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Photon Upconversion

P hoton-upconverting nanoparticles (UCNPs) are lanthanide-doped
nanocrystals that emit visible light under near-infrared excitation (anti-
Stokes emission). This unique optical property precludes background
fluorescence and light scattering from biological materials. The emis-
sion of multiple and narrow emission lines is an additional hallmark of
UCNPs that opens up new avenues for optical encoding. Distinct
emission signatures can be obtained if the multiple emission of UCNPs
is tuned by their dopant composition or by surface modification with
dyes. Tuning the intensity of only one of the multiple emission lines and
using another one as a constant reference signal enables the design of
ratiometric codes that are resistant to fluctuations in absolute signal
intensities. Combining several UCNPs each displaying a distinct set of
emission lines expands the coding capacity exponentially and lays the
foundation for highly multiplexed analyte detection. This Review
highlights the potential of UCNPs for labeling and encoding bio-
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molecules, microspheres, and even whole cells.

1. Introduction

The development of new encoding strategies is a driving
force for multiplexed analyte detection in complex mixtures
with minimized sample volume, assay time, and cost. Multi-
plexed analyte detection enables genotyping,!! medical
diagnosis,? screening of combinatorial libraries,”! and envi-
ronmental monitoring.! Two multiplexed assay formats can
be broadly distinguished: In the first, a multitude of probe
elements is identified by the spatial position on planar
arrays.’l In the second, the probes are attached to suspended
microspheres that are labeled with an identifier code or
“barcode”.! Microspheres in suspension have a large surface
area and enable fast binding kinetics. Whereas planar arrays
have to be spotted individually, encoded microspheres can be
generated faster and more homogeneously in large batch
syntheses.”) Thus, encoded microspheres have the potential to
greatly reduce the costs per array, provided they can be
detected using simple and inexpensive instrumentation.
Encoded microspheres®’—and even cells!'"'—benefit from
higher flexibility because they can be sorted in suspension
using flow cytometry or assembled into arrays of femtoliter
wells.'2 Both modes of detection allow for screening a large
number of different probe elements in parallel. In addition,
each type of encoded microsphere is present in multiple
copies, which allows the observation of a statistically relevant
number of probe elements in a single experiment.

The maximal degree of multiplexing based on the use of
(suspended) microspheres depends on the number of identi-
fier codes that can be detected separately. Various optical
encoding strategies have been described to obtain as many
codes as possible. Graphical encoding, for example, uses two-
dimensional patterns on microparticles as barcodes.'*®!
Defining and resolving optical patterns on a micrometer
scale, however, relies on sophisticated instrumentation. In
contrast, spectral encoding, exploits either characteristic IR
or Raman spectra fingerprints as encoding elements!"2* or
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the emission spectra and intensities of luminescent materials,
such as fluorescent dyes, quantum dots, or photon-upconvert-
ing nanoparticles. The labeling of microparticles with fluo-
rophores is probably the most established method for spectral
encoding.®»! Microspheres, usually made from polystyrene,
can be swollen in an organic solvent containing defined
concentrations of fluorophores. Following the transfer of the
microparticles to an aqueous solution, they shrink and
permanently enclose the fluorophores.

Spectral encoding is compatible with standard optical
detection schemes, such as flow cytometry and is thus widely
applicable. Equation (1) gives the maximal number of spec-
tral codes (C)

C=i"-1 1)
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where i is the number of intensity levels that can be
differentiated and w is the number of wavelengths.”! One
intensity level always has to be subtracted as it is indistin-
guishable from the background. C can be increased exponen-
tially by using multiple intensity levels and multiple wave-
lengths at the same time. For example, four intensity levels
and two wavelengths result in a coding capacity of 15 (= 4*—1;
Figure 1), while ten intensity levels and four wavelengths in

back-
ground

==

) ) e

Figure 1. Schematic representation of an encoding scheme. Micro-
spheres are labeled with combinations of two fluorescent dyes that
emit either green or red light. The emission intensity of each dye can
be modulated individually by adjusting their concentrations. Micro-
spheres that contain no fluorophore cannot be distinguished from the
background. Thus, a combination of two colors and four intensity
levels yields 15 (=4*~1) codes.

principle yield 9999 codes. The actual coding capacity, how-
ever, is limited because of a)the width and overlap of
emission spectra, b) variations in intensity levels, and ¢) inter-
fering background signals.

Several approaches have been investigated to extend the
limited number of codes that can be generated from conven-
tional fluorophores. For example, the emission of fluoro-
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phore-doped silica nanoparticles can be modulated by tuning
the efficiency of fluorescence resonance energy transfer to
various acceptors.’”” Additional information is provided by
fluorescence lifetime data.® Finally, a combinatorial code
can be generated by using a biomolecule, such as DNA as the
encoding element. In this case, a specific DNA barcode is
attached to each microsphere. The DNA barcode can then be
decoded through sequential hybridization and dehybridiza-
tion steps using complementary oligonucleotides that carry
different fluorophores.?**!

Nanoparticle-based codes have distinct advantages over
conventional organic fluorophores because they are widely
resistant to photobleaching and their emission spectra can be
fine-tuned by the design of the nanoparticle. For example, the
surface structure of gold nanoparticles can be modulated to
obtain characteristic resonance wavelengths for multiplexed
encoding on surface plasmon resonance platforms.*
Luminescent nanoparticles, on the other hand, can be used
for spectral encoding in the same way as organic fluorophores.
Quantum dots of the type (Cd/Zn)Se display size-dependent
emission colors®®**#! which allows a series of coding
elements to be generated. Excitation light of a single wave-
length—typically in the UV—can be employed to read out all
the codes simultaneously.”*! Biological applications of
quantum dots, however, are hampered by the toxicity of
cadmium(II) and because short-wavelength excitation leads
to fairly strong background fluorescence of biomaterials.

These shortcomings can be elegantly avoided by using
a relatively new class of nanoparticles, the so-called photon-
upconverting nanoparticles (UCNPs). While the properties
and potential of UCNPs have been reviewed recently,*
our Review focuses on how their unique luminescent features
can be exploited for designing new encoding strategies.

