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ABSTRACT

Purpose To develop an MRl/optical multimodal imaging probe
based on dye-conjugated iron oxide/silica core/shell nanoparticle,
and investigate the distance-dependent fluorescence quenching
through careful control of the distance between the iron oxide
core and fluorescent dyes.

Methods Different size of core/shell nanoparticles were pre-
pared by varying the silica shell width. PEGylation on the surface
of silica shell was followed to improve the stability of particles in
the physiological condition. In vitro cytotoxicity was evaluated by
the MTTassay on a Hela cell line and in vivo imaging of subcuta-
neous SCC7 xenografted mice was performed using MRI/optical
imaging modalities.

Results Diameter and C-potential of the nanoparticles were
measured, and TEM images demonstrated the mono-disperse
nature of the particles. Quenching efficiency of the dyes on the

almost no quenching effect was observed for the largest nano-
particle. In vitro cytotoxicity showed nearly 90% cell viability at
0.15 Fe mg/mL, a comparable concentration for clinical use. The
tumor area was significantly darkened after the nanoparticle injec-
tion due to the high transverse relaxivity value of the nanoparticles.
Fluorescence signal was affected by the particle size due to the
distance-dependent quenching/dequenching behaviour.

KEY WORDS Core-shell nanoparticle - Fluorescence
quenching - Iron oxide - Multimodal imaging probe - Optical
imaging

ABBREVIATIONS
APTES 3-aminopropyl triethoxysilane
Cy Cyanine

surface was nearly 100% in the smallest nanoparticle, while ~ CY-CS Cy-conjugated CS
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CS Core-shell

DMEM Dulbecco’s modified eagle medium

EDC Ethyl (dimethylaminopropyl) carbodiimide
FBS Fetal bovine serum

FRET Fluorescence resonance energy transfer
HF Hydrofluoric acid

ICP-MS Inductively coupled plasma mass spectrometry
mPEG- Methoxy poly (ethylene glycol) mono acid
COOH

MRI Magnetic resonance imaging

MTT Methylthiazol tetrazolium

NIRF Near-infrared fluorescence

NHS N-hydroxysuccinimide

PL Photoluminescence
TEM Transmission electron microscopy

INTRODUCTION

Magnetic resonance imaging (MRI) and optical imaging are
two highly complementary techniques, one providing ana-
tomical details (1-4) and the other delivering functional and
biological information on molecular levels (5—7). The combi-
nation of two modalities to develop a multimodal molecular
imaging probe complements the weaknesses present in each
system and provides clinicians with a definitive tool for iden-
tification and characterization of specific targets in living
subjects’ anatomical context (8).

In the course of developing multimodal contrast agents
based on iron oxide nanoparticles, (9—15) rescarchers have
reported that iron oxide has the ability to quench fluorescent
materials (16-21). Weissleder et al. reported fluorescence
quenching by iron oxide and fabricated a magnetic
nanoparticle-based MRI contrast agent that was enzyme-
triggered to produce near-infrared fluorescence (NIRF) imag-
ing (16). They claimed that the fluorescence quenching of
magnetic nanoparticles might be due to nonradiative energy
transfer between the fluorescent dyes and iron oxide, or to the
collisions between dyes and the nanoparticles. Zhang et al.
demonstrated fabrication method for bifunctional magnetic
nanoparticle using silica shell to induce fluorescence
quenching by iron oxide core within a confined space (20).
There are several hypotheses to explain fluorescence
quenching by iron oxides, among which are 1) electron cou-
pling effect between iron oxide and the fluorescent dye and 2)
broad absorption by iron oxide (20). The first mechanism is
through which gold nanoparticles quench fluorescence (17,
22); some researchers have assumed that iron oxide quenches
fluorescence through the same mechanism (21). However, Nie
et al. has demonstrated that fluorescence quenching could be
still observed in dilute solutions of iron oxide and quantum
dot, in which iron oxide and the dye are not in direct contact
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(19), thereby suggesting that iron oxide quenches fluorescence
through a different mechanism rather than energy transfer
through electron coupling. In spite of researches on iron oxide
nanoparticles, the mechanism behind fluorescence quenching
by iron oxide has not been clearly elucidated.

In this study, we demonstrate the distance-dependent fluo-
rescence quenching by iron oxide core-shell (CS) nanoparticle
through careful control of the distance between the iron oxide
core and the fluorescent dyes by varying the silica shell width.
The fluorescence quenching mechanism of iron oxide was not
suggested, but systematic approach to give a qualitative guide-
line for quenching/dequenching of the fluorophores was ex-
perimentally investigated and the results opened the possibility
to precisely design a stimuli-activatable multimodal molecular
imaging probes based on MR and optical imaging.

