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Abstract: Upconversion nanoparticles (UCNPs) convert near-
infrared into visible light at much lower excitation densities
than those used in classic two-photon absorption microscopy.
Here, we engineered < 50 nm UCNPs for application as
efficient lanthanide resonance energy transfer (LRET)
donors inside living cells. By optimizing the dopant concen-
trations and the core–shell structure for higher excitation
densities, we observed enhanced UCNP emission as well as
strongly increased sensitized acceptor fluorescence. For the
application of these UCNPs in complex biological environ-
ments, we developed a biocompatible surface coating function-
alized with a nanobody recognizing green fluorescent protein
(GFP). Thus, rapid and specific targeting to GFP-tagged
fusion proteins in the mitochondrial outer membrane and
detection of protein interactions by LRET in living cells was
achieved.

Lanthanide-doped upconversion nanoparticles (UCNPs)
convert two or more near-infrared (NIR) photons into one
UV/Vis photon.[1] Owing to the long-lived metastable energy
levels of the lanthanide ions, NIR photons can be absorbed
sequentially in upconversion materials. At low to moderate
excitation densities, photon upconversion therefore shows
much higher efficiency than other nonlinear optical processes
such as two-photon excitation fluorescence.[1b,n, 2] Conse-
quently, UCNPs can be excited with negligible luminescent
background, yielding promising features for bioimaging and
biosensing.[1a, 3]

A severe limitation of UCNPs is that their quantum yield
is much lower than that compared to the bulk material; this is
attributed to energy losses at crystal defects and energy
migration to the surface of the nanoparticles.[4] Moreover, the
low concentrations of the optically active erbium or thulium
ions (e.g. [Er3+] = 2%) traditionally employed to avoid
energy losses by cross-relaxation result in low absorption
cross sections of the particles.[1b] There have been several
approaches to cope with these challenges including the use of
host materials with low phonon energy,[1b] crystal modifica-
tions, various shell concepts,[5] and surface plasmon cou-
pling.[6] In the work presented here we have used much higher
dopant concentrations than traditionally used for bulk
upconversion phosphors, since high doping levels have been
reported to greatly increase the upconversion intensity of
UCNPs at higher excitation densities.[7]

Exciting possibilities arise from lanthanide resonance
energy transfer (LRET) from UCNPs to acceptors like
fluorescent dyes,[8] photodynamic reagents,[9] and gold nano-
particles.[10] Compared to traditional Fçrster resonance
energy transfer (FRET), upconversion LRET ensures highly
specific detection of sensitized fluorescence of the
acceptor,[11] which typically is not directly excited under
conditions of UCNP excitation. Accordingly, there have been
numerous reports on UCNP-based LRET biosensors for
detecting various molecular species.[11, 12] A majority of these
sensors, however, probe LRET-dependent quenching of
UCNPs,[11] which lacks robustness when applied in live cell
microscopy: owing to their low quantum yield, core-only
UCNPs are rather dim probes. As quenching is accompanied
by loss of emission intensity, proper detection and quantifi-
cation are hindered. By contrast, the enhanced and commonly
used core–shell UCNPs provide much higher emission
intensity, but at the expense of low energy transfer efficiency.
Therefore, a critical shell thickness for best LRET perfor-
mance exists,[13] and typically a relative high number of
acceptor dyes per UCNP is required for efficient quenching,
which is not desirable for cellular applications.

Application of UCNPs as cellular sensors and actuators in
living cells introduces further challenges to nanoparticle
design,[14] which are particularly demanding when targeting
proteins in the cytoplasm. For a minimum bias and thus
functionality of conjugated proteins in the cytoplasm, nano-
particles must be kept small (hydrodynamic diameter
< 50 nm).[15] To overcome nonspecific binding to cellular
components and recognition by metabolic machineries within
the cell,[16] appropriate surface passivation is required that
interferes with non-specific protein interactions yet maintains
colloidal stability. Furthermore, site-specific conjugation with
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target proteins in the complex cellular environments requires
bio-orthogonal functionalization strategies. To date, there are
only few examples of live cell targeting of UCNPs, exploiting
antibody–antigen[17] and receptor–ligand[18] interactions.
However, upconversion LRET from specifically targeted
UCNPs to acceptor fluorophores in living cells has not yet
been reported.

