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Super-resolution microscopy enabled by
high-efficiency surface-migration emission
depletion

Rui Pu1,8, Qiuqiang Zhan 1,2,3,8 , Xingyun Peng1, Siying Liu1, Xin Guo 1,
Liangliang Liang 4, Xian Qin 4, ZiqingWinston Zhao4,5,6 & Xiaogang Liu 4,7

Nonlinear depletion of fluorescence states by stimulated emission constitutes
the basis of stimulated emission depletion (STED) microscopy. Despite
significant efforts over the past decade, achieving super-resolution at low
saturation intensities by STED remains a major technical challenge. By
harnessing the surface quenching effect in NaGdF4:Yb/Tm nanocrystals, we
report here high-efficiency emission depletion through surface migration.
Using a dual-beam, continuous-wave laser manipulation scheme (975-nm
excitation and 730-nm de-excitation), we achieved an emission depletion
efficiency of over 95% and a low saturation intensity of 18.3 kWcm−2. Emission
depletion by surface migration through gadolinium sublattices enables super-
resolution imaging with sub-20 nm lateral resolution. Our approach circum-
vents the fundamental limitation of high-intensity STED microscopy, provid-
ing autofluorescence-free, re-excitation-background-free imaging with a
saturation intensity over three orders of magnitude lower than conventional
fluorophores. We also demonstrated super-resolution imaging of actin fila-
ments in Hela cells labeled with 8-nm nanoparticles. Combinedwith the highly
photostable lanthanide luminescence, surface-migration emission depletion
(SMED) could provide a powerful mechanism for low-power, super-resolution
imaging or biological tracking as well as super-resolved optical sensing/writ-
ing and lithography.

An energetically active solid surface is often involved in a variety of
physical and chemical phenomena1–3. In particular, in the realm of
nanoscale studies, nanoparticles with an enormous surface-to-volume
ratio usually exhibit active, unique physical properties associated with
the surface, such as surface quenchers4,5, surface states6, surface

phonons7, surface plasmons8, and zigzag edge states9. Since surface
energy quenchers or states often dominate the photoluminescence
process4, enormous efforts have been made to suppress these side
effects to improve emission performance10,11. Nevertheless, these sur-
face phenomena can promote the exploitation of new mechanisms of
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optically controlled energy dissipation. For example, stimulated
emission depletion (STED) microscopy offers a powerful tool for
diffraction-breaking super-resolution imaging by attenuating lumi-
nescence emission12–14.

In conventional STED, spontaneous emission fromfluorophores is
turned off by stimulated emission to bring them to the off state12,13. In
principle, the depletion saturation intensity of STED, defined as the
input intensity at which the depletion efficiency reaches 50%, is
inversely proportional to the lifetime of the emitting state and the
stimulated emission cross-section15–17. Therefore, commonly used
fluorescent probes with fast spontaneous emission may require high
depletion intensity14,18, resulting in undesirable phototoxicity, photo-
bleaching, or re-excitation background19–22. New strategies involving
long-lived emission states of lanthanide ions have recently lowered the
threshold for STED beam intensity23–25, but further improving the
depletion performance of stimulated emission in this way means that
the nanoprobes used must have both a larger cross-section and a
longer lifetime. However, such ideal probe is not found in either
inorganic luminescent materials or organic fluorophores. Moreover,
long emission lifetime inevitably leads to slow imaging speed and low
brightness. Therefore, it has always been of great importance to
exploit new photophysical mechanisms to achieve efficient emission
depletion while greatly reducing the saturation intensity26,27. The
energy dissipation capability of surface quenchers may be stronger
than stimulated emission, but activelymanipulating surface quenching
to switch off fluorescence remains a formidable challenge.

Here, we describe the experimental design of gadolinium-doped
luminescent nanoparticles that can significantly reduce depletion
intensity through surface-migration emission depletion (SMED)
(Fig. 1a). The gadolinium sublattice provides a massive energy migra-
tion network to spatially and energetically direct energy transfer from
the luminescent center to surface quenchers4,10. This effect facilitates
the energy depletion of luminescent centers through nonradiative
dissipation at nanoparticle surfaces, thereby enabling super-resolution
imaging at low depletion saturation intensity.

Results
Surface migration enables high-efficiency emission depletion
For proof of concept, we choseNaGdF4:Yb/Tm (18/0.3%) nanoparticles
for single-particle imaging using a dual-laser optical microscopy sys-
tem (Supplementary Fig. 1). Upon excitation with a 975-nm con-
tinuous-wave (CW) beam, these nanoparticles showed two main
emission peaks at 475 and 650nm, corresponding to the 1G4→

3H6 and
1G4→

3F4 transitions of Tm3+, respectively. When co-irradiated with a
730-nm CW beam, the Tm3+-activated nanoparticles showed almost
complete emission depletion (Fig. 1b, c). This depletion process
commences through excited-state absorption (ESA) to the 1G4 state of

Tm3+, followed by energy pumping to the higher 1I6 state (Fig. 2a, b).
Due to the overlap of energy levels between the 1I6 state of Tm3+ and
the 6P7/2 state of Gd3+, efficient energy transfer subsequently occurs
through energy migration from Tm3+ to surface defects or quenchers
surrounding the Gd3+ ions28,29.

Spectroscopic characterizations indicated that the 475-nm emis-
sion from NaGdF4:Yb/Tm nanoparticles was depleted with over 95%
efficiency upon co-irradiation with the 730-nm beam (Fig. 2c). On the
contrary, emissions at 455 nmand 512 nm, assigned to the 1D2→

3F4 and
1D2→

3H5 transitions of Tm3+, respectively30, were slightly enhanced.
This suggests the possibility of an energy transfer from the 1G4 state to
the 1I6 state of Tm3+ and a subsequent 1I6→

1D2 transition in the popu-
lation of the 1D2 state. Intriguingly, depletion efficiency remains high
within the depletionwavelength range of 715–745 nm,which facilitates
laser selection and installation (Supplementary Fig. 2). At low deple-
tion intensity, the depletion efficiency follows a sharp exponential
decay (Fig. 2d). The measured depletion saturation intensity was
18.3 kWcm−2, almost 46 times lower than the 849 kWcm−2 reported
in a previous attempt involving photon upconversion25 and more
than three orders of magnitude lower than conventional
fluorophores17,19,31,32. Since no emission is detectable with monochro-
matic excitation at 730 nm (Fig. 2c, d and Supplementary Fig. 2), the
problem of re-excitation emission background inherent to conven-
tional STED microscopy can be eliminated22. The occurrence of ESA
was further supported by the shortened lifetime of the 1G4 state of
Tm3+ upon depletion (Fig. 2e). The short emission lifetime at high
depletion intensity can be ascribed to an increased transition rate of
the ESA process.

Mechanistic investigations of SMED
To validate the critical role of particle surfaces in optical depletion, we
further prepared a series of lanthanide-doped nanoparticles with
various doping concentrations, compositions, and core-shell struc-
tures (Supplementary Table 1). For example, we designed NaGdF4:Yb/
Tm (18/0.3%)@NaGdF4:Eu (15%) core-shell nanoparticles with which
specific pathways of energy migration could be activated under two-
beam excitation. Spectroscopic data showed that the intensity of Eu3+

emission increased by about 6-fold upon 730-nm excitation (Fig. 3a
and Supplementary Fig. 3). Since Eu3+ emission could not be generated
directly with a 730-nm laser, this observed enhancement was attrib-
uted to Gd-mediated distant energy transfer from Tm3+ to Eu3+ across
the core-shell interface28,33. We also examined the suitability of NaGd-
F4:Yb/Tm (18/0.3%)@NaYF4 nanoparticles for SMED microscopy.
Under the same conditions, we found a 33% decrease in depletion
efficiency for these nanoparticles with inert-shell passivation (Fig. 3b).
An increase in the inert-shell thickness further reduced the depletion
efficiency (Supplementary Fig. 4). For NaYF4:Yb/Tm (18/0.3%)
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Fig. 1 | The surface-migration emission depletion (SMED) strategy enables
optical depletion of NaGdF4:Yb/Tm nanoparticles. a The proposed SMED
mechanism underlying emission depletion relies on an external energy source and
bypasses fundamental constraints imposed by conventional STED microscopy.
b, c Emission depletion of single NaGdF4:Yb/Tm (18/0.3%) nanoparticles under
dual-beam CW laser manipulation (975-nm excitation and 730-nm de-excitation).

