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Sub-10 nm upconversion nanocrystals for
long-term single-particle tracking

Xiaochen Qiu1,2,5, Daoming Guan1,5, Xiaojing Xia3,5, Huan Ling1, Jialing Hu1,
Yunxiang Zhang 1 , Emory Chan 3 , Fuyou Li4 & Qian Liu 1

Lanthanide-doped upconversion nanoparticles are attractive single-molecule
imaging probes due to their high photostability and anti-Stokes luminescence.
However, achieving both small particle size and strong brightness has
remained a major challenge, as reducing size often leads to dimmer emission.
Herein, we fabricate a sub-10 nm cascade actively protected upconversion
nanoparticles, which shows a 33-fold enhanced upconversion efficiency at the
single-particle level compared to larger ~19 nm conventional nanoparticles.
Theoretical modeling and time-resolved measurements show that emission
loss mainly comes from energy leakage of Er3+ ions to surface defects. By
introducing a NaYbF4 layer as photon-harvesting and protective intermediate
layer, we minimize this energy loss and significantly boost brightness. A
monolayer of inert NaLuF4 can effectively suppress the surface quenching to
Yb3+. Using these ultra-small bright probes, we successfully tracked single
epidermal growth factor receptor molecules on live cells for up to one hour,
revealing dynamic switching between different diffusion modes.

In the last three decades, optical microscopy has been transformed
through the observation of single-molecules1–5. Single-molecule
tracking has become a powerful tool for studying dynamic molecular
interactions in a range of fields, including live cells and novel catalytic
supports, because this technique can reveal dynamics in the structure-
function relationships underlying the complexity of such systems6,7.
Single-molecule tracking relies heavily on labeling probes, such as the
well-known fluorescent proteins and small organic dyes8. However,
these labeling probes are limited by their poor photostability and
photo-blinking9. Typically, the fluorescence only persists for several
seconds to one minute, even with the help of a proper oxygen
scavenging system10–12 or triplet quenchers13–16. Compared to organic
probes, inorganic analogues are generally more thermal- and photo-
stable17,18.

In particular, lanthanide-doped upconversion nanoparticles
(UCNPs) show attractive optical properties, such as the lack of

photobleaching under single-molecule imaging conditions19–24. In such
materials, the absorption and emission are insensitive to the environ-
ment around the particles due to the inner shell transitions between 4 f
electronic states25. In addition, using upconversion luminescence
(UCL) as an anti-Stokes signal can eliminate interference from auto-
fluorescence and achieve background free imaging of biological
samples26–28. Chu et al., Przybilla et al. and our group have demon-
strated the potential of UCNPs for long-term, high-resolution tracking
of biomolecules within live-cell environments, highlighting their
unique advantages, such as photostability, minimal background noise,
and the absence of photoblinking29–31. However, the particle sizes in
these reports remain larger, which poses challenges for intracellular
applications that require minimal steric hindrance.

Unfortunately, UCNPs suffer from the tradeoff between
brightness and size. Smaller nanoparticles, especially those with
dimensions comparable to fluorescent proteins (<10 nm), exhibit
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disproportionately lower intensities and upconversion efficiencies at
the single-particle level due to increased surface quenching and
smaller numbers of active ions32,33. Passivation of UCNPs with inert
shells can suppress surface quenching and enhance brightness, but at
the expense of larger particle sizes. Organic ligand sensitization stra-
tegies have been developed to enhance UCL emission by improving
photon harvesting capabilities or energy transfer efficiencies34 but are
undercut by the weak thermal- and photo-stability of the organic
ligands. Therefore, it remains a critical challenge to engineer ultrasmall
UCNPs with high brightness and photostability for single-particle
tracking35.

The quenching of UCL is challenging to mitigate because its
pathways are deeply intertwined with the complex network of pho-
tophysical interactions between the numerous excited states of each
lanthanide dopant (e.g., energy migration, cross-relaxation and dele-
terious vibrational relaxation) that give rise to upconversion36. In this
work, we systematically investigated the surface quenching effects of
Yb3+ and Er3+ in ultrasmall UCNPs using core–shell NaYbF4 and NaErF4
nanocrystals with NaLuF4 inert shells. We synthesized a library of
nanoparticles with controlled shell thicknesses (0–4 nm) and eval-
uated their luminescence properties using both experiments and
kinetic Monte Carlo simulations. We show that Er3+ ions couple an
order ofmagnitudemore strongly to surface quenching sites than Yb3+

ions, requiring thicker inert shells to achieve comparable levels of
passivation. These insights provide design principles for engineering
ultrasmall UCNPs with enhanced brightness and photostability,
thereby facilitating their use in single-molecule tracking and in vivo
imaging applications.

