Nature Precedings : hdl:10101/npre.2008.1621.1 : Posted 22 Feb 2008

Multifunctional Hybrid Silica Particles for Multicolor Imaging
and Multiplex Tasking

Chan Yoon Jung, Hae Sung, Kim, Ha Young, Kim, Hoe Jin, Hah, and Sang Man Koo

Hybrid Nano Particles Laboratory, Department of Chemical Engineering, Hanyang University, Seoul, 133-791,
Korea

Multifunctional submicron particles have recently emerged as great promises for biological applications

123458 These particles are non-toxic and have size

such as bio-labeling, medical diagnostics, and drug delivery.
comparable to biomolecules, becoming very suitable for biomedical applications. The particle structures can
be engineered to perform multicolor imaging, as well as multiplex tasking such as site-selective binding,
detection, and separation.”®%%™ |n addition, these particles can load a large amount of fluorescent dye for
signal amplification.'>*14151% Saveral synthetic techniques have been developed for a variety of submicron
particles, including core-shell synthess, layer-by-layer techniques, multi-block polymer emulsifications, and

171819202122 gjlica particles are one of the most extensively studied particles as they can

surface modifications.
be easily modified with organic functionalities. However, these silica particles usually have only a single type of
functional group. Therefore, multiple sequential modification steps have to be employed in order to attach
multitasking components such as imaging components, drugs and targeting moieties. For wider biological
applications, the development of a simple and efficient preparation method for particles with various types of
functionalitiesis of great importance. Herein, a“ONE-POT” synthesis of multifunctional hybrid silica (MHS)
particles of uniform size and morphology with homogeneoudly distributed multiple functional moieties is
reported. The MHS particles can be tagged with various multitasking components for detection, selective
binding, and separation using different functionalities, in an easier and more flexible way than those particles
with a single functional group. Moreover, each functional moiety can be further modified with additional
organic or inorganic groups. We demonstrate here following abilities of MHS particles: 1) expansion of
surface functionality through the reaction with organic or inorganic compounds; 2) multicolor imaging by
surface-conjugation with multiple dyes; 3) controlled assembly of 3-dimensional aggregates from two different
types of MHS particles; 4) multiplex tasking through dye-tagging and selective binding to a patterned surface.
MHS particles with various types of functional groups were prepared by one-pot synthesis made of a two-step
(acid-base) sol-gel process. In acidic conditions, the hydrolysis of mixture of various silane monomers occurred
simultaneously and emulsion droplets with homogeneous silane mixtures were formed. Co-condensation between the

hydrolyzed silane mixtures in the emulsion droplets occurred in basic conditions. The mixture of silane monomers
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for MHS  particles include  phenyltrialkoxysilane  (PTMS),  vinyltrialkoxysilane  (VIMS), or
mercaptopropyltrialkoxysilane (MPTMS) as the major building blocks and (3-trimethoxysilyl) propylmethacrylate,
aminopropyltrimethoxysilane (APTMS), or other functional organo silanes as the minor functional components. For
most of the MHS particles, we found that the relative concentration of major silane monomers compared to minor
functional silanes should be greater than 70% of the total silane concentration to obtain monodisperse, spherical

particles. By changing the reaction conditions such as silane concentrations, temperature, and reaction time, the size

of MHS particles could be controlled from 200 nm to 1.4 p m. Structural drawings and SEM images of typical di-

and tri-functional hybrid silica particles are shown in Figure 1 indicating that all of the MHS particles exhibit mono-
dispersity and spherical morphologies. The existence of the functional groups was confirmed by IR and NMR

spectra. IR spectra of MHS particles exhibited characteristic stretching vibrational absorption peaks for

corresponding functional groups. For the vinyl, mercapto, and acryl tri-functional hybrid particles, v (C=C), v (S-H),

and v (C=O0) stretching vibrational absorption peaks from each functional group were observed at 3100, 2300, and

