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Abstract

We report a dye-encapsulated silica nanoparticle as a label, with the advantages of high fluorescence
intensity, photostability, and biocompatibility, in conjunction with microarray technology for
sensitive immunoassay of a biomarker, Interleukin-6 (IL-6), on a microarray format. The tris (2,2’-
bipyridyl)ruthenium (I)chloride hexahydrate (Rubpy) dye was incorporated into silica nanoparticles
using a simple one-step microemulsion synthesis. In this synthesis process, Igepal CA520 was used
as the surfactant, therefore, no requirement of cosolvent during the synthesis and the particle size
was reduced comparing to the commonly used Triton surfactant system. The nanoparticles are
uniform in size with a diameter of 50 nm. The microarray fluorescent immunoassay approach based
on dye-doped silica nanoparticle labels has high sensitivity for practical applications with a limit of
detection for IL-6 down to 0.1 ng mL L. The calibration curve is linear over the range from 0.1 ng
mL~2 to 10 ng mL~L. Furthermore, results illustrated that the assay is highly specific for IL-6 in the
presence of range of cytokines or proteins. The RuDS dye-labeled nanoparticles in connection with
protein microarrays show the promise for clinical diagnosis of biomarkers.
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1. Introduction

Biomarkers serve as indicators of biological and pathological processes, or physiological and
pharmacological responses to a drug treatment.. In the past few years, many efforts have been
focused on the discovery, identification and characterization of disease related biomarkers.
Interleukin-6 (IL-6) is a pro-inflammatory cytokine that has an active role in inflammationz,
immunology3, bone metabolism?, reproduction5, arthritis®, neoplasia7, and agingB. Elevated
levels of IL-6 are associated with clinical as well as subclinical cardiovascular disease®. The
normal level in serumis in the range of 10—75 pg/ml, whereas individuals with various disease
states have elevations in IL-6 levels in the ng/ml rangelo. High levels of IL-6 also have been
correlated with prostate cancer of hormone-independent prostate cancer patientsll, breast
cancer of AIDS patientslz, and stress3.

Due to the importance of biological and pathological functions of IL-6, a number of assays
including, the enzyme-linked immunosorbent assay (ELISA), enzyme-linked immunospot
(ELISpot) assay1 , radioimmunoassay (RIA)15 and electrochemical immunoassaylﬁ, have
been employed in the bioanalysis of cytokine IL-6. Recently, protein microarray technology
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has attracted wide attention because of the potential to use verf/ small sample volumes and the
ability to analyze large number of samples (high throughput) . Urbanowska group 18 and
Johnson group applled the protein microarray technology with dyes Cy3 and Cy5 as labels
in monitoring of IL-6 and other cytokines, which significantly improves the sample throughput
due to the high density samples in the array format. However, these methods require biotin
amplification using biotinyl tyramide to attract more dye molecules, which introduces more
steps and complexity into the procedure20

Recent development in nanotechnolo%les provides more opportunities for researchers in
bioanalysis and clinical dragnosrs 0 Various synthesis approach for preparing
nanoparticles and their application in bioimaging, labeling, and sensing have been reported.
Silica NPs shows many advantages, e. g. ease of fabrication and functionalization, high stability
in a variety of environments, and biocompatibility for the development of labels, carriers, and
vehicles. Silica nanoparticles for loading probes also have a number of advantages over organic
ones (e.g. polystyrene beads): (i) There are no swelling or porosity changes with changing in
pH. (ii) They are nontoxic and highly biocompatible with biological systems. (iii) Their
surfaces can be easily modified with different functional groups. Different strategies (e.g.,
covalent binding, entrapment, and electrostatic interaction) have been used to prepare
functionalized silica NPs for bioimaging, diagnosis, and therapeutic applications. Organic
dyes, protein, DNA, and drugs have been used to functionalize the silica NPs for specific
applications. For example, fluorescent dyes and enzymes have been attached to silica NPs for
cell imaging or for analyzing small biomolecules3! ; drug- and DNA-functionalized srlrca NPs
have been evaluated as vehicles for drug and gene deIrvery32 Recently, Tan's group 22
used a microemulsion technique with polyoxethylene (10) isooctylphenyl nonionic surfactant
(Triton X-100) for synthesizing a dye-doped silica nanoparticles which can encapsulate several
thousands of dye molecules per nanoparticle. And these silica nanoparticles can be used for
sensitive detection of protein biomarkers. The advances of this type of nanoparticles include
the high intensity of the fluorescence, excellent photostability and good biocompatibility.