Co-irradiation of the nanoparticles (~11 nm in diameter) on a glass slide with 975-
and 730-nm continuous-wave (CW) lasers (I975 = 98 kWcm−2; I730 = 3.01MWcm−2)
significantly suppressed the 475-nmemission. Imagedimensions: 800 × 800pixels;
pixel size: 3 nm; pixel dwell time: 200μs. Images shown are averages of three
repeated.
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nanoparticles, we recorded a 41% decrease in depletion efficiency
(Fig. 3c). This result suggests that the depletion of excitation energy at
higher-lying 1I6 states of Tm3+ cannot be efficiently achieved without
Gd3+-mediated energy migration. With decreasing Gd3+ concentration
in the Y3+-based host lattice, a gradual decrease in depletion efficiency
was recorded (Supplementary Fig. 5).

The laser intensity-dependent depletion efficiency further con-
firms the unique ability of surface quenching to achieve high-
efficiency optical depletion. Unlike the fast exponential decay char-
acteristic of NaGdF4:Yb/Tm nanoparticles, nanoparticles coated with
a thin NaYF4 shell exhibited much slower decay with a 67-fold
increase in depletion saturation intensity (~1.24MWcm−2) (Fig. 3d).
As the ESA process governs optical depletion in yttrium host lattices,
NaYF4:Yb/Tm nanoparticles displayed a high saturation intensity of
1.55MWcm−2. Notably, the depletion saturation intensity of Y-based
nanoparticles is 84 times higher than that of Gd-based nanoparticles.
Apart from the depletion intensity dependence, we also measured
depletion efficiencies of NaGdF4:Yb/Tm nanoparticles and control
samples at various excitation intensities (Fig. 3e). When excitation
intensity increased from 8.2 to 196 kW cm−2, the depletion efficiency
of NaGdF4:Yb/Tm nanoparticles decreased by only 8% (from 95% to
87%). This feature is particularly attractive because it enables super-
resolution microscopy over a wide range of excitation intensities
without the need to adjust the depletion intensity. In comparison, the
depletion efficiency of NaGdF4:Yb/Tm@NaYF4 and NaYF4:Yb/Tm
nanoparticles decreased by 35% and 49%, respectively, with
increasing excitation intensity. For NaGdF4:Yb/Tm nanoparticles,
variations in nanoparticle size have little effect on depletion effi-
ciency (Supplementary Fig. 5).

We next performed rate equation modeling and numerical simu-
lation to probe the photophysical dynamics of Tm-doped NaGdF4
materials (see Methods, Supplementary Fig. 6, Supplementary
Table 2). The effect of SMEDcanbe treated as a fast nonradiative decay
from the 1I6 state of Tm3+ to the ground state, the rate of which is
defined as the integrated energy dissipation rate (MSMED). MSMED is
proportional to the energy transfer efficiency between Tm3+ and Gd3+,
the migration efficiency within the gadolinium sublattice, and the
population of surface quenchers. Depletion efficiency increased shar-
ply with increasing energy dissipation rate, in good agreement with
experimental observations (Fig. 3f). According to our modeling, a
depletion efficiencyof 95% requires aminimumenergydissipation rate
of 2.0 × 106 s−1, which is two orders of magnitude faster than the non-
radiative decay of the 3H5→

3F4 multiphonon relaxation (1.7 × 104 s−1)34

and three orders of magnitude faster than the intense 800-nm
upconversion emission (3H4→

3H6, 1.3 × 103 s−1) in conventional Tm3+

upconversion systems (Fig. 3g)34,35. The fast emission decay through
SMEDwith a rate constant of ~2.0 × 106 s−1 leads to largely de-populated
1I6 and

1G4 states of Tm
3+. An analytical solution based on a simplified

four-level system further confirms that surface quenchers can quickly
dissipate emission energy and substantially lower the depletion
saturation intensity (see Methods, Supplementary Fig. 7). To further
probe the underlying mechanism of SMED by surface quenchers, we
studied the electronic structures of Gd3+-doped NaYF4 nanocrystals
containing various types of defects by performing first-principles cal-
culations based on density functional theory (DFT)36 (see Methods,
Supplementary Fig. 8). Calculations at the single-particle level suggest
that dipole-allowed electronic transitions occur at lattice defects (e.g.
fluorine vacancy, oxygen substitution and hydroxyl substitution) due
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Fig. 2 | SMED-mediatedhigh-efficiency emissiondepletion. a Schematic diagram
of the SMEDdepletionprocess and energy transfer pathways inNaGdF4:Yb/Tm (18/
0.3%) nanoparticles. b Proposed SMED mechanism of upconversion emissions
from the 1G4 state of Tm3+. c Upconversion emission spectra of NaGdF4:Yb/Tm (18/
0.3%) nanoparticles illuminated with different lasers (I975 = 21.7 kW cm−2;
I730 = 3.01MWcm−2). d Depletion intensity-dependence at a 975-nm excitation

intensity of 21.7 kWcm−2. The inset in the log-log plot shows an enlarged view of
the data in the low laser-intensity region, with a depletion saturation intensity of
approximately 18.3 ± 0.9 kWcm−2. e Lifetime variation of the 475-nm emission
versus the applied 730-nm CW depletion intensity (I975 = 72.1 kWcm−2). Data in
c, dwere presented asmean value ± standard deviation (SD). Error bars are defined
as the SD of n = 3 independent measurements.
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to Förster resonance energy transfer from excited Gd3+ ions. Although
adsorption ofOH−, H2O, or organicmolecules onnanoparticle surfaces
can lead tomidgap states, the energy differences between these states
and host states do not match the 3S7/2−

6P7/2 gap of Gd3+. The adsor-
bates likelydeactivate excitedGd ions by vibronic coupling rather than
by Förster resonance energy transfer (Supplementary Fig. 8).

We also observed the same effect of SMED in Tb3+-activated
nanoparticles37. Upon 756-nm beam illumination, the emission bands
of Tb3+ at 490, 547, 585, and 620nm generated by a 975-nm excitation
beam were suppressed by 70% (Fig. 3h). This depletion was likely due
to the electrons in the 5D4 state of Tb

3+ being first stimulated to higher-
lying states through an ESA process, then transferred to the Gd sub-
lattice, and eventually dissipated at particle surfaces (Supplementary
Fig. 3). Similarly, lowered depletion efficiencies (26% or 17%, respec-
tively) were recorded after coating Tb3+-activated nanoparticles with
an inert-shell or replacing the host material with NaYF4 (Fig. 3i).

SMED enables low-power, high-resolution microscopy
Based on the correlation between the imaging spot size and laser
intensity given by d =d0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + I=Isat

p
, where I and Isat are the depletion

laser intensity maxima and the depletion saturation intensity, respec-
tively, a low Isat would enable SMED microscopy with a significant
improvement in image resolution. To validate this hypothesis, we
prepared three sets of Tm3+-activated SMED nanoparticles with dif-
ferent diameters (8, 11, and 15 nm) (Supplementary Figs. 5, 9). The size-
dependent optical responses of these nanoprobes were characterized
by microscopic imaging at the single-nanoparticle level. The bright-
ness of the 8-nm nanoparticles (CW, I975 = 144 kWcm−2) is comparable
to that of two-photon-excited Texas Red molecules or small agglom-
erates illuminated with femtosecond pulses, I830 = 98 kWcm−2 (Sup-
plementary Fig. 9). Indeed, imaging NaGdF4:Yb/Tm (18/0.3%)
nanoparticles (~11 nm) with SMED shows a significant improvement in
spatial resolution (Fig. 4a, b). The point spread function (PSF) of single
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Fig. 3 | Spectroscopic investigations of SMED using Tm3+-activated and Tb3+-
activated nanoparticles. a–c Spectra of NaGdF4:Yb/Tm (18/0.3%)@NaGdF4:Eu
(15%), NaGdF4:Yb/Tm (18/0.3%)@NaYF4, andNaYF4:Yb/Tm (18/0.3%) nanoparticles,
respectively, co-irradiated with different CW lasers (I975 = 21.7 kW cm−2; I730 = 3.01
MWcm−2). d, e Comparison of the depletion- or excitation intensity-dependences
among NaGdF4:Yb/Tm (18/0.3%), NaGdF4:Yb/Tm (18/0.3%)@NaYF4 and NaYF4:Yb/
Tm (18/0.3%) nanoparticles (I975 = 21.7 kW cm−2; I730 = 3.01MWcm−2). f Numerical
simulation of the relationship between optical depletion of the 1G4 state and the
effect of the SMED mechanism. The inset shows the simulated depletion intensity-
dependences when MSEMD is 2.0 × 106 s−1. g Comparison of the energy dissipation

rate of SMED with other parameters of the energy decay rate in Tm3+-doped sys-
tems. 1/τ3 and 1/τ7: radiative decay rates of the 3H4 and

