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ABSTRACT

Fluorescent nanoparticles with multiple emission signatures by a single wavelength excitation are needed in multiplex bioanalysis and molecular

imaging. We have prepared silica nanopatrticles encapsulated with three organic dyes using a modified Sto “*ber synthesis method. By varying
the doping ratio of the three tandem dyes, fluorescence resonance energy transfer (FRET)-mediated emission signatures can be tuned to have

the nanoparticles exhibit multiple colors under one single wavelength excitation. These nanoparticles are intensely fluorescent, highly photost able,
uniform in size, and biocompatible. The acceptor emission of the FRET nanoparticles has generated a large Stokes shift, which implicates

broad applications in biological labeling and imaging. Molecular recognition moieties, such as biotin, can be covalently attached to the nanoparti cle
surface to allow for specific binding to target molecules. These multicolor FRET silica nanoparticles can be used as barcoding tags for
multiplexed signaling. By using these NPs, one can envision a dynamic, multicolor, colocalization methodology to follow proteins, nucleic

acids, molecular machines, and assemblies within living systems.

The need to decipher many biological events simultaneously utilized in various biological applications. For instance, arrays
has driven the development of multiplexed fluorescent tags. of fluorescent polymer microspheres that differ in intensity,
However, the number of available dyes that have single size, or excited-state lifetime have been used extensively in
wavelength excitation and distinguishable emission maxima simultaneous assays to determine multiple analytes in a single
is limited. In addition, the fluorescent signal from dye sample. TransFluoSpheres beads (Molecular Probes) incor-
molecules is weak, and the dye molecules are susceptible tgoorate two or more fluorescent dyes that undergo excited-
irreversible photodestruction. To address these issues, barstate energy transfer, exhibit large Stokes shifts, and match
coding nanoparticles (NPs) have been developed to serve asglifferent excitation sources. These beads can be used in the
alternative substrates for multiplexed bioassag§®arcoding major microsphere-based diagnostic test systems and in
NPs have exhibited advantages over energy transfer fluo-experiments that measure regional blood flow, study phago-
rescent dyesin that the NPs are not vulnerable to photo- cytosis, detect cell-surface antigens, and trace nedtons.
bleaching or degradation in the complex environment, their Recently, we have reported using nonblinking, bright, and
optical signal is higher than single dye molecules, and a largephotostable silica NPs and dual-luminophore-doped silica
barcoding library can be built. Quantum dots (QDs) have NPs for multiplexed signalingCompared to polymer NPs,
attracted great interest in this area because of their broadsilica NPs possess several advantages: (i) Silica NPs are
excitation spectra and tunable emission wavelengthin easy to separate via centrifugation during particle preparation,
a proof-of-concept investigation, it is estimated that by using surface modification, and other solution treatment processes
QDs with just 6 colors in 10 different intensities, a library because of the high density of silica (e.g., 1.96 ¢/¢om
of approximately one million entries could be encoded. silica vs 1.05 g/crhfor polystyrene); (i) Silica NPs are
However, QDs are relatively difficult to be prepared repro- hydrophilic and biocompatible, not subject to microbial
ducibly, and the surface modification chemistry is still under attack. There is no swelling or porosity change with pH
investigation. In addition, the “blinking” characteristic is a changes? while polymer particles are hydrophobic, tend to
limiting factor for raster scanning systems such as confocal @gglomerate in aqueous medium, and swell in organic
microscopy and flow cytometry. QD’s cytotoxicity is of Solvents, resulting in dye leakage. In the dual-luminophore-
concern for in vivo application¥. Commercially available ~ doped silica NP barcoding system, two types of inorganic
fluorescent polymer or latex NPs and microspheres have beeduminophores, RuBpy and OsBpy, were encapsulated into
silica NPs using the reverse micelle or water-in-oil (W/O)
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ROX. To prepare the NPs, the three types of amine reactive
1.0 4 g& A dye molecules were first covalently linked to the silane
iTgi Iy ’3 coupling agent APTS [(3-aminopropyl)triethoxysilane]: FITC-
0.8 - i ! 3 —«— FITC Ex SE [5-(and-6)-carboxyfluorescein, succinimidyl ester], R6G-
%’" X i e FITCEm SE [5-carboxyrhodamine 6G, succinimidyl ester], and ROX-
E 0.6 ¢ ’: — + R6G Ex SE [6-carboxy-X-rhodamine, succinimidyl ester] were
E it 1 +— R6G Em individually dissolved in 1.5 mL of anhydrous DMF,
B 04 ..'f | —+— ROX Ex combined with an excess of APTS at a molar ratio of dye to
% 7 :‘ «— ROX Em APTS of 1:2, and stirred under a dry nitrogen atmosphere
E 4 for 24 h in the dark. Second, the three APTS-dye conjugates
S 0.2 were mixed at desired ratios and added to a clean glass
reaction vessel containing 16.75 mL of pure ethanol and 1.28
0.0 mL of ammonium hydroxide (28.8%). The mixture was
———— stirred for 24 h. TEOS (tetraethyl orthosilicate, 0.71 mL)
350 400 450 500 550 600 650 700 750 800 was added afterward and stirred for another 24 h. After the