2. Features of Photon-Upconverting Nanoparticles
for Multiplexed Encoding

Efficient spectral encoding strategies for multiplexed
analysis of biological samples depend on both low back-
ground signals from biomolecules and good separation of
emission signals to distinguish as many codes as possible.
Background interference is particularly a concern when using
short-wavelength light. Rayleigh scattering is strongest in the
UV range and decreases with the fourth power of the
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wavelength. Many biomolecules show strong autofluores-
cence under short-wavelength illumination.* At the other
end of the spectrum, there is little interaction between near-
infrared (NIR) light and biomaterials. Consequently, NIR
light hardly induces any background luminescence or photo-
damage. NIR light also penetrates deeply into biological
materials, which allows multilayered biological samples to be
interrogated. Several strategies have been developed to
exploit the advantages of long-wavelength excitation. The
simplest option is the use of long-wavelength absorbing
organic fluorophores.*! The quantum yields of organic dyes,
however, typically decrease at longer-wavelength absorption
maxima. Non-linear optics, in contrast, allows organic fluo-
rophores™*! or quantum dots*’! to be excited with two or more
long-wavelength photons and detecting the emissions that
occur at shorter wavelengths (so-called anti-Stokes emission).
The most common types of anti-Stokes processes, two-photon
excitation®*! and second harmonic generation,”” rely on
high photon flux intensities because of the need for simulta-
neous absorption of two photons or the combination of two
photons, respectively, which are extremely rare events.
Therefore, expensive and powerful pulsed lasers are required
that may exert adverse effects on biomaterials.
Photon-upconverting nanoparticles (UCNPs) are inor-
ganic nanocrystals that allow for the generation of anti-Stokes
emission under more beneficial conditions. A continuous
diode laser is adequate to cause the absorption of two or more
photons of long-wavelength light. UCNPs then emit light of
shorter wavelengths with large anti-Stokes shifts.”!! The most
efficient UCNPs known to date consist of a hexagonal NaYF,
host lattice (Figure 2) that is doped with low concentrations of
trivalent ytterbium and erbium ions (NaYF,: 20% Yb, 2%
Er).>% The hexagonal host lattice aligns the dopant ions to
allow for an optimal energy transfer upconversion (ETU)
mechanism between the f-orbitals of the Yb** and Er** ions,
which have closely matching energy differences."® In addi-

Figure 2. TEM image of UCNPs of type NaYF,: 30% Gd, 18% Yb, 2%
Er in 75000 x magnification (160000x in the inset) revealing good
monodispersity. The hexagonal crystal phase results in a hexagonal
shape of the individual nanoparticles that assemble in a honeycomb
pattern (highlighted in the inset).
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tion, NaYF, is a host lattice of low phonon energy, which
keeps multiphonon relaxation rates low and allows lifetimes
of excited states up to the milliseconds range.”” The long-
lived metastable states of lanthanides explain why sensitiza-
tion by ETU is about a factor of up to 10° more efficient than
simultaneous two-photon excitation.

NIR light of 980 nm wavelength elevates the °F,, ground
state of the sensitizer Yb*" to the excited state *Fs, (according
to the Russel-Saunders spin-orbit coupling scheme)F***! with
an energy difference of about 10*cm™ (Figure 3). The
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Figure 3. Schematic energy-level diagram of the anti-Stokes processes
in UCNPs of type NaYF,:Yb,Tm/Er. Embedded in a hexagonal NaYF,
nanocrystal, Yb** serves as a sensitizer that absorbs NIR light, and
Er" or Tm*" as activators that emit visible or NIR light. Full arrows
indicate radiative transitions, dotted arrows indicate nonradiative
energy transfer, and curled arrows indicate multiphonon relaxation.
Adapted from Ref. [53] with permission.

activator Er*" is then sensitized in two sequential energy-
transfer steps similar in size to those of Yb*". First, the ground
state “I;5, is elevated to the metastable state *I;;,,. Owing to its
long lifetime, the I,,,, state can be strongly populated to allow
for the second energy transfer step to form the “F,, multi-
plicity. Following multiphonon relaxation, the Er** ion emits
green light from the states *H,;,, (521 nm) or *S;, (543 nm),
respectively. Additional relaxation steps lead to the popula-
tion of the *F,, state. The Er’" ion then emits red light
(657 nm). Consequently, the emission spectrum of UCNPs,
type NaYDbF,:Er, displays mainly two (green and red) well-
separated emission lines.

Conventional organic fluorophores exhibit broad emis-
sion bands that may, for example, undergo shifts to longer or
shorter wavelengths depending on the chemical environment.
The emission lines of UCNPs, in contrast, are very narrow and
do not shift because the electronic transitions relevant for the
energy-transfer mechanism take place inside inner f-orbitals
which are shielded from the environment. Consequently, the
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line-like emissions of lanthanides allow a larger number and
more stable codes to be generated in the visible spectrum than
the broad and overlapping emission bands of organic
fluorophores. These advantages of lanthanides were used
earlier for designing (down-conversion) lanthanide-doped
microbarcodes.® It should be noted, however, that the
absolute emission intensities of UCNPs vary to some degree
depending on their preparation, but these variations can be
avoided by using only UCNPs from a single large-scale batch
synthesis. Furthermore, the energy-transfer mechanism and
the emission intensities of UCNPs are dependent on temper-
ature, which has been exploited for the design of nanoscale
thermometers.[*'!

A third type of variation in the luminescence intensity of
UCNPs arises from surface quenching effects.*! Activator
ions close to the surface come into contact with solvent
molecules that can quench the emission. Water, in particular,
exerts a strong quenching effect because of its high stretching
vibrational energies that lead to nonradiative relaxation
processes.[l In Er**-doped UCNPs, for example, the vibra-
tional modes of water (ca. 3500 cm™") closely match the
energy difference for the transition between the “I;;), to the
1,5, state,’® which is an intermediate for the emission of red
light. Thus, the red emission of UCNPs is favored in water
suspension. However, in general, the strong quenching effect
of water results in the less-favorable situation that UCNPs are
brighter in organic solvents than in water, but aqueous
suspensions are the most relevant in a bioanalytical context.
Heavy-metal ions and certain anions also can cause quench-
ing.[%¢)

Generating smaller UCNPs usually leads to enhanced
surface quenching effects because with decreasing radius the
volume decreases more rapidly than the surface area. On the
other hand, small UCNPs are required for many bioanalytical
applications. An elegant way to minimize surface quenching
effects and to maximize the upconversion efficiency is to grow
a thin layer of host material (NaYF,) without dopant ions on
the surface of UCNPs.*-%! A similar effect can be achieved
by coating UCNPs with a silica shell."” Silica coatings confer
additional advantages that will be discussed in Section 6.

3. Multicolor Tuning of UCNPs by the Material
Composition

The modular assembly of sensitizers and activators in
a common host lattice allows the generation of a combinato-
rial code of different colors. The dopant Yb*" which has
a single dominant energy transfer from °F,, to *Fs, can be
used to specifically absorb NIR light and to sensitize activator
ions that display distinct emission lines. The kind of activator
and its concentration in the NaYF, lattice allow the color to
be tuned. However, the limitations of fluorometry have to be
taken into account. As stated by Parker’s law [Eq. (2)], the

F=1IeclQYk 2)

measured fluorescence intensity F depends on a) the intensity
of the excitation light /, b) the molar absorbance ¢ at the
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wavelength of excitation, c¢) the concentration of the lumino-
phore (UCNP), d) the optical pathlength in the sample (/),
e) the quantum yield (QY) of the luminophore, and f) various
geometrical factors summarized as k.