Results
In order to understand the energy loss mechanisms related to surface
and obtain ultrasmall and super-bright UCNPs, we investigated the
surface quenching effect on both Yb3+ and Er3+ in nanocrystals (Fig. 1),
respectively. Yb³⁺ ions have a longer excited-state lifetime (~2ms)
compared to Er³⁺ (~400 µs), which intuitively suggests a higher prob-
ability of energy loss to surface quenchers for Yb³⁺. However, Er³⁺
possesses a richer energy-level structure and participates in multiple
upconversion processes (e.g., ²H₁₁/₂, ⁴S₃/₂ → ⁴I₁₅/₂ and ⁴F₉/₂ → ⁴I₁₅/₂),
making the actual surface quenching behavior more complex and not
trivially predictable. We synthesized a series of NaErF4 or NaYbF4
nanoparticles protected with inert outer shells. Due to the minimized
lattice mismatch between NaLuF4 and NaYbF4 or NaErF4, we chose
NaLuF4 as the substrate material for the shells. All nanoparticles were
prepared by a modified solvothermal method37 and dispersed in the
cyclohexane solution (details shown in SI). The diameters of both sets
of cores were approximately 11.5 nm and NaLuF4 shells of different
thicknesses were coated with thicknesses ranging from 0 to 4 nm
(Fig. 1a, Supplementary Figs. S1 and S2). As shown in Fig. 1b, c, the
luminescence lifetimes of both Er3+ (4F9/2, 654 nm) and Yb3+ (2F5/2,
980 nm) were elongated as the NaLuF4 shell thickness increased. After
coating with a 4-nm NaLuF4 shell, the lifetime of Er3+ increased to
65.9μs from 1.9μs. However, it is still significantly shorter than the
470μs intrinsic lifetime of Er3+ (Fig. 1d), which is the luminescence
lifetime in the absence of non-radiative decay, indicating a 100%
quantum yield. In contrast, the lifetime of Yb3+ was increased to
930.7μs by inert-shell protection, which is 41% of its intrinsic lifetime
(2300μs for Yb3+, Fig. 1e). We then plotted the dependence of the
quantum yield (defined as the measured lifetime/intrinsic lifetime) on
the inert-shell thickness (Supplementary Fig. S3). For NaYbF4, 1.8 nm
inert-shell passivation produced the maximum quantum yield
enhancement; while for NaErF4, a thicker than 4.1 nm inert shell is
favorable for suppressing surface quenching. These results indicate
that, compared to NaYbF4, NaErF4 suffers more severe surface
quenching, thus requiring the protection of thicker shells. These
results are supported by kineticMonte Carlo simulations36,38 of NaYbF4

and NaErF4 nanocrystals that account for energy transfer interactions
between each lanthanide ion and the surface (Fig. 1f, g, see SI for
simulation details). Simulated lifetimes and intensities exhibit the
closest agreement with experiment (e.g., Figs. 1 and 4, Supplementary
Fig. S4) when theoretical surface quenching sites are tuned to couple
10-fold more strongly to Er3+ than Yb3+ (Table S2, Table S3, and
Table S4). Alternate schemes, e.g., in which the two dopants couple
equally strongly to the surface, fail to qualitatively reproduce experi-
mental trends across the different heterostructures and excitation
powers shown in Fig. 4c. The 10-fold stronger coupling of Er3+ to sur-
face sites results in interactions between Yb3+ ions and the surface
decreasing substantially faster than that between Er3+ and surface
interactions (Supplementary Table S5). By increasing the inert shell
thickness from 0 to 1.8 nm, the total energy transfer rate (s-1) between
Yb3+ and surface species decreases to 0.01%of the ratewithout an inert
shell (Supplementary Table S6), while it drops to 3.68% for Er3+, further
supporting our conclusion that Er3+ ions need a larger inert shell to
achieve the same level of passivation.

In light of the higher sensitivity of Er3+ to surface quenching, we
hypothesized that a NaYbF4 intermediate layer strategy could enhance
UCL emission in a volume-constrained nanoparticle (Fig. 2a). The
NaYbF4 layer would not only increase the absorption of excitation
photons, but also serve as a spacer between Er3+ and the surface,
thereby reducing surface quenching of Er3+. To verify our hypothesis,
we synthesized a series of core-shell-shell upconversion nanoparticles
with 1.5 nm-thick intermediate shells of various compositions, includ-
ing pure sensitizer NaYbF4, NaYbF4 doped with Er3+ (sensitizer mixed
with emitter), and inert NaLuF4. For all nanoparticles, NaYbF4:8%Er
cores were used to produce bright upconversion signal for single-
particle imaging.

It is worth noting that Lu3+ exhibits superior lattice compatibility
with Yb3+ compared to Y3+. The minimal lattice mismatch with the
slightly smaller ionic radius of the Lu3+ ions leads to the formation of a
compressive shell, which facilitates coherent epitaxial growth. This
structural advantage effectively suppresses interfacial defects, thereby
enhancing upconversion luminescence31. Then, the nanocrystals were
encapsulated by an outermost shell of NaLuF4 (~0.5 nm), whose mini-
mal thickness (~1monolayer) was designed tomaximize the number of
active ions in a volume-constrained nanoparticle. Transmission elec-
tron microscopy (TEM) images reveal NaYbF4:8% Er3+ cores with uni-
form size of 10 ± 0.4 nm (Supplementary Fig. S5a). After coating with a
1.5-nm intermediate layer (Supplementary Fig. S5b, Supplementary
Fig. S6a and b) and a 0.5-nm outer NaLuF4 shell, the following core-
shell-shell structures with a size of ~14 nm were obtained: NaYbF4:8%
Er@NaYbF4@NaLuF4, hereafter referred to as Yb:Er@Yb1.5 nm@Lu0.5 nm

or Cascade Actively Protected UCNPs (capUCNPs: Fig. 2b); NaYbF4:8%
Er@NaYbF4:8%Er@NaLuF4 (Yb:Er@Yb:Er1.5 nm@Lu0.5 nm, Supplementary
Fig. S6c); andNaYbF4:8%Er@NaLuF4@NaLuF4 (Yb:Er@Lu1.5nm@Lu0.5nm,
Supplementary Fig. S6d). Powder X-ray diffraction (XRD, Supplemen-
tary Fig. S7a) and high-resolution TEM (Supplementary Fig. S5c) show
the hexagonal phase of the as-synthesized core-shell-shell nano-
particles, which is consistent with the electron diffraction pattern
(Supplementary Fig. S7b).

