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Since the decoding of the human genome, the need to obtain more and more molecular
information from smaller and smaller samples is intensifying. Biosystem-analysis, disease
diagnosis, and biomedical studies all require the tracking of spatio-temporal information
from multiple targets, involving proteins, genes, lipids and glycans for target pattern
recognition and system definition. Multiplexed assays are therefore required in order to
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complement advances in genomics and proteomics, and to allow a large number of nucleic
acids and proteins to be rapidly screened.[1-4]

Optical encoding technologies achieved by multiplexing colors and fluorescence intensities
of fluorophores have become an attractive strategy because a large number of high-
brightness probes can be readily produced. Both fluorescent dyel>1% and quantum
dotl1-21] embedded multiplexed microspheres offer advantages such as flexibility in target
selection, fast binding kinetics, and well controlled binding conditions. Unfortunately,
because of the large size (typically 1-15 pm in diameter), quenching and relatively broad
wavelength spectral response, these multicolor microspheres have limitations for
applications such as gene, protein, and cell system labeling. Toward the development of
uniform nanobarcode materials in the nanometer regime, a few successful attempts have
been made. The most common reaction schemes include encapsulation of fluorescent dyes
and quantum dots in silica nanobeads,®722] hydrogels,[23] and surfactant micelles.[24]

For dye-doped nanobarcodes,®7] measurements of intensities and their ratios are inherently
difficult, which limits the number of levels at which a dye can be incorporated to give
distinguishable beads. If the dyes have different excitation wavelengths then multiple
excitation lasers are required, which increases the cost of the decoding instrument, and when
the emission spectra overlap radiative and/or nonradiative energy transfer may complicate
the code.[X] Quantum dot-doped nanobarcodes offer significant advantages over
conventional fluorescent dye-doped ones because they are more photostable and have
narrower emission linewidths.[24] However, most of the quantum dots are made of toxic
materials (e.g., CdS, CdSe, CdTe), “blink”, and the difficulties in distinguishing between
codes based on different amounts of the same quantum dots are similar to those for organic
dyes.[1-3] Furthermore, for multiplexed detection a reporter dye is required and the region of
the spectrum that is occupied by its emission profile is not available for encoding, so that the
optical interference of organic reporter tags that have excitations in the visible or UV is still
a major problem. Finding a more appropriate luminescent encoding species remains a
challenging task and is crucial for the development of modern gene technology, biosystem
spatio-temporaal analysis and medical sciences.

An attractive alternative approach to this problem makes use of the upconversion generation
of rare earth emission lines. With upconversion, the rare earth ions can be excited in the
tissue transparent infrared region instead of at UV and visible frequencies to give emission
in the visible or infrared domains.[2>-40] Triply ionized RE ions in hosts typically have
emission line widths of ~10-20 nm (full width at half maximum, FWHM) in the visible
portion of the spectrum, which is about half that observed for quantum dots (25-40 nm) and
much narrower than that observed for organic dyes (30-50 nm).[26.27] This feature allows
more resolvable bands to be packed into the same spectral bandwidth, enabling a larger
number of distinct combinations. The creation of optical barcodes from ratiometric
upconverting rare earth emission was first reported in 2004141 where it was noted that the
relative fluorescent intensity ratios of the well-separated, narrow rare earth emission lines
could be measured much more accurately than emission from organic dyes or quantum dots.
Furthermore, compared to the measurements of absolute intensity values, the ratiometric
measurements eliminate effects such as particle size and shape, optical geometry or laser
power providing increased accuracy and precision and thereby increasing the number of
usable optical codes. In addition to the upconverting materials reported here, even larger
numbers of optical codes can be created from multicolor rare earth downconverting
materials[2”] where the generation of >101° optical codes was statistically demonstrated in a
6-color emitter system.
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The upconversion nanobarcodes (UPNBSs) described in this work are uniform sub-100 nm
Y203:Yb,HO, Tm@Y,03@SiO,(COQO™) core/shell nanoparticles (NPs). These UPNBs show
a high chemical stability, high quantum yields, and low toxicity, and their optical properties
can be tuned by variation of lanthanide dopants and the host matrix.[2°] All of the lanthanide
cations are embedded in a well-defined unit that can be well-characterized; and retain their
structural and optical properties over time. In particular, it is extremely important to note
that there is no optical cross talk between the upconversion optical code and any reporter
dyes. The midrange IR radiation used to excite the upconversion materials does not excite
dyes that absorb in the visible and UV region and, conversely, the upconversion materials
are not excited by the visible lasers used to excite the organic dyes. All these favorable
properties suggest a high impact potential of UPNBs in multiplexed detection.