It is even more difficult to standardize the nonlinear
luminescence intensity of UCNPs because their quantum
yield increases in a power-dependent manner.""" For
example, the two emission lines of Er*"-doped UCNPs can
each exhibit a different power dependence with increasing
intensities of excitation light. It was observed that the green
emission of Er’" increases with the power of 2.0 and the red
emission increases with the power of 2.4 of the excitation light
intensity.”! This effect, however, is only relevant if the
excitation energy varies to a large extent.

One way to account for varying excitation intensities uses
an internal reference signal. In this case, the host lattice is
doped with two or more activator ions. The first activator ion
provides a constant reference signal, while the second
activator ion yields an encoding signal. To demonstrate this
ratiometric encoding strategy, we have used UCNPs of type
NaYF,:Yb,Tm.Er, where Yb** serves as a sensitizer, Tm>" as
the activator for the constant reference signal (the blue
emission), and Er’" as the activator for the tunable encoding
signal (the green and red emissions; see Figure 4).7°) The
emission of Er’" is the preferred encoding signal because its
intensity is higher and hence can be tuned over a wider range
than the intensity of the blue emission of Tm*" at the optimal
dopant concentration of 0.5%. The dopant concentration of
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Figure 4. a) Tuning the intensity of individual emission lines by doping
UCNPs of type NaYF,:Yb,Er,Tm with various concentrations of the
activator ion Er**. While the concentration of Tm*" is kept constant to
obtain a constant reference signal, the concentration of Er** is
gradually increased from 0.01% (purple line) to 1.5% (black line) to
increase the intensity of the green and red emission. The spectra are
normalized with respect to the blue emission line of Tm*" at 475 nm.
b) A linear function is obtained for both the green and the red
emission (indicated in the respective colors) by plotting the normal-
ized signal intensities (Ig,/ly.,) against the concentration of Er**,
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Er*' was gradually increased from 0.01% to 1.5% to obtain
a set of seven codes.

In the case of ratiometric encoding, the absolute signal
intensity i in Equation (1) is replaced by the ratio of 7.4 to I
The number of analytical wavelengths (w) can be defined by
choosing different activator ions (ai). Considering that one
activator ion is required for the constant reference signal that
has to be distinguishable from the background, the coding
capacity of UCNPs can be expressed by Equation (3).

]code (=
Coor = (72) G)

ref

The narrow emission lines of UCNPs allow many more
codes to be accommodated in the visible than is possible with
the broad emission bands of conventional organic fluoro-
phores. In practice, the number of emission lines of UCNPs
suitable for encoding is limited because the emission arises
from transitions between discrete energy levels. However, the
commonly used emission lines of Er'", Tm**, and Ho*" are
sufficient to obtain a large set of codes. A look at the
combined color output of all the emission lines reveals that
a continuous spectrum of visible light can be obtained
(Figure 5).1 Recently, a new energy migration mechanism
in core-shell UCNPs was described that incorporates Tb*",
Eu**, Dy*", and Sm®" as activator ions.” Their additional
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Figure 5. Emission spectra of UCNPs in ethanol under excitation at
980 nm : a) NaYF,: 18% Yb**, 2% Er**, b) NaYF,: 20% Yb*", 0.2%
Tm®", ¢) NaYF,: 25-60% Yb**, 2% Er**, and d) NaYF,: 20% Yb*",
0.2% Tm**, 0.2-1.5% Er**. Photographs show the overall emission of
UCNPs: e) NaYF,: 20% Yb*", 0.2% Tm*", f—j) NaYF,: 20% Yb*", 0.2%
Tm?**, 0.2-1.5Er’", and k-n) NaYF,: 18-60% Yb*", 2% Er**. Reprinted
from Ref. [77] with permission. Copyright 2008 American Chemical
Society.
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emission lines further increase the encoding capacity of
UCNPs.

Instead of incrementally increasing the intensity of the
encoding signal, the complex signature of the multiple UCNP
emission may be used as a “barcode”. Each dopant compo-
sition would thus define a unique barcode. This encoding
strategy was first developed for multiplexed bioanalysis by
the group of Nann.[ Silica-coated UCNPs of 20 nm diameter
were doped with different activator ions to obtain the
following set of four barcodes: a) NaYF,:Yb for blue, green,
red, and IR light, b) NaYbF,:Er for green and red light,
¢) NaYbF,:Tm for blue and NIR light, and d) NaYbF,:Ho for
green light. Even if mixed, all four were readily distinguish-
able. This barcoding system is robust but the number of codes
is ultimately restricted by the number of available activator
ions. More barcodes can be generated if different activator
ions, each with a unique signature of multiple emission lines,
are varied relative to each other in a way similar to
ratiometric encoding. In this case, the relative intensities of
the signatures define the code.

Not only the signature as a whole can be modulated, but
also the multiple emission intensity of a single activator ion
can be tuned individually by varying the temperature during
synthesis,[**#"! the reaction solvent,®™ or by adding co-dopants
such as Ce** %3 Dy** ¥ or alkali ions.® The use of KMnF,
instead of KYF, as a host lattice for Yb/Er results in UCNPs
displaying a single emission line only.* Thus, the signatures
can be modulated in a flexible way to obtain a large set of
unique barcodes. For example, the groups of Zhang and
Stucky™ prepared core-shell UCNPs with a tunable core
material for barcoding. The core consisted of a NaYF, host
lattice doped with various combinations of Yb**, Ho*", Tm**,
while the shell consisted of pure NaYF,. Such particles
(NaYF,:Yb,Ho,Tm@NaYF,) yielded ten distinguishable sig-
natures. A model DNA hybridization assay was employed to
demonstrate that the characteristic signatures of these
UCNPs can be used as barcodes. Additionally, UCNPs
consisting of lanthanide-doped oxides were used as barcodes
for immunoassays.*®!

Multiplexed assays, such as flow cytometry or femtoliter
arrays, rely on microspheres that have an approximately 100-
fold larger diameter than UCNPs. As long as their emission
lines can be spectrally resolved, two or more encoded UCNPs
can be integrated in a single microsphere to define an
exponentially increasing number of codes. While polymer
microspheres, conventionally, are loaded with organic fluo-
rophores®! or quantum dots® to adjust the signal intensity of
each type of microsphere, the accurate quantitative loading of
the dye can be challenging. In contrast, the ratiometric codes
of UCNPs loaded onto microspheres are not affected by the
loading efficiency. This principle was recently demonstrated
by using lanthanide-doped downconverting nanoparticles.®®!
An automated microfluidic device was used to mix various
amounts of either Dy**- or Sm*"-doped luminescent nano-
particles with a constant amount of a reference Eu*"-doped
nanoparticle suspended in a PEG-diacrylate monomer. After
photopolymerization, hydrophilic PEG-acrylate polymer
microspheres of uniform size were obtained that carried
24 different ratiometric codes (Figure 6). These codes could
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Figure 6. Matrix of encoded polymer microspheres. Crystalline YVO,
nanoparticles were doped with either Dy*" relative to Eu*" or Sm*"
relative to Eu*". Both types of downconverting nanoparticles were
integrated in a microsphere, and each point of the scatter plot
represents one microsphere. Each type of encoded microsphere is
clustered and well separated from microspheres that carry a different
code. The intensity ratios of either the Dy’" and Eu®" emission or the
Sm** and Eu’" emission are shown as histograms along each axis.
The histograms group all the codes together. The inset shows micro-
spheres carrying different codes (indicated in “pseudocolors”) in

a microfluidic channel. Adapted from Ref. [89] with permission. Copy-
right 2012 The Royal Society of Chemistry.

be distinguished from each other with an error rate of less
than 0.1 %. This method can be easily adapted to generate
upconversion codes for future applications.

