1' frontiers

In Bioengineering and Biotechnology

ORIGINAL RESEARCH
published: 20 September 2021
doi: 10.3389/fbice.2021.735727

OPEN ACCESS

Edited by:
Michele lafisco,
National Research Council (CNR), Italy

Reviewed by:

Sin-Yeang Teow,

Sunway University, Malaysia
Chien-Hung Li,

Kaohsiung Medical University, Taiwan

*Correspondence:
Yuanzhe Piao
parkat9@snu.ac.kr

Specialty section:

This article was submitted to
Nanobiotechnology,

a section of the journal
Frontiers in Bioengineering and
Biotechnology

Received: 03 July 2021
Accepted: 31 August 2021
Published: 20 September 2021

Citation:

Kim H, Im PW and Piao Y (2021) A
Facile Route for the Preparation of
Monodisperse Iron nitride at Silica
Core/shell Nanostructures.

Front. Bioeng. Biotechnol. 9:735727.
doi: 10.3389/fbioe.2021.735727

Check for
updates

A Facile Route for the Preparation of
Monodisperse Iron nitride at Silica
Core/shell Nanostructures

Hoonsub Kim', Pyung Won Im??2 and Yuanzhe Piao "**

"Graduate School of Convergence Science and Technology, Seoul National University, Suwon, South Korea, °Department of
Neurosurgery, Clinical Research Institute, Seoul National University Hospital, Seoul, South Korea, *Cancer Research Institute
Ischemia/Hypoxia Disease Institute, Seoul National University College of Medicine, Seoul, South Korea, “Advanced Institutes of
Convergence Technology, Suwon, South Korea

Uniform-sized iron oxide nanoparticles obtained from the solution phase thermal
decomposition of the iron-oleate complex were encapsulated inside the silica shell by
the reverse microemulsion technique, and then thermal treatment under NH3 to transfer
the iron oxide to iron nitride. The transmission electron microscopy images distinctly
demonstrated that the as-prepared iron nitride at silica core/shell nanostructures were
highly uniform in particle-size distribution. By using iron oxide nanoparticles of 6.1, 10.3,
16.2, and 21.8 nm as starting materials, iron nitride nanoparticles with average diameters
of 5.6, 9.3, 11.6, and 16.7 nm were produced, respectively. The acid-resistant properties
of the iron nitride at silica core/shell nanostructures were found to be much higher than the
starting iron oxide at silica. A superconducting quantum interference device was used for
the magnetic characterization of the nanostructure. Besides, magnetic resonance imaging
(MRI) studies using iron nitride at silica nanocomposites as contrast agents demonstrated
T> enhanced effects that were dependent on the concentration. These core/shell
nanostructures have enormous potential in magnetic nanodevice and biomedical
applications. The current process is expected to be easy for large-scale and transfer
other metal oxide nanoparticles.

Keywords: iron oxide, iron nitride, reverse microemulsion, silica, core/shell, nanostructure, MRI