The ensemble upconversion luminescence (UCL) spectra under
980nm laser excitation display emission peaks at 542nm (Er3+:4S3/
2→

4I15/2) and 654 nm (Er3+:4F9/2→
4I15/2) (Fig. 2c). Both Yb:Er@Yb:Er1.5 nm

and Yb:Er@Yb:Er1.5 nm@Lu0.5 nm exhibited very dim UCL emissions,
which indicate that the thin, 0.5-nm thickNaLuF4 shell cannot suppress
the surface quenching on NaYbF4:8%Er effectively. Similar to previous
reports, a thicker, 1.5 nm inert NaLuF4 shell (Yb:Er@Lu1.5 nm) produced
significant enhancement on the NaYbF4:8%Er core UCL emission, and
the addition of a 0.5-nm NaLuF4 outer shell (Yb:Er@Lu1.5 nm@ Lu0.5nm)
resulted in even greater improvement. Surprisingly, compared to the
10-nm NaYbF4:8%Er core nanoparticles, an intermediate shell of
NaYbF4 (Yb:Er@Yb1.5 nm) produced a 2259-fold enhancement in the
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UCL, even without an inert shell. The UCL intensity was further
enhanced 39-fold by growing a 0.5 nm NaLuF4 shell
(capUCNPs: Yb:Er@Yb1.5 nm@Lu0.5 nm), which was close to that of
Yb:Er@Lu1.5 nm@Lu0.5 nm. UCL lifetimes of Er3+ results showed that the
coated NaYbF4 shell (Yb:Er@Yb1.5 nm, 34.4μs) significantly prolonged
the UCL lifetime of the core NaYbF4:8%Er (17.9μs), indicating that the

NaYbF4 layer could reduce surface quenching of excited Er3+ ions.
Moreover, with additional coating of the 0.5-nm NaLuF4 layer, the
luminescence lifetime was further lengthened to 79.0 μs, comparable
with thatof Yb:Er@Lu1.5 nm@Lu0.5 nm (79.6μs). In contrast, incorporating
even a small amount of Er3+ (8%) in the intermediate NaYbF4 layer
(Yb:Er@Yb:Er1.5 nm@Lu0.5 nm) induced a significant reduction in UCL
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Fig. 1 | Surface quenching tuning of NaErF4 and NaYbF4 via inert NaLuF4 shells.
a TEM images of NaErF4@NaLuF4 core-shell structure overcoated with various
thickness NaLuF4, scale bar: 50nm. Luminescencedecay curves and corresponding
calculated luminescence lifetime of (b, d) NaErF4 and (c, e) NaYbF4 coated by
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980nm under the excitation at 630 and 920nm, respectively. The luminescence
lifetime was fitted according to a single exponential decay function. f, g fitted
lifetimes from kinetic Monte Carlo lifetime traces corresponds to (d, e). The
nanoparticles were stabilized with oleic acid (OA) ligands and dispersed in cyclo-
hexane solution. “a. u.” represents “arbitrary units”.
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lifetime (16.8 μs) compared to that of pure NaYbF4 layer
(Yb:Er@Yb1.5nm@Lu0.5 nm, 79.0μs), suggesting that Er3+ is primarily
responsible for leaking energy to the surface quencher (Fig. 2d). In
brief, spectral and lifetime results support our hypothesis that NaYbF4
shells can protect core Er3+ ions from surface quenching, and that Yb3+

is not as sensitive as Er3+ to surface quenching. A thin inert shell of
NaLuF4 is all that is necessary to minimize surface effects.

The above ensemble measurements demonstrate that the
capUCNPs, with NaYbF4 as an intermediate shell, has similar UCL
intensity and lifetime to that of UCNPs with well-protected thicker
inert-shells, i.e., Yb:Er@Lu1.5 nm@Lu0.5 nm. However, the ensemble mea-
surement was carried out under a relatively low irradiance. We
speculated that the capUCNPs should have better performance than
that of Yb:Er@Lu1.5 nm@Lu0.5 nm under single molecule imaging condi-
tions with higher irradiance, given that the former contains more Yb3+

sensitizer and has enhanced light harvesting capability. In order to
obtain optimal single-particle brightness, we also adjusted the thick-
ness of the intermediate shell from 1.5 nm to 1.0 nm and the outmost
shell from0.5 nm to 1.0 nm (Supplementary Fig. S8), while keeping the
core and overall size unchanged. Two additional core-shell-shell
nanoparticles were synthesized, denoted as Yb:Er@Yb1.0nm@Lu1.0 nm

and Yb:Er@Yb:Er1.0 nm@Lu1.0 nm. We characterized the ensemble
optical properties of these particles, and similar results to the
Yb:Er@Yb1.5 nm@Lu0.5 nm series were observed (Supplementary
Figs. S9–12). Yb:Er@Yb1.0 nm@Lu1.0 nm showed much stronger UCL
emission than that of Yb:Er@Yb:Er1.0 nm@Lu1.0nm.

