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Preparation, characterization, and utilization of multi-
functional magnetic-fluorescent composites for bio-
imaging and magnetic hyperthermia therapyt

Supparesk Rittikulsittichai,® Burapol Singhana,® William W. Bryan, Subhasis Sarangi,*
Andrew C. Jamison,? Audrius Brazdeikis* and T. Randall Lee**

This paper describes the synthesis, characterization, and utilization of unique multi-functional magnetic
composites that integrate optical and magnetic properties in a single structure for use in hyperthermia
therapy, and magnetic and fluorescence imaging. The composites are comprised of nanoscale magnetic
core particles that are encapsulated by a silica layer that contains covalently-embedded organic dyes. The
morphologies of the nanocomposite particles were characterized by TEM and FE-SEM. Their optical and
magnetic properties were evaluated by spectrofluorometry and SQUID magnetometry, respectively. The
results demonstrate that the nanocomposites are monodisperse and uniformly spherical with well-defined
shell-core structures; moreover, they exhibit high magnetic saturation, produce vivid fluorescence, and can
be designed to provide exceptional stability in aqueous solution over a wide range of pH and at elevated
temperatures. For the three dyes utilized in the synthesis of these composites, rhodamine B (RhB),
fluorescein (Flu), and 7-hydroxycoumarin (Cou), the observed relative stability for the nanoparticles was:
RhB-SiO,—Fe304 > Flu-SiO,—Fe304 > Cou-SiO,—FesO4. Additionally, potential uses of these composite
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Introduction

The development of noninvasive diagnostic imaging modal-
ities and living-tissue imaging has attracted considerable
attention in recent years. An optical imaging technique based
on fluorescent contrast agents is a relatively simple procedure
that offers excellent resolution, high sensitivity, and rapid scan
times."” This technique, however, is currently unable to
provide cross-sectional images. Furthermore, scanning probe
techniques such as atomic/magnetic force microscopy afford
images of nanoparticles with a high spatial resolution but with
limited practical clinical applications. Superparamagnetic
nanoparticles are used in standard clinical imaging and
emerging imaging applications such as contrast enhanced
magnetic resonance imaging (MRI),>® magnetic particle
imaging  (MPI),”® relaxation  imaging
(MRX1).>'® More recently, the use of magnetic nanoparticles

and magnetic

has been shown to be a promising approach for guided surgery

11,12

and radiation-free sentinel lymph node mapping. Sentinel
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nanoparticles as bimodal contrast agents and therapeutic entities are demonstrated.

lymph nodes can also be mapped using contrast enhanced
MRI techniques, but this application does not allow probe-
guided surgery."”> Combining magnetic and optical properties
into one multifunction particle allows the development of
multimodal imaging technologies that provide more comple-
mentary data sets than any isolated imaging agent.'*>°
Moreover, the magnetic properties allow localization, manip-
ulation, and/or heating of magnetic-fluorescent nanoparticles
for developing a new array of medical tools and devices for
guided intervention and therapeutics.'”>*"2°

Currently, several approaches are used to fabricate mag-
netic-fluorescent composite nanoparticles.'”'92>2830738 gpe
general route of preparation involves the encapsulation of a
magnetic core within a silica shell containing an organic
fluorescent dye.'?**?%39743 The silica layer serves as a coating
material that can limit the aggregation of the nanoparticles,
enhance their stability in aqueous solution, and also render
the nanoparticles biocompatible.***> Furthermore, an organic
fluorescent dye can be directly incorporated into the silica
matrix without quenching the fluorescent properties.>>**
However, some loss of signal for embedded dyes has been
reported and attributed to an interaction with the iron oxide
core.’® Importantly, embedding the dye within the silica
matrix can prevent leaching from the composite nanoparticles,
thereby yielding stable fluorescent signals.*> Additionally, the
silica surfaces of encapsulated magnetic nanoparticles can be
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easily modified by various functional groups using well
established silane chemistry.*®