Wavelength (nm) reaction, the samples were centrifuged at 14 000 rpm for

Ei 1N lized itat d emissi tra of FITC 30 min to collect the silica NPs. The NPs were further
gure 1. ormalized excitation and emission spectra o , . .. . .
R6G, and ROX dyes in pH 7.4 phosphate buffer. washed with ethanol and deionized water by centrifugation
and decantation several times to remove the unreacted
where a single light source was sufficient for reading all of chemicals.
the NPs. However, inorganic dyes have relatively low  During our initial preparation process, TEOS was intro-
quantum yields and the dual-luminophore-doped NPs fall duced immediately after APTS-dye conjugates were added
short of abundant color combinations, which limits their use to the basic ethanol solution. However, we found that there
in multicolor imaging applications. To generate versatile was rather low FRET efficiency between the dyes. As shown
colors, a new strategy is to incorporate multiple energy in Figure 2a, the peak intensity ratios (measured at 520, 550,
transfer fluorescent dyes into silica NP<By varying the and 605 nm, respectively) of the triple-dye-doped NPs (dye
doping ratio of the three tandem dyes, fluorescence resonanceloping ratio= 1:1:1) are 1:0.8:0.4. ROX dye exhibits a weak
energy transfer (FRET)-mediated emission signatures can bdluorescence signal because of the low FRET efficiency. It
tuned, and the NPs exhibit different colors under one single is known that FRET is mediated by a dipeldipole coupling
wavelength excitation. A large number of NP barcodes can between chromophores and the FRET efficiency is propor-
be generated from a limited number of individual fluoro- tional to the inverse sixth power of the distance between the
phores. Another potential advantage of the FRET NPs is thechromophore&® The FRET efficiency between aw-naph-
large Stokes shift, which benefits applications in complex thyl energy donor group and a dansyl energy acceptor group
biological milieu. has been found to be 100% at a distance of 1.2 nm and 16%
Triple-dye-doped FRET silica NPs were prepared via a at 4.6 nmt’ The low FRET efficiency implies a large

modified Stdoer synthesis methdd.'> The three tandem  separation distance between the dyes encapsulated inside the
dyes were chosen carefully to allow for efficient fluorescence NPs. Our reasoning is based on the following: (i) the APTS-
resonance energy transfer. FITC, R6G, and ROX were dye conjugates must be hydrolyzed to be incorporated into
employed in our model construction because of their effective the silica matrix, it is likely that the hydrolysis reaction rates
spectral overlapping (Figure 1). In the triple-dye-doped NPs, of each APTS-dye conjugates are different, so the three dyes
FITC was used as a common donor for R6G and ROX, while are encapsulated into different silica layers, and the spacer
R6G acted as both an acceptor for FITC and a donor for shells in between reduce the FRET efficiency; (ii) the
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Figure 2. Normalized three peak intensity ratios of FRET NPs (dye doping ratiil:1) without (a) and with (b) prehydrolyzing the

APTS—dye conjugates for 24 h.
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suppressed by energy transfer. The titration curve of the
fluorescence intensity as a function of the ROX dye
concentration was obtained first. The NP concentration was
then determined by drying and weighing a certain volume
of NP solution. The fluorescence intensity of 1tbM ROX