INTRODUCTION

The preparation of monodisperse nanostructured materials is of key importance and has been
intensively pursued because they exhibit size- and shape-dependent physical and chemical properties
(Goldstein et al,, 1992; Xu et al., 1994; Alivisatos, 1996; El-Sayed, 2001; Hyeon, 2003; Daniel and
Astruc, 2004; Burda et al., 2005; Im et al., 2005; Zettsu et al., 2006; Schmid, 2010; Muzzio et al., 2019).
In recent years, remarkable advances have been made in the synthesis of monodisperse metal oxide
nanoparticles (Hyeon et al.,, 2001; Joo et al., 2003; Seo et al., 2003; Yin and O’Brien, 2003; Park et al.,
2004, 2005, 2007; Sun et al., 2004; Tang et al., 2004; Yin et al., 2004, 2005; Liu et al., 2005; An et al.,
2006; Kwon et al., 2007; Mendoza-Garcia and Sun, 2016). Furthermore, these monodisperse
nanoparticles have been integrated into silica-based nanoparticle systems for catalytical and
biomedical applications (Piao et al., 2008a; Joo et al., 2009; Wang et al., 2018; Yang et al., 2019).
Of the various nanoparticle systems, iron oxide nanoparticles coated with silica shells have attracted a
great deal of interest. On the one hand, silica shell possesses advantages of low cytotoxicity, uniform
size, high stability, easy functionalization, and low cost. On the other hand, iron oxide nanoparticle
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cores provide convenience for removing and recycling the
nanoparticle systems by applying an appropriate magnetic
field. Truly, silica-coated iron oxide nanoparticles have been
diversely functionalized and extensively researched for catalyst
recycling and bioseparation (Ge et al., 2008a, 2008b; Panella et al.,
2009; Kim et al., 2010; Adams et al., 2018; Cano et al., 2020).
However, some industrially important catalytic processes are
carried out under corrosive and drastic reaction conditions. It
is also reported that some of the endosomes may fuse with
lysosomes containing a low-pH medium and appropriate/
specific chelates, which dissolve the iron oxide nanoparticles
(Arbab et al, 2005). Therefore, the preparation of
anticorrosive and  magnetically  recyclable  silica-based
monodisperse nanoparticle systems is very important.

Metal nitrides have attracted great attention in recent years
due to their interesting properties and a broad range of
applications (Niewa and DiSalvo, 1998; Lengauer, 2000; Brese
and O’Keeffe, 2005; Miao et al., 2005; Peng et al., 2019). Metal
nitrides are characterized by high melting points, hardness,
corrosion resistance, and are referred to as refractory hard
metals (Sirvio et al, 1982). These physical properties are
desired attributes of catalytic materials that require resistance
against attrition and sintering under reaction conditions. These
materials also demonstrate catalytic advantages over their parent
metals in activity, selectivity, and resistance to poisoning. They
have been found to be good catalysts for a wide variety of
reactions typically catalyzed by noble metals of high cost and
limited supply (Ramanathan and Oyama, 1995; Kwon et al., 1999;
Li et al., 1999, 2016; Kaskel et al., 2004; Krawiec et al., 2006;
Fischer et al., 2008a; Zhang et al., 2016). As a kind of metal nitride,
iron nitrides attracted much research interest due to their
interesting mechanical, chemical, and magnetic properties
(Nakatani et al., 1993; Chatbi et al., 1995; Niederdrenk et al.,
1996; Koltypin et al., 1997; Nishimaki et al., 1999; Yamamoto
etal., 1999; Tong et al., 2003; Jiang and Gao, 2005; Grafouté et al.,
2007; Yu et al., 2017). Iron nitride nanoparticles are a better heat
source for magnetic hyperthermia therapy than iron oxide
nanoparticles Shibata et al. ( 2019), and they indicate higher
saturation magnetization than iron oxide nanoparticles, making
them useful for theranostics using magnetic nanoparticles
(Namiki et al, 2011). Cytotoxicity also does not show a
significant difference with the conventional iron oxide
nanoparticles (Shibata et al., 2021).

To date, a number of synthetic procedures have been
developed to produce nanostructured metal nitrides, including
hydrazide sol-gel synthesis Kim and Kumta (2003), nitridation or
ammonolysis of molecular precursors Kaskel et al. (2003),
Schwenzer et al. (2005), Choi et al. (2006), solvothermal
method Desmoulins-Krawiec et al. (2004), Sardar et al. (2005),
Choi and Gillan (2006), various metathesis routes Wang et al.
(2002), Joshi et al. (2005) and technique using mesoporous
materials as hard templates (Yang and Huang, 2005; Fischer
et al, 2007; Fischer et al., 2008b). However, compared with
remarkable advances in the synthesis of monodisperse metal
oxide nanoparticles Hyeon et al. (2001), Joo et al. (2003), Seo
etal. (2003), Yin and O’Brien (2003), Park et al. (2004 ), Park et al.
(2005), Park et al. (2007); Sun et al. (2004), Tang et al. (2004), Yin

Iron Nitride at Silica for MRI

et al. (2004), Park et al. (2005), Liu et al. (2005), An et al. (2006),
Kwon et al. (2007), Mendoza-Garcia and Sun (2016), the methods
for the preparation of metal nitrides are rather limited and most
of the products are less uniform.

