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Abstract—Iron oxide magnetic nanoparticles (MNPs) coated
with uniform silica shell were synthesized through thermal
decomposition and inverse microemulsion methods. The iron
oxide MNPs were further coated with silica shells through
hydrolysis reaction. For the resulting core-shell MNPs, size
regulation of both the magnetic core and the porous shell were
achieved, enabling the modulation of their magnetic properties
and magnetic interactions. Core-shell MNPs were finally
functionalized with amine groups, and immobilized on gold
surface due to charge-neutral amine/gold interactions. It was
observed that the immobilization process was enhanced under
external magnetic field.

Index Terms— Magnetic nanoparticle, Core-shell nanoparticle,
Nanoparticle size control, Nanoparticle functionalization.

I. INTRODUCTION

RON oxide magnetic nanoparticles (MNPs) have attracted

increasing attentions and exhibit great potential for
biomedical applications due to their chemical stability,
excellent biodegradability and high saturation magnetization
[1]-[3]. The properties of iron oxide MNPs including particle
size, particle shape, and surface chemistry are closely related to
their synthesis route [4]. Over the past decade, several methods
have been developed to synthesize iron oxide MNPs [5]-[7].
Among them, thermal decomposition in organic phase is an
excellent method to obtain iron oxide MNPs with uniform
shape and size, although the synthesized MNPs are
hydrophobic and not suitable for direct use towards biomedical
applications [8]-[10].

Surface modification of iron oxide MNPs is highly required
to transfer them into aqueous media and prevent particle
aggregation. Silica coating is a promising solution due to its
mesoporous structure, biocompatibility and easy conjugation
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with various functional groups, which can be further utilized
for biomedical sensing and labeling [11]-[14]. Currently, silica
coating of iron oxide MNPs can be performed through two
prevailing routes, namely Stober method and inverse
microemulsion method [11], [15]. The Stober method cannot
be applied for the MNPs which are insoluble in polar media
[16]. The inverse microemulsion method has been extensively
explored due to its ability of silica coating for MNPs dispersed
in organic phase [17]. The unique core-shell structure with
magnetic core encapsulated by mesoporous silica shell hold
much promise for targeted drug delivery, bio-separation,
bio-conjugation, surface immobilization, and diagnostic
analysis [18]-[20]. To achieve practical applications, the
silica-coated iron oxide MNPs were usually functionalized by
specific chemical species for realizing the conjugation between
the silica surface and the desired biomolecule such as enzymes,
antibodies, DNAs, or other coupling agents [12], [21]. The
resulting functionalized core-shell MNPs makes them ideal
candidates for protein absorption and separation, cell imaging
and labeling, and surface immobilization [22], [23]. Generally,
the silica surface can be functionalized with common
functional groups including phenyl groups, amine groups,
aliphatic hydrocarbons, and thiol ligands [24]-[27]. Herein, we
specifically focus on functionalizing the silica-coated iron
oxide MNPs with amine groups, because the primary amines
can react with the carboxyl groups in various proteins and
molecules for conjugation and immobilization [28].

For the silica-coated iron oxide MNPs, the size and
distribution of the magnetic core greatly influence their
size-dependent magnetic properties [4], [29]. Especially, when
particle size decreases to a certain value in the sub-20 nm
regime, iron oxide MNPs demonstrate superparamagnetic
behavior, which means they can respond to an external
magnetic field without acquiring permanent magnetic moments
[30]. On the other hand, the thickness of the mesoporous shell is
closely related to the surface-to-volume ratio and magnetic
interactions of the core-shell MNPs [31]. Thus, it is critical to
control the core diameter and the shell thickness respectively,
while maintaining the core-shell structure. Several research
groups working on this topic have studied the influence of
surfactant and TEOS on silica shell formation, though their
products sometimes suffered from issues such as free-core or
multi-core [13], [16]. Besides, achievements in improving the
uniformity and controlling the thickness of silica coating have
been realized in previous research works [14], [32]. However,
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systematic investigations about the effect of synthesis
conditions on core diameter as well as shell thickness, the
influence of silica coating on magnetic properties of the
core-shell MNPs, and the immobilization of functionalized
core-shell MNPs under magnetic field are scarcely reported in
literature.