NP was measured, and the effective fluorescence intensity
of a single NP ¢ = 70 nm) was calculated to be around
2000 times that of a single fluorophore. This high signal
amplification is essential to addressing the growing need for
highly sensitive bioassays. (iii) The NPs were colloidally
stable, and no dye leakage was observed from the NPs. The
ROX NPs dissolved in 10 mM phosphate buffer (gt77.4)
remained physically stable over one month without any

_ i . _aggregation or settling. The NP solution was centrifuged,
Figure 3. SEM image of triple-dye-doped NPs. The NPs are in o the fluorescence intensity of the supernatant was
the range of 70 nm. The NP size can be controlled with different . . -
parameters in synthesis. monitored on different days. A negligible amount of fluo-
rescence was obtained in the supernatant compared to the
NPs. No obvious dye leakage was observed because the dyes
were covalently linked to the silica matrix. (iv) The silica
matrix provides the NPs with a high photobleaching threshold
that makes them highly appealing for labeling in both long-
term in vivo cellular imaging and in vitro assay detections.

In our experiment, a 1684 M ROX NP solution was exposed

hydrolysis rate of APTS is five times slower than that of

TEOS because of the electron-donating capacity of the alkyl
group, and siloxane bond formation is much faster than the
hydrolysis steg® therefore, TEOS could be converted

entirely to silica NPs before a large number of dyes are
housed inside. The FRET efficiency is low because of a large ; _ ) o :
portion of the dyes not being incorporated into the particles to continuous intensive excnlatlon w ith a 150'V\.Iatt xenon
during synthesis or because of physical separation of thelamp and the fluorescence intensity was monitored. The

FRET pairs. To address these challenges, the three APTS ﬂzore;lcen(;? intensit{) remacijn]:ad congtetjnt,f ?nhd nﬁ'lobvigus
dye conjugates were mixed and prehydrolyzed for 24 h Photobleaching was observed for a period of 1 h, while under

before beginning the colloid formation by the addition of the same experimental conditions_, the pure ROX dye solution
TEOS. This strategy not only ensures a greater amount and0st more f[han 80% of the original §|gnal. In anothgr
equal opportunity of the dyes incorporated during NP demonstration, we tested the photostability of the NPs W_lth
synthesis but also allows the formation of small dimers or CEM cancer cells. The CEM cancer cells were bound with
oligomers between the APFSlye conjugates. The possible aPtamer conjugated dye-doped NPs via recepaptamer
formation of such dye clusters made fluorophores covalently "€cognition, and the images were taken on a confocal
attached to one another and shortened the distance betweefICroscope. After intense laser excitation for 30 min, no
them to the benefit of the FRET efficiency (Figure 2b). notlgeable fluorescgnce de_gradgtlon was ob_served. (v).Post-
However, it should be mentioned that the close proximity coating can be applied egsny fto mt_roduce_su_ltable functional
of the fluorophores might also lead to self-quenching between 9roups for further attaching biological moieties on the NPs.
identical species, so the dye-loading amount was experi- 10 functionalize the NPs with amine groups, approximately
mentally optimized to find a compromise between minimal 10 mg of NPs were dispersed in 1 mL of deionized water
self-quenching and maximal FRET efficiency. followed by the addition of 2Q:L of glacial acetic acid.
Single dye-(ROX) and triple-dye-(FITC:R6G:ROX 1:1: (3-Trimethoxysilylpropyl) dithernetrigmine (20L) was
1) doped silica NPs were prepared following the aforemen- then added, and the suspension was stirred-fa B at room
tioned procedures and characterized with respect to their sizel€MPperature. The particles were washed three times with 10
morphology, photostability, and optical/spectral properties. MM MES buffer (pH= 5.5) and dispersed in the same
The resultant NPs exhibit several remarkable features thatPuffer. Similar post-coating procedures can be employed to
show the clear advantages of these NPs. (i) The NPs wergModify the NP surface with carboxyl or thiol groups,
fairly uniform in size @ = 70 + 5 nm) as shown in the phosphorate groups, and so forth. After the NPs are modified
SEM image (Figure 3). The NP size can be controlled by with different functional groups, they can act as a scaffold
changing the amounts of ammonium hydroxide while other for the grafting of biological moieties by means of standard
parameters remain constant. For example, the NP size wadioconjugation schemes. (vi) The relative peak intensity
decreased to 25 nm by reducing the amount of ammonium'atios of the triple-dye-doped NPs exhibit good batch-to-
hydroxide to 412:L (1/3 of the initial value). (i) A large batch reproducibility. For instance, the peak intensity ratios
number of dye molecules were housed inside one NP thatfrom five parallel NP solutions (dye doping ratie 1:1:1)
exhibits an extraordinary fluorescent signal. To estimate the Were compared and the coefficient of variation was 0.9%.
amount of dye molecules encapsu|ated inside one NP, WeThiS small coefficient of variation Clearly shows the repro-
employed single-dye-doped ROX NPs because of the dif- ducibility in our current synthesis of these NPs.
ficulty of characterizing triple-dye-doped NPs where the  To test whether multiple fluorophores could be coencap-
fluorescence intensity corresponding to FITC and R6G was sulated into NPs and that FRET did take place, we prepared
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Figure 4. (a) Fluorescence emission spectra of NP samples encapsulated with one, two, or three types of fluorophores and (b) the
corresponding normalized absorption spectra.