In the commonly used Triton surfactant system for microemulsion synthesis, the surfactant
tends to form aggregated liquid crystalline structures and a cosolvent such as alcohol has to be
used to stabilize the mrcroemulsron due to the low solubility of the surfactant (to break the
liquid crystalllne structure) . The solubility of the hydrophilic component (water) is also very
limited34. In such synthesis, the silica particle sizes are very sensitive to the kind of cosolvent
and cosolvent concentration, and the particle sizes are typical over 70 nm3S. The added alcohol
also has a large effect on the hydrolysis of condensation of the silicate specres36

The purpose of this paper is to develop an alternative microemulsion route for dye-doped silica
nanoparticle synthesis, and to demonstrate the application of these dye-doped nanoparticles as
fluorescent labels for direct detection of protein biomarkers (IL-6 was used as a model
biomarker) in a protein microarray. We chose a different non-ionic surfactant system, Igepal
CA520 ((CgH17)-CgH4-O-(CH»-CH»-0)sH) and n-heptane. The CA520 and heptane system
has good solubility for both the surfactant and water, and has a large, stable single phase
microemulsion region in the phase diagram. The microemulsion can be directly prepared
without the addition of a cosolvent (alcohol) to stabilize the microemulsion phase,22 and
therefore is a more straightforward and controllable method. As an added benefit, since no
alcohol is added, a fast hydrolysis rate is observed (a high alcohol to TEOS ratio usually slows
down hydronS|s) , which leads to high nucleation rate and smaller particles (down to 50 nm).
In the microarray approach, the captured anti-1L-6 antibodies were printed on an amino-
functionalized slide with a microarrayer. The dye—doped silica NPs modified with secondary
anti-1L-6 antibodies were used as labels. IL-6 in samples was detected through a sandwich
immunoassay and fluorescence microarray scanner. The sensitivity and specificity of the
method was examined in the presence of other proteins. Protein microarray analysis with the
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antibody conjugated silica nanoparticles containing high intensity of dyes showed good
sensitivity and high specificity. It provides new opportunity for clinical detection of IL-6 related
diseases.

2. Experimental

2.1. Apparatus

A ScanArray Express HT microarray scanner from Packard BioScience BioChip Technologies
(Billerica, MA) was used for fluorescence image and quantitative detection. Images thus
captured in the ScanArray software were quantitated using ImaGene software (Biodiscorvery).
Fluorescence spectra were taken from a SPEX, 1680 double spectrometer. A robotic printer
MicroGrid from Apogent Discoveries (Wilmslow, Cheshire, UK) was used to prepare antibody
microarray. Transmission electron microscopy (TEM) image was carried out on a Jeol JEM
2010 microscope at 200 Kev. All images were digitally recorded with a slow-scan charged
coupled devices camera (image size 1024x1024 pixels). Centrifugation was performed with a
Sorvall RC 26 plus (Kendro Laboratory Product).

2.2. Reagents

Mouse IgG, heptane, tetraethyl orthosilicate (TEOS), acetone, ethanol, bovin serum albumin
(BSA), phosphate buffer saline (0.1 M, pH 7.4) (PBS), acetic acid, 3-aminopropyltriethoxy-
silane (APTS), glutaric anhydride, MES hydrate, N-hydroxy succinimide (NHS), N,N-
dimethylformamide (DMF), N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide
hydrochloride (EDC), Igepal CA-520 and Tween-20 were purchased from Aldrich-Sigma (St.
Louis, CA). 1 x PBS/casein blocking solution was purchased from Bio-RAD Laboratories
(Hercules, CA). The 1 x PBS/casein blocking solution contains 1% casein. The 0.1x PBS/
casein blocking solution indicates a 10x dilution from the 1x sample. Tris (2,2’-bipyridyl)
ruthenium (1) chloride hexahydrate (Rubpy) was purchased from Strem Chemicals
(Newburyport, CA). Ammonia hydroxide was purchased from Fisher Scientific (Tustin, CA).
Biotin anti-mouse IL-6, purified anti-mouse I1L-6, recombinant mouse IL-6, recombinant
mouse IL-1o and recombinant mouse IL-1 were purchased from BioLegend (San Diego, CA).
Recombinant mouse tumor necrosis factor alpha (TNF-a), was purchased from eBioscience
(San Diego, CA). MMP-2 was purchased from EMD Biosciences, Inc. (San Diego, CA). Bis-
(sulfosuccinimidyl) suberate (BS3) was purchased from Pierce Biotechnology Inc. (Rockford,
IL). All of the chemicals were used as received and all stock solutions were prepared using
Milipore-purified deionized or autoclaved water.