In this work, we report a facile protocol for chemically
synthesizing amine-terminated core-shell Fe,0;-SiO, MNPs
with controlled sizes in terms of both the magnetic core and the
mesoporous shell. Experimental parameters affecting the
core-shell size, including the molar ratio of surfactant to
precursor, the amount of solvent, the concentration of MNPs,
and the reaction time were analyzed and discussed. Size
regulation of both the magnetic core and the porous shell were
attempted to change the magnetic properties and magnetic
interactions of the core-shell MNPs. Furthermore, surface
functionalization was achieved by treating the Fe,0;-SiO,
MNPs with APTES. Finally, immobilization of the
functionalized Fe,03-Si0O, MNPs on gold surface was studied,
and the influence of externally applied magnetic field on the
immobilization process was investigated.

II. EXPERIMENTAL

A. Materials

Iron(Ill) oxyhydroxide (FeOOH), oleic acid (90%), and
octadecene  (90%) were purchased from  Aldrich.
Polyoxyethylene (10) octylphenyl ether (Triton X-100),
aqueous ammonia (25%), tetraethyl orthosilicate (TEOS, 98%),
3-aminopropyl triethoxysilane (APTES, 99%), -ethanol,
hexanol, chloroform, and cyclohexane were obtained from
Acros. Distilled deionized water was used for the preparation of
aqueous solutions. All the chemicals were used as received.

B. Synthesis of Fe;O; MNPs

Spherical Fe,O; MNPs were prepared through a modified
thermal decomposition method first developed by Colvin and
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Fig. 1. Schematic diagram for the synthesis of amine-functionalized core-shell
Fe203-Si02 MNPs.
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his coworkers [33]. As shown in the schematic diagram in Fig.
1, FeOOH fine powder (2 mmol), oleic acid (8 mmol), and
octadecene (10 ml) were added into a three-neck flask equipped
with thermal-couple probe, heating mantle, and Allihn
condenser. The mixture was vigorously stirred under a flow of
nitrogen, and first heated to 200 °C for 30 min, and then heated
to 300 °C for 1 h. Finally, the resulting solution was cooled to
room temperature by removing the heat source. The solution
was purified by adding chloroform and acetone at a volume
ratio of 1:3 and a black precipitate was obtained via
centrifugation. The purification operation was repeated for two
times. Finally the precipitated product was redispersed in 6 ml
chloroform for further use. By changing the amount of
octadecene and altering the molar ratio of FeOOH to oleic acid,
Fe,0; MNPs with diameters ranging from 10 nm to 20 nm were
obtained.

C. Synthesis of Fe,03-SiO, MNPs

Core-shell Fe,03-Si0, MNPs were produced through the
formation of reverse microemulsion [34]. At first, Fe,O; MNP
was dried in vacuum and dissolved in cyclohexane at a
concentration of 0.2 mg/ml. As illustrated in Fig. 1,
Triton-X100 (1.79 g), hexanol (1.6 ml), water (393 ul), and
aqueous ammonia (107 ul) were added into 8.89 ml
cyclohexane of MNPs to form an optimized inverse
microemulsion system after being stirred at room temperature
for 14 h. Subsequently, TEOS (25 ul) was added dropwise, and
the mixture was continuously stirred for 2 h at room
temperature. The Fe,0;-SiO, MNPs were precipitated by
adding excess ethanol through centrifugation. Finally, the
precipitated products were redispersed in 6 ml ethanol. By
changing the Fe,O; MNP concentration and the TEOS reaction
time, shell thickness of the Fe,O3-SiO, MNPs was adjusted
from 9 nm to 18 nm.