1500cm’™, respectively. Solid-state *C NMR analysis also showed typical carbon resonance peaks for corresponding
functional groups. For phenyl and vinyl based MHS particles, strong absorption peaks near 130 ppm were observed
from unsaturated carbons, while aliphatic carbon peaks between 0-50 ppm were observed for mercapto-based MHS
particles. The solid-state *’Si NMR spectrum show two peaks at 78.1 and 69.4 ppm, indicating that the main structure
of MHS particles consisted of T? and T* units, similar to those in PTMS and PTMS/VTMS composite particles.>**%*
However, the relative amount of T units was reduced for thiol- and vinyl- based MHS particles compared to those in
phenyl-based MHS particles. Thermal behaviors of MHS particles were investigated using thermo-gravimetric
analysis (TGA). While decomposition was observed between 300 ~ 700 °C for most of MHS particles, the spherical
morphologies of MHS particles were maintained even after heat treatment at 800 °C. The list of synthesized MHS
particles and characterization results are included in Supporting Information 1 (SEM, IR and NMR spectra) and 2
(TGA).

Chemical reactions of surface functional groups on MHS particles with various organic and inorganic materials,
including fluorescent dyes, were performed to endow additional or modified functionalities to the particle surfaces, as
shown in Supporting Information 3. Amine functional groups on the surface of MHS particles could be converted to
carboxyl groups by reaction with glutaric anhydrides.”® The formation of carboxyl groups on the surface of MHS
particles was confirmed by IR and solid state °C NMR spectra (Supporting Information 4). Hydrophobic phenyl
based MHS particles could be transformed to hydrophilic groups by treatment with nitric acid, which converts surface
phenyl groups to nitro-phenyl groups through the Friedel-Craft addition reaction.”’” Surface modification of MHS

particles with inorganic materials such as AgNO; produced metallic hybrid composite particles. Mercapto-
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functionalized MHS particles were treated with an aqueous AgNO; solution, converting the S-H functionality to S™-
Ag'. The resulting MHS particles were reduced with hydrazine to produce Ag nanoparticles on the surface of MHS
particles after removing physically adsorbed Ag species through filtration and washing. The SEM image of MHS
particles with S-Ag" functionalities did not reveal any noticeable change in surface morphology compared to
untreated particles, while nanosized Ag particles were observed on the surface of reduced MHS particles. The XRD
spectrum of Ag nanoparticle-doped MHS particles confirmed the formation of metallic silver on the surface of the
MHS particles (Supporting Information 5).

To investigate the distribution of surface functional groups and multicolor imaging capability of MHS particles,
selective tagging reactions with fluorescent dye molecules were performed. MHS particles containing phenyl, amine
and mercapto groups were first treated with an excess amount of fluoresceamine dye to cover all the amine
functionalities on the surface of MHS particles, and then further reacted with Rhodamine B isothiocyanate through
surface mercapto groups.”®?’ Figure 2 shows confocal fluorescence spectra and the excitation/emission spectra of
dye-tagged phenyl-based tri-functional particles with amine and mercapto functionalities. MHS particles tagged with
fluoresceamine only exhibited a blue fluorescent emission peak at 475 nm by excitation at 390 nm, while those
tagged with two different dyes showed two fluorescent emission peaks (blue and red) at 475 and 570 nm using
excitation wavelengths of 390 and 540 nm, respectively. This indicates that the surfaces of MHS particles were
covered by different functional groups, demonstrating better and simpler control over the amount of multiple tagging
on the nanoparticle surface than those with only a single type of functional group. Therefore, these multi-dye tagged
MHS particles have excellent potential for applications to bio- and nanotechnologies such as multiplex signaling and
combinatorial chemistry.

The ability of MHS particles to act as potential building blocks was demonstrated by 3-dimensional self-assembled

structures constructed through selective binding between two MHS particles with different surface functional groups.

The phenyl-epoxy-carboxylic acid functionalized MHS particles of 1.4 p m in diameter and phenyl-epoxy-amine

functionalized MHS particles of 200 nm or 600nm in diameter were dispersed together in an aqueous solution to form
a self-assembled structure which was confirmed by SEM (Figure 3 and Supporting material 6). The formation of
self-assembled structures is probably due to coulombic interaction between negatively charged MHS particles with
carboxylate groups and positively charged MHS particles with ammonium functional groups, which were produced
by the protonation and deprotonation of corresponding functional groups on each MHS particle. The formation of
self-assembled structures was also confirmed by the confocal microscopy, using the phenyl-mercapto-carboxylic acid
functionalized MHS particles with the size of 1.4 pm and the phenyl-amine-epoxy functionalized MHS particles with
the size of 200 nm. The larger MHS particles were tagged with Rhodamine B isothiocynate and the smaller ones were