1I6 states, respectively.
β2: nonradiative decay rate from 3H5 to

3F4 states. h Depletion efficiency (average
at 70%) of multiband emissions from NaGdF4:Yb/Tb (12/8%) nanoparticles
(I975 = 67.5 kW cm−2; I756 = 9.20MWcm−2). i Comparison of depletion intensity-
dependences among NaGdF4:Yb/Tb (12/8%), NaGdF4:Yb/Tb (12/8%)@NaYF4 and
NaYF4:Yb/Tb (12/8%) nanoparticles with a fixed excitation intensity (I975 = 67.5
kWcm−2). Data in d, e, i were presented as mean value ± SD. Error bars are defined
as the SD of n = 3 independent measurements.
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particles in three different regions was radially measured, revealing an
effective PSF with average lateral full-width-at-half-maximum
(FWHM) dimension of 20 nm (minimum 16.8 nm) or 1/49 of the exci-
tation wavelength of 975 nm (Fig. 4c–e). Compared with the spot size
excited exclusively with a 975-nm beam, PSF was narrower by a factor
of 17.5 when the depletion intensity reached 1.09MWcm−2 (Fig. 4f).
Meanwhile, we acquired two additional super-resolution images of the
same area under the same conditions to reduce random error (Sup-
plementary Fig. 10). Fourier ring correlation (FRC) was also used to
determine the resolution of SMED images, yeilding values slightly
larger than those from FWHM analysis (about 24–32 nm) (Fig. 4g, h).
Furthermore, no re-excitation emission background was detected via
SMED, and these nanoparticles exhibited high photostability across
more than 5 h of laser scanning and imaging (Supplementary
Fig. 11)16,19,22. Coordinate-targeted SMED microscopy can be easily
performed with a pair of low-power CW lasers without the need for
complicated image reconstruction and setup27,38,39.

We next performed surface bioconjugation to 8-nm Tm3+-acti-
vated nanoparticles using actin-targeted phalloidin and specifically
labeled themon actin filaments offixedHeLa cells for super-resolution
imaging (Fig. 5a–e and Supplementary Figs. 12, 13). Fluorescence and
bright-field imaging of the cells showed high staining efficiency and
significant improvement in resolution (with a lateral effective FWHM
of 108 nm and a FRC resolution of 109 nm) (Fig. 5f–i and

Supplementary Fig. 13). Limited by the sizes of filaments observed and
the state-of-the-art of subcellular labeling with lanthanide-doped
nanoprobes, the achievable imaging resolution in biological environ-
ments differs from that of single-particle imaging experiments. With
further developments in bioconjugation40, SMED microscopy may
allow observation of biological structures down to the imaging reso-
lution limit of 8–20nm41,42.

Discussion
The 95% depletion efficiency we achieved in NaGdF4:Yb/Tm nano-
particles under 730-nm irradiation with a low depletion saturation
intensity of 18.3 kW cm−2 contrasts starkly with imaging conditions
typically employed in conventional STED microscopy. The low sti-
mulated emission cross-sections of lanthanide-doped nanoparticles
can be compensated through gadolinium lattice-mediated surface
energy migration. The work presented here provides insight into
investigations of other nanoparticle systems in which spatial con-
finement of energy migration can be well controlled43. Given the
tunable nature of upconversion emission color and lifetime,
NaGdF4-based SMED offers unparalleled multiplexing and multi-
color imaging capabilities. Out-of-focus upconversion emission can
be easily suppressed in SMED imaging by employing confocal
detection, thereby enabling high-resolution, three-dimensional
optical sectioning in biological samples. Our results highlight the
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Fig. 4 | SMED microscopy for single-particle super-resolution imaging.
a, b, Imaging of NaGdF4:Yb/Tm (18/0.3%) nanoparticles (~ 11 nm in diameter) with a
laser scanning microscope irradiated with a CW 975-nm Gaussian beam (I975 = 98
kWcm−2) and a dual-beam system (975-nm Gaussian beam and CW 730-nm
doughnut-shaped beam, I730 = 1.09MWcm−2, P730 = 4.85mW), respectively. Images
shown are averages of two repeated. Image dimensions: 800 × 800 pixels; pixel
size: 3 nm; pixel dwell time: 200 μs; acquisition time: 130 s. Image reproducibility
can be seen in Supplementary Fig. 10. c–e Intensity profiles of the nanoparticles
from red, purple, and green dottedboxes in a,b, respectively. The intensity profiles
were measured radially and the insets show the corresponding measurement

directions. fMeasured effective full-width-at-half-maximum (FWHM) dimension of
the point spread function (PSF) versus the depletion power. The measured nano-
particle was marked with green dotted boxes in a, b. Data were presented asmean
value ± SD. Error bars are defined as the SD of n = 3 independent measurements.
Scalebar: 100 nm.g,h Image resolutionof the nanoparticles frompurple and green
dotted boxes inb determinedby Fourier ring correlation (FRC). The signal-to-noise
ratio (SNR) of these single-particle images is approximately 5 with a mean detector
noise of 10photon counts. Threepairs of imageswereused for FRCcalculationwith
similar results obtained.
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potential advantages of surface-mediated energy migration as a
powerful tool that complements previously reported STED/
RESOLFT imaging techniques (Supplementary Table 3). A more
comprehensive understanding of the SMED mechanism described
here and precise control over nanoparticle surface states may
enable further development of high-performance luminescent
probes for wide-ranging biophotonic and bioimaging applications.
The SMED strategy, therefore, provides a facile route to achieve
low-power, diffraction-unlimited photoactivation44, optical data
storage45, and lithography46.

Methods
Materials
Thulium(III) acetate hydrate (99.9%), gadolinium(III) acetate
hydrate (99.9%), ytterbium(III) acetate hydrate (99.9%), yttrium(III)
acetate hydrate (99.9%), terbium(III) acetate hydrate (99.9%),
europium acetate hydrate (99.9%), diethylene glycol (DEG, 98%),
Poly-L-lysine solution (0.1 wt%), N-(3-dimethylaminopropyl)-Nʹ-
ethylcarbodiimide hydrochloride (EDC, ≥ 98%) and N-hydro-
xysuccinimide (NHS, 98%) were purchased from Sigma-Aldrich.
Sodium hydroxide (NaOH, ≥98%), ammonium fluoride (NH4F, ≥

