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Abstract The chitosan-coated magnetic nanoparti-
cles (CS MNPs) were in situ synthesized by cross-
linking method. In this method; during the adsorption of
cationic chitosan molecules onto the surface of anionic
magnetic nanoparticles (MNPs) with electrostatic inter-
actions, tripolyphosphate (TPP) is added for ionic cross-
linking of the chitosan molecules with each other. The
characterization of synthesized nanoparticles was per-
formed by X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS/ESCA), Fourier transform
infrared spectroscopy (FTIR), transmission electron
microscopy (TEM), dynamic light scattering (DLS),
thermal gravimetric analysis (TGA), and vibrating
sample magnetometry (VSM) analyses. The XRD and
XPS analyses proved that the synthesized iron oxide was
magnetite (Fe;O4). The layer of chitosan on the
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magnetite surface was confirmed by FTIR. TEM results
demonstrated a spherical morphology. In the synthesis,
at higher NH,OH concentrations, smaller sized nano-
particles were obtained. The average diameters were
generally between 2 and 8 nm for CS MNPs in TEM and
between 58 and 103 nm in DLS. The average diameters
of bare MNPs were found as around 18 nm both in TEM
and DLS. TGA results indicated that the chitosan
content of CS MNPs were between 15 and 23 % by
weight. Bare and CS MNPs were superparamagnetic.
These nanoparticles were found non-cytotoxic on
cancer cell lines (SiHa, HeLa). The synthesized MNPs
have many potential applications in biomedicine
including targeted drug delivery, magnetic resonance
imaging (MRI), and magnetic hyperthermia.

Keywords Iron oxide (Fe;0,4) - Chitosan - Magnetic
nanoparticle - Biomedicine

Abbreviations

MNPs Magnetic nanoparticles, magnetite,
FC304

CS MNPs  Chitosan-coated magnetic
nanoparticles

CS Chitosan

TPP Tripolyphosphate

XRD X-ray diffraction

XPS/ESCA  X-ray photoelectron spectroscopy

FTIR Fourier transform infrared spectroscopy

TEM Transmission electron microscopy

DLS Dynamic light scattering
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TGA Thermal gravimetric analysis
VSM Vibrating sample magnetometry
Ms Saturated magnetization

MRI Magnetic resonance imaging
SPIONs Superparamagnetic iron oxide

nanoparticles (50-180 nm)

USPIONSs Ultrasmall superparamagnetic iron
oxide nanoparticles (10-50 nm)
VSPIONSs Very small superparamagnetic iron
oxide nanoparticles (<10 nm)
Introduction

The synthesis and characterization of nanoparticles
have been the focus of an intensive research for more
than 10 years. Biochemically functionalized nanopar-
ticles can be used in many different biomedical
applications, such as targeted drug delivery, hyper-
thermia, and MR imaging (Allen and Cullis 2004;
Prabaharan and Mano 2005). Nanoparticles, used in
biomedical applications, must be biocompatible, non-
toxic, and non-immunogenic. Their particle size must
be small enough to remain in the circulation after the
internalization to pass through the capillary systems of
tissues avoiding vessel embolism for a successful
application. It has been found that the size of the
nanoparticles plays a key role in their adhesion to and
interaction with the cells. The possible mechanisms for
the particles to pass through the physiological barriers
could be paracellular passage (<50 nm), endocytotic
uptake (<500 nm), and lymphatic uptake (particle size
<5 pum) (Florence et al. 1995; Lefevre et al. 1978;
Sanders and Ashworth, 1961) Magnetic nanoparticles
(MNP) have been extensively studied according to
their specific properties (non-toxicity, nano sizes, etc.)
in biomedical applications (Li et al. 2008; Denkbas
et al. 2002). With respect to size, it is generally agreed
that nanoparticles with a hydrodynamic diameter of
10-100 nm are pharmacokinetically optimal for in
vivo applications. MNPs are preferred to be super-
paramagnetic and have high magnetization property so
that their movement in the blood can be controlled with
external magnetic field and be immobilized close to the
targeted tissue (Gupta and Wells 2004).