We have here addressed these challenges by engineering
UCNPs as nanoscopic reporters for protein–protein interac-
tion analysis inside living cells as depicted in Figure 1a. To

ensure minimum bias of protein function within the cell, we
focused on UCNP diameters below 30 nm, that is, dimensions
similar to those of larger proteins complexes, which we aim to
probe by LRET. To better exploit the photophysical proper-
ties of UCNPs, we implemented a microscope for live-cell
imaging providing continuous-wave laser excitation at 978 nm
up to power densities of 20 kWcm@2 (Figure S1a). In contrast
to conventional picosecond or femtosecond excitation with
a Ti:sapphire laser, other nonlinear optical phenomena such
as two-photon fluorescence are not evoked under these
conditions (Figure S1 b), thus ensuring selective acceptor
excitation via LRET. For compatibility with live-cell imaging,
samples were mounted in an incubation chamber (Fig-
ure S1a) and immersed in aqueous buffer solution. Heating
of the sample due to water absorption at 980 nm was avoided
by relatively short illumination times (50 ms).

To achieve balanced levels of upconversion emission and
LRET efficiency at these high excitation power densities, we

revisited UCNP design strategies with respect to core–shell
architectures and doping densities. First, we systematically
investigated the impact of an inert shell, the Er3+ concen-
tration within the UCNP core, and the architecture of the
active shell (Figure 1b). Monodisperse, hexagonal UCNPs
(Figure S2–S5) were synthesized as described previously[19]

and rendered water-soluble by exchanging the oleic acid
ligands on the UCNP surface for poly(acrylic acid) (PAA)
(Figure 1c). PAA-coated UCNPs were subsequently PEGy-
lated, which has been shown to minimize recognition by
intracellular degradation machineries.[16] PEGylated UCNPs
were site-specifically conjugated with a recombinant nano-
body against GFP via a short crosslinker using click chemistry
to ensure close proximity (Figure 1c). This roughly 10 kDa
protein derived from llama heavy-chain antibodies very
rapidly binds GFP fusion proteins with sub-nanomolar
affinity.[20]

For screening the photophysical properties of UCNPs
with respect to brightness and energy transfer efficiency, we
developed a surface-based in vitro assay to probe LRET
under physiological conditions. Negatively charged PAA-
coated UCNPs were immobilized onto a glass support
functionalized with positively charged polyethyleneimine
(PEI). PEI was functionalized with tetramethylrhodamine
(TMR), which served as an LRET acceptor for the green
emission of the UCNPs (2H11/2!4I15/2 ; 4S3/2!4I15/2 ; Figure S6).
TMR emission upon excitation at 978 nm can be exclusively
ascribed to LRET (Figure S7), because two-photon excitation
does not occur at these power densities. As a starting point,
we chose a common core/inert-shell design
(b-NaYF4 :Yb20%,Er2%/b-NaYF4, dcore = 11 nm; rshell = 7 nm),
which had been reported to be two or three orders of
magnitude brighter than the corresponding core UCNP.[4a]

When the excitation power was increased from 1 to
18 kWcm@2, a substantial increase of UCNP emission (ca.
17 X) and LRET (ca. 37 X) was observed (Figure 2 a). At
power densities above 2.5 kWcm@2, however, the slope of the
curve substantially decreased. In contrast, a linear increase of
both UCNP emission and LRET up to an excitation power
density of 18 kWcm@2 was observed for core-only UCNPs
(Figure 2a). Under these conditions, the level of sensitized
acceptor fluorescence was similar to that of core–shell
particles, while the UCNP emission intensity was roughly
one-fifth, confirming a higher LRET efficiency probably
caused by closer proximities of the acceptor in the absence of
a shell. Importantly, even at the highest excitation power
densities, no significant heating within the incubation cham-
ber was observed.

To explore the influence of cross relaxation, core/shell
nanoparticles doped with different Er3+ concentrations rang-
ing from 2% up to 20% were analyzed (Figure 2b). In
contrast to the power-dependent saturation observed for
UCNP emission and LRET of 2% Er3+ UCNPs, higher
dopant concentrations led to much higher, close to linear
increase of UCNP and LRET. Thus, for the 5 % Er3+ UCNPs
the emission intensity was five times higher and the LRET
intensity was three times higher than the analogous intensities
for 2 % Er3+ UCNPs. A similar enhancement of the UCNP
emission and LRET was observed for particles containing

Figure 1. Concepts and strategies for designing an LRET reporter
system. (a) UCNPs functionalized with an anti-GFP nanobody (aGFP)
are site-specifically targeted to a bait protein fused to EGFP. Interac-
tion with an acceptor-tagged prey protein is detected by sensitized
fluorescence upon LRET from the UCNP. (b) Different architectures
and predicted properties of UCNPs used in this study. Cartoons and
transmission electron micrographs. Scale bars: 20 nm. (c) Biofunction-
alization of UCNP including solubilization with poly(acrylic acid) (PAA)
(I), PEGylation with a mixture of homo- and heterobifunctional
poly(ethylene glycols) (PEGs) (II), and conjugation with nanobodies
via site-specifically conjugated dibenzocyclooctyne (DBCO; III) for
a copper-free click reaction with surface azides (IV).