99.99%), 1-octadecene (ODE, ≥ 90%(GC)), oleic acid (OA, AR),
cyclohexane (AR, 99.5%) and ammonia solution (NH3·H2O, 25–28%)
were purchased from Aladdin®, China. Methanol (AR), ethanol (AR),
ether (AR), hydrochloric acid (HCl, AR, 36–38%) and dimethylsulf-
oxide (DMSO, AR) were purchased from Sinopharm Chemical
Reagent Co., China. Poly(acrylic acid) (PAA, M.W~2000) was pur-
chased from Shanghai Macklin Biochemical Co., Ltd. Compound 2-
(N-morpholino)ethanesulfonic acid (MES, 0.1 M, pH = 6.0) was pur-
chased from Leagene Biotechnology co., Beijing. Phosphate-
buffered Saline (PBS), ProLong™ Gold Antifade Mountant, Alexa
Fluor™ Plus 405 Phalloidin (A30104, Invitrogen™), organic fluor-
ophore Texas Red (>90% single isomer, T6256, Invitrogen™) were
purchased from Thermo Fisher Scientific. Amino-phalloidin was
purchased from Shanghai Maokang Biotechnology Co. Ltd., China.
Paraformaldehyde (PFA, 4%) was purchased from Invitrogen. Triton
X-100 was purchased from Amresco. Quick Block blocking buffer,
bovine serum albumin (BSA, ≥ 99%, fatty acid & IgG free, BioPre-
mium) and ethanesulfonic acid (HEPES) buffer (0.01 M, pH = 7.3)
were purchased from Beyotime, China. HeLa cells source was pro-
vided by Sun Yat-Sen University (Guangzhou, China). All the
reagents were used as received without any further purification.
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Fig. 5 | SMED microscopy for super-resolution subcellular imaging. a Conven-
tional upconversion imaging of actin filaments in fixed Hela cells stained with
phalloidin-functionalized Tm3+-activated nanoparticles with a diameter of 8 nm.
(image dimensions: 1024 × 1024 pixels; pixel size: 62 nm; pixel dwell time: 200μs;
acquisition time: 212 s; I975 = 98 kWcm−2, I730 = 537 kW cm−2, P730 = 2.4mW. More
than three independent labeling and imaging experiments showed similar results.)
b–eConventional- and super-resolution images of selected areas from yellow (b, c)
and gray (d, e) dotted boxes marked in a. Images shown are averages of two

repeated. Image dimensions: 800× 800 pixels; pixel size: 10 nm; pixel dwell time:
200μs; acquisition time: 130 s. f Corresponding intensity profiles of the features
marked in b, c. g The resolution of image c determined by FRC. h Corresponding
intensity profiles of the features marked in d, e. i Resolution of the image
e determined by FRC. Intensity profiles were fitted using the Lorentzian function
and the resolution value was determined by the FWHM of the Lorentzian curves.
The criterion of 0.143 was used in the FRC analysis.
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Synthesis of 11-nm NaGdF4:Yb/Tm nanoparticles
Lanthanide-doped nanoparticles were synthesized using previously
reported protocols with modifications47–49. To a 100-mL round-bottom
flask, a mixture of 10mL OA and 15mL ODE was added, followed by
addition of a 5-mL stock solution of Ln(CH3CO2)3 (Ln =Gd/Yb/Tm)
(0.2M). The mixture was heated to 150 °C and kept for 40min under
stirring to forma lanthanide-oleateprecursor solution,whichwas slowly
cooled to room temperature before a NaOH-methanol stock solution
(1M, 2.5mL) and an NH4F-methanol stock solution (0.4M, 10mL) were
pipetted into the flask. Next, the mixture was kept at 40 °C under stir-
ring for an additional 2 h. Subsequently, the solution was heated to
100 °C for 30min under a vacuum to evaporate the methanol. After
removingmethanol, the solution temperature was further elevated and
kept at 300 °C under stirring for 1.5 h in an argon atmosphere for
nanoparticle growth. After the reaction, the solution was cooled to
room temperature naturally, precipitated by adding 15-mL ethanol, and
then centrifugated at 7500 r.p.m. (relative centrifuge force (RCF) =
5840×g) for 5min. The obtained NaGdF4:Yb/Tm nanoparticles were
washedwith ethanol andcyclohexane three times and then re-dispersed
in 8-mL cyclohexane. NaGdF4:Yb/Tb nanoparticles were synthesized
using the same protocol. Note that themixture volumes of OA andODE
were adjusted to 7.5 and 17.5mL, respectively, for theNaYF4hostmatrix.

Synthesis of 8-nm NaGdF4:Yb/Tm nanoparticles
The synthetic procedure of 8-nmNaGdF4:Yb/Tm is similar to that of 11-
nmNaGdF4:Yb/Tmnanoparticles.While keeping the volumes and ratio
of Ln(CH3CO2)3 unchanged, the volumes of OA andODEwere changed
to 7 and 15mL. In addition, the reaction temperature was adjusted
from 300 to 260 °C, and the reaction time shortened from 1.5 to 1 h.

Synthesis of 15-nm NaGdF4:Yb/Tm nanoparticles
NaGdF4:Yb/Tm nanoparticles of 15 nm in diameter were obtained by
growing the same layer onto the as-prepared 11-nm core NaGdF4:Yb/
Tm nanoparticles10. First, a stock solution of 10-mLOA, 15-mLODE and
5-mL Ln(CH3CO2)3 (Ln =Gd/Yb/Tm) (0.2M) was added into a 100-mL
round-bottom flask. The reaction solution was heated to 150 °C and
kept for 40min under stirring to forma clear solution, and then cooled
to 80 °C. An 8-mL suspension of the as-prepared 11-nm core NaGd-
F4:Yb/Tm nanoparticles was pipetted into the flask (the core-to-shell
volume ratio, 1:1) and maintained at this temperature for 30min to
remove cyclohexane. Subsequently, the solution was cooled slowly to
room temperature, and then 2.5-mL NaOH-methanol stock solution
(1.0M) and 10mLNH4F-methanol stock solution (0.4M)werepipetted
into the flask. The following steps were the same as those used to
synthesize bare core 11-nm NaGdF4:Yb/Tm nanoparticles. The
obtained 15-nm NaGdF4:Yb/Tm nanoparticles were re-dispersed in
8-mL cyclohexane.

Synthesis of 17-nm NaGdF4:Yb/Tm@NaYF4 core-shell
nanoparticles
To epitaxially grow an inert NaYF4 shell, 7.5-mL OA, 17.5-mL ODE and
5-mL Y(CH3CO2)3 stock solution (0.2M) were added into a 100-mL
round-bottom flask containing 15-nm NaGdF4:Yb/Tm nanoparticles.
The core-to-shell volume ratio is 1:1. The obtained 17-nm NaGdF4:Yb/
Tm@NaYF4 nanoparticles were re-dispersed in 8-mL cyclohexane.

Synthesis of 28-nm NaGdF4:Yb/Tm@NaYF4 core-shell
nanoparticles
The 28-nm NaGdF4:Yb/Tm@NaYF4 core-shell nanoparticles were
obtained using the same procedure as 17-nm NaGdF4:Yb/Tm@NaYF4
core-shell nanoparticles, except for the change in the core-to-shell
volume ratio from 1:1 to 1:4. A 2-mL suspension of the as-prepared 11-
nm NaGdF4:Yb/Tm nanoparticles was added. The obtained 28-nm
NaGdF4:Yb/Tm@NaYF4 nanoparticles were re-dispersed in 4-mL
cyclohexane.

Synthesis of 38-nm NaGdF4:Yb/Tm@NaYF4 nanoparticles
To further increase NaYF4 shell layer thickness, another NaYF4 layer
was epitaxially grown onto the as-prepared 28-nm NaGdF4:Yb/
Tm@NaYF4 nanoparticles using the standard core-shell synthesis. The
core-to-shell volume ratio is 1:2, with the addition of a 4-mL suspension
of 28-nm NaGdF4:Yb/Tm@NaYF4 nanoparticles. The obtained 38-nm
NaGdF4:Yb/Tm@NaYF4 nanoparticles were re-dispersed in 4-mL
cyclohexane.

Preparation of nanoparticle-coated slides for spectro-
scopic study
To perform spectroscopic and emission depletion characteriza-
tions, the sample cover slides with well-dispersed nanoparticles
(10.0 μL, 200.0 μg/mL) were prepared by spin-coating (6000 r.p.m,
RCF = 3740 × g). The employed aqueous sample was transferred
directly from hydrophobic cyclohexane before spin-coating
according to a previously reported hydrochloric acid treatment50.
After air-drying, the sample coverglass was placed on a clean glass
slide spread with a small drop of embedding medium (ProLong™
Gold Antifade Mountant, Invitrogen) to ensure refractive index
matching. Air bubbles were gently extruded and the fringe was
properly sealed with nail polish. The sample was kept at room
temperature and in the dark for another 10 h to ensure complete
drying before measurement.