D. Preparation of Amine-Functionalized Fe,03-SiO, MNPs

Amine functionalized Fe,03;-SiO, MNPs were prepared
through a protocol described by Philipse and Vrij [35]. As
schematically presented in Fig. 1, surface functionalization of
Fe,03-Si0, MNPs was carried out through the silanization of
aminosilane. The as-synthesized Fe,0;-SiO, MNPs (4 mg)
were dried and dispersed in toluene (6 ml) by stirring for 10 min.
By adding APTES (80 ul), the mixture was first heated to
100 °C for 20 min, and then refluxed for 10 h under nitrogen.
Afterwards, the solution was centrifuged and the precipitates
were washed with toluene for several times. Finally, amine
functionalized Fe,05-SiO, MNPs were dispersed in 3 ml
anhydrous toluene.

E. Immobilization of Amine-Functionalized MNPs

Au surface was prepared by depositing a 20-nm layer of gold
onto silicon substrate via sputter coating. As illustrated in Fig. 2,
nanoparticle immobilization was performed by directly
immersing the gold coated silicon substrate into the toluene
solution containing amine functionalized Fe,05-SiO, MNPs.
The functionalized nanoparticles were adsorbed on the gold
surface through the charge-neutral amine/gold interactions
[36]-[43]. After immobilization for 1 h, the substrate was
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Fig. 2. Schematic illustration of the immobilization of amine-functionalized
Fe,0;-Si0, MNPs on Au surface.

rinsed several times using pure toluene to remove residual
materials and then allowed to dry in ambient environment.

F. Characterization

The morphologies of the nanoparticles were characterized
using a Philips CM-100 transmission electron microscope
(TEM) operated at 100 kV. The structures of the nanoparticles
were characterized by high-resolution TEM and selected area
electron diffraction (SAED) on an FEI tecnai-G2 TEM
operated at 200 kV. The X-ray powder diffraction patterns of
the nanoparticles were collected on a Bruker D8-Advance
X-ray diffractometer with Cu Ko radiation (A = 1.5418 A). The
Fourier transform infrared (FTIR) spectra of the nanoparticles
were obtained by a Shimadzu FTIR-8300 spectrometer. The
thermal gravimetric analysis (TGA) of the nanoparticles was
performed using a TA-Q50 TGA operated at a heating rate of
10 °C/min from 40 °C to 500 °C under N,. The temperature
dependent magnetization curves of the nanoparticles (5 mg)
were measured using a Cryogenic vibrating sample
magnetometer (VSM). In the zero-field-cooled (ZFC)
measurement, the sample was cooled to 50 K without applied
field, and then the magnetization was recorded under an applied
field of 200 Oe as the temperature increased. In the field-cooled
(FC) measurement, an applied field of 200 Oe was applied
during sample cooling and magnetization recording. The field
dependent magnetization curves of the nanoparticles were
obtained by measuring their hysteresis loops using a
MicroSense VSM at 300 K. The surface morphologies and
elemental compositions of the nanoparticles adsorbed on Au
surface were analyzed using an Olympus BX-51 optical
microscope and a LEO 1530 scanning electron microscope
(SEM).

III. RESULTS AND DISCUSSION

A. Characterization of Iron Oxide MNPs and Their Particle
Size Control

Fe,O; MNPs with appropriate surface chemistry have been
widely used for biomedical and biochemistry applications, due
to their high saturation magnetization and small coercivity [1].
Additionally, their magnetic properties are strongly dependent
on the particle size [1]. Herein, the as-synthesized Fe,O; MNPs
were characterized and their size tuning was investigated.

The morphology of the Fe,O; MNPs is shown in the TEM
micrograph in Fig. 3(a), and the particles are in spherical shape,
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Fig. 3. (a) TEM image (inset: histogram of particle size), (b) SAED patterns
and (c) XRD patterns of Fe,O; MNPs.

forming a well-ordered monolayer. Histogram of particle size
in the inset reveals that the Fe,O; MNPs are monodisperse with
a size distribution of 8 % and a diameter of 9.8 + 0.8 nm.
Electron diffraction patterns in Fig. 3(b) show five distinct
diffraction rings and their measured lattice spacing can be well
indexed to the major d-spacing of y-Fe,O3; (JCPDF #04-0755).
Crystal structures of the Fe,O; MNPs were identified by XRD,
as shown in Fig. 3(c). The positions of all the six diffraction
peaks match well with standard powder diffraction data of
magnetite with inverse spinel structure.

