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3.2 Novel Fe304@GNF@SiO:2 nanocapsules
fabricated through the combination of an in
situ formation method and SiO: coating

process for magnetic resonance imaging

The tubular property of hollow graphitized nanofibers (GNF) would be promising for
encapsulating nanomaterials because of the relative large inner diameter compared with carbon
nanotubes. Although, several strategies have been employed to load the inner cavities of carbon
nanostructures, regardless of the method employed, bulk filling typically results in samples that
contain non-encapsulated material external to the walls and the procedures to remove this external
material will always lead to the leakage of the nanomaterials inside the cavities. On the other hand,
the open-end structure will bring disadvantages in further applications for example corrosion to

the loaded nanomaterials when using the composites under corrosive environment.

In this paper, the in-situ synthesis of Fe;O,4 nanoparticles inside the cavities method was combined
with GNF and the SiO, coating process to fabricate novel Fe;O.@GNF@SiO, nanocapsules. The
hybrid materials present a complete filling of the inner GNF cavities with magnetite nanoparticles,
which in turn are sealed with a protective SiO, coating. The TEM study indicated the successfully
formation of nanoparticles inside the cavity, the hybrids synthesized via normal solvent thermal
method presence fully filled morphology. Due to the presence of the silica layer, the obtained

nanocapsules still present a good magnetic response even after an acid treatment. It is also worth
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to mention that the formation of the silica layer not only prevents the leakage of the nanoparticles
but also renders the hybrid material water dispersible, a key aspect for their use in biomedia. Since
silica is a biocompatible and FDA (Food and Drug Administration) approved material, these novel
Fe;0,@GNF@SiO, nanocapsules arise as a promising material for biotechnology research. In this
paper, the MRI tests in the present work have already indicated good ;" relaxivities which is
comparable with commercial MRI contrast agent, revealing the potential application in bio-
imaging test. It is worth to believe that with the combination of biocompatible SiO, surface and
good 1" relaxivities, this kind of nanocapsules may have promising application in magnetic

therapy, magnetic manipulation, drug delivery and disease diagnose.
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Novel Fe;0,@GNF@SiO, nanocapsules fabricated
through the combination of an in situ formation
method and SiO, coating process for magnetic
resohance imagingt

Changyong Lu,*?® Stefania Sandoval,® Teresa Puig,? Xavier Obradors,”
Gerard Tobias, £1° Josep Ros® and Susagna Ricart 1°

An in situ approach for the synthesis of FezO4 nanoparticles combined with a SiO, coating process was
employed to prepare FezO,@GNF@SIO, nanocapsules. Graphitised nanofibres (GNF) were initially filled
with iron(in) acetylacetonate, and used as a precursor for the synthesis of ultrasmall FesO,4 nanoparticles
(4.6 nm in diameter) inside the cavities of GNF (Fes0,@GNF) with a high density. By using a silica coating
process, Fes04@GNF@SIO, nanocapsules were obtained. The presence of the silica shell not only
prevented leakage of the nanoparticles from inside the GNF but also protected the magnetite
nanoparticles from dissolution, even in harsh acidic conditions. Furthermore, the silica coating resulted
in an increased dispersability of the nanocomposites in water. Magnetic resonance imaging (MRI) studies
indicate relatively high r; relaxivities for FesO4@GNF nanocomposites and FesO,@GNF@SIO,
nanocapsules revealing the potential application of these hybrid materials for bioimaging. Therefore, the
coating of filled GNF with silica is as an excellent strategy for the protection of encapsulated payloads.

Introduction

With the increasing demand for new materials with special
properties for our society, single-phase nanomaterials may not
be capable of fulfilling all the requirements. Due to the excellent
mechanical, electrical and optical properties of carbon nano-
structures such as carbon nanotubes (CNTs)' and hollow
graphitised nanofibres (GNF),? the formation of carbon nano-
hybrids has become an efficient way to combine the attractive
properties of carbon nanostructures with those of other mate-
rials such as catalysts, magnetic nanoparticles, or photovoltaic
materials.>* The resulting hybrids not only benefit from the
properties each constituent element but also from the syner-
gistic effect that results in unique properties and superior
performance.® The tubular nature of GNF and CNTs allows the
formation of hybrids materials via modification of the external
walls or by encapsulation of selected materials into their
cavity. The first report about filling carbon nanostructure was
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a theoretical study by Pederson and Broughton who showed
that fullerene tubules could draw molecules from liquid or
vapor phase into their inner channels by capillary force.® After
that, a wide variety of both organic and inorganic materials have
been encapsulated or even grown inside carbon nanotubes and
carbon nanofibers forming hybrid structures. For example,
metal halides,” metallic nanowires,® low dimensional silica-
based materials,® fluorescent polystyrene beads,' and indi-
vidual layers of graphene'* and related 2D materials*> have all
been encapsulated inside CNTs. Due to their small inner
diameter, although single-walled carbon nanotubes and multi-
walled carbon nanotubes have been filled with a variety of
nanomaterials, the amount of material that can be encapsu-
lated is limited. On another side, hollow graphitised nanofibres
(GNF) would be promising for encapsulating nanomaterials
because of the relative large inner diameter.” Andrei N. Khlo-
bystov and his colleagues successfully synthesize Au nano-
particles inside GNF'**** and assemble Mn;0, nanoparticles
inside GNFs'® making this kind of nanohybrids promising for
the application in catalysis and spintronic devices. Pt and RuO,
nanoparticles can be synthesized and filled inside the nanofiber
showing potential applications in electrocatalysis, charge
storage and fuel cell research.”" Organic materials like
fullerene-tagged [Cu-(salen)] catalysts and fullerene-free Pd(i)
salen catalysts were immobilized inside GNF to form well-
defined heterogeneous catalysts with excellent stability and
recyclability.”®* Recently, researchers also found out that Pt

This journal is © The Royal Society of Chemistry 2017
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nanoparticles immobilized in shortened hollow graphitized
carbon nanofibers could form an extremely stable electro-
catalyst shown superior properties compared with commercial
Pt/C electrocatalyst.” It is also worth to mention that GNF
loaded with magnetic nanoparticles exhibit a large variety of
current and potential applications in hyperthermia therapeutic
and magnetic resonance imaging research.*

Several strategies have been employed to load the inner
cavities of carbon nanotubes,* but regardless of the method
employed, bulk filling typically results in samples that contain
non-encapsulated material external to the walls. Strategies to
remove this external material include the use of reverse
micelles® and selective solvent mixtures,* leading to samples
of open-ended filled tubes clean of external material. In order to
provide protection of the encapsulated cargo several strategies
have been explored to seal or cork the ends. The first report on
the formation of permanently sealed “carbon nanocapsules”
(filled carbon nanotubes with closed ends) involved high
thermal annealing of single-walled carbon nanotubes, which
results in the spontaneous end-closing forming covalent
bonds.*” Several other strategies have followed to block, at least
partially, the open ends of the CNTs and GNF, including the use
of fullerenes,** gold,***" silica,” and a mixture of metal oxide
nanoparticles.* Removable corks have also been designed for
the development of controlled release systems.***3* It is also
possible to coat the whole surface of nanohybrids with an inert
protective shell. Following the work by Rao et al., where
a protective layer of carbon was deposited on the surface of
previously filled carbon nanotubes,” Hampel et al have
recently used this strategy to prevent the release of toxic gado-
linium from CNTs.*® The carbon layer has been deposited by
thermal treatment of the filled CNTs using either acetylene or
benzene vapor. While there are several papers about sealing the
ends of CNTs, the work about closing the ends of GNF still
remains challenging due to their large diameter; only a few
reports talk about using graphene or metal particles to cork the
ends of GNF.***

Among the different applications of filled carbon nano-
structures, their use in the biomedical field for both imaging
and therapy is taking the lead.” In this area, the encapsulation
of magnetic materials is of interest for the development of
contrast agents for magnetic resonance imaging (MRI) and as
therapeutic materials by hyperthermia.*® By capillary action,
GNF and CNTs can be loaded with pre-formed magnetic iron
oxide nanoparticles.*** It is also possible to use GNF and CNTs
as templates for the in situ synthesis of iron oxide nanoparticles
in their interior.>**>** Despite several authors have reported on
the magnetic properties of the resulting hybrids, their perfor-
mance as MRI test has been barely investigated.*

Here we combined the in situ synthesis of Fe;O, nano-
particles inside the cavities of GNF and the SiO, coating process
to fabricate novel Fe;0,@GNF@SiO, nanocapsules. The hybrid
materials present a complete filling of the inner GNF cavities
with magnetite nanoparticles, which in turn are sealed with
a protective SiO, coating. Due to the presence of the silica layer,
the obtained nanocapsules still present a good magnetic
response even after an acid treatment. It is also worth to

This
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mention that the formation of the silica layer not only prevents
the leakage of the nanoparticles but also renders the hybrid
material water dispersible, a key aspect for their use in bio-
media. Since silica is a biocompatible and FDA approved
material, these novel Fe;0,@GNF®@SiO, nanocapsules arise as
a promising material for biotechnology research. So far, the
MRI tests in the present work have already indicated good 7,
relaxivities revealing the potential application in bio-imaging
test. It is worth to mention here that with the combination of
biocompatible SiO, surface and good r; relaxivities, this kind of
nanocapsules may have promising application in magnetic
therapy, magnetic manipulation, drug delivery and disease
diagnose.

Results and discussion

Functional GNF with magnetic nanoparticles could combine
the features of magnetic nanoparticles and GNF, resulting in
novel physical and chemical properties. The role of different
experimental conditions on the in situ synthesis of magnetic
nanoparticles was initially assessed. Two samples of acid
treated GNF were impregnated with the iron precursor, and
independently submitted to thermal activation by either tradi-
tional heating with a heating plate or via a controlled microwave
irradiation process. Both protocols lead to the formation of iron
oxide nanoparticles inside GNF (Fig. 1).

