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Fluorophore-Labeled Siloxane-Based Nanoparticles
for Biomedical Applications
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Summary: We present the synthesis and characterization of multifunctional fluor-
ophore-labeled poly(organosiloxane) nanoparticles with core-shell architecture,
where the fluorescent dye is incorporated into the core. Grafting of heterobifunc-
tional poly(ethylene oxide) (PEO) onto the particle surface leads to water-soluble
biocompatible nanoparticles. Two different strategies have been used for the
synthesis: The encapsulation of dye-labeled monomers during the polycondensation
with additional PEO coating and subsequent dye labeling by covalent attachment of
the fluorescent dye rhodamine B to the (chloromethylphenyl)siloxane groups in the
core after polymerization and grafting of PEO onto the surface. Comparison of the
fluorescence quantum yields of the nanoparticles before and after PEO coating show

nanoparticles; PEO

Introduction

During the last decades, nanoparticles
became objects of growing research inter-
est, especially in biology and medicine,
because of the wide range of applications
they offer. One of the best investigated
materials are silica nanoparticles due to the
fact that they can be easily synthesized by
the Stober method.!! The synthesis of
fluorophore-labeled silica colloids via cou-
pling of fluorescent dye molecules to the
particle’s surface and the formation of
particles with core-shell structure, where
the fluorescent dye is encapsulated in the
core, have been previously reported./>=
Aiming at biomedical applications, the
surface properties become the most impor-
tant factor for the interactions of nanopar-
ticles with biological systems. As silica
nanoparticles are electrostatically stabilized,
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a decrease in quantum yield after PEO coating.
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interactions between these colloids and
oppositely charged biomolecules can lead
to destabilization of the nanoparticles in
biological media. Another challenge presents
the subsequent surface modification of silica
nanoparticles with e.g. targeting ligands and
the formation of multi-compartment systems.

More flexible system are poly(organosi-
loxane) nanoparticles, due to their multi-
compartment architecture and the possibi-
lity to introduce different reactive sites
during the synthesis.”'!! For example, the
synthesis of amphiphilic nano networks and
their dye loading have been previously
reported as well as the synthesis of
fluorophore-labeled siloxane nano-
spheres.[12'16] Both dye-loading and label-
ing were performed after the synthesis of
the nanoparticles which can be also advan-
tageous for the application of these poly-
(organosiloxane) nanospheres as a poten-
tial drug carrier system. The functionaliza-
tion of poly(organosiloxane) with PEO and
subsequent coating of these particles with
oligonucleotides and DNA led to water
soluble, bio-functionalized nanoparti-
cles.'”! Until present, however, the synth-
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esis of water-soluble poly(organosiloxane)
nanoparticles efficiently labeled with fluor-
ophores, which is essential for the tracing of
these particles e.g. during cell experiments,
could not be achieved.

Experimental Part

Materials

Water was purified with a Milli-Q deioniz-
ing system (Waters, Germany). All chemi-
cals were used as received: trimethoxy-
methylsilane (T), diethoxydimethylsilane
(D), dodecylbenzenesulfonic acid (DBA),
triethoxysilane (T-H) (Wacker Chemie),
(p—chloromethyl)phenyltrimethoxysilane
(CIBz-T), 1,1,4,4-Tetramethyldisiloxane
(M-H), Karstedt-Catalyst (ABCR, Ger-
many), TWEEN 20, ethylene oxide
(Fluka), rhodamine B, caesium iodide,
18—crown-6, toluene, methanol, dichloro-
methane, THF (Sigma-Aldrich). The dia-
lysis tubing (regenerated cellulose; MWCO
10kDa) was received from SpectrumLabs.

Methods

For Asymmetrical Flow Field-Flow Frac-
tionation (AF-FFF), an AF-FFF system 2.0
from Consenxus, equipped with a Waters
486-UV detector (absorption measured at
254nm) and a fluorescence detector F1110
from Merck-Hitachi (excitation at 540 nm,
detection at 570nm) was used. Polyether-
sulfon membranes (MWCO 4000 g/mol)
were utilized as semipermeable walls.
Degassed Milli-Q water containing
Smmol/L NaCl and TWEEN 20 was
employed as eluent. Instrument calibration
was performed with commercially available
polystyrene latex standards (Duke, dia-
meters 20, 50 and 100 nm).

Absorption spectra were measured with
a Varian Cary 300 scan and fluorescence
emission spectra with a Spex FL3-22 from
Jobin Yvon Instruments S.A. using lcm-
quartz cells.