As alternating methods, there are several reports about the
transformation of metal oxides into metal nitrides by reacting
metal oxides with nitrogen sources (Vaidhyanathan and Rao,
1997; Dezelah IV et al., 2004; Sun and Li, 2004; Luo et al., 2005;
Zhao et al., 2005; Zhao et al., 2006; Buha et al., 2007; Chen et al,,
2007; Balamurugan et al., 2018). However, these reactions are
processed at elevated temperatures, the aggregation and sintering
during transformation lead to morphology changes of the final
products, thus causing them to lose uniformity.

In a recent study Piao et al. (2008b), we introduced a novel
wrap-bake-peel process to induce the transformation of the phases
and structures of nanostructured materials while preserving their
nanostructural characteristics. In this work, we report the
preparation of monodisperse iron nitride at silica core/shell
nanostructures by coating silica nanoshell on the uniform-sized
iron oxide nanoparticles and thermal treatment under NH; flow to
transfer iron oxide to iron nitride. The thermal treatment
temperature was investigated to optimize the sample
preparation condition. The synthesized iron nitride at silica
core/shell nanostructures were characterized by transmission
electron microscopy (TEM), X-ray powder diffraction (XRD),
and superconducting quantum interference device (SQUID).
Magnetic resonance imaging (MRI) using iron nitride at silica
nanocomposite as a contrast agent was also studied. The as-
prepared iron nitride at silica core/shell nanostructures were
highly uniform in particle-size distribution. By using iron oxide
nanoparticles of 6.1, 10.3, 16.2, and 21.8 nm as starting materials,
iron nitride nanoparticles with average diameters of 5.6, 9.3, 11.6,
and 16.7 nm were produced, respectively. The iron nitride at silica
core/shell nanostructures showed higher acid-resistant properties
as compared to the starting iron oxide at silica. MRI studies using
iron nitride at silica nanocomposites as contrast agents
demonstrated T, enhanced effects which were dependent on the
concentration.

MATERIALS AND METHODS

Synthesis of Iron Oxide Nanoparticles

The synthetic scheme is the same as the previously reported
procedure (Park et al, 2004). The iron-oleate complex was
synthesized by the reaction of iron (III) chloride (FeCl;-6H,0,
Aldrich, 98%) and sodium oleate (TCI, 95%). In a typical
synthesis of iron oxide nanocrystals, 7.0g of 1-octadecene
(ODE, Aldrich, 90%) was degassed under vacuum at 120°C for
1.5h, to which 1.26 g of iron-oleate complex (1.40 mmol of Fe)
was added at room temperature. The resulting mixture solution
was heated at a rate of 3.3°C/min to 320°C and held at this
temperature for a given time. The resulting solution containing
the nanocrystals was then cooled to room temperature, and 15 ml
of ethanol was added to the solution to precipitate the
nanocrystals.  The  nanocrystals were separated by
centrifugation and redispersed in hexane.
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FIGURE 1 | Schematic illustration of the synthetic procedure.
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The encapsulation of the iron oxide nanocrystals inside the silica
nanoshell was performed by the modification of the reverse
microemulsion technique reported elsewhere (Chang et al,
1994; Vestal and Zhang, 2003; Yi et al., 2005; Lee et al., 2006;
Kaiser et al., 2017). The iron oxide nanocrystals were mixed with
a cyclohexane solution of polyoxyethylene nonylphenyl ether
(Igepal CO-520). The formation of silica around the iron
oxide nanocrystals was initiated by the successive addition of
NH,OH aqueous solution and tetraethyl orthosilicate (TEOS).
The reaction mixture was kept on stirring for 12h at room
temperature. When acetone was added, solids were
precipitated out of the reaction suspension. The resulting
solids were isolated by centrifugation and washed several times
with ethanol.

