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Enhancement of single upconversion
nanoparticle imaging by topologically
segregated core-shell structure with
inward energy migration

Yanxin Zhang1,3, Rongrong Wen1,3, Jialing Hu1, Daoming Guan1, Xiaochen Qiu1,
Yunxiang Zhang 1 , Daniel S. Kohane 2 & Qian Liu 1

Manipulating topological arrangement is a powerful tool for tuning energy
migration in natural photosynthetic proteins and artificial polymers. Here, we
report an inorganic optical nanosystem composed of NaErF4 and NaYbF4, in
which topological arrangement enhanced upconversion luminescence. Three
architectures are designed for considerations pertaining to energy migration
and energy transfer within nanoparticles: outside-in, inside-out, and local
energy transfer. The outside-in architecture produces the maximum upcon-
version luminescence, around 6-times brighter than that of the inside-out at the
single-particle level. Monte Carlo simulation suggests a topology-dependent
energy migration favoring the upconversion luminescence of outside-in struc-
ture. The optimized outside-in structure shows more than an order of magni-
tude enhancement of upconversion brightness compared to the conventional
core-shell structure at the single-particle level and is used for long-term single-
particle tracking in living cells. Our findings enable rational nanoprobe engi-
neering for single-molecule imaging and also reveal counter-intuitive relation-
ships between upconversion nanoparticle structure and optical properties.

Energy migration is an essential process in numerous systems, such as
natural photosynthetic proteins, artificial polymers, and inorganic
optical materials1–3. In particular, in lanthanide-doped upconversion,
which absorbs two or more near-infrared photons and emits one
visible photon through a multiphoton process, energy migration
between sensitizer Yb3+ ions show great potential for tailoring lumi-
nescence brightness, lifetime, and wavelength4–7. Tuning the topolo-
gical structure of materials has been demonstrated to affect energy
migration8–10. Basedon this, the allocation of lanthanide active ions can
have a profound effect on energy migration and luminescence
brightness in a core-shell structure, which can be viewed as two

interfacing compartments with distinct topologies. The energy
migration pattern manifested in the hopping of energy quanta
amongst lattice sites occupied by lanthanide ions depends on the
topology for the lattice network of sensitizers ions aswell as the spatial
distribution of active ions, therefore, deserves close investigation.

Lanthanide-doped upconversion nanoparticles (UCNPs) are an
important family of optical materials that demonstrate significant
advantages over other luminescent probes, including excellent pho-
tostability, non-blinking, sharp emission lines, and large anti-Stokes
shifts11–13. Upconversion luminescence (UCL) offers many applications,
such as bioimaging, multicolor displays, super-resolution nanoscopy,
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and photovoltaics14–19. In addition, in biological contexts upconversion
imaging can eliminate interference from autofluorescence and allows
background-free detection20. These advantages make UCNPs promis-
ing single-molecule imaging probes, which typically suffer from lim-
ited photostability and tissue autofluorescence. UCNPs dopedwith the
lanthanide ion Er3+ or Tm3+ as emitter and Yb3+ as sensitizer have been
explored as single-molecule imaging probes21–24. However, the faint
brightness of single nanoparticles limits their application in bioima-
ging, especially for sub-20 nm UCNPs25,26. Smaller nanoparticles sig-
nificantly decay in brightness due to increased surface quenching and
reduced sensitizer and emitter ion numbers per particle27–30. Various
strategies, such as adding an outmost inert shell, optimizing the
doping concentration of active ions, and introducing organic mole-
cules to enhance light harvest ability or energy converted efficiency,
have been developed to optimize the upconversion26,31–34. However,
most of them are based on ensemble measurement. These developed
strategies based on ensemble measurement were inspiring but cannot
be translated to single-particle’s brightness optimization directly. And
in most cases, these two are contradictory35.

To understand the relationship between topological arrange-
ment and energy migration and to systematically optimize the
upconversion brightness of sub-20 nm UCNPs at the single-particle
level, we designed and prepared a series of ~17 nm core-interior shell-
inert shell UCNPs with inside-out (sensitizer@emitter@inert-shell,
Fig. 1a), outside-in (emitter@sensitizer@inert-shell), and local
energy transfer architecture (sensitizer&emitter@inert-shell). Yb3+

was selected as the sensitizer and Er3+ as the emitter (Fig. 1b). They
were structured so that the Er3+ was in the spherical core and Yb3+ in
the shell (outside-in) or vice versa (inside-out). The core and shell

were equal in volume such that effects of the ions in the two com-
partments could be compared. In a third architecture, Yb3+ and Er3+

were intermixed in a single core (local energy transfer). The terms
“outside-in” and “inside-out” refer to the directions of energy trans-
fer, from sensitizer to emitter. An outmost inert shell of NaLuF4 was
used to minimize the surface quenching and improve upconversion
efficiency33 for all three designs. Luminescence spectra and lifetimes
were measured in ensemble (i.e., the collective properties of a sus-
pension of nanoparticles) and compared for all three designs. How-
ever, comparing such samples can be challenging due to difficulties
determining nanoparticle number per unit volume accurately, and
aggregations may form over time35. To avoid those difficulties, we
also performed single-particle characterizations.