Sample preparation for single-nanoparticle imaging
To perform single-nanoparticle imaging, sample slides coated with
lanthanide-doped nanoparticles were prepared according to literature
methods10,24. To prepare a sample slide, a high precision microscope
cover glass (thicknessNo.1.5H, 170 ± 5μm,Deckgläser, PaulMarienfeld
GmbH) was washed with anhydrous ethanol/ultrapure water under
ultrasonication and then treated with 60-μL poly-L-lysine solution
(0.1% in H2O w/v). After about half an hour, the poly-L-lysine was
washed off with ultrapure water, and the cover glass was air-dried. A
20.0-μL nanoparticle solution (0.1μg/mL in cyclohexane) was added
to the treated surface, immediately followed by wash three times with
cyclohexane. After air-drying, the cover glass was placed on a clean
glass slide spreadwith a small dropof embeddingmedium.Air bubbles
were extruded and the glasses were sealedwith nail polish. The sample
was kept at room temperature for another 10 h to ensure complete
drying before measurement.

Preparation of gold nanoparticle sample slides
To measure the PSF of the lasers, sample slides with dispersed gold
nanoparticles (CTAB-capped, 120 nm in diameter, NS-120-50, Nano-
Seedz) were prepared. A 20.0-μL water solution of gold nanoparticle
(ten times diluted from the original solution) was directly spin-coated
onto a cover slide. After air-drying, the cover slide was placed on a
clean glass slide spread with a small drop of embedding medium
(ProLong™ Gold Antifade Mountant, Invitrogen). Air bubbles were
extruded and the glasses were sealed with nail polish. The sample was
kept at room temperature for another 10 h to ensure complete drying
before measurement.

Preparation of Texas Red-stained slides
According to a literaturemethod51, the sample for single-molecule two-
photonmicroscopic imaging was prepared by spin coating of a DMSO
solution of Texas Red molecules (20.0μL, 2 × 10−7 M) at 6000 r.p.m
(RCF = 3740 × g) onto a cover slide. After air-drying, the cover glasswas
placed on a clean glass slide spread with a small drop of embedding
medium (ProLong Gold Antifade Mountant) to relieve the photo-
bleaching of Texas Red. Air bubbles were also avoided and the glasses
were sealedwith nail polish. The samplewas kept at room temperature
and in the dark for another 10 h to ensure complete dryness before
measurement.
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Preparation of PAA-coated lanthanide-doped nanoparticles
PAA-coated nanoparticles of 8-nm in diameter for biomarkers were
prepared using a general ligand exchange method52, and the proce-
dures are similar to our previous work25. To a 100-mL round-bottom
flask, 20mL of DEG and 0.2 g of PAA were added. The mixture was
heated to 110 °C and kept at this temperature for 1 h under an argon
atmosphere. Next, 2mL of OA-nanoparticles were injected into the
solution and maintained at the same temperature for 30min under
vacuum to evaporate cyclohexane. When the cyclohexane was eva-
porated, the solution was heated to 240 °C and kept at this tempera-
ture for 3 h under an argon atmosphere. After the solution was cooled
to room temperature naturally, 15mL of 1% HCL were added and the
solution was continued to stir for 20min. The obtained PAA-coated
nanoparticles were precipitated by centrifugation for 30min (18,000
r.p.m (RCF = 33,660 × g)), then washed with ethanol and ultrapure
water (v/v = 1:1) three times, and re-dispersed in 2-mL ultrapure water.

Activation of the carboxyl groups of PAA-coated lanthanide-
doped nanoparticles
Following the commonly used methods53,54, the protocol is similar to
our previous work25. Firstly, EDC andNHS solids were dissolved inMES
solution at a concentration of 0.2 and 0.3mgμL−1, respectively. Then
1mL of PAA-coated nanoparticle solution (1mgmL−1), 20μL of EDC
and 20μL of NHS were added into a 1.5-mL centrifuge tube and soni-
cated for 30 s. The mixture was stirred for 2 h at room temperature,
then centrifugated for 30min to remove the redundant EDC and NHS.
(18,000 r.p.m (RCF = 33,660 × g)). The precipitate was collected and
re-dispersed in 1mL ultrapure water. The pH value of the solution was
adjusted to 7.2–7.5 by adding an ammonia solution (2M).

For preparing the Phalloidin conjugated 8-nm nanoparticles55,
10μL amino-Phalloidin DMSO stock solution (100μM) and 110μL
HEPES buffer were added to 30μL activated PAA-lanthanide nano-
particles (1.0mgmL−1). Themixture was stored in a refrigerator at 4 °C
for another 4 h. Followed by centrifugation at 18,000 r.p.m (RCF =
33,660 × g). for 20min to remove the excess of amino-Phalloidin, the
obtained precipitate was re-dispersed into 150μL HEPES buffer.

Labeling of cytoskeleton actinfilaments using lanthanide-doped
nanoparticles
These procedures followed the commonly used cell labeling
method19,53, similar to our previous work25. The HeLa cells were cul-
tured in 96-well glass-bottom plates (thickness 170 ± 5 μm, P96-1.5H-N,
Cellvis)with 15,000cells in eachunit, with the temperature set at 37 °C,
thehumidity at95%, and theCO2 concentration at 5%overnight (>12 h).
The cells were rinsed three times using 200-μL pre-warmed PBS buffer
(37 °C, 5min each) to remove the residual culturemedia and then fixed
using PFA for 15min at room temperature. Subsequently, the cells
were rinsed three times using PBS buffer to remove the residual PFA.
Next, the cells were permeabilized in 200-μL 0.2% Triton X-100 for
30min at room temperature and rinsed three times using HEPES
buffer. 200μL Quick Block blocking buffer was added to block the
fixed cells for 20min at room temperature. When the procedure of
blocking was completed, 150μL of freshly prepared phalloidin-
bioconjugated lanthanide-doped nanoparticles (with 1% bovine
serumalbumin in buffer (200μgmL−1) were added. The cells were kept
at room temperature for 4 h and then rinsed twice with pre-warmed
(37 °C) HEPES buffer. Finally, the HEPES buffer was removed and a
small drop of embedding medium was dropped into the well. The
sample was kept at room temperature and in the dark for 24 h to
ensure complete dryness before measurement.

Labeling of cytoskeleton actin filament using Alexa Fluor Plus
405 Phalloidin
To prepare the stock solution of Alexa Fluor Plus 405 Phalloidin, the
contents of the vial were dissolved in 150μL of anhydrous DMSO to

yield a 300 × stock solution, which is equivalent to approximately
66μM. The staining solution was prepared by diluting 0.5μL of the
300× stock solution into 150μL of PBS and adding 1% BSA. When
fixation, permeabilization, and blockingwere completed, 150μL of the
freshly prepared staining solution was added. The cells were kept at
room temperature for 4 h and then rinsed twice with pre-warmed
(37 °C) PBS buffer.

Transmission electron microscopy (TEM)
The size and morphology of as-prepared nanoparticles were obtained
using a transmission electronmicroscope JEM-2100HR, JEOL (200 kV).
The bioconjugated lanthanide-doped nanoprobes were diluted and
dispersed in ultrapure water, whereas other samples were diluted and
dispersed in cyclohexane, then dropped onto the surface of copper
grids for the test of TEM.