Iron oxide nanoparticles (Fe,O3 and Fe;0,), being
biodegradable and suitable for surface modifications,
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are the most prominent class of MNPs for biomedical
applications such as in vivo magnetic resonance
imaging (Weissleder et al. 1997), magnetic hyperther-
mia for cancer treatment, and tissue-specific delivery
of therapeutic agents (Lubbe et al. 1996; Veiseh et al.
2010; Singh et al. 2011). Two other advantages of iron
oxide nanoparticles are their low toxicity on cells and
superparamagnetic  properties. Superparamagnetic
nanoparticles exhibit outstanding magnetic properties
because they show no magnetization in the absence of
a magnetic field but become strongly magnetized in
the presence of magnetic field. Superparamagnetic
nanoparticles can be organized according to their
hydrodynamic diameter into several categories (Corot
et al. 2006) standard superparamagnetic iron oxide
nanoparticles (SPIONs) (50-180 nm), ultrasmall
superparamagnetic iron oxide nanoparticles (USPIONs)
(10-50 nm), and very small superparamagnetic iron
oxide nanoparticles (VSPIONs) (<10 nm) (Weinstein
et al. 2010).

The approaches to synthesize iron oxide nanopar-
ticles can be top down (mechanical attrition) and
bottom up (chemical synthesis). Chemical synthesis is
better to produce uniformly sized and shaped nano-
particles. This can be subcategorized into two major
chemical processes: coprecipitation and thermal
decomposition. Coprecipitation method was preferred
in this study for magnetic iron oxide nanoparticle
synthesis because of its potential for large-scale
manufacturing, cost-effectiveness, ease of production,
and hydrophilicity of nanocrystals (Massart and
Cabuil 1987). Hydrophilicity of nanoparticles is a
key requirement for biomedical applications.

Surfactants are used to coat magnetic nanoparticles
to prevent aggregation caused by magnetic dipole—
dipole attractions between particles (Li et al. 2008;
Denkbas et al. 2002). Functionality of MNPs is largely
dependent on the properties of their surface coatings,
which change the surface charge of nanoparticle,
reduce the risk of immunogenicity, and increase the
cellular uptake. Among the coating materials studied
to date, chitosan has drawn considerable attention.

Chitosan, made from naturally occurring chitin, is a
biodegradable, biocompatible, linear polysaccharide
and has many reactive functional groups that can serve
as an anchor for conjugation of therapeutics, targeting
ligands, and imaging agents. In comparison with many
other polymers, the chitosan backbone contains a
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number of free amine groups, which allow binding of
many agents.

For biomedical applications, chitosan-coated mag-
netic nanoparticles (CS MNPs) are generally synthe-
sized by in situ coating method which is alkaline
coprecipitation of Fe(Il) and Fe(Ill) precursors in
aqueous solutions of hydrophilic chitosan polymers.
These polymers serve to limit the core growth of iron
oxide during the preparation, to stabilize via steric
repulsions when the nanoparticles disperse in aqueous
media, and to reduce the opsonization process in vivo
(Mornet et al. 2004).

In this study, in situ synthesis method was used for
the preparation of CS MNPs, involving the coprecip-
itation of iron salts in the presence of chitosan and
tripolyphosphate. In an acidic environment, the amino
groups could be positively charged after protonation.
Therefore, chitosan is able to interact with negatively
charged molecules (Calvo et al. 1997), such as the
hydroxyl (Fe—OH) groups on the surface of magnetite
nanoparticles. Sodium tripolyphosphate (TPP) is a
polyvalent anion with three negatively charged phos-
phate groups. The hydrophilic Fe;O,4 cores precipitate
by forming nuclei with high surface energies and
rapidly adsorb well-dissolved chitosan polymers. The
addition of TPP cross-links the adsorbed chitosan
molecules to each other through the ionic interactions
between the positively charged amino groups of
chitosan and negatively charged TPP. Under these
conditions, uniform layers of chitosan polymers were
assembled by physical cross-linking induced by
electrostatic interaction on Fe;O, cores to stabilize
each discrete nanoparticle. The CS MNPs synthesized
through this method are monodispersed and their
surface is uniformly coated with low molecular weight
chitosan polymer.