Our mechanistic investigation revealed topology-dependent
energy migration where energy migrated to the interface more effec-
tively in the outside-in architecture. Therefore, the local density of
excitation energy is maximized compared to the other two archi-
tectures. When the excitation energy is transferred to emitter Er3+, an
enhanced luminescence of outside-in UCNPs is obtained under near-
infrared irradiation and characterized at the single-particle level. Such
single-particle studies of topology-dependent energy migration not
only enable the engineering of smaller and brighter single-particle
imaging probes but also provide an in-depth understanding of the
relationships between structural designs and optical properties.

Results
Synthesis and characterization
As proof of concept, we fabricated three upconversion nanoparticles
in the above-mentioned topological arrangements of energy transfer
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Fig. 1 | Schematicdiagramsofdesigns. a Schematic diagramsof outside-in, inside-
out and local energy transfer architectures. The straight black arrows represent the
principle energy migration direction of outside-in and inside-out architecture with
distinct interface. Orange ball represents Er3+, blue ball Yb3+, gray ball Lu3+; black
curved arrows, purple curved arrows and red curved arrows depicts the energy
migration, energy transfer and back energy transfer, respectively. b Schematic
diagrams of energy transfer from Yb3+ (sensitizer) to Er3+ (emitter) and

upconversion emission luminescence. Black curved arrows, purple curved arrows,
green arrows, red solid arrows and red dashed arrows depicts the energymigration
(EM), energy transfer (ET), green emission, red emission and photon energy
absorption respectively. The energy flux of upconversion process included Yb3+

ions (sensitizer) absorbed excitation photons, energymigration between Yb3+ ions,
energy transfer fromYb3+ to Er3+ (emitter), then the energywas released by emitting
a short-wavelength photon.
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architectures (Fig. 1): inside-out (NaYbF4@NaLu0.8Er0.2F4@NaLuF4
simplified as Yb@Lu0.8Er0.2@Lu), outside-in (NaLu0.8Er0.2F4@-
NaYbF4@NaLuF4 simplified as Lu0.8Er0.2@Yb@Lu) and local energy
transfer architectures (NaYb0.5Lu0.4Er0.1F4@NaLuF4 simplified as
Yb0.5Lu0.4Er0.1@Lu). The inside-out and outside-in energy transfer
architecture have nearly identical interfaces between sensitizer ions
and emitter ions (Fig. 1). In the local energy transfer architecture the
active ions are intermixed without an interface. The upconversion
process consists of Yb3+ absorbing near-infrared photons and migrat-
ing energy to nearby Yb3+ and then transferring energy to Er3+, emitting
visible photons.

Unequal numbers of sensitizer and emitter ions in each nano-
particle could affect the resulting upconversion brightness36. To

explore the effect of topological arrangement on upconversion
brightness without the confounding effect of differences in ion num-
ber, we made all the upconversion nanoparticles with the same outer
diameter and the same thickness of the inert outer shell (Fig. 2a–c). To
minimize the concentration-dependent quenching effect of cross-
relaxation between Er3+ ions37, a doping concentration of 20% Er3+ was
chosen for the emitter layer of the nanoparticles38; the remainder of
the emitter layer was Lu3+. All the nanoparticles were prepared by an
epitaxial core/shell growth process as described25 with varied lantha-
nide ion doping (see details in methods). The size and morphology of
these nanoparticles were characterized by transmission electron
microscopy (TEM; Fig. 2a–c), which revealed a uniform size and
monodispersity for all. The volume ratioof the core to the interior shell
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Fig. 2 | Characterizations of outside-in, inside-out, and local energy transfer
core-interior shell-inert shell UCNPs. a–c Representative TEM images of
Lu0.8Er0.2@Yb@Lu, Yb@Lu0.8Er0.2@Lu and Yb0.5Lu0.4Er0.1@ Lu. Shown from the
left to right are the core, the core-interior-shell and the core-interior-shell-inert
shell architecturewith histograms of size distribution in blue andGaussianfitting in
red overlayed at the bottomof eachTEM image.More thanfive TEM images of each
sample were included for statistical analysis, the results were presented as mean
± standard deviation, all TEM images share a scale bar of 100nm. dHR-TEM image
of Lu0.8Er0.2@Yb@Lu, the lattice spacing is 0.52 nm, corresponding to the (1010)