Detailed analysis by transmission electron microscopy
(TEM) of the sample prepared by traditional thermal activation
at 200 °C (Fig. 1a and b), reveals the complete filling of the inner
cavities of the GNF with very small nanoparticles (pristine GNF
in Fig. S1t). The presence of some nanoparticles decorating the
external walls is also visible. A high-resolution image is pre-
sented in the Fig. 1b to better appreciate the size of the nano-
particles, which have an average diameter of 4.6 + 0.5 nm.
When the Fe;0, nanoparticles are synthesized in benzyl alcohol
without presence of GNF, larger (7-8 nm) nanoparticles are
formed,* indicating the role of the GNF as templates during the
in situ growth. It is worth to mention that, the amount of
Fe(acac); used in the synthesis of Fe;0,@GNF nanocomposites
is very important to make the GNF fully filled with nano-
particles. For instance, when the concentration of initial reac-
tant Fe(acac); is reduced from 1 to 0.1 mmol, the obtained GNF
presented lower density of nanoparticles inside (see Fig. S37).

Since magnetic nanoparticles can be prepared by microwave
treatment and GNF are highly microwave absorbing materials,
the synthesis of the nanoparticles was next done under micro-
wave irradiation. This allows us to compare the effect of
microwave irradiation on the formation of the hybrids. TEM
analysis also confirms the presence of iron oxide nanoparticles
inside the cavities of the GNF (Fig. S4t). It is noteworthy that
a partial filling of the nanotubes is observed, with a bubble-type
morphology, which might come from the rapid heating process
by microwave irradiation.

Finally, the effect of surface functionalization of GNF on the
in situ formation of metal oxide nanoparticles was investigated.
Steam cleaned GNF were used to prepare iron oxide nano-
particles inside the cavities by traditional thermal activation.

RSC Adv, 2017, 7, 24690-24697 | 24691
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Fig. 1

(a) TEM image of Fez0,@GNF nanocomposites prepared using acid treated GNF by traditional thermal activation, (b) high magnification

image of Fes0,@GNF nanocomposites prepared using acid treated GNF; (c and d) Fes04,@GNF nanocomposites prepared using surface clean

GNF (without nitric acid treatment) by traditional thermal activation.

TEM analysis (Fig. 1c and d) indicates the presence of iron oxide
nanoparticles, but the loading density is not as high as when
using acid treated GNF (Fig. 1a and b). This could be explained
by the low dispersibility of the steam cleaned GNF in ethanol
which might hinder their complete filling with the iron
precursor. Furthermore, aggregated nanoparticles are also
observed in Fig. 1e and f which might account for the decom-
position of the non-encapsulated Fe(acac); precursor still
remaining outside the steam cleaned GNF, although leakage of
nanoparticles during the washing process cannot be dis-
regarded. Therefore, a preliminary conclusion can be made
according to the discussion above based on TEM analysis: iron
oxide filled GNF can be synthesized with a high filling density by
using acid treated GNF and traditional thermal activation.
Thus, this sample was employed for all the studies presented
from now on. Finally, it is worth to mention that, although
Fe;0,@GNF nanocomposites are prepared with lower loading
density via microwave irradiation than with the thermal
approach, further investigation is needed since it is possible to
explore more in the relation with the confinement effect and
high microwave effect coming from the carbon structure.
X-ray diffraction (XRD) analysis was next performed on the
sample of filled tubes to determine the nature and structure
of the synthesized nanoparticles. The most intense peaks
observed in the XRD pattern in Fig. 2 could be assigned to
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Fig. 2 X-ray diffraction pattern of Fes04s@GNF nanocomposites
prepared using acid treated GNF by traditional thermal activation.
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carbon (JCPDS no. 41-1487) and to the presence of either
magnetite (JCPDS no. 19-0629) or maghemite (JCPDS no. 39-
1346). The existence of iron(u) oxide (JCPDS no. 89-7100) is also
detected. According to our previous studies on the synthesis of
magnetic nanoparticles in the absence of GNF, the employed
protocol should lead to the formation of magnetite nano-
particles (Fe;0,).** The presence of small nanoparticles is
responsible for the relatively low signal to noise ratio in the XRD
pattern. No peaks of iron(ur) acetylacetonate which was used as
the reactant are observed suggesting a complete decomposition
by the thermal treatment. The wide peaks in the pattern can be
attributed to the small size of the nanoparticles and may be
explained by the confinement effect of GNF.

Magnetic measurements were carried out on the Fe;0,@-
GNF nanocomposites at 5 K (Fig. 3). The magnetization satu-
ration value steadily increases as a function of the applied
magnetic field indicating that the nanoparticles in the GNF are
magnetically active, reaching a saturation magnetization of 34.5
emu g . The curve also displays a very small hysteresis featured
by coercive field (H.) of 280 Oe indicating a ferrimagnetic
behavior. The magnetic behavior of the Fe;0,@GNF
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Fig. 3 Hysteresis loops at 5 K of FesO,@GNF nanocomposites
prepared using acid treated GNF by traditional thermal activation. Inset
top-left: photos of the nanocomposites dispersed in ethanol before
and after (10 min) contact with an external magnet. Inset bottom-right:
detail of magnetization at the low magnetic field region.
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composites can be already appreciated by placing a magnet
close to a dispersion of the nanocomposite in ethanol (see inset
in Fig. 3). The image demonstrates that the nanocomposite can
be easily manipulated by an external magnet as all the nano-
composite was separated from the solution within just few
seconds. The fact that the hybrids can be easily separated in this
manner is a clear advantage for their manipulation when
compared to conventional filtration or centrifugation processes.
The amount of nanoparticles present in the nanocomposite
was quantified by thermogravimetric analysis (TGA) under
oxygen (Fig. S2f). The residue obtained after the complete
combustion of the GNF at 600 °C corresponds to the Fe;O,
nanoparticles present in the sample which get oxidized to Fe,O3
during the TGA analysis. The amount of magnetite nano-
particles was calculated to 39.9 wt% based on the assumption
that all the nanoparticles are magnetite. The theoretical value of
the saturation magnetization, assuming that all the nano-
particles are pure Fe;0, and taking into account that bulk Fe;0,
has a saturation magnetization of 92 emu g™* is about 36.7 emu
¢~ " which was slightly larger than the magnetization saturation
data and can account for the presence of a small amount of FeO
or be due to the fact that the magnetization saturation values of
nanoparticles is usually smaller than that of the bulk.*

View Article Online
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To complete the characterization of the nanocomposites,
scanning transmission electron microscopy (STEM) and energy
electron loss spectroscopy (EELS) were employed to determine
the distribution of the Fe;O, nanoparticles in the nano-
composite. Both STEM and EELS in Fig. 4 confirms the presence
of a large amount of nanoparticles filling the inner cavities of
the nanotubes. A small fraction of magnetite nanoparticles is
also visible outside the GNF which correspond to the iron
signals around 30 nm and 100 nm.

The stability of the hybrid materials was next assessed by
washing the as-synthesized Fe;O0,@GNF nanocomposites
(Fig. 5a) with different washing times using the procedure
described in the Experiment part. Whereas an initial washing of
the sample does not seem to release the encapsulated nano-
particles (Fig. 5b), when the samples were washed 2 times or
more, leakage of the nanoparticles from the cavity was observed
(Fig. 5c¢ and d). As shown in the TEM images, the released
nanoparticles tend to form big aggregates outside the GNF. The
leakage of the magnetite nanoparticles hinders the application
of the developed hybrids as contrast agents in the biomedical
field since it would result in a misleading interpretation on the
localization of the hybrid by in vivo imaging. To overcome this
limitation, we propose a sealing strategy to shield materials
inside GNF that consists on the formation of nanocapsules by

AL amgrty
e et
a— en

Fig. 4
treated CNTs by traditional thermal activation.

(a) STEM and (b) high-angle annular dark-field imaging (HAADF), EELS analysis of Fe30,@GNF nanocomposites prepared using acid

Fig.5 TEMimages of Fez04@CNF samples prepared using acid treated CNF by traditional thermal activation after different times of washing, (a)

without wash, (b) 1 time, (c) 2 times and (d) 3 times.

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 |llustration of the formation of silica nanocapsules. Sche-
matic representation of SiO, coating of Fes0,@GNF nanocomposites.

silica coating the entire surface of GNF. In the Scheme 1 it is
shown a representation of the proposed approach.

The surface of the filled GNF was coated with a SiO, shell via
a straightforward method. The synthesized Fe;0,@GNF nano-
composites were simply mixed with TEOS (tetraethyl orthosili-
cate) in basic conditions which lead to a hydrolysis reaction. The
FT-IR (Fig. 6) spectrum of the Fe;0,@GNF@SiO, nanocapsules
shows absorption peaks at 795 cm ', 942 cm %, 1048 em ™, 1150
em ' and 1205 cm ! attributed to the formation of the SiO,
layer”” on the surface of Fe;0,@GNF composites. A HR-TEM
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Fig. 6 FT-IR spectra curve of Fes04@GNF@SiO, nanocomposites.
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image of the prepared Fe;0,@GNF@SiO, nanocapsules is pre-
sented in Fig. 8a. In order to test the sealing capabilities of the
developed SiO,-based nanocapsules, the Fe;0,@GNF@SiO, were
washed with an excessive amount of an aqueous solution of HCL.
It is noteworthy that the cavities of the tubes were still fully filled
with Fe;O, nanoparticles (Fig. 7b and c), providing direct
evidence that the SiO, coating is an efficient way to prevent the
dissolution and leakage of the encapsulated compounds.

The magnetic behavior of Fe;0,@GNF@SIO, nanocapsules
was also confirmed by applying an external magnet to a dispersion
of the sample. As it can be seen in Fig. 8b, the acid washed Fe;-
0,@GNF@SiO, nanocapsules can be easily separated by the
external magnetic field. It is worth to mention that the SiO, shell
not only confers robustness to the prepared hybrid but also
enhances its dispersity. Although the Fe;0,@GNF nano-
composites can also be separated with the external magnet
(Fig. 8a), some precipitation is observed on the bottom of the vial
which was also visible in the inset image of Fig. 3 indicates the
relatively low dispersion in polar solvents. This simple analysis
already suggests that the coating of SiO, improves the dispersion
of the developed nanocomposites which is crucial for their appli-
cation in biomedia.

