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Long-Term Real-Time Tracking of Lanthanide Ion Doped
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Recently, there has been great interest in employing nano-
particles for various biological applications.!"! Nanoparticles
can be synthesized in a controlled manner such that they have
desirable sizes, shapes, and optical or magnetic properties. In
addition, one may provide nanoparticles with biological
functions through chemical surface modifications and con-
jugation of ligands.”! Such intrinsic and extrinsic properties of
nanoparticles enable them to be used as excellent biological
imaging probes and diagnostic/therapeutic agents at the
cellular level.® Among the various nanoparticle systems
developed thus far, semiconductor nanocrystals or quantum
dots (QDs) are most widely used. QDs are extremely bright
and photostable, and exhibit excellent spectral properties
(i.e., broad absorption and narrow emission bands) suited for
multicolor detection.*! However, the drawbacks such as
photoblinking,” the presence of nonradiant dark particles,
and potential cytotoxicity” limit their applicability. In recent
years, several alternative types of luminescent nanoparticles
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have been introduced for biological applications. For exam-
ple, nanodiamonds (NDs) with nitrogen vacancy centers were
found to be highly photoluminescent while exhibiting no
photoblinking and photobleaching,!'*!! and even useful as the
imaging probe for super-resolution optical microscopy.'?!
However, applying NDs for biological imaging has limita-
tions, especially in the case of long-term tracking studies, since
the excitation in the blue or green region (typically 488 or
532 nm) might result in fatal photodamage to cells or low
penetration depth into tissues. In contrast, single-walled
carbon nanotubes (SWNTs) were shown to be appropriate
for biological imaging in that the excitation and emission lie in
the near-infrared (NIR) spectral range."**) However, being
longer than 100 nm typically, SWNTs are considered to be too
large to be used as biolabels. Meanwhile, lanthanide ion
doped upconverting nanoparticles (UCNPs), which emit in
the visible range upon absorption of NIR photons, have
attracted great attention owing to their unique optical
properties. First, two-photon upconversion of NIR excitation
to the emission of a visible photon is so efficient that a tiny
continuous-wave (CW) diode laser (980 nm) with the output
of tens of milliwatts is sufficient as the excitation source.!*!"]
Second, by employing NIR excitation, one can suppress
cellular autofluorescence, induce little photodamage to living
cells, and achieve relatively deep penetration into tissues.*!!
Finally, UCNPs exhibit neither photoblinking on the milli-
second and second time scales nor photobleaching even with
hours of continuous excitation,??! their cytotoxicity is very
low,?* and the inclusion or doping of Gd*" ions in the host
materials endows UCNPs with an additional modality for
magnetic resonance imaging (MRI).?**! As a result, UCNPs
became one of the most promising nanoparticle systems for
biological imaging and there are continuing efforts to improve
their properties (e.g., increasing luminescence intensity and
reducing the particle size) by designing new synthetic
strategies.’¥ Herein, we report the first real-time tracking
study with UCNPs at the single vesicle level in living cells.
Thanks to the remarkable photostability of UCNPs and the
noninvasiveness of NIR excitation, we were able to visualize
the intracellular movements of UCNPs for as long as 6 h
without interruption.

We first assessed the benefits of using NIR radiation as the
excitation source to demonstrate the feasibility of long-term
live-cell imaging with UCNPs. The UCNPs (hexagonal-phase
NaYF, co-doped with Yb*" and Er’", ca. 30 nm in diameter)
coated by amphiphilic PEG-phospholipids (PEG = poly(eth-
ylene glycol)) were internalized into HeLa cells and imaged
on a home-made epi-fluorescence microscope setup (Meth-
ods section and FiguresS1 and S2 in the Supporting
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Information). In Figure 1a, we chose a single HeLa cell (left
panel) with internalized UCNPs and obtained a luminescence
image with 980 nm excitation (right panel). It is shown that
the signal levels from the extracellular medium (1) and the
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Figure 1. a) Bright-field (left) and luminescence (right) images of a
single Hela cell with internalized UCNPs, and intensity profile
(bottom) along the line in the luminescence image. b) Bright-field
images of single Hela cells after continuous illumination by 980 nm
(3 kWem™ top) and 532 nm (1 Wem™2, bottom) lasers for 6 h and
1 h, respectively.