Further Coating With Mesoporous Silica
Nanoshell

To further coating of mesoporous silica shell on dense silica-
coated iron oxide nanoparticles, a solution containing 2 ml TEOS
and 0.8 ml octadecyltrimethoxysilane (C18TMS) was added to a
dispersion containing 0.2 g of dense silica-coated iron oxide

nanoparticles, 1 ml of ammonium hydroxide (30 wt%), 30 ml
of ethanol and 4 ml of deionized water. The mixed solution was
reacted for 4h with vigorous stirring. The resulting octadecyl
group incorporated on the silica outer shell/dense silica inner
shell/iron oxide core nanocomposite was retrieved by
centrifugation, and calcined at 550°C for 6 h under an oxygen
atmosphere to produce the final mesoporous silica outer shell/
dense silica inner shell/iron oxide core nanostructure.

Transformation of Iron oxide at silica to lron

nitride at silica Nanostructure

The silica-coated iron oxide nanocomposites were heated at
600°C for 10h under a flow of 10 sccm NH; to transform
iron oxide to iron nitride. Aqueous nanoparticle dispersion
was made by immersing the resulting nanocomposite in
deionized water with sonication for 5 h.

Cell Culture

Three types of cells were used in the cytotoxicity test. Two types
were cancer cells and the other was normal cells. US7MG
(American Type Culture Collection) was one of the
glioblastomas, Fsall (department of Tumor Biology, Seoul
National University Hospital) was fibrosarcoma, and HFB-
141103 (Neurosurgery, Seoul National University Hospital)
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FIGURE 2 | TEM images of starting iron oxide nanoparticles of (A) 6.1 nm (D) 10.3 nm (G) 16.2 nm, and (J) 21.8 nm; iron oxide at silica core/shell nanoparticles
with (B) 6.1 nm (E) 10.3 nm (H) 16.2 nm, and (K) 21.8 nm core (C) iron nitride at silica core/shell nanoparticles transferred from (B) (F) nanoparticles transferred from (E)
(I) nanoparticles transferred from (H), and (L) nanoparticles transferred from (K).
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FIGURE 3 | XRD patterns of 10.3 nm iron oxide nanoparticles coated
with silica shells and reacted with ammonia gas at (A) 400°C (B) 500°C (C)
600°C, and (D) 700°C for 15 h.
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FIGURE 4 | XRD patterns of iron oxide at silica core/shell nanoparticles

with (A) 6.1 nm (B) 16.2 nm, and (C) 21.8 nm core (D) iron nitride at silica
core/shell nanoparticle transferred from (A) (E) nanoparticles transferred from
(B) (F) nanoparticles transferred from (C).
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was the normal form of fibrosarcoma. U87MG and HFB-141103
were cultured in DMEM, 10% FBS, and 1% AA medium and Fsall
used deferent media that was RPMI, 10% FBS, 1% AA. All cells
were cultured in a 37°C, 5% CO, incubator.

Cell Viability Assay

CCK-8 assay kit was a common method to measure the
cytotoxicity of drugs, but the absorption of the remaining iron
nitride at silica nanocomposites disturbed detection. For this
reason, we used a mechanical cell counter (aaa, biotech) and
Trypan blue to stain live cells. When cells cultured in 100 pie
plates reached 80% confluence, they were subcultured in 6-well
plates (1 x 105 cells per well). Incubated the plate for 24 h to allow
the cells to attach to the plate. After incubation for 24 h, various
concentrations (3, 5, 10, 30, 50, 100 pg/ml) of iron nitride at silica
nanocomposites were added to each cell and incubated for an
additional 24 h. This experiment was replicated three times for
accuracy. The relative cell viability (%) was expressed as a
percentage relative to the control cells, which were considered
100% viable.