The monodisperse Fe,O; MNPs were synthesized through
thermal decomposition method [33], [44]. The intermediate
heating stage at 200 °C ensures that the inorganic FeOOH
precursor was well dissolved in the organic solvent, forming
iron carboxylate salt [6]. The final heating stage at 300 °C
resulted in the pyrolysis of iron carboxylate salt and the
formation of iron oxide nanocrystals [6]. Octadecene was used
as the organic solvent due to its high boiling point as well as its
non-polar and non-coordinating properties, favoring the
isotropic growth of nanocrystals at elevated temperature [44].
Oleic acid was used as the capping agent for Fe,0; MNPs, due
to the strong affinity between its carboxylic group and the
surface atoms of Fe,O; MNPs. Besides, the long-chain oleic
acid serving as surfactant also provides the Fe,O; MNPs with
excellent solubility in non-polar organic solvent, such as
hexane, toluene, and chloroform.

The particle size of Fe,O; MNPs is one of the most critical
parameters influencing their magnetic properties [45]. Some
literature and experimental evidence indicate that factors such
as precursor, surfactant, and organic solvent play important
roles in determining the size of Fe,O; MNPs [6]. Herein, by
altering the ratio of surfactant to precursor and changing the
amount of organic solvent, the size of Fe,O; MNPs was tuned
from 10 nm to 20 nm, as shown in the TEM images in Fig. 4.
When the molar ratio of surfactant to precursor was changed
from 4:1 to 6:1 and the amount of octadecene was kept constant
(10 ml), the particle size slightly increased from 10 nm to 12
nm, as shown in Fig. 4(a) and Fig. 4(b). When the ratio of
surfactant to precursor was kept constant at 4:1 and the amount
of octadecene was increased from 10 ml to 20 ml, the particle
size significantly increased from 12 nm to 20 nm, as shown in
Fig. 4(b) and Fig. 4(c). The size tuning of the Fe,O; MNPs can
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Fig. 4. TEM images of (a) 10 nm, (b) 12 nm, and (c) 20 nm Fe,O; MNPs.

be explained by that excess surfactant probably inhibit the
formation of iron oxide nuclei [6], producing fewer
nanocrystals with larger size. On the other hand, increasing the
solvent amount reduces the concentration of iron oxide nuclei,
and this may elevate the nucleation threshold, leading to fewer
nuclei and hence larger nanoparticles [46]. Above all, our
results suggest that the molar ratio of surfactant to precursor
and the amount of organic solvent both have influence on the
particle size of Fe,O; MNPs.

B. Silica Coating of MNPs and Their Shell Thickness Control

To transfer the Fe,O; MNPs from organic phase to aqueous
media, surface modification is required. Silica coating is a very
promising surface modifier due to its excellent biocompatibility
and facile conjugation with various functional groups [14]. The

 sonm

Fig. 5. TEM images of Fe;03-SiO, MNPs: (a) 10 nm core diameter and 9 nm
shell thickness; (b) 10 nm core diameter and 13 nm shell thickness; (c) 10 nm
core diameter and 11 nm shell thickness; (d) 10 nm core diameter and 18 nm
shell thickness. Inset: high-resolution TEM images revealing the structure and
crystallinity of the core-shell MNP.

shell thickness of the silica coated Fe,O; MNPs greatly affects
their individual and collective magnetic properties. In this
regard, core-shell Fe,0;-Si0O, MNPs were synthesized and the
thickness control of their silica shells was investigated. The
as-synthesized Fe,O; MNPs were used as the magnetic cores
for the chemical synthesis of Fe,0;-SiO, MNPs via reverse
microemulsion method. A representative TEM image of the
Fe,03-Si0, MNPs was shown in Fig. 5(a). It is observed that
the particle is composed of spherical magnetic core with 10 nm
diameter and silica shell with 9 nm thickness. High-resolution
TEM image in the inset of Fig. 5(a) shows that the light-colored
shell is amorphous, whereas the dark-colored core is highly
crystalline with a lattice fringe of 0.251 nm, corresponding to
the (311) plane of y-Fe,O;. The high-resolution TEM result
confirms that the spherical iron oxide core is capped by a
uniform layer of silica coating.