The formation of the Fe;0,@GNF@SiO, nanocapsules
(acid washed) was further confirmed by an EDS line profile

Fig. 8 Photos of (a) Fes0,@GNF nanocomposites and (b) FesO.@-
CNF@SiO, nanocapsules (after being washed with an HCl aqueous
solution), before and after (10 min) applied external magnet. The same
iron concentration was employed for the samples, which were
dispersed in ethanol.

Fig.7 HR-TEMimages of Fes0,@GNF@SiO, nanocapsules (a) before and (b) after washing with an HCl aqueous solution; (c) high magnification
image of Fes0,@GNF@SIO, nanocapsules after being washed with an HCl aqueous solution.

24694 | RSC Adv., 2017, 7, 24690-24697
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Fig. 9 (a) STEM and (b) EDS line profile analysis of the middle part of
Fe30,@GNF@SIO, nanocapsule after being washed by an HCl
aqueous solution. (c) Schematic model of the FezO4@GNF@SIO,
nanocapsules.

(Fig. 9a and b). First of all, a high Fe atomic ratio was observed
inside the GNF confirmed the presence of Fe;O, nanoparticles
after the acid washing treatment suggesting the formation of
protecting layer. As expected, Si signal could be observed on
the external walls of the GNF, indicating the presence of the
SiO, shell and the shell thickness is around 20 nm identified
by the TEM studies (Fig. 8a and b). At the same time a high Si
atomic ratio is visible in the same position where the atomic
content of iron is also high (especially inside the GNF) which
suggests that the SiO, was formed on the surface of the Fe;0,
nanoparticles. It is also observed that the GNF are not fully
filled with nanoparticles, indicating a partial leakage of Fe;0,4
nanoparticles during the hydrolysis of TEOS. A schematic
model of the developed nanocapsules is presented in Fig. 9c,
suggesting that the SiO, layer was not only formed on the
external surface of the GNF but also inside the cavity. ICP-MS
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analysis of the Fe;0,@GNF®@SiO, nanocapsules (Table S1t)
after the complete digestion of the sample reveals the presence
of 6.75 wt% of magnetite nanoparticles and a 65 wt% of silica
coating. The relative fraction of GNF would then be 28.25 wt%.
In agreement with TEM analysis, ICP-MS confirms the partial
leakage of magnetite nanoparticles during the hydrolysis of
TEOS. TGA analysis of the Fe;0,@GNF®@SiO, nanocapsules
(Fig. S57) reveals a solid residue of ca. 85 wt% (at 900 °C).
The TGA residue should correspond to Fe,O; (from Fe;0,)
and the silica coating, since the complete combustion of the
GNF would be expected at this temperature. The high solid
residue collected after the TGA indicates that some GNF could
be protected by the silica coating from oxidation during the
TGA.

Since magnetic nanocomposites show great potential as MRI
contrast agents,*** relaxivity measurements of Fe;O,@GNF
nanocomposites and Fe;0,@GNF@SiO, nanocomposites were
performed to evaluate their potential application as MRI
contrast agents. The transverse R; relaxation rates of Fe;O,@-
GNF nanocomposites and Fe;0,@GNF®@SiO, nanocomposites
dispersed in 1.5% agar and 1% Pluronic F127 solution at
various Fe concentration were measured at 7 T. Fig. 10 shows
the phantom MR imaging of the samples. The relaxation times
of these two nanocomposites were plotted versus the iron
concentration, revealing their potential as negative contrast
agents. The r; relaxivity of Fe;0,@GNF nanocomposites was
calculated as 230.8 s ' mM ' which is 70% of the value of
commercial Endorem contrast agent (325 s~ mM™"). The high
viscosity of the agar solution makes the test media difficult to go
inside the GNF, which can actually result in the determination
of lower r,. An increase on the r; relaxivity to 252 s ' mM ' was
observed for the sample coated with silica (Fe;0,@GNF@SiO,)
making it an appealing probe for MRI test. In the meantime, the
biocompatible SiO, surface of these nanocapsules will make
them more dispersible in bio-media and easy to be functional-
ized with biomolecules and other drugs indicating the prom-
ising application as a multifunctional tools in biomedicine
research.
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Fig. 10 (a) Phantom MR imaging of Fes04@GNF nanocomposites (left) and FesO.@GNF@SIO, nanocapsules (right), (b) R; relaxation time

analysis as a function of Fe concentration.

This journal is © The Royal Society of Chemistry 2017
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Conclusions

In the present study, we have developed in situ synthesis of
ultra-small iron oxide nanoparticles (4.6 + 0.5 nm) inside the
cavities of GNF with a high filling density (39.9 wt% of Fe;0,).
The magnetic properties of the prepared nanocomposites allow
an easy manipulation and separation of the sample with an
external magnet. Furthermore, we reported on the use of silica
as a sealing agent to obtain novel Fe;0,@GNF®@SiO, nano-
capsules. The completely sealed SiO, layer prevented leakage of
the nanoparticles and protected them from dissolution in harsh
conditions (HCI). The developed silica nanocapsule not only
offers protection of the encapsulated payload but also increases
the dispersability of the hybrids, a key advantage for their
application in the biomedical field. MRI studies of these two
nanocomposites, namely Fe;0,@GNF and Fe;0,@GNF@Si0,,
confirm their potential as negative contrast agents. Therefore,
the prepared Fe;0,@GNF®@SiO, nanocapsules combine excel-
lent properties for their use as biomedical probes, including
robustness, dispersability and contrast enhancement. We
believe that the silica coating strategy presented herein for the
containment of iron oxide nanoparticles inside GNF will also
allow protection of other confined materials and decoration of
biomolecules. In summary, the magnetic Fe;0,@GNF@SiO,
nanocomposites with biocompatible surface would have
potential application as a multifunctional tool in biomedicine
research and their applications in other fields are still need
further study.
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Experimental procedure

2.1 Materials

Iron(IIT) acetylacetonate (99.9%), Benzyl alcohol (99%), Benzyl ether (98%), Ammonium hydroxide solution (30-
33% NHj; in H,0) and Tetraethyl orthosilicate (TEOS) (98%) were used as received from Sigma-Aldrich (Madrid
Spain). Ethanol (absolute PA 99.5%) was used as received from PanReac AppliChem (Barcelona Spain). GNF
were supplied by Pyrograf (USA), the type is PR-24-XT-LHT.

2.2 Steam cleaning process of GNF

GNF were initially purified following the standard steam cleaning process. As received GNF were placed into the
center of a silica tube, which was then loaded into the alumina tube of a horizontal furnace. Steam was introduced
by bubbling argon through hot water (98°C). The whole system was initially purged by Ar for 2h to remove
atmospheric air. Then the furnace was heated to 900°C and held at this temperature for 1.5h. After the reaction, the
furnace was cooled down to room temperature, and the resulting black solid was collected. Then, the GNF were
dispersed in 100 mL of a 6 M hydrochloric acid solution and refluxed at 110°C for 6h. Subsequently, the GNF
sample was washed with water and filtered by using a polycarbonate membrane (0.2 um pore size) until the pH=7.
Finally, the sample were dried at 60°C for 24 h. We will refer to this sample as “steam treated GNF”.

2.3 Acid treatment of GNF

In a typical process, 10 mg of steam cleaned GNF were dispersed in 10 mL HNO; with the aid of an ultrasonic
bath for 2 h. The mixture was then transferred to a round bottom flask and refluxed at 140°C for 16 h and then
allowed to cool down to room temperature. The sample was washed with water and filtered by using Nylon
membrane (200 Bm pore size) until the pH=7. After that, the black solid was collected from the top of the
membrane and dried at 60°C for 24 h. We will refer to this sample as “acid treated GNF”.

2.4 Synthesis of Fe;04@GNF nanocomposites

The acid treated GNF (1 mg) were dispersed in a solution (20 mL ethanol) containing the iron precursor (0.358 g

Fe(acac);,1mmol) by ultrasonic treatment for 2 h, followed by magnetic stirring for 24 h. Afterwards, the mixture
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was dried at 60°C for 24 h (the solvent was totally evaporated), and the obtained solid was redispersed in 20mL of
benzyl alcohol through ultrasonic treatment for 2 h, and stirred for 24 h. The solid was collected by centrifugation
(10000 rpm, 30 min) and dispersed in 20 mL of benzyl ether. The Fe;O,4 nanoparticles were prepared employing
two different protocols. The first one involves traditional thermal annealing using a heating plate, where the iron
precursor filled GNF are heated to 200°C in benzyl ether in a round bottom flask at a heating rate of 1°C/min and
hold for 4 h under reflux. The second approach employs a microwave reactor with controlled atmosphere
(Discover Explorer Hybrid from CEM Kamp-Lintfort Germany). The mixture is transferred into a microwave
reaction vial where is rapidly heated to 200°C and hold for 30min. In order to study the effect of the amount of
Fe(acac); on the final products, one mixture was prepared with only 0.0358g Fe(acac); (0.1mmol) inside and the
samples were synthesized via a traditional solvent thermal method.

In both synthesis, after the reaction the mixture was cooled to room temperature and washed. To do the washing
process, 20 mL of ethanol were added to the mixture and an external magnet was applied to separate the solid,
which was then redispersed in ethanol, and the process was repeated three times to get the Fe;O04@GNF. When
necessary, the obtained samples were dispersed in ethanol for further characterization.

To shed some light on the role of the nitric acid treatment, an additional sample was prepared by applying the same
experimental procedure, using a heating plate, on a sample of steam cleaned GNF.

2.5 Synthesis of Fe;04,@GNF@SiO; nanocapsules

The as synthesized Fe;O4,@GNF hybrids were first dispersed in 10 mL of a ethanol/water mixture (v:v=10:1)
containing 0.1 mL of ammonium hydroxide. Then 50 pL of TEOS (tetracthyl orthosilicate) was added into the
solution which was kept stirring for 12 h. The products were isolated with the aid of an external magnet and
washed several times with water and ethanol mixture (Vyager:Vethanor=1:1)-

To confirm the sealing efficiency of the SiO, coating, a fraction of the sample was dispersed in an excess volume
of HCl aqueous solution (pH = 2) and kept stirring for 2 h. The solid was collected by applying an external magnet
and washed several times with water.