MR Imaging

MR imaging of the phantoms was performed under a standard
head coil and by using a 1.5T MR imager (Signa Excite; GE
Medical Systems, Milwaukee, WTI) to obtain the T,-axial images.
The sequence parameters were a repetition time = 4,000 m s, an
effective echo time = 123.5 m s, a field of view = 200 x 200 mm, a
flip angle = 90°, a matrix = 384 x 320, a slice thickness = 2.0 mm, a
slice separation = 2.0 mm and the number of excitations = 2.0.
The T, values were measured by using the conventional spin-echo
(TR/TE = 5,000 m s/16, 20, 32, 40, 48, 50, 60, 64, 80, 100, 150, and
200 m s) with one echo for each sequence while varying the TE.
The T, values were calculated by fitting the decreased signal
intensities with the increasing TEs into a mono-exponential
function.

Characterization

All TEM images were obtained using a JEOL EM-2010
microscope at an acceleration voltage of 200 kV. The samples
for TEM studies were prepared by drying a drop of the suspension
of the nanoparticles on a piece of the carbon-coated copper grid
under ambient conditions. The X-ray diffraction pattern was
taken by a Rigaku D/Max-2500 diffractometer system. The
particle size was estimated by measuring the sizes of 200
particles from TEM images. Elemental analysis was performed
by wusing inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Shimadzu, Japan). Magnetization
measurements were performed on a Quantum Design MPMS
5XL SQUID magnetometer. MR imaging of the phantoms was
performed under a standard head coil and by using a 1.5 T MR
imager (Signa Excite; GE Medical Systems, Milwaukee, WI) to
obtain the T,-axial images. The nitrogen adsorption and
desorption isotherms were measured at 77K wusing a
Micromeritics ASAP 2000 Gas Adsorption Analyzer. Total
surface areas and pore volumes were determined using the
BET (Brunauer-Emmett-Teller) equation and the single point
method, respectively.
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nanoparticles after etching with 3 M HCI for (B) 2 days, and (D) 10 days.
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FIGURE 5 | TEM images of iron oxide at silica core/shell nanoparticles after etching with 3 M HCI for (A) 2 h, and (C) 24 h; iron nitride at silica core/shell
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RESULTS AND DISCUSSION

The synthetic process mainly consists of two simple steps as
schematically represented in Figure 1, coating iron oxide
nanoparticles with silica nanoshell followed by thermal
treatment under NH; flux to transfer the iron oxide
nanoparticles to iron nitride nanoparticles while the silica shell
is served to prevent sintering of the core nanoparticles.

The preparation starts with the synthesis of highly uniform
iron oxide nanoparticles by using a procedure reported previously
(Park et al., 2004). Monodispersed iron oxide nanoparticles of 6.1,
10.3, 16.2, and 21.8 nm were used as starting materials (see
Figure 2). Since the nanoparticles were hydrophobic, the
reverse microemulsion method (Chang et al., 1994; Vestal and
Zhang, 2003; Yi et al., 2005; Lee et al., 2006; Kaiser et al., 2017)
was used to coat silica nanoshell on each nanoparticle. The
thickness of the nanoshell could be well controlled by varying
the synthesis and processing parameters. Typical TEM images of
the iron oxide nanoparticle at silica nanoparticles with various
sized cores are shown in Figures 2B, E, H, K, respectively. These

TEM images all reveal uniform iron oxide at silica core/shell
nanostructures. The addition of acetone followed by
centrifugation enabled the isolation of the silica-coated iron
oxide nanoparticles in the form of brown powder. The
resulting nanostructures were then put inside a tubular
furnace and heated under NH; at 600°C for 10 h. It is obvious
from TEM observations that after thermal treatment, although
the core nanoparticles were shrunk to the smaller size (from 6.1,
10.3,16.2, and 21.8 nm of iron oxide to 5.6, 9.3, 11.6, and 16.7 nm
of iron nitride, respectively), highly uniform in particle-size
distribution was remained and no agglomeration could be
observed. (Figures 2C, F, I, L). Large-magnification TEM
images of the iron oxide nanoparticles with original diameters
of 10.3 nm and the final iron nitride nanoparticles are supplied in
the Supplementary Material (Supplementary Figure S3).