4. Multicolor Tuning of UCNPs by an Optical
Surface Layer

Rather than changing the composition of the upconvert-
ing material, the surface of the UCNPs can also be modulated
with an optical-screening layer capable of filtering off certain
emission lines. This strategy is particularly effective for
UCNPs displaying two main emissions, such as NaYF,:Yb,Er
(green and red) or NaYF,:Yb,Tm (blue and NIR). One of the
dual emission lines can be reabsorbed selectively by adjusting
the amount of an organic dyel’ or of gold nanoparticles®"!
contained in the screen layer. The second emission is not
reabsorbed and can serve as a reference signal. For example,
the green emission line of UCNPs of type NaYF,:Yb,Er was
adjusted in ten increments by coating the nanoparticles with
varying quantities of the purple dye rhodamine B. Each
intensity level was then used to define a code (I.q; Fig-
ure 7a). As the absorption spectrum of rhodamine B does not
display any overlap with the red emission line, the intensity of
the red emission served as a constant reference signal (Z.).

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

H. H. Gorris and O. S. Wolfbeis

Q
o]
=3
)
o
o]
.

a) 5001

o
o

400+

»

300+

— 2004 NaYF,:Yb,Er

OOO
()

1004

- IOg code/lref) —

600 700 020 200 400 600
Alnm —> c(Rhodamine B) / ym —

0 T
500 550

1000 l 1.01

ref

800

I 600

= 4001
2004

0 . T T ]
500 00 0 50 100 150

/1/ nm —» c(S-0378) / ym —

b) 10007 50

Iref
40
8001 30
600 20
10
— 4001 0
/460 480 500
2001
I NaYF,:Yb,Tm
A\ T

0 T 12 T T T
500 600 700 800 0 100 200 300
Alnm —> c(Fluorescein) / pm —»

'IOg(/code//re1)

code

1000
800
I 600
— 400
2009) NaYF :Yb,Tm
olA. ’
800

500 600 700
Al nm —>

'IOg(/code/Iref) —

0 50 100 130 200

¢(NIR-797) / ym —
Figure 7. Tuning the emission intensity of UCNPs differentially by an
organic dye. a) UCNPs of type NaYF,:Yb,Er are covered with various
concentrations of either rhodamine B (left) or the dye S-0378 (right).
The concentration of rhodamine B is adjusted in ten increments to
selectively reabsorb the green (4,,,,=543 nm) emission while the red
(Amax=1657 nm) emission remains constant. A linear function is
obtained by plotting —log(/.oqe//ref) against the concentration of
rhodamine B. Alternatively, the intensity of the NIR emission can be
selectively tuned by the dye S-0378. b) UCNPs of type NaYF,:Yb,Tm
display dual emission lines that can be adjusted individually either by
fluorescein for the blue emission line (A,,,,=475 nm) or by the dye
NIR-797 for the NIR emission line (4,,,,=802 nm). Adapted from
Ref. [90] with permission.
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The absorption of rhodamine B on the surface of UCNPs
can be described [Eq. (4)] by analogy to the law of Lambert—
Beer.

—log G—;) =ac 4)

For a single (green) emission line of the UCNP—I/; denotes
the intensity of the unfiltered emission and /. the emission
intensity filtered by a given concentration (¢) of rhodamine B
on the nanoparticle’s surface. The absorption (a) by rhoda-
mine B depends on the wavelength A, the thickness of the
surface layer, and the microenvironment. If, however, the
constant red emission of the UCNP is used as an internal
reference signal for the filtered green emission, Equation (4)
changes to Equation (5)

—log <%) =ac ®)

ref

where I is the intensity of the unfiltered red emission and
L4 1s the intensity of the filtered green emission. A set of ten
ratiometric codes was derived from the linear function
—log(1.oqe/Ier)- The encoding signal and the reference signal
are interchangeable: If the screen layer consists of a blue—
green dye rather than the purple dye rhodamine B, the red
emission is selectively reabsorbed to modulate the encoding
signal (I..q.), while the green emission serves as a reference
(I,ef)- UCNPs of type NaYF,:Yb,Tm (Figure 7b) display
mainly blue and NIR emission lines that are well separated
and whose intensities can be tuned individually by a screening
layer possessing overlapping absorption spectra. For example,
fluorescein was used to screen off the blue emission selec-
tively, while a long-wavelength absorbing dye™' was
employed to screen off the emission in the NIR. In both
cases, the unfiltered second emission served as an internal
reference signal to yield ratiometric codes.

The dual emission lines of UCNPs type NaYF,:Yb,Er
display approximately the same intensity, but the NIR
emission of NaYF,:Yb,Tm is about 25-fold more intense
than the blue one. In such cases, it is better to adjust the strong
NIR emission by the screening dye and to use the blue
emission as the reference signal. This avoids the detection of
rather weak signals resulting from screening off the already
weak blue emission.

In addition to their filter function for the emission of
UCNPs, organic dyes also can serve as an extra coding
element. For example, Li et al.”” covered UCNPs of type
NaYF,:Yb,Er/Tm with a thin silica shell containing fluoro-
phores or quantum dots. In this case, the UCNPs served as an
energy donor for luminescence resonance energy transfer
(LRET) to fluorescein, tetramethylrhodamine, or quantum
dots. The emission spectrum of these core-shell nanoparticles
changed because the original luminescence of UCNPs was
quenched and new emission lines appeared that are charac-
teristic for the dye in the silica layer. The combinatorial
emission lines can be used as distinct barcodes. A similar
approach was recently reported for invivo imaging.™
Furthermore, the dyes may be directly excited by visible
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light as in established bead encoding strategies. Hence, two
spectral signatures can be generated, one by visible light
excitation, the other by NIR excitation leading to upconver-
sion. Recently, an organic dye was used as an antenna for
UCNPs that absorbed a broad band of NIR light and strongly
enhanced the upconversion efficiency.”" Modulating antenna
dyes on UCNPs provides an additional way for encoding.
Combining all these features as encoding parameters will
expand the number of possible codes exponentially.