plane of β-NaLuF4. Scare bar, 5 nm. e XRDpatterns of these core-interior shell-inert
shell samples, comparedwith the standard spectrumofβ-NaLuF4 (#27-0726). fUCL
spectra of core-interior shell-inert shell UCNPs in ensemble solution under
7.3 W=cm2 980nm laser irradiation. g Power-dependent properties of ensemble
UCL green emission at 654 nm presented with linear lines of best fit and the asso-
ciated slopes. h Luminescence decay curves, excited by 980 nm pulsed laser and
recorded at 654nm emission. The black lines denote the corresponding double
exponential decay fitting. Source data are available as Source Data file.
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was ~1.0, so that outside-in Lu0.8Er0.2@Yb@Lu and inside-out
Yb@Lu0.8Er0.2@Lu UCNPs would contain the same number of sensi-
tizers and emitter ions. Therefore, differences in the numbers of Yb3+

and Er3+ ions in these nanoparticles would have a negligible impact on
upconversion luminescence. Inductively coupled plasma atomic
emission spectroscopy (ICP) analysis (Supplementary Table 1) also
showed that these UCNPs had almost identical chemical content but
differed in topological arrangements. With high-resolution transmis-
sion electron microscopy (HR-TEM) and X-ray diffraction (XRD) mea-
surements (Fig. 2d, e), these UCNPs were determined to have a
conventional hexagonal phase.

Ensemble assessment of upconversion properties
We investigated the effect of topological arrangement on ensemble
upconversion properties of nanoparticles. The measurement condi-
tions for ensemble characterizations are the same for all the samples
such that the results can be compared across various samples. As
shown in Fig. 2f, luminescence spectra revealed that all of these three
architectures showed significant UCL emissions with peaks at 521, 541,
and 654 nm, corresponding to the radiative transitions of Er3+ 4I11/2,
4S3/2, and

4F9/2 state, respectively. The outside-in Lu0.8Er0.2@Yb@Lu
exhibited enhanced UCL over that of local Yb0.5Lu0.4Er0.1@Lu, which
suggested that the interfacial energy transfer can improve upconver-
sion luminescence effectively38–40. However, the enhancement dimin-
ished with increasing irradiation power density (Supplementary Fig. 4
and Fig. 2g). Unexpectedly, inside-out Yb@Lu0.8Er0.2@Lu had a much
dimmer luminescence compared with either outside-in Lu0.8Er0.2@Y-
b@Lu or local Yb0.5Lu0.4Er0.1@Lu, even though they had similar
architectures and compositions of ions, the principal difference being
distinct topological arrangements of the sensitizers and activators,
with opposite energymigration directions. It is widely recognized that
the UCL intensity has a power-law of index n with respect to the
excitation power, where n effectively represents the number of pho-
tons involved in upconversion luminescence41. Both inside-out and
local energy transfer architectures exhibited a typical two-photon
upconversion (n~2.0). However, for the outside-in Lu0.8Er0.2@Yb@Lu,
it showed an enhanced UCL with a shallower slope (n~1.7) in the power
dependence curve. We speculate that there was a relatively efficient
energy transfer process in the outside-in structure when compared to
the inside-out, and the segregation of Er3+ and Yb3+ that reduces back
energy transfer, both of which lead to an enriched Er3+ excited inter-
mediates in comparison to the inside-out Yb@Lu0.8Er0.2@Lu and local
energy transfer Yb0.5Lu0.4Er0.1@Lu. Therefore, the outside-in UCNPs is
less sensitive to the power density change than the other two
structures.

In order to further understand structure-UCL intensity correla-
tions, we performed lifetime measurements of Er3+ ion and found
τoutside-in > τlocal or τinside-out (see Fig. 2h, Supplementary Fig. 4 and
Table 2; τ, the lifetime, is defined as the time for the intensity todropby
1/e), which is in accordwith the luminescence intensities of the UCNPs.
The longer lifetime of outside-in than the local energy transfer archi-
tecture could be attributed to the presence of an interface, which
minimizes the quenching effect of back energy transfer from Er3+ to
Yb3+. Compared to the outside-in architecture, the decreased lifetime
of inside-out may stem from the localization of Er3+ ions in the interior
shell being closer to the surface quenchers. Similar correlations
between luminescence and lifetime have been previously reported for
various lanthanide-based UCNPs systems in which a longer lumines-
cent lifetime usually indicates stronger emission intensity42–45. In brief,
outside-in UCNPs were the most bright architecture for UCL in the
ensemble measurement.