The absolute fluorescence quantum
yields (&¢) of the nanoparticles that equal
the number of emitted photons (Neny) per
absorbed photons (N,ps), were determined
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at different stages of particle functionaliza-
tion with a custom-designed integrating
sphere setup. This setup consists of a xenon
lamp coupled to a single monochromator
and a six inch Spectraflect-coated integrat-
ing sphere (Labsphere GmbH) coupled
with a quartz fiber to an imaging spectro-
graph (Shamrock 303i, Andor Inc.) with a
Peltier cooled thinned back side illumi-
nated deep depletion charge coupled
device (CCD array) as detector. A refer-
ence detector was implemented into the
setup to account for fluctuations of the
radiant power reaching the sample. The
spectral responsivity s(Aem) of the integrat-
ing sphere-detection system ensemble was
determined with a calibrated quartz halo-
gen lamp mounted inside an integrating
sphere (Gigahertz-Optik GmbH).

For the measurement of the absolute
fluorescence quantum yields @, the sample
or blank, i.e., the pure solvent in a conven-
tional 1 cm-quartz cell was mounted into the
center of the integrating sphere and the
excitation light was focused into the middle
of the cuvette. The absolute fluorescence
quantum yield was calculated from the
measured spectrally corrected signals of
the blank (/cg) and the sample (Ics) in the
wavelength region of the excitation (4,,) and
the emission (4,,,) according to Equation 1.
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M

h: Plank constant; ¢: speed of light

As rhodamine B shows a considerable
spectral overlap between absorption and
emission (see Figure 3), the measured
fluorescence quantum yields were cor-
rected for reabsorption effects for high
dye concentrations.['®]

Synthesis
The caesium salt of rhodamine B (1 equiva-

lent) and (p-chloromethyl)phenyl-tri-
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methoxysilane (CIBz-T; 3 equivalents)
were dissolved in THF. To increase the
solubility, 18-crown-6 was added. The
reaction mixture was stirred under argon
at 55°C for 48hours. The solvent was
evaporated and the residue resolved in
dichloromethane, washed rapidly with
water and dried over MgSO,. After eva-
poration of the solvent, a mixture of labeled
monomer and CIBz-T was obtained. This
mixture was used for particles synthesis
without further purification.

The poly(organosiloxane) nanoparticles
were synthesized in aqueous dispersion as
described previously using 7g T, 5g D and
3 g CIBz-T for the core and 6g T, 3g D and
lg T-H for the shell and DBA as
surfactant. For the synthesis of dye-labeled
particles, 1 g of C1Bz-T was replaced by the
dye-labeled monomer.[*1¢17]

The grafting of heterobifunctional PEO
was performed as described before.[”!

For dye-labeling of PEO-coated nano-
particles, the particles were transferred into
THF directly after the hydrosilation reac-
tion using a rotary evaporator. Labeling
was performed under the same conditions
as the monomer synthesis. After evapora-
tion of the solvent, the reaction mixture was
resolved in water and purified by dialysis
(MWCO 10kDa).

Results and Discussion

Poly(organosiloxane) core-shell nanoparti-
cles with average radii of 10nm were
synthesized by condensation of different
alkoxysilanes, including trimethoxymethyl-
silane (T), diethoxydimethylsilane (D), and
(p-chloromethyl)phenyltrimethoxysilane
(CIBz-T), in aqueous dispersion with dode-
cylbenzenesulfonic acid as surfactant and
catalyst. Fluorophore-labeling of the core
was achieved by incorporation of a rhoda-
mine B-labeled monomer during the poly-
condensation.

The rhodamine B-labeled monomer
(Figure 1) was synthesized by the substitu-
tion of the chlorine atom of (p-chloro-
methyl)phenyltrimethoxysilane  (CIBz-T)
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Figure 1.
Dye-labeled monomer: rhodamine B-(p-trimethoxysi-
lyl)benzylester.

by rhodamine B using the caesium salt of
this dye. To improve the solubility of the
dye-labeled monomer in the mixture of
other monomers, an excess of CIBz-T was
used for the reaction.

After the subsequent polycondensation
of core and shell, silicon hydride function-
alities were introduced into the particle’s
surface by endcapping with 1,1,4,4-tetra-
methyldisiloxane (M-H). This surface func-
tionalization provides solubility in organic
solvents. No differences in the basic surface
properties were observed compared to
unlabeled particles."*11? As for the
intended biomedical applications, water
solubility is essential, heterobifunctional
PEO was then grafted onto the surface in a
hydrosilation reaction (Scheme 1, A).

Due to the network structure of the
particles, fluorophore-labeling after PEO
coating is another synthetic approach,
which leads to water soluble rhodamine
B-labeled nanoparticles (Scheme 1, B).
This pathway allows the direct comparison
of different functionalizations of otherwise
identical nanoparticles by introduction of
the corresponding functions, e.g. labeling
with different fluorescent dyes, after the
formation of the poly(organosiloxane)
nanoparticles.

