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ABSTRACT

Multifunctional colloidal core-shell nanoparticles of magnetic nanocrystals (of iron oxide or FePt) or
gold nanorods encapsulated in silica shells doped with the fluorescent dye, Tris(2,2’-bipyridyl)dichlor-
oruthenium(Il) hexahydrate (Rubpy) were synthesized. The as-prepared magnetic nanocrystals are
initially hydrophobic and were coated with silica using a microemulsion approach, while the as-
prepared gold nanorods are hydrophilic and were coated with silica using a Stober type of process. Each
approach yielded monodisperse nanoparticles with uniform fluorescent dye-doped silica shells. These
colloidal heterostructures have the potential to be used as dual-purpose tags—exhibiting a fluorescent
signal that could be combined with either dark-field optical contrast (in the case of the gold nanorods),
or enhanced contrast in magnetic resonance images (in the case of magnetic nanocrystal cores). The
optical and magnetic properties of the fluorescent silica-coated gold nanorods and magnetic
nanocrystals are reported.

Heterostructures

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Colloidal nanoparticles are useful tools for studying biological
systems [1-3]. Their size is similar to biological macromolecules
[3,4] and their surfaces provide a bioconjugation scaffold to tether
biocompatible coatings [2,5,6] and biologically relevant recogni-
tion molecules like nucleic acids [6,7], peptide fragments [4], and
antibodies [2,3,8]. Nanoparticles can be used to map cellular
components and monitor and track them in real time [5,9] and
can also be used as drug delivery vehicles [10,11] and therapeutic
agents [12-14]. For example, superparamagnetic iron oxide
nanoparticles are commercially available as magnetic resonance
imaging (MRI) contrast agents [15,16]; although higher contrast is
still desired and new magnetic nanoparticles are being studied
and developed for these purposes [17-21]. Recently, colloidal
nanomaterials have been synthesized with complicated structure
and composition, designed to exhibit multiple functionality—for
example, nanoparticles that both fluoresce and respond to
magnetic fields [22,23]. These multifunctional nanoparticles
provide the opportunity for multiple imaging and therapeutic
modalities from a single unit [23-25] for unprecedented oppor-
tunities for medical advancement.
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Examples of multifunctional nanoparticles include FePt-Au
heterodimers with the FePt domain for MRI contrast and Au as a
docking point for thiolated polyethylene glycol and neutravidin
ligands [26], and gold nanoshells on a silica-coated iron oxide core
for both MRI and photothermal therapy [12]. For combined MR
and fluorescence imaging, a variety of multifunctional nanoma-
terials have been made, including fluorescent semiconductor
nanocrystals doped with magnetic impurity atoms [22], fluor-
escent dye-doped silica-coated magnetic Fes04 nanoparticles
[27,28] and fluorescent dye-doped silica particles decorated with
paramagnetic gadolinium [29] or iron oxide particles [30] on their
surfaces. Silica has been utilized rather extensively as a nano-
particle material for biological applications [31,32] because it
provides both a surface for bioconjugation and a host matrix for
fluorescent molecules that can improve dye photostability and
biocompatibility [33-46]. Furthermore, several strategies to coat
colloidal nanocrystals with silica have also been developed in
recent years [33,47-49], which makes silica an interesting
material to integrate into multifunctional heterostructure nano-
particles for biological applications.

Here, we report the coating of FePt and Fe,03 nanocrystals and
Au nanorods with uniform silica shells embedded with fluores-
cent dye. The nanocrystals or nanorods are first synthesized and
then coated with silica. Two different coating techniques were
utilized because the FePt and Fe,Os; nanocrystals are initially
passivated with hydrophobic ligands and are only dispersible in
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organic solvents, while the Au nanorods are coated with
hydrophilic ligands are disperse only in polar solvents.
Both coating techniques yielded uniform silica shells with
incorporated dye. The optical absorbance and luminescence
of these multifunctional colloidal heterostructure nanoparticles
are reported. The magnetic properties of the Fe,Os; and
FePt core dye-doped silica shell nanoparticles are also reported
and their potential suitability for use as MRI contrast agents is
described.

2. Experimental section
2.1. Materials and supplies

All chemicals were used as received. Platinum acetylacetonate
(Pt(acac),, 97%), iron pentacarbonyl (Fe(CO)s, 99.999%), oleyla-
mine (70%), oleic acid (99%), Igepal CO-520, Tris(2,2’-bipyridyl)di-
chlororuthenium(Il) hexahydrate (Rubpy, 99.95%), fluorescein
5(6)-isothiocyanate (FITC, >90%), tetraethyl orthosilicate (TEOS,
98%), hydrogen tetrachloroaurate(lll) hydrate (99.9+%), sodium
borohydride (98+%), silver nitrate (99+%), hexadecylcetyltrimethy-
lammonium bromide (CTAB, number H6269, 99%), ascorbic acid
(99+%), poly(allylamine hydrochloride) (PAH, MW 15,000), and
octadecyltrimethoxysilane (OTMOS, 90%) were purchased from
Sigma-Aldrich. Ethanol (ACS grade), 2-propanol (ACS grade), and
chloroform (ACS grade) were purchased from Fisher Scientific.
Dioctyl ether (>97%), poly(vinylpyrollidone) (PVP, MW 10,000),
and cyclohexane (ACS grade) were purchased from Fluka.
Poly(styrenesulfonic acid) sodium salt (PSS, MW 18,000) was
purchased from Polysciences, Inc. Sodium chloride (NaCl, 99%)
was purchased from Mallinckrodt. Ammonium hydroxide
(NH40H, aqueous solution (30%)) was purchased from EMD
Chemicals. 3-aminopropyltriethoxysilane (APTES) was purchased
from Gelest. Doubly distilled deionized water (DI-H,0) was used
in all preparations. FePt and Fe,03 nanocrystals were synthesized
under inert (N,) atmosphere using standard glovebox and Schlenk
line techniques with continuous stirring using a Teflon-coated
magnetic stir bar.