Subsequently, we quantified the brightness of single particles of
these UCNPs compositions (Fig. 3) with a home-built wide-field
microscope system. After correcting the wide-field luminescence
images by the laser illumination profile according to our previous
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report19, the diffraction-limited luminescence spots were carefully
registered to corresponding positions on electron micrographs
(Fig. 3a) and single-particle upconversion emissionwas demonstrated.
We first measured all five types of UCNPs at 2.8 kWcm-2, a
moderate power density for single molecule imaging. capUCNPs
Yb:Er@Yb1.5 nm@Lu0.5 nm emits approximately 1500 photons per second
(pps, obtained from the integrated volume of the two-dimensional

Gaussian fit), 35.5 times brighter than Yb:Er@Yb:Er1.5 nm@Lu0.5 nm

(Fig. 3c), which was consistent with the ensemble spectra and lifetime
results and indicated Er3+ as the main species being quenched by the
surface. Compared to Yb:Er@Yb1.0 nm@Lu1.0 nm, Yb:Er@Yb1.5 nm@Lu0.5 nm

also exhibited enhanced UCL emission, suggesting that the quantity of
Yb3+ sensitizer is critical for single-particle imagingwhile a thicker inert
shell is unnecessary in the volume-constrained nanoparticles under
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single molecule imaging condition. To further investigate the power-
dependent behavior of single-particle luminescence, measurements
on hundreds of individual nanoparticles at power densities from
680Wcm−2 to 21.7 kW cm−2 were used to plot saturation curves
(Fig. 3d). capUCNPs Yb:Er@Yb1.5 nm@Lu0.5 nm showed brighter emission
over other UCNPs at all power densities investigated.
Yb:Er@Yb:Er1.5 nm@Lu0.5 nm and Yb:Er@Yb:Er1 nm@Lu1nm saturation
curves exhibited steeper slopes, indicating the existence of severe
energy quenching in both types of UCNPs.

In order to determinewhether the enhancedUCL emission results
from the specific core-shell-shell arrangement or only from the enri-
ched sensitizer Yb3+, we mixed the intermediate NaYbF4 layer with the
outmost NaLuF4 layer and synthesized a series of core-shell nano-
particles with an overall size of about 14 nm (Supplementary
Figs. S14a and S13); 10 nmNaYbF4:8%Er nanoparticles were still used as
the core, and the outmost layer is 2 nm NaLuF4 shell with different
ratios of Yb3+ doping. Ensemble measurements (Supplementary
Fig. S15a) reveal that core-shell UCNPs become dimmer as Yb3+ doping
concentration increases. And the UCL lifetimes were shortened as Yb3+

doping concentration in shell increased (Supplementary
Figs. S15b and S15c). Single-particle measurements also demonstrated
that Yb3+ doping in the shell causes a significant decrease in UCL
brightness (Supplementary Fig. S14b, c and Fig. S16), even at the
highest irradianceof 21.7 kWcm−2. The above results demonstrated the
significance of core-shell-shell structure with separated NaYbF4 and
NaLuF4 layers for obtaining stronger UCL emission in smaller volume-
constrained nanoparticles.

Seeking to access smaller nanoparticle probes that have minimal
influence on labeling targets, we applied this sandwiched design to
sub-10 nm UCNPs. In order to obtain ultrasmall and uniform core
nanoparticles (6.9 ± 0.5 nm, Supplementary Fig. S17a), we doped a
small fraction of Gd3+ (~10%) in the NaYbF4:8%Er nanoparticles

39. Sub-
sequently, the corewas coatedwith a 1.0 nmNaYbF4 intermediate shell
(Supplementary Fig. S17) and a 0.5 nm NaLuF4 outmost shell, produ-
cing core-shell-shell sandwich UCNPs with an overall size of 9.9 nm
(Fig. 4a inset), referred as Yb:Gd,Er7nm@Yb1nm@Lu0.5nm or sub-10 nm
capUCNPs. UCL spectra data revealed that the 0.5 nm NaLuF4 shell
produced an impressive enhancement of 2675-fold on this sub-10 nm
UCNPs’ emission (Fig. 4a). This could be explained by the fact that
surface quenching effect is exacerbated as particle size decreases.
Therefore, inert-shell protection, even a monolayer of inert crystal
lattice, is critical for smaller nanoparticles. Several other types of
UCNPs were synthesized as controls, including the inert-shell well-
protected NaYbF4:10%Gd,8%Er (referred to as Yb:Gd,Er7 nm@Lu1.5 nm, an
overall size of ~10 nm, Supplementary Figs. S18 and S19), conventional
UCNPs (18.9-nm NaYF4:20%Yb, 2%Er, Supplementary Fig. S20), and
highly Er3+-dopedUCNPs (NaYF4:20%Yb,20%Er@NaLuF4, with a 7.6 nm
core and an overall size of 10.2 nm, Supplementary Fig. S21).

In single-particle measurements (Fig. 4b), the sub-10 nm
capUCNPs exhibited superior performance to all other UCNPs over
power densities from 680Wcm−2 to 21.7 kWcm−2. (Fig. 4c, e, Supple-
mentary Fig. S22). When imaged on same glass substrate under low
power density (680Wcm−2) excitation, sub-10 nm capUCNPs are
clearly visible at 0.033 fps, but the conventional ~19 nmUCNPs are not
(Fig. 4e), indicating the great potential of our design in wide-field bio-
imaging applications. As the excitation power increased, the bigger
conventional UCNPs continued to increase in brightness, approaching
that of the sandwiched structure we designed (Supplementary
Fig. S22).