2.6 Characterization and Measurements

Fourier transform infrared spectroscopy (ATR-FT-IR) was performed on a Bruker Tensor 27 Fourier transform
infrared spectrometer (Golden gate) in a range of 600-4000 cm!'. All samples were measured as a solid powder at
room temperature.

Transmission electron microscope (TEM) and high resolution transmission electron microscopy (HR-TEM)
measurements were conducted on a JEOL 1210 TEM microscope operated at 130 kV and a JEM-2011 HR-TEM
microscope at 200 kV. Electron energy loss spectroscopy (EELS) and Energy-dispersive X-ray spectroscopy (EDS)
analysis (using High-angle annular dark-field imaging (HAADF)) were performed in a FEI Tecnai G2 F20 S-
TWIN HR(S) TEM at 200 kV. For the analyses, one drop of the ethanol dispersion of the Fe;O,@GNF and the
Si0, coated Fe;04@GNF nanocomposites were independently deposited onto carbon-coated copper grids. In order
to minimize the aggregation of the nanoparticles, the copper grids were laid on top of a filter paper during the
drying process.

X-ray powder diffraction studies (XRD) were performed on D5000 Siemens X-Ray powder diffractometer in
reflection mode using Cu Ko A=1.5406 A radiation in a range of 10° <20 < 90°.

Field-dependent magnetization curves were acquired by SQUID (Quantum design MPMS XL-7T) under a
magnetic field from 0 to +70000 Oe at SK.

Thermogravimetric analyses (TGA) were carried out on a NETZSCH-STA 449 F1 Jupiter thermal analysis system

from room temperature to 1000°C under an O, flow.
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Inductively coupled plasma mass spectrometry (ICP-MS) tests were carried out on an Agilent 7500ce analysis
system.

Phantom MR imaging were performed at 7 T horizontal MR scanner (Bruker Biospec 7T MRI). The
concentrations of Fe in the different samples were calculated according to the results from TGA and ICP-MS.
Fe;04,@GNF and Fe;0,@GNF@SiO, nanocomposites were dispersed in a solution of 2% Pluronic F-127 for 30
min using a bath sonicator (Nahita Model I 610/3). Dispersed nanocomposites were mixed with an equal volume of
melted agar solution (3%, w/v in water at 90°C) to achieve final Fe concentrations of Fe;04@GNF nanocomposites
and Fe;0,@GNF@SiO, nanocomposites ranging from 0.026 mM to 0.13 mM and 0.018mM to 0.09mM
respectively in 1.5% agar in water.

References:

Cabana, L.; Ke, X.; Kepi¢, D.; Oro-Solé, J.; Tobias-Rossell, E.; Van Tendeloo, G.; Tobias, G., The role of steam

treatment on the structure, purity and length distribution of multi-walled carbon nanotubes. Carbon 2015, 93, 1059-
1067.

TEM image of the pristine CNF with open ends.
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Figure S2. Thermogravimetric analysis under flowing oxygen of Fe;04@GNF nanocomposites prepared using
acid treated GNF by traditional thermal activation.
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Figure S3. Fe;0,@GNF nanocomposites prepared using acid treated GNF, 0.0358g Fe(acac); (0.1mmol) and
standard thermal method.

Figure S4. Fe;04@GNF nanocomposites prepared using acid treated GNF under microwave irradiation
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Figure S5. Thermogravimetric analysis of Fe;04@GNF@SiO, nanocomposites under flowing oxygen.
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Sample Name

Fe wt%

Si wt%

Fe;0,@GNF@SiO;

4.9 %

19 %

Table S1. ICP-MS result of Fe;04,@GNF@SiO; nanocomposites
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Chapter 4 Other Applications
about FezO4@8S10; Core-shell
Nanoparticles

4.1 Cytotoxicity and MRI study of

Fe304@Si0: core-shell nanoparticles

Due to the advantage of the combination of the special properties of core materials and shell
materials nanoparticles with core-shell structure are promising candidates in the application in
bio-medical research, for example in bio-imaging, drug delivery, hyperthermia therapy and

disease diagnoses.

4.1.1 Introduction of core-shell nanoparticles

application in bio-medical research

Until now, numerous research has been done on applying core-shell nanoparticles in biomedical
research. For instance, Xiang Wu et al successfully synthesized a dye-Sensitized core/active
Shell upconversion nanoparticles for optogenetics and bioimaging applications', Dae-Hwan Park
et al. found out that the well-defined DNA core@metal hydroxide shell nanoparticles provide
wide bioinspired applications range from diagnosing/tracing/collecting and sensing system via

pre-functionalization of DNA with designed information®, Ag nanoparticles covered with
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mesoporous SiO, can be used as a nanocarriers for superior surface-enhanced Raman scattering

imaging and pH trigged drug delivery in cancer therapy®.

_ Smart

hydrogcl:|‘

Figure 4.1 Illustration of smart Ag@Nanogels core—shell nanoparticles for cancer cell imaging

and pH-regulated drug delivery*

4.1.2 Principle of magnetic resonance

imaging

Magnetic resonance imaging (MRI) is a powerful bio-imaging technique for the diagnosis of
disease of the tissue. As it is known to all, the majority of our body is water and atom nuclei with
an odd number of nucleons (neutrons + protons) have net non-zero spin, caused by the rotation
of charged nuclei, the MRI technique is the method to be use, taking advantage of the behaviour

of H atoms in the water molecules of our body when applied external magnetic field.’

The H atoms in water molecules can be considered as charged spheres rotating with collinear

angular momentum and a magnetic moment. In an MRI experiment, an external magnetic field is
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first applied to the patient or tissue to make the spin of H atoms excited by the external
magnetic field precess around that field. “The frequency of that precession is proportional to the

external magnetic field and can be described by the Larmor equation’

W= B()X’y/ 21

o is Larmor frequency (in Hz), y is a gyromagnetic ratio that depends on the nuclei and By is the
externally applied magnetic field (in tesla). Then when another oscillating electromagnetic field
(a radio frequency (rf) pulsed field) perpendicular to the previous magnetic field is applied, the
magnetic moments of H atoms will align in parallel with the rf field®. When the frequency of the
rf field is the same as that of the previous external magnetic field, resonance phenomenon will
occur, the hydrogen nuclei will absorb energy from the rf pulse’. The net magnetic vector comes
to lie in the transverse plane, 90° to the direction of the previous external magnetic field. After
that, the rf field is removed and the transverse magnetization of the H atom spin decreases along
with the increasing of the longitudinal magnetization to its original strength', the transverse and
longitudinal magnetic vector also changes. In a MRI instrument, a receiver coil is lain in the
transverse plane, a voltage is generated in the receiver coil as a result of the changing of
magnetic vector around the transverse plane during the procedure described above.'" And this

voltage can be used as the MRI signal to get phantom images and relaxation time values.'?
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Figure 4.2 Schematic of how signal generated in a MRI system’

F T | Specimmetw
1 == | isecomo
TN e

Figure 4.3 Schematic of major components of an MRI system'*

The MRI signal intensity is expressed in gray levels: a high intensity signal appears in white and
a weak intensity signal in black or dark gray. There are typically two kind of images signal

consisted in MRI experiments, T -weighted(T, W) and T,-weighted (T,W).
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Figure 4.4 Schematic of T relaxation process'

Ti-weighted: T, relaxation is the process by which the longitudinal magnetization is recovered
(after the excitation pulse is applied) due to transfer of energy from the nuclear spin system to
the neighbouring molecules (the lattice). It occurs in the z-direction (z-axis is often depicted as a
vertical line). The T, relaxation time is a measure of the rate of transfer of energy from the
nuclear spin system to the neighbouring molecules (the lattice). It is the time when 63% of the

longitudinal magnetization has recovered.® '
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Figure 4.5 Schematic of transverse (T2 and T2") relaxation processes'*

T,-weighted: T, relaxation is the process by which the transverse magnetization decays due to
dephasing of proton spins (spins becoming desynchronized). After the excitation pulse is applied,
the magnetization flips 90 degrees from the longitudinal axis to the xy-plane. The transverse
magnetization is initially maximum (due to coherent nuclear spins) but this arrangement is
gradually lost due to field inhomogeneity and/or direct interactions between the spins (without
energy transfer to the lattice). T, relaxation occurs on the xy-plane and is often depicted as the
spreading of magnetic moments along the plane. The T, relaxation time is a measure of the rate
of the decay of transverse magnetization within the xy-plane. It is the time when 63% of the

transverse magnetization has decayed.® 115

4.1.3 MRI contrast agents

The MRI contrast agents interact with H,O protons and modify their relaxation times, or are
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directly involved in the level of H,O proton magnetization. Nowadays, there are many kinds of
contrast agents, for example Gadolinium (Gd) complex agents for T weighted imaging and iron

oxide agents for T, weighted imaging.

Gadolinium (Gd) complex agents

Until now, the most widely used MRI contrast agents is based on the mechanism of longitudinal
relaxation (77)'°. When introducing molecules containing unpaired electrons (e”) into the H,O
molecule environment, longitudinal relaxation process of the H,O protons is much more
effective, because the magnetic moment of the electron is 658 times stronger than that of the
proton. Given its high electron spin (S=7/2) and slow electron spin relaxation, the trivalent Gd**
ion is the most efficient relaxation agent among all paramagnetic cations. To avoid the toxicity of
the free Gd* ion, it is functionalized with appropriate multidentate ligands. In this way, the
gadolinium complexes will reduce the neighbour water hydrogens 7 relaxation time. Since the
formation of an MRI image requires the accumulation of many acquisitions to obtain a sufficient
contrast, one can obtain more accumulations per unit time by simply reducing the time interval
between two consecutive RF pulses (repetition time TR)'7. Therefore the Gd** complex contrast
agents in a particular location of a living tissue will result in a stronger positive enhancement

signal>" 1%,

Iron oxide agents

Another kind of contrast agents are iron oxide nanoparticles (Fe;O4 and y-Fe,0;). They can be

divided into two groups according to their size, SPIO (Super Paramagnetic Iron Oxides, average
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diameter is larger than 50nm) and USPIO (Ultra-Small Super Paramagnetic Iron Oxides, average
is smaller than 50nm). >The iron oxide nanoparticles can be considered as small magnets with
good mobility. The existence of these nanoparticles can create strong inhomogeneity of magnetic
field in the environment and therefore significantly reducing the T, relaxation time of H protons.