This is one example of a composition optimized for efficient upconversion and multicolor
encoding. UPNBs were synthesized in two steps.[32:33] During the first step,
Y203:Yb,Ho,Tm@Y 03 core/shell NPs were formed by the homogeneous precipitation and
calcination processes. The Y,03 shell, with a lattice constant similar to that of the mixed RE
composition Y,03:Yb,Ho, Tm core structure, protects the luminescent lanthanide ions in the
core (especially those near the surface) from non-radiative decay caused by surface defects
as well as from vibrational deactivation from solvents or surface-bound ligands in the case
of colloidal dispersions. In the next post-coating procedure carboxylated SiO, is formed
around the Y,03:Yb,Ho, Tm@Y,03 NPs.[": 22 The carboxyl groups present on the UPNB
surface are particularly suitable for coupling reactions with polypeptides or biological
molecules. SEM images of Y,03:Yb,Ho, Tm@Y,03 NPs show uniform solid spheres with
smooth surfaces and sub- 100 nm diameters of ~80+5 nm (Figure 1a). XRD results reveal
that the UPNBs are cubic phase Y03 (space group 1a3 (206)) with lattice constant a = 10.50
A. The broadening of the diffraction peaks confirms that mono-dispersed nanospheres are
composed of the primary small particles (3-20 nm) (Figure S1). TEM images show that
each solid nanosphere is composed of many small nanocrystals, with a size distribution of
about 5-15 nm (Figure 1a inset). HRTEM results based on the crystal fringes reveal that the
distances between the adjacent crystal fringes have the same value, 0.306 nm, which can be
assigned to the {222} crystal plane of the Y,03 bce phase (Figure 1b). The specific surface
areas have been confirmed to be 25.6 m2 g~1 by BET measurement. This result also supports
the secondary structure of the Y,0O3 nanosphere and explains why the measured specific
surface areas are much higher than that calculated for an isotropci single crystal of identical
volume (7.3 m? g71).331 SEM and TEM images of the

Y203:Yb,HO, Tm@Y03@SiO,(COO™) show a uniform SiO, shell with a thickness of
about 15 nm (Figure 1c, d).

Figure 2 shows the fluorescence spectra of UPNBs obtained after 980-nm optical excitation.
By varying the rare earth composition and the doping amount, UPNBs with unique spectral
signatures can be created. Since the multiple narrow band rare earth emitters display far less
spectral overlap than quantum dots or organic dyes, it is possible to measure their relative
fluorescent intensity very accurately. This allows the resolution of a very large number of
ratiometric optical codes or optical signatures. We demonstrated that code fine-tuning can be
alternatively achieved via the three-component dopant UPNB system (Y20s3:Yb/Ho/Tm)
(Figure S1) in a multi-photon emission process (Figure 2). The co-doped Y203:25 %Yb/0.2
%Tm system exhibits a blue color emission, resulting from 1D, — 3F, and 1G, — 3Hg
transitions.[28] By adding a second emitter (Ho3*) with different concentrations to the
system, the relative intensity ratio of the dual emissions can be precisely controlled. For
example, variations in the Ho3* concentration (0.2-2.0 %) lead to prominent changes in the
green ((2Hy1/2, 4S3/2) — 4l1557) and red (*Fgj; —*115/2) spectral region (Figure 2a—d). [28]
Furthermore, variations in the Yb3* concentration for Y,03: 15 — 20 %Yb/0.2 %Tm/0.2
%Ho3* also lead to changes in the green ((3H11/2, #S372) — “l1552) and red (*Fgjy — 411579)

Small. Author manuscript; available in PMC 2012 December 07.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Zhang et al.

Page 4

spectral regions (Figure 2d—f). Consequently, the adjustable balance of emission intensities
allows the tri-doped particle system to display tunable color output from blue to green
(Figure 2). The fluorescence intensities of the various emissions within a bead relative to
one emission acting as an internal standard gives 7 optical codes for 77 colors. The number of
codes increases exponentially when multiple wavelengths and multiple intensities are used
at the same time. For example, a 3-color/10-intensity scheme yields 999 codes. In general,
intensity levels with /m colors generate (/77 — 1) unique codes.

To demonstrate the biobarcoding capabilities of multicolor UPNBs, a streptavidin-biotin
binding assay was employed (Figure 3a). Carboxyl-functionalized UPNBs were reacted to
attach streptavidin. Amine-functionalized microspheres were reacted with the NHS-
PEGsqg-biotin to couple biotin molecules to the microspheres. Biotin-coated microspheres
and streptavidin-functionalized UPNBs were then mixed at a 1:40000 ratio to ensure
sufficient saturation of the microsphere surface. SEM (Figure 3b, c) and confocal images
(Figure 3d) of the microsphere-UPNB complexes showed that biotin-coated microspheres
were densely covered with streptavidin-labeled UPNBs and revealed the coding colors of
the attached UPNBs.