Due to their photostability and facile derivitization,
rhodamine isothiocyanate (RITC) and fluorescein isothiocya-
nate (FITC) are two fluorescent dyes that have been embedded
within silica matrices. In particular, their isothiocyanate
moiety can be readily coupled with the amine groups of
compounds such as 3-aminopropyltriethoxysilane (APTES) via
thiourea linkages.””*® The modified fluorescent dyes can be
entrapped in silica matrices via co-precipitated condensation
with tetraethyl orthosilicate (TEOS) during the course of the
growth of the silica shell around the magnetic cores.>*>¢39
However, among several drawbacks,"”***° colloidal particles
prepared via this strategy are stable only over narrow pH
ranges; specifically, since the primary amine group terminated
on the surface of a silica-nanocomposite can tolerate and
maintain a colloidal dispersion only under acidic conditions,
the particles readily precipitate under neutral and basic
conditions. We note also that most previous methods employ
relatively small magnetic nanoparticles (2-8 nm in diameter)
encapsulated within the dye-doped silica coating, which allows
only weak magnetic responses (Ms < 5 emu g '),'??¢3%1043
which is problematic since the response to a magnetic field
decreases with distance. In applications, the remote manip-
ulation of small magnetic nanoparticles at the desired target
site, along with maintaining their proximity to the desired
target (i.e., inflammatory or tumor sites) in the face of blood
circulation, using an external magnetic gradient is conse-
quently restricted.*® Another drawback of small magnetic
nanoparticles with weak saturation magnetization is that the
particles fail to generate sufficient heat when exposed to an
external alternating magnetic field, which also limits their
utility as a therapeutic agent in hyperthermia therapy.>*>!
Furthermore, the silica/dye coating process can lead to
core-shell aggregates,'8?039712
Collectively, these factors limit the use of such composite
nanoparticles in biomedical applications.

Importantly, magnetic particles and/or magnetic compo-
sites that range in diameter from sub-micrometer to micro-
meter sizes not only exhibit high values of magnetization but
also a dynamic response to an external magnetic field, thus
generating sufficient heat for hyperthermia applications.”*™>’
These magnetic composites have become widely used to
introduce a drug or perform a therapeutic task by accumula-
tion in the inflammatory site with the aid of a magnetic
field.** ** Depending on the architecture of the composite
particle, drugs can be released by several mechanisms,
including radiation®® or changes in environmental tempera-
ture. Additionally, drug release can be magnetically trig-
gered.®>®’

Consequently, the development of magnetic-fluorescent
composites that exhibit robust stability over a wide range of
pH values (both acidic to basic), uniform size distributions,
and high magnetic responses, are needed to advance the
emerging fields of nanotechnology-based diagnosis, imaging,
and therapy. To this end, we report here a unique class of

irregular structures  or
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magnetic-fluorescent composite nanoparticle for use in drug
delivery, hyperthermia therapy, and magnetic and fluorescent
imaging, which exhibits high magnetization, vivid fluores-
cence, and unprecedented stability over a wide range of pH.
Our approach derives from the strategy reported by Lee and co-
workers that affords fluorescent silica nanoparticles with no
magnetic core.®® In contrast, we encapsulate large magnetic
nanoparticles (~118 nm diameter) within a porous silica shell
layer, in which fluorescent dye molecules are covalently
anchored within the shell pores. The resultant fluorescent
dye-labeled silica-shell-magnetic-core composites (dye-SiO,—
Fe;0,) are monodisperse and uniformly spherical with well-
defined core-shell structures. Furthermore, this study shows
how dye-SiO,-Fe;0, nanoparticles can be prepared to exhibit
high magnetic saturation, produce vivid fluorescence, and
remain stable in solution after exposure to elevated tempera-
tures. The optical properties of these hybrid nanoparticles are
tunable by judiciously choosing and appropriately modifying
the fluorescent dyes to be incorporated into the silica matrix.
Moreover, the covalent bonds between the dye and the silica
matrix can prevent an appropriately designed dye from
detaching from the composite nanoparticle,®® giving rise to
multifunctional hybrid nanoparticles that exhibit stable
fluorescent signals. We anticipate that these new magnetic-
fluorescent nanocomposites will serve as effective agents for
multimodal diagnostic imaging, hyperthermic therapeutics,
and nanoscale drug delivery.

Experimental section

Materials

The following chemicals were obtained from the indicated
suppliers and used as received: sodium acetate anhydrous
(Mallinckrodt Baker) and iron(mr) chloride hexahydrate
(FeCl3-6H,0, Alfa Aesar). Ammonium hydroxide (30% NH; in
H,0), sodium hydroxide (NaOH), ethylene glycol (EG) and
ethanol were obtained from EM Science. Cesium carbonate, Pt
on activated charcoal, platinum(0)-1,3-divinyl-1,1,3,3-tetra-
methyldisiloxane complex solution (Pt(dvs)), rhodamine B,
fluorescein, 7-hydroxycoumarin, trimethoxysilane (TMS, 98%),
tetraethylorthosilicate (TEOS, 98%), and polyvinylpyrrolidone
(PVP, M,, ~ 15 000) were obtained from Aldrich. Commercial
magnetite magnetic nanoparticle samples (nanomag®-D) were
obtained from Micromod. The Milli-Q water used throughout
all reactions was purified to a resistance of 18 MQ cm and
filtered through a 0.22 pum filter membrane to remove any
impurities. All glassware and equipment were cleaned in an
aqua regia solution and rinsed with Milli-Q water prior to use
(Academic Milli-Q Water System; Millipore Corporation).