Subsequently, a negative enhancement contrast can be obtained'*%.

In this chapter, the possibility of the use of the synthesized core-shell nanoparticles as contrast

agents in MRI experiments is studied.

4.1.4 Synthetic process

4.14.1 Preparation of Fe3Os4 nanoparticles and
Fe304@Si0: core-shell nanoparticles

The Fe;O4 nanoparticles and Fe;04@SiO, core—shell nanoparticles are prepared using the

approaches described in the first paper’' of Chapter 3. The Fe;04@SiO, core—shell nanoparticles

were dispersed in ethanol in concentration of 200mg/ml.

4.14.2 Cytotoxicity study of Fe;04@SiO: core-shell

nanoparticles with cells

Cell Culture maintenance. Human Epithelial Cervical Adenocarcinoma Cells were cultured
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in complete medium: 1X Minimal Essential Medium (Gibco by Life Technologies)
supplemented with 10% Fetal Bovine Serum (Biowest) and 2 mM L-Glutamine (Life
Technologies). All cell lines were purchased from the ATCC and were maintained at 37°C and

humidified atmosphere of 5% CO, (standard conditions).

Fe304@Si0O: NPs-cells association through scanning electron microscopy (SEM).
Cells were seeded in round glass coverslips (Knittel glass) in 4-well plates (Thermo Scientific) at
a density of 1.5 x 10* cells per well. After 24 h media was replaced with Fe;04@SiO, core-shell
nanoparticles (synthesized via normal reverse microemulsion method) incubation solutions at
100, 50, 10 and 5 yg/mL in complete medium. Cultures were incubated in the above-mentioned
conditions for 3 h. Afterwards, cell cultures were washed twice with a 0.1 M cacodylate buffer
(TAAB) and fixed with a 2.5% glutaradehyde (Merck) in 0.1 M cacodylate buffer solution for 45
min. Samples were then dehydrated through a series of increasingly graded of ethanol (Merck
Millipore) incubations for 8 minutes (use 50%, 70% and 90% grade of ethanol once and 100%
grade of ethanol twice). Finally, samples were incubated for 15 min with Hexamethyldisilazane
(Electron Microscopy Sciences) after which the coverslips were removed from the 4-well plate,
mounted onto SEM stubs and analysed using a scanning electron microscope (Carl Zeiss

Merlin).

Fe304@Si0O:2 NPs cytotoxicity evaluation by
Methylthiazolyldiphenyl-tetrazolium-bromide (MTT) assay. For cytotoxicity assays,
cells were seeded at a density of 1.5 x 10* cells/well in 24-well plates. After 24 h, cultures were

exposed to solutions of Fe;0,@SiO, core-shell nanoparticles (synthesized via normal reverse
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microemulsion method) in complete medium at 100, 50, 10 and 5 pg/mL for 3 h. After
incubation time, media was removed and 500 pl of MTT working solution (0.1 mg/ml MTT
diluted in complete medium) were added. Cultures were further incubated for 3 h until the
formation of formazan crystals was observed under an inverted contrast phase microscope
(Olympus IX71). Afterwards, the MTT solution was removed and cultures were dried at room

temperature in the dark at least one day.

Before carrying out the measures of absorbance, 500 pl of Dimethylsulfoxide (DMSO, Sigma
Aldrich) were added to each well. Three wells per plate containing DMSO were used as a blank.

The absorbance at 550 nm was read in a Victor TM X3 Multilabel Plate Reader (Perkin Elmer)

4.1.4.3 Phantom MR imaging test

Phantom MR imaging were performed at 7 T horizontal MR scanner (Bruker Biospec 7T MRI).
The concentrations of Fe in the different samples were calculated according to the results of
TGA and SQUID test. The Fe;0,@SiO, core—shell nanoparticles were dispersed in a solution of
2% Pluronic F-127 for 30 min using a sonication bath (Nahita Model I 610/3). Dispersed
nanocomposites were mixed with an equal volume of melted agar solution (3%, w/v in water at
90°C) to achieve final Fe concentrations of samples synthesized from normal and microwave
assistance reverse microemulsion method ranging from 0.5mM to 01.25mM in 1.5% agar in

water.
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4.1.5 Results and discussion

First, the association of Fe;0,@SiO, NPs with cells was confirmed through SEM. In Figure 4.6,
the plasma membrane of a HeLa cell from a culture that has been exposed to a Fe;0,@SiO,
core-shell nanoparticles with different concentrations in complete medium solution for 3 h was
analysed via SEM. The nanoparticles could be spotted on top of the collapsed microvilli typical
of this cell line. A positive association of the nanoparticles with HeLa cells was observed even at
the lowest concentration, being the highest concentration the one that showed more particles
associated to the plasma membrane. The number of the nanoparticles observed on the top of

collapsed microvilli was decreased with the decreasing of the concentrations of nanoparticles.
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Figure 4.6 SEM image of the plasma membrane of a HeLa cell from a culture that has been
exposed to a (a) 100 pg/mL, (b) 50ug/mL, (¢) 10 ug/mL and (d) control group of Fe;04@SiO2

core-shell nanoparticles in complete medium solution for 3 h

After confirming the interaction of the nanoparticles with the cells, cytotoxicity evaluations via
Methylthiazolyldiphenyl-tetrazolium-bromide (MTT) assay for Fe;0,@SiO, core-shell
nanoparticles were carried out at different tested concentrations of nanoparticles. The results in

Fig. 4.7 indicates that even at the highest concentration there are still 81% of cell remain alive
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and the percentage of living cell was increased when the concentration of nanoparticles
decreased. Considering that a percentage above 80% in viability is non-cytotoxic according to
the Biological evaluation of medical devices, a preliminary conclusion can be made that the
Fe;0,@Si0, core-shell nanoparticles have no cytotoxicity which can be attributed to the

bio-compatible SiO, surface and relative small size of the core-shell nanoparticles.
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Figure 4.7 Bar graph depicting the viability results (in percentage) of each Fe304@SiO> core-shell

nanoparticles tested concentration

Due to the magnetic nanocomposites show great potential as MRI contrast agents,”> > relaxivity
measurements of Fe;O,@SiO, core—shell nanoparticles were performed to evaluate their

potential application as MRI contrast agents.
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Figure 4.8 Phantom MR T; weighted image of Fe304@SiO2 core-shell nanoparticles synthesized

from normal and microwave assistance reverse microemulsion method
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Figure 4.9 Phantom MR T: weighted image and R:" relaxation time analysis as a function of Fe
concentration of Fe;04@SiO: core-shell nanoparticles synthesized from normal and microwave

assistance reverse microemulsion method

Figure 4.8 shows the T, weighted image of synthesized core-shell nanoparticles, both of them

126



didn’t show clearly positive contrast enhancement effect, suggests that this kind of core-shell
nanoparticles is not suitable for using as a T, weighted MRI contrast agent. In the meantime,
Figure 4.9 shows the phantom MR T, weighted imaging of the samples, indicating negative
contrast enhancement effect. This phenomenon can be explained by the existence of iron oxide
nanoparticles, which can create strong inhomogeneity of magnetic field in the environment and
therefore significantly enhance the transverse magnetization decays process. The relaxation
times of these two nanocomposites were plotted versus the iron concentration, revealing their
potential as negative contrast agents. The r," relaxivities of Fe;04@SiO, core—shell nanoparticles
prepared by normal and microwave assistance reverse microemulsion method were calculated as
152s'mM™ and 148 s'mM respectively, which are nearly 47% of the value of commercial
Endorem contrast agent (325 s'mM™). The existence of SiO, shell hinders the interaction
between magnetic nanoparticles and water molecules in the test media, which can actually result
in the determination of lower r,". Although the r," relaxivities of Fe;04@SiO, core—shell
nanoparticles are lower than the commercial contrast agent, they are still applicable in MRI
research and the biocompatible SiO, surface of these nanoparticles will make them easy to
functionalize with biomolecules and other drugs indicating the promising application as

multifunctional tools in biomedicine research.

4.1.6 Conclusion

The cytotoxicity of Fe;0,@SiO, core—shell nanoparticles prepared by normal and microwave
assistance reverse microemulsion method was studied via SEM analysis of Hela cells interaction

of nanoparticles and absorbance spectra measurement of MTT assay. The SEM study of plasma
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membrane of a HeLa cell indicates a positive association of the nanoparticles with HeLa cells
and the number of nanoparticles observed is proportional with the concentration of nanoparticles
used in each culture media. The results of absorbance spectra measurement of MTT assay
revealed that even at the highest concentration of nanoparticles, there still 81% of Hela cells
remain alive. The results suggested that this kind of core-shell nanoparticles have no cytotoxicity.
On the other hand, MRI properties of this kind of nanoparticles were evaluated through Phantom
MR imaging test. The results indicate a strong negative contrast enhancement of this kind of
core-shell nanoparticles. The ;" relaxivities of Fe;0,@SiO, core-shell nanoparticles were
comparable with commercial contrast agent. The MRI results suggest that the synthesized
core-shell nanoparticles have potential application as a T, weighted MRI contrast agent. The
current findings will likely contribute to further application of Fe;0,@SiO, core—shell
nanoparticles in biomedical research. For example, in application in vivo, non-cytotoxicity and
ability to be imaged are the essential requirements, which need to be satisfied before doing

experiments in living tissues or animals.
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4.2 Fe3:04@SiO2 core-shell nanoparticles
functionalized with  Merocyanine 540

(MC540) molecules

Merocyanine 540 (MC540) is a kind of anionic lipophilic dye, which can strongly bind to cell
membranes. Until now MC540 has been used in biomedical research for photodynamic

24-26

therapy but the application of MC540 was limited by their tendency to aggregate forming

dimers in aqueous solution’” %, In this section, we explored a method to functionalize the
Fe;0,@Si0, core-shell nanoparticles with MC540 molecules with less aggregation by taking the

advantage of negatively charged SO5™ group of MC540 molecules.

