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Abstract: Brachytherapy is expected to be a solution to the side effect of other cancer
therapy methods. This study aims to synthesize ferrofluids (FF)-Chitosan-Au (so-called
cold synthesis) as the initial step before using **Au that is expected to be a targeted and
controllable brachytherapy agent. In this research, the preparation of FF-Chitosan was
done by the co-precipitation method. Furthermore, FF-Chitosan-Au was produced via
self-assembly by the adsorption method. The adsorption followed the Langmuir model
with a maximum capacity of 30.24 mg Au/g FF-Chitosan. The X-Ray Diffractometion

(XRD) of FF-Chitosan-Au confirms the existence of Au. Particle Size Analyzer (PSA)
indicates FF-Chitosan-Au has an average size of 82.93 nm with a polydispersity index of

0.175. Morphological and distribution analysis of nanoparticles using Scanning Electron
Microscope (SEM) shows that nanoparticles have a homogenous spherical shape.
Vibrating Sample Magnetometer (VSM) measurement confirms the superparamagnetic
properties of FF-Chitosan and FF-Chitosan-Au with a saturated magnetization of 80.48
and 74.52 emu/g, respectively. The overall results are associated with biomedical
requirements, such as high saturation magnetization and good polydispersity. The
synthesis can also be applied to produce FF-Chitosan-'*Au that has great potential as a

brachytherapy agent, which will reduce the nuclear waste and potential danger of

radiation received by workers during synthesis.
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= INTRODUCTION

Research of nanomaterials by assembling some
nanomaterials components becomes interesting due to
having versatile physical and biological properties that
have a wide range of applications such as in catalysis and
[1-2]. For
nanoparticle magnetic is one of the favorite materials

targeting therapeutic drugs example,
combined with other materials by surface modification,
This
modification aims to make magnetic nanoparticles
(MNP) being compatible with the bio-system [4].

Recently, research on targeted therapy agents has

especially in biomedical applications [3].

become the most promising cancer treatment option [5].

Extensive studies on chemically modified polymeric
MNP have been done because of their capability of
carrying a wide range of drugs to tumor sites [5].
However, for biomedical applications, MNP-mostly
magnetite must have high saturation magnetization,
stability, biocompatibility, and interactive functions at
the surface [6]. On the other hand, MNP has
hydrophobic surfaces that tend to agglomerate due to
strong magnetic dipole-dipole interaction, which causes
different behavior [7]. Moreover, the naked MNP have
high chemical activity and are easily oxidized in the air
(especially magnetite), resulting in loss of magnetism
and dispersibility [8-9]. Therefore, the surface coating
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should be done as effective protection strategies to keep
the stability of MNP. The MNP surfaces were generally
coated by organic molecules (surfactants, polymers, and
biomolecules) or an inorganic layer (silica, metal, non-
metal elementary substance, metal oxide, or metal
sulfide). These coating strategies protect and stabilize the
MNP and play a crucial role in improving MNPs
specificity; hence, the higher the targeting specificity, the
more selective target cancer cells will be achieved [10-12].

Development of MNP coated by organic molecule
becomes important in biomedical application due to its
wide range of functions such as targeted drug delivery and
radiotherapy and diagnostic agents [13]. Chitosan is a
polyamine molecule with more advantages as an MNP
coating agent than a neutral polymer such as polyethylene
glycol (PEG) because of its ability to secondary
functionalization [14-15]. Chitosan protects and stabilizes
MNP agents and establishes electrostatic interactions
with the negatively charged cell membrane in the weakly
acidic microenvironment of tumors (pH 6.8-7.2) [14-15].
In addition, Low Molecular Weight (LMW) chitosan as
an MNP coating agent increases the hydrophilicity of the
polymer and further improves its protective effect at
neutral pH [16].

A variety of molecules or elements are able to bind
with amine functional groups at chitosan. Gold is a noble
metal that widely used in various fields, including health.
Over the last decade, researchers have made many efforts
to use gold nanoparticles for cancer treatment [4-5]. Gold
has become an important material in nanomedicine due
to its stability and ease of functionalization [15]. Gold
nanoparticles (AuNPs) also have extraordinary tumor
retention capabilities because of their natural affinity to
leaky tumor vasculature, manifested in tumor
angiogenesis [16]. Many research uses gold nanoparticles
and their activated phase (**Au) as therapeutic agents by
different

photodynamic therapy, and radiotherapy [14,17]. Gold

mechanisms, including thermal therapy,
nanoparticles are also extensively studied in the range of
medical diagnostic and therapeutic applications (as
theranostic agents) [14,18]. In order to reach the tumor
target and avoiding its toxicity, gold combine with other

molecules such as chitosan and magnetic material. Iron
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oxide/gold hybrid coated with chitosan has been studied
for diagnostic and targeted drug delivery (theranostic
agent) [18].
chitosan functionalized iron oxide-Au core-shell for
targeted drug delivery (TDD) [2]. Irradiated gold (***Au)
combined with poly(amidoamine) (PAMAM) for
brachytherapy or internal radiotherapy has been