Synthesis of trialkoxysilane-modified rhodamine B,
fluorescein, and 7-hydroxycoumarin

The trialkoxysilane-modified dyes, rhodamine B (RhB), fluor-
escein (Flu), and 7-hydroxycoumarin (Cou), were synthesized
using the procedure reported by Lee and co-workers.®®
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Synthesis of Fe;0, nanoparticles

The magnetic Fe;O, nanoparticles were synthesized via
straightforward modification of a procedure reported by Li
and co-workers.®” In this modified procedure, a round-
bottomed flask was charged with FeCl;-6H,O (2.0 g), which
was then dissolved in 15 mL ethylene glycol followed by the
addition of sodium acetate (5.4 g). The latter addition led to a
rapid change in the color of the solution from orange to
brown. The solution was stirred for an additional 30 min and
then injected at once into a round-bottomed flask containing a
vigorously stirred solution of PVP (0.60 g) in 60 mL ethylene
glycol heated to 180 °C. The mixture was then vigorously
stirred at 180 °C for 8 h. After cooling the solution to room
temperature, the resulting black precipitate was collected
using a bar magnet. The nanoparticles were purified by
repeated cycles of washing and redispersing in ethanol and
Milli-Q water.

Synthesis of fluorescent dye-labeled silica/magnetic spheres

The preparation of the dye-SiO,-Fe;O, nanoparticles includes
three main steps. First, the surface of the magnetic sphere was
initially coated with a thin silica shell using a modification of a
procedure reported by Stober et al’® In this modification,
0.075 g of the magnetic spheres described above were
redispersed into a mixed solution of ammonia (3.0 mL),
Milli-Q water (6.0 mL), and ethanol (60.0 mL). The resulting
solution was mechanically stirred for 5 min, after which TEOS
(0.3 mL) was added. The mixture was then further stirred
overnight at rt to afford magnetic nanoparticles encapsulated
by a thin silica shell; these nanoparticles can be isolated using
a bar magnet and purified by washing with copious amounts
of ethanol before dispersing in 60 mL water. Second, the
surface of the silica layer was made porous using a procedure
reported by Yin and co-workers.”' Typically, the above
described colloidal solution was mixed with PVP (3 g) and
brought to reflux for 3 h. After cooling the solution to rt, 15 mL
NaOH solution (0.16 ¢ mL™ ") was injected into the mixture to
initiate the etching process, and the mixture was vigorously
stirred for 90 additional min. The composite particles with a
porous outer silica shell were isolated from the basic solution
using a bar magnet and purified by washing with deionized
water several times. Thereafter, the resultant nanoparticles
were dispersed in 20 mL deionized water. Finally, covalent

TEOS / NH,
HZO / EtOH

=@ =

1) PVP
2) NaOH

View Article Online

incorporation of the dye was achieved by dispersing the above
colloidal solution (3 mL) into ethanol (20 mL) and concen-
trated ammonia solution (1 mL). The trialkoxysilane-modified
fluorescent dye (1 mL; 4 mg mL ™' in ethanol) and TEOS (0.1
mL) were then gradually added to the mixture. The reaction
was allowed to proceed for 12 h at rt under vigorous stirring.
The resulting nanoparticles were then magnetically separated
and repeatedly washed with ethanol and deionized water
several times to remove any residual impurities.

Nanoparticle characterization

The morphology of the composite nanoparticles was evaluated
using a LEO-1525 scanning electron microscope (SEM)
operating at 15 kV. To obtain high resolution SEM images,
all samples were deposited on a silicon wafer. Similarly, the
particle size and morphology were also evaluated by employing
a JEM-2000 FX transmission electron microscope (TEM)
operating at an accelerating voltage of 200 kv. All TEM
samples were deposited on a 300 mesh holey carbon-coated
copper grid and dried overnight before analysis. The structure
of the magnetic Fe;O, spheres was confirmed by an X-ray
powder diffractometer (Scintag XDS 2000) with monochro-
matic Cu-Ko radiation (1 = 1.540562 A) and a step size of 0.02°.
The SEM and TEM images, along with other characterization
data for these nanoparticles, can be found in Fig. S1 and S2 in
the supporting information.f