cell body (2) are essentially indistinguishable. However, the
luminescence signals from the UCNPs (3 and 4) inside the cell
are significantly higher than the background. This clearly
shows that cellular autofluorescence is totally absent with
980 nm excitation and the luminescence of UCNPs is intense
enough to give very high image contrast. We also note that,
even with relatively simple epi-fluorescence microscopy, one
can achieve a signal-to-background ratio comparable to that
of confocal microscopy because 980 nm excitation does not
generate any out-of-focus background. At the same time, the
merits of wide-field microscopy such as high temporal
resolution can still be pursued. To further increase the
signal level of UCNPs, one may raise the laser power for
excitation. Usually, high laser power is accompanied by lethal
photoinduced damage to the cells and thereby limits the time
window for continuous observation. It is well known,
however, that the optical absorption cross sections of cellular
components are dramatically reduced in the NIR range,” !

www.angewandte.de

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and thus the chances of subsequent photoinduced damage
upon NIR excitation are minimized. In fact, we found that
980 nm excitation is noninvasive to the living cells as
expected. For example, even after illuminating a single
HeLa cell for 6 h without interruption, the cell remained
viable as manifested by the observation that trypan blue
treatment did not stain the nucleus (Figure 1b, upper panel).
In contrast, when a different cell was illuminated with a
visible laser (532 nm) for comparison, it was dead in 1 h even
with a power of 1 Wem™ (Figure 1b, lower panel), which is
two orders of magnitude lower than that of 980 nm excitation.
Combined with the low cytotoxicity (Methods section and
Figure S3 in the Supporting Information) and photostability
of UCNPs, such advantages of NIR excitation, namely, the
absence of autofluorescence and low degree of photodamage,
allow long-term continuous observations of living cells.
Figure 2 shows snapshot images of UCNPs in a single
living HeLa cell adopted from a real-time movie acquired
continuously for 6 h at the frame rate of 20 framess™'. The
UCNPs were internalized most probably by endocytosis, a
ubiquitous pathway for cellular uptake of nanoparticles.*’’!
This should be nonspecific endocytosis, since there are no
specific ligands on the particle surface that are supposed to
bind receptors on the cell membrane. Given the typical size of
UCNPs (ca.40nm with the PEG-phospholipid coating;
Figure S1 in the Supporting Information), the relevant
mechanism is likely to be pinocytosis (except macropinocy-
tosis) although whether it involves clathrin or caveolae is not
clear at this point.[3°] In one of the relevant studies, it was
shown that the particles are encapsulated in vesicle systems
such as endosomes and subject to the intracellular transport,

Bright Field Luminescence Overlay

10 pm

Figure 2. Snapshot images of UCNPs in a single living Hela cell at
a) 0, b) 3, and c) 6 h, adopted from a 6 h long movie taken at

20 framess ™. Bright-field images of the cell (left panels), lumines-
cence images (middle panels), and overlay images (right panels) are
shown. In (c) (=6 h), cells in the neighborhood happened to move
into the field of view (left corners).
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which leads to the accumulation of particles at the perinuclear
region.” Such inhomogeneous particle distribution in the
cytoplasm was also observed for UCNPs as in Figure 2. The
slight decrease of overall signal at later times (Figure 2c¢),
which we observed frequently in this kind of measurements, is
not likely to be due to photobleaching of UCNPs for two
reasons: 1) a single UCNP does not exhibit any photobleach-
ing in this timescale according to the previous reports,?*!
and 2) similar signal loss was observed even when we took
snapshot images by exciting the cell sample infrequently with
1 s duration. Instead, we believe that the release of particles
out of the plasma membrane via, for example, exocytosis is
the reason for the signal loss. It might also be due to chemical
degradation of particles by, for example, fusion with lyso-
somes. Further studies are necessary to elucidate the detailed
mechanism underlying such signal loss. Interestingly, we
occasionally observed cell divisions while acquiring the data
(Figure S4 in the Supporting Information) in which the
internalized particles are shared by the daughter cells. This
is another piece of evidence that the cells behave normally
even under the intense illumination (3 kWcm™2) at 980 nm.