The sizes of the poly(organosiloxane)
nanospheres were analyzed in the dry state
by Transmission FElectron Microscopy
(TEM) and in solution by Asymmetrical
Flow Field-Flow Fractionation (AF-
FFF)."! The radii of the dye labeled
core-shell nanospheres are approximately
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Scheme 1.

Synthesis of fluorophore-labeled poly(organosiloxane) nanoparticles. A: Rhodamine B-labeling performed
during the polycondensation by encapsulation of rhodamine B-labeled monomer. After subsequent endcapping
with 1,1,4,4,~-tetramethyldisiloxane and PEO-coating of the surface, rhodamine B-labeled, water-soluble particles
were obtained. B: Subsequent fluorophore-labeling. After polycondensation and PEO-coating of unlabeled
poly(organosiloxane) nanoparticles, the caesium salt of rhodamine B was covalently attached by the
substitution of the chlorine atom of (p-chloromethyl)phenyltrimethoxysilane in the core of the nanoparticles.

+= rhodamine B

9nm (dry state) and the polydispersity is in
the range of 20%. The AF-FFF measure-
ments can also be used to demonstrate the
success of the fluorophore-labeling reac-
tion. As exemplified in Figure 2 for the
aqueous dispersion of the nanoparticles,
the nanoparticles can be detected with a
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Figure 2.

AF-FFF fractogram of rhodamine B-labeled poly(orga-
nosiloxane) nanoparticles in aqueous dispersion.
Dashed line: signal of UV detector; straight line: signal
of fluorescence detector.
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fluorescence detector during AF-FFF mea-
surements.

The spectroscopic properties of the dye-
labeled nanospheres were studied by fluor-
escence and absorption spectroscopy. The
absorption and emission spectra of the free
dye and the correspondingly labeled poly-
(organosiloxane) nanoparticles in toluene
after endcapping are shown in Figure 3.
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Figure 3.

Normalized absorption (black line) and emission
(dashed line) spectra of the free dye monomer (sol-
vent dichloromethane; left) and poly(organosiloxane)
nanoparticles (solvent toluene; right), excitation was
at 510 nm.
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Table 1.

Absolute fluorescence quantum yields of rhodamine B-labeled poly(organosiloxane) nanospheres.

Sample (solvent)

Absolute fluorescence
quantum yield

Rhodamine B-labeled monomer (solvent dichloromethane) 53%
Poly(organosiloxane) nanoparticles with encapsulated monomer after end- 46%
capping (solvent toluene)

Poly(organosiloxane) nanoparticles with encapsulated monomer after PEO 10%
coating (solvent water)

Poly(organosiloxane) nanoparticles, labeled after PEO coating (solvent water) 7%

These spectra reveal the characteristic
features of rhodamine B.

In order to determine the influence of
dye-labeling and subsequent surface func-
tionalization on the fluorescence quantum
yield of rhodamine B, we compared the
absolute quantum yields of the free mono-
mer and the absolute quantum yields of the
rhodamine B-labeled nanoparticles. The
results are summarized in Table 1.

The fluorescence quantum yield
decreases only slightly during the encapsu-
lation of the dye in the nanoparticles
compared to the quantum yield of the free
dye. Surface functionalization of the nano-
particles, i.e., PEO coating, however, leads
to a considerable reduction in fluorescence.
This effect can potentially be explained by a
chemical modification of the dye by the
platinum catalyst, which was used for PEO
coating. Nevertheless, the fluorescence
intensity of the PEO-modified nanoparti-
cles is still high enough to enable the use of
these materials for cell experiments.

Conclusion

We have synthesized fluorophore-labeled
poly(organosiloxane) nanoparticles by
copolymerization of bi- and trifunctional
siloxanes with a rhodamine B-labelled
siloxane monomer. The core-shell archi-
tecture of these particles prevents the
contact of the fluorescent dye with the
(biological) environment. The introduction
of silicon hydride reactive sites into the
particle surface during the polymerization
of the shell and the endcapping process
allows subsequent modification of the

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

nanospheres by coating with heterobifunc-
tional poly(ethylene oxide). This provides
water solubility and biocompatibility of the
synthesized nanoparticles and allows their
further modification by conjugation of
amino-functionalized biomolecules. In
addition, to derive the influence of dye
encapsulation and surface modification on
the signal-relevant properties of these
nanoparticles, the absolute fluorescence
quantum yields of the monomer and
the nanoparticles, synthesized via different
synthetic  routes determined.
Although PEO-coating leads to a decrease
in quantum yield, the fluorescence intensity
of the nanoparticles is still sufficient for cell
experiments. To improve the fluorescence
properties of these nanoparticles, alterna-
tive pathways of surface functionalization
are currently being investigated.
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