The magnetic properties were evaluated by employing a
vibrating sample magnetometer (VSM) at room temperature.
The magnetic images of hybrid dye-SiO,-Fe;O, nanoparticles
were obtained by measuring the dynamic susceptibility using a
hand-held magnetic probe similar to an intraoperative sensing
probe used in magnetic nanoparticle-guided surgery. A droplet
of the dye-SiO,-Fe;0, colloid was deposited onto a standard
glass slide and allowed to dry for 30 min, forming a thin
uniform layer of approximately 200 pg Fe. The glass slide with
dry thin samples was mounted 2 mm under the tip of the
probe, and magnetic 2D images were obtained by moving the
slide using a computer-controlled XY scanning stage. The
typical scanning area was 60 x 60 mm and the step size was
0.1 mm. The diameter of the sensing probe was 6 mm. An
alternating current (AC) drive magnetic field of 2 kHz was
applied, causing a time-dependent moment in the thin-film
sample. The field of the time-dependent moment induced a

TEOS / Dye
H,0 / NH,/ EtOH

‘ Fe;0,

O Sio, / Fe;0,

. Porous SiO,/ Fe;0,

. Dye-Labeled Si0,/ Fe;0,

Scheme 1 Strategy for the fabrication of magnetic-fluorescent composite nanoparticles.
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current in the pickup coils, which was detected by a remotely
located HTS SQUID sensor.

The magnetic susceptibility image of the dye-SiO,-Fe;0,
nanoparticles was compared with commercially available
magnetite magnetic nanoparticles (nanomag®-D, Micromod).
These magnetic nanoparticles are composed of a core of iron
oxide nanocrystals encapsulated in a dextran matrix and
coated with polyethylene glycol (PEG) to prevent agglomera-
tion. They have an average diameter of 130 nm, a polydis-
persity index of <0.2, and a saturation magnetization of >67
emu g .

The fluorescence spectra of RhB, Flu, Cou, RhB-SiO,-Fe;0,,
Flu-SiO,-Fe;0,, and Cou-SiO,-Fe;0, were recorded with a SPF-
500C spectrofluorometer. For the fluorescent optical images,
the nanoparticles were deposited on a glass slide and were
visualized using a Nikon H600L microscope system in normal
brightfield mode and fluorescence mode.

To test the photostability of the composite nanoparticles,
ethanolic solutions of RhB-SiO,-Fe;0,, Flu-SiO,-Fe;0,4, Cou-
Si0,-Fe;0,4, RhB, Flu, and Cou were individually exposed

View Article Online
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under a mercury discharge lamp (160 W). The fluorescent
intensities of all samples were evaluated in 30 min intervals for
120 min of light exposure.

To evaluate the detachment of the dyes from the composite
nanoparticles at elevated temperatures, colloidal solutions of
dye-SiO,-Fe;O, nanoparticles were refluxed in a copious
volume of deionized water and ethanol for 24 h. After
refluxing, the nanoparticles were collected by centrifugation
and then redispersed in deionized water and ethanol. The
fluorescent spectra of the colloidal solutions of dye-SiO,-Fe;0,
before and after reflux, and that of their supernatant solutions,
were recorded.

To evaluate the capacity of the magnetic-fluorescent
nanoparticles to induce heat, magnetic hyperthermia experi-
ments were conducted using a 1.2 kW custom-made electro-
magnetic field generator built around an N-channel power
MOSFET, Xantrex XRF DC power supply, and an Agilent
33120A function generator to produce an alternating magnetic
field having an amplitude 0-10 kA m™" at a frequency 60-400
kHz. The dye-SiO,-Fe;0, colloidal samples (0.5 mL) were

Fig. 1 Left column: morphology of the SiO,-shell-Fe304-core structure imaged by FE-SEM at different magnifications (a, ¢) and TEM (e). Right column: morphology of
porous SiO,-shell-Fe304-core structure imaged by FE-SEM at different magnifications (b, d), and TEM (f).

This journal is © The Royal Society of Chemistry 2013
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placed inside an induction coil. The coil was tuned to 100 kHz
using a matching network. A high density foam insert was
used to reduce direct heat transfer from the coil to the sample.
The temperature of the colloid was measured every 1 s using a
fiber optic temperature sensor (Neoptix) having a temperature
resolution of 0.1 °C. To minimize the temperature changes due
to Joule heating, the induction coil temperature was stabilized
at 34 °C (4+0.2 °C) by a thermoelectric water cooler/heater
setup.