2.2. FePt and Fe,03 nanocrystal synthesis

FePt nanocrystals were prepared as previously described [50].
In a 50mL three-neck flask, 0.197 g (0.50 mmol) Pt(acac), and
10mL of dioctyl ether were degassed under reduced pressure
(200mTorr) and at elevated temperature (45°C) for 1h. This
solution was heated to 120°C under N, flow at atmospheric
pressure. Next, 0.15 mL (1.15 mmol) Fe(CO)s, 1.45 mL (4.40 mmol)
oleylamine, and 1.35mL (4.25 mmol) oleic acid were prepared in
three separate syringes in a fume hood and injected into the
reaction solution sequentially. [Caution must be taken when
preparing Fe(CO)s, as it is extremely volatile and potentially
hazardous (refer to MSDS before use).] The temperature was
raised (~15°C/min) to 240°C and maintained for 1h, before
heating to reflux (~297 °C) and stirring for an additional hour. The
reaction flask was cooled to room temperature.

Fe,03 nanocrystals were prepared as previously described [51].
In a 25 mL three-neck flask, 10 mL of dioctyl ether and 960 uL
(4.56 mmol) of oleic acid were heated to 100 °C under N, flow at
atmospheric pressure. Next, 0.2 mL (1.52 mmol) of Fe(CO)s was
injected into this solution and the temperature was raised to
300°C. The solution was refluxed for 1h before removing the
reaction flask from the heating mantle and allowing it to cool to
room temperature. The flask was then opened to air to oxidize the
as-made Fe nanocrystals.

FePt and Fe,Os; nanocrystals were purified as follows. After
reaching room temperature, the reaction solution was centrifuged
for 5min at 8000rpm (8228g). The precipitate—consisting of
solid byproducts and poorly capped nanocrystals—was discarded.
Excess ethanol was then added to the supernatant and this
mixture was centrifuged for 10min at 8000rpm (8228g) to
precipitate the nanocrystals. The supernatant was discarded. The
nanocrystals were further purified in two additional washing
steps by redispersing in hexane followed by the addition of
ethanol as an antisolvent and then centrifuged. Nanocrystals were
stored as a concentrated (~10mg/mL) dispersion in hexane for
later use.

2.3. Gold nanorod synthesis

Au nanorods were synthesized as previously described [52].
Colloidal Au seed particles were first prepared by mixing an
aqueous solution of CTAB (0.1 M, 9.75mL) with hydrogen tetra-
chloroaurate(Ill) hydrate (0.01 M, 250 uL) and then adding sodium
borohydride (0.01 M, 600 uL) to reduce the gold and induce seed
nucleation. Twelve microliters of this seed solution was then
injected into an aqueous growth solution of CTAB (0.1 M, 9.5 ml),
silver nitrate (0.01M, 75pL), hydrogen tetrachloroaurate(IIl)
hydrate (0.01 M, 500puL), and ascorbic acid (0.1 M, 55ulL). This
solution was stirred at room temperature for 24 h.

2.4. Rubpy-doped silica coating of FePt and Fe;03 nanocrystals and
Au nanorods

FePt and Fe,03 nanocrystals were encapsulated within a Rubpy
doped amorphous silica (SiO,) shell in inverse micelle micro-
emulsion media [34,47,53]. Four milliliters of Igepal CO-520 was
added to 80 mL of cyclohexane in a 250 mL Erlenmeyer flask and
stirred at room temperature for 5min. Two milliliters of a
cyclohexane dispersion of FePt or Fe,O3 nanocrystals (5 mg/mL)
was added to the 80mL cyclohexane mixture and stirred for
5min. 1.75 mg of Rubpy dissolved in 0.65 mL of aqueous NH,OH
solution (30% by volume) was added dropwise to the nanocrystal
dispersion, followed by the dropwise addition of 0.75mL of
tetraethyl orthosilcate (TEOS). The mixture was stirred for 48 h.
The Rubpy-doped SiO,-coated nanocrystals (FePt@SiO,(Rubpy) or
Fe,05@SiO,(Rubpy)) were then purified by extraction: 30 mL of
methanol was added to induce phase separation between
cyclohexane- and methanol-rich phases and the methanol-rich
phase containing the nanocrystals was collected. The solvent was
then partially evaporated from the nanoparticle dispersion on a
rotary evaporator. Once the dispersion appeared turbid it was
removed from the rotary evaporator and centrifuged for 15 min at
8000 rpm (8228g). The supernatant was discarded. Excess Rubpy
and surfactant were removed by redispersing the particles in
1:1vol% methanol:hexane and then centrifuging at 8000 rpm
(8228g) for 15 min and discarding the supernatant. This washing
procedure was repeated 5 times. The silica-coated nanocrystals
were stored as a concentrated dispersion for further characteriza-
tion in ethanol or DI-H,O0.