Experimental
Materials

Iron (IT) chloride tetrahydride (FeCl,-4H,0), iron (III)
chloride hexahydrate (FeCl;-6H,0), acetic acid
(CH3COOH), and ammonium hydroxide (NH,OH)
were obtained from Merck, Germany; -chitosan
(LMW, 85 % deacetylated) and sodium tripolyphos-
phate (TPP) were purchased from Sigma-Aldrich
Chemie GmbH, Germany.

Synthesis of magnetic iron oxide nanoparticles

Magnetic iron oxide (Fe;O4) nanoparticles were
synthesized for comparison purpose by the coprecip-
itation of Fe(II) and Fe(III) salts at 1:2 ratio in 150 ml
deionized water within a five-necked glass balloon.
Glass balloon is placed on a heating mantle and stirred
by a glass rod of mechanical stirrer, which is inserted
into the middle neck of the balloon. It is vigorously
stirred in the presence of nitrogen (N,) gas at 90 °C.
The nitrogen gas prevents oxidation. Ammonium
hydroxide (NH4OH) is added to the system dropwise.
The process ends by washing with deionized H,O until
the solution pH is 9.0.

In situ synthesis of chitosan-coated magnetic iron
oxide nanoparticles

Chitosan-coated magnetic iron oxide nanoparticles
(Fig. 1) were in situ synthesized by the coprecipitation
of Fe(Il) and Fe(IIl) salts in the presence of chitosan
and TPP molecules with some modifications of Kavaz
etal. (2010). TPP was used for the cross-linking of low
molecular weight chitosan polymers.

Chitosan (0.15 g) was dissolved in 30 ml of 1 %
acetic acid, and the pH was adjusted to 4.8 by 10 M
NaOH. Iron salts (1.34 g of FeCl,-4H,O and 3.40 g of
FeCl;-6H,0) were dissolved in 30 ml of 0.5 %
chitosan solution. Under the nitrogen (N,) gas flow
and by vigorously stirring at 2500 rpm, 10 ml of
7.5 % TPP and different amounts of 32 % NH,OH
(18, 20, 25, and 30 ml) were added to the solution to
obtain the final NH4,OH concentrations of 31 % (CS
MNP-S,), 33 % (CS MNP-S,), 38.5 % (CS MNP-S5),
and 43 % (CS MNP-S,) at room temperature. The
ammonia solution was added very slowly to produce
smaller sized nanoparticles. The resulting solution was
stirred for an additional 1 h. The colloidal chitosan-
coated magnetic Fe;04 nanoparticles were extensively
washed with deionized water and separated by mag-
netic decantation for several times.

Characterization of synthesized bare and chitosan-
coated magnetic Fe;O4 nanoparticles

Crystal structures of synthesized MNPs were analyzed

by XRD. The chemical groups and chemical interac-
tions involved in synthesized MNPs were identified
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Fig. 1 Schema of in situ synthesized chitosan-coated magnetic nanoparticles (CS MNPs)

using the FTIR and XPS methods. The sizes of
magnetic core and morphological properties were
observed through TEM images. The hydrodynamic
sizes were determined with DLS measurements. The
qualitative and quantitative information about the
volatile compounds of the nanoparticles has been
provided by TGA-FTIR. Magnetic properties of
MNPs were determined through VSM analyses.