Results and discussion

Scheme 1 shows the strategy used to prepare the targeted
magnetic-fluorescent nanocomposites. In the first step, we
encapsulated magnetic spheres (118 + 15 nm in diameter)
within an amorphous silica layer (~50 nm thick). We then
converted the silica layer to a porous structure because we
wished to enhance the dye-loading capacity of the silica layer
in order to generate composite nanoparticles with intense
fluorescent signals.>®”*~”> Additionally, the porous silica layer
can act as a spacer to prevent direct contact between the Fe;0,
cores and the fluorescent dye molecules, thus reducing any
quenching effects by the Fe;0, cores.”* In the final step, we
used the base-catalyzed co-hydrolysis of TEOS and a trialk-
oxysilane-modified dye to covalently embed the fluorescent
dye molecules within the silica matrix. The use of excess TEOS
in a molar ratio to the modified dye leads to a silica-enriched
outermost layer and helps to prevent the dye from leaching
from the formerly porous matrix.

Morphologies and sizes of composite nanoparticles

We characterized the size and morphology of the magnetic
composite nanoparticles using SEM and TEM. After being
encapsulated within silica, a uniform SiO,-shell-Fe;0,4-core
structure was obtained where the shell thickness was ~50 nm,
as illustrated in Fig. 1a, 1c and le. An aqueous solution of
NaOH was then added to the colloidal solution to initiate
formation of the porous silica layer. After the etching process,
the thickness of the silica layer was slightly shrunken from
~50 nm to ~35 nm. The outermost silica layer became
rougher with respect to its initial morphology, thus confirming
that the dense silica layer was converted to a porous structure,
as indicated by the SEM and TEM images in Fig. 1d and 1f,
respectively.

Custom-designed trialkoxysilane-modified dye molecules
can be covalently incorporated into the porous silica layer by
co-hydrolysis with TEOS, producing a magnetic-fluorescent
composite nanoparticle. The SEM and TEM images in Fig. 2a-
¢ of the composite nanoparticles reveal a uniform spherical
structure (~340 nm in diameter) with a smooth dye-doped
silica shell (~110 nm in thickness). In addition, the
fluorescent properties of the composite nanoparticles can be
tuned by simply altering the nature of the custom-designed
trialkoxysilane-modified dye molecules through judicious
synthetic modifications.

7842 | RSC Adv., 2013, 3, 7838-7849
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Fig. 2 SEM images of (a) RhB-SiO,—Fe30,, (b) Flu-SiO,—Fes0,4 and (c) Cou-SiO,—
Fe30,4. The inset in (a) shows a typical TEM image of RhB-SiO,—Fe30,.

Optical properties and fluorescent images of Dye-SiO,/Fe;0,
nanoparticles

Fig. 3a shows the UV-vis transmission spectra of silica-coated
Fe;0, nanoparticles and porous silica-coated Fe;O, nanopar-
ticles in aqueous solution at identical concentrations. As
indicated by the spectra, the colloidal solution of the porous-
SiO,-Fe;0, particles is more transparent than its precursor
(SiO,-Fe30,), thereby minimizing any potential interference
with incorporated dye molecules. In related work, Fig. 3b-d
show the emission spectra of aqueous solutions of the
modified dyes (RhB, Flu, and Cou) and the corresponding
dye-SiO,-Fe;0, composite nanoparticles. The excitation wave-

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 (a) UV-vis transmission spectra of aqueous solutions of SiO,—Fe30,4 and porous SiO,—Fe30,4. The emission spectra of aqueous solutions of the modified dyes and
the corresponding dye-SiO,-Fe30,4 composite nanoparticles: (b) RhB, RhB-SiO,—-Fe30y; (c) Flu, Flu-SiO,—Fe304; and (d) Cou, Cou-SiO,—Fe30y.

lengths and emission band maxima of the samples are
summarized in Table 1. A comparison of Fig. 3b-d reveals
that the emission bands of the colloidal solutions were slightly
red shifted with respect to those of the corresponding dyes
dissolved in solution. These results can be attributed to the
interaction and/or aggregation of dye molecules embedded in
the silica matrix.”

In further studies, the dye-SiO,-Fe;O, nanoparticles were
deposited on a glass slide and imaged using a NIKON H600L
microscope system in normal brightfield and fluorescence
modes. Fig. 4 shows the brightfield and fluorescence images
for the dye-SiO,-Fe;0, nanoparticles. Importantly, the nano-
particles emitted a strong fluorescent color that was consistent
with the position of their emission maxima shown in Fig. 3b-
d.

