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Abstract
In this report, the development of multi-channel Anti-Stokes luminescent Y2O3 nanoparticles for
application to in vivo upconversion imaging is detailed.

Luminescent upconverting materials have been known for over 50 years. Only recently has
interest focused on preparing these compounds on a nanoscale for applications in
biotechnology.1 Current optical imaging and assay technologies primarily are based on the use
of organic fluorophores or semiconducting quantum dots.2 Materials, such as yttrium oxide
(Y2O3) doped with rare earth elements offer an emerging alternative for use in optical imaging.
Erbium and ytterbium containing Y2O3 particles absorb near infrared light at 980 nm and can
emit higher energy, shorter wavelength photons in an Anti-Stokes emission process.3

For bioimaging applications Anti-Stokes luminescence offers key advantages over traditional
downconversion emission observed with organic fluorphores and quantum dots. One issue
concerning the use of small molecule fluophores is a lack of photostability under prolonged
excitation. Unlike organic dyes, upconverting Y2O3 nanomaterials show excellent
photostability and low toxicity.4 Quantum dots also have excellent photostability, but there are
potential cytotoxicity issues associated with their use in vivo due to their inclusion of highly
toxic metals such as cadmium,5 which is released in the presence of the biological oxidant
hypochlorous acid.6 Tissue autofluorescence is another concern with the use of small molecule
fluorophores for in vivo imaging. There are few if any intrinsic biological materials that display
upconversion emission, therefore, upconversion emission processes may significantly limit
this source of interference.

For use of upconverting nanomaterials as in vivo imaging agents, several criteria must be met.
These include near infrared excitation and emission, water solubility, biocompatibility, and
means for attachment of additional optical reporters or targeting molecules. In the past few
years, there have been reports of upconverting nanoparticle preparations that meet some of
these criteria.7
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In vivo optical imaging focuses on the use of luminescent reporters that have excitation and
emission in the NIR (∼600−1000 nm) where light absorption and scattering from biological
tissues is minimized.8 Excitation and emission in this wavelength range can be achieved by
use of Y2O3 nanoparticles co-doped with erbium and ytterbium.3 These particles may be
excited using simple 980 nm diode lasers and show upconversion emission in the green or far-
red/NIR depending on the concentrations of the dopants. Here we detail the preparation of
surface modified upconverting Y2O3 nanoparticles containing erbium and ytterbium, which
are suitable for conjugation to additional optical reporters or targeting groups. Importantly
these materials can be excited with non-harmful doses of light and have luminescence emission
centered at 660 nm. The utility of these particles for in vivo blood pool imaging is demonstrated
by visualization of the vasculature in a mouse model after intravenous injection of the
nanoparticles.

Although there are some reports of water dispersable nanoparticles,2a, 2c, 7b, 9 most methods
to produce these materials yield either uncoated or hydrophobic particles that aggregate
strongly or do not suspend in water. As a general approach to preparation of water-soluble
upconverting nanoparticles, we developed a simple procedure for the surface coating of
unmodified Y2O3 particles based on carboxylic acid coordination to the particles (Scheme 1).
The surface modification of Y2O3

10 and isostructural Gd2O3
11 nanoparticles with simple

carboxylic acids has been investigated extensively. To prepare stable coatings, upconverting
Y2O3 nanoparticles are first coated with the polydentate polymer, polyacrylic acid (PAA). This
is accomplished by sonication of the uncoated nanoparticles in ethylene glycol solution
containing polyacrylic acid. Nanoparticles coated with carboxylic acid groups are not ideal for
vascular imaging as they may show pronounced non-specific tissue binding12 or shortened
circulation half-lives in the blood.13 To minimize the potential for non-specific binding, the
carboxylic acid coated Y2O3 nanoparticles were coupled to 2000 MW mPEG-NH2
polyethylene glycol (PEG) polymers using standard amide coupling chemistry (Scheme 1).
The presence of the PEG coating on the particles was verified by FTIR spectroscopy (Fig. S1,
supporting information). For broader application to in vivo imaging, it will ultimately be
necessary to functionalize the nanoparticle surfaces with additional optical handles or targeting
moieties. To demonstrate the ability to couple multiple species to the nanoparticle surfaces, an
amine modified carbocyanine fluorophore, synthesized via nucleophilic attack of a BOC
protected tyramine on a chloro-substituted carbocyanine dye (Scheme S1, supporting
information), was coupled to the nanoparticle surface simultaneously with the amine-modified
PEG.

The PEG and NIR fluorophore modified nanoparticles are easily dispersed in water. The
measured mean hydrodynamic diameter of the particles is 101 nm as determined by Dynamic
Light Scattering (DLS) experiments (Fig. 1a). In addition, the Y2O3 cores of the coated particles
were investigated by SEM (Figure S2, supporting information). The particles show excellent
stability in water with no particle aggregation observed even after three weeks in solution (Fig.
1a, inset). One concern with the use of new nanomaterials is their potential cytotoxicity.
Lanthanide oxides, however, have been shown to have low cytotoxicity4b and recently Y2O3
nanoparticles were demonstrated to function as neuroprotective agents.4a To investigate the
cytotoxicity of the PEG coated Y2O3 upconverting nanoparticles, increasing concentrations of
the particles were incubated with RAW cells and cell viability was assessed (Fig. 1b). These
data show little or no cytotoxicity up to a nanoparticle concentration of 500 μg / mL. This
agrees with recent reports on the cytotoxicity of similar upconverting nanomaterials based on
a NaYF4 matrix.2a, 14