partially coordinated with fluoresceamine. The confocal fluorescent images of the self-assembled MHS particles
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exhibited red fluorescence from the center of the assembled structure and blue fluorescence mostly from the
periphery when excited at 390 and 540 nm, respectively. This result suggests the potential use of the MHS particles
for multicolor imaging. These self-assembled MHS particles maintained their morphology even upon severe stirring
and sonication and under acidic condition (pH <2). However, the assembled structure of the MHS particles was easily
disintegrated by addition of a base (Supporting Information 6). In the presence of a strong base, the positively
charged ammonium group transforms into negatively charged amide group. This induces repulsion between two types
of MHS particles, eventually destroying the assembled structure. In an acidic condition, negatively charged
carboxylate groups are converted into neutral carboxylic acids, producing a mixture of neutral and positively charged
MHS particles, resulting in no coulombic attraction/repulsion between the two types of particles. However, the
hydrogen-bonding between carboxyl acid and ammonium functionalities may have prevented the disintegration of the
assembled MHS particles. The formation of self-assembled structures of MHS particles and their stability in acidic
condition indicate that these particles can be useful for bio-labeling and intracellular or in vivo applications as they
can contribute signal amplification consistently. The instability in basic condition may be also useful for the
laboratory analysis of specific analytes, enabling detection, signal amplification, separation and then disassembling
for further analysis.

As an example to show multiplex tasking ability of MHS particles, the assembly of dye-doped MHS particles on
the patterned glass surface was investigated. MHS particles with thiol and carboxylic acid functional groups were
first reacted with Rhodamine B to load fluorescence dye. The dye-doped MHS particles were then attached to the
glass surface with patterned lines created by treating the glass surface with amino and octadecyl silanes, which
prepared with slight modification of the method described earlier.*® The acid-base reaction between amine groups on
the glass surface and carboxylic groups on the surface of MHS particles leads to the formation of the patterned
assembly of MHS particles on the glass, as shown in Figure 4.

In conclusion, multifunctional hybrid silica particles were prepared by facile one-pot synthesis. The types and
numbers of surface functional moieties can be controlled with great flexibility and the size of the particles can also be
controlled between 200 nm and 1.4 um with a narrow size distribution. The surface can be further modified in order
to introduce additional organic functional groups or to carry various dyes or molecules such as fluorescent image
contrast agents, targeting ligands or drugs, making them useful for various biomedical applications such as multicolor
imaging. The self assembly behavior of MHS particles with other MHS particles or on a patterned glass surface
demonstrates the ability of MHS particles to act as potential building blocks for next generation multitasking nano-
devices which can detect multiple analytes and amplify the signals.

METHODS

Typical Synthesis of MHS particles.
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1) Vinyl and methacrylate based di-functional particles

One hundred and fifty milliliters of de-ionized water was placed in a 250 mL three-neck round bottom flask while
maintaining a temperature of 40 °C, and 0.2 mL of nitric acid (60 wt%, 2.67 mmole) was added with stirring at 300
rpm. Five milliliters of VTMS (32.06 mmole) was added to an acidic aqueous solution, followed by the addition of
(3-trimethoxysilyl) propylmethacrylate, (0.5 mL, 2.06 mmole). After stirring for one minute, 40 mL of ammonium
hydroxide (30 wt%, 306 mmole) was poured into the reaction mixture to induce condensation. The solution became
turbid, indicating the formation of colloidal particles. After stirring for 4 hours, the suspension was filtered through a
membrane (Osmonics, pore size of 400 nm) and the filtered product was washed with 10 mL of de-ionized water and
10 mL of ethanol two times. The solution was dried under vacuum and 2.7 g of vinyl and methacrylate based tri-
functional particles were obtained.