The as-prepared CTAB-coated Au nanorods disperse only in
polar solvents and cannot be coated with silica in inverse micelle
microemulsions. Therefore, the nanorods were coated using a
modification of a previously published strategy, which utilizes the
adsorption of a polyelectrolyte layer followed by a modified Stober
method for silica deposition [48,54]. Ten milliliters of as-
synthesized Au nanorods were centrifuged at 8000 rpm (8228g)
for 15 min and redispersed in 5 mL of DI-H,O0. PSS coating: the Au
nanorod dispersion was added dropwise to a 5mL aqueous
solution of 111 uM PSS and 6 mM NaCl and stirred for 3 h. The
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PSS-coated Au nanorods were collected by centrifugation at
8000rpm (8228g) for 15min. The supernatant was discarded
and the nanorods were redispersed in 5mL of DI-H,O0. PAH
coating: the aqueous dispersion of PSS-coated Au nanorods was
then added dropwise to 5mL of aqueous 133 uM PAH and 6 mM
NacCl solution and stirred for 3 h. The nanorods were precipitated
by centrifugation at 8000rpm (8228g) for 15min. The super-
natant was discarded and the nanorods were then redispersed in
5 mL of DI-H,O0. PVP coating: the dispersion of PSS/PAH-coated Au
nanorods was then added dropwise to 5mL of aqueous 400 uM
PVP solution and stirred overnight. The nanorods were precipi-
tated by centrifugation at 8000 rpm (8228¢g) for 15 min and the
supernatant was discarded. The nanorods were redispersed in
0.1mL of DI-H,0. This aqueous dispersion of PSS/PAH/PVP
polyelectrolyte-coated Au nanorods was added dropwise to
0.5mL of isopropyl alcohol under vigorous stirring. 0.46 mL of
DI-H,0 was then added. Separately, Rubpy was dissolved in
aqueous 30vol% NH40H at a concentration of 2mg/mL. Three
hundred and eighty-four microliters of the NH,OH/Rubpy solution
was mixed with 9.62 mL of isopropyl alcohol. 0.72mL of this
NH4OH/Rubpy/isopropyl alcohol solution and 0.1 mL of a 0.97 vol%
TEOS in isopropyl alcohol solution were added to the Au nanorod
dispersion and stirred for 12 h. The silica coated Au nanorods were
collected by centrifuging at 8000 rpm (8228g) for 15 min and the
supernatant was discarded. Excess Rubpy was removed by
redispersing the particles in ethanol or DI-H,O and then
centrifuging at 8000 rpm (8228g) for 15 min and discarding the
supernatant. This washing procedure was repeated 5 times. The
silica-coated Au nanorods were stored as a concentrated disper-
sion for further characterization in ethanol or DI-H,O.

In some cases, the surfaces of the silica-coated nanocrystals
and nanorods were further treated by exposure to OTMOS using
procedures described in the literature [47]. The silica-coated
magnetic nanocrystals or Au nanorods were dispersed in 3 mL of
ethanol at a concentration of 1 mg/mL and mixed with 30 uL of
30vol% NH4OH aqueous solution. Approximately 150 pL of 10 vol%
OTMOS in chloroform was added dropwise to the nanoparticle
dispersion, followed by 24 h of stirring. The nanoparticles were
collected by centrifugation at 8000 rpm (8228g) for 8 min. The
nanoparticles were washed by an additional step consisting of
redispersion in 1:1 vol% chloroform:ethanol and centrifuging at
8000 rpm (8228g) for 8 min. The supernatant was discarded.

2.5. FITC-doped silica coating of Fe,O3 and Au nanorods

Fe,O5 nanocrystals were encapsulated in silica shells doped
with the dye FITC using the same inverse micelle microemulsion
coating method described for the Rubpy-doped silica coatings
with the exception that the dye was not dissolved in the aqueous
ammonium hydroxide solution and in the final reaction step, TEOS
was not immediately added. Rather, FITC was first covalently
linked to the silane coupling agent APTES by dissolving 10 mg of
FITC in 48 uL of APTES (a 1:4 molar ratio). Cyclohexane was then
added to create a 10 vol% FITC/APTES in cyclohexane solution. This
FITC/APTES/cyclohexane solution was stirred for 24h in the
glovebox in the dark prior to use.

Four milliliters of Igepal CO-520 was added to 80mL of
cyclohexane in a 250mL Erlenmeyer flask and stirred at room
temperature for 5min. Then 2 mL of a cyclohexane dispersion of
Fe,03 nanocrystals (5 mg/mL) were added to the 80 mL cyclohex-
ane mixture and stirred for an additional 5 min. Seven hundred
and fifty microliters of the FITC/APTES/cyclohexane solution was
added dropwise to the nanocrystal dispersion, followed by the
dropwise addition of 0.65 mL of aqueous ammonium hydroxide
solution (30% by volume). Because the hydrolysis rate of APTES is

five times slower than that of TEOS [40], the reaction was stirred
for 24 h prior to the TEOS addition to ensure that the APTES bound
to the FITC was hydrolyzed and would be incorporated in the SiO,
shell. Then 0.75 mL of TEOS was added dropwise to the solution
and then the mixture was stirred for 48 h.