Pati and co-workers have synthesized

inspected by Ritawidya and co-workers [17]. However,
synthesis method of composite Au-iron oxide-chitosan
that allows for activated Au has not been proposed yet.
Many research of Au-iron oxide-chitosan added Au in
the first step (before coated with chitosan). This method
is quite difficult and not safe when using Au in activated
phase. In this research, a more simple synthesis method
of Au-iron oxide-chitosan nanocomposite has been
studied which allows the using of irradiated Au. The iron
oxide-chitosan functionalized with Au in the final step
by self-assembly. This method has benefit to reduce the
chance of radioactive waste and the potential danger of
radiation received by workers when using irradiated
gold.

Synthesis of Au-iron oxide-chitosan nanoparticles
has been done in two steps. First, magnetite as a
magnetic source that will play a role as a controllable
therapy agent has been synthesized in chitosan solution
to form Ferrofluid-Chitosan (FF-Chitosan) with sodium
tripolyphosphate (Na-TPP) as a cross-linker [19]. Then,
FE-Chitosan is functionalized with Au by self-assembly
through the adsorption method in a batch system [13].
In this research, chloroauric acid tetrahydrate has been
used as an Au source, then adsorbed by FF-Chitosan
through electrostatic interaction. The influence of the
initial pH of the Au was investigated to get the optimum
pH of FF-Chitosan-Au synthesis. Langmuir and
Freundlich
equilibrium adsorption data [13]. This synthesis route

isotherms were used to evaluate the

will be the reference when using Au in the active phase
(8Au).

m EXPERIMENTAL SECTION
Materials

Chemicals used for the synthesis of FF-Chitosan-
Au were FeClL.4H,O and FeCli.6H,O from Sigma
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Aldrich as precursors for ferrofluid, chitosan with Low
Molecular Weight (Sigma Aldrich), acetic acid (analytical
grade, from Merck), sodium tripolyphosphate (Na-TPP)
as a cross-linking agent, ammonium hydroxide (NH,OH)
32%, distilled water with a resistivity of 18.2 MQ cm,
chloroauric acid tetrahydrate (HAuCl,) from Sigma
Aldrich. All chemicals in this study were used without
further purification.

Instrumentation

Morphology and elemental analysis of nanoparticles
Ferrofluid-Chitosan and Ferrofluid-Chitosan-Au were
SEM-EDAX (JEOL-JED-2300). The
estimation of the particle size has been done using DLS
analysis (Malvern). XRD (PANalytical) was used for
structural analysis. FTIR spectra of chitosan, FF-

subjected to

Chitosan, and FF-Chitosan-Au were recorded with
Infrared Transmission Spectroscopy (KBr module) in the
range of 4000-400 cm™ on FTIR-Bruker Tensor 27. The
magnetization behavior of FF-Chitosan and FF-Chitosan-
Au were subjected to VSM (OXFORD 1.2H). Au
concentrations in the supernatant (un-bounded Au) were
calculated using a Flammable Atomic Absorption
Spectrophotometer (Perkin Elmer AAS Analyst 400).

Procedure

Synthesis of Ferrofluid-Chitosan

Ferrofluid-Chitosan (FF-Chitosan) nanoparticles
were in-situ synthesized by co-precipitation method as
described by Unsoy et al., with some modifications [20].
Ferrous chloride salts, Fe(II) and Fe(III), were dissolved
in chitosan solution. TPP was used as a cross-linker. The
synthesis has been conducted at room temperature by
adding a total of 3.40 g of FeCl;-6H,O and 2.68 g of
FeCl,-4H,0O (mol ratio of Fe(IT) and Fe(III) is 1:1), in 30 mL
of 0.1% w/v chitosan in 1% acetic acid solution.
Furthermore, the mixture of Fe(III) and Fe(II) chloride
salts in chitosan solution was dispersed with ultrasound
irradiation for 1 min. Sodium-TPP (0.00773 g dissolved
in 10 mL DI-water) was mixed with 30 mL of 32%
NH,OH and then added vigorously to the Fe-chitosan
solution under ultrasonic irradiation for 5 min. The
resulting black-colored solution was then stirred using a
mechanical mixer for an hour. The colloidal chitosan-
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coated Fe;O4 nanoparticles were extensively washed
with deionized water and separated by magnetic
decantation several times to remove the impurities. The
solids were then added with deionized water and got
additional ultrasound irradiation for 5 min, then
centrifuged for 30 min at 12000 rpm. The supernatant
containing magnetic nanoparticles Fe;O,-chitosan was
stored in the refrigerator.

