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Abstract

Silica coating of magnetic nanoparticles has been widely used
as a surface modification strategy to endow various surface
functionalization and fast magnetic respond for application in
molecular separation and purification. A simple one-pot synthesis
of amine functionalized core-shell magnetic nanoparticles
with a tunable shell thickness has been prepared in a reverse
microemulsion system. The morphologies and sizes of resulting
nanoparticles were confirmed by PXRD spectroscopy and TEM
imaging. Nanoparticles prepared by this method are single-core
dominated and highly monodisperse, and show great potential
for use in a closed-cycle microfluidic magnetic purification
system. To demonstrate this idea, fluorescein was used as a model
carboxylate molecule to demonstrate the potential separation
ability of Fe,O,@SiO,-NH, nanoparticles towards cationic targets
via UV-VIS spectroscopy. The results show that fluorescein
molecules can be quickly and quantitatively associated with the
magnetic nanoparticles via electrostatic binding, resulting in an
average of 2.73 x 10° adsorbed target molecules per nanoparticle.
In addition, covalent binding of target molecules to the
nanoparticles is also demonstrated.
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Introduction

Surface-functionalized monodisperse iron oxide magnetic
nanoparticles promise great advancement in a wide range of
applications, including drug delivery, [1] magnetic resonance
imaging (MRI), [2,3] bioseparation of proteins, DNA and
cells, [4-6] catalysis, [7,8] ferrofluids, [9] data storage, [10]
and adsorption [11]. The advantages of using iron oxide over
other magnetic materials include low cost, ease of preparation,
biocompatibility (FDA approved material) and chemical
stability [12-14]. In most applications, the performance of iron
oxide nanoparticles (IONPs) greatly depends on their size and
morphologies. Typically, IONPs present the unique physical
property of superparamagnetism at sizes below 50 nm, meaning
that each nanoparticle bears a large magnetic moment (as high
as 90 emu g"') in the presence of a magnetic field, yet does not

permanently magnetize once the field is removed [15-17]. In
addition, the large surface-to-volume ratios can be exploited
for facile heterogeneous reactions at surface functionalities.
Popular synthetic approaches of IONPs include co-precipitation,
[18] thermal decomposition, [19,20] microemultion, [21] and
hydrothermal synthesis, [22] with yields, shapes, and size
distributions varying between these various methods.

Although the co-precipitation approach is most straightforward
and readily scalable, polydisperse IONPs with ill-defined shapes
are typically obtained. Hydrophobic IONPs obtained by thermal
decomposition has become one of the most attractive methods
in recent years.[15,23] In this method, a precursor iron complex
is mixed with a surface capping agent and decomposed in a
high-boiling nonpolar solvent at temperatures above 300°C,
resulting in iron oxide nanocrystals with very high scalability,
narrow size distributions, tunable sizes and low crystalline
defects. [15,24] Of course, subsequent application of those
IONPs for aqueous microfluidic separations require the long
hydrophobic alkyl surfactants on their surfaces be replaced by
hydrophilic or amphiphilic ligands. Despite a few reports of
ligand exchange or amphiphilic ligand encapsulation strategies,
[25] a more facile methodology would be most welcome. A
recent published work by Liu [26] that demonstrates a direct
conversion from hydrophobic to hydrophilic IONPs using 3,4-
dihydroxyhydrocinnamic acid without any complicated organic
synthesis, is a good example.

In addition to imparting solubility properties, surface capping
of IONPs prevents aggregation as a result of their high surface
energies. [27,28] Moreover, target-specific surface modified
magnetic nanoparticles can be used for separation and isolation
of biological or chemical agents, including proteins, nucleic
acids, cells, dyes, and metal ions. [29-33] Thus, a generalizable
surface modification strategy is an important first step towards
the application of IONPs in separation technology.

The formation of core-shell IONPs comprising a silica coating
onto a single magnetic core seems attractive towards realizing
this goal. Simple microemulsion methods have been reported
for the facile encapsulation of a variety of nanoparticulate
cores with silica shells [34-38]. Unfortunately, subsequent shell
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functionalization typically involves complicated multi-step
procedures and polymerizations, which are time-consuming and
labor intensive [39]. Therefore, less complicated synthetic routes
towards functionalized magnetic nanoparticles are desirable.

In this work we report a simple one-pot synthesis of amine
functionalized core-shell magnetic nanoparticles with a tunable
shell thickness using a reverse microemulsion method, and
we demonstrate its potential applicability in microfluidic
separations.