2.3. Preparation of Rubpy Doped Silica (RuDS) Nanoparticles

The nanoparticles were prepared using the microemulsion method. In a typical microemulsion
for preparation of silica nanoparticles, 40 g of surfactant Igepal CA-520 was dissolved in 160
g of heptane with stiring. 35 mg of Rubpy dye was dissolved in 3.76 g of ammonium hydroxide
(28—30% by weight) and 0.5 g of water, and added to the surfactant solution. Then, 0.8 g of
TEOS was added with stirring. The mixture was stored in dark for 48 hours. Acetone was added
to break the microemulsion and the particles were recovered by centrifugation at 10,000 RPM
for 10 min. The particles were washed a few times with ethanol and finally washed with water.
The size and morphology of dye-doped silica nanoparticles synthesized in W/O microemulsion
were measured using a TEM. The sample for TEM was prepared by placing a few drops of the
nanoparticle-containing solution on carbon-coated copper grids. After evaporation of the
solvent, the particles were directly observed at an operating voltage of 200 kev.
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2.4, Preparation of Anti-IL-6 Conjugated RuDS Nanoparticles

In order to conjugate with biomolecules, RuDS nanoparticles were functionalized with
carboxyl groups. Two milligrams of fluorescent silica particles were dispersed in 2 mL of 1
mM acetic acid solution containing 1% APTS. The mixture was incubated at room temperature
with gentle shaking for 30 min. The amino-modified silica nanoparticles were washed with
PBS and precipitated by centrifugation at 13,000 rpm for 10 min. The top solvent was
discarded. The nanoparticles were redispersed with PBS buffer by sonication. After 3 times
washing, two mL DMF containing 0.0231 g glutaric anhydride was used to disperse the
functionalized silica nanoparticles and the solution was incubated overnight. This incubation
leads to attachment of carboxyl group on the surface of silica nanoparticle525. After washed
two times in DMF and one time in water, the nanoparticles were dispersed with a 2 mL aqueous
solution containing 0.1 M MES, 10 mM NHS and 10 mM EDC and activated for 1.0 hour.
Then the silica nanoparticles were washed in PBS once. The activated nanoparticles were
dispersed in 2 mL PBS containing 200 uL 0.2 mg/mL anti-IL-6 and incubated for 3 hrs. This
incubation resulted in the modification of antibodies on the surface of silica nanoparticles. The
antibody conjugated nanoparticles were finally washed three times in PBS and dissolved in 1
mL PBS containing 0.1% BSA (PBSB buffer) to have a concentration approximately 2 mg
mL~1 and stored in 4 °C until use. The conjugated nanoparticles were diluted 600 times in
PBS, and then used for fluorescence characterization with excitation at 450 nm.

2.5. Microarray Fluorescence Immunoassay

Aminosilanated slides were modified with 200 pL of a 0.3 mg/mL fresh solution of the
homobifunctional cross-linker BSS in PBS (Dulbecco's phosphate buffered saline) for 5 min.
The slides were rinsed briefly with 70% ethanol and dried under a stream of N, gas. Anti-IL-6
antibody (0.5 mg/mL in PBS) was printed to each spot on the slides with a robotic MicroGrid
printer from Apogent Discoveries (Wilmslow, Cheshire, UK). The diameter of each spot was
approximately 150 um. Each array contains 6 spots (2 rows).

The arrays were then marked with a hydrophobic pen for facilitating to probe the array with
small volumes. The hydrophobic barrier marked by the pen held the small-volume samples
over the spotted array. During this step, the arrays were allowed to dry for 5 min. Each array
was blocked with 30 uL 1 x PBS/casein for 1hr. The excess was removed by aspiration. The
slides were washed three times (5 min each time) with 0.01 M PBS, 0.05% Tween (PBST)
buffer. Each array was covered with 30 pL of targeted antigen solution with a desired
concentration and incubated overnight in a humidified chamber. The excess was removed by
aspiration. The slide was again washed three times with PBST buffer. The array was probed
with 25 pL 6-fold diluted antibody conjugated RuDS nanoparticles (2 mg mL™1) for 2 hrs.
After removing the excess and washing with PBST buffer three times, the array was further
rinsed with deionized water twice and air-dried. Fluorescence image and quatitative detection
of the protein microarray was performed with a ScanArray Express HT microarray scanner.
An argon laser 488 nm was used for excitation and a filter of 592 nm was programmed for
image measurement.