Colocalization and characterization at the single-particle level
As discussed above, single-particle characterizations of upconversion
intensity were performed46,47. Initially, through the colocalization of

single-particle UCL images and corresponding scanning electron
microscope (SEM) images (Fig. 3a, b), we did 1st degree 2D polynomial
mapping48 (see details in Supplementary Methods) and showed a near
perfect match between nanoparticles in the wide field luminescence
image and those in the SEM image with registration errors as small as
half the size of a single nanoparticle, which demonstrated that the
signal in UCL images was from individual particles, not clusters. The
single-particle brightness under continuous wave wide-field illumina-
tion of 980nm was measured at various excitation power densities
from 126W/cm2 to 21.7 kW/cm2 (Fig. 3c, d). Similar to the ensemble
results, outside-in Lu0.8Er0.2@Yb@Lu exhibited the brightest emission
among these threeUCNPs,with an enhancement as high as 6 ±0.2-fold
compared to the inside-out Yb@Lu0.8Er0.2@LuUCNPs. Given that they
had essentially the same number of active ions and same interface
between sensitizers and emitters, we attributed the difference in their
luminescences to different distances in migration from Yb3+ to the
interface. In inside-out Yb@Lu0.8Er0.2@Lu, the energy absorbed in the
core needed to travel a longer distance to the interface on average,
increasing the possibility of quenching.

Monte Carlo simulation of energy migration via Yb3+

A back-of-the-envelope calculation, schematized in Fig. 4a, shows
that the average shortest distance to the interface for sensitizers in
the core is about 1.8 times longer than for those in the shell (See
details in Supplementary Methods). In order to further understand
the energy migration process in the above experiments, which lead
to different luminescence properties for outside-in and inside-out
nanoparticles with the same sensitizer-activator interface and con-
centrations, we carried out a series of Monte Carlo simulations of
energy migration steps based on realistic P�6 hexagonal lattices49–51.
Migrationwas only allowed between neighboring Yb3+ sites, as shown
in Fig. 4b. There exist only two types of Yb3+ sites, namely the 1a site
situated at the vertices of the unit cell and the 1 f site inside the unit
cell. Energy migration between these sites was simulated with
distance-dependent probabilities based on Dexter’s theory52. For
each Yb3+ at a 1a site, there are two neighboring 1a sites and three 1f
neighbors with a 12 fold higher53 probability of going from 1a to 1a
than from 1a to 1f. For each Yb3+ at a 1f site, there are six 1a neighbors
at equal distances, hence with equal probability of beingmigrated to
from the 1f site. For each Yb3+ out of the twelve thousand ones
located in the core (or in the shell, depending on the architecture),
the simulation begins with a quantumof energy absorbed locally and
followed by migrations amongst the sensitizers according to the
above rules until its arrival at the core-shell interface. We repeated
the simulation for each Yb3+ site 1000 times, calculated the average
number of migration steps from each Yb3+ initiation site, and found
that it took fewer migration steps to reach the interface when energy
migration was initiated from the shell than fromwithin the core. The
migration steps histogram for all sensitizer lattice sites in the shell
had a more prominent peak at low numbers of migration steps than
did sites in the core (arrows in Fig. 4c). Figure 4d, e plotted the radial
and elevation dependence of the migration steps for the inside-out
and outside-in architectures. The migration steps were numerous at
the center of the core and decreased monotonically toward the
interface while themigration steps were broadly distributed radially.
Migration steps were more uniformly distributed across different
elevations in the core than in the shell. It took many more steps to
reach the core-shell boundary when the initiation site was located at
equatorial of the shell than at the poles of the shell. To better
visualize the migration steps distribution, azimuthally averaged 2D
heatmaps were generated and overlaid for both cases (Fig. 4f). The
significant differences of energy migration via sensitizers in distinct
geometrical configurations visualized by basic Monte Carlo simula-
tion reassured the experimental evidences revealed by single-
particle luminescence data.
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Our simulation deals only with the short-range Dexter’s exchange
mechanism52 when energy migrates along the connected lattice
network53. Förster typemultipole interactions do contribute to energy
transfer when considering all possible acceptors in the vicinity of a
particular donor54–57. The average transfer rate strongly depends on
donor-acceptor distance. Considering that the exchangemechanism is
dominant at short distances and other perturbations have small effect
at long distances, our numerical approach is justified. More sophisti-
cated spatial aware numerical methods combining the stochastic
approach and deterministic analysis should be developed in the future
to get a refined picture of how energy migrates in such a delicate
system.