Results

In the synthesis of bare MNPs, the conditions have been
optimized by adjusting the temperature (20-90 °C by
10 °C intervals). Crystal structures were formed at the
temperatures >50 °C. Pure Fe;04 was obtained at
90 °C. In the synthesis of CS MNPs, the effect of
NH,OH amount (18, 20, 25, and 30 ml) was studied.
Different sized CS MNPs were obtained (2-8 nm) by
changing the conditions. The characteristic properties
of synthesized bare and CS MNPs have been analyzed
by various analytical methods.
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X-ray diffraction (XRD)

The crystal structure of synthesized iron oxide (Fe;0,)
nanoparticles was determined by XRD. The diffrac-
togram was given in Fig. 2. Diffraction peaks at (220),
(311), (400), (422), (511), (440), and (533), which are
the characteristic peaks of the magnetite (Fe;O,)
crystal having an inverse cubic spinel structure by
comparison with standards (JCPDS card, file No.
77-1545), appeared in both bare and chitosan-coated
nanoparticles (Das et al. 2008). The XRD spectrum
of chitosan is given at several reports in the literature
(Li et al. 2005; Lu et al. 2007) which shows peaks
with low intensity/cps values around 26 = 10 and a
broad peak at around 260 = 15-35. In Fig. 2, the
characteristic peak corresponding to chitosan is
marked with “x”.

XRD results revealed the presence of the Fe;O4
crystals in both types of the synthesized magnetite
nanoparticles. The peak positions were unchanged,
which illustrated that the chitosan binding process did
not result in the phase change of Fe;0y.
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The particle sizes can be quantitatively evaluated
from the XRD data using the Debye—Scherrer equa-
tion, which gives a relationship between peak broad-
ening in XRD and particle size. D = kA/(f-cos0),
where k is Sherrer constant (0.89), . is the X-ray
wavelength (nm), f is the peak width of half-
maximum, and 0 is the Bragg diffraction angle. The
crystallite sizes of the Fe3O4 and chitosan-coated
Fe;O4 nanospheres obtained from this equation were
found to be about 18 and 8 nm, respectively.

X-ray photoelectron (XPS)

Because both Fe;O, (magnetite) and y-Fe,O5; (ma-
ghemite) possess the inverse spinel structure, they can
have similar XRD patterns. So, XRD by itself is not an
ideal method to discriminate the certain crystalline
forms of iron-containing nanoparticles, such as Fe;Oy4
and y-Fe,0;. XPS was then used to examine shell
structure of the synthesized product because core
electron lines of ferrous and ferric ions can both be
detectable and distinguishable in XPS. Figure 3 shows
representative XPS spectra of the synthesized prod-
ucts. The photoelectron peaks at 711.7 and 725.2 eV
are the characteristic doublet of Fe 2p¥* and 2p'*
core-level spectra of iron oxide, respectively, which is
consistent with the oxidation state of Fe in Fe;O,.
These peaks at 711.7 and 725.2 eV were observed in
both bare MNPs (Fig. 3a) and chitosan-coated MNPs
(Fig. 3b) (Teng et al. 2003; Liu et al. 2010; Daou et al.
2006).

XPS spectra can identify the absorption sites and
the interactions between MNP and CS by the bands

20 (Degree)

obtained from their spectrum. There is no significant
peak observed for amino groups in bare MNPs
(Fig. 3a). The XPS spectrum of CS MNP complex
was shown in Fig. 3b. The Nls band of chitosan at
397.7 eV is assigned to amino groups (-NH,). In CS
MNPs, the binding energy at 398 eV was attributed to
the amino groups that were involved in hydrogen bond
(NH,—O) which reflects the presence of amino groups
of chitosan. The CS MNP complex expressed a new
band for Nls at around 400 eV. This new band was
assigned to chelation between the amino groups and
iron ions (NH,—Fe). The chelation of CS-Fe;0,
demonstrates that the magnetite was coated with
chitosan (Wang et al. 2009).