5. Multiparameter Encoding

The intensity of the multiple emission lines is not the only
parameter of UCNPs suitable for ratiometric multiplexed
encoding. The luminescence lifetime can be fairly easily
determined using modern instrumentation and represents an
attractive additional parameter in multiplexing, because the
lifetime [unlike intensity; see the Parker law Eq. (2)] neither
depends on the intensity of the excitation light nor on the
sensitivity of the detector. Hence, it is an intrinsically self-
referenced parameter.”! Organic fluorophores and quantum
dots usually have short lifetimes (on the order of 0.1 to 20 ns)
that are more difficult to determine than longer lifetimes.”
UCNPs, by contrast, have long-lived metastable states with
decay times on the order of ps to several ms because f-f
transitions of electrons are forbidden for symmetry reasons
and therefore less likely.?”-)

The long decay times of UCNPs can be efficiently
separated from the short-lived autofluorescence of biological
materials by using time-gated measurements. Downconvert-
ing nanoparticles of type NaYF,:Ce Tb, which can be
sensitized by UV light and emit visible light, were used for
time-resolved LRET to enable background-free biosensing
(Figure 8).”7* It is, however, not necessary to separate
background signals by time-resolved measurements when
using UCNPs because their excitation by NIR light does not
lead to autofluorescence in the first place. Rather, the wide
range of lifetimes that are specific for each kind of UCNP
represents a large set of multiparameter signatures and
provides a new dimension for encoding that goes far beyond
luminescence-intensity-based encoding.

The second approach for multiparametric encoding relies
on a combination of UCNPs with other materials to design
hybrid nanoparticles having additional properties, such as
magnetism. Magnetic UCNPs can be separated by magnetic
force®™! or serve as a contrast agent in magnetic resonance
imaging (MRI)."®™ Two types of magnetic UCNPs have been
described: Superparamagnetism results if ferromagnetic bulk
materials, such as iron oxide (ferrite; Fe;O,), fall below
a critical size on the nanoscale. Unlike the bulk material,
superparamagnetic nanoparticles do not have a permanent
magnetic moment but are only magnetic as long as an external
magnetic field is applied. This reversibility is important to
avoid nanoparticle aggregation. Superparamagnetic UCNPs
have been prepared by growing a luminescent NaYF,:Yb,Er
shell around an Fe;O, core,"™ encapsulating UCNP with
Fe;0, in a silica shell,"™ or by conjugating superparamag-
netic nanoparticles to the surface of UCNPs.[10%104
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Figure 8. The principle of luminescent biosensing based on time-
resolved LRET—more commonly referred to as fluorescence resonance
energy transfer (FRET). The energy transfer from a downconversion
nanoparticle of type NaYF,:Ce,Tb apparently lengthens the lumines-
cence lifetime of the short-lived organic dye bound to the nanoparticle
surface. The time-resolved LRET signal can be measured by setting an
appropriate delay and gate time. Reprinted from Ref. [97] with permis-
sion.

Paramagnetic materials are widely employed in MRI.'*!
Gadolinium(IIT) is the most efficient contrast agent because it
has the highest number of unpaired electrons (seven) and its
long relaxation times increase the relaxation rate of surround-
ing 'H nuclei in water.'" Paramagnetic contrast agents are
only effective in direct contact with water, so that they
typically are applied in the form of chelates."" Following this
scheme, paramagnetic hybrid nanoparticles were prepared by
conjugating Gd**-chelates to the surface of UCNPs.'"! All
lanthanide ions have similar atomic radii, and Gd** therefore
can be integrated as a co-dopant into NaYF, nanocrystals. For
example, Gd*'-doping was used to control the size of
UCNPs1%1%] or for sensitizing downconversion nanoparticles
with UV light.!"'”! In fact, the paramagnetic properties of the
co-dopant Gd** allowed the growth of UCNPs to be analyzed
by magnetic resonance spectroscopy.!''!

Paramagnetic UCNPs doped with Gd** provide an addi-
tional dimension for multimodal imaging."'” Hyeon et al.l'!
gradually increased the concentration of Gd*" in NaYF,
nanocrystals from 0 to 12.8 mm to modulate the MRI signal
in seven increments. After incubating cells with these para-
magnetic UCNPs, the contrast in MRI was strongly increased.
The group of Prasad co-doped NaYF, nanocrystals with
ion concentrations of 0, 2, 5, and 10 mm of Gd** and found
a linear relationship between the Gd** concentration and the
contrast enhancement. This relationship is analogous to the
linear dependency of the luminescence signal on the concen-
tration of the activator ion Er*" (Figure 4). Consequently, the
widely tunable magnetic resonance signal in our opinion
represents a promising new encoding dimension. Another
type of bimodal imaging probe was designed by combining
the upconversion detection scheme with X-ray computed
tomography (CT). In this case, either the co-dopant Yb*"
contained in UCNPs!"'* or iodine attached to the surface of
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UCNPs served as a CT contrast agent."" Even trimodal
hybrid particles were prepared, by modifying the luminescent
NaYF,:Yb,Er core with Gd*>" as a MRI contrast agent and '*F
as a radioactive isotope for emission tomography.''’ The
modular assembly of UCNPs leaves ample room for incor-
porating new material features that will enable multipara-
metric encoding for very-high-throughput screening.

6. Synthesis and Surface Modification of
Biocompatible UCNPs

Bioanalytical applications require the availability of
UCNPs that are small, dispersible in water, nontoxic,
amenable to (stable) surface functionalization, and displaying
high upconversion efficiency. The optimization of theses
parameters is still being researched, and presently no UCNPs
are available that meet all these requirements.'"”! Synthetic
routes for various UCNPs have been reviewed elsewhere. 1]
Bright UCNPs based on a NaYF, host lattice have been
prepared by co-precipitation of lanthanide salts,*>!"¥ thermal
decomposition of lanthanide trifluoroacetates,''*!*” solvo-
thermal,®* 1212 hydrothermal,'*'* or ionothermal synthe-
ses.! The solvothermal synthesis in oleic acid and octade-
cene has recently emerged as a preferred synthetic route
because it is simple and yields highly monodisperse nano-
particles, no toxic by-products are generated, and no addi-
tional heating step is required to obtain the most efficient
hexagonal phase. Cellular imaging requires particularly small
UCNPs (under 10 nm in diameter) to allow for free access to
intracellular compartments and a better clearance.'*! It has
been challenging, however, to generate UCNPs that are both
small and display high upconversion efficiency because of the
various quenching effects discussed in Section2. Only
recently has it become possible to decrease the diameter of
UCNP to below 10 nm by including different co-dopant ions,
such as Yb**' or Gd**['%127] into the host matrix, or by
adding oleylamine to the reaction mixture.* %!