2) Phenyl-amine-mercapto based tri-functional particles

A 250 mL Erlenmeyer flask maintained at 40 °C was charged with 150 mL of deionized water and 0.2 mL of nitric
acid (2.67 mmol, 60 wt%) was added while stirring at 300 rpm. Five milliliters of PTMS (24.89 mmole) was first
injected to an acidic aqueous solution, followed by the addition of 0.5 mL APTMS (2.75 mmole) and 0.5 ml MPTMS
(2.57 mmol). The resulting solution was stirred for 1 minute to allow hydrolysis followed by the addition of 40 mL of
ammonium hydroxide (305 mmole, 30 wt%) to induce condensation. The mixture became turbid and was stirred for
an additional 4 hours. The resulting multifunctional hybrid silica particles were filtered through a membrane and
washed with 10 mL of deionized water and 10 mL of ethanol several times. The filtered particles were dried under
vacuum and 2.8 g of phenyl-amine-thiol based tri-functional particles were obtained.

Surface modification reactions of MHS particles.

1) Organic modification with glutaric anhydride.

Vinyl based MHS particles with mercapto and amine functional groups (0.2 g) were placed in a 250 mL three-neck
round bottom flask and the reaction vessel was heated to 85 °C. Glutaric anhydride (0.5 g, 4.16 mmole) was added to
the MHS particles and the resulting mixture was stirred for 3 hours. One hundred milliliters of de-ionized water and
100 mL of ethanol were poured into the reaction flask for dilution and dispersion of the resulting mixture. The
suspension was stirred for 5 minutes and filtered through a membrane. The solution was dried in air and 0.2 g of
surface modified MHS particles were obtained.

2) Hydrophilic modification with nitric acid.

Three grams of phenyl-based MHS particles with mercapto and amine functional groups were placed in a round
bottom flask in an ice bath and 6 ml (60%, 80 mmol) of nitric acid was added to the flask. A solution containing 0.5
ml (98%, 10 mmol) of sulfuric acid was added drop-wise and the reaction mixture was stirred for 2 hours. For

dilution, 500 ml of cold water was poured into the reaction flask and after 10 min, the resulting particles were
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collected with a membrane filter. The particles were dried in a vacuum oven at 60° C for 4 hours and 2.8 g of surface

modified MHS were obtained.

3) Inorganic modification with Ag(NO); and the reduction to Ag nanoparticles with hydrazine.

MHS particles (0.2 g) obtained from (1) were dispersed in 100 mL of ethanol. AgNO; (0.2g, 1.18 mmole) in 10 mL
of de-ionized water was added and the resulting solution was stirred for 4 hours. To remove unreacted AgNO;, the
reaction mixture was filtered and the obtained particles were washed with 10 mL of de-ionized water at least three
times. The resulting particles were re-dispersed in 100 mL of ethanol and 0.2 mL of hydrazine monohydrate (4.19
mmole) was added to reduce the Ag” ions attached to thiol functional groups. The Ag nanoparticle doped MHS
particles were filtered through a membrane filter and washed with de-ionized water and ethanol several times. The
particles were air-dried and 0.2 g of the composite MHS particles were obtained.

3) Dual dye-tagging reaction of MHS particles.

Phenyl-based MHS particles with amine and mercapto functional groups (0.05 g) were dispersed in 50 mL of ethanol
and 50 mL of de-ionized water was added. Fluoresecamine (Strem, 0.05g, 0.02 mmole) in 20 mL of an
ethanol/water/dichloromethane (V/V/V=1/1/1) mixture was added and the reaction mixture was stirred for 4 hours.
The resulting suspension was filtered, washed and dried in air. Fluoresecamine tagged MHS particles were re-
dispersed in 50 mL of ethanol and 50 mL of de-ionized water was added. Rhodamine B isothiocyanate (0.05 g, 0.01
mmole) was added to the solution and stirred for 4 hours. The solution was filtered and the particles obtained were
washed with de-ionized water and ethanol several times. The particles were air-dried and 0.03 g of dual dye tagged
MHS particles were obtained.
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Figure Legends

Figure 1. Structures and SEM images of typical di- and tri-functional hybrid particles.
a) Phenyl based di-functional hybrid silica particles

b) Vinyl based di-functional hybrid silica particles

¢) Phenyl based tri-functional hybrid silica particles

d) Mercapto based tri-functional hybrid silica particles

Figure 2. SEM images, photoluminescence spectrum, and confocal fluorescence images of dual dye tagged MHS

particles

Figure 3. SEM and confocal fluorescence images of self assembled MHS particles with two different sizes

Figure 4. SEM and fluorescence images of dye doped MHS particles attached on the patterned surface.
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