Experimental
Materials and methods

Ferric chloride hexahydrate (FeCl,+6H,0, 98%) was purchased
from Fisher, sodium oleate (TCI, 95%) was obtained from TCI
America. Tetraethyl orthosilicate (TEOS, 98%), (3-aminopropyl)
triethoxysilane (APTES, 99%), cyclohexane (=99%), 1-butanol
(299%), and IGEPAL'CO-520 ((C,H,0) -C_H,O, n~5,
average Mn 441), Fmoc chloride (97%), piperidine (99%),
dimethylformamide (DMEF, 99.8%), and sodium fluorescein
(used as fluorescent tracer) were purchased from Sigma-
Aldrich. Sodium acetate (NaOAc, anhydrous, 299%), Triton-
X100 (laboratory grade) were bought from BDH chemicals;
ammonium hydroxide (NH,OH, 28%~30%) was obtained from
Caledon. All solvents were dried over 4A molecular sieves and
filtered prior to use.

UV-VIS spectroscopy was performed on a NanoDrop 2000¢/2000
UV-Vis spectrophotometer. Fluorescence measurements were
carried out using a NanoDrop 3300 spectrofluorimeter. High-
speed centrifugation (maximum 10500 rpm) was performed
using a Baxter Biofuge 17R centrifuge. Sonication was performed
using a Branson 450 Digital Sonifier. A high temperature (320°C)
reaction was carried out in either a Welmet FT3034 or Carbolite
STF 16/180 tube furnace. A sintered Nd,Fe B permanent
supermagnet was used for magnetically-assisted precipitation of
nanoparticles.

Synthesis of monodisperse hydrophobic Fe,O, nanoparticles

Monodisperse hydrophobic IONPs were obtained using a
modification of the thermal decomposition method of Hyeon
[20]. Iron oleate was first prepared by refluxing a mixture of
FeClL,e6H,O (8 mmol, 2.16g) and sodium oleate (24 mmol,
7.31g) in a solvent mixture of H O, EtOH, CH_to CH , (12
mL, 16 mL, 28 mL) at 70°C for 4 h. The expected Fe(oleate),
complex was extracted from the organic layer using a separatory
funnel, washed with distilled water 3 times, and dried in vacuo.
4.24g (4.72 mmol) Fe(oleate), was transferred into a 80 mL tube
containing 1-octadecane (29.9 mL), oleic acid (2.36 mmol, 0.75
mL), and made homogeneous with a votex mixer. The tube was
transferred to a tube furnace, and flushed with argon. The reaction
mixture was heated to 320°C and refluxed at this temperature for
1 h under argon. The resulting black solution was cooled to room
temperature and precipitated by excess ethanol. The precipitate
was collected by centrifugation (10500 rpm), then redispersed in
hexane and precipitated with ethanol several times to purify the
resulting Fe,O, nanoparticles. The purified IONPs were dried in
vacuo (10 mtorr) and stored as a suspension in cyclohexane (25
mg/mL) under Ar.

One-pot synthesis of amine modified Fe,O, core-shell
nanoparticles with controllable shell thickness

A modification of the reverse microemulsion method of Ding,
et al [37] was used to obtain amine functionalized core-shell
IONPs, herein symbolized as Fe,0,@SiO,-NH,. Typically, 0.25
mL of the nonionic surfactant Igepal CO-520 (see chemical
formula 1) was dissolved in 10 mL cyclohexane, and subjected to
sonication for 15 min. Then 100 uL. NH,OH was added followed
by 2.5 mg Fe,O, (2.5 mg/mL in cyclohexane). After 30 min of
continuous magnetic stirring, 50 uL TEOS was added to the
mixture via an equivalently fractionated dropping method at a
rate of 35 uL per 16 h. A certain molar ratio of APTES to TEOS
was subsequently added after the TEOS was fully hydrolyzed.
When the reaction finished, 2 mL of methanol was added to
break the microemulsion. The hydrophilic product was purified
by washing with EtOH and distilled water alternatively. The
resulting Fe,O,@SiO,-NH, MNPs were collected magnetically
and dried in vacuo.

Determination of active amine groups on Fe, O, @SiO,—NH,
IONPs

20 mg Fe,O,@SiO,-NH, were dispersed in 2 mL dry DME. An
excess amount of Fmoc-Cl (1.07 mmol, 277 mg) was added
and the mixture was sonicated for 40 min under argon. The
nanoparticles were isolated by high-speed centrifugation (10500
rpm), washed with MeOH 5 times to remove unattached Fmoc-
Cl residues, and dried in vacuo. The attached Fmoc molecules
were then cleaved by the action of piperidine (200 uL) in DMF
(800 uL) under sonication for 20 min. The nanoparticles were
removed by high-speed centrifugation (10500 rpm), and the
supernatant was examined spectrophotometrically to determine
the amount of Fmoc-Cl molecules that were covalently bound to
the NH, groups.