The photostability of the dye-SiO,-Fe;O, nanoparticles, as
determined by their fluorescence upon exposure to a high
intensity discharge lamp, was also examined. Fig. 5 shows the
plot of the fluorescent intensities of both the trialkoxysilane-

Table 1 Summary of the excitation wavelengths and maximum emission bands
of the modified dyes and the dye-SiO,—Fe30,4 nanoparticles

maximum
emission bands

excitation
wavelength (nm)

RhB 540 576
RhB-Si0,-Fe;0, 540 580
Flu 495 518.5
Flu-SiO,-Fe;0, 495 520
Cou 340 390
Cou-SiO,-Fe;0, 340 397

This journal is © The Royal Society of Chemistry 2013

modified dyes and the dye-SiO,-Fe;O, nanoparticles versus
illumination time. With this experiment, the fluorescent
intensities of the trialkoxysilane-modified dyes uniformly
dropped to 50-60% of their initial intensities, while those of
the dye-SiO,-Fe;0, nanoparticles proved to retain a greater
percentage of their initial fluorescent intensity after being
illuminated for 120 min (85-95% of their initial intensities).

The stability of the dye-SiO,—-Fe;O, nanoparticles was
further investigated to determine their ability to withstand
exposure to elevated temperatures. For this procedure, the
emission spectra were recorded before and after the dye-SiO,-
Fe;O0, nanoparticles were refluxed using either ethanol or
water as the solvent in separate reflux experiments, as shown
in Fig. 6. To obtain the fluorescence spectra after the reflux
procedure, the nanoparticles were isolated from the solvent by
centrifugation and then redispersed in ethanol. The emission
spectra of the separated reflux solvents, the supernatant
solutions, for all three types of nanoparticles were also
collected, as shown in Fig. 6.

The fluorescent intensities of the RhB-SiO,-Fe;0, and Flu-
Si0,-Fe;0, nanoparticles were only minimally changed after
exposure to elevated temperatures while in the ethanolic
solution, and their supernatant solutions (collected by
centrifugation after reflux) showed little indication of a
transfer of these fluorescent dyes to the solution. These results
illustrate that for the RhB-SiO,-Fe;O, and Flu-SiO,-Fe;0,
nanoparticles, the porous silica shells are capable of retaining
covalently attached dye molecules in a harsh environment.
However, the Cou-SiO,-Fe;0, nanoparticles proved to be less
stable compared to the RhB-SiO,-Fe;0, and Flu-SiO,-Fe;0,
nanoparticles. The fluorescent intensity of the Cou-SiO,-Fe;0,
nanoparticles decreased, while its supernatant exhibited a

RSC Adv., 2013, 3, 7838-7849 | 7843
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Fig. 4 NIKON H600L microscope images in normal brightfield mode (a, ¢, and e) and fluorescent mode (b, d, and f) of RhB-SiO,—Fe30,, Flu-SiO,—Fe30,4, and Cou-SiO,—

Fe30,4, respectively. All scale bars are 50 pm.

strong fluorescent intensity. These results clearly indicate that
there was some quantity of modified-Coumarin dye being
released from the silica matrix while dissolved in the ethanolic
solution during the course of the reflux. Additionally, the high
fluorescent intensity of the Cou-SiO,-Fe;0, nanoparticle
solution before being refluxed is attributed to the absence of
photo-bleaching effects from the Fe;O, cores and the strong
fluorescent property of the fluorescent dye moiety.*® When
using water as the solvent for reflux, both the Flu-SiO,-Fe;0,
and Cou-SiO,-Fe;0, nanoparticles in solution exhibited a
large decrease in fluorescence. Only the RhB-SiO,-Fe;0,
nanoparticles exhibit a strong retention of the attached dyes
in both solvents (see also Fig. S3 in the ESIf). These results
point to the following decreasing stability trend for the dye-
Si0,-Fe;0, nanoparticles: RhB-SiO,-Fe;0, > Flu-SiO,-Fe;0,
> Cou-SiO,-Fe;0,4. Notably, this trend also follows the trend
for decreasing steric bulk of the dye molecules, as shown in
Fig. 7, which might suggest that the presence of a bulky
structure above the dye attachment site on the silica surface
helps reduce chemical attack at the bonding site. If steric
hindrance plays a key role in stabilizing the dye-SiO,-Fe;0,