Angewandte
ChemieCommunications

11669Angew. Chem. Int. Ed. 2016, 55, 11668 –11672 T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


10% and 20% Er3+. Because the optical properties of UCNPs
benefited from elevated Er3+ concentrations, we investigated
the combination of 20 % Er3+ UCNPs with a thin shell (2 nm)
consisting either of inert b-NaYF4 or doped b-NaYF4 :Er20%

(cf. Figure 1b).
We speculated that upconversion would occur between

Yb3+ and Er3+ in the core and that in the latter case the energy
would be able to migrate to the surface via Er3+ ions in the
shell. Indeed, UCNPs with a thin inert shell exhibited
emission intensities comparable to those of nanoparticles
with a thick shell, but twofold enhanced LRET (Figure 2c).
The emission of the UCNPs with Er3+-doped shell was about
30% weaker than emission of inert-shell UCNPs, presumably
due to surface quenching. Strikingly, the LRET power
dependence of active-shell UCNP was nonlinear (exponent
& 1.6), reaching a level comparable to that of inert-shell
UCNPs at 18 kWcm@2 (Figure 2c). Emission and LRET of
non-shell b-NaYF4 :Yb20%,Er20% UCNPs were significantly
decreased compared to all other systems, indicating strong
energy migration to the surface and quenching on the surface
(Figure 2c). Taken together, the combination of
elevated excitation power density and thin-shell
b-NaYF4 :Yb20 %,Er20 %/b-NaYF4 nanoparticles enhanced
UCNP emission and LRET by more than two orders of

magnitude compared to standard b-NaYF4 :Yb20%,Er2%/b-
NaYF4 core/shell particles at low power density.

With these improved probes at hand, we generated
biocompatible UCNPs conjugated with anti-GFP nanobodies
(UCNP-aGFP, < 50 nm, cf. Figure 1c) and explored their
targeting to GFP fusion proteins inside living cells. For this
purpose, biofunctionalized UCNPs were microinjected into
HeLa cells stably expressing Tom20 fused to monomeric
EGFP and the HaloTag[21] (Tom20-EGFP-HaloTag). Tom20
is a subunit of the heterooligomeric translocase of the outer
mitochondrial membrane (TOM) complex[22] and served as
marker for the mitochondrial network, which, because of its
characteristic shape, is a robust readout for targeting quality.
By optional labeling of the HaloTag with TMR conjugated to
the HaloTag ligand, Tom20-EGFP-HaloTag was suitable for
testing upconversion LRET to TMR as acceptor (Figure 3a).

Shortly after microinjection, UCNP-aGFP quantitatively
colocalized with the characteristic mitochondrial network
visualized by EGFP fluorescence of Tom20-EFGP-HaloTag
(Figure 3b). The specificity of UCNP targeting was confirmed
by several controls. In the absence of UCNPs, no signal was

Figure 2. Power dependence of UCNP emission (left) and LRET (right)
of various UCNP species. (a) Comparison of core and core/inert shell.
(b) Comparison of Er3+ concentrations in the core of core/inert shell
UCNPs. c) Shell designs. 20% Er3+ in the core. If not mentioned
otherwise: core: b-NaYF4 :Yb20 %,Er2 % (d&11 nm), inert shell : b-NaYF4

(r&7 nm). Data was extracted from microscopy experiments with
a 978 nm continuous-wave laser and filters for the green emission
band of UCNPs (500–570 nm) and LRET (593–604 nm). Due to
experimental settings, absolute signals of UCNP and LRET channels
are not comparable.