Optimizing Yb3+ doping concentration in the interior shell
The above demonstrated that the outside-in Lu0.8Er0.2@Yb@Lu.
UCNPs had the brightest upconversion emission. To further improve
the single-particle brightness, we decreased Yb3+ doping in the interior
shell of the outside-in architecture (Fig. 5a) considering the potential
concentration quenching effect40. Outside-in UCNPs with various
concentrations of Yb3+ ions were synthesized. TEM images showed
uniform nanoparticles, and all the UCNPs had almost the same size
distribution (Supplementary Fig. 5). XRD results showed these parti-
cles maintained hexagonal phase (Supplementary Fig. 6). Ensemble
measurements showed that upconversion emission decreased as the
concentration of Yb3+ ions in the interior shell declined (Fig. 5b). The
spectra exhibited a trend that higher Yb3+ doping concentration and/or
higher power density would lead to relatively more red emission
compared to green emissions. Specifically, the red emission at 654nm
dropped much more rapidly than the green emissions at 521 and
541 nmwhen Yb3+ concentration falling from 100% to 50%. In addition,
the Red-to-Green ratio gradually increased with increasing excitation
power density (Fig. 5c). These spectral characteristics could be

explained by the fact that the red emission process of Er3+ involves
multiphoton process58 and is sensitive to the power density and Yb3+

doping concentration59. The single-particle brightness data for these
UCNPs is plotted in Fig. 5d. UCNPs with 100% Yb3+ doping in the
interior shell had the most enhanced single-particle upconversion
emission, around 1.7 ± 0.1 times brighter than those with 50% Yb3+. As
the concentration of Yb3+ increases, there exist two competing effects,
namely the improved capability of absorbing excitation energy and the
heavier concentration quenching between Yb3+ ions. In the outside-in
UCNPs, the enhanced absorption always dominated over concentra-
tion quenching at all investigated irradiances. These conclusions were
also tested by Monte Carlo simulations (Fig. 5e, f). The energy migra-
tion process from each Yb3+ ion site to the core-interior shell interface
was simulated 3000 times, and averaged migration steps for each
initiation site were recorded. The migration step histogram together
and cumulative frequency plot showed that it took fewer migration
steps to reach the interface for almost all Yb3+ sites at higher Yb3+

doping concentrations. There were very minor exceptions for those
Yb3+ sites sit right next to the boundary, where they preferred hopping
over the interface instead of migrating away, due to reduced con-
nectivity between Yb3+ sites at lower Yb3+ concentrations60,61. The
simulation results were consistent with the experimental results.
Therefore, pure NaYbF4 was adopted for subsequent experiments.

Optimizing Er3+ doping concentration and substrate materials
Cross-relaxation between Er3+ ions may hamper UCL emission by
keeping the emitter ions in an intermediate energy level37. In order to
find the optimal Er3+ doping concentration for upconversion lumi-
nescence, the same three nanoparticle architectures studied above
were made with 5, 10 or 30% Er3+ doping instead of the original 20%.
TEM and XRD results demonstrated that these nanoparticles were
uniform in size and were in hexagonal phase (Supplementary
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local energy transfer core-interior shell-inert shell UCNPs. a Wide-field lumi-
nescence imageof Lu0.8Er0.2@Yb@Luata power density of 21.7 kW=cm2. Scare bar,
500 nm. b SEM image corresponding to the same region with respect to a Three
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similar results. Scale bar, 500nm. c Three-dimensional representation of the wide
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curves of single-particle brightness at power densities from 126 W=cm2 to
21.7 kW=cm2 obtained with wide-field microscopy. The results were presented as
means ± standard deviation (two independent experiments,more thanfive field of
views of wide-field images were acquired for each experiments; “n” represents the
number of single nanoparticles, Lu0.8Er0.2@Yb@Lu: n = 116, Yb0.5Lu0.4Er0.1@ Lu: n=
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means photons per second per pixel. Source data are available as Source Data file.
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Figs. 7–13). Single-particle imaging results showed that outside-in
architectures with 5%, 10% and 30%doping had 2.8 ± 0.1-, 4.5 ± 0.2- and
4.7 ± 0.2-fold enhancement of luminescence under lower irradiance
(680W/cm2) when compared with the corresponding inside-out
architectures (Fig. 6a, b). Similar to the 20% Er3+ doping (Fig. 3d), the
enhancement was also power-dependent at 10% and 30% doping. We
compared the luminescence of outside-in UCNPs with different Er3+