Similarly, FITC was incorporated in the silica coating on the Au
nanorods by first making a FITC/APTES/ethanol solution. FITC was
covalently linked to APTES by dissolving 10 mg of FITC in 48 pL of
APTES (a 1:4 molar ratio). Anhydrous ethanol was then added to
create a 10vol% FITC/APTES in ethanol solution. This FITC/APTES/
ethanol solution was stirred for 24 h in the glovebox in the dark
prior to use.

0.1 mL of PSS/PAH/PVP polyelectrolyte-coated Au nanorods in
DI-H,0 was added dropwise to 0.5 mL of isopropyl alcohol under
vigorous stirring. 0.46 mL of DI-H,O was then added. Separately,
384 L of the aqueous 30vol% ammonium hydroxide was mixed
with 9.62 mL of isopropyl alcohol, and 0.72 mL of this NH,OH//
isopropyl alcohol solution was added dropwise to the Au nanorod
dispersion. Also in a separate flask, 100 pL of FITC/APTES/ethanol
solution was mixed with 9.9 mL of isopropyl alcohol. Two hundred
microliters of this FITC/APTES/ethanol/isopropyl alcohol solution
was added to the nanorod dispersion, and the reaction was stirred
for 24h before adding 0.1 mL of a 0.97 vol% TEOS in isopropyl
alcohol solution. The Au nanorod dispersion was stirred for 12 h.

2.6. Transfer printing FePt@SiO,(Rubpy) nanoparticles arrays

Langmuir Blodgett films of OTMOS-coated FePt@SiO,(Rubpy)
nanoparticles were made using a system 2 KSV minitrough filled
with DI-H,0. A 0.5 mg/ml solution of OTMOS-coated FePt@SiO,
(Rubpy) nanoparticles in chloroform was spread dropwise onto
the water surface and the solvent was allowed to evaporate for
10 min (total dispersion volumes ranged from 300 to 600 pL).
Films were then compressed at a rate of 5 mm/min until reaching
a surface pressure of 37 mN/m. Pre-patterned poly(dimethylsilox-
ane) (PDMS) stamps were carefully brought into contact with the
water surface to transfer the nanoparticle film to the PDMS stamp.
The PDMS stamp coated with the nanoparticle monolayer was
then gently brought into conformal contact with clean silicon or
glass substrates. After 30s of contact, the PDMS stamps were
slowly removed leaving behind densely packed arrays of FePt@
SiO,(Rubpy) nanoparticles.

2.7. Sample characterization

Nanoparticles were imaged using transmission electron micro-
scopy (TEM) and scanning electron microscopy (SEM). TEM was
performed using either a Phillips EM208 TEM with 80KkV
accelerating voltage or a JEOL 2010F HRTEM with the field
emission gun operated at 200 kV. Images were digitally acquired.
TEM samples were prepared by dropcasting the nanoparticles
(uncoated FePt or Fe,03 were dispersed in hexane, uncoated gold
nanorods were dispersed in DI-H,0, and the Rubpy-doped silica-
coated nanoparticles were dispersed in ethanol) onto carbon-
coated copper 200 mesh TEM grids (Electron Microscopy
Sciences). EDS data were acquired on the JEOL 2010F TEM with
an Oxford Inca EDS detector. SEM images were obtained from
nanoparticles dropcast on silicon substrates using a Zeiss Supra 40
SEM with an in-lens arrangement at 3 keV working voltage and
5mm lens to detector distance.

The optical properties of the nanoparticles were determined
using optical fluorescence microscopy and UV-visible absorbance
and photoluminescence (PL) spectroscopy. Absorbance and photo-
luminescence spectra were acquired at room temperature using a
Varian Cary 50 Bio UV/Vis Spectrophotometer and Varian Cary
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Eclipse Fluorescence Spectrophotometer, with samples dispersed
in water in quartz cuvettes with a 1cm path length. Optical
fluorescence microscopy was performed with a Leica DM IRBE
microscope with 40 x or 100 x oil objective, 100 W Hg lamp, and
1.5” x 1.5” cover slides. The samples where excited with blue light
and the emission was imaged with a black and white Leica
DFC350 FX camera after filtering with a 515nm long pass FITC
filter.

The magnetization properties were measured on a super-
conducting quantum interference device (SQUID) magnetometer
(Quantum Design). Samples were prepared by transferring 3-7 mg
of dry SiO, encapsulated nanocrystals into gelatin capsules
(Capsuline #4) and filling the remainder of the capsule with
cotton. At applied fields of ~5T, the magnetic signal from the
FePt@SiO,(Rubpy) or Fe,03@SiO,(Rubpy) nanoparticles was two
orders of magnitude larger than the contribution from the sample
holder and background; therefore, background subtraction was
not necessary.