Figure 3. Selective targeting of UCNP-aGFP as the reporter in living
cells. (a) Cartoon of the assay: the fusion protein Tom20-EGFP-
HaloTag localized in the mitochondrial outer membrane (MOM)
ensures UCNP-aGFP targeting via EGFP and an optional LRET
acceptor by labeling with TMR via the HaloTag. (b) Selective binding of
UCNP-aGFP injected into HeLa cells stably expressing Tom20-EGFP-
HaloTag, which was labeled with TMR. Top: EGFP fluorescence upon
excitation at 488 nm; middle: UCNP emission (500–570 nm) upon
excitation at 978 nm; bottom: sensitized TMR emission (593–607 nm)
upon excitation at 978 nm. (c) UCNP-aGFP injected into a HeLa cell,
which did not express any GFP fusion protein. (d) No sensitized TMR
emission (593–607 nm) upon excitation at 978 nm in the absence of
TMR (left) or UCNP (right). Insets: UCNP emission upon excitation at
978 nm (left) and TMR emission upon excitation at 520–550 nm
(right). Scale bars: 10 mm.
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detectable upon excitation at 978 nm (Figure S8). Upon
injection into HeLa cells lacking a GFP-tagged target protein,
UCNP-aGFP was homogeneously distributed. These obser-
vations confirmed free diffusion of functionalized UCNPs
within the cell and highly specific subcellular targeting
(Figure 3c). The extended mitochondrial network, which is
highly sensitive to stress including potential local heating
caused by UCNP excitation, was maintained during targeting
and imaging of UCNPs. These results indicated full cell
viability and minimum bias of organellar function caused by
the engineered UCNPs and by their excitation at high power
densities. By comparison with the UCNP monolayer experi-
ments performed in vitro, a typical density of 1–10 particles
per mm2 bound at the MOM was estimated. Strikingly,
upconversion LRET to TMR-labeled Tom20-EGFP-HaloTag
was detectable after UCNP-aGFP targeting (Figure 3b). By
contrast, the absence of either UCNPs or TMR resulted in no
signal above detector noise in the TMR channel, highlighting
the selectivity of UCNP LRET (Figure 3 d). Conventional
FRET experiments carried out for the same system but in the
absence of UCNPs highlighted the unique selectivity of
LRET with respect to acceptor emission (Figure S9).

As a proof-of-concept application of UCNP LRET as
a nanoscopic reporter for protein–protein interactions in
living cells we investigated the interaction of Tom20 with
Tom7, which is another subunit of the TOM complex. Since
the two proteins do not interact directly with each other, but
are associated with and spatially separated by Tom40[23]

(Figure 4a), the distance between Tom20 and Tom7 is too

large for unambiguous detection with conventional FRET
probes. We co-expressed Tom7 fused to monomeric EGFP
with Tom20-dsRed-HaloTag in HeLa cells and labeled with
UCNP-aGFP and TMR, respectively (Figure 4 a). Specific
targeting of UCNP-aGFP to EGFP-Tom7 was confirmed by
colocalization with the mitochondrial network (Figure S10).
Strikingly, LRET-sensitized TMR emission could be detected
in this assay (Figure 4b), demonstrating that the system is
capable of reporting indirect, long-distance interactions.

Monitoring and manipulating protein interactions inside
living cells without affecting biological functions stands as
a current major challenge in molecular cell biology.[24] Nano-
particle-based approaches have high potential in this field, but
massive efforts are still required in order to tailor physico-
chemical and biological properties to achieve unbiased inter-
rogation in the cellular context. Here, we have successfully
engineered UCNPs as LRET reporter probes for protein
interactions in the cytoplasm of live cells. This achievement
was possible by exploiting the unique photophysical proper-
ties of UCNPs at elevated excitation power density. Through
increased doping levels and an optimized shell thickness, we
could increase sensitized acceptor fluorescence by two orders
of magnitude. Thus, UCNPs with diameters below 30 nm
could be employed, ensuring unhindered mobility in the
cytosol and reduced bias due to protein crosslinking. Ultra-
thin, highly biocompatible surface coating in combination
with rapid and efficient targeting via an anti-GFP nanobody
allows for versatile application of these UCNPs as nanoscopic
reporters of protein interactions in living cells. We exper-
imentally confirmed well controlled, precise targeting of
UCNPs in the cytoplasm while fully maintaining cell viability.
Thus, we succeeded in detecting direct and indirect protein–
protein interactions by upconversion LRET in living cells. In
contrast to conventional FRET reporters, detection of sensi-
tized acceptor fluorescence in an upconversion LRET format
yielded negligible background. Thus, in situ proximity anal-
ysis can be achieved with high fidelity, which has tremendous
potential for unraveling the spatiotemporal organization of
protein complexes in cells. These proof-of-concept experi-
ments establish exciting opportunities for novel bioanalytical
applications of UCNPs, for example, for noninvasive nano-
scopic photochemical manipulation by upconversion LRET.
Substantial further UCNP optimization along the lines we
have highlighted in this work will be possible, allowing for the
application of much smaller UCNPs. Thus, even less bias of
protein function and more facile delivery into the cytosol can
be achieved, as well as further increased spatial resolution.
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