The formation mechanism of the silica coating on Fe,O3
MNPs is mainly related to the phase transfer of the Fe,0;3-Si0O,
MNPs from organic phase to aqueous phase. At first, an inverse
microemulsion system consisting of water, oil, and surfactant
were formed. Subsequently, the TEOS added into this system
underwent hydrolysis reaction and exchanged with the
hydrophobic ligands on the Fe,O; MNPs, which were
transferred from organic phase into aqueous phase [34], [47].
The inverse micelles and the continuously hydrolyzed TEOS
resulted in the condensation and growth of amorphous silica on
the surface of phase-transferred MNPs [34], [48].

Fe;05-SiO, MNPs with different shell thickness exhibit
distinct properties, including surface-to-volume ratio, effective
magnetization, and dipole interactions, and thus it is necessary
to control the shell thickness as desired. To investigate the
influence of Fe,O; MNP concentration on the shell thickness,
the concentration of Fe,O; MNP solution was decreased from
0.2 mg/ml to 0.125 mg/ml, while other parameters were
unchanged and the TEOS reaction time was kept at 2 h. As a
result, the silica coating was increased from 9 nm to 13 nm, as
presented in Fig. 5(a) and Fig. 5(b). To investigate the influence
of reaction time on the shell thickness, the TEOS reaction time
was increased from 2 h to 5 h, while the Fe,O; MNP
concentration was kept at 0.2 mg/ml. This led to the slight
increase of the shell thickness from 9 nm to 11 nm, as presented
in Fig. 5(a) and Fig. 5(c). Additionally, when the Fe,O; MNP
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concentration was 0.125 mg/ml, by elongating the TEOS
reaction time from 2 h to 5 h, the shell thickness was notably
increased from 13 nm to 18 nm, as presented in Fig. 5(b) and
Fig. 5(d). Based on our experimental results, it can be inferred
that a relatively low level of Fe,O; MNP concentration
enhances the growing rate of silica shell. Besides, by increasing
the TEOS reaction time, more ligands can be exchanged and
attached on the surface of MNPs, promoting the growth of the
silica shell. Such effect would become more pronounced when
the Fe,O; MNP concentration is low. As a short summary, the
regulation of the silica shell thickness of Fe,O3-SiO, MNPs can
be achieved by altering the concentration of Fe,0O; MNPs or the
reaction time of TEOS.

C. Amine Functionalization of Core-Shell MNPs

The Fe,03-Si0, MNPs could be further functionalized with
amine-terminated APTES to fulfill the tasks of conjugation and
immobilization [12], [21]. Here, Fe,05-SiO, MNPs with 10 nm
core diameter and 9 nm shell thickness were used for amine
functionalization. The morphology of the functionalized MNPs
was shown in the TEM images in Fig. 6(a) and Fig. 6(b). It is
observed that most of the particles are spherical and separated,
and their core-shell structures are well retained.

The amine functionalization of the Fe,O5-Si0O, MNPs was
achieved using amine-terminated silanes (APTES) through
silanization process. In this process, the surface of Fe,0;-SiO,
MNPs were chemically modified with amine groups using
APTES under anhydrous conditions. At first, APTES was
absorbed on the silica surface through hydrogen bonds, which
was formed between the amine group of APTES and the silanol
group on silica [49]. Proton transfer occurred in some of the
formed hydrogen bonds, resulting in stronger ionic interactions
[49]. At elevated temperature, the condensation reaction
between the APTES and the silanol molecules on silica surface
proceeded [50], [S1]. This led to the formation of Si—O-Si
covalent bond, with the amine group of APTES being expelled
from silica surface [52]. Finally the amine-terminated ligands
were grafted on the silica surface of the core-shell MNPs.