MATERIALS AND METHODS
Iron Oxide/Silica Core/Shell (CS) Nanoparticles

Silica coating coated onto the surface of the hydrophobic iron
oxide nanoparticles with oleic acid ligand was accomplished
by modified reverse microemulsion procedure (23). Different
volume (10, 20, 60, and 300 pL) of iron oxide nanoparticles
(13 nm, 10 mg Fe/mL) was dispersed into 60 mL cyclohexane.
Triton-X 100 (1.12 mL), 1-octanol (400 pL), tetraethyl
orthosilicate (TEOS, 200 pL) and NH,OH (152.8 pL) were
added into cach solution and the reaction was continued for
3 days at 600 rpm. The reaction mixture was then dispersed
into 60 mL anhydrous EtOH after washing with EtOH
through centrifugation at 20,000 rpm for 30 min. Silica thick-
ness, confirmed by transmission electron microscopy (TEM),
was controlled from 42 to 4.6 nm by increasing the initial
concentration of the iron oxide nanoparticles from 10 to
300 pL. The codes were assigned according to the CS particle
diameters; CGS20 (20.2 nm), CS33 (32.6 nm), CS60 (59.2 nm),
and CS113 (113.8 nm). The final concentrations of nanopar-
ticles in anhydrous EtOH, determined by inductively coupled
plasma mass spectrometry (ICP-MS) analysis, were 56.3, 51.0,
44.8, and 45.8 pg Fe per mL for CS20, CS33, CS60, and
CS113, respectively. Measurements of {-potential and particle
size were carried out using ELS-Z system (Otsuka electronics
Co. Ltd., Osaka, Japan) equipped with He-Ne laser at a
wavelength of 630 nm.

Cy-Conjugated CS (CY-CS) and PEGylated
Nanoparticles (PEGylated CY-CS)

1.0 mL 3-aminopropyl tricthoxysilane (APTES) was added to
10.0 mL EtOH solution of the CS nanoparticles to introduce
amine groups on the surface. Vigorous stirring the mixture
was continued for 12 h at room temperature and unreacted
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APTES was removed by 5 times centrifugation against anhy-
drous EtOH. The aminated CS nanoparticles were
redispersed into deionized water.

Cy 5.5 mono acid (0.1 mg) and 1.0 mg EDC/NHS were
dissolved in 1.0 mL deionized water and added to 5.0 mL of
aminated CS nanoparticle solution. The reaction was carried
out in darkness for 12 h with vigorous stirring. The final
product was dispersed into 5.0 mL deionized water after
washing with distilled water through 5 times centrifugation
at 13,000 rpm to remove unreacted reactants. Cy-conjugated
CS nanoparticles were coded as CY-CS20, CY-CS33, CY-
(GS60, and CY-CS113.

Methoxy poly (ethylene glycol) mono acid (mPEG-
COOH) (1.0 mg) activated by NHS was added into 5.0 mL
of aminated CY-CS nanoparticles in deionized water and the
solution was stirred vigorously at room temperature. After 3 h
reaction, PEGylated CY-CS nanoparticles were centrifuged 3
times with deionized water at 14,500 rpm for 30 min and re-
dispersed in 5.0 mL of deionized water for the further
experiments.

Determination of Quenching Efficiency

For the evaluation of quenching efficiency of conjugated dyes
on the surface of the nanoparticles, photoluminescence (PL)
intensities of intact CY-CS nanoparticles were compared to
those of hydrofluoric acid (HF) treated nanoparticles. 5.0 mL
CY-CS nanoparticles were mixed with 5.0 mL HF in a 50 mL
poly (tetrafluoroethylene) (PTTE) beaker and the reaction
mixtures were stirred for 3 h to completely decompose silica
shell and to free the Cy dyes from the surface of nanoparticles.
Residual HF and by-products were removed by evaporation
with 60.0 mL distilled water 3 times at 160°C. Cy dyes freed
from the surface of nanoparticles were dissolved in 5.0 mL
deionized water and their PLintensities as well as those of CY-
CS nanoparticles were measured using a Shimadzu spectro-
photometer and Kodak imaging station system (Kodak, New
Haven, CT) with 4000MM charge coupled device (CCD)
camera and Cy emission filter.