Optical system for spectroscopic study and emission depletion
measurements
A lab-made optical system coupled with two laser beams was built to
implement spectroscopic measurement, luminescence lifetime
measurement, and super-resolution imaging. As the optical system’s
layout shown in Supplementary Fig. 1, for the spectroscopic study of
Tm3+-activated nanoparticles, the excitation 975-nm CW laser beam
was generated by a single-modediode laser (Laser 1, B&ATechnology
Co. Ltd.). The depletion 730-nm CW laser beam was generated by a
Ti:sapphire laser (Laser 2, Mira 900, Coherent). Two band-pass filters
(F1, LD01-975/10-12.5, Semrock; F2, FF01-730/39-25, Semrock) were
used to clean the spectrum of the two lasers. Two pairs of half-wave
plates and polarization beam splitters were used to control the laser
beam power. In the optical excitation pathway, the excitation laser
beam was firstly expanded by a pair of lenses with 25-mm and 100-
mm focus lengths (L1, L2), then optimized by a spatial filter which
consisted of a pair of 50-mm focus length lenses (L3, L4) and a 25-μm
gold-coated pinhole (PH1). Half-wave plate (HWP2) and quarter-wave
plate (QWP1) were used to further regulate the profile of excitation
beam. In the optical depletion pathway, the depletion laser beamwas
firstly optimized by a spatial filter which consisted of a pair of 50-mm
focus length lenses (L5, L6) and a 25-μm gold-coated pinhole (PH2),
then optimized and shrank by another spatial filter which consisted
of a pair of lenses with 50-mm and 25-mm focus lengths (L7, L8) and a
50-μm gold-coated pinhole (PH3). Two diaphragms (D2, D3) were
placed in front and behind the second spatial filter, respectively. Half-
wave plate (HWP5) and quarter-wave plate (QWP2) were used to
further regulate the profile of depletion beam. The positions of len-
ses L4 and L8 were controlled with three-dimensional displacement
stages. During the spectroscopic study, the sizes of Gaussian exci-
tation beam and Gaussian depletion beam were modulated to be the
same. The two laser beams were spatially superimposed using a 950-
nm short-pass dichroic mirror (DM1, ZT950spxrxt, Chroma), and
multiplemirrors in the optical path were used to calibrate the optical
system. Then the coupled two beams were further filtered by a 715-
nm long-pass emission filter (F3, FF01-715/LP-25, Semrock) and then
directed into an commercially available multiphoton laser scanning
microscope (FV1000MPE-S with motorized inverted IX81, Olympus),
where two laser beams were reflected by a 690-nm short-pass
dichroic mirror (DM2), then focused on the samples through an oil-
immersed objective (OL, 100 × /NA = 1.45, UPLXAPO100XO, Olym-
pus). These two laser beams were carefully aligned to ensure precise
3D overlap of their PSFs in XYZ directions. The upconversion emis-
sion was collected by the same objective and also filtered by a 694-
nm short-pass emission filter (F4, FF01-694/sp-25, Semrock). A
spectrometer (QE65Pro, Ocean Optics) was used to collect the
emission spectra. For the spectroscopic study of Tb3+-activated
nanoparticles, The depletion 756−nm CW laser beam was also gen-
erated by a Ti:sapphire laser (Laser 2, Mira 900, Coherent) and the

Article https://doi.org/10.1038/s41467-022-33726-7

Nature Communications |         (2022) 13:6636 8



filter was changed accordingly. All measurements were performed
under ambient, strict light-shielding conditions.

Conventional upconversion laser-scanning imaging and super-
resolution imaging
For microscopic imaging, the multiphoton laser scanning microscope
(FV1000MPE-S with motorized inverted IX81, Olympus) was con-
figurated with both Galvanometer scanning mirrors unit and non-
descanned detection (NDD) module with a high-sensitivity photo-
multiplier tube (PMT1) employed as a single-photon counting detector
for fluorescence imaging (Supplementary Fig. 1). In addition, the sys-
tem was also configured with differential interference contrast (DIC)
components for transmission bright field imaging (PMT2), and a single
730 nm beam was used to perform DIC bright-field cell imaging. For
laser scanning imaging of Tm3+-activated nanoparticles, in front of the
PMT1, a 720-nm short-pass filter (F5, FF01-720/SP-25, Semrock), a 665-
nm short-pass filter (F6, FF01-665/SP-25, Semrock), a 458-nm long-pass
dichroic mirror (DM3, ZT458rdc, Chroma) and a 480-nm band-pass
filter (F7, ET480/20x, Chroma) were used to block the laser light and
yield the 475-nm emission of interest. To implement super-resolution
microscopy, a 730-nm vortex phase plate (VR1-730-SP, LBTEK) was
placed in the depletion optical path to generate the doughnut-shaped
point spread function (PSF) for 730 nm beam. A diaphragm (D1) was
placed in front of the VPP. HWP5 and QWP2 were preciselymodulated
to regulate the polarization state for a high-quality zero center. The
Gaussian excitation beam and doughnut-shaped depletion beam were
aligned to ensure precise 3D overlap of their PSFs in XYZ directions.

For imaging the scattered/reflected light from gold nanoparticles,
the 690-nm short-pass dichroicmirror (DM2) was replacedwith a 950-
nm short-pass dichroic mirror (ZT950spxrxt, Chroma) for the 975-nm
excitation beam or a 700-nm short-pass dichroic mirror (T700spxr-
UF3, Chroma) for the 730-nm depletion beam, respectively. Filters F4,
F5, F6, F7 and dichroic mirror DM3 were removed, instead, a 715-nm
long-pass emission filter (FF01-715/LP-25, Semrock) was placed in front
of the PMT1. For the two-photon excitation microscopic imaging of
Texas Red, the excitation 830-nm femtosecond pulsed laser was gen-
erated by the mode-locked Ti:sapphire laser (Laser 2, Mira 900,
Coherent). Filters F6, F7, and dichroic mirror DM3 were removed to
pass the emission spectrum (590–690nm) of Texas Red. For the two-
photon excitationmicroscopic imaging of fixed Hela cells stained with
Alexa Fluor Plus 405 Phalloidin, the femtosecond pulsed wavelength
was shifted to 850nm. Filters F6, F7, and dichroic mirror DM3 were
also removed accordingly.

Luminescence lifetime measurement
To measure the emission lifetime of lanthanide-doped nanoparticles,
an optical chopper (SR540, Stanford Research Systems, Inc.) was used
to modulate the 975-nm excitation beam (Supplementary Fig. 1). The
trigger signal from the chopper and the detectedphoton counts by the
PMT1 were synchronized with a time-correlated single-photon count-
ing (TCSPC) system (NanoHarp 200, PicoQuant). The modulation
frequency was set to be 1 kHz for the measurements. To minimize the
influence of the instrument response function, for example, the falling
edge of themechanicallymodulated light pulse, the beamwas suitably
focused (Supplementary Fig. 1) and the chopperwasplaced in the focal
plane of L1. In addition, the instrument response function was con-
sidered and measured with a Texas Red ensemble sample with a life-
time on the order of nanoseconds.

Power density determination
An optical power meter (PM100D, Thorlabs) with microscope slide
power meter sensor head (S170C, Si, Thorlabs) was used to determine
the laser power. The power output from the objective lens was directly
measured by attaching the sensor head to the front of the oil-
immersed objective lens. During the experiment, the depletion power

was recorded by the power meter by using an uncoated pellicle beam
splitter to reflect a small fraction of the laser beam (~5%). The ratio of
the laser powers measured outside the microscope and that output
from objective lens were calculated to determine the power during
imaging or spectroscopy experiments. To calculate the power density
of Gaussian beam, the diameter of the laser focus spot was defined as
the full width at 1/e2 (13.5%) of maximum, and the laser intensity was
calculated by dividing the power at objective lens by the area of laser
spot. Similar to the calculation of Gaussian beam, the area where the
intensity exceeds 1/e2 (13.5%) of the maximum was considered as the
effective area of doughnut-shaped beam.

Numerical simulation of the emission depletion in NaGdF4:Yb/
Tm with SMED mechanism
According to the energy transfer processes in Yb3+/Tm3+-codoped
system, the rate equation set of each energy state can be used to
describe the dual-beams excitation/depletion optical process. Theo-
retical modeling can be developed to elucidate the proposed SMED
depletionmechanism in our work. The corresponding energy diagram
is shown in Supplementary Fig. 6.