2.6. Specificity of Sandwich Immunoassay

The specificity of sandwich immunoassay was examined with different antigens. Protein
microarray protocol was the same as aforementioned except that the target antigen, 1L-6, was
replaced with six other proteins: IL-1a, IL-1B, TNF-a, MMP-2, 1gG and 1% BSA. The
concentration of the former five proteins used was 500 ng mL~1. The antigens were all diluted
in 0.1 x PBS/casein blocking solution. Fluorescence detection was performed after the
completion of the sandwich immunoreactions.
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3. Results and Discussion

In this study, RuDS nanoparticles were used as the label for protein microarray analysis of the
biomarker IL-6. The formation of the dye encapsulated nanopartciles involves dissolving the
dye molecules in the core region, silicate condensation with the dye, and surfactant removal
(Fig. 1). The microemulsion solution was prepared by mixing adequate amounts of surfactant,
organic solvent and aqueous solution of dye in aqueous ammonia. Aqueous ammonia acts as
both a reactant (H,O) and a catalyst (NH3) for the hydrolysis of TEOS. As discussed earlier,
surfactant CA-520 was used because of the stable microemuslion region that does not require
a co-solvent to stabilize the micellar droplets.?’7 The prepared silica nanoparticles were
characterized with TEM and fluorescence spectrometer. Fig. 2 shows the typical TEM image
of RuDS nanoparticles. The nanoparticles were uniform in size with a diameter around 50 nm.
Careful examination of the TEM image reveals porous features in the particles, most likely
due to the presence of the dye molecules trapped inside. The particles have a smaller size likely
due to the fast nucleation without the addition of alcohols. Silica particles nucleate in the early
reaction period and subsequently grow into final sizes through the continual collection of
reacting species. The growth of silica particles followed a size-independent rate such that the
shape of particle size distributions was preserved during particle growth,38 but the particle
sizes depend on droplet sizes of the micelles as well as the number of nuclei. A fast nucleation
rate favors large number of nuclei and therefore smaller particles sizes. The RuDS nanoparticles
have a strong emission spectrum at 595 nm with the excitation wavelength at 450 nm. This
spectrum matches that of free Rubpy dye (data not show). Serially diluted nanoparticles were
subjected to fluorescence intensity analysis. A linear relationship between the concentration
of the nanoparticles and the fluorescence intensity was observed (Data not shown). These
results indicate that the silica matrix does not have any negative effect on the emission or
excitation for the dyes in the nanoparticles. Based on the concentration of silica and dye
molecules, we estimated that about 9,000 Rubpy dyes were encapsulated inside silica
nanoparticles. The dye concentration used here represents less than 1 wt% relative to the oil
(heptane). As compared to Triton X-100, one of the advantages of CA520 surfactant is high
solubility of the hydrophilic component in the microemulsion region. Up to 25 wt % of water
can be solubilized.30 Therefore we expect amuch higher dye concentration can be incorporated
in the microemulsion nanoparticles.

Functional groups can be easily attached to silica nanoparticles through silanization for
bioapplications. Fig. 3a illustrates the scheme of synthesis of antibody conjugated RuDS
nanoparticle. The silica nanoparticles were functionalized with amino groups on the surface
by the interaction with APTS. Amino modified silica nanoparticles were subsequently
carboxylated with glutaric anhydride in DMF. Carboxylated silica nanoparticles were readily
conjugated with anti-1L-6 in the presence of EDC and NHS. This paper utilized a two step
synthesis of antibody conjugated nanoparticles-first generating NHS group on the surface of
carboxylated silica nanoparticle and then binding the antibody to the activated surface,
preventing self conjugation between antibodies if one step was used.