4.2.1 Synthetic process

4.2.1.1 Preparation of Fe3O4 nanoparticles

The oleic acid and oleylamine capped Fe;O, nanoparticles were prepared through a modified

way of the decomposition of iron oleate complex described in previous report.!
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4.2.1.2 Synthesis of APTES functionalized

Fe304@Si0: core-shell nanoparticles
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Figure 4.10 Schematic of synthesize Fe304@SiO2-APTES core-shell nanoparticles

In this process, a modified method which was mentioned in the first paper®' in chapter 3 was
applied to synthesis Fe;04@SiO,-APTES core-shell nanoparticles. In typical experiments, 10ml
of Igepal CO-520 (corresponding to 200 mM, in concentrations) were dissolved in 100ml
cyclohexane and stirred for 30 min, then 0.61 ml of as prepared Fe;O4 (15.2mM) nanoparticles
hexane solution was added into the solution and stirred for 3 h followed by adding a 2ml of
ammonium hydroxide solution (corresponding to 280 mM concentration) into the solution and
kept stirring for 1h to form a transparent water in oil (w/0) micro emulsion system. Finally the
solution was mixed with 70ul of tetraethyl orthosilicate (TEOS) and kept stirring for 6h followed
by adding 50pul of (3-Aminopropyl)triethoxysilane (APTES) and kept stirring for 18h. The
solid was precipitated by adding ethanol and washed with ethanol through centrifugation (10000
rpm 10 min) for several times and finally the APTES functionalized Fe;0,@SiO, core-shell

nanoparticles were dispersed in 40 ml ethanol. On the other hand, the synthesize Fe;0,@SiO,
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core-shell nanoparticles were also dispersed in 40 ml Tetrahydrofuran (THF) for further reaction

to do the functionalization of MC540 in different solvent.

The concentration of the Fe;0,@SiO,-APTES core-shell nanoparticles solution was decided
through drying 1ml of the solution at 60°C and measure the mass of the remaining solids. The

final concentration is 1.5mg/ml.

4.2.1.3 Functionalization of Fe;0;@Si0:-APTES

core-shell nanoparticles with MC540 molecules

In this experiment, 20ml of obtained Fe;0,@SiO,-APTES core-shell ethanol solution was mixed
with 20ml ethanol followed by adding 3ml of MC540 aqueous solution (0.5mg/ml) and kept
stirring overnight, noted as NPs-MC540-ethanol. On the other hand, 20ml of obtained
Fe;0,@Si0,-APTES core-shell ethanol solution was mixed with 20ml THF followed by adding
3ml of MC540 THEF solution (0.5mg/ml) and kept stirring overnight, noted as NPs-MC540-THF.
The solids were obtained through centrifugation (12000rpm, 20min) and dispersed in ethanol.
The MC540 molecules were detected by UV-Vis analysis. TEM, FI-IR, SQUID and XRD

techniques were also used to fully characterize the sample.
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4.2.2 Results and discussion

Figure 4.11 TEM images of Fe3;04 and Fe304@SiO2-APTES core-shell nanoparticles

Figure 4.11 indicate that the synthesized Fe;O,4 nanoparticles are highly dispersed in hexane with
a narrow size distribution and the average diameter is about 8nm. After the formation of SiO,
shell, the magnetite nanoparticles were fully covered with SiO, forming well-shaped core-shell
nanoparticles with an average diameter around 30nm, and these core-shell nanoparticles are well

dispersed in ethanol.
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Figure 4.12 FT-IR curves of Fe3Os4 nanoparticles, Fe304@SiOz core-shell nanoparticles and

Fe304@Si02-APTES nanoparticles

In the FT-IR curve of Fe;O,4 nanoparticles (Figure 4.12 red line), the absorption peaks at 2192
cm, 2850 cm™! are attributed to —CH, stretching vibration and 1708 cm™ is coming from C=0
stretching modes of COOH groups and the peaks at 1406 cm™ could be ascribed to the coupling
of hydroxyl bending vibration with C-O stretching vibration. The absorption band at 1598 cm™ is
the characteristic peak of C=C vibration and the peak at 1522 cm™ can be attributed to COO"
asymmetric stretching vibration. All those peaks indicate that the oleic acid is absorbed on the
Fe;0, nanoparticles, which results in a well dispersion of Fe;O4 in hexane. After the microwave
irradiation, the FT-IR curve of Fe;0,@SiO, (Figure 4.12 black line) shows two small peaks in
1512 ecm™, 1457 cm™ coming from stretching vibration of aromatic ring C=C and two strong

peaks in 1200 cm™ and 1060 cm™ attributed to the symmetric and asymmetric stretching of
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=C-O-C group. The existence of those vibration models indicates that there are still some
amounts of Igepal CO520 attached on the nanoparticles’ surface. The absorption bands at 1145
cm!, 953 cm™, 819 cm™! are attributed to the vibration modes of SiO,, which means that the SiO,
successfully covered the Fe;O4 nanoparticles surface. The FT-IR results indicate the substitution
of oleic acid and oleylamine capping ligands for the silica shell. Strong bands centered at 820
cm’! can be unequivocally attributed to the vibration modes of SiO,. In the Figure 4.12 blue line,
the weak absorption peaks between 1490 cm™ and 1631 cm™ and at 3352 cm™ attribute the NH,
group of APTES and the peaks at 2922 cm™ and 2852 cm™ coming from the propyl chain of
APTES molecule, all these peaks indicate the successful functionalization of -NH, group on the

surface of core-shell nanoparticles.
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Figure 4.13 UV-Vis curves of MC540 aqueous solution and NPs-MC540-ethanol

In the UV-Vis test (Figure 4.13), both MC540 aqueous solution and NPs-MC540-ethanol
samples show a strong absorption peaks around 540nm and 570nm which matches well with the
absorption of dimers and monomers of MC540 molecules respectively and indicates the

successfully decoration of MC540 on core-shell nanoparticles. The strong dimer-band can be
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attributed to the polarity of ethanol solution.

It is essential to point out that the existence of dimer MC540 molecules has a negative effect on
the phagocytoses process when the cells start interacting with nanoparticles and swallow them
into the cells. In order to minimize this effect, the nanoparticles should be decorated with more

monomer than dimer MC540 molecules.
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Figure 4.14 UV spectra curves of MC540 in different solvent (water, ethanol and THF)

In order to find the relationship between the bands distribution and the property of different
solvents, a UV test was conducted in water, ethanol and THF (the polarity of solvent
water>ethanol>THF). In Figure 4.14, the UV spectra curves of MC540 in different solvents were
presented. It is very clearly that dye-monomer band increases linearly when the solvent polarity
is decreased, the dimer-band is also decreased. This result is also identified with the previous

report.”’
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Figure 4.15 UV-vis curve of NPs-MC540-THF sample

In order to have the Fe304@SiO2-APTES core-shell nanoparticles decorated more monomers of
MC540 molecules on the surface, THF were used as the solvent during the experiment
(described in section 4.2.1.3). In the UV spectra result of the NPs-MC540-THF sample prepared in
THF (Figure 4.15), a strong absorbance peak appeared at 579nm and there is no clear peak
around 540nm. The result suggests that the MC540 molecules decorated on the

Fe;0,@Si0,-APTES core-shell nanoparticles surface are mainly monomer.

Figure 4.16 Photo images of (a) MC540 aqueous solution before decoration, (b) core-shell NPs
aqueous solution before decoration, (c) core-shell NPs aqueous solution after decoration, (d) the

reaction solution after decoration and the NPs-MC540-THF sample ethanol solution contact with

an external magnet.
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From the image above (Figure 4.16), the changing of the colour of reaction solutions is clearly
observed. The pure MC540 aqueous solution (Figure 4.16 a) is red and the core-shell
nanoparticles solution (Figure 4.16 b) is brown. After the decoration process, the nanoparticles
were separated by centrifuge. The obtained solids were dispersed in water (Figure 4.16 c¢) and
shown a red colour, while the remaining solution (Figure 4.16 d) shown a brown colour, which
could be attributed to the ultra-stable core-shell nanoparticles in the solution. And the images
also indicated the MC540 decorated core-shell nanoparticles could be easily separated by

external magnet.
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Figure 4.17 Field-dependent magnetization curves (5 K) for the prepared Fe3Os,

Fe304@Si02-MC540 core-shell nanoparticles measured by SQUID

NPs-MC540-THF sample displays a strong magnetism that allows their separation from the
solution with a magnet. Figure 4.17 shows the magnetization test of Fe;04 and NPs-MC540-THF

sample nanoparticles. Magnetite nanoparticles are superparamagnetic with a high saturation
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magnetization value (96.9 emu/g). After covered by silica shell, the nanoparticles display a lower

saturation magnetization (32.7 emu/g) but the core-shell structure remains superparamagnetic.

Figure 4.18 TEM image of NPs-MC540-THF sample nanoparticles

TEM image of NPs-MC540-THF sample nanoparticles (Figure 4.18) indicates that the
nanoparticles are remaining core-shell structure but the aggregations are formed after the
decoration of MC540. This can be attributed to the change of surface charge before and after the
decoration process. But it could be an advantage for the application in magnetic manipulation
since monodisperse Fe;04@SiO, core-shell nanoparticles with small size are very difficult to

separate via external magnetic field.

According the reference®, the MC540 content in the core-shell was quantified by UV-Vis
analysis and compared to a pre-determined standard curve. The loading efficiency in wt% was

computed using Equation

138



Mass of photosensitizers incorporated into particles

Photosensitizer loading (%) = *100%

Mass of particles

The loading efficiency was calculated to 5%.