Synthesis of Ferrofluid-Chitosan-Au

The synthesis of FF-Chitosan-Au has been carried
out by the adsorption method in a batch system. FF-
Chitosan were act as adsorbent and HAuCl, as
adsorbate. All the synthesis procedures were done at
room temperature. In order to get the optimum
condition, synthesis has been done in various pH of Au
solution (1 to 6). Variation of FF-Chitosan amount (5,
10, 15, and 20 mg) and concentration of the gold
solution (40, 60, 80, 100, and 120 ppm) have been done
at optimum pH. In this study, the volume of Au solution
used was 5 mL for each batch, and after the FF-Chitosan
addition, the mixtures were shaken for 2 h. Then, the
adsorbent and supernatant were separated with an
external magnet and centrifuge. The concentration of
Au that remains in the supernatant was analyzed with
Flammable Atomic Absorption Spectroscopy (FAAS).
The resulting data of synthesis FF-Chitosan-Au in
various gold solution concentrations were evaluated
with Langmuir and Freundlich equations to determine
the adsorption capacity.

m  RESULTS AND DISCUSSION

This research is the initial research in the
manufacture of FF-Chitosan-Au(198), which will be
applied as a radiation source agent in brachytherapy. It
is crucial to determine the optimum condition of
synthesis using non-activated gold. This adsorption
method (which Au takes place in the last step of
synthesis) aims to reduce radioactive waste and the
potential danger of radiation that workers will receive
when synthesis using Au(198).

FF-Chitosan-Au has been synthesis in two steps.
After FF-Chitosan has
precipitation, it was then bound to gold Au with

been obtained via co-
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adsorption method in a batch system. Magnetite
nanoparticles (MNP) in ferrofluid form have been
obtained in situ in chitosan solution with TPP as a cross-
linker. Schematic interaction between MNP (ferrofluid)
and chitosan with crosslinked TPP as a synthesis product
is shown in Fig. 1. The amino groups in the chitosan have
a positive charge as a result of protonation in an acidic
medium that able to bond with the negative charge of
hydroxyl groups of magnetite via electrostatic interaction.
Similar interactions also occur between -OP groups of
TPP with amino groups in chitosan. Thus, the TPP plays
a role in the formation of densely packed nanoparticles
[20].

Determination of the optimum pH of Au solution is
important due to the acidity of the medium affects the
charge of the FF-Chitosan surface and its stability. The
acidity of Au solution was set at acid condition (pH 1-6),
where gold ion (Au(IIl)) has negative charge as AuCly,
[AuCL(OH)], [AuClL(OH),]", and [AuCl(OH);]" species
[13,21]. The optimum pH of Au solution for FF-
Chitosan-Au synthesized in this research has been
achieved at pH 2 (as shown in Fig. 2). It can be explained
that at pH 1, Au that binds to the active site of FF-
Chitosan was low because of the strong acidity
environment leading to ion competition between
[AuCly]” with Cl” of HCI. Au ion and FF-Chitosan surface
electrostatic interaction has reached the maximum at pH
2 and decreased slightly until pH 6. This happened due to
the H" ion in the Au solution that protonates -NH, and
-OH groups in FF-Chitosan was decreased with the
increase in pH. Another reason is, at pH5 and 6, Au ions
have a negative charge as [AuCL(OH),]- and
[AuCl(OH);]~, which have lower electrostatic attraction
than at lower pH [13]. Since the maximum capacity of Au
that binds to the FF-Chitosan surface occurred at pH 2 in
the examined pH range, the following synthesis of FF-
Chitosan-Au was carried out at pH 2.