T; and T, relaxation times of the FePt@SiO,(Rubpy) and
Fe,03@Si0,(Rubpy) nanoparticles were measured by performing
MRI of aqueous nanocrystal dispersions at The University of Texas
at Austin Imaging Research Center on a General Electric Signa
EXCITE 3T scanner. Two milliliters snap shut centrifuge tubes
were completely filled with varying nanoparticle concentrations
in DI-H,O and inserted into tight-fitting holes bored into solid
3”H x 6”D cylindrical shaped high-density hard polymer material.
The sample holder was then positioned in the center of the
standard GE-product head coil. Images of all samples were
obtained by prescribing a set of 2-mm-thick slices in a quasi-
coronal orientation that was nearly normal to vertical axis of the
sample tubes. 128 x 128 images were then obtained in a 160-mm
field-of-view to yield 1.25-mm pixels. Imaging data was analyzed
by measuring the mean intensity values averaged over a 5 x 5-
pixel region on one slice near the center of each tube. T; was
obtained by running inversion-prepared spin-echo sequences at
minimum echo time (Tg = 50 ms), and inversion times (T;) varying
from 50 to 1750 ms in eight roughly linear steps. The resulting
intensity values were fit to the function Io(1 — 2e~T/T1) using the
“fminsearch” non-linear optimization routine in Matlab (Math-
works Inc., Natick, MA) and a least-square-error metric. T, was
obtained by running spin-echo sequences with T varying from 50
to 2000 ms in eight roughly logarithmic steps, and fitting the data
to an exponential decay function using non-linear optimization
with a least-square-error metric.

3. Results and discussion
3.1. Synthesis and structural analysis

The as-made FePt and Fe,03 nanocrystals are hydrophobic and
disperse in organic solvents; whereas, the Au nanorods are
hydrophilic and disperse only in polar solvents. Therefore,
different silica-coating methods were needed for these different
classes of nanomaterials. Fig. 1 illustrates the two coating
strategies used. Magnetic nanocrystals were coated in micro-
emulsion media and Au nanorods were coated using a modified
Stober method in a polar mixture of alcohol and water.

Fig. 2 shows TEM images of FePt and Fe,03; nanocrystals, and
Au nanorods, before and after coating with Rubpy-doped silica
shells. Both of the silica-coating approaches—the microemulsion
approach and the Stober approach—provide uniform silica coat-
ings. One important key to obtaining size- and shape-mono-
disperse-coated nanoparticles is to begin with core nanocrystals
(and nanorods) that are monodisperse. Silica deposits hetero-
geneously on the surface of the core nanocrystals at a steady and

Polyelectrolyte Coating and Stober Method

Fig. 1. Illustration of the two different silica-coating strategies used for magnetic
nanocrystals and Au nanorods. (Top row) As-prepared CTAB-covered Au nanorods
were first primed with the adsorption of a polyelectrolyte layer and then coated
with silica using a modified Stober method in a mixture of water and alcohol.
(Bottom row) Hydrophobic Fe,05 and FePt nanocrystals (black dots) were coated
with silica in microemulsion reaction media. The surfactant (squiggly lines)
stabilizes inverse micelles (gray dots) and controls the silica deposition and
prevents aggregation of the nanocrystals (black dots).

uniform rate on particles throughout the dispersion; therefore, the
final size distribution of coated nanoparticles will be narrow
provided that the initial nanocrystal size distribution is narrow.

The inverse micelle microemulsion method provides a method
for coating hydrophobic nanocrystals because the nanoparticles
disperse initially in the continuous organic phase of the inverse
microemulsion. The silica-coating chemistry, however, occurs in
the aqueous reaction compartments within the inverse micelles. It
is interesting and perhaps somewhat unexpected that this coating
approach works, as the nanocrystals must interface with the
aqueous compartments of the inverse micellar media to a
significant extent to enable heterogeneous silica deposition on
their surfaces. The microemulsion method provides a high yield of
silica-coated FePt and Fe,Os nanocrystals with uniform shell
thickness. Using the recipe described here, 10 mg of nanocrystals
were coated with uniform silica shell thickness. The shell
thickness could be tuned from 3 to 20nm by varying the
concentration of TEOS, similar to what has been previously
described [47]. The presence of Rubpy does not affect the silica
deposition chemistry.

CTAB-coated Au nanorods required significantly different
silica-coating chemistry than the FePt and Fe,Os; nanocrystals.
First of all, CTAB-coated Au nanorods do not disperse in organic
solvents. Secondly, CTAB inhibits silica deposition [48] and can
lead to mesoporous coatings [24]. It is not possible to remove
CTAB from the nanorod surface without destroying the nanorods;
therefore, the only way to coat CTAB-coated Au nanorods with a
uniform, continuous silica coating is to first protect the surface
with another surfactant layer. Pastoriza-Santos et al. [48] found
that a series of polyelectrolyte layers does this well, and this was
the strategy applied to achieve the silica coatings on the Au
nanorods shown in Fig. 2. Once the Au nanorod surface is
modified with a polyelectrolyte coating, the nanorods can be
coated using a modification of the Stober method [54]. The
polyelectrolyte layer also provides good nanorod dispersibility in
isopropanol, as needed for the Stober-based silica coating method.
Rubpy was found to increase the silica deposition rate, and the
silica shells were about a factor of two thicker when Rubpy was
present than when it was not added during the silica deposition
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Fig. 2. TEM images of (A-C) FePt and (D-F) Fe,05 nanocrystals and (G-I) Au nanorods

100 nm

before and after coating with Rubpy-doped silica. The average diameters of the FePt

and Fe,03 nanocrystals are 6.6 and 6.5 nm, respectively. The Au nanorods have an average length of 44 nm and width of 15 nm (aspect ratio = 3). The FePt composition was

determined by EDS to be 40% Fe and 60% Pt.

step. The coating recipe described in the experimental section
produces 20nm thick shells, but thicker SiO, shells were also
possible with subsequent addition of TEOS/isopropyl alcohol
solution after coating with a first layer of silica; for example,
40nm thick shells were obtained by adding 0.1 mL of TEOS/
isopropyl alcohol solution 3h after the first TEOS/isopropyl
alcohol solution was added.