Surface binding capacity of Fe,O,@SiO,-NH, IONPs

20 mg Fe,0,@SiO,-NH, IONPs were homogenously dispersed
by sonication in 5 mL MQ water. The pH was then lowered to 5.0
by the dropwise addition of 0.1M HCI. Sodium fluorescein (0.54
mL, 0.01 M) was then added to the protonated IONPs as a model
target carboxylate molecule, causing the pH of the suspension
to jump to 9.3. The pH was then adjusted back to 5.0 with 0.1M
HCIL. After stirring the suspension for 1 h, fluorescein-bound
IONPs were washed with anhydrous ethanol several times,
magnetically separated from the suspension, and washed with
water by repeated sonication/magnetic isolation cycles until the
washings were free from fluorescence. The precipitated IONPs
were dried in vacuo, then sonicated into 1000 uL NaOH (pH=11)
to cleave all adsorbed fluorescein molecules from the IONPs.
The unbound IONPs were then magnetically removed from
suspension, and the concentration of fluorescein in solution was
determined spectrofluorometrically.

Results and Discussion
Monodisperse Fe O, @SiO, core-shell nanoparticles

Hydrophobically-capped iron oxide cores were prepared by
the thermal decomposition of iron oleate [20]. Transmission
electron microscopy (Figure la) confirms the material exists
as highly monodisperse spherical nanoparticles having average
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Figure 1: (a) TEM image and (b) PXRD pattern of Fe,O, cores

diameter of 20 nm. Powder X-ray diffraction studies (Figure 1b)
confirm that these particles are magnetite (Fe,O,). Application
of the Scherrer equation to the broadening of the (311) reflection
signal corroborate an average diameter of 20 nm.

Fe,0,@Si0, core-shell nanoparticles were obtained by
silica coating the Fe O, cores through a water-in-oil (w/o)
microemulsion process, [38] in which the base-catalyzed
hydrolysis of tetraethyoxysilane (TEOS) occurs in the interior of
reverse micelles of surfactant Igepal CO-520, 1 (average molecular
weight = 441), in cyclohexane. The micelles nucleate around the
Fe,O, cores, promoting the growth of silica encapsulated core-
shell structures. To obtain core-shell nanostructures with a
single magnetic core, and without core-free SiO, nanoparticles,
it is crucial to match the number of magnetic cores with the
number of inverse micelles. It is known that the size and number
of inverse micelles in a base-catalyzed silica microemulsion is
governed by a complex interplay between the concentrations of
base, organosilane, and surfactant. [37] At low core to micelle
ratios core-free silica nanoparticles form. At high core to micelle
ratios multicore structures are present. We found the optimum
conditions for producing thehighestyield of single-core structures
with little or no core-free silica has a core:NH,OH:CO-520 mass
ratio of 2.5:0.1:250. Moreover, under these optimum conditions,
we found that the thickness of the shell can be controlled by the
gross amount of TEOS in the reaction mixture. For example, the
addition of 50 uL and 75 pL TEOS to 2.5 mg of Fe O, cores in
10.0 mL cyclohexane gave silica shell wall thicknesses of 15 nm
and 20 nm, respectively (Figure 2).

Size-tunable amine-functionalized Fe,0,@SiO,-NH, IONPs

A series of amine terminated core-shell nanoparticles were
obtained by adding a specific mole fractions of (3-aminopropyl)
triethoxysilane ~(APTES) before breaking the reverse
microemulsion system with methanol using an equivalently
fractionated dropping method, as shown in Scheme 1. This
resulted in predominantly single-core core-shell structures with
an amine layer thickness ranging from 15 to 40 nm, controllable
by the mole ratio of APTES (0 - 0.5) as shown in Figures 3 and 4.
After amine modification, the surface of the nanoparticles appears
to roughen, relative to the unfunctionalized core-shell systems.
This may be because APTES added as a second silane source after

TEOS hydrolysis, possibly nucleated small independent particles
before merging onto the Fe,O,@SiO, surface.