In order to study the phase evolution characteristics, the as-
prepared silica-coated iron oxide nanocomposite with a core size
of 10.3 nm was used as a model precursor material. The precursor
was heat-treated at 400°C, 500°C, 600°C, and 700°C, respectively,
for 10 h under a flow of 10 sccm NHj. In all cases, the heating and
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cooling rates were 2°C min~' and 5°C min ™", respectively. The

products were analyzed by X-ray diffraction and the resulting
XRD patterns were summarized in Figure 3. The XRD pattern
(Figure 3A) obtained after heating the silica-coated iron oxide at
400°C under NH; flow showed no obvious change compared with
the precursor (see Supplementary Figure S4). It is therefore clear
that the core nanoparticles retained their iron oxide phase after
being heated at that temperature under NH; flow. After heat-
treatment at 500°C for 10 h, the iron oxide phase was no longer
appear and the diffraction peaks for the iron nitride phase appear,
indicating that some oxygen atoms were exchanged with nitrogen
atoms and the iron nitride phase started to be generated
(Figure 3B). A high temperature leads to a high crystallinity
of iron nitride. As the heat-treatment temperature was elevated to
600°C, more strong and distinct diffraction peaks were observed
(Figure 3C), which correspond to the Fe,N patterns (Grafouté
etal., 2007). It is worth mention that the core-shell morphology of
each sample was remained untouched after the thermal treatment
under NH; flow as high as 600°C, (Figures 2C,F,ILL). Further
increasing the heat-treatment to 700°C, new diffraction peaks
were observed at 41.22°, 47.97°, 70.18 “and 84.76° (Figure 3D),

which correspond to the (111) (200) (220), and (311) planes of
the Fe,N (JCPDS Card No. 83-0875) (Koltypin et al, 1997).
However, the narrow XRD peak shape of the Fe,N phase pattern
hints at the aggregation and enlargement of the particle size. The
typical TEM image in Supplementary Material (Supplementary
Figure S1) confirmed the destruction of the core-shell structure
and aggregation of the core nanoparticles. The above results
reflect that the temperature window ranges that the silica
nanoshell physically isolates the nanoparticle cores are limited
lower than 700°C under NH; flow.

The transformation of iron oxide nanocrystals of different
sizes (6.1, 16.2, 21.8 nm) was also confirmed by XRD (Figure 4).
According to the results mentioned above, 600°C was chosen as
the reaction temperature for the transformation of iron oxide core
nanoparticles to iron nitride. When the iron oxide nanocrystals
without a silica coating were heated above 500°C under NH; flow,
the particles were extensively agglomerated to form micrometer-
sized ill-shaped pieces (see Supplementary Material,
Supplementary Figure S3). These results show that the silica
nanoshell truly serves a critical role in the formation of uniformed
iron nitride core nanoparticles in this process.
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To study the corrosion resistance property, the iron oxide at
silica and iron nitride at silica nanoparticles were immersed in
HCI, HNO;, and H,SO,, respectively. Iron oxide at silica
nanoparticles have only limited acid resistance (Yi et al., 2006)
and the dissolution of iron oxide core was observed by the TEM
study. After immersing the iron oxide at silica nanoparticles in
3 M HCI for 2 h, the iron oxide cores had been removed partly
(Figure 5A). The iron oxide cores were completely removed after
etching with 3 M HCl for 24 h and hollow SiO, balls were derived
(Figure 5C). In the case of iron nitride at silica nanoparticles, the
iron nitride cores were untouched from TEM observation in each
acid even after 10 days (Figures 5B, D and Supplementary
Material, Supplementary Figure S5, 6).

To understand the acid-resistant properties of the as-prepared
iron nitride at silica core/shell nanostructures, we loaded iron
oxide nanoparticles on SBA-15 mesoporous silica and further
converted them to iron nitride. However, the converted iron
nitride nanoparticles were completely dissolved within 24 h by
3M HCL Therefore, we speculate that the acid-resistant
properties of the as-prepared iron nitride at silica core/shell
nanostructures are due to the change of the outer silica
coating from a less dense nanoshell to a more compact one
during thermal treatment.