The amine groups on the functionalized Fe,05-SiO, MNPs
were qualitatively confirmed by FTIR, as shown in Fig. 7(a).
The intensive bands at 1033 cm ' represent the asymmetric
stretching and bending of siloxane groups (Si—-O-Si). The

Fig. 6. (a) High magnification and (b) low magnification TEM images of
amine-functionalized Fe,05-SiO, MNPs (10 nm core diameter, 9 nm shell
thickness). Representative nanoparticles are delineated by colored circles.
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Fig. 7. (a) FTIR spectrum and (b) TGA curve of amine-functionalized
Fe203—Si02 MNPs.

absorption bands near 3400 cm ' and 1602 cm ' represent the
stretching and bending vibrations of N-H, indicating the
existence of amine groups. The band at 3400 cm ' is also
related to the overlapping of N-H vibration with silanol
stretching [53]. The weak band at 2918 cm ™' in the region of
2850-2950 cm ' is ascribed to the C—H stretching from the
propyl chain of APTES [54]. The C-N stretching vibration
normally appears in the range of 1000-1200 em ' [55].
However, this peak was not resolved here probably due to its
overlay with the IR absorptions of Si—-O-Si in the range of
1130-1000 cm ' and the IR absorptions of Si—-CH,—R in the
range of 1250-1200 cm ™' [56].

To quantify the average number of amine groups on each
functionalized Fe,03-Si0, MNP, the mass decrease of the
sample upon heating was investigated by TGA, as presented in
Fig. 7(b). Initially, the sample shows a weight loss of 6% from
40 °C to 84 °C, which is attributed to the evaporation of volatile
solvent (toluene). The cumulative weight loss of 8% from
265 °C to 357 °C may result from desorption of the APTES
(boiling point: 217 °C) from the surface of the core-shell MNPs.
The final weight loss of 8% from 357 °C to 475 °C can be
related to desorption of the oleic acid (boiling point: 360 °C).
The TGA curve indicates that the content of Fe,05-Si0O, is 76
wt% and the content of APTES is 8 wt% in our sample. Based
on the TGA results, the size (core diameter: 10 nm, shell
thickness: 9 nm) and the density (y-Fe,O;: 4.87 g/em’,
amorphous SiO;: 2.20 g/cm3) of a core-shell MNP, and also the
molar mass of APTES (221.37 g/mol), the average number of
amine groups on each functionalized Fe,0;-SiO, MNP is
estimated to be 7.6 x 10°.

D. Magnetic Properties of MNPs

The temperature dependent magnetization (ZFC/FC curves)
of the Fe,O; MNPs were recorded using VSM, as shown in Fig.
8(a). In the ZFC curve, the maximum of the magnetization

1536-125X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNANO.2016.2636254, IEEE

Transactions on Nanotechnology

TNANO-00298-2016.R1

6

24

(a) (b) oL -
. R
21 —o—ZFC e
5 ——FC
=]
g 0.5 ‘.}
() =
o 18}
g 0.06
5 g 0.04
S B = o0 ]
k = 0.02
g
® 12l 0.00
g‘ 0.5 -0.02
g X
9+ . -0.04
PEYE 0.06
1.0 pa-unnuuns s 0 30
6 L L L ! . . L L L L L L
50 100 150 200 250 300 -10000 -7500 -5000 -2500 O 2500 5000 7500 10000
Temperature (K) Field (Oe)
© ,, @,
. E .'.,.»I ElEEEg gy L T—
0.5 0.5
0.06
N "
£ o0 £ o0l 0.04
= = 0.02 /
0.00
05 —=—9 nm shell 05| 002 ¢
—e— 11 nm shell - /
—4— 13 nm shell -0.04
1.0 el —v— 18 nm shell T AalL L LT T Tap— 0.06 - +
1 1 1 1 1 1 1 1 1 1 1 1 1 1
410000 -7500 -5000 -2500 O 2500 5000 7500 10000 -10000 -7500 -5000 -2500 0 2500 5000 7500 10000

