite nanoparticles showed no
reduction in magnetic property and the growth was
prevented because of the steric hindrance of coating
agent.

3.6 TGA-DSC analysis

The results of TGA-DSC show that the initial weight loss
at a temperature below 120◦C refers to the evaporation
of adsorbed water (figure 9). The slight increase in
weight above 500◦C corresponds to the transformation
of the magnetite to hematite.31

Thermogram of the coated nanoparticles indicates
three step weight loss, first step is due to desorption
of water molecule at temperature below 120◦C. The
second weight loss at 310◦C and the third at 450◦C
is due to the decomposition of the physisorption and
the chemisorptions of the coating agent at the surface
of magnetite nanoparticles, respectively.32 The corres-
ponding DSC curve of L-arginine and hexanoic acid
coated nanoparticles exhibit an endothermic peak bet-
ween 250◦C and 270◦C due to the oxidation and change
in crystallinity of Fe3O4. Decomposition of L-arginine
coated nanoparticles occurs at about 617◦C produc-
ing an exothermic peak whereas hexanoic acid coated
nanoparticles exhibited peak at 580◦C proving that L-
arginine coated nanoparticles is more stable and oxi-
dized at higher temperature than hexanoic acid coated
nanoparticles.33

3.7 In vitro cytotoxicity

The anti-cancer activity of bare, acid coated and pacli-
taxel drug loaded L-arginine coated nanoparticles on
human lung cancer A549 cell line was determined using
MTT assay (figure 10). The assay measures the cell pro-
liferation rate leading to apoptosis and reduces the cell
viability. This is a colorimetric assay that measures the
reduction of yellow MTT by mitochondrial succinate
dehydrogenase. The MTT enters the cells and passes
into the mitochondria where it is reduced to an insoluble,
coloured (dark purple) formazan product. Percentage
cell viability was determined using different concentration

(a) (b)

Figure 8. TEM images of (a) Fe3O4 nanoparticles; and (b) L-Arginine coated Fe3O4 nanoparticles.
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Figure 9. TGA-DSC analysis of (a) Fe3O4 nanoparti-
cles; and nanoparticles coated with (b) Hexanoic acid;
(c) L-Arginine.

of the bare and coated nanoparticles and the compata-
bility of nanocarriers was determined graphically by
IC50 values at an absorbance of 540 nm (table 2).

The IC50 value of bare and L-arginine coated iron
oxide nanoparticles was found to be 31.2 µg/mL, whe-
reas that of ascorbic acid, hexanoic acid, salicylic acid
and L-cysteine coated nanoparticles was 62.5 µg/mL.
The drug alone had IC50 value of 15.6 µg/mL whereas
paclitaxel drug loaded L-arginine coated nanoparticles
exhibited an IC50 value of 7.8 µg/mL (figure 11). The
paclitaxel drug loaded on L-arginine coated nanoparti-
cles were found to be more effective in inhibiting the
growth of cancer cells when compared to the native
paclitaxel. The magnetic force acting on the magnetic
particle is proportional to the volume of the particle
as the material is superparamagnetic. The magnetic
force experienced by the smaller particles overcomes
the force by the fluidic drag. Therefore, small parti-
cles have good permeability but poor retention. The
anti-cancer drug paclitaxel has affinity to the targe
t cells and after grafting the drug to the sur-
face magnetic nanoparticles can be internalized more
rapidly.34

L-Arginine coated iron oxide nanoparticles produced
significant cytotoxicity when compared to the other
coated nanoparticles and resembled the bare iron oxide
nanoparticles. The similarity in cytotoxicity of the bare
and L-arginine functionalized magnetite nanoparticles
may be due to the same particle size as already been
reported.35 The anti-cancer activity of L-arginine coated
iron oxide nanoparticles on non-cancer cell line (vero
cell line) was studied. L-Arginine coated nanoparti-
cles exhibited 80% of cell viability at a concentra-
tion of 31.2% µg/mL proving that it can be utilized
as a promising platform for biomedical application
(table 3).