Tm3+
�
3H6

�
:
dn0

dt
= �

X7

i= 1

dni

dt
ð1Þ

Tm3+
�
3F4

�
:
dn1

dt
=β2n2 + c1n5n3 + c2n3n5 + 2c3n3n0

+ b51
n5

τ5
+ b61

n6

τ6
+ b71

n7

τ7
�w2nYb1n1 �

n1

τ1

ð2Þ

Tm3+
�
3H5

�
:
dn2

dt
=β3n3 +w1nYb1n0 + b52

n5

τ5
+b62

n6

τ6
� β2n2 ð3Þ

Tm3+
�
3H4

�
:
dn3

dt
=β4n4 + b73

n7

τ7
+ c4n6n0 � c1n5n3 � c2n3n5

�c3n3n0 �w3nYb1n3 � β3n3 �
n3

τ3

ð4Þ

Tm3+
�
3F3=

3F2
�
:
dn4

dt
=β5n5 + b74

n7

τ7
+ c4n6n0 +w2nYb1n1 � β4n4

ð5Þ

Tm3+
�
1G4

�
:
dn5

dt
=β6n6 +b75

n7

τ7
+w3nYb1n3 � c1n5n3

�c2n3n5 � β5n5 �
n5

τ5
+
σse
d Id
hvd

n7 �
σa
dId
hvd

n5

ð6Þ

Tm3+
�
1D2

�
:
dn6

dt
=β7n7 + c1n5n3 + c2n3n5 � c4n6n0

�w4nYb1n6 � β6n6 �
n6

τ6

ð7Þ

Tm3+
�
1I6

�
:
dn7

dt
=w4nYb1n6 � β7n7 �

n7

τ7
� σse

d Id
hvd

n7

+
σa
dId
hvd

n5 � ketφgdndefectn7

ð8Þ

Yb3+
�
2F7=2

�
:
dnYb0

dt
= � dnYb1

dt
ð9Þ

Yb3+
�
2F5=2

�
:
dnYb1

dt
=
σa
pIp
hvp

nYb0 � ðw1n0 +w2n1 +w3n3 +w4n6ÞnYb1 �
nYb1

τYb1
ð10Þ

Article https://doi.org/10.1038/s41467-022-33726-7

Nature Communications |         (2022) 13:6636 9



Here, ni (i =0 to 7) represents the population of Tm3+ ions on the
3H6,

3F4,
3H5,

3H4,
3F3/

3F2,
1G4,

1D2 and
1I6 states, respectively. nYb0 and

nYb1 represent the population of Yb3+ ions on the 2F7/2 and
2F5/2 states.

βi (i = 2 to 7) represents the non-radiative decay rates of the 3H5,
3H4,

3F3/
3F2,

1G4,
1D2 and

1I6 states of Tm
3+ ions. τi (i = 1, 3, 5, 6, 7) represents

the radiative lifetimes of the 3F4,
3H4,

1G4,
1D2 and

1I6 states of Tm
3+ ions,

respectively, while 1
τi
represents the radiative decay rates of the cor-

responding states. ci (i = 1, 2, 3, 4) denotes the coefficients of cross-
relaxation processes, 1G4 + 3H4→

1D2 +
3F4,

3H4 + 1G4→
1D2 +

3F4,
3H4 +

3H6→
3F4 +

3F4 and
1D2 +

3H6→
3F2 +

3H5.wi (i = 1 to 4) denotes the energy
transfer upconversion coefficients fromYb3+ to the 3H6,

3F4,
3H4 and

1D2

states of Tm3+, respectively. bij is the branching ratios for the radiative
transitions fromthe initial state i to the terminal state jof Tm3+ (j < i).σa

p

is the absorption cross-section of Yb3+ at 975 nm. σa
d and σse

d represent
the excited state absorption cross-section and stimulated emission
cross-section, respectively, for the energy transfer process between
1G4 and 1I6. vp and vd denote the frequencies of 975-nm and 730-nm
beams, respectively. Ip and Id denote the intensities of 975-nmand 730-
nm beams, respectively. h is Planck’s constant. ket is the coefficient of
energy transfer from the 1I6 state of Tm3+ to the 6P7/2 state of Gd3+. φgd

represents the efficiency of the energy migration process through the
Gd3+ sublattice. ndefect represents the effective population of surface
quenchers. Here, similar to the energy transfer upconversion process,
the SMED process can be regarded as the energy transfer from 1I6 state
to surface quenchers through the Gd3+ sublattice, and written as the
term ketφgdndefectn7. We defined the product of ket, φgd and ndefect as
MSEMD (s−1), which represents the equivalent energy dissipation rate of
the SMED mechanism. Here, by referring to the experimental results,
we estimated the value ofMSEMD for the cases of bare-core, inert shell
and NaYF4-based Tm3+-activated systems. To achieve a high depletion
efficiency of 95% for the bare-core nanoparticles, the value ofMSEMD is
estimated to be at least 2.0 × 106s−1. As for the inert-shell protected
nanoparticles, the value ofMSEMD turns out to be 5.0 × 103s−1, which is
only 1/400 of the counterpart in bare-core nanoparticles. For the
NaYF4-basedTm3+-doped systems, the valueofMSEMD is set to0 s−1. The
values of the parameters used in the numerical simulation were listed
in Supplementary Table 2.

Based on the above rate equations, an increased decline in the
population of the 1G4 state with increasing depletion intensity was
obtained in our simulation, which accorded with our experimental
results. Moreover, nanocomposites and nanostructures of particles
would affect the depletion efficiency (e.g., inert shell, particle size and
concentration of Gd3+ ions) since they can affect the value of MSEMD.
Increasing MSEMD enhanced the optical depletion efficiency of emis-
sion from the 1G4 state, and the representative results were shown in
Fig. 3f and Supplementary Fig. 6.

Theoretical analysis of the SMED mechanism
To better understand the proposed SMED depletion mechanism, a
simplified four-level system (Supplementary Fig. 7) is used to investi-
gate the relationship between optical depletion efficiency and the
SMED process via steady-state rate equations:

dns0

dt
= � dns1

dt
ð11Þ
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dn3

dt
=w3ns1n2 +αdn1 �

n3

τ3
� β3n3 � ketφnetndefectn3 ð16Þ

In these equations, ni (i = 0 to 3) represents the population of
activator ions at different energy states. Particularly, n1 is the popula-
tion of ions at the emitting state of interest. ns0 and ns1 represent the
population of sensitizer ions on the ground and excited states. βi (i = 1
to 3) and τi (i = 1 to 3) represent the non-radiative decay rates and the
radiative lifetimes of different energy states in activator ions.wi (i = 1 to
3) denotes the energy transfer upconversion coefficients from sensi-
tizers to activators, respectively. αp and αd represent the absorption
rates for the excitation beam and depletion beam, respectively. ket is
the coefficient of energy transfer from the activators to the migrators.
φnet represents the energy migration efficiency of the sublattice net-
work. ndefect represents the effective population of surface quenchers.
Note that for a better understanding of the proposed mechanism, the
excitation process has been simplified with the condition that the
sensitizers existing in the luminescence system would not affect the
calculation results.

Equations (14)–(16) can be rewritten as

n1 =
β2n2 +w1ns1n0

w2ns1 +
1
τ1
+β1 +αd

ð17Þ

n2 =
β3n3 +w2ns1n1

w3ns1 +
1
τ2

+β2
ð18Þ

n3 =
αdn1 +w3ns1n2

1
τ3

+β3 + ketφnetndefect
ð19Þ

In a feasible SMED system, the upconversion processes from the
emitting state to further higher-lying states should be weak. For
example, in Tm3+-doped NaGdF4 system, the cross-relaxation pro-
cesses 1G4 + 3H4→

1D2 + 3F4 and 3H4 + 1G4→
1D2 + 3F4 are too weak to

transfer electrons from 1G4 state to 1D2 state; in Tb3+-doped NaGdF4
system, the excitation beam cannot even pump the electrons from the
emitting state 5D4 to any higher-lying states. Therefore, the upcon-
version terms w2 ns1 n1 and w3 ns1 n1 can be neglected here.

Combining Eqs. (17) and (18), we have:

n1 =

β2β3n3
1
τ2
+β2

+w1ns1n0

1
τ1
+β1 +αd

ð20Þ

With the combination of Eqs. (19) and (20), we could also get:
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β2β3αdn1
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+β3 + ketφnetndefect
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1
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By rearranging Eq. (21), we have:

n1 =
w1ns1n0

1
τ1
+β1 +αd 1� β2β3

1
τ3
+β3 + ketφnetndefect

� �
1
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+β2
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@
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A ð22Þ

Equation (22) has expressed the correlation of the population n1
and the absorption rate of the depletion beam αd, which follows a
simple functional relationship y =a=ðb + cxÞ. Here, y denotes the
population of the emitting state. x denotes the intensity of the
depletion laser beam. The variable a mainly represents the factor of
energy excitationprocesses involved in the emitting state. The variable
b represents the factor of intrinsic energy losspathways involved in the
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emitting state. The variable c mainly represents the factor of energy
states which participate in the depletion processes, and typically the
state accepts the losing energy from the emitting state. According to
this equation, if the intensity of the depletion beam increases, the
population of the emitting state will be effectively reduced. Moreover,
increasing the value of cwould relieve the required depletion intensity
for a specific depletion efficiency. Here, the parameters ket, φnet and
ndefect can substantially contribute to the value of c. In other words, the
higher the energy transfer rate is from activators to migrators, the
more efficient the energy migration process occurs. As a result, more
surface quenchers would help lower the saturation intensity sig-
nificantly, which is in accord with the experimental observation.
Hence, the SMED mechanism is a powerful strategy for achieving a
highly efficient emission depletion process.