Fourier transform infrared spectroscopy (FTIR)

To confirm the chemical composition of synthesized
nanoparticles, FTIR spectra were obtained. The FTIR
results were given with their auto baseline corrections.
The presence of Fe;0,4 core could be identified by the
strong stretching absorption band at 579 cm ™', which
corresponded to the Fe—O bond (Fig. 4c). The peak
located in the 583 cm™! region is found in bare and
chitosan-coated nanoparticle’s spectra, confirming
that the products contain magnetite. The peaks around
1615 + 15 cm™', assigned to the NH, group bend
scissoring, are present in both chitosan and chitosan-
coated nanoparticle’s spectra, proving that magnetite
nanoparticles were successfully coated by chitosan
polymer (Coates 2000). In the IR spectrum of chitosan
(Fig. 4a), the band at 1628 cm ! is assigned to NH,
group bend scissoring, the peak at 1422 cm™' to OH

@ Springer
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Fig. 3 X-ray photoelectron spectra of the synthesized magnetic nanoparticles. (a) Bare MNP and (b) chitosan-coated MNP-S; (31 %).
The upper inset is the expanded spectrum of N1s in CS MNPs. The lower insets are the expanded spectra of Fe 2p
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C-N stretch in chitosan. In the spectrum of CS MNP
(Fig. 4b), the 1628 cm™' peak of NH, group bend
scissoring in chitosan, shifted to 1618 cm ™' and a new
sharp peak at 583 cm ™' was appeared. All character-
istic peaks of chitosan and iron oxide were present in
the spectrum of CS MNP. Results indicated that MNPs
were successfully coated with chitosan and these
results are compatible with the articles in the literature
(Li et al. 2008; Zhang et al. 2010a; Ma et al. 2007).

Transmission electron microscopy (TEM)

Size and morphology of synthesized MNPs and CS
MNPs have been observed by TEM. Obtained images
showed that (Fig. Sa—c) the synthesized CS MNPs are
almost spherical and have more uniform size distri-
bution as compared with bare MNPs. The average
diameters are around 18-20 nm (bare MNP), 6—-8 nm
(CS MNP-S)), 5-7 nm (CS MNP-S,), 3-5 nm (CS
MNP-S5), and 1-3 nm (CS MNP-S,). The cumulative
particle size distribution histograms of CS MNP-S;
and CS MNP-S; were also given (Fig. 5d, ). The sizes
of the nanoparticles get smaller as the concentration of
NH,4OH increases in the solution during the synthesis.
The monodispersity of size distribution and produc-
tion of the smallest sized CS MNPs in the literature
synthesized by this method are important features of

2500 2000 1500 1000 500

Wavenumbers (cm)

~2(5 —2—CSMNP ——BMNP

this study. The ammonium concentration seems to be
critical to obtain smaller sized nanoparticles.

Although it is difficult to directly observe the layer
of CS on the MNPs from TEM images, the dispersing
behavior of surface-stabilized MNPs (Fig. 5b, c) has
been improved in comparison with that of bare MNPs
(Fig. 5a), which exhibits aggregated morphology.
Chitosan is a good agent for stabilizing aqueous
suspension of bare MNPs because of its polyelectro-
lyte property.

The transmission electron microscopy revealed the
parallel lattice fringes clearly visible at almost all the
nanoparticles. The lattice spacing seen in the lattice
fringe of the nanoparticles indicates the crystallinity
and structural uniformity of the sample (Ye et al.
2006). The crystalline structures of the bare MNPs and
CS MNPs were also characterized by powder X-ray
diffraction (XRD) technique.

Dynamic light scattering (DLS)

DLS is concerned with measurement of particles
suspended within a liquid. The average sizes of
chitosan-coated MNPs were found as 103 nm CS
MNP-S;, 86 nm CS MNP-S,, 66 nm CS MNP-S;, and
58 nm CS MNP-S; in DLS measurements. These
results are in parallel with the results obtained by TEM
analyses. The average diameters of bare MNPs were

@ Springer
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Fig. 5 TEM micrographs
of (a) bare magnetite
(FC304), (b) CS MNP-SI,
(c) CS MNP-S;
nanoparticles and
cumulative particle size
distribution (PSD)
histograms of (d) CS
MNP-S,, (e) CS MNP-S3
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Fig. 6 Particle size distribution of bare MNPs

found as 18 nm, in both XRD and TEM results, their
average sizes were also confirmed by DLS measure-
ments (Fig. 6) since there was no polymer coating on
the surface of MNPs, which will increase the hydro-
dynamic diameter of the nanoparticle.
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Thermal gravimetric analysis (TGA and TGA-
FTIR)