The as-synthesized silica-coated nanoparticles disperse only in
polar solvents. To render them hydrophobic, a hydrocarbon
monolayer was adsorbed to the particle surface by exposure to
OTMOS. OTMOS chemisorbs to the silica surface via the siloxane
moiety to leave a C;g hydrocarbon brush layer exposed on the
particle surface. Fig. 2 shows TEM images of OTMOS surface-
modified Rubpy-doped silica-coated nanoparticles. This data
indicates that the silica surface can be easily modified with
siloxyl terminated ligands, thus providing a platform for various
surface functionalities, including biological molecules [55,56].

3.2. Optical properties

The FePt@SiO,(Rubpy), Fe,03@SiO,(Rubpy), and Au,@SiO,
(Rubpy) nanoparticles all fluoresce, indicating that the dye is
indeed incorporated in the silica shell. Fig. 3 shows dispersions of
these nanoparticles under room light and under excitation by a
black light source. The emission is visible by the eye.

Fig. 4 shows absorbance and PL emission spectra of the
FePt@SiO,(Rubpy), Fe,03@SiO,(Rubpy), and Au,@SiO,(Rubpy)
nanoparticles. Rubpy exhibits an absorption peak at 458 nm,

FePt Fe.Os

Fe.O:;

FePt

Fig. 3. Photographs of FePt and Fe,03 nanocrystals and Au nanorods coated with
Rubpy-doped silica shells under (A) room light and (B) under a black lamp
(Zexc = 365 nm). All three different kinds of nanoparticles are fluorescent.
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Fig. 4. Room temperature (A) absorbance and (B) PL emission spectra (Aexc = 458
nm) of FePt@SiO,(Rubpy), Fe,03@SiO,(Rubpy) and Au,,@SiO,(Rubpy) nanoparti-
cles dispersed in water. Free Rubpy dissolved in water and silica spheres with
Rubpy made in the absence of the core magnetic nanocrystals or Au nanorods
(SiO,(Rubpy)) were also measured for comparison.

which appears in all of the samples. The Au,@SiO,(Rubpy)
nanoparticles show two additional absorption peaks at 522 and
782 nm, which correspond to the transverse and longitudinal
plasmon bands of the Au nanorods [52]. The red absorbance band
of the Au nanorods has been of significant interest for in vivo
medical optical imaging [58-63] because biological tissue is
relatively transparent to light with these wavelengths [57].

Rubpy emits 610 nm light and all of the Rubpy-doped silica-
coated nanoparticles emit light with a peak wavelength near
610nm. The emission peaks of the FePt@SiO,(Rubpy), Fe,03;@
SiOo(Rubpy), and Au,@SiO,(Rubpy) nanoparticles are slightly
blueshifted from the peak emission wavelength of Rubpy free in
solution, as has been observed previously for Rubpy embedded in
silica [35]. This data further confirms that Rubpy is embedded into
the silica shell and is not free in solution or physisorbed on the
particle surface.

Two additional tests were carried out to ensure that the
emitting Rubpy was indeed embedded in the silica shell and was
not free in solution or adsorbed to the particle surface. First, a
control experiment was performed in which nanocrystals were
coated with silica shells in the absence of Rubpy and were then
dispersed in a solution of free Rubpy. This dispersion was washed
following the standard procedures stated in the experimental
section and there was no visible PL emission from these washed
particles. This “wash test” indicated that Rubpy physisorption on

the silica surface is weak and adsorbed dye molecules are easily
removed during the purification procedure.

As another test, FePt@SiO,(Rubpy) nanoparticles were floated
on a Langmuir Blodgett trough and then transferred using a
polydimethylsiloxane (PDMS) stamp to either a glass substrate for
fluorescence microscopy imaging or a silicon substrate for SEM
imaging. Pre-patterned PDMS stamps containing micrometer-
sized features were fabricated using previously published soft-
lithography techniques [64]. Fig. 5A shows an SEM image of 20 um
diameter stamped circular features with 5pm spacing. Each of
these disks is composed of a monolayer of FePt@SiO,(Rubpy)
nanoparticles. The inset shows a high-magnification SEM image of
the nanoparticles within one of the circular features in Fig. 5A. The
nanoparticles exhibit close-packed order in the stamped film
layer. Figs. 5B-G show optical fluorescence microscopy imaging of
FePt@SiO,(Rubpy) printed into various geometrical patterns,
including square and circular features of various dimensions,
spacing, and periodicities. The fluorescence images confirm that
Rubpy embedded in the silica coating is emitting light. It is also
worth noting that the patterned structures can be printed on any
substrate, including plastics, glass and metals using any of the
multifunctional nanoparticles described here. This makes it
possible to envision potential schemes for bioassays, dual mode
imaging, and even micrometer-size optical and electronic data
storage using these kinds of features patterned with such
nanomaterials with novel optical and magnetic response.