Typically, the UCL intensity varies non-linearly with the particle
volume, considering smaller nanoparticles have a greater proportion
of lanthanide ions near their surface and suffer heavily from surface
quenching. However, in order to have a fair comparison between dif-
ferent sized UCNPs and quantify the UCL efficiency in terms of volume
utilization, we calculated their emitted photons per second per cubic

nanometer. As shown in Fig. 4f, the sub-10 nm capUCNPs has 33.2-fold
improvement in upconversion efficiency over the 6.8-times bigger
conventional UCNP at 2.8 kWcm−2. Compared to the efficient sub-
10 nmEr³⁺-richUCNPs (NaYF₄:20%Yb,20%Er@NaLuF₄, 10.2 nm),which
are structurally similar to those previously reported in the literature³4,
our core–shell–shell design exhibits up to one order of magnitude
higher brightness under comparable excitation conditions. In addi-
tion, we also demonstrated that the 0.5 nm inert shell is critical for the
UCL emission and generated 73.4-fold improvement with respect to
Yb:Gd,Er7 nm@Yb1nm in upconversion efficiency. We believe that the
enhancement will be even more significant at even lower power den-
sities, approaching the ensemble results.However, Yb:Gd,Er7nm@Yb1nm

is too dim to detect at power densities below 2.8 kWcm−2.
To quantitatively evaluate the impact of nanoparticle size on lat-

eral mobility prior to cellular imaging, we conducted control experi-
ments on a model supported lipid bilayer (SLB) system. The SLB was
functionalized with biotin, and biotin-modified UCNPs were tethered
via streptavidin-mediated linkage, ensuring attachment (Supplemen-
tary Figs. S23–S25). Single-particle tracking revealed a clear size-
dependent effect: nanoparticles with larger diameters exhibited sig-
nificantly lower diffusion coefficients (Supplementary Fig. S26). This
inverse relationship between particle size and lateral diffusion under-
scores the necessity of synthesizing ultrasmall UCNPs to minimize
steric hindrance and preserve native biomolecular dynamics during
live-cell imaging. Nonetheless, larger UCNPs, owing to their higher
density of sensitizers and emission centers, exhibit stronger single-
particle brightness and may offer advantages in systems where steric
hindrance is less critical.

To demonstrate the utility of these bright sub-10 nm capUCNPs,
we used them to perform long-term membrane protein tracking of
epidermal growth factor receptor (EGFR, SupplementaryMovie 1). The
UCNPs were modified with polyacrylic acid (PAA) and further passi-
vated with poly (ethylene glycol) (abbreviated as capUCNPs-PEG). The
monoclonal EGFR antibody (anti-EGFR) was conjugated at the end of
PEG (abbreviated as capUCNPs-PEG-antiEGFR). TEM andDLS (dynamic
light scattering) analysis demonstrated an excellent monodispersity in
aqueous solution (Fig. 5a, Supplementary Fig. S27 and Fig. S28). The
average number of capUCNPs-PEG-antiEGFR on each cell was around 5
times greater than that of UCNPs-PEG (as control), suggesting a good
targeting specificity of capUCNPs-PEG-antiEGFR and the successful
conjugation of the antibody (Fig. 5b and Supplementary Fig. S29).
Figure 5c showed the representative moving trajectories of EGFRs
labeled with capUCNPs-PEG-antiEGFR on a U2OS cell. We analyzed
these trajectories of hundreds of capUCNPs-labeled EGFRs using
single-molecule tracking software40. Due to the high brightness of our
nanoparticles and their inherent high photostability, we were able to
obtain an average signal-to-noise ratio of 10 (Supplementary
Figs. S30–S31) and a tracking duration up to one hour. The SNR ana-
lysis was primarily based on signals from individual particles; however,
potential contributions from EGFR dimerization or oligomerization
cannot be completely ruled out41. We note that the loss of tracking was
not caused by photobleaching, but rather by the UCNPsmoving out of
the focal plane (Supplementary Figs. S32 and S33). The spatial locali-
zation precision of the tracking was about 12 nm (Fig. 5d)42, which was
comparable with bright organic dyes. Fitting of mean squared dis-
placement (MSD) traces (details was shown in SI) revealed three dif-
ferent modes of movement for EGFR: suppressed diffusion, free
diffusion, and directed diffusion. The number of suppressed diffusion
molecules accounts for about 69% of the total, which agreed with the
previous reports (SupplementaryTable S7)43. Facilitated by theseultra-
long-term tracking durations, we observed that some EGFRs exhibit
free diffusion mode in early stages but suppressed diffusion mode in
later stages (Supplementary Fig. S34). We even observed switching
between several different diffusionmodes (Fig. 5f, g), which is difficult
to be visualizedwith organic dyes or fluorescenceproteins due to their
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poor photostability. While non-specific adsorption cannot be com-
pletely ruled out, its contribution is expected to beminor compared to
the antibody-mediated targeting observed (Supplementary Fig. S35).
In the future, further development ofmore refined targeting strategies
and optimized surface modification approaches will be crucial for
enhancing the specificity of nanoparticle targeting and minimizing
non-specific adsorption.

Discussion
We developed a cascade actively protected strategy to enhance the
upconversion single-particle brightness in volume-constrained UCNPs
by introducing a NaYbF4 intermediate layer. Using kineticMonte Carlo
simulations and lifetime investigations, we demonstrate that Er3+ suf-
fers more severe surface quenching than Yb3+. The intermediate layer
not only protects Er3+ from surface quenching but also increases the
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ability of these UCNPs to harvest incident photons. Based on this
strategy, we synthesized a sub-10 nm capUCNPs with NaYbF4 as
interior shell and a monolayer of NaLuF4 as the outmost shell. Com-
pared to the 19 nm conventional UCNPs, these sub-10 nm sandwich
UCNPs shows a 33-fold enhancement in upconversion efficiency at the
single-particle level. This is particularly noteworthy, as smaller nano-
particles typically have a larger surface-to-volume ratio, which makes
them more susceptible to surface quenching. Furthermore, we
employed these super-bright sub-10 nm capUCNPs for single-particle
tracking. Thanks to their high brightness and the inherent high pho-
tostability, we successfully tracked EGFRs for up to one hour with high
localization precision, revealing various diffusion modes of EGFR
movements.