The solvothermal synthesis in oleic acid, yields UCNPs
that are covered with a layer of oleic acid. Such particles are
only dispersible in organic solvents and have to be further
modified before they can be used in aqueous solutions.[*!
Surface modification also is required for subsequent biocon-
jugation steps.'”! UCNPs have been made dispersible in
water and amenable to bioconjugation either by replacing or
modifying the oleic acid or by silanization. Oleic acid or other
hydrophobic ligands on the surface of UCNPs can be replaced
by ligand exchange with small hydrophilic ligands such as
hydroxyethyldiphosphonic acid,'™ adipic acid,"™ citric
acid,™ or polymers.*>313]  Alternatively, amphiphilic
block copolymers!® 13! or phospholipids™*”! can be adsorbed
to the surface layer of oleic acid by hydrophobic interactions.
Oleic acid can be specifically oxidized at its unsaturated
carbon—carbon bond by a Lemieux-von Rudloff reagent!*®!
or ozonolysis'™ to obtain azelaic acid on the nanoparticle
surface. Finally, the surface coat can be removed from the
UCNPs by protonating the oleic acid at pH 4.1 The fact that
the oleic acid on UCNPs can be stripped off under slightly
acidic conditions already points to the major drawback of
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ligand exchange or modification: the limited stability (and
thus shelf life) arising from ligand dissociation or ligand
exchange.” Additionally, polymers used for ligand exchange
may lead to crosslinking and aggregation of nanoparticles.

A stable silica shell deposited on UCNPs makes them
dispersible in water, biocompatible'*”) and renders the
introduction of reactive groups and subsequent bioconju-
gation. Water-in-oil microemulsions are typically employed to
grow a silica shell on the surface of oleic acid-coated
UCNPs."™! Hydrophobic UCNPs can be dispersed in an
excess of cyclohexane containing a surfactant and aqueous
ammonia. The thickness of the silica coating is adjusted by
adding defined concentrations of tetraethyl orthosilicate and
a further organosilane allows for the introduction of func-
tional groups on the nanoparticle surface. Most commonly,
reactive aminosilanes are employed to generate amino
functionalized UCNPs!™*'¥ that can be conjugated to
biomolecules such as biotin,"*! folic acid,**! peptides,**!
avidin,">'*! antibodies,'*>*” and DNA.["152 Silanization
with 3-azidopropyltriethoxysilane enables click chemistry to
be carried out on the nanoparticle,* for example, for DNA
conjugation.™ PEG-based silanization reagents have been
used to introduce maleimide groups that allow for protein
binding.”

The efficient and reproducible synthesis and surface
modification of UCNPs provides the foundation for numer-
ous bioanalytical applications in bioimaging and biosensing.
The next Sections present selected examples of bioimaging
and biosensing and highlight how they will benefit from the
multiplexing capabilities of UCNPs.

7. Multicolor-Labeling of Cells with UCNPs for Bio-
imaging

Fluorescence imaging—in addition to MRI—is a powerful
method for acquiring a detailed view inside living cells and
organisms. Fluorescence makes species visible that display no
MRI signals (such as oxygen and many ions), or whose signals
cannot be differentiated from other species (such as fructose
in presence of glucose). The quality of fluorescence bioimag-
ing has been strongly improved by confocal, two-photon, or
superresolution microscopy. As these techniques evolve, also
the demands on fluorescent probes increase. For example,
high excitation powers used in laser-induced fluorescence
microscopy lead to strong photobleaching of conventional
fluorophores.

UCNPs are a valuable alternative for bioimaging
because they do not photobleach at all. NIR light penetrates
deeply into multilayered biological specimen so that using
UCNPs of type NaYF,:Yb,Er imaging of a rat body to a depth
of 10 mm has been described.™ It must be kept in mind,
however, that not only the NIR light has to pass through
tissue, but that the emission of the UCNPs in the visible also
has to pass through the tissue to become detectable. Deep
imaging has been achieved by employing UCNPs of type
NaYF,:Yb,Tm that emit NIR light at 4 =800 nm.["*"-'*! The
group of Andersson-Engels’” has recently demonstrated that
the nonlinearly power-dependent NIR emission of Tm-doped

[155]
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UCNPs enables high-resolution imaging. The deep penetra-
tion range of NIR light in biological tissues has also been
exploited to activate photocaged compounds'™'®! or to
induce the generation of reactive oxygen species for photo-
dynamic therapy!"** in deep tissues by using UCNPs that
emit short-wavelength light.

Unmodified UCNPs were first used to monitor the
biodistribution in nematode worms,' %! higher ani-
mals,14*2011 and plants.'” The advantages of UCNPs
were then exploited for biomedical research in whole animals,
and reviewed recently.'™ Specific ligands on the surface of
UCNPs are not required in case of vascular and lymphatic
imaging”*'™'7* or cell tracking. Multiplexed cell-tracking
experiments were performed by labeling different cell lines
with encoded UCNPs. The group of Liu""! encoded UCNPs
by varying the material composition: Three codes were
generated by using two types of UCNPs doped with different
fractions of Er** and one type of Tm?"-doped UCNP.

UCNPs are readily internalized by endocytosis, especially
if they are modified with amino groups.'’*! Encoded cells also
may be injected into animals to track cellular dynamics over
time. The group of Wang!'”"! co-doped upconverting nanorods
of type NaYF,:Yb,Er with La®" or Ce™ to tune the emission
intensities. They also noted that the color output shifts from
green to red if UCNPs are located in deeper tissues because
red light can cross larger distances through biological
materials. On the one hand, this emission shift can serve to
estimate the location of UCNPs under the skin. In this case,
however, it is difficult to implement an encoding strategy
based on the emission intensity of UCNPs. Even a ratiometric
approach is hindered because the ratio of the two emission
lines shifts as the location of the UCNPs is changed. Kim’s
group!"”® used combinations of UCNPs and quantum dots for
dual labeling of cells and tracking them in animal models
(Figure 9). While encoding strategies based on the material
composition are more abundant, UCNPs encoded by differ-
ent surface layers of organic dyes were also used to track cells
in vivo.*!

Although the cellular uptake and cytotoxicity of UCNPs
can be studied without specific surface ligands,["> 19171821 the
targeting of cancer specific structures requires the attachment
of ligands. Coating UCNPs with folic acid directs them to the
folic acid receptor,™1%! which is overexpressed on many
tumor cells."®!! Alternatively, UCNPs have been labeled with
neurotoxins™® or a cyclic peptide (RGDFK) specific for the
a,f; integrin ligand on the surface of certain tumor cells.6-15¢]
The most studies by far on cancer cell targeting relate to
coating the surface of UCNPs with tumor-specific antibod-
ies. 113 15018719%0) Without using an encoding strategy, only one
of many tumor markers can be investigated per experiment.
Labeling different ligands with encoding UCNPs, in contrast,
would allow different tumor markers to be monitored
simultaneously.