The fluorescent dye fluorescein isothiocyanate (FITC) could
also be embedded into the silica shells using similar coating
strategies as developed for the Rubpy-doped silica shells. Fig. 6
shows data for Fe,0;@SiO,(FITC) and Au,@SiO,(FITC) nanoparti-
cles. The TEM images show that both the iron oxide nanocrystals
and the Au nanorods could be coated uniformly with the FITC-
doped silica shells. The absorbance and PL spectra confirm FITC
incorporation into the silica coatings, as the characteristic FITC
absorption and emission peaks are present in the spectra in Fig. 6.
FITC incorporation in the silica-coated nanocrystals shows that
the coating methods can be extended to other dyes with different
emission wavelengths.

3.3. Magnetic resonance imaging (MRI) properties of
FePt@SiO,(Rubpy) and Fe,03@SiO,(Rubpy) nanoparticles

The magnetic/fluorescent heterostructure nanoparticles
synthesized here might be used as dual-mode contrast agents
for magnetic resonance and optical fluorescence imaging. For MRI,
there are two important materials-dependent parameters, the
longitudinal and transverse spin relaxation times, T; and T,
[65,66]. These parameters were measured for the FePt@SiO,(R-
ubpy) and Fe,0s@SiO»(Rubpy) nanoparticles in water at room
temperature.

Both FePt@SiO,(Rubpy) and Fe,03;@SiO»(Rubpy) nanoparticles
exhibited Tj(meas) values nearly identical to the values measured
for pure water (Tyn,0) = 1759ms), as expected for superpara-
magnetic nanoparticles in this size range at high field [67,68]. T»
on the other hand exhibited increased relaxation due to the
nanoparticles. Fig. 7 shows R, =T5! plotted as a function of
dispersed Fe concentration for the FePt@SiO,(Rubpy) and Fe,0;@-
SiO,(Rubpy) nanoparticles. The T, relaxivity, r,, indicates how
strongly the paramagnet influences the proton spin relaxation of
the surrounding water and is determined from the concentration
dependence of R, [66,67,69]:

ry =T, [Fe]™! (1)

Linear fits to the data in Fig. 7 give values of r, =30.7+
2.0mM~!s™! for FePt@SiO,(Rubpy) and r, = 26.1 +1.6mM~!s™!
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Fig. 6. (A-C) Fe;03@SiO(FITC) and (D-F) Au,@SiO,(FITC) nanoparticles: (A, D) TEM images, (B, E) absorbance spectra and (C, F) PL emission spectra (fexc = 492 nm). The
absorbance peak at ~505 nm corresponds to the absorbance peak of FITC. The absorbance peak in (E) at ~730 nm corresponds to the longitudinal plasmon peak of the core
Au nanorods. Note that there is also an absorption feature at ~520 nm, which is the transverse plasmon peak of the Au nanorods, which overlaps slightly with the FITC
absorbance peak at ~505 nm. The emission peak at ~523 nm in (F) is the PL emission from the FITC dye [40].

for Fe,03@SiO,(Rubpy). These r, values are similar to those of (WSIO) nanocrystals with diameters between 6 and 9 nm studied
ultrasmall superparamagnetic iron oxide particles (44.1 mM~'s™! in the literature (82.0-116.0mM~'s~' [21,30,72]). However, 1,
MRI [70]), and slightly lower than commercially available super- scales approximately as the inverse of the separation distance
paramagnetic iron oxide (SPIO) MRI contrast agents between the paramagnet surface (i.e., the magnetic nanocrystal
(70-150mM~'s~! [71]) and other water-soluble iron oxide core) and the water protons [73]. Thinner shells would enhance r;



A.T. Heitsch et al. / Journal of Solid State Chemistry 181 (2008) 1590-1599 1597

0 L L 'l L L
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Fe [mM]

Fig. 7. T, relaxivities measured as a function of Fe concentration in water
dispersions of (O) FePt@SiO,(Rubpy) or (V) Fe,Os@SiO,(Rubpy) nanoparticles
[66]. The core diameters and silica shell thicknesses were 6.6 and 7.9nm for
FePt@SiO,(Rubpy) and 6.5 and 6.4 nm for the Fe,0;@SiO,(Rubpy) nanoparticles.
From Eq. (1), linear fits ((—), FePt@SiO»(Rubpy) and (- --), Fe,03@SiO,(Rubpy))
were used to determine r5: 30.7mM~'s~! for FePt@SiO,(Rubpy) and 26.1 mM~!
s~ for Fe,03@Si0,(Rubpy).

and bring it within the neighborhood of new manganese ferrite
nanoparticles of MnFe,04 [21,74], and bimagnetic FePt-iron oxide
[75] nanoparticles that have recently been the subject of interest
as new high T, contrast agents for MRIL.

Magnetization measurements were performed on the FePt@-
SiO,(Rubpy) and Fe,03@SiO,(Rubpy) nanoparticles to gain some
insight into the difference in r, values measured for the two
different types of nanoparticles. Fig. 8 shows room temperature
field sweeps of the magnetization of FePt@SiO,(Rubpy) and
Fe,03@SiO,(Rubpy) nanoparticles. Both nanoparticles are super-
paramagnetic and behave like paragmagnets at room tempera-
ture. At room temperature, the magnetization on a per Fe atom
basis of the iron oxide cores is 1.2 times higher than the FePt cores
(Fig. 8). But r; for the FePt@SiO,(Rubpy) nanoparticles was slightly
higher than r, for the Fe,03@SiO,(Rubpy) nanoparticles, despite
the fact that the FePt@SiO,(Rubpy) nanoparticles also had slightly
thicker silica shells (7.9 vs. 6.4 nm).