The initial concentration of Au solution becomes an
important driving force that affects the adsorption
capacity of FF-Chitosan to Au ion. The amount of Au ion
that binds to FF-Chitosan surface at pH 2 and room
temperature is shown in Fig. 3, which informs the
correlation of adsorption capacity of FF-Chitosan with
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Fig 1. Schematic illustration of the interaction between
Fe;O, and chitosan with cross-linker TPP
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Fig 2. Determination of the optimum pH on the FF-
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Fig 3. Equilibrium isotherm for the adsorption of Au

ions on the FF-Chitosan in the synthesis of FF-Chitosan-

Au
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Au ion concentration at equilibrium (Ce). As the initial
metal ion concentration increases, the percentage of Au
that binds to FF-Chitosan decreases, which was in line
with the basic concept of mass transfer [22]. At a low
concentration of Au ion, the active binding sites of FF-
Chitosan remain unsaturated, offering a large surface area
for Au ion. At a higher concentration, Au ion leads to a
decreasing in the total surface area of the Au ion
adsorbent [13]. After the equilibrium has been reached,
the increasing concentration in the system caused the
distance of particles to narrow and limited the mobility of
particles, then made the amount of Au ion that binds to
FF-Chitosan decrease. Fig. 3 informs the adsorption
capacity of FF-Chitosan to Au is 30 mg Au/g FF-Chitosan.
that
correlation between the amount of Au per unit mass of
FF-Chitosan  at
concentration in the equilibrium solution is important to

The adsorption isotherm informs the

constant temperature and its
determine the capacity of Au ion that binds onto FF-
Chitosan surface. The calculation was done by fitting the
experimental data into the Langmuir and Freundlich
Table 1
correlation of the Langmuir and Freundlich models of FF-

isotherm models. shows the coefficient
Chitosan to Au ion. Mass of FF-Chitosan was varied by 5,
10, and 15 mg to get more accurate information.

Based on the coefficient correlation of Langmuir
and Freundlich, the adsorption capacity of the FF-
Chitosan-Au

Langmuir adsorption isotherm is examined based on the

synthesis fits the Langmuir model.
adsorbent monolayer surface, and all of the active sites on
the adsorbent surface give the same affinity to interact
with adsorbate [13]. The calculation result shown in Table
2 confirms the maximum adsorption capacity and Au

loading content of 30.24 mg Au/g FF-Chitosan.

Table 1. Coefficient correlation of the Langmuir and
Freundlich models of the adsorption FF-Chitosan to Au

Mass of FF-Chitosan R?
(mg) Langmuir Freundlich
5 0.969 0.069
10 0.999 0.465
15 0.995 0.449
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Table 2. Langmuir parameters of FF-Chitosan-Au
synthesis

Langmuir Isotherm

FF-Chitosan

(mg) ®) Kl Qmax
(L/mg) (mg/g)

5 0.969 0.219 30.77

10 0.999 1.622 30.21

15 0.995 0.938 29.76
Average 30.24

Characterization of Materials

FTIR spectrophotometric analysis was carried out
to verify the functional groups that were present in the
synthesized materials. Fig. 4 shows the functional groups
of chitosan (a), FF-Chitosan (b), and FF-Chitosan-Au
(c). The broad absorption band at wavenumber 3361
cm" attributed to O-H and N-H vibrations (Fig. 4 a-c).
Characteristic of chitosan peak shown at 2926 cm™
(C-H stretching), 1648 cm™ (N-H stretching), 1378 cm™
(C-C bending), 1315 cm™ (C-N stretching), 1071 cm™
(C-O asymmetry), 1035 cm™ (C-O symmetry) and
894 cm™ (C-H ring stretching) [10]. FTIR spectra FF-
Chitosan (Fig. 4(b)) also show O-H and N-H
absorption peaks at 3363 cm™. The peak at 1648 cm™
belongs to the stretching vibration of N-H from
chitosan. The new peak at 582 cm™ (Fig. 4(b)) can be
related to the stretching vibration of Fe-O from Fe;O, in
FF-Chitosan [7,22]. The absorption bands at 455 cm™
attributed to tetrahedral and octahedral sites of Fe;O,
[23]. The enhanced peak at 582 cm™ at Fig. 4(c)
that FF-Chitosan-Au
successfully [24].

suggested already formed

Diffraction analysis of the samples has been done
to confirm the existence of Fe;O4 and Au in the FF-
Chitosan and FF-Chitosan-Au. Diffractogram of FF-
Chitosan in Fig. 5(a) shows the seven characteristic
peaks of Fe;Oy4 at 30.26°, 35.49°, 43.24°, 53.63°, 57.14°,
62.81°, 74.38° [25]. The peak of chitosan was observed at
20 = 20.0° with low intensity and wide bump, indicating
the amorphous phase [13]. The XRD result of FF-
Chitosan-Au (Fig. 5(b)) shows some characteristic peaks
that also appear at the FF-Chitosan diffractogram, which
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Fig 4. FTIR spectra of (a) Chitosan, (b) FF-Chitosan and (c) FF-Chitosan-Au
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belong to Fe;O4 and chitosan. Other peaks also appear
that belong to Au at 260 37.94°, 44.13°, 64.22°, and 77.03°
[26]. Peaks of Au corresponds to COD-Inorg entry
number 96-901-3039. It indicates that Au has embedded
at FF-Chitosan [23].