In order to demonstrate the use of UPNBs for biological multiplexed assays, a model
multiplexed immunoassay system was designed using antibody-conjugated UPNBs and
secondary antibody-coated microspheres (Figure 4).[7:2441] Mouse IgG and rabbit IgG were
conjugated to different UPNBs using a carbodiimide-based approach. Cascade blue-labeled
goat anti-mouse IgG and cascade blue-labeled goat anti-rabbit IgG were immobilized onto
microsphere in a similar method. The UPNB/microsphere interaction simulates the
recognition process between conjugated UPNBs and potential receptors/antigens on the
surface of a cell or bacterium. Two sets of antibody-modified UPNBs with different
upconversion coding signal and two sets of secondary antibody-coated microspheres were
cross-reacted. The optimized molar ratio of UPNBs to microspheres was determined to be
600:1. Specific binding between anti-mouse IgG-microspheres with mouse IgG-UPNBs
(Figure 5a, b) and specific binding between anti-rabbit IgG-microspheres with rabbit IgG-
UPNBs (Figure 5g, h) were observed from the confocal images under 980 nm laser
excitation. In contrast, nonspecific binding between anti-mouse IgG-microspheres with
rabbit IgG-UPNBs (Figure 5d, e) and nonspecific binding between anti-rabbit 1gG-
microspheres with mouse IgG-UPNBs (Figure 5j, k) cannot be observed from the confocal
images under 980 nm laser excitation. The cascade blue label could also be observed from
the confocal images under 400 nm laser excitation (Figure 5¢, f, i, I). These results further
demonstrate the upconversion coding signals arose from the specific binding between the
UPNBSs and microspheres, not the aggregates of the UPNBs. In particular, it is extremely
important to note that there is no optical cross talk between the upconversion optical code
and the cascade blue label. The midrange IR radiation used to excite the upconversion
materials does not excite dyes that absorb in the visible region (Figure 5e, k) and,
conversely, the upconversion materials are not excited by the visible lasers used to excite the
organic dyes (Figure 5c¢, f, i, I). Furthermore, the cascade blue label could be replaced by
other organic dyes in a wide excitation and emission range.

In conclusion, we have successfully developed RE ions doped upconversion nanobarcodes
(<90 nm) for multiplexed signaling and bioanalysis. These NPs can be easily labeled with
biomolecules and possess optical encoding capability. In comparison to the downconversion
target materials (organic dye or quantum dots), the upconversion encoded materials provide
important advantages. Because there is no optical cross talk between the upconversion
optical code and any reporter dyes under different excitation condition, the target labels can
be selected over a wide emission range. In addition, the number of codes can be
substantially increased because the code emission range has been widened greatly. This kind
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of novel nanobarcode material can be used for rapid and sensitive analysis of antigens and
nucleic acids, and have many potential applications in clinical, food, and environment
detection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) SEM image of Y,03:Yb,Ho, Tm@Y,03 UPNBs nanospheres; inset: TEM image of
Y203:Yb,Ho,Tm@Y 03 nanospheres; (b) HRTEM images of the Y,03:Yb,Ho, Tm@Y,03
nanocrystal composed in the nanospheres, showing the primary small nanocrystals is
composed in the nanosphere. SEM (c) and TEM (d) images of

Y203:Yb,HO, Tm@Y,03@SiO,(COO™) UPNB nanospheres.
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Figure 2.

Fluorescence signals obtained from Y,03:Yb,Ho,Tm@Y,03@SiO,(COO~) UPNBs (Yb/
Tm/Ho = 25/0.2/0.2 (a), 25/0.2/0.5 (b), 25/0.2/1.0 (c), 25/0.2/2.0 (d), 20/0.2/2.0 (e) and
20/0.2/2.0 mol % (f)). Both absolute intensities and relative intensity ratios at different
wavelengths are used for coding purposes; for example (147), (139) and (334) are
distinguishable codes.
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Figure 3.

SEM images of biotinylated microspheres with (a) streptavidin-coated UPNBs and (c) bare
UPNBs. (b) Scheme for the conjugation of biotinylated microspheres with streptavidin-
coated UPNBs. (d) Confocal fluorescence image of a mixture of five types of microsphere-
UPNB complexes under 980-nm laser excitation.
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Figure4.
Scheme for the conjugation of antibody-UPNBs with secondary-antibody microspheres.
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Figure5.

Confocal luminescence images of microsphere-UPNBs complexes under 400 nm (c, f, i, I)
(for cascade blue dye) and 980 nm (b, e, h, k) (for UPNBs with different codes) laser

excitatioin: specific (a—c) and nonspecific (d—e) binding between cascade blue labeled goat
anti-mouse IgG with mouse 1gG conjugated UPNBs (code number: 147); specific (g—i) and
nonspecific (j—I) binding between cascade blue labeled goat anti-rabbit IgG with rabbit IgG

conjugated UPNBs (code number: 114).
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