4.2.4 Conclusion

In this section, Fe;04@SiO,—~MC540 core-shell nanoparticles are prepared by normal reverse
microemulsion method. Two protocols were followed to decorate with MC540 molecules on the
surface of nanoparticles, in ethanol and in THF. The UV-Vis results indicated that using both
methods successfully decoration of MC540 molecules on core-shell nanoparticles take place.
While the one in ethanol exhibit the formation of dimer compounds of MC540, on the other side
Fe;0,@Si0,-MC540 core-shell nanoparticles in THF represent high stability with more
monomer of MC540, which suggests a promising process for avoiding the formation of MC540
dimer molecules (which are lack of affinity to the membrane) in the solution. The TEM image
suggested the core-shell nanoparticles form small aggregations after the decoration process and
the results of magnetic test indicate the NPs-MC540-THF sample nanoparticles can be
manipulated via external magnetic field. The loading efficiency was calculated to 5% by the
UV-vis results. This study would be helpful for the research in MC540 applications. By
combining the advantage of magnetic core-shell nanoparticle with the photodynamic property
and affinity to membranes of MC540, the synthesized Fe;0,@SiO,~MC540 core-shell
nanoparticles could provide us a promising tool in bio-imaging, photodynamic therapy and

magnetic manipulation in bio-medical application.
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4.3 Functionalization of Fe304@SiO:
core-shell nanoparticles for the detection of

L-thyroxine

4.3.1 Introduction

43.1.1 L-thyroxine and relative detection

techniques

In human body, the thyroid hormones, triiodothyronine (T3) and L-thyroxine (T4), are
derivatives of the thyroxine amino acid and synthesized in the thyroid gland. The thyroid
hormones affect all the physiological process of our body for example metabolism, body

temperature, growth and heart rate.

Among those thyroid hormones, thyroxine is very
important since it constitutes around 93% of the metabolically active hormones secreted by
gland. And the thyroxine can be classified into two forms, D-T4 and L-T4. The L-T4 has medical
applications in the treatment of thyroid, promotes the metabolism in vivo and maintain the
functions of the nervous system and cardiovascular system. A lower concentration of L-T4
would cause several diseases, such as hypothyroidisms, congenital hypothyroidism, and

Beckwith syndrome in infants.*"-3? Therefore, the detection of L-T4 in the blood has been proved

very promising to analysis the thyroid status of our body.
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Figure 4.19 Molecule structure of L-thyroxine

To date, various techniques such as radioimmunoassay (RIA)**, enzyme immunoassay®,
electrochemiluminescence®, flow injection chemiluminescence®, thin-layer chromatography®’
and gas chromatography mass spectroscopy (GC-MS)¥ have been widely used to determine
thyroxine in the blood serum and urine samples but these methods were found not suitable for
distinguish T4 isomers. On the other hand, these methods need expensive instruments and long
time to set the test and the sensitivity of the test is not sufficient to determine the T4 status of

* While due to the relatively low cost of electrochemical sensing® and easier

patients.
preparation, high sensitivity and selectivity of molecularly imprinted polymer (MIP) sensor®’, the

combination of these two methods could have promising application in the detection of

thyroxine.

4.3.1.2 Molecular imprinted polymer (MIP) sensor

Molecular imprinting technique is a template-assisted synthesis, which produces selective
cavities in a 3D-polymeric network (Figure). Those cavities can be exposed via the elimination

of the template, More interestingly, those exposed cavities not only fit the size and the shape of
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the templates, but also occupy the interaction points (for example chemical bonds) to the

respective template molecules.*!
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Figure 4.20 A schematic of molecularly imprinted polymer preparation steps +*

In common with biosensors, MIP-base biosensors have been considered as promising candidate
for future applications in food safety, environment sciences and biomedical sciences and
numerous researches have been done in recent years. For example, Tingting Zhou et al.
fabricated a selective and sensitive sensor based on MIP/acetylene black for the determination of
azithromycin in pharmaceuticals applications*, MIP-sensors were made based on chlorohemin
modified molecularly imprinted microgel for the analysis of 2,4-dichiorophenol*, Chien-Chong
Hong et al. prepared a modified MIP film sensor with better molecular separation performance

resulting to numerous applications in fluidic-based disposable biochips*
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Figure 4.21 Schematic illustration of MIP Mn-doped ZnS QDs sensor for target proteins.*

In this chapter, organic molecules were imprinted on the surface of Fe;O,@SiO, core-shell
nanoparticles. The obtained nanoparticles were used in the application of detecting L-thyroxine
using electrochemistry method. The results of electrochemical test indicated a relatively high
sensitivity than the MIP sensor made by large size Fe;0,@SiO, core-shell particles. The
morphology analysis and BET test revealed the small size and large specific area of the
nanoparticles, which can explain the reason of this high sensitivity. This study highlights one
promising application of Fe;0,@SiO, core-shell nanoparticles in the field of bio-sensor

technology.

143



4.3.2 Experimental process

4.3.2.1 Preparation of Fe3O4 nanoparticles

In this experiment, two kinds of Fe;O, nanoparticles were synthesized, one is prepared via a
similar process described in the first paper® in Chapter 3. Another kind of Fe;Oy particles was
also synthesized by co-precipitation of a Fe**/Fe** mixed solution prepared from iron salts. In a
typical experiment, 3.44 g of FeCl,-4H,0 and 9.44 g of FeCl;-6H,O were dissolved in 160 mL of
ultrapure water under nitrogen flow with magnetic stirring at 70-80°C, then 60 mL of ammonia
solution (Sigma 32%) were added drop by drop using a 25mL burette for 30-45 minutes to
achieve a pH=9-10 units (measured by pH-meter) to obtain black precipitation. The black
precipitation was then separated with the help of an external magnet and followed by gently

washing with ultrapure water. The final product was dried at 60°C for 24 hours.

43.2.2 Preparation of Fe3:04@SiO: core-shell

particles

In this process, two kinds Fe;04@SiO, core-shell particles were synthesized. The Fe;0,@SiO,
core-shell nanoparticles through the same process described in the first paper®' in Chapter 3. This

kind of particles were noted as Fe;0,@SiO, NPs.

In order to comparing the differences between the small size core-shell nanoparticles and large
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size core-shell particles, the Fe;O4 nanoparticles obtain via coprecipitation method (described in
section 4.3.2.2) were coated with amorphous SiO, layer with OH groups the surface for further
reactions. In a typical process, 600 mg of Fe;O, particles were dispersed in 80 mL of ethanol and
8 mL ultrapure water via ultrasonic treatment for 15 minutes in a round bottom flask of 250mL.
After that, 10 mL of ammonia solution (Sigma 32%) and 4 mL of tetraethyl orthosilicate (Sigma
reagent grade, 98%) were added into the solution. The mixture was kept stirring for 12 hours
with an HEDOLPH® agitator. Then, the product was separated with an external magnet and

washed with ultrapure water. This kind of particles were noted as Fe;0,@SiO, Ps.
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Figure 4.22 Scheme of preparation of Fe304@SiO2-MIP and Fe3;04@SiO:-NIP particles

4.3.2.3 Preparation of Fe;04@SiO:-MPS particles

In this experiment, the Fe;0,@SiO, NPs and Fe;0,@SiO, Ps synthesized in section 4.3.2.3 were

further functionalized with 3-methacryloxypropyltrimethyloxysilane (MPS) which with an
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acrylic group containing silanizating agent, to provide activated C=C groups for further
copolymerization in the following step. In standard reactions, 500 mg of the pre-synthesized
Fe;0,@Si0, NPs and Fe;0,@SiO, Ps were dispersed in 100 mL of anhydrous toluene in a
three-neck round bottom flask respectively followed by adding 10 mL of MPS. Reactions were
hold for 12 hours under nitrogen protection. The particles were separated with the help of
magnet and gently washed with pure water. Then the product is dried at 60C° for 24 hours and

marked as Fe;0,@SiO,-MPS NPs and Fe;0,@Si0,-MPS Ps respectively.

4324 Prepolymerization of the template

L-thyroxine

Before the synthesis of the Fe;04@SiO,-MIP nanomaterials with affinity towards L-thyroxine, a
pre-polymerization step of is required. To do that, 0.2 mmol L-thyroxine and 0.8 mmol itaconic
acid were dissolved in 30 mL of ethanol in a sealed round bottom flask under magnetic stirring
for 12 hours at room temperature. Similarly, the non-imprinted polymer (NIP) was prepared
without the presence of the L-thyroxine template molecules. During this step, non-covalent weak
interactions between the template and the monomer, mainly hydrogen bonds, electrostatic and
hydrophobic interactions are formed maintaining a complex between L-thyroxine and itaconic

acid.

146



4.3.2.5 Polymerization

During this step, 200 mg of Fe;0,@SiO,-MPS NPs were mixed with pre-polymerization
mixtures of MIP and NIP (prepared in section 4.3.2.5) respectively and kept stirring for 3 hours.
After that, 4.0mmol of ethylene glycol dimetacrylate (EGDMA, Sigma) and 0.05mmoL of
radical initiator (AIBN) were added and then the mixtures were treated with ultrasounds in a
water bath for 5 minutes followed by purging with nitrogen to avoid the reaction with oxygen.
Finally, the mixtures were heated to 60C° and hold for 5 hours under the mechanical stirring and

nitrogen protection. The samples were marked as MIP-NPs and NIP-NPs.

4.3.2.6 Washing and template removing steps

Same procedure was applied in the case of MIP-NPs samples for washing and removing
L-thyroxine template. The L-thyroxine extraction was done using a soxhlet extraction by using a
mixture of methanol and acetic acid (Vmemanot: Vacetic acia=9:1) as extracting solvent. The solution
was changed every 12 hours during five days in order to remove L-thyroxine completely from
particles surface. After that the product was dried at room temperature. L-thyroxine was
considered totally eliminated when no analyte was detected in the eluent by spectrophotometry

at 300 nm.
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43.27 Determination of L-thyroxine by
preconcentrating on MIP-NPs and direct
electrochemical detection via cyclic voltammetry on

m-GEC electrodes

A three-electrode setup was used for the electrochemical measurements, which comprises a
double junction Ag/AgCl (N° 900200, ORION Fisher Scientific) reference electrode with a
saturated internal reference AgCl solution (N° 900002, ORION Fisher Scientific) and an external
reference solution of 10 % KNO; (N° 900003, ORION Fisher Scientific), a platinum auxiliary
electrode (N°. 52-67, CRISON, Spain), and a working electrode (GEC or m-GEC). The cyclic
voltammetry and other electrochemical characterization were performed with a

potentiostat/galvanostat system Autolab PGSTAT10 (Eco Chimie, The Netherlands).
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Figure 4.23 Scheme of the m-GEC electrodes set up

For this strategy, the protocol consists of the following steps:
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1. Preconcentrating of the T4 on MIP-NPs: In this step, 100 uL of MIP-NPs citrate buffer (pH=7)
suspension (5.5mg/mL) and 100uL of L-thyroxine aqueous solution (5-10* mol/L) were mixed
in 2 mL eppendorf tubes, then shaking it at room temperature for 30 min. After that, the solids
were separated with an external magnet and washed with Milli-Q water to remove the

supernatant.