7844 | RSC Adv., 2013, 3, 7838-7849
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Fig. 5 Results from photostability tests of RhB, Flu, Cou, RhB-SiO,—Fe30,, Flu-
SiO—Fe30,4, and Cou-SiO,—Fe304. The plot provides fluorescent intensity versus
time of exposure to the light of a mercury discharge lamp. All samples were
dispersed in ethanol.
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Fig. 6 Emission spectra of (a) RhB-SiO,—Fe30y, (b) Flu-SiO>—Fe30,, and (c) Cou-SiO,—-Fe30,, before and after refluxing with ethanol along with that of their
supernatant solutions. Emission spectra of (d) RhB-SiO,—Fe3Qy, (e) Flu-SiO,—Fe30,, and (f) Cou-SiO,—-Fes0,4, before and after refluxing with water and that of their
supernatant solutions. Additional details for (e) and (f) can be found in Fig. S3 of the ESI.T

nanoparticle assembly, then modification of the silica surface
to produce a porous interface might further enhance this
effect by providing confined spaces for the trialkoxysilane-
modified dye bonding sites. However, additional factors such
as the efficiency of the bonding of the modified-dye to the

I COO—\_\

OO S,

surface, alternative mechanisms for the loss of the dye
molecules, and intermolecular interactions between dye
molecules related to intramolecular charge distributions
might also influence the overall effectiveness of the covalent
attachment of these dyes. Further studies will be needed to

I COO—\_\

I
O O (6]

R = -Si(OMe); R = -Si(OMe); R = -Si(OEt);

RhB

Flu Cou

Fig. 7 lllustrations of the molecular structures for (RhB) the trimethoxysilane-modified rhodamine B dye, (Flu) the trimethoxysilane-modified fluorescein dye, and

(Cou) the triethoxysilane-modified 7-hydroxycoumarin dye.

This journal is © The Royal Society of Chemistry 2013
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Before reflux After reflux (C)

After reflux (d)

Before reflux

Fig. 8 Photographs of dye-SiO,—Fes0,4 particles in solution: RhB-SiO»—Fe30y4 in vial 1, Flu-SiO,—Fe304 in vial 2; and Cou-SiO,—FesQy4 in vial 3, before and after reflux in
ethanol (a) and (c), and water (b) and (d). The images shown in (a) and (b) were taken under white light while those in (c) and (d) were taken under a UV lamp.

define the structural parameters needed to produce the most
stable dye-SiO,-Fe;0, nanoparticle assembly.

The photographs in Fig. 8a and 8b (taken under white light)
show the dye-SiO,-Fe;0, nanoparticles suspended in ethanol
before and after refluxing for 24 h in ethanol and in water.
There is a noticeable reduction in the presence of the Cou-
SiO,-Fe;0, nanoparticles in the vial associated with the
nanoparticles collected by centrifugation after performing a
24 h reflux in water. The photographs in Fig. 8c and 8d (taken
under a UV lamp) show the dye-SiO,-Fe;0, nanoparticles
suspended in ethanol before and after refluxing for 24 h in
ethanol and in water, respectively. These photographs exhibit
the emission colors of the dye-SiO,-Fe;O, nanoparticles.
Although they have been exposed to an elevated temperature
for an extended period of time in a potentially reactive solvent,
the emission colors of the dye-SiO,-Fe;O, remain vividly
bright. The differences between the before-and-after images
are not easily distinguished by the eye, but readily measurable

PR
=) Fe, O,
E I Dye-SiO, / Fe,0,
L
S J
= 0
®
N
k]
c -20
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=
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Fig. 9 Room temperature magnetic hysteresis curves of Fes04 and dye-SiO,—
Fe304 nanoparticles, where dye = RhB.
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with a spectrometer. Overall, these results indicate that the
modified fluorescent dye molecules can be designed to remain
chemically embedded in the silica matrix and resistant to
detachment, thus yielding brilliant and stable fluorescent
signals for biological studies. It is also worth noting here that
the dye-SiO,-Fe;0, nanoparticles disperse well in both ethanol
and aqueous solution without any precipitation.

In separate studies, the Flu-SiO,-Fe;0, nanoparticles were
placed in aqueous solution at several pH values to demon-
strate both the dispersibility and stability of the dye-SiO,-
Fe;0, nanoparticle structure when exposed to acidic and basic
conditions. The results for this set of experiments are provided
in the supporting information (see Fig. S4, ESIt). The observed
high stabilities in neutral and basic ranges can be attributed to
the absence of amine terminal groups existing on the surface
of the nanoparticles’”***° which are unlike other magnetic-
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Fig. 10 Change in temperature of RhB-SiO,—Fe30,4 nanoparticles in agueous
solution at a concentration of 40 mg mL~" Fe50, as a function of time under
magnetic field strengths of 4, 6, and 8 kA m~" at 100 kHz.
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fluorescent nanoparticles prepared using APTES and isothio-
cyanate-modified dye molecules.