Measurement of Relaxivity

Magnetic resonance imaging studies were carried out using a
MRI scanner at 3 T field strength and transverse relaxation
time (1'2) of each nanoparticle was obtained at room temper-
ature and 60 Hz. The T2 relaxivity of each sample was
calculated by fitting the 1/T2 (r2) values versus iron contents
of the CGS nanoparticles according to the equation of T2=1/
(A [Fe]), where T2 is the transverse relaxation time at a given
iron concentration, [Fe] and A is the relaxivity of the CS
nanoparticles.

In Vitro Cytotoxicity

In Vitro. cytotoxicity of nanoparticles was evaluated using
methylthiazol tetrazolium (MTT) assay (24). HeLa cells were
grown in each well of 96-well plates containing 0.2 mL
Dulbecco’s modified eagle medium (DMEM) with 10% fetal
bovine serum (FBS). Cells were washed with pre-warmed
phosphate buffered saline (PBS) and incubated with pre-
warmed DMEM for 30 min before the addition of CY-CS
and PEGylated CY-CS nanoparticles. After cells were incu-
bated for 4 h at 37°C in nanoparticle-dispersed DMEM, the
medium was replaced by fresh DMEM without serum.
0.1 mL MTT solution (I mg/mlL) was added to each well
and cells were incubated for an additional 4 h. Medium was
removed and 0.2 mL dimethyl sulfoxide (DMSO) was added
to dissolve the formazan crystal. Fluorescence of solution was
measured at 570 nm using a micro-plate reader.

In Vivo Magnetic Resonance Imaging (MRI) and Near
Infrared Fluorescence Imaging (NIRF)

For in viwo visualization of the nanoparticles, squamous cell
carcinoma (SCC7) cells cultured in Roswell park memorial
nstitute (RPMI) 1640 medium with 10% FBS were inoculat-
ed into the back of BALB/C nude mouse by subcutaneous
injection. When tumor had grown up, 0.3 mL PEGylated CY-
CS20 and PEGylated CY-CS113 (0.15 Fe mg/mL) was
injected intratumorally and images were obtained by two
different imaging modalities, MR and NIRF tomographic
image. MR images were obtained using a MRI scanner at
3.0-T field strength (Tim Trio; Siemens, Erlangen, Germany).
Mice were placed on the tray of the MRI scanner and imaged
before/after the injection. T2-weighted MR images were
obtained by a multi-spin echo multi-slice imaging sequence
with following parameters: TR=51 ms, TE=20 ms and slice
thickness of 0.6 mm. NIRF tomographic images were obtain-
ed with an eXplore Optix system (Advanced Research Tech-
nologies Inc., Montreal, Canada). The fluorescence in SCC7
tumor-bearing mice were imaged using the eXplore Optix
system with laser power and integration time of 10 pW and
0.3 s. A 670 nm laser was applied to excite Cy dyes and
700 nm emission filters was applied to collect fluorescence
emission of Cly. After NIRF imaging, mice were sacrificed and
the NIRF images of excised tumor was obtained using a
Kodak Image Station 4000MM Digital Imaging System.

RESULTS AND DISCUSSION

To study the effect of distance between the surface of nano-
particles and the fluorescent dyes on the quenching efficiency,
four samples were made with varying thickness of silica shell
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on iron oxide core. Scheme of the preparation is illustrated in
Fig. 1. Diameters of CS nanoparticles measured by dynamic
light scattering were 20.2 (CS20), 32.6 (CGS33), 59.2 (CS60),
and 113.8 nm (CS113). The {-potential values of the samples
were —3.3, —5.3, —16.2, and —29.3 mV, respectively. The
negative {-potential values indicate that silica shell was suc-
cessfully coated on the surface of the core and the increasing
values were well matched to the corresponding thickness of
the shell. The samples were mono-dispersed, as demonstrated
by TEM images, except for the case of GS113, which showed
relatively broader distribution due to the experimental diffi-
culty in introducing thicker silica layer. TEM images clearly
showed the spherical core-shell structures with single iron
oxide core and the silica shell with precisely controlled thick-
ness (Fig. 2).