The reason for the difference in r, between these materials
requires further study. But apart from the difference in room
temperature saturation magnetization, there is also a very
significant qualitative difference in the magnetic properties of
the Fe,03@SiO»(Rubpy) and FePt@SiO,(Rubpy) nanoparticles. The
FePt nanocrystals exhibit two distinct magnetic behaviors in the
field sweeps in Fig. 8A: at low field (<~0.1T), the material
exhibits a high susceptibility similar to that of the Fe,O3
nanoparticles, but at high fields (>~0.1T), the magnetization
does not saturate (even at fields greater than 5T) and the
magnetization exhibits a low susceptibility. The two distinct
magnetic behaviors could indicate two distinctly different
material regions within the FePt nanoparticle (Fe-rich and Pt-rich
regions or Fe,O, and Pt-rich regions), similar to what has been
observed in annealed or partially annealed FePt nanocrystals
[47,76,77]. The possibility of an Fe-rich and Pt-rich region within
the FePt core could result from the particle growth process, in
which a Pt nanocrystal is first formed, followed by heterogeneous
Fe deposition and subsequent Fe-Pt alloying during the particle
growth process [25,50,78]. An Fe-rich shell surrounding a Pt-rich
core could increase the local magnetic field gradient at the surface
of the FePt@SiO, (Rubpy) nanoparticles, increasing the proton
dephasing rate and causing a higher r, [65,79]. Because the SQUID
measurements correspond to the volume average of the nano-
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Fig. 8. Magnetization of (O) FePt@SiO(Rubpy) and (V) Fe,03@SiO,(Rubpy)
nanoparticles: (A) measured at room temperature at different applied magnetic
fields and (B) measured under a applied field of 3T as a function of temperature
cooled under the applied field (i.e., field-cooled conditions). The magnetization at
3T of Fe;03@Si0,(Rubpy) and FePt@SiO,(Rubpy) at room temperature are 0.24 ug/
Fe atom (1347 pg/particle) and 0.20 pg/Fe atom (785 pg/particle), respectively.

particles, they are not sensitive to the local field gradients at the
surface of the particle. The lower bulk magnetization of the FePt
on a per Fe basis compared to that of Fe,Os at 3T may be
compensated by the spatial configuration of the crystal to produce
larger field gradients in the surrounding water molecules.

The magnetization of the iron oxide particles saturates at
fields of less than 1T. The temperature dependence of the
magnetization is also qualitatively different for the two materials.
Field-cooled and zero field-cooled (FC and ZFC) magnetization
measured under an applied field of 3T overlapped for both
materials, confirming that the particles are superparamagnets. A
blocking temperature of 5K was measured for the FePt@SiO,
(Rubpy) and the blocking temperature of the Fe,0s@SiO,(Rubpy)
nanoparticles was less than 5K and was not determined. The
magnetization of the FePt core particles exhibits a much stronger
temperature dependence than the Fe,03 core particles, and once
the temperature drops below ~280K, the FePt magnetization
overtakes the magnetization of the iron oxide particles. This
phenomenon may also relate to the r, properties of the materials,
but requires further study.

3.4. Magnetic separations

Fig. 9 shows 3 mg of FePt@SiO,(Rubpy) nanoparticles magne-
tically separated in an aqueous dispersion using a SmCo magnet.
The response to the external magnetic field indicates that the
nanoparticles might be suitable for targeted drug delivery using
magnetic fields [80]. Additionally, the nanoparticles redisperse
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Fig. 9. Photographs of dilute aqueous dispersions of FePt@SiO,(Rubpy) nanopar-
ticles (A) before and (B) after exposure to a SmCo magnet. The magnet pulls the
colloidal nanoparticles to the side of the vial. The separation occurs in less than 4 h.

after removing the magnetic field, which could be advantageous
for inexpensive purification procedures, such as protein separa-
tions and water treatments that would enable the materials to be
recycled [81,82]. For example, Fe;0, nanocrystals have been
shown to be good absorbers of arsenic from contaminated water
[83] and these fluorescent/magnetic nanoparticles might be used
for such a purpose.

4. Conclusion

The data presented here show that various nanocrystals and
nanorods can be conformally coated with fluorescent dye-doped
silica. Silica is a useful material for biological applications in
particular because it provides a biocompatible host for the dye
molecules, which has been shown to aid in the photostability of
the dye, and also serves as a convenient surface for bioconjuga-
tion. However, this study also shows that significantly different
silica-coating chemistry can be required for nanoparticles de-
pending on their initial surface coatings. In some cases, like the
CTAB-coated Au nanorods, the nanocrystals must be “primed” for
silica deposition. Nonetheless, despite these challenges, multi-
functional nanoparticles can be designed and synthesized with
the addition of dye-doped silica. Specifically, the FePt@SiO,(R-
ubpy) and Fe,03;@SiO,(Rubpy) nanoparticles synthesized in this
study might serve as dual-mode imaging contrast agents that are
suitable for fluorescence and magnetic resonance imaging.
Preliminary proton relaxivity measurements confirm that these
materials are indeed suitable for MRI imaging. Further studies,
however, are required to understand the details of how the
relaxivity relates to the magnetic properties of the core nano-
crystals and the silica shell thickness.
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