In addition to cell labeling, it is feasible to design specific
molecular probes (“sensors”) that change their luminescence
in presence of an intracellular analyte, such as oxygen.'”
Numerous responsive organic fluorophores are available and
have recently been reviewed.'” The design of such UCNP-
derived probes, however, is quite challenging because they
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Figure 9. Hela cells labeled with different types of quantum dots or UCNPs of type NaYF,:Yb*", Tm*" are
injected subcutaneously into hairless mice. a) Scheme of the implantation experiment using cells labeled with
QD750 (green) and QD900 (red) quantum dots. The mouse in (b) and (c) is illuminated with a 660 nm laser.
d) Merged image of (b) and (c). €) Implantation experiment using cells labeled with QD800 (green) and
UCNP (red). f) Image of the subject illuminated using a 660 nm laser; g) image of the subject excited using

a 980 nm diode laser. h) Merged image of (f) and (g). i) Scheme of the QD800- and UCNP-labeled cell co-
incubation implantation experiment: Hela cells are labeled with QD800 (green), UCNP (red), both QD800 and
UCNP (yellow). j) Image under 660 nm laser excitation and k) image under 980 nm laser excitation. I) Merged
image of (j) and (k). Reprinted from Ref. [178] with permission. Copyright 2011 The Royal Society of Chemistry.

usually do not respond to their chemical environment. In fact,
their inertness is most welcome in many situations. The only
parameters that directly affect the luminescence of UCNPs
are temperaturel®®1%1%1 and—with some limitations—
pH value,"* and some heavy-metal quenchers. The detec-
tion of almost any other intracellular analyte requires the
surface of UCNPs to be modified, for example, with an
analyte-specific organic dye that is excited by the emission
light of UCNPs.” The multicolor emission of UCNPs is
beneficial for intracellular sensing because one emission line
provides a fairly constant reference signal, whereas a second
one is modulated by the analyte of interest through the
organic probe on the surface of the UCNP. This strategy offers
many options for new luminescent probes in intracellular
applications.

8. Spatially Encoded Heterogeneous Bioassays

The weak interaction of NIR light with biological
materials is the major driving force behind the design of
biological assays based on the upconversion technology.!'*!
Before nanosized UCNPs became available, the group of
Tanke!"*! had already pioneered the use of sub-micrometer-
sized (0.1-1 yum) upconverting particles in histology and
heterogeneous bioassays. The detection limit of DNA hybrid-
ization on a microarray could be decreased by a factor of four
when the upconversion technology instead of a conventional
fluorolabeling was applied.””
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Such  upconverting
particles  also  were
employed in lateral flow
assays (LFAs) for the
detection of DNA, %1
pathogens,?2*!) and pro-
teins.”™ In a typical LFA,
the analyte in a sample
binds to a detection
reagent (such as an anti-
body) and then flows
across a nitrocellulose
membrane that contains
test lines with an immobi-
lized capture antibody
specific for the analyte.
Additionally, a second
capture antibody specific
for the detection reagent
is immobilized on a con-
trol line to check for the
assay performance. The
pregnancy test is probably
the best-known LFA and
enables the detection of
the pregnancy hormone
human chorionic gonado-
tropin (hCG) in urine.
Compared to the conven-
tionally used colloidal
gold or latex particles, the detection sensitivity of hCG in
LFSs was improved by a factor of 10 to 100 when using
upconverting particles.””” LFAs also are amenable to multi-
plexing. It was shown! that, in addition to hCG, two more
proteins were detectable in an LFA on the same strip. The
upconverting microparticles contained different dopants to
assign a distinct color to each analyte. In an example of
a competitive LFA, twelve separate test lines on a nitro-
cellulose membrane were used to detect several drugs in
saliva simultaneously.™ To further enhance the degree of
multiplexing, two types of upconverting microparticles, each
with a distinct dopant composition and color, were employed
for different analytes. This LFA was used for the multiplexed
detection of pathogens in saliva and plasma.”® Antigens
derived from HIV, hepatitis C, and tuberculosis were immo-
bilized on separate test lines on a nitrocellulose membrane to
capture respective antibodies that indicate the state of an
infection.

The group of SoukkaP*2*! applied submicrometer-sized
upconverting particles for immunoassays in microtiter plates.
They noted, however, that nonspecific binding of these
relatively large particles compromises sensitivity, and they
stressed the need for monodisperse nano- (rather than micro-)-
particles. Indeed, by using UCNPs with oligonucleotide arrays
immobilized on the surface of a microtiter plate, a much
better assay performance was accomplished for the multi-
plexed detection and genotyping of human adenoviruses.”*”
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9. Microsphere-Encoded Heterogeneous Bioassays

The microtiter plate as the solid support for an immuno-
assay can be replaced by microspheres, and microspheres in
suspension can be sorted by flow cytometry or assembled into
femtoliter arrays as described in the Introduction.!!! For the
development of a sandwich immunoassay on a microsphere,
proteins, viruses, bacteria, or even spores were immobilized
on the surface of polystyrene or magnetic microspheres.?'"!
Then, a target-specific antibody labeled with a submicrome-
ter-sized upconverting particle was added to the micro-
spheres, and the labeled microspheres were sorted by flow
cytometry. In another format, the analyte on the surface of the
microsphere was detected by adding a biotinylated antibody,
which was then detected by binding of neutravidin-labeled
upconverting particles. For multiplexing, the microspheres
were labeled with lanthanides that emit different colors.

While microsphere assays in principle allow for high-
throughput screening and a high degree of multiplexing, in
practice they are limited by the number of available identifier
codes. Thus, the ability to generate a multitude of encoded
UCNPs or to combine different types of UCNPs in one
microsphere, as shown in Figure 6, would greatly advance the
performance of microsphere assays. Even more importantly,
the upconversion detection scheme can be completely
reserved for encoding many microspheres, while a conven-
tional fluorophore can be used as a reporter for analyte
binding. In this case, the excitation modes of UCNPs and
conventional fluorophores are well separated and there is no
luminescent crosstalk.

10. Multiplexed Homogeneous Assays

In homogeneous assay formats, both the analyte and the
detection reagents remain in solution.”""?"*! For this kind of
assay, it is required that the emission intensity of UCNPs is
specifically modulated by an analyte. This modulation is most
commonly achieved by luminescence resonance energy trans-
fer (LRET), in which the UCNP serves as the donor and an
organic dye,* gold nanoparticle,'**?'>%¢ quantum dot,*"!
carbon nanoparticle,***”) graphene oxide,”™ manganese
dioxide,” or phycobiliprotein®? as the acceptor. Gold
nanoparticles have been shown to be the most efficient
acceptors for UCNPs (Figure 10) but their large size (com-
pared to organic dyes) can lead to steric hindrance during
analyte recognition.

LRET is a critically distance-dependent process,”*’ and
only emitter ions close to the surface of UCNPs can be
quenched.”! Thus, small UCNPs that are highly dispersible
in water are beneficial for homogeneous assays. The quench-
ing efficiency of organic dyes, however, typically is below
50% even though it has recently been raised to 82%.%*! To
avoid the low quenching efficiency of upconversion LRET,
a nuclease assay based on sequential energy transfer was
implemented (Figure 11).