Fluorescent Cy dyes were conjugated on the silica surface
to produce multimodal nanoparticular imaging probes, C'Y-
CS. PL spectra of the CY-CS were measured to study the
effect of distance between dyes and iron oxide core on
quenching efficiency (Fig. 3a). CY-CS were treated with HF
to decompose the silica shell and to free dyes from the surface
of the nanoparticles, which induced the full fluorescence re-
covery of Cy dyes conjugated on the nanoparticles, as illus-
trated in Fig. 1. The PL intensity of Cy dyes was not affected
during the shell-dissolving process by the presence of HF
(Fig. 3b). Quenching efficiency was defined as (PL intensity
of HF treated C'Y-CS nanoparticle — PL intensity of CY-CS
nanoparticle)/(PL intensity of HF treated CY-CS nanoparti-
cle) * 100. The PL intensity of each sample was measured 3
times and averaged values were used for the calculation of
quenching efficiency. In order to make sure that the
quenching behavior did not stem from fluorescence resonance
energy transfer (FRET) between Cy dyes, the average number
of Cy molecules on each particle was calculated based on the
surface area of nanoparticles, the number of nanoparticles
and Cy dyes in nanoparticle solution. Table I summarizes
the results and the possible self-quenching of Cy dyes via
FRET mechanism was ruled out from the calculation of
average distance between the dyes in each sample, since the
distance was larger than maximum Forster radius in Cy
molecules, which is around 10 nm (25, 26). Quenching effi-
ciency was nearly 100% in CY-CS20 while almost no
quenching effect was observed for the case of CY-CS113.
NIRF image of CY-CS in Fig. 3(c) supports the results. The
quenching efficiency was gradually decreased with corre-
sponding increase in the thickness of silica shell and this result
shows that the fluorescence quenching property of iron oxide
was influenced by distance between Cy dyes and iron oxide
and the quenching behavior could be controlled by changing
the thickness of silica shell.

CS-CY were PEGylated for enhanced stability in aque-
ous condition. Diameters of PEGylated CS-CY nanopar-
ticles by dynamic light scattering measurements increased
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Fig. I Schematic diagram of dye-conjugated PEGylated CY-CS preparation
and HF treated CY-CS.

to be 26.5, 41.2, 68.1 and 134.4 nm from CY-CS20, 33,
60 and 113, respectively, due to the hydrophilic nature of
PEG. Transverse relaxation time was measured using
MRI scanner at 3 T magnetic field strength to evaluate
the use of PEGylated CY-CS nanoparticles as MRI a
contrast agent. Transverse relaxivity (r2) value of all the
PEGylated CY-CS nanoparticles was higher than that of
Feridex, clinically used iron oxide based MRI contrast
agent and gradually decreased with increasing the silica
shell thickness (Fig. SI.1) (27). High relaxivity values and
distance-dependent quenching/dequenching behaviour
make the CY-CS nanoparticles be an activatable multi-
modal nanoparticular imaging probes when stimuli-
sensitive degradable groups are introduced to connect
the dyes and iron oxide nanoparticles.

In Vitro. cytotoxicity of CY-CS and PEGylated CY-CS nano-
particles was evaluated by the M'TT assay on a HelLa cell line
(Fig. 4) and PEGylated CY-CS-treated cells showed higher
viability than CY-CS-treated cells. Surface modification of
iron oxide nanoparticles, using silica and PEG, enhanced
the aqueous stability and reduced the cytotoxicity of the
nanoparticles. In a number of i viwo reports for MR studies
using nude mice, 0.03~0.05 mLiron oxide nanoparticles with
the iron concentration of 0.1 ~0.3 Fe mg/mL was injected
intravenously, which corresponds to 0.25~0.75 Fe mg/kg
assuming the weight of a mouse is around 13 g. Injection dose
of Feridex, dextran-coated iron oxide nanoparticles clinically
in use as a MR contrast agent, 1s 0.56 Fe mg/kg in 100 mL of
5% dextrose solution (28). PEGylated CY-CS nanoparticles
showed nearly 90% cell viability at the concentration of 0.15
Fe mg/mlL, which is a comparable concentration for n viwo
study and clinical use. Considering these results, the
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Fig. 2 TEM images of CS
nanoparticles. (a) CS20, (b) CS33,
(€) CS60, and (d) CS113.

cytotoxicity of PEGylated CY-CS nanoparticles were low
enough to make the nanoparticles an excellent candidate for
in vivo applications.

In Vivo. imaging of subcutaneous SCC7 xenografted mice was
performed using two different imaging modalities, MR imag-
ing and NIRF tomographic imaging. PEGylated CY-CS20
and PEGylated CY-CS113 were intratumorally injected and
imaged by Tim Trio MRI scanning system. As shown in
Fig. 5(a), the tumor arca was significantly darkened after the
nanoparticle injection due to the high transverse relaxivity
value of the nanoparticle. The relative signal enhancement
was 41.526.69% for the case of PEGylated CY-CS20 and
31.2£3.77% for PEGylated CY-CS113, respectively. The
relative signal enhancement of the ROI in the T2-weighted
image was obtained by the comparison of signal intensity
between the tumor site and the healthy muscles.
Intratumorally injected nanoparticles remain mostly in the
extracellular matrix, where the diffusion of nanoparticles is
generally limited. As shown in Fig. 5(a), dark and bright region
co-existed in the tumor site since the injected nanoparticles did
not fully diffuse into the whole tumor region. After MRI
scanning, NIRF tomographic image was evaluated by eX-
plore Optix system using NIRF probe detection setting with
excitation and emission at 670 nm and 700 nm, respectively.
As shown in Fig. 5(b), weak fluorescence signal was detected in