Field (Oe)

Field (Oe)

Fig. 8. (a) ZFC and FC curves of 10 nm Fe,O3 MNPs. MH curves at 300 K of (b) 10 nm Fe,O3; MNPs, (c) Fe,03-SiO, MNPs with the same core diameter (10 nm)
but different shell thickness (9 nm, 11 nm, 13 nm, and 18 nm), and (d) amine functionalized Fe,03-SiO> MNPs (10 nm core diameter, 9 nm shell thickness). Inset:

the enlarged curves near the origin.

corresponds to the blocking temperature (7g), which is defined
as the temperature at which the nanoparticle moments do not
relax during the time scale of the measurement [57]. Using the
blocking temperature, the magnetic anisotropy energy constant
K. of the nanoparticle at a typical volume V' (determined from
TEM) can be calculated through the relation: K¢ = 25kpTs/V,
where kg is the Boltzmann constant [45]. For our 10 nm Fe,04
nanoparticles, the measured blocking temperature is equal to
105 K, and the corresponding anisotropy constant K.g is
estimated to be 6.9 x 10° erg/cm3 , which is close to the K. of
iron oxide nanoparticles (4.5 x 10° erg/cm’) reported in other
study [57]. The estimated K. of our Fe,O; nanoparticles is
larger than the first-order magnetocrystalline anisotropy value
of the bulk maghemite (0.5 x 10° erg/cm’), and such
enhancement is presumably associated with the surface
anisotropy contribution from the nanoparticles [45].

The field dependent magnetization (MH curves) of the Fe,O4
MNPs before silica coating, after silica coating, and after amine
functionalization were measured using VSM respectively. Fig.
8(b) shows the hysteresis loop of the as-synthesized 10 nm
Fe,O; MNPs, and a small coercivity H, of 0.88 Oe was
measured. The MH curve reveals that the Fe,O; MNPs almost
retain no magnetization at room temperature, when there is no
external field. The black curve in Fig. 8(c) shows the hysteresis
loop of the Fe,0;-Si0, MNPs with 10 nm core diameter and 9
nm shell thickness, and the measured coercivity H, was 5.5 Oe.
It is noteworthy that the hysteresis curve demonstrates
diamagnetic behavior at high magnetic field (>2 kOe) due to

the diamagnetic contribution from the silica shell. Fig. 8(d)
shows the hysteresis loop of the amine functionalized
Fe,05-Si0; MNPs (10 nm core diameter, 9 nm shell thickness),
with the coercivity H, being 2.5 Oe. This curve is similar to that
of the Fe,0;-Si0, MNPs without amine functionalization,
considering the fact that the core-shell structures are the same
among these two types of MNPs. Additionally, coercivity
changes of the MNPs were observed after silica coating and
after functionalization, and this presumably originates from the
change of the surface states of the magnetic core and the silica
shell. Further investigation will be carried out for the MNPs to
correlate their surface properties with their magnetic properties.

The MH curves of the core-shell Fe,03-Si0O, MNPs with the
same core diameter (10 nm) but different shell thickness (9 nm,
11 nm, 13 nm, 18 nm) were measured and compared, as shown
in the four curves with different colors in Fig. 8(c). It is
observed that when the thickness of the silica shell on the Fe,O4
core is increased, the diamagnetic behavior at high magnetic
field become more significant and the magnetization tend to
decrease. This could be explained by the fact that the nearly
superparamagnetic contribution from the iron oxide core is
compromised by the diamagnetic contribution from the silica
shell, especially at high magnetic field. Additionally, magnetic
dipole interactions between adjacent Fe,03;-SiO, MNPs
become less pronounced, when the thickness of the silica shell
is increased and the inter-particle distance is decreased
correspondingly.
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Fig. 9. Optical images of Si substrate partially coated by Au (a) before and (b)
after immobilization of amine functionalized Fe,0;-SiO, MNPs; (¢) SEM
image (inset: the enlarged image) and (d) EDX and elemental analysis of the
nanoparticles adsorbed on Au surface.