The TGA-FTIR analysis of bare and chitosan-coated
Fe;0,4 nanoparticles provides qualitative and quanti-
tative information about the volatile components of
the nanoparticles. The TGA curve (Fig. 7) shows that
the weight loss of bare MNPs over the temperature
range from 30 to 850 °C is about 3 %. This might be
because of the loss of residual water in the sample.
The CS MNPs gave their distinctive TGA curves,
which can provide indications of the content of
chitosan polymers. The principle chains of CS began
to degrade at about 250 °C and the final temperature of
decomposition was around 700 °C. The results of
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TGA-FTIR demonstrated that most of the organic
layer, chitosan, was removed as CO, at high temper-
atures. The peaks at 2400-2000 cm ™' reflect O=C=0
stretching assigned to carbonyl groups of CO, (Paama
et al. 2003). From the percentage weight loss in the
TGA curve, the amount of chitosan bound on MNPs
was estimated. The average mass content of chitosan
in nanoparticles by TGA was found to be about 23 %
(CS MNP-S,), 20 % (CS MNP-S,), 17 % (CS MNP-
S3), and 15 % (CS MNP-S,) (Fig. 7). With the
decrease of NH,OH percentage in the synthesis, the
average diameters of magnetic CS MNPs increased
from 58 to 103 nm and the chitosan content increased
from 15 to 23 %.

Vibrating sample magnetometer (VSM)

Magnetic hysteresis curve is obtained by vibrating
sample magnetometer. The applied magnetic field was
changed and magnetization properties of synthesized
Fe;0O4 and chitosan-coated Fe;O4 nanoparticles were
measured at 37 °C.

Figure 8 shows hysteresis loops of bare MNPs and
CS MNP-S;. The saturated magnetization (Ms) of bare
magnetic nanoparticles is 62 emu/g, while the CS
MNP-S; is about 39 emu/g (Fig. 8a). The decrease of
Ms was because of the chitosan coating around MNPs.
The existence of CS on the surface of MNP decreased
the Ms because of the quenching of surface moments
(Xu et al. 2007).

As it is seen from Fig. 8b, there is no remanence
and coercivity observed in the hysteresis curves. This
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Fig. 7 Thermal gravimetric analysis curve of bare and chito-
san-coated Fe;O4 nanoparticles

phenomenon proved that the MNPs showed super-
paramagnetic properties. The Ms values were obtained
for CS MNP-S, (39 emu/g), CS MNP-S, (33 emu/g),
CS MNP-S3 (29 emu/g), and CS MNP-S, (25 emu/g).
Because the weights of the CS MNPs used for the
measurement of magnetic properties were constant,
the decrease of Ms was because of the decreased core
size of magnetite incorporated in the chitosan coating.
The saturation magnetization of nanoparticles consis-
tently increases with the size of the magnetic core
(Maaz et al. 2007).

Cell proliferation assay with XTT reagent

To asses the cytotoxicities of synthesized bare MNPs
and CS MNPs, cell proliferation assays were per-
formed with XTT reagent on cervical carcinoma cell
lines, HeLa and SiHa. The cell proliferation assay
revealed that the synthesized bare and CS MNPs were
not significantly cytotoxic on these cell lines. When
the highest doses of bare MNPs and CS MNPs
(1000 pg/ml) were applied on HeLa cells, cell prolif-
eration decreased only 5 and 2 %, respectively
(Fig. 9). Because the SiHa cells were more sensitive
than HeLa cells, their cell proliferation rate decreased
8 %, at the highest dose (1000 pg/ml) of bare MNPs.
The CS MNPs were also compatible with SiHa cells
(Fig. 9), they decreased cell proliferation rates only
6 %.