The upconversion emission centered at 660 nm is readily detected upon excitation of a dilute
(500 μg/mL) aqueous solution of the nanoparticles with a 980 nm diode laser at an excitation
power density of 500 mW/cm2 (Fig. 1c). The 980 nm excitation and 660 nm emission from
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the particles fall well within the wavelength range where biological tissue has increased optical
transparency. When excited at 750 nm, the particles also display strong fluorescence signal
originating from the attached carbocyanine fluorophores (Fig. 1c). The dye loading on the
nanoparticle surface was determined to be 1100 dyes/nanoparticle. One concern with
attachment of organic fluorophores to nanoparticle surfaces is the potential for significant
quenching of the fluorophore emission resulting from interactions with the nanoparticle core.
Significant nanoparticle mediated fluorophore quenching has previously been observed with
iron oxide15 and gold16 nanoparticles. The fluorescence emission of the fluorophore modified
Y2O3 nanoparticles was investigated by comparing the emission of the nanoparticle-
conjugated particles to an equimolar solution of the free carbocyanine dye in aqueous solution.
Less than 5% fluorescence quenching of the dye loaded particles was observed (Fig. S4,
supporting information), indicating little or no quenching by the Y2O3 nanoparticle cores.
These data show the Y2O3 upconverting nanoparticle platform is a capable carrier for organic
fluorophores and may be used as a multichannel optical probe.

The application of the dual channel upconverting nanoparticles to in vivo vascular imaging
was studied. Small animal imaging was performed following tail vein injection of the
nanoparticles intonudemice. For the imaging experiments a custom built microscope system
containing a 980 nm diode laser, for upconversion excitation, and a 737 nm laser, for excitation
of the NIR fluorophore, was used. Following probe injection, blood vessels in the mouse ear
were imaged. The probe is clearly visible through a 750 nm short-pass filter using the 980 nm
diode laser for excitation at a measured laser power density of 550 mW/cm2 (Fig. 2). This
power density is below the conservative limit set for human skin exposure at 980 nm of 726
mW/cm2.17 Furthermore no harmful effects from laser exposure at this power density were
observed in the mice even after prolonged exposure. The particles are long circulating and can
be easily imaged in the blood more than two hours post injection. Excellent co-localization of
the carbocyanine fluorescence and upconversion luminescence signals are observed (Fig. 2)
indicating the organic polymer coating of the nanoparticles remains intact in vivo. In addition
to their use for the acquisition of static vascular images, the particles are sufficiently bright to
enable real-time imaging (Supporting materials). To accomplish this, the mouse ear was
irradiated at 980 nm with a power density of 550 mW/cm2 and images were recorded at a rate
of 5 frames per second. This demonstration of in vivo upconversion imaging opens the
possibility for future use of this nanoparticle platform for angiography, intraoperative imaging,
or other bioimaging applications.

In conclusion, the ability of lanthanide-based nanomaterials to undergo upconversion
luminescence emission has been known for many years, however, only recently have efforts
been put forth to develop these materials into biocompatible agents. In this report, an efficient
route for preparation of upconverting Y2O3 nanoparticles suitable for in vivo imaging is
demonstrated. The aqueous dispersible nanoparticles are coated with PEG polymers and NIR
emitting carbocyanine fluorophores. Little or no quenching of the attached carbocyanine
fluorophores is observed even with a dye loading of over 1000 dyes per nanoparticle.
Preliminary data with these materials show they have low cytotoxicity. The upconversion
emission signal from the particles is readily visible in vivo with excitation using a clinically
relevant laser power density at 980 nm. Practical utility for imaging the vasculature in live
mice is demonstrated with the nanoparticles. These initial studies indicate that this
functionalized Y2O3-based upconverting nanomaterial is a promising platform for in vivo
optical-based diagnostic imaging.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Surface modification of Y2O3 upconverting nanoparticles with polyacrylic acid, polyethylene
glycol and NIR emitting fluorophores.
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Fig. 1.
Characterization of the water-soluble Y2O3 upconverting nanoparticles; a) dynamic light
scattering data indicating a hydrodynamic diameter of 101 nm and long term stability of the
particles in aqueous solution (inset), b) viability of RAW cells after incubation with increasing
concentrations of the nanoparticles as determined by the MTS assay, and c) normailzed
emission spectra of the nanoparticles in 0.1 M pH 7.4 bicarbonate buffer. The particle
concentration is 500 μg/mL (315 pM). The emission maxima are 660 and 797 nm for the
upconversion and carbocyanine signals (solid and dashed lines, respectively). Excitation for
the upconverting particles is at 980 nm with a power density of 500 mW/cm2, the carbocyanine
dye is excited at 750 nm.
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Fig. 2.
Optical imaging of blood vessels in the mouse ear following tail vein injection of the
nanoparticles (10 mg); a) blood vessels imaged with a blue light filter, b) upconversion image
with excitation at 980 nm and a laser power density of 550 mW/cm2, c) fluorescence image of
the carbocyanine dye with excitation at 737 nm, d) merged image of the upconversion and
fluorescence signals. Both the upconversion and carbocyanine fluorescence images were taken
with an exposure time of 10 s.
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