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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
resonance imagingf

Changyong Lu,*® Stefania Sandoval,” Teresa Puig,® Xavier Obradors,®
Gerard Tobias, (2° Josep Ros® and Susagna Ricart (2°

An in situ approach for the synthesis of FesO4 nanoparticles combined with a SiO, coating process was
employed to prepare FezO0,@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 (Fe304@GNF) with a high density. By using a silica coating
process, Fes0,@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 FezO4@GNF nanocomposites and FezO,@GNF@SIO,
nanocapsules revealing the potential application of these hybrid materials for bioimaging. Therefore, the
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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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coating of filled GNF with silica is as an excellent strategy for the protection of encapsulated payloads.

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;0O, 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(u)
salen catalysts were immobilized inside GNF to form well-
defined heterogeneous catalysts with excellent stability and
recyclability.>®*! Recently, researchers also found out that Pt
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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.****** 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
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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. S17). 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;0,4 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.
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(@) TEM image of Fes04@GNF nanocomposites prepared using acid treated GNF by traditional thermal activation, (b) high magnification

image of Fes04@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 FezO4@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;04)."* The presence of small nanoparticles is
responsible for the relatively low signal to noise ratio in the XRD
pattern. No peaks of iron(u) 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;O,@-
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 FesO4@GNF nanocomposites
prepared using acid treated GNF by traditional thermal activation. Inset
top-left: photos of the hanocomposites 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. S21). 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,O;
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
g~ ' 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.*
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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
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Fig. 4 (a) STEM and (b) high-angle annular dark-field imaging (HAADF), EELS analysis of FesO4@GNF nanocomposites prepared using acid

treated CNTs by traditional thermal activation.

Fig.5 TEM images of Fes04@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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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;O,@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 cm ™, 1150
cm™! 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 Fes:04@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 HCI.
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;O,@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) Fes04@GNF nanocomposites and (b) FesO4@-
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-TEM images of Fes04,@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
FesO4@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,
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 S17)
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. S51) reveals a solid residue of ca. 85 wt% (at 900 °C).
The TGA residue should correspond to Fe,O; (from Fez;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;O,@GNF@SiO, nanocomposites were
performed to evaluate their potential application as MRI
contrast agents. The transverse RZ relaxation rates of Fe;O0,@-
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;0O,@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@Si0,)
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.

Fe,0,@GNF

v T T T v T v v )
000 000

005 008 OO
Fe concentration (mM)

Fig. 10 (a) Phantom MR imaging of FesO4@GNF nanocomposites (left) and FezO,@GNF@SIO, nanocapsules (right), (b) R; relaxation time

analysis as a function of Fe concentration.
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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;O,@GNF and Fe;0,@GNF@SiO,,
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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