Discussion

The synthesis of nanoparticles with small size and
uniform size distribution is a subject of intensive
research in recent years. In this study, CS MNPs were
synthesized at four different ammonium ion concen-
trations. For each synthesis homogen size distributions
were obtained at different size ranges. Smaller sized
nanoparticles were obtained at higher ammonium
concentrations. With the decrease of NH,OH percent-
age in the synthesis, the average diameters of magnetic
CS MNPs increased from 58 to 103 nm and the
chitosan content by weight increased from 15 to 23 %.

Chitosan polymer is coated on iron oxide core by
ionic cross-linking of TPP cross-linker with chitosan
via electrostatic interactions. The coating of MNPs
with a layer of chitosan was validated by FTIR. The
ionic interactions occur between the negatively

@ Springer
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Fig. 9 Cell proliferation
analyses (XTT) results of
bare (a) and CS MNP-S;
(b) on HeLa cells
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charged (PO™) groups of the cross-linker and the
positively charged (NH3) groups of chitosan mole-
cules dissolved in aqueous acetic acid. This process
leads to the formation of a densely packed structure
yielding smaller sized nanoparticles as explained by
Hritcu et al. (2009). Besides, -NH3 groups of chitosan
are attracted by —OH™ of iron oxide, through this way
nuclear growth of iron oxide is inhibited by chitosan
molecules which provides smaller core size. Another
important factor is the degree of deacetylation of
chitosan. The higher deacetylation degree of chitosan
can provide an increased number of free protonable
amino groups (Hu et al. 2010). The CS MNPs have
many reactive functional groups to load different
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molecules such as drugs, contrast agents, or targeting
ligands for biomedical applications.

The resulting core magnetic nanoparticles were
found as magnetite (Fe;O,4) and had cubic spinal
structures (Fig. 2). No evidence of impurities was
found in the XRD pattern. The peaks shown in the
XRD pattern of the prepared sample are sharp and
intense, indicating good crystallinity of Fe;O,4. These
results are compatible with the XRD results in the
literature (Dung et al. 2009). The XRD spectrum of
chitosan is given at several reports in the literature (Li
et al. 2005; Lu et al. 2007). Li et al. (2005) reported
that chitosan raw material is essentially non-crystal-
line. In the case of cross-linked chitosan, the intensity
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of characteristic peaks is even lower than that of pure
chitosan, which was reported by Wan et al. (2003) and
Lu et al. (2007). Because the chitosan is cross-linked
by TPP in this study, the intensity of chitosan peak is
very low in CS MNPs as it is seen in Fig. 2, as
compatible with the literature. The differences in the
diffraction patterns of chitosan and cross-linked
chitosan could be attributed to modification in the
arrangement of molecules in crystal lattice (Bhumkar
and Pokharkar 2006). Chitosan nanoparticles were
composed of a dense network structure of interpene-
trating polymer chains cross-linked to each other by
TPP.

The core sizes of synthesized CS MNPs, dependent
on the preparation conditions, were found as 6-8 nm
(CS MNP-S)), 5-7 nm (CS MNP-S,), 3-5 nm (CS
MNP-S3), and 1-3 nm (CS MNP-S,) in TEM analy-
ses. The estimated core size obtained from Debye-
Scherrer equation was confirmed the particle sizes
observed in TEM images. The total average sizes were
found larger in DLS measurements. DLS method
differs from TEM in that it measured the hydrody-
namic particle size in the dispersion medium. TEM
images show the core particle size, without the
contribution of the chitosan; because the chitosan
layer normally collapses onto the MNPs surface when
the dispersion medium is evaporated prior to imaging.
It is also obvious that the thickness of the stabilizing
layer, when collapsed on the surface of the MNPs, is
negligible. Therefore, the difference in diameter
measurements obtained by DLS and those obtained
by TEM is the size of the chitosan layer. However, this
is only valid for small particles (diameter <200 nm)
(Bhattarai et al. 2008).