Although the long-lived excited states of UCNPs result in lower
per-ion emission rate compared to nanosecond-lifetime emitter such
as quantum dots, this limitation can be effectively offset by incor-
porating multiple luminescent centers within each nanoparticle.
Looking forward, future efforts may focus on accelerating the

excitation-emission cycling process through materials engineering or
energy transfer optimization to further boost the upconversion
brightness for demanding bioimaging applications. Overall, this work
lays the foundation for the development of even smaller and brighter
UCNPs, enabling more precise and prolonged single-particle tracking
in complex biological environments.

Methods
Synthesis of 10-nm NaYbF4:8%Er core nanoparticles
The 10-nm NaYbF4:8%Er nanoparticles were synthesized according to
the previously reportedmethodwith somemodifications37. In a typical
experiment, 10.0mL of oleic acid and 10.0mL of 1-octadecene was
added to a 100-mL three-neck round-bottomed flask following with
1.0-mL aqueous solution of LnCl3 (1mol/L, Ln = Yb and Er). The water
was removed by blowing N2 at 150 °C for one hour, forming a clear
solution. After cooling to room temperature, 2.03 g of NaOA was
added to the solution and stirred at 120 °C under vacuum for 30min.
Then 0.34 g ammonia fluoride was added to the mixture and kept at

Fig. 4 | Characterization of ultrabright sub-10 nm capUCNPs with a NaYbF4
intermediate layer. a The UCL spectra of NaYbF4:10%Gd,8%Er@NaYbF4@NaLuF4
(referred to as sub-10 nm capUCNPs or Yb:Gd,Er7 nm@Yb1nm@Lu0.5 nm) and
NaYbF4:10%Gd,8%Er@NaYbF4 (referred to as Yb:Gd,Er7nm@Yb1nm) under the exci-
tation of 980nm laser (530Wcm−2). Inset shows TEM image of
Yb:Gd,Er7nm@Yb1nm@Lu0.5 nm UCNPs. b SEM images and corresponding wide-field
UCL image of Yb:Gd,Er7nm@Yb1nm@Lu0.5 nm. Scale bars, 1μm. c UCL intensity curves
of the nanoparticles at power densities from 680Wcm−2 to 21.7 kWcm−2 obtained
with wide-field microscope. The results were presented as means ± standard
deviation, three independent experiments, more than five FOVs were acquired for
each experiments, n = 200. d Three-dimensional representations of the wide-field

UCL images at 2.8 kWcm−2, each with a small colored indicator box corresponding
to the color scheme shown in (c). e Wide-field UCL images and corresponding 1D
UCL intensity profiles of the mixed particles (particle 1: sub-10 nm capUCNPs and
particle 2 & 3: conventional 19 nm UCNPs) at power densities of 680Wcm−2 and
21.7 kW cm−2. Orange line indicated particle 1, yellow and green line indicated
particle 2 and 3, respectively. f The per unit volume UCL intensity at 2.8 kWcm−2

plotted with a color scheme follows (c) and Supplementary Fig. 22. The nano-
particles were stabilized with OA ligands and immobilized on a cover glass sub-
strate. The results were presented as means ± standard deviation, three
independent experiments, more than five FOVs were acquired for each experi-
ments, n = 200.
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Fig. 5 | Ultra-long-term single-particle tracking of EGFR using sub-10 nm
capUCNPs probes. a Schematic diagram illustrating EGFR tracking with anti-EGFR-
conjugated sub-10 nm capUCNPs (UCNPs-PEG-antiEGFR). b Number of nano-
particles bound to the U2OS cell membrane. UCNPs-PEG was used in the control
group, and UCNPs-PEG-antiEGFR was used in the experimental group. The inset
shows the accumulation of UCNPs observed in both groups across 20 fields of view
(FOVs). The center line indicates the median; box edges denote the 25th and 75th
percentiles; whiskers extend to 1.5× the interquartile range; red crosses mark out-
liers. c Movement trajectories of EGFRs labeled with UCNPs-PEG-antiEGFR on a

U2OS cell.dDistribution of localization precision obtained fromGaussian fitting of
point spread functions (PSFs) for capUCNPs conjugated with anti-EGFR antibodies.
e Distribution of the Alpha (α) values from mean square displacement (MSD) fit-
tings of EGFR trajectories. f A representative EGFR trajectory with a temporally
encoded colormap indicatingdifferent timepoints.gMSDfittings for the trajectory
shown in (f), with distinct α values indicating transitions between different diffu-
sionmodes for a single capUCNPs-labeled EGFR. The nanoparticles were dispersed
in BBS solution for use.
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120 °C for another 30min. The solution was then heated to 290 °C and
maintained at this temperature for 55min. After cooling to room
temperature, the nanoparticles were precipitated by addition of
ethanol and dispersed in cyclohexane for further using.

Synthesis of 7-nm NaYbF4:10%Gd,8%Er core nanoparticles
The synthesis of 7-nm NaYbF4:10%Gd,8%Er core nanoparticles were
identical to that for 10-nm NaYbF4:8%Er core nanoparticles except for
ripening at 300 °C for 30min.