PEGylated CY-CS20 injected tumor-bearing mouse, while
the mouse with PEGylated CY-CS113 produced strong fluo-
rescence signals in the injected site due to the previously
discussed distance-dependent quenching/dequenching be-
haviour of PEGylated CY-CS nanoparticles. Fig. 5(c) depicts
NIRF images of excised tumors. PEGylated CY-CS113
injected tumor produced strong fluorescence signal and
PEGylated CY-CS20 administered tumor showed weak fluo-
rescence signal, which was in a good agreement with i vivo
imaging results. NIRF signal in tumor was not uniformly
distributed probably due to the limited diffusion of the nano-
particles in the extracellular space as described in the MR
imaging. Fig. 5 supported that multimodal nanoparticular
imaging probes were successfully prepared and distance-
dependent quenching/dequenching properties opened a
strong possibility of PEGylated CY-CS nanoparticles as an
on/off imaging probe activated by an external stimuli which
free the Cy dyes from the surface of the nanoparticles under a
specific condition.

CONCLUSION

Core/shell nanoparticles consisting of iron oxide core and
silica shell with different thickness were successfully prepared.
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Fig. 3 PL spectra of CY-CS (a) before HF treatment. (b) after HF treatment
and (c) NIRF image of CY-CS.

The nanoparticles were conjugated with fluorescent Cy dyes
and PEGylated to enhance the stability in the aqueous con-
dition. Quenching effect of the conjugated dyes was
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Fig. 4 Cell viability of (a) CY-CS20 and (b) PEGylated CY-CS20.

investigated as a function of the distance between dyes and
the surface of nanoparticles. Dyes were almost perfectly
quenched when located within 10 nm from the surface and
the quenching effect decreased as the distance increased,
which resulted in nearly no quenching effect with PEGylated
CY-CS113 nanoparticles. Based on the calculation of the
number of dyes on the nanoparticles, the quenching effect

Table I PL intensity of CY-CS nanoparticles with/without HF treatment, number of Cy dyes on a particle and quenching efficiency

Sample Fluorescence intensity of CY-CS* Cy5.5/particle Quenching efficiency (%)
Intact HF treated

CY-CS20 311 942.1 6.22 96.7

CY-CS33 149.5 988.2 7.59 84.9

CY-CS60 500.4 1,046.6 17.86 522

CY-CSI13 991.2 1,007 .4 42.46 l.6

¢ PL measurement at 692 nm
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Fig. 5 Invivo (@) MR, (b) NIRF a
image and (c) NIRF image of
excised tumor with PEGylated CY-
(€S20 and PEGylated CY-CSI 13.

PEGylated CY-CS20
(Post injection)

o

Y

was not from FRET mechanism between dyes, but stem from
the distance effect from the nanoparticles. These results helps
the design of activatable optical nanoparticular imaging
probes even though the detailed mechanism of quenching is
not studied in this research.

PEGylated CY-CS nanoparticles were not cytotoxic at the
concentration of iron which is clinically in use and other i viwvo
reports. The nanoparticles showed higher relaxivity values
than that of Feridex, clinically used iron oxide based MR
contrast agent, and produce a good T2-weighted MR images
in viwo. PEGylated CY-CS113 nanoparticles were successfully
imaged optically i vivo and the results proved that the nano-
particles in this study are useful in developing a multimodal
imaging contrast agent. The probes can be developed as an
activatable optical imaging contrast agent with proper conju-
gation of the dyes utilizing a connecting part that can be

PEGylated CY-CS20
(Pre-injection)

PEGylated CY-CS113
(Pre-injection)

PEGylated CY-CS113
(Post injection)

C
PEGylated PEGylated
CY-CS20 CY-CS113

-

triggered to be composed and to release the fluorescent dyes
in response to a corresponding environmental stimuli. In
conclusion, PEGylated CY-CS nanoparticles highlight the
great potential as an effective multimodal imaging contrast
agent and the quenching effect was systemically investigated
with the distance between the dye and the nanoparticles as a
variable.
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