Size-tunable synthesis of chitosan-coated magnetic
nanoparticles by in situ coprecipitation method at this
small size range is not reported in the literature. This
method is advantageous than the earlier published
methods (Tiaboonchai and Limpeanchob 2007)
because the process is simple and carried out under
mild conditions without using hazardous organic
solvents. The nanoparticles obtained by our method
are expected to have better biocompatibility than
covalently cross-linked chitosan (Agnihotri et al.
2004; Park et al. 2010) as the chitosan was cross-
linked with ionic interactions.

The magnetic Fe;O4—chitosan nanoparticles were
in situ synthesized for lipase immobilization by Wu
et al. (2009); however, their methods for synthesis

were considerably different. Yuwei and Jianlong
(2011) synthesized magnetic chitosan nanoparticles
by in situ coprecipitation method without TPP for
cupper removal. In their study, the particle size was
found to have much wider size distribution.

Magnetic nanoparticles having a core size <30 nm
show superparamagnetic behavior having remanence
and coercivity nearly zero. In this study, magnetiza-
tion characteristics of the nanoparticles were demon-
strated by VSM analyses. No significant remanence
and coercivity were observed in the hysteresis loops of
bare and chitosan-coated MNPs. This phenomenon
proved that MNPs synthesized in this study are
superparamagnetic. In the absence of a magnetic field,
superparamagnetic nanoparticles will not show mag-
netic properties. This is a desired characteristics in
biomedical applications.

These superparamagnetic magnetite (Fe;0,4) nano-
particles, stabilized by the biocompatible CS disper-
sant, have many potential applications in biomedicine.
Being easily targetable in the magnetic field and
having high surface to volume ratio, synthesized small
nanoparticles can be efficiently used for imaging,
diagnosis, and therapy purposes (Yezhelyev et al.
2006; Pison et al. 2006).

In the literature, similarly synthesized nanoparticles
generally show some agglomeration (Li et al. 2008;
Dung et al. 2009; Zhang et al. 2010b). However, in this
study, because of the smaller particle sizes, nanopar-
ticles have very large surface area and this surface
energy could increase the agglomeration. Therefore,
during the synthesis of CS MNPs, larger nanoparticles
were obtained by increasing concentration of ammonia
solution. The increase in the particle sizes of CS MNP-
S; resulted in less agglomeration, which is observed in
TEM images. Dissolving CS MNPs at various solvents
such as PBS or ultrasonication after synthesis could
help to overcome the agglomeration problem. The
agglomeration can be reduced after loading with
various therapeutics, because of the changes in size
and charge of nanoparticles. The studies to prevent the
agglomeration of nanoparticles are continuing (Dung
et al. 2009). Li et al. (2008) synthesized nanoparticles
by covalent binding of chitosan on the Fe;O,4 nano-
particles through glutaraldehyde cross-linking. How-
ever, the agglomeration of the CS MNPs could not be
prevented (Li et al. 2008).

Cell proliferation assay results proved that the
synthesized nanoparticles (MNPs and CS MNPs) are
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not cytotoxic on cancer cell lines (SiHa and HeLa).
They may be suitable as magnetic nanocarriers in
biomedical applications such as targeted drug deliv-
ery, magnetic resonance imaging (MRI), and magnetic
hyperthermia.

There are important applications for small sized
nanoparticles in the literature. Kim et al. (2005) have
synthesized superparamagnetic magnetite by a sono-
chemical method. These particles were used as MRI
agents by combining them with chitosan. These
spherical particles were about 15 nm in diameter
(Laurent et al. 2010). Kavaz et al. (2010) synthesized
chitosan-coated Fe3;O,4 nanoparticles in the size of
around 150 nm and they loaded Concavalin-A for
targetting of cancer cells and Bloemycin as an anti-
cancer agent. The utilization of small sized super-
paramagnetic nanoparticles for targeted drug delivery
applications have been reported in the literature
(Neuberger et al. 2005). The synthesized nanoparticles
in this study have potential applications for such
purposes.
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