E. Immobilization of Amine-Functionalized MNPs

As shown in the optical micrograph in Fig. 9(a), silicon wafer
with partially coated gold surface was used as the substrate for
the immobilization test of amine-functionalized MNPs. It has
been theoretically and experimentally reported that amine with
lone-pair electrons could adsorb onto zero-valent Au surface
through electronic coupling [36]-[39]. It is noteworthy that the
binding energy of the amines on gold surface is much weaker
than that for thiols [40], [41]. Besides, low-polarity solvent is
preferred for dispersing the amines in order to reduce the
influence of solvent interactions on amine/gold interactions
[42], [43]. Considering this, toluene solution containing the
amine-terminated Fe,03-Si0, MNPs was used for nanoparticle
immobilization. The surface morphology of the sample is
shown in the optical micrograph in Fig. 9(b). Multiple dots with
relatively uniform distribution were selectively adsorbed on the
gold surface but not on the silicon substrate. SEM micrograph
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Fig. 10. (a) SEM image of the amine functionalized Fe,03-SiO, MNPs
adsorbed on Au surface in the presence of applied magnetic field. (b)
hysteresis loops of the sample in Fig. 9¢ (nanoparticles immobilized under no
magnetic field) and the sample in Fig. 10a (nanoparticles immobilized under
magnetic field).

of the adsorbed substances is presented in Fig. 9(c). It is
observed that the micron-sized dots are composed of assembled
nanoparticles and they were attached on the substrate surface.
The EDX spectrum and elemental analysis of the adsorbed
nanoparticles are presented in Fig. 9(d). Herein, the Fe peak
was produced from the Fe,O; core, the Si peak was originated
from both the silica shell and the silicon substrate, the N peak
was generated from the amine groups capped on the surface of
MNPs, the Au peak was attributed to the gold surface, and the C
peak as well as the O peak were related to the organic
substances. The results of elemental analysis confirm the
existence of amine, silica, and iron oxide in the functionalized
core-shell MNPs.

The influence of external magnetic field on the
immobilization process was investigated. The sample was
prepared by immersing the gold coated silicon substrate onto
the nanoparticle solution under an out-of-plane magnetic field
(magnitude: 300 Oe, gradient: 30 Oe/mm) for 1 h. As shown in
the SEM micrograph in Fig. 10(a), the magnetically
immobilized MNPs were adsorbed on the gold surface in a
relatively high density. Moreover, the hysteresis loops in Fig.
10(b) reveal that the saturation magnetization value (5 x 107
emu) of the magnetically immobilized sample is larger than that
(2 x 107? emu) of the control sample, which was obtained under
no applied magnetic field. The higher density of the adsorbed
MNPs and the larger saturation magnetization observed in the
magnetically immobilized sample suggest that the
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immobilization process was enhanced when external magnetic
field was introduced. Such enhancement is presumably related
to the aggregation and assembly of the MNPs under the
guidance of applied magnetic field, which may facilitate the
interactions between the amine group on nanoparticle surface
and the gold surface of the substrate. Future work will be
carried out to functionalize the gold surface with carboxyl
groups for the purpose of achieving more stable and reliable
immobilization of the amine-terminated MNPs on
carboxyl-terminated Au surface through NH,-COOH binding.

IV. CONCLUSION

An effective and facile protocol was developed for
chemically synthesizing amine terminated core-shell
Fe,05-Si0, MNPs. The core diameter and shell thickness of the
Fe,0;-Si0, MNPs were tuned and controlled by changing
experimental parameters. By increasing the silica coating
thickness in the core-shell MNPs, the decline of their
magnetization at high magnetic field became more pronounced.
The functionalized core-shell MNPs were adsorbed on gold
surface due to the charge-neutral amine/gold interactions. Such
immobilization process was observed to be enhanced under
external magnetic field. The functionalized core-shell MNPs
can be further conjugated with other biomolecules, enabling
their biomedical applications.
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