Biocompatibility studies of iron nitride at silica core/shell
nanostructures were performed in U87MG, Fsall, and HFB-
141103 cell lines with different concentrations of iron nitride

at silica core/shell nanostructures by CCK-8 analysis. Data
obtained after 24h of «cell culture has shown in
Supplementary Figure S7. The 3cell lines have shown a
slightly different dependence of viability on the concentration
of iron nitride at silica core/shell nanostructures, but cell viability
exceeds 70% for all concentrations below 100 ug/ml. High cell
viability was maintained. According to the International
Organization for Standardization. Part 5: In vitro cytotoxicity
test for medical devices (ISO 10993-5:2009 guideline), iron nitride
at silica nanocomposites at doses less than 100 pug/ml is
considered non-cytotoxic against U87MG, Fsall, and HFB-
141103 cell lines treated for 24 h.

Magnetic characterization of the iron oxide at silica and the
iron nitride at silica core/shell nanoparticles were performed
using a superconducting quantum interference device. The
data were presented in emu per g of iron. Figures 6A, B show
the typical magnetization curves of the iron oxide at silica and the
iron nitride at silica core/shell nanoparticles, respectively,
measured by sweeping the external field between -1 and 1T
at 0) 5K and ) 300 K. The magnetization curves of the two
nanoparticles all show no remanence or coercivity at room
temperature, suggesting the superparamagnetic character. The
iron nitride at silica core/shell nanoparticles as described above
thus results in a material with good magnetic properties for
magnetic separation and recycling as the nanoparticles are not
subject to strong magnetic interactions in dispersion.
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Experimental results show that the water suspension of the iron
nitride at silica core-shell nanoparticles only aggregates in a
magnetic field.

Magnetite nanoparticles tend to shorten the spin-spin
relaxation times (T,) of water, resulting in a decrease in the
MRI signal intensity. MR imaging of the phantoms was
performed under a standard head coil and by using a
1.5TMR imager to obtain the T,-axial images. Figure 7
shows T,-weighted MR images and the plot of the spin-spin
relaxivity (r,) of the iron nitride at silica nanoparticles with
11.6nm core at various concentrations in water. As the
concentration of the iron nitride at silica nanoparticles
increases, the signal intensity of the MR image decreases. This
behavior allows the iron nitride at silica nanoparticles to be used
as a T,-contrast agent.

Iron Nitride at Silica for MRI

Mesoporous silica nanoshells could be further coated on the
core-shell nanoparticles by using a mixture of TEOS and
C18TMS as silica sources followed by calcination. Careful
inspection of the TEM images shows that the further coated
mesoporous nanoshells are rougher than the dense silica inner
shell (Figure 8A), indicating the formation of porous structures.
Figure 8B shows the N, isotherms of the nanostructured material
determined using a Micromeritics ASAP 2000 gas adsorption
analyzer. The specific surface area and total pore volume were
determined to be 376 m°g ™", and 0.38 cm’ g, respectively, which
are considerably large values as the dense silica-coated solid iron
nitride cores have been included in the calculations. It is reported
that some drugs could be loaded on the silica mesopore for drug
delivery (Zhao et al., 2008; Wen et al., 2017; Manzano and Vallet-
Regi, 2020). Therefore, the as-prepared nanostructure has the
potential for multifunctional biomedical applications.

CONCLUSION

In summary, a facile method was developed for the preparation of
monodisperse iron nitride at silica core/shell nanostructures. By using
iron oxide nanoparticles of 6.1, 10.3, 16.2, and 21.8 nm as starting
materials, iron nitride cores with average diameters of 5.6, 9.3, 11.6,
and 16.7 nm were produced, respectively. The iron nitride at silica
core/shell nanoparticles showed high acid-resistant properties.
Magnetic properties of the nanostructures were studied using a
superconducting quantum interference device. Furthermore, MRI
studies using iron nitride at silica nanocomposites as contrast agents
demonstrated T, enhanced effects which were dependent on the
concentration. These core/shell nanostructures with well-controlled
particle size and morphology have great potential in magnetic
nanodevice and biomedical applications. The current process is
easily scalable, highly reproducible, and expected to be extended
to transfer other metal oxide nanoparticles.
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