Synthesis of NaYbF4:10%Gd,8%Er @ NaYbF4 core-shell
nanoparticles
The core-shell nanoparticles were prepared via a modified literature
procedure19. The pre-synthesized core nanoparticles (NaYbF4:8%Er or
NaYbF4:10%Gd,8%Er) were used as seeds for shell growing. In a typical
experiment, the shell stock aqueous solution was firstly added to a
100mL three-neck round-bottomed flask containing 3mL of oleic acid
and8mL1-octadecene. The resultingmixturewasheated to 150 °C and
kept for 30min to remove the water. Then the solution was cooling
down to 50 °C. A cyclohexane dispersion (1mL) of core nanoparticle
seeds was then added along with NH4F and NaOH. The reaction was
stirred under vacuum at 110 °C for 30min and then heated to 290 °C
under a nitrogen atmosphere for 30min. After cooling to room tem-
perature, the nanoparticles were precipitated by addition of ethanol
and dispersed in cyclohexane for further using.

Synthesis of NaYbF4:10%Gd,8%Er @ NaYbF4 @ NaLuF4 core-
shell-shell nanoparticles
The synthesis of core-shell-shell nanoparticles was identical to that for
core-shell nanoparticles except for the core-shell nanoparticles were
used as seeds.

Synthesis of UCNPs@DSPE-PEG-biotin44. Redisperse 0.4mL of the
aforementioned UCNPs cyclohexane solution in 2mL of chloroform
and mix it in a 10mL round-bottom flask with 8mL of chloroform
solution containing 5mg of DSPE-mPEG (2000 Da) and 0.5mg of
DSPE-mPEG (2000 Da)-biotin. Stir at room temperature for 2 h, then
remove the chloroform by rotary evaporation. The resulting film is
hydrated with 10mL of deionized water. Transfer the mixture to a
centrifuge tube and remove excess lipids by low-speed centrifugation
(112 g, 5min), followed by purification of @DSPE-PEG by ultra-
centrifugation (25,155 g, 15min). Finally, redisperse @DSPE-PEG in
2mL of PBS.

Surface modification of capUCNPs for EGFR tracking
For cellular imaging, the capUCNPs were modified with polyacrylic
acid (PAA) and further passivated with poly(ethylene glycol), abbre-
viated as capUCNP-PEG. Typically, 10mg of PAA (450,000Da) was
added to 10mL of deionized water, and pH was adjusted to 8 using
0.1M NaOH under vigorous stirring at room temperature for 30min.
Next, 1mL capUCNPs was added dropwise to this solution, which was
then stirred for an additional 4 h. The resulting mixture was combined
with 10mL of diethylene glycol and heated at 105 °C for 2 h while
stirring to facilitate water evaporation. Subsequently, cooling down to
the room temperature, the PAA-coated UCNPs, denoted asUCNP-PAA,
were collected by centrifugation at 25,155 g for 20min. The UCNP-PAA
were washed three times with deionized water and ethanol, re-
dispersed in 1mL of deionized water (0.25M), and stored at 4 °C.

To enhance the biocompatibility of the UCNPs, PEG was con-
jugated to the UCNPs surface. Specifically, 1mg of UCNP-PAA was
added into borate-buffered saline (BBS) buffer (2.5mMH3BO3, 7.5mM
Na2B4O7, pH ≈ 8.0), followed by the addition of 100μg of freshly pre-
pared EDC and 100μg of Sulfo-NHS. The mixture was stirred for 1 h at
room temperature. Afterward, 50 μg of NH2-PEG3800-COOH was
introduced, and the mixture was stirred for an additional 4 h. The

capUCNP-PEG were then collected by centrifugation, re-dispersed in
BBS buffer, and stored at 4 °C.

Finally, the EGFR antibodies (anti-EGFR, 30H45L8, ABfinity™
Rabbit Monoclonal, ThermoFisher) were conjugated to the terminal
PEG groups. In detail, capUCNP-PEG was added into BBS buffer, fol-
lowed by the addition of 100μg of freshly prepared EDC and 100μg of
Sulfo-NHS. The mixture was stirred for 1 h at room temperature.
Afterward, 10μg of anti-EGFR was introduced, and the mixture was
stirred for an additional 4 h. The capUCNP-PEG-antiEGFR were
then collected by centrifugation, re-dispersed in BBS buffer, and
stored at 4 °C.

Kinetic Monte Carlo simulations
We used a kinetic Monte Carlo (KMC) model initially developed in
ref. 36. to simulate the upconversion luminescence lifetime. This KMC
method was adapted for high performance computing45, with the
NPMC source code available within the open source RNMC package46.
New simulation parameters for Er3+ were adapted, and changes are
tabulated in Supplementary Table S2. A spherical UCNP was imple-
mented using the rejection-free, Gillespie stochastic simulation algo-
rithm, and the transition probabilities of each KMC step were
calculated a previous method used for differential rate equation
models36. For a given UCNP configuration, the excited state of each
individual lanthanide ion was simulated under a given excitation
wavelength and power. After a given time, the excitation was dis-
continued. TheKMC lifetime simulationswereobtained bymonitoring
the population changes of certain excited states after the excitation
radiation was discontinued. The upconversion luminescence intensity
was calculated by averaging the photon emission rate of specified
radiative relaxation across the UCNP after reaching the steady state.