Magnetic properties of dye-SiO,-Fe;O, nanoparticles

The magnetic properties of the nanoparticle samples were
evaluated using a vibrating sample magnetometer (VSM).
Fig. 9 shows the magnetic hysteresis at room temperature for
as-prepared Fe;O, and RhB-SiO,-Fe;O, nanoparticles, with
saturation magnetization of 39.6 and 12.5 emu g~ ', respec-
tively. The saturation magnetization decreases due to the
presence of the nonmagnetic dye-doped silica shell. Magnetic
nanoparticles with high magnetization and low coercivity are
crucial for magnetic hyperthermia applications to achieve
sufficient heating with a minimum dose of nanoparticles,
which avoids possible complications due to iron overload in
the body.

We also investigated the heating ability of these magnetic
fluorescent nanoparticle colloids for possible use as therapeu-
tic agents in hyperthermia applications. Induction heating of
the aqueous solution of RhB-SiO,-Fe;O, nanoparticles at a
concentration of 40 mg mL~" was conducted at 100 kHz in
applied fields ranging from 4 to 8 kA m™". The change in
temperature as a function of time at various magnetic field
strengths is plotted in Fig. 10. The data show that the
temperature increases more rapidly when a higher magnetic
field is applied, while heating experiments using only
deionized water did not show any significant temperature
increase (i.e., the temperature change was less than 0.2 °C;
data not shown). The heating profile of the RhB-SiO,-Fe;0,
nanoparticles under oscillating magnetic fields shows that the
hybrid nanoparticles are suitable for hyperthermia applica-
tions as the therapeutic temperature range for killing tumor
cells is 42-46 °C.7°

Fig. 11 shows the magnetic susceptibility images of a dry
sample of RhB-SiO,-Fe;0, particles (top) and a dry sample of
commercial nanomag®-D particles described in the experi-
mental section (bottom) taken at 2 kHz. Despite the smaller
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0.020
0.025
0.030
0.035

10 20 30 40 50 60
X (mm)

Fig. 11 Magnetic susceptibility images of a RhB-SiO,—Fe304 sample (200 ng)
and a commercial nanomag®-D sample (200 pg), located at x;y = 30;33 and
30,23, respectively.
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Fig. 12 The emission color of the dye-SiO,—-Fe30,4 nanoparticles under UV light
irradiation (a) dispersed in solution and (b) after magnetic capture, where the
dyes are Cou, Flu, and RhB (left to right, respectively). This demonstration verifies
that the modified dyes are covalently attached to the magnetic SiO,~Fes0y4
nanoparticles.

magnetic susceptibility of our custom-designed nanoparticles,
a spatially resolved image was readily obtained. This compar-
ison demonstrates the potential utility of dye-SiO,-Fe;0,
nanoparticles for sentinel lymph node mapping and magnetic
nanoparticle-guided surgery using a hand-held magnetic
probe.

The photograph in Fig. 12 illustrates both the magnetic and
fluorescent properties of the dye-SiO,-Fe;O, nanoparticles.
Under UV light, the samples emit different colors produced by
the incorporated dyes in the corresponding silica matrix. Once
a rare earth magnet (B,, ~ 1T) was placed close to the vials
filled with these colloids, the nanoparticles were completely
separated to one side of the vial within minutes, thereby
leaving a clear and transparent buffer solution. This demon-
stration highlights the effectiveness of combining optical and
magnetic properties in one system. The nanoparticles were
readily re-dispersed into solution either by gently shaking or
sonicating the vial. This experiment also confirms that the
dyes that are covalently attached to the nanoparticles are the
source of the emitted light, and not dyes dissolved in solution.

Conclusions

We have established a simple and controllable method for the
synthesis of composite nanoparticles consisting of a Fe;O,
core and a dye-doped porous SiO, shell. These versatile
composite nanoparticles are dispersible in aqueous solutions,
offer a dynamic response to an external magnetic field, and
produce bright fluorescent emissions. The stability of the dye-
SiO,-Fe;0, nanoparticle assemblies were tested under the
harsh conditions of both a 24-hour reflux in water and
ethanol, yielding a conclusion that structural parameters of
the attached dye contribute to the observed relative stability
for these assemblies: RhB-SiO,-Fe;O, > Flu-SiO,-Fe;0, >
Cou-SiO,-Fe;0,. The outstanding properties of these compo-
site nanoparticles, their high magnetization, variety of
fluorescent signals, and unique dispersive character in a
variety of acid/base environments, make them useful for a
myriad of biomedical applications, not only as multi-modal
contrast agents, but also as therapeutic agents.
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