doping concentrations. UCNPswith 10% Er3+ dopingwere the brightest
in both ensemble (Supplementary Fig. 14) and single-particle mea-
surements. The saturation curve of single-particle brightness is dis-
played in Fig. 6d. At all irradiances examined, Lu0.9Er0.1@Yb@Lu
UCNPs showed the brightest single-particle emission, with a 14 ±0.9-
fold enhancement compared to a conventional core-shell
architecture62,63 of β-NaLu0.78Yb0.2Er0.02F4@NaLuF4 UCNPs with the
same size (Fig. 6e, f, Supplementary Fig. 15).

In the above optimizations, we utilized NaLuF4 as substrate
materials. In order to investigate the generality of the topologically
segregated core-shell structure strategy, we also synthesized a
series of 10% Er3+ doping NaYF4-based UCNPs (Y-based UCNPs),
including the outside-in NaY0.9Er0.1F4@NaYbF4@NaYF4 (simplified
as Y0.9Er0.1@Yb@Y), inside-out NaYbF4@NaY0.9Er0.1F4@NaYF4
(Yb@Y0.9Er0.1@Y), local energy transfer structure NaY-
b0.5Y0.45Er0.05F4 @ NaYF4 (Yb0.5Y0.45Er0.05@Y), and the conven-
tional core-shell structures NaYb0.2Y0.78Er0.02F4@NaYF4
(Yb0.2Y0.78Er0.02@Y) (see details in Supplementary Figs. 16–20). A
similar conclusion was obtained that the outside-in architecture
showed the brightest upconversion emission at the single-particle
level (Supplementary Fig. 20). However, the Y-based outside-in
architecture Y0.9Er0.1@Yb@Y (3572 ± 1177 pps at 21.7 kW=cm2) was
dimmer than the Lu-based outside-in architecture Lu0.9Er0.1@Y-
b@Lu (6362 ± 2439 pps at 21.7 kW=cm2), whichmay be explained by
the lattice mismatch between the interior shell of NaYbF4 and the

outmost shell of NaYF4 in Y0.9Er0.1@Yb@Y. From the high-
resolution TEM images, we found that compared to Lu0.9Er0.1@Y-
b@Lu, Y0.9Er0.1@Yb@Y showed a serious anisotropic growth
(Supplementary Fig. 17), which could diminish the protecting effect
of the outmost shell from surface quenching. Compared to Y3+, Lu3+

has cation diameter and chemical properties closer to Yb3+ or Er3+.
Therefore, Lu3+ doping could minimize the lattice mismatch64,65

between different layers and it was easy for us to control the
nanoparticle’s size and make an unbiased comparison between
different structures. Therefore, Lu-based outside-in UCNPs archi-
tecture was used for the subsequently biological applications.

Upconversion quantum yield
As a quantitative measure of upconversion efficiency, upconversion
quantum yield (UCQY) characterizes the luminescence potential of
upconverting materials. Only under well-defined experimental con-
ditions and the homogeneity in size and composition of single
UCNPs, one may correlate the ensemble UCQY with the single-
particle brightness. We measured the absolute quantum yield for all
the Lu-based UCNPs (See Supplementary Methods and Supplemen-
tary Table 4). The quantum yield results are indeed consistent with
the single-particle characterization indicating the excellent homo-
geneity in size and composition of UCNPs used in this study. For the
10% Er3+ doping series with the optimal doping concentration for
single-particle imaging, the outside-in structure showed the highest
quantum yield of 1.9 ±0.4%, the local energy transfer structure is
0.7±0.3%, and the inside-out structure had the lowest quantum yield
of 0.4±0.2%.

Long-term single-particle tracking in living cells
The excellent photostability of UCNPs is ideal for the long-term
tracking inside living cells66. We chose the brightest outside-in
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Lu0.9Er0.1@Yb@Lu UCNPs and coated with a dense silica shell (dSiO2)
to transfer it into the aqueous phase and improve its biocompatibility
(Supplementary Fig. 21a). The conventional Yb0.2Lu0.78Er0.02@Lu
UCNPs with dSiO2 modification was used as control (Supplementary
Fig. 21b). We incubated live U2OS cancer cells with these two UCNPs,
respectively, and analyzed the brightness of these probes in a cellular
context. The outside-in architecture showed a significantly enhanced

luminescence compared to the conventional configuration, which
enabled the long-term tracking in live cells with ~15 nm localization
precision and a time resolution of 10 fps (Supplementary Fig. 22a).
In contrast, conventional Yb0.2Lu0.78Er0.02@Lu UCNPs under the
same imaging condition achieved only ~40 nm localization precision
(Supplementary Fig. 22a). In order to achieve similar localization
performance as the outside-in architecture, the conventional
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Yb0.2Lu0.78Er0.02@Lu UCNP would have to be ~7× slower in tracking at
1.6 fps which would blur many sub-cellular activities.