The presence of surface amine groups was confirmed by IR
spectroscopy. Figure 5 presents the IR spectra of (a) oleate capped
Fe,O, nanoparticles, (b) Fe,0,@SiO, core-shell nanoparticles, and
(c) Fe,0,@Si0,-NH, amine-functionalized core-shell structures
(10% APTES). In spectrum (a), the absorptions at 2923 cm™!
and 1624 cm™ are attributed to aliphatic C-H and carboxylate
C=0,[40] respectively, and indicate the existence of oleic acid
capping groups. The absorptions near 1099, 947, 800, and 471
cm’ appear in spectra b and ¢, and are assigned to vibrational
modes of SiO, [37]. The broad peak centered at 3408 cm™ arises
from the stretching vibration of surface Si-O-H bonds [12]. In
spectrum ¢, two additional absorptions are observed at 3392
and 3257 cm™, and are assigned to stretching vibrations of -NH..
[41,42] The band observed at 1506 cm™ is assigned to the -NH,
bending mode [41].

Assay of the active surface amine moieties was accomplished
by a standard Fmoc quantification protocol [43] Fmoc
chloride undergoes quantitative covalent binding to primary
amine residues via an amide linkage. Thus, the Fe,O,@SiO,-
NH, nanoparticles were incubated with excess Fmoc chloride,
then isolated and washed extensively to remove any unbound
Fmoc. The Fmoc tagged nanoparticles were then suspended in
clean DME and the amide linkage was cleaved by the action
of piperidine. The concentration of free Fmoc in solution was
determined spectrophotometrically, using the two predominant
absorption bands of Fmoc (226 nm and 300 nm). This sequenced
is summarized in Scheme 2.

Using this procedure, we determined that our Fe,0,@Si0,-NH,
has an average of 1.21 + 0.036 x 107" mol/mg amine and 1.58 x 10*
amine moieties per nanoparticle. An unfunctionalized control
sample of Fe,0,@SiO, taken through Scheme 2 resulted in no
detectable UV absorption at either wavelength.

Magnetic separation of anionic organic targets by Fe O, @SiO,-
NH, nanoparticles
We demonstrate the potential of our surface-functionalized core-

shell magnetic nanoparticles for use in a closed-cycle magnetic
purification (CCMP) microfluidic device, by electrostatically
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binding fluorescein carboxylate as a model target, magnetically
separating the target-nanoparticle complex from the target
solution, and releasing the target into fresh solvent by pH induced
desorption from the nanoparticle, as illustrated in Scheme 3.
Fluorescein is a convenient model target, as its intense visible
fluorescence can be readily detected by the naked eye under UV
illumination, and accurately assayed fluorometrically.

The Fe,0,@SiO,-NH, suspension is first brought to pH 5,
protonating the amine surface. This suspensionisthenadded toan
aqueous solution of sodium fluorescein, in which the fluorescein
exists as an anion that electrostatically adsorbs to the cationic

surface of the nanoparticles. The fluorescein-bound nanoparticles
are then isolated from the target solution by magnetic separation
and, after several washings with ethanol to remove any unbound
fluorescein, ultrasonically suspended in a clean aqueous solution.
This suspension shows no visible fluorescence, indicating that
the fluorescein is likely bound through its (non-fluorescent)
open-ring carboxylate form. Raising the pH to 11, deprotonates
the nanoparticle surface, thus releasing the fluorescein target
into solution. The unbound nanoparticles were then completely
removed from the supernatant by high-speed centrifugation.

At high pH, fluorescein exists in its highly fluorescent lactone-
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phenolate form, causing the solution of released target to glow
visibly under long-wave UV light. Fluorometric analysis of
fluorescein concentration in the supernatant indicated an
average of 2.73 x 10° adsorbed target molecules per nanoparticle,
nearly six times lower than the number of active amine moieties,
as determined by Fmoc quantification. This discrepancy is
likely due to the difference in binding mechanism - the target
is electrostatically bound, whereas the binding of Fmoc is
covalent.

Conclusion

Core-shell structures of amine functionalized magnetic
nanoparticles with tunable shell thickness have been successfully
fabricated using a one-pot reverse microemulsion method. The
nanoparticles prepared by this method are predominantly single-
core and highly monodisperse. The silica shell can be readily
functionalized with a wide variety of target-specific moieties,
while the superparamagnetic core enables bound targets to be
magnetically “fished-out” of a reaction mixture. Fluorescein
was used as a model carboxylate molecule to demonstrate the
potential separation ability of Fe,O,@SiO,-NH, nanoparticles
towards cationic targets. This system shows great promise for
use in a closed-cycle magnetic purification (CCMP) microfluidic
device.
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