The group of Wheeler™! used UCNPs of the type
NaYF,:Yb,Er as a donor and a fluorescent dye as an acceptor
for a homogeneous DNA assay. Single-stranded DNA was
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Figure 10. a) Scheme of an LRET-based assay for avidin. Biotinylated
UCNPs serve as energy donors and biotinylated gold nanoparticles as
energy acceptors. Avidin crosslinks donor and acceptor. b) Emission
spectra in the presence of increasing avidin concentrations. c) A linear
relationship between the relative luminescence intensity (Fy/F) and the
concentration of avidin is observed. Reprinted from Ref. [215] with
permission.
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Figure 11. Homogeneous enzyme-activity assay consisting of a UCNP
donor (D) and an internally quenched double-labeled substrate. The
fluorophore is excited through upconversion luminescence resonance
energy transfer (UC-FRET) under continuous NIR excitation. The intact
substrate is not fluorescent. The hydrolytic enzyme separates the
fluorophore (F) and quencher (Q) located at the opposite ends of the
substrate so that the emission of the fluorophore is restored.
Reprinted from Ref. [224] with permission.

attached to amino-silanized UCNPs, and a complementary
DNA strand was labeled with carboxyrhodamine whose
excitation spectrum overlaps the green emission of the
UCNPs. After hybridization with a complementary 26-mer
oligonucleotide, the green emission of the UCNP was
quenched. This method had a detection limit of as little as
1.3 nm DNA. The discrimination of single-nucleotide mis-
matches enabled the detection of point mutations associated
with sickle-cell anemia.??*! Soukka’s group™! exploited
the multiple emission lines of UCNPs for the multiplexed
detection of DNA. Amino-functionalized UCNP of the type
NaYF,:Yb,Er were surface modified with two different
capture DNA strands. After binding of single-stranded
target DNA, two detection probes, specific for the target

www.angewandte.org

3595


http://www.angewandte.org

Angewandte

3596

Reviews

DNA, were added that selectively absorb either the green or
the red emission of the UCNPs, such that their emission could
be detected separately. By using a single NIR excitation
wavelength, it was possible to detect two different target
DNA strands simultaneously without mutual interference.
There is a substantial research activity on the use of
UCNPs in homogeneous assay formats. For example, homo-
geneous assays have been described for the background-free
detection of hormones,™” glucose,?'*?" lectins®! or
ATPP? in blood or other untreated biological samples.
Substrates for nucleases or proteases typically consist of
oligomeric nucleotide or peptide sequences, respectively®!
whose opposite ends are labeled with a FRET donor and
acceptor. While the fluorescence is quenched in the intact
oligonucleotide or peptide, enzymatic action separates the
donor and acceptor and thereby restores the emission of the
donor. As the fluorescent donor dye can be replaced by an
UCNP, it is straightforward to apply the LRET upconversion
technology to existing FRET substrates. This detection
scheme was used to design assays for endonucleases,?!!
caspases,™ thrombin,?"® or metalloproteinases.'”

11. Multiple Chemical Sensing

UCNPs incorporated into sensor films were employed for
online and fully reversible monitoring of ammonia,? carbon
dioxide,®" oxygen,”” pH value,”! and heavy-metal
ions.[*®** The UCNPs themselves are inert but can serve as
nanosized light sources whose emission is modulated by an
added indicator probe. The screening or quenching effect of
the nonfluorescent indicator depends on the concentration of
the species to be sensed. The analyte-dependent reduction of
the emission of UCNPs was applied to sensors for ammo-
nia,” carbon dioxide,* and pH value.” Conceivably, the
use of UCNPs of different emission colors may lead to sensors
for multiple chemicals, but this has not been demonstrated to
date. In another scheme, the UCNPs served as nanolamps
capable of photoexciting a fluorescent probe that is quenched,
for example, by oxygen.”! The intensity and decay time of
the emission of the probe is related to the local O, partial
pressure. This method is also waiting to be extended to
multiplexed (bio)sensing.

12. Summary and Outlook

Both multiplexed encoding and photon upconversion are
emerging technologies with an enormous potential for
bioanalytical applications. Multiplexed encoding lays the
foundation for the quantitation of a large number of analytes
in parallel. The number of possible codes can be calculated by
Equation (1). Compared to conventional labels, UCNPs have
many advantages: They can be excited with NIR light and
emit visible light (anti-Stokes emission). NIR light penetrates
biological materials much better and does not generate strong
autofluorescence. The spectrum of UCNPs typically displays
multiple and narrow emission lines which minimizes crosstalk
between coding elements. The intensity of multiple emission
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lines can be either tuned individually for ratiometric encod-
ing, but the whole spectral signature may also serve as
a barcode. Unlike quantum dots, UCNPs do not contain toxic
heavy-metal ions.

Three general strategies are feasible to design a large
number of spectral codes based on UCNPs: First, the
composition of the activator ions is modulated and used to
define the emission spectrum or colors. Second, the emission
is modulated by an added organic dye that usually is attached
to the UCNP surface. Third, hybrid materials are used with
additional features, such as magnetism. Each strategy on its
own can be used to obtain a large set of codes. The number of
possible codes, however, increases exponentially by combin-
ing these approaches. For example, five different types of
UCNPs, each defining ten ratiometric codes, yield 100000
(10°) codes, while the number of codes increases to 10
[(10°)°] when hybrid UCNPs are used that additionally have
five paramagnetic intensity levels. This number should be
enough for the foreseeable future of multiplexed analyte
detection. The large encoding power of UCNPs even goes far
beyond bioanalytical applications, for example, into areas
such as security applications, anti-counterfeit, or the authen-
tication of documents and commercial products.?*2%

So why UCNPs are not more widely distributed, yet? One
answer is that despite the tremendous advancement in the
preparation of UCNPs there is still a lack of general methods
for the preparation of bright and small hydrophilic UCNPs
that are required for bioimaging and bioanalytical applica-
tions. Only recently, UCNPs have become commercially
available. In our perception, UCNPs presently are at the stage
that quantum dots were twenty years ago. While quantum
dots are compatible with classical fluorescence instrumenta-
tion, the detection scheme for the anti-Stokes emission of
UCNPs poses additional hurdles to their wider applicability.
For example, microtiter plate readers and flow cytometers
have to be specifically adapted to upconversion detection
schemes. In fact, only a few fluorometers are commercially
available that can be operated in the upconversion mode. The
situation is somewhat better for fluorescence microscopy
because many instruments originally developed for two-
photon microscopy can also be used to work with UCNPs. We
predict that, once these issues are resolved, UCNP-based
encoding strategies will pave new ways in multiplexed
genotyping, high-throughput screening, multiplexed cell tar-
geting, point-of-care diagnosis,* and product authentica-
tion.

We thank Stefan Wilhelm for recording the TEM images
shown in Figure 2 and Dr. Daniela E. Achatz for the data
shown in Figure 4.
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