Figure 5. NP samples with different doping dye combinations under 300-nm UV illumination. Dye doping ratio (in order): 1:0:0, 0:1:0,
1:0:1, 4:1.5:3, 0.5:0.5:0.5, 2:2:2, 0:1:1, 0.5:0.5:4.

six FRET NP tags, each containing one, two, or three types (Figure 5) or laser excitation on a confocal microscope
of fluorophores. Figure 4a shows the nonnormalized fluo- (Figure 6b). To demonstrate the biobarcoding capabilities
rescence spectra of the same concentration of the NPs byof multicolor FRET silica NPs, we employed a simplified
exciting at a single wavelength of 488 nm. Comparing the avidin—biotin binding assay. Amine-modified NPs doped
emission spectrum of triple-dye-doped (dye doping ratio  with three dyes at various ratios were reacted with the
1:1:1) NPs with that of single- or dual-dye-doped NPs, the activated ester of biotin (NHS-PEggsbiotin) to couple
decreased emission of FITC and dramatically increasedbiotin molecules to the NPs. PEG linkers functioned to orient
emission of ROX demonstrates efficient FRET between dyes the biotin molecules far away from the NP surface to ensure
in a particle. The corresponding absorption spectra (Figurethe flexibility of binding to a target. Streptavidin-coated
4b) of the six dye-doped NP solutions were normalized by microspheres and biotin-labeled NPs were then mixed at a
subtracting the absorbance of the same concentration of thel:50 000 ratio to ensure sufficient saturation of the micro-
pure silica NPs. The resultant spectra also prove successfubphere surfac&and the mixture was shaken slowly for 2 h
loading of multiple fluorophores inside one NP. Although at room temperature. The complexes were centrifuged and
the concentrations of the three respective dye solutionswashed several times with phosphate buffer to remove the
were equivalent, the absolute absorbance of single-dye-unbound NPs. The SEM and confocal images of the resultant
doped NPs varied from one another, which could be attri- microsphere-NP complexes display that streptavidin-coated
buted to the different extinction coefficients of the three dyes microspheres were densely covered with biotin-labeled NPs
(errrc: 68 000,€erec 116 000,erox: 82 000 ML cm™Y). (Figure 6a) and exhibited the coding colors of the attached
By varying the relative concentrations of each dye, the NPs. Five microsphere-NP complexes were mixed together
FRET-mediated NP emission sighatures can be adjusted anénd excited with a 488-nm Argon-ion laser, and the five
the NPs exhibit different colors under UV illumination distinguishable colors were clearly observed simultaneously
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Figure 6. (a) SEM image of one microspher&lP complex (b) Confocal fluorescence image of a mixture of five types of microsphere
NP complexes under 488-nm Argon-ion laser excitation.
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