Particle size distribution of FF-Chitosan with
dynamic light scattering (DLS) method presented in Fig.
6 shows a narrow distribution particle size with an average
size of 90.57 nm with a polydispersity index (PDI) of
0.150. The value of the polydispersity index indicates the
homogeneity of FF-Chitosan particles is polydisperse (if

a0 G0 7o a0

28 (%)
Fig 5. Diffraction pattern of (a) FF-Chitosan and (b) FE-Chitosan-Au

the PDI < 0.1, the particle distribution is
monodispersed). In drug delivery applications, a PDI
value of 0.3 or below is acceptable. Previous research on
coating magnetic nanoparticles using chitosan has broad
particle distribution (20-100 nm) [25]. However, the
polydispersity of the samples is low (homogeneity of the
sample is high as confirmed with SEM). The particle size
distribution of FF-Chitosan-Au also shows narrow
distribution particle size in the nanometer range
(average size 82.93 nm) with a polydispersity index of
0.175, indicatinga good homogeneity. A self-assembly
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Fig 6. Particle size distribution of FF-Chitosan and FF-Chitosan-Au

process of Au to FF-Chitosan surface may cause a
reduction of the tendency of magnetic chitosan to
agglomerate (magnetic interaction),
changes in the increasing of the polydispersity index,

making slight

decreasing the average size.

The morphology of the prepared nanoparticles was
examined using SEM, as shown in Fig. 7. SEM micrograph
of nanoparticles FF-Chitosan indicates that the particles
have a spherical shape and good uniformity in size with a
diameter less than 100 nm (Fig. 7(a)). This result
corresponds to the FF-Chitosan particle size obtained
from the DLS method that the polydispersity index of FF-
Chitosan is 0.1, which is close to monodisperse (< 0.1). In

the FF-Chitosan in SEM micrograph seemed to form

clusters, but still in nanometers size, due to

intermolecular interactions, such as electrostatic,
hydrophobic, magnetic, and van der Waals interactions
during sample preparation in SEM analysis. SEM
micrograph of FF-Chitosan-Au (Fig. 7(b)) shows that
FF-Chitosan-Au has a with

homogeneous size distribution. There are also several

spherical  shape
nanoparticles agglomeration but still in the nanometer
range.

Magnetic properties of the samples have been
characterized using Vibrating Sample Magnetometer
(VSM) and presented in a hysteresis curve. Fig. 8 shows
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Fig 8. Hysteresis curve of FF-Chitosan and FF-Chitosan-Au

a hysteresis curve of FF-Chitosan and FF-Chitosan-Au,
respectively. Base on particle size data from the DLS
method and SEM, the size of FF-Chitosan and FF-
Chitosan-Au the
superparamagnetic behavior. The magnetization of

in tens nanometers  show
superparamagnetic nanoparticles will be zero in the
absence of an external magnetic field, while the coercivity
and remanence will be nearly zero in its hysteresis curve
[6]. Fig. 8 shows that the magnetization saturation (Ms)
value of FF-Chitosan is 80.45 emu/g. Compared to
another magnetic-chitosan research [22,27], the Ms value
in this research is higher. The Ms value of FF-Chitosan-
Auis 74.52 emu/g, which lower than FF-Chitosan because
Au has diamagnetic properties that hamper magnetic
interaction between magnetic nanoparticles. This also

indicates that Au has been embedded in FF-Chitosan.

CONCLUSION

This study reports the synthesis of Ferrofluid-
Chitosan-Au in two steps procedure. FF-Chitosan was
synthesized through in-situ co-precipitation, then Au was
assembled to FF-Chitosan via adsorption process. The
maximum capacity of Au embedded in FF-Chitosan is 30
mg Au/g FF-Chitosan and fits the Langmuir isotherm
model. Characterization results from FTIR, SEM, XRD
show that FF-Chitosan-Au has been formed in the
nanometer range with a Ms value of 74.52 emu/g.
Considering its effectiveness and safety synthesis route,
this FF-Chitosan-Au synthesis procedure could be

employed when using Au in an active phase,
promisingly in a biomedical application (brachytherapy
agent).
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