The real-time images visualize the UCNPs moving on the
focal plane of the objective. Most of the particles or their
aggregates display random spatial fluctuations with relatively
low amplitudes, while some of them undergo abrupt directed
movements that typically last a few seconds. Such behavior
represents intracellular transport of vesicle-encapsulated
nanoparticles in the endocytic pathway.>?! From the lumi-
nescence intensity, we could estimate the number of UCNPs
per vesicle, which was broadly distributed from one to three
(Methods section and Figure S5 in the Supporting Informa-
tion). To gain more insights into the dynamics of individual
UCNP-containing vesicles, the data were analyzed further by
a particle-tracking technique.'* Figure 3a shows a typical
result of UCNP tracking in real time (see also Movie S1 in the
Supporting Information). The centroid position of a single
luminescent spot (i.e., a single UCNP or a small aggregate in a
vesicle) in each image frame was determined by fitting the
point-spread function to a Gaussian distribution. The local-
ization accuracy was estimated to be 3 nm for the typical
UCNP signal level (Methods section in the Supporting
Information).”” Figure 3b shows the displacement traces for
the trajectory in Figure 3 a. Both the relative displacement of
the UCNP-containing vesicles with respect to the starting
point and the cumulative distance of the transport were
plotted. The trajectory is composed of multiple dynamic
phases characterized by distinct transport speed as has been
reported previously for different types of nanoparticles.!'3%7
For example, in the initial part of the trajectory designated as
phase I, the UCNP-containing vesicle does not exhibit any
significant displacement and apparently fluctuates within a
very tiny area. In contrast, the particles are transported along
a relatively linear path during phases II, III, and IVat 1.3, 2.1,
and 1.1 pms™', respectively. In Figure 3¢, the mean square
displacements (MSDs) are plotted for the phases II, III, and
IV. Each MSD plot was well represented by the quadratic
function of time intervals (Af) MSD=4DAt + VA~
which suggests that UCNPs were transported actively by
intracellular motor proteins walking on the microtubules or
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Figure 3. a) Trajectory of a vesicle containing UCNPs transported from
the cell periphery to the perinuclear region presumably by dyneins. In
phase |, the vesicle is initially confined in a small area. The segments
of the trajectory, which display approximately linear paths, are desig-
nated as phases Il-IV. b) Cumulative and relative displacement traces
for the trajectory shown in (a). The transport speeds were calculated
for phases 11—V by linear regression. c) MSD plots for phases II-IV.
They are all well fit to the equation MSD=4DAt 4 v*A#?, which is
indicative of active transport in two dimensions. The diffusion coef-
ficients (D) were estimated to be 0.016, 0.023, and 0.017 um*s™' for
phases Il, Ill, and 1V, respectively.
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Figure 4. a) Trajectory of a vesicle containing UCNPs transported from
the perinuclear region to the cell periphery presumably by kinesins. In
phase |, the vesicle is initially confined in a small area. The segments
of the trajectory, which display approximately linear paths, are desig-
nated as phases Il and Ill. b) Cumulative and relative displacement
traces for the trajectory shown in (a). The transport speeds were
calculated for phases Il and Il by linear regression. c) MSD plots for
phases Il and Ill. They are well fit to the equation MSD=4D At +
v2 A#%, which is indicative of active transport in two dimensions. The
diffusion coefficients (D) were estimated to be 0.008, 0.024 um*s™' for
phases Il and Ill, respectively.
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actin filaments.*! When we treated the cells with nocodazole
(30 um), a drug that inhibits the polymerization of micro-
tubules, no directed transport was observed. In contrast,
directed transports were not significantly affected upon
treatment with cytochalasin D (5 um), which disrupts the
actin filament network. These results suggest that micro-
tubule-dependent motor proteins such as dyneins and kine-
sins are responsible for most active transports we observed.
Dyneins are known to transport vesicular cargos toward the
minus ends of the microtubules near the nucleus, whereas
kinesins perform similar tasks in the opposite direction.® For
the trajectory in Figure 3a, which starts near the cell
periphery and proceeds toward perinuclear region, it is
likely that dyneins are in action.

We also observed that some particles, initially located at
the perinuclear region, were transported away from the
nucleus, presumably by kinesins, as shown in Figure 4a (also
see Movie S2 in the Supporting Information). In this case, too,
we found that multiple distinct phases with characteristic
speed constitute the overall trajectory (Figure 4b), and the
MSD plot for the directed motion suggests again the
operation of active transport (Figure4c). Interestingly,
some UCNP-containing vesicles displayed bidirectional
round-trip movements (Figure S6 and Movie S3 in the
Supporting Information). This behavior might be simply due
to the switching between dyneins and kinesins at the turning
point. However, it has also been suggested that a tight
coordination of different types of motor proteins might lead
to such bidirectional transport.”’)

In summary, we demonstrated the benefits of using
UCNPs as the probe for real-time imaging and particle
tracking in living HeLa cells. By employing NIR (980 nm)
laser as the excitation source, cellular autofluorescence is
totally removed, and photoinduced damage is minimized.
Combined with the low cytotoxicity and photostability of
UCNPs, this method enables uninterrupted long-term imag-
ing of living cells. For the first time, we obtained real-time
images of endocytosed UCNPs at the single vesicle level for
6 h continuously at the rate of 20 framess™'. The dynamics of
particle transport was composed of multiple phases within a
single trajectory including the active transport by motor
proteins such as dyneins and kinesins. Further improvement
in the optical upconversion efficiency and surface conjugation
schemes will make UCNPs more versatile nanoparticle-based
biolabels for intracellular proteins and organelles, accelerat-
ing diagnostic and therapeutic applications thereof.
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