As shown in Supplementary Fig. 22b–c and Supplementary
Movie 1; the trajectory behaved in a “stop-and-go” fashion and
appeared to be directional. This behavior may be explained by that
these UCNPs were involved in active transport inside the cell67. We
tried to fit part of the trajectory in Supplementary Fig. 22d into a
hypothetical line segment and calculated the deviation of the trajec-
tory from the line segment and found the FWHMof the deviation to be
~231 nmwhich was roughly on the order of the size of a cargo traveling
along certain filaments such as the microtubule (Supplementary
Fig. 22e). While in Supplementary Fig. 22f and Movie 2, these trajec-
tories appeared more local and less directional representing confined

or constrained diffusion. We plotted out mean squared displacement
(MSD) curves for these trajectories (Supplementary Fig. 22g) and
found the averagediffusion coefficients for linear segments in theMSD
plot to be 0:0186±0:0146 μm2=s68. In brief, based on the optimized
outside-in UCNPs, we achieved over 10min background free
single-particle tracking with localization precision of ~15 nm, and
observed two distinctmodes of motion in live U2OS cells. We believed
that by proper surface modification, more biological applications
could be demonstrated based on our bright outside-in UCNPs.

Discussion
In conclusion, we precisely controlled the synthesis of distinct topo-
logically arranged architectures with outside-in, inside-out and local
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energymigration and demonstrated that the outside-in architecture is
the most bright in term of single-particle measurement. In order to
understand the intrinsic energy migration process, a set of Monte
Carlo simulations was carried out by distance-dependent randomwalk
over Yb3+ sites based on Dexter’s theory. Simulation data reveal that
the enhancement could be attributed to the fewer migration steps
from sensitizer Yb3+ to the interface in the outside-in architecture
hence the minimized energy loss in migration. The single-particle
brightness saturation curve showed that the enhancement was power-
dependent and diminished with increasing power. We reason that
there are more sensitizers in excited states at higher irradiation,
reducing the effect of energy loss in migration and the quenching of
back energy transfer fromacceptors to sensitizers.We tunedour 17 nm
outside-in architecture to optimal with 100% Yb3+ in the interior shell
and 10% Er3+ in the core, which increased brightness 14-fold over the
conventional core-shell architectures. The optimized outside-in
UCNPs was further used for long-term single-particle tracking in liv-
ing cells. Our investigation of energy migration in different topologi-
cally arranged architectures highlights an innovative strategy for
engineering promising single-molecule imaging nanoprobes that
could be translated to other applications, such as information tech-
nology, lasers manufacturing, biomedicine and bio-photonics.

Methods
Nanoparticle synthesis and characterization
The core-interior shell-inert shell nanoparticles were synthesized by a
typical solvent thermalmethod, the synthesis experimental details are
provided in the Supplementary Methods. The TEM images were
acquired using the HT7800 software and analyzed using the ImageJ
software. The ensemble measurements of upconversion properties
were collected using the Fluoracle software and analyzed and visua-
lized using the Origin software.

Mean shortest distance to interface for sensitizers
With sensitizers and activators segregated into separate core-interior
shell structures, we have two distinct topological arrangements for
energy flow in the upconversion process, namely the inside-out and
the outside-in configuration. Assuming that all sensitizers were uni-
formly distributed in their respective compartments (core or interior
shell) and neglecting the finite lattice grid dimension, the shortest
distance for each Yb3+ ion to the core shell interface is the absolute
difference between the radial coordinates of the sensitizers and the
radius of the interface. Taking the average of the distances over all
sensitizers, we can calculate the mean shortest distance for the inside-
our architecture as:

dMSD
inside out =

R Rc

0

R 2π

0

R π

0
Rc�rð Þr2sin θ dθ dφ dr

R Rc

0

R 2π

0

R π

0
r2sin θ dθ dφ dr

=0:25Rc ð1Þ

and for the outide-in:

dMSD
outside in =

R Rs

Rc

R 2π

0

R π

0
r�Rcð Þr2sin θ dθ dφ dr

R Rs

Rc

R 2π

0

R π

0
r2sin θ dθ dφ dr

= 3ffiffi
43

p � 7
4

� �
Rc≈0:14Rc ð2Þ

Hence, the mean shortest distance to interface is 1.8 times longer
for sensitizers distributed in the core compared to those in the
interior shell.