L-Arginine coated nanoparticles with incubation
at higher concentration caused significant cell death
(80%). However, it is expected that such a higher con-
centration of 1000 µg/mL will not be used for in vivo

applications. Preliminary studies have proved that 15
µg/mL of L-arginine was enough to cause cell death.
Due to cytotoxic nature of paclitaxel treatment with
drug loaded nanopartciles showed a decrease in cell
viability of 51.2±0.1 at 7.8 µg/mL concentration.5

3.8 DNA fragmentation

DNA fragmentation is a key feature of apoptosis, a
type of programmed cell death. DNA is degraded
into smaller fragments of oligonucleosomal size and
is visualized as a laddering pattern in an agrose gel
electrophoresis.36 Systematic cleavage of DNA to pro-
duce nucleosomal fragments of 200 bp (or its mul-
tiples) is considered as characteristic of apoptosis.37
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Figure 10. The morphological changes of human lung cancer cell line (A549) by
MTT assay. (a) Fe3O4 nanoparticles; and nanoparticles coated with (b) Ascorbic
acid; (c) Hexanoic acid; (d) Salicylic acid; (e) L-Arginine; (f) L-Cysteine; (g) Drug
paclitaxel alone; and (h) Drug paclitaxel loaded L-arginine coated nanoparticles.

Table 2. IC50 values of bare and coated nanoparticles.

Samples IC50values Cell viability

S 31.2 49.2±0.20
S1 62.5 46.5±0.15
S2 62.5 46.5±0.15
S3 62.5 54.1±0.1
S4 31.2 53.5±0.15
S5 62.5 52.3±0.2
S6 15.6 53.5±0.15
S7 7.8 51.2±0.1

The IC50 value of L-arginine coated nanoparticles (31.2
µg/mL) proving its effectiveness in inhibiting A549 cell
growth when compared with other coated nanoparticles.
To elucidate whether the L-arginine coated nanoparti-
cles inhibit proliferation through induction of apopto-
sis, DNA fragmentation was observed by agrose gel
electrophoresis (figure 12). The breakdown of DNA
molecules at a concentration of 1 mg/mL proved the
inhibition of DNA replication, while untreated cells
did not show any DNA fragmentation. Cell studies
revealed that L-arginine functionalized nanoparticles
was far more effective in inhibiting tumour prolifera-
tion by inducing apoptosis as indicted by the presence
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Figure 11. Percentage cell viability of nanoparticles at different concentra-
tion using MTT assay. (a) Fe3O4 nanoparticles; and nanoparticles coated with
(b) Ascorbic acid; (c) Hexanoic acid; (d) Salicylic acid; (e) L-Arginine; (f) L-
Cysteine. (g) Drug paclitaxel alone; and (h) Drug paclitaxel loaded L-arginine
Fe3O4 coated nanoparticles.

Table 3. Percentage cell viability at different concentra-
tion of L-arginine coated nanoparticles for normal cell lines.

Concentration Absorbance % Cell
Sl. No. µg/mL Dilution 540 nm viability

1 1000 Neat 0.21 19.0
2 500 1:1 0.43 39.0
3 250 1:2 0.58 52.7
4 125 1:4 0.79 71.8
5 62.5 1:8 0.85 77.2
6 31.2 1:16 0.88 80.0
7 15.6 1:32 0.93 84.5
8 7.8 1:64 1.03 93.6
9 control - 1.10 100

of DNA fragmentation in treated cancer cells. Thus,
the present study supports the anti-proliferative activ-
ity of L-arginine functionalized nanoparticles against
A549 human lung cancer cell lines.

4. Conclusions

Superparamagnetic, bare and acid functionalized mag-
netite nanoparticles with efficient biocompatibility
have been synthesized by co-precipitation method.
XRD analysis suggested cubic spinal structure of the
nanoparticles. Zeta measurements of L-arginine coated
nanoparticles exhibited a lower potential and increase
in the particle size due to the obstruction of inter-
molecular hydrogen bonding and positive charge of

Figure 12. DNA fragmentation of A549 cells treated with
L-arginine coated magnetite nanoparticles. The image shows
untreated cells (C); cell treated with L-arginine coated Fe3O4
nanoparticles (S) and the marker (M). The untreated cells
showed no evidence of fragmentation.

the amino group. The samples showed superparamag-
netic behaviour with symmetric hysteresis and satu-
ration magnetization. The TEM images revealed the
crystalline size to be 31 nm for the bare iron oxide
nanoparticles and 26 nm for L-arginine coated iron
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oxide nanoparticles. Further, all the synthesized mag-
netite nanoparticles were tested for biomedical appli-
cation as magnetic carriers. Cytotoxicity tests on A549
cell lines using MTT assay to find out % cell viability
for various concentrations were performed. Paclitaxel
drug loaded with L-arginine nanoparticles resulted in
enhanced cytotoxic effect leading to apoptosis. DNA
fragmentation on A549 cell line with L-arginine coated
iron oxide nanoparticles and control cells were exam-
ined. The control cells did not show any proliferation,
whereas L-arginine coated iron oxide nanoparticles
showed DNA fragmentation, proving that amino acid
functionalized magnetite nanoparticles provided new
opportunities for application in anti-cancer treatment.
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