Sample preparation for optical characterization
To prepare the sample for wide field imaging, the nanoparticles
cyclohexane solution was dropped onto a clean and dry № 1.5 cover
glass briefly pre-treated with 1% (w/v) poly-lysine. Before attaching the
glass onto a standard microscope, the excess nanoparticles were
rinsed off with cyclohexane for several times.

Single-particle imaging in aqueous solution was performed using
glass coverslips functionalized with PEG–biotin. UCNPs–PEG–biotin
was immobilized on the surface via specific biotin–streptavidin inter-
actions. A solution of 0.5μg/mL UCNPs–PEG–biotin was injected into
the imaging channel, allowing for surface binding. Prior to mounting
the coverslip on the microscope, excess unbound nanoparticles were
thoroughly rinsed awaywith PBS to ensure sparse distribution suitable
for single-particle analysis.

Wide field imaging
Each kind of UCNP is prepared into single-particle sample in advance
and observed under a self-built wide field microscope system equip-
ped with a 100× objective (NA 1.49, Nikon). A laser emitter (BL976-
PAG900, Thorlabs) is coupled to the optical path and excites the
sample through the objective. The emission from single UCNPs passes
through the same objective and is received by an EMCCD (iXon Ultra
897, Andor) coupled to the microscope. An emission filter (ET750sp-
2p8, Chroma) is used to filter the emitted light so that almost all of the
photons received by the EMCCD comes from the sample. Samples
were tested at a range of power densities from 0.68 kWcm−2 to
22 kWcm−2 to ensure consistency of data at different power density
levels.

Single-particle tracking of EGFRusing sub-10 nmcapUCNPprobes.
U2OS osteosarcoma cells were obtained from the Institute of Bio-
chemistry and Cell Biology, SIBS, CAS (China, TCHu88, Female). These
cell lines are not listed in the database of misidentified cell lines
maintained by the International Cell Line Authentication Committee
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(ICLAC). Cells were cultured in RPMI 1640medium supplementedwith
10% fetal bovine serum (FBS) at 37 °C in a 5% CO₂ atmosphere. For
imaging, cells (20μL, approximately 5 × 10⁸L⁻¹) were seeded onto 14-
mm glass coverslips and allowed to adhere for 24h under 100%
humidity.

Prior to labeling, cells were washed with PBS and then incubated
in serum-free medium containing 50μg/mL capUCNP–PEG–anti-EGFR
or capUCNP–PEG for 5minutes at 37 °C under 5% CO₂. After labeling,
cells were washed three times with PBS to remove unbound
nanoparticles.

Single-particle imaging was performed using a custom-built wide-
field fluorescence microscope equipped with a 100× oil-immersion
objective (NA 1.49, Nikon). A 976-nm laser diode (BL976-PAG900,
Thorlabs) was used for excitation through the objective lens. Emission
from individual UCNPs was collected by the same objective, passed
through an emission filter (ET750sp-2p8, Chroma) to block scattered
excitation light, and detected by an EMCCD camera (iXon Ultra 897,
Andor). UCNP trackingwas conducted at the apical (top) surfaceof the
cells. For the live-cell experiments, a continuous-wave 976 nm laser
was used with an excitation power density of 16.6 kW/cm². Lumines-
cence imageswereacquiredwith an exposure timeof 150msper frame
at a frame rate of approximately 6.7 frames per second. Imaging was
performed continuously for 1 h to monitor long-term particle
dynamics under physiological conditions. Significantly brighter events
as those with intensity exceeding the mean + 2σ was excluded in the
data analysis. Hundreds of trajectories of capUCNPs-labeled EGFRs
were analyzed.

We also performed a blocking experiment in which U2OS cells
were pre-incubated with free anti-EGFR antibody (10μg/mL) for 1 h
prior to the addition of anti-EGFR functionalized capUCNPs (50μg/
mL). This pre-treatment effectively saturated EGFR on the cell surface,
thereby preventing further binding by the nanoparticle-bound
antibody.

Evaluation method for single-particle UCL intensity
The point spread function (PSF) of each single UCNP is fitted by the
following two-dimensional Gaussian function:
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Whereθ is tilt angle,x0 and y0 are the centerpositionof the PSF,σx and
σy are the standard deviation in x and y directions, I0 is the total
number of photons of the PSF, and C is background. The aggregated
particles are not counted by the program. The UCL intensity of each
particle is defined as the number of photons emitted per unit time:
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Where τ is exposure time of EMCCD. For each single-particle sample,
we counted hundreds of PSFs to ensure the accuracy of the data. The
UCL intensity of each UCNP sample is the average of the UCL intensity
of single UCNPs included in the statics.

Localization precision. The localization uncertainty was estimated
based on a widely accepted theoretical expression for fluorescence

spot localization precision47.
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Where s is the standarddeviation of PSF, a is the camera pixel size,N is
the number of photons emitted by themolecule, and b2 is the variance
of the camera background noise per pixel.

MSD fitting
We fitted the mean squared displacement (MSD) of each trajectory of
localized molecules with power law:

MSD=4Dtα + of f set ð4Þ

where D is diffusion constant and α is a coefficient that indicates the
motion type. Various movement modes of UCNP-labeled EGFR were
observed: suppressed diffusion mode (α < 1), free diffusion mode
(α ~ 1) and directed diffusion (α > 1).

Statistics and reproducibility
All single-particle imaging and tracking experiments were repeated
independently three times with similar results.

Reporting summary
Further information on research design is available in the Nature
Portfolio 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. Source data are
providedwith this paper. Rawdata for this study are available from the
authors on request. Source data are provided with this paper.
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