Monte carlo simulations
In order to gain more insight than what we have with the naive mean
shortestdistancecalculation,wedida series ofMonteCarlo simulation
to examine how energy is migrated over more realistic hexagonal
lattices.Wefirst constructedP�6 latticeswith twelve thousandYb3+ sites
in the core for inside-out simulation aswell as roughly equal number of

Yb3+ sites in the shell for the outside-in case. As illustrated in Fig. 3b,
there were two types of lattice sites where Yb3+ ions can occupy,
namely the 1a sites and the 1f sites. The Yb3+ occupancy at 1a site is
100%while the occupancy at 1f site is 50%with the other half occupied
by sodium ions.When an energy quantum gets absorbed or arrived via
migration at given Yb3+ site, themigration probability to its neighbor is
proportional to expð� 2r

0:3Þ by Dexter’s theory in a distance dependent
fashion. Since probability of energy migrating to a 1a site is 11.8-fold
higher thanmigrating to a 1f site, a random number R between 0 and 1
is employed to determine which neighbor site it migrates to in the
current step as shown in Supplymental Information. Specifically, when
energy is migrating out of 1a site there will be two neighboring 1a sites
at 3.47 Å away along vertical direction and three neighboring 1f sites
3.84 Å away on the side; when energy is migrating out of 1f site there
are six neighboring 1a sites all at 3.84Å away.

The simulationwas repeated 1000 times for each sensitizer site as
an initial energy absorption site and migrating trajectories were
simulated and recorded until the migration reaches the core-shell
interface. The simulation was performed using the Matlab software.

Single-particle sample preparation
Washing the coverglass (Thermo Fisher Menzel No. 1.5 microscope
coverglass, BB02400600AC13MNZ0)with 1mLcyclohexane anddried
in the air. Dropping 1mL poly-lysine aqueous solution on the slide and
holding for 1min and thenquicklywashingwith cyclohexane anddried
in the air. And dropping 200 μL appropriate concentration sample
cyclohexane solution and holding for 1min and then washing with
cyclohexane and dried in the air.

Single-particle imaging and data analysis
Single-particle optical characterization was performed in microscope
systemwith Nikon 100× NA 1.49 Oil objective and a 976 nm fiber laser
(BL976-PAG900, Thorlabs). And the single-particle luminescence was
recorded by an EMCCD (iXon Ultra 897, Andor, Andor Solis software).
The code written in Matlab is used to control laser power output. For
low-power data acquisition, focus checking is important. Long expo-
sure time and sample drifting can potentially affect the results; hence a
focus check was performed by scanning a series of z-scan and repo-
sition to the optimal focus.

Two-dimensional Gaussianfit was used to localize the particle and
calculate the emission. The following formula is used for fitting,

I x,yð Þ= I0
2πσ2 e

� x�x0ð Þ2 + y�y0ð Þ2
2σ2 +C ð3Þ

where I0 is the emission intensity. In order to minimize the variations
from individual nanoparticles, hundreds of particles were counted and
averaged according to Gaussian fitting. The analysis was performed
using the Matlab software.

Cell culture
U2OS cell line were obtained from the Cell Bank, Chinese Academy of
Sciences (SCSP-5030). U2OS cells were cultured in McCoy’s 5 A
(modified) medium (MESGEN) supplemented with FBS (Gibco, 10%),
aqueous penicillin (100 units/mL) and streptomycin (100μg/mL), and
maintained at 37 °C in a humidified atmosphere with 5% CO2.

UCNPs@dSiO2 for long-term tracking in living cells
U2OS (2 × 104 cells/well) was seeded in 20mm diameter confocal dish
and let grow for 24 h. UCNPs@dSiO2 (15 nmol/mL) was added to the
dish and incubated for 4 h, free UCNPs@dSiO2 was removed by PBS
bufferwashing for 3 times.Afterward, theU2OS cells was imaged in the
wide-field microscope system equipped with Nikon 100× NA 1.49 Oil
objective and a 976 nm fiber laser (BL976-PAG900, Thorlabs).
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Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All data that support the findings of this study are presented in the
manuscript and in the supplementary information file. Soure data
are provided with this paper. Raw data for this study are available
from the authors on request. Source data are provided with
this paper.

Code availability
The code is available from the public repository at GitHub, https://
github.com/YunxiangZhangLab/LatticeHopping.
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