2. Magneto-actuation of the MIP-NPs on the surface of the m-GEC electrodes: In this step, the
washed solids were resuspended in a volume of 180 pL citrate buffer and captured by the

m-GEC electrode simply by dipping the electrode on the incubation tube.

3. Direct electrochemical detection by cyclic voltammetry in 20 mL HCI aqueous solution

(pH=0.10). As a negative control, the NIP-NPs were test with the same method.

4.3.3 Results and Discussion

Figure 4.24 TEM images of synthesized (a) Fe3O4 nanoparticles and (b, ¢) Fe304@SiO: core-shell

nanoparticles
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As shown in the TEM images (Figure 4.24), the synthesized Fe;O, nanoparticles were
monodispersed in hexane with average diameter around 8nm. After the coating of SiO, layer, the
Fe;0,@Si0, core-shell nanoparticles were formed and well dispersed in ethanol. The high
resolution of Fe;0,@SiO, core-shell nanoparticles indicates the clearly existence of SiO, shell

with the thickness of 7nm.
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Figure 4.25 FT-IR spectra curves of 3-(Trimethoxysilyl)propyl methacrylate molecules,
Fe304@Si0O2 core-shell nanoparticles and 3-(Trimethoxysilyl)propyl methacrylate decorated

Fe304@Si0: core-shell nanoparticles

The infrared spectra (Figure 4.25) of the synthesized MPS decorated and non-MPS decorated
Fe;0,@Si0, core-shell nanoparticles were recorded and compared to confirm the successfully
functionalization of MPS molecules. A standard FT-IR spectra test was also done for pure MPS

molecules for a reference. In the FI-IR spectra of pure MPS molecules, the strong absorption
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band at 1717cm™ can be attributed to the vibration of C=C bond and the absorption band at
1637cm! can be attributed to the vibration of C=0 bond, these bands are the characteristic bands
of MPS molecules. In the FT-IR spectra of MPS decorated F30,@SiO, core shell nanoparticles
two weak absorption bands at 1703 and 1639cm™ are observed these bands don't appear in the
non-MPS fuctionalized nanoparticles These two bands can be ascribed to the vibration of C=0
and C=C bands and indicate the successfully functionalization of MPS on the surface of
core-shell nanoparticles. The functionalization of MPS molecules on the surface of nanoparticles
will provide us the C=C bands for further copolymerization with itaconic acid for the decoration

of L-thyroxine molecules.

Figure 4.26 TEM images of Fe304@SiO2-MPS NPs

From the TEM images of MPS decorated core-shell nanoparticles (Figure 4.26), the
Fe;04@Si0,-MPS NPs still remain monodisperse with an average diameter around 30nm and

very well dispersed in ethanol.

151



Figure 4.27 TEM and SEM image of MIP-NPs

The morphology analysis of synthesized MIP-NPs was carried out via TEM and SEM. The TEM
result in Figure 4.27 indicates that the nanoparticles tend to form some small aggregations but
the majority of them are still monodisperse. The SEM image in Figure 4.27 shows the existence
of small aggregations with average size around 200nm and there are still single nanoparticles
remaining on the graphite substrate, these results are identified with the information coming
from TEM test. The formation of aggregation can be attributed to the polymerization of itaconic

acid.

Figure 4.28 TEM and SEM image of MIP-NPs after washing process

After washing process, as shown in TEM image (Figure 4.28), bigger aggregates are formed
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compared with the sample before washing process. The SEM image also indicate the presence of
aggregates. The formation of those aggregates can be attributed to the drying process of the
samples. The results of BET indicate the Sger= 80m?/g, while the theoretical surface area value
of this kind of nanoparticles is around 200m?. Since the BET test also requires a dried sample for

the test, the drying process could be the main reason for the formation of aggregates.
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Figure 4.29 UV-Vis spectra of the solution after washing (a) the NIP-NPs and (b) MIP-NPs

In the UV-vis curves of the washing solution for NIP-NPs (Figure 4.29 a), any absorbance peak
appeared. Instead, in the washing solution for MIP-NPs (Figure 4.29 b) there is a strong
absorbance peak at 300nm which can be attributed to the presence of L-thyroxine, indicating the
successfully decoration of template L-thyroxine. On the other hand, the UV-Vis from the
washing solution for MIP-NPs (Figure 4.29 b) suggestes that the strength of the absorbance peak
of L-thyroxine decreased with the time of the washing procedure and completely disappeared
after 9 times of washing process, this phenomenon reveals that the decorated L-thyroxine was

totally removed from the core-shell nanoparticles.
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Figure 4.30 SQUID test of (a) MIP-NPs before and after washing process and (b) Fe3O4 and

Fe304@Si02 nanoparticles

In Figure 4.32 are presented the results of SQUID test of MIP-NPs before and after washing process
and Fe3;04 and Fe3;0,@Si0, nanoparticles. Figure 4.30 (a) indicates that the magnetic saturation value
increased after the washing process which can be attributed to the elimination of the non-magnetic
template L-thyroxine molecules decreasing the total amount of mass in the nanoparticles. These results
are in aggreement with the UV-Vis spectra in Figure 4.29. On the other side, when compared with the
magnetic saturation of Fe3O4 (96.9 emu/g) and Fe;0,@Si0, (32.7 emu/g) nanoparticles (Figure 4.30 b),
it is worth to note that the value of MIP-NPs (2.8 emug/g before washing and 3.3 emu/g after washing)
is relatively low, this can be explained by the mass effect of the non-magnetic polymer and template

L-thyroxine but the MIP-NPs remain superparamagnetic.
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Figure 431 Cyclic voltammograms of m-GEC electrodes attached with L-thyroxine

preconcentrated (a) MIP-NPs and (b) NIP-NPs

The cyclic voltammograms of the m-GEC electrodes attached with nanoparticles are presented in
Figure 4.31. The electrodes were first immersed into a solution containing L-thyroxine. During
the previous washing treatment, the L-thyroxine molecules were completely removed from the
MIP nanoparticles and their respective cavities formed on the surface. These cavities will allow
the L-thyroxine molecules in the test solution rebind on the surface of core-shell nanoparticles.
When the m-GEC electrodes were transferred to HCI aqueous solution (pH=0.1) and tested by
cyclic voltammetry, a signal of L-thyroxine appeared. The strong current peak is showed in CV
of m-GEC electrodes attached with MIP-NPs, while there is no current peak exist in the CV
curve of m-GEC electrodes attached with NIP-NPs. These results indicate the MIP-NPs were

successfully prepared with nice ability for the detection of L-thyroxine in the solution.
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4.3.4 Conclusion

In this section. Fe;0,@SiO; core-shell nanoparticles were prepared and used in the application of
detection L-thyroxine. The synthesized core-shell nanoparticles were first successfully decorated with
MPS molecules and followed by a uniform MIP layer on the surface of core-shell nanoparticles. The
UV spetra and SQUID test results indicated the existence of L-thyroxine templates. The SEM and TEM
images of synthesized MIP-NPs revealed the formation of aggregates. The electrochemistry results
suggest the ability of this MIP-NPs to be suitable for the application in the dection of L-thyroxine.

These results provide us the possibilty of using this core-shell nanoparticles in biosensor research area.
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Chapter 5 Conclusions

1. Fes04@SiOz core-shell nanoparticles were synthesized via normal and microwave
assistance reverse microemulsion method. The morphology of the obtained core-
shell nanoparticles can be manipulated through changing the parameters of the
reaction. Thanks to the fast heating process of microwave irradiation, the
microwave assistance reverse microemulsion method turns out to be a promising
method to prepare nanomaterials.

2. The synthesized Fe3O4@SiO2 core-shell nanoparticles were functionalized with
APTES reactants to have -NH> groups on the surface. These nanoparticles were
used as supports for silver nanoparticles catalysts. The obtained Fe;O4@SiO2/Ag
nanocomposites show excellent catalytic property in the in the reduction of 4-
nitroaniline with highly reactivity and recyclability.

3. The Fe30O4 nanoparticles were synthesized inside CNTs via decomposition of iron
precursor inside the cavities of CNTs. The synthesized nanoparticles were
relatively smaller than those synthesized without the presence of CNTs, on the
other side FeO phase was detected in the synthesized FesO4@CNTs
nanocomposites indicate confinement and template effect of CNTs in the
preparation of nanoparticles.

4. The Fe;04@CNTs nanocomposites were further coated with SiO2 to seal the

synthesized Fe3O4 nanoparticles inside CNTs forming Fe;Os@CNTs@SiO2
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nanocapsules. The nanoparticles were successfully protected from leakage and
corrosion even in a harsh environment. The obtained Fe3;Os@CNTs
nanocomposites and Fes04@CNTs@SiO2 nanocapsules show good r2* relaxivities
in MRI test, suggested potential application bio-imaging research.

The cytotoxic study indicated the synthesized Fe3;Os@SiO2 core-shell
nanoparticles are non-cytotoxic. On the side, these nanoparticles also have good
2" relaxivities when used in the T» weighted MRI Those results suggested
potential application of Fe3O4@SiO2 core-shell nanoparticles in biomedicine
research.

The Fe304@SiO2 core-shell nanoparticles were decorated with MC540 molecules
in two different solvents. All of them indicate successfully decoration while the
presence monomer and dimer compounds on the surface of nanoparticles can be
controlled via changing the solvents.

MIP-biosensor was fabricated through decoration of the Fe3sO04@SiO: core-shell
nanoparticles with molecule imprinted polymers and L-thyroxine templates. By
removing the templates from the nanoparticles, this kind of Fe;O4@SiO2-MIP
nanocomposites show nice property for detecting L-thyroxine indicate another
promising application of Fe3Os@SiO2 core-shell nanoparticles in biosensor

research.
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