Protein microarray technology shows promise for clinical appreciations because of its high-

throughput capability. Here we develop a new approach incorporating one stable RuDS labels
with protein microarray technology for the detection of 1L-6. Fig. 3b shows the scheme of the
sandwich immunoassay on a microarray format with an amino modified glass slide. Primary
antibody, anti-1L-6, was printed on the slide with a microarrayer and immobilized on the surface
through a cross linker, BS2. Then the antibody modified slides were blocked with 1 x PBS/

casein to reduce the non-specific binding for the immunoassays. After washing and aspiration,
the primary antibody immobilized slide was incubated with antigen, IL-6 to form an antibody/
antigen complex. Following the routine washing, the slide was again incubated with secondary
anti-1L-6 antibody conjugated RuDS nanoparticle to form sandwich-type immunocomplexes
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with the dye-doped nanoparticles as tags. The completed slides were scanned with a
fluorescence microarray scanner. The approach was evaluated with artificial 1L-6 samples.
Each IL-6 solution with a specific concentration covers 1 array (6 spots in 2 rows) in a slide.
For easy comparison, only one row of images for each concentration was shown in Fig. 4A
and Fig 5. Fig. 4A shows the fluorescence image of protein microarray with different
concentrations of I1L-6. It can be seen from this figure that the intensity of the fluorescence
images increases with increasing antigen concentration from 0.1 ng mL™1 up to 100 ng
mL~L. The resulting calibration curve of fluorescence intensity versus IL-6 concentration is
linear from 0.1 ng mL ™1 to 10 ng mL~1 (Fig. 4B). When the concentration of IL-6 increases
to a certain level, the fluorescence intensity starts to level off, indicating that the binding affinity
of the immunocomplex reaches saturation. The signals of six replica spots from each
concentration are reproducible with a relative standard deviation less than 10%. The control
sample without the presence of IL-6 does not have any spots of fluorescence, indicating that
there is no nonspecific binding on the surface, which is ascribed to complete blocking of the
surface with blocking agents and washing steps.

In order to examine specificity of the immunoassay on the microarray format with the dye-
doped nanoparticle labels, six different proteins, IL-1a, IL-1B, TNF-a, MMP-2, IgG and BSA
were chosen. The solution containing each protein of 500 ng mL~1 was incubated on the anti-
IL-6 immobilized slides followed by reaction with anti-IL-6-RuDS conjugates. After the
completion of the sandwich immunoreactions, the slides were subject to fluorescence
microarray scanner. The fluorescene images of the immunoassay on the slides obtained with
different proteins was shown in Fig. 5. It can be seen from Fig. 5 that there were not any
fluorescent image spots for the chosen six proteins while clear circles with high intensity of
fluorescence appeared for IL-6. It indicates that the approach is very specific and there is no
non-specific binding (e.g. cross-reactivity, physical adsorption) on the microarray
immunoassay, which is due to the high specific binding capability of the IL-6 antibodies and
complete blocking and washing steps.

4. Conclusions

In this paper, we discussed the synthesis of uniform dye doped silica nanoparticles and
demonstrate application of the nanoparticle as labels for sensitive detection of IL-6 on a protein
microarray format with a fluorescence scanner. The dye encapsulated nanoparticles have bright
fluorescence properties and can be easily modified and conjugated with biomolecules. The
unique characteristics of RuDS nanoparticles make them applicable in detection of biomarkers.
The feasibility of bioassay using RuDS labels in connection with protein microarray technique
were studied with IL-6 as a model analyte. RuDS encapsulated silica nanoparticles as labels
incorporated with protein microarray technology have high sensitivity for detection of
biomarker, e.g. 1L-6 and the detection limit can be as low as 0.1 ng mL 1. There was no cross
reactivity between co-existing proteins. This approach has good potentials for clinical
diagnosis and prognosis of IL-6 related diseases.
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Fig. 1.
The schematic illustration of the synthetic procedure for the preparation of Rubpy doped silica
(RuDS)
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Fig. 2.
Typical TEM image of RuDS nanoparticles.
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Fig. 3.

(a) Schematic illustration of the procedure for the preparation of antibody conjugated RuDS
nanoparticles. (b) The scheme of the RuDS label-based fluorescent immunoassay of IL-6 on
a protein microarray format. A) capture anti-1L-6 antibody was printed on the slide. B) antigen,
IL-6, was attached to the slide via antibody/ antigen recognition. C) anti-IL-6 antibody-RuDS
conjugates was coated on the slide to form a sandwich immunocomplexes with RuDS as tags.
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Fig. 4.

(A) Fluorescence images of protein microarray with different concentrations of antigen, IL-6
(control, 0.1, 1, 10, 30, 60, 100 ng mL1). (B) Calibration curve of fluorescence intensity versus
IL-6 concentration.
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The fluorescence images of an IL-6 protein microarray incubated with different antigens, IL-6
(10 ng mL 1) and IL-1a, 1L-1B, TNF-a, MMP-2, IgG (all in 500 ng mL 1) and 1% BSA.

Analyst. Author manuscript; available in PMC 2009 November 1.