Density functional theory (DFT) calculations
Weperformed first-principles calculations based on density functional
theory (DFT) using the Vienna ab initio simulation package with the
projector augmented wave method36,56. The exchange-correlation
interactions were approximated by the Perdew–Burke–Ernzerh gen-
eralized gradient approximation (GGA-PBE)57. To precisely map the
position of the localized 4 f orbital of gadolinium ions, the screened-
exchange hybrid density functional HSE06 with 5% Hartree–Fock (HF)
exchange interaction was employed58,59. The kinetic energy cut-off of
theplanewavewas set to 520 eV, the energy convergencecriterionwas
1 × 10−4, and the maximum force on each relaxed atom was less than
0.02 eV/Å. For the surface model, a 15-Å vacuum spacer was intro-
duced to separate the 9-layer YF-terminated (0001) surface. Note that
we chose NaYF4 lattice as model systems instead of NaGdF4 because
quantum calculation involving a large quantity of 4 f electrons could
be highly resource-demanding. Given the same hexagonal space
group, the electronic structure of Gd dopants in the NaYF4 lattice
should resemble the host Gd ions in the NaGdF4 lattice.

We studied the influence of defects on the electronic structure of
Gd-doped NaYF4 nanocrystal using both bulk and slab models that
represent the interior area and the surface of a given nanoparticle,
respectively. The defects of interest werefluorine vacancy (VF), oxygen
substitution (OF and O2F), hydroxyl substitution (OHF), and water
adsorbed on Gd (H2O-Gd), as well as OH adsorbed on Gd (OH-Gd),
which could be formed during nanoparticle synthesis. The calculated
density of states (DOS) showed that the NaYF4 host has a clean
bandgap of 7.74 eV and the Gd dopant barely affects the electronic
structure of the system except for 4f-based midgap states. Here, we
used the energy bandgap between occupied and empty 4 f orbitals to
mimic the energy difference between the Gd’s ground state (3S7/2) and
its first excited state (6P7/2). Note that the calculated 4f–4 f gap is
overestimated compared to the 3S7/2−

6P7/2 gap because DFT calcula-
tion can only access the ground-state electronic structure of the given
system and the spin-orbit coupling was not considered. Despite the
quantitative discrepancy between simulated and experimentally
measured 3S7/2−

6P7/2 gap, it is rational to use the theoretically captured
electronic changes in NaYF4-based systems containing different
defects for the mechanistic explanation.

As the total and projected density of states of NaYF4:Gd and
NaYF4:Gd+O2F shown in Supplementary Fig. 8a, b, considering that the
values of these energy gaps are close to the 4f-4f gap of the Gd3+

dopant, Förster resonance energy transfer from excited Gd3+ ions to
defect sites can occur via dipole-dipole coupling. The occupied state
and empty states mainly originate fromO’s p orbital and Y’s 4d orbital
(Supplementary Fig. 8c, d), respectively, suggesting dipole-allowed
electronic transitions between the states of high oscillation strength.
Additionally, these impurity-state-involved transitions should have
broadband absorption that ensures a large spectral overlap with the
Gd3+ emission. Moreover, our calculations suggested that these lattice
defects prefer proximity to Gd3+ dopant, indicating a short Gd-defect

distance. This implies that energy transfer from Gd3+ ions to defect
quenchers can occur at a high transfer rate, in agreement with the
MSMED calculation in the aforementioned rate equation modeling. On
the other hand, as the total and projected density of states of the
hydroxyl- and water-adsorbed NaYF4:Gd (0001) surface shown in
Supplementary Fig. 8e, f, although adsorption of OH− or H2O intro-
duced midgap states, the energy differences between these states and
host states do notmatch the 3S7/2−

6P7/2 gap, suggesting that electronic
deactivation of excited Gd3+ ions via absorbedmoieties is trivial. These
adsorbates likely deactivate excited states of Gd3+ or Tm3+ directly
through inefficient multiphonon coupling. Supplementary Fig. 8g
summarizes the optically active and inert defects for the depletion of
Gd3+ ions.

Software
Software Olympus FV10 ASW ver. 4.0a was used to control laser
scanning microscopy imaging and acquire images. Software Ocean
Optics SpectraSuite was used to control spectrometer and acquire
spectra. No custom algorithms or software that are central to the data
collection. Matlab (v2019a) was used for the analysis of spectra, the
analysis of microscopic images and the calculation of numerical
simulations. FRC analysis was performed with the code provided by
previous work60. The first principles calculations based on DFT were
performed using the Vienna ab initio simulation package with the
projector augmented wave method36,56.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data generated in this study supporting the plots in Figs. 1–5 are
provided in the Sourcedatafiles. Additional data are available from the
corresponding authors upon request. Source data are provided with
this paper.

Code availability
The codes for theoretical modeling and numerical simulations are
available from the corresponding authors on request.

References
1. Boles, M. A., Ling, D., Hyeon, T. & Talapin, D. V. The surface science

of nanocrystals. Nat. Mater. 15, 141–153 (2016).
2. Diebold, U. The surface science of titanium dioxide. Surf. Sci. Rep.

48, 53–229 (2003).
3. Adamson, A.W. &Gast, A. P. Physical chemistry of surfaces. Vol. 150

(Interscience publishers New York, 1967).
4. Gargas, D. J. et al. Engineering bright sub-10-nm upconverting

nanocrystals for single-molecule imaging. Nat. Nanotech. 9,
300–305 (2014).

5. Lee, C. et al. Giant nonlinear optical responses from photon-
avalanching nanoparticles. Nature 589, 230–235 (2021).

6. Krüger, P. et al. Defect states at the TiO2 (110) surface probed by
resonant photoelectron diffraction. Phys. Rev. Lett. 100,
055501 (2008).

7. Zhou, J. et al. Activation of the surface dark-layer to enhance
upconversion in a thermal field. Nat. Photon. 12, 154–158 (2018).

8. Barnes, W. L., Dereux, A. & Ebbesen, T. W. Surface plasmon sub-
wavelength optics. Nature 424, 824–830 (2003).

9. Ruffieux, P. et al. On-surface synthesis of graphene nanoribbons
with zigzag edge topology. Nature 531, 489–492 (2016).

10. Liu, Q. et al. Single upconversion nanoparticle imaging at sub-10W
cm−2 irradiance. Nat. Photon. 12, 548–553 (2018).

11. Ji, B. et al. Non-blinking quantum dot with a plasmonic nanoshell
resonator. Nat. Nanotech 10, 170–175 (2015).

Article https://doi.org/10.1038/s41467-022-33726-7

Nature Communications |         (2022) 13:6636 11



12. Hell, S. W. & Wichmann, J. Breaking the diffraction resolution limit
by stimulated emission: stimulated-emission-depletion fluores-
cence microscopy. Opt. Lett. 19, 780–782 (1994).

13. Willig, K. I., Rizzoli, S. O., Westphal, V., Jahn, R. & Hell, S. W. STED
microscopy reveals that synaptotagmin remains clustered after
synaptic vesicle exocytosis. Nature 440, 935 (2006).

14. Vicidomini, G., Bianchini, P. & Diaspro, A. STED super-resolved
microscopy. Nat. Methods 15, 173–182 (2018).

15. Leutenegger, M., Eggeling, C. & Hell, S.W. Analytical description of
STED microscopy performance. Opt. Express 18,
26417–26429 (2010).

16. Danzl, J. G. et al. Coordinate-targetedfluorescence nanoscopywith
multiple off states. Nat. Photon. 10, 122 (2016).

17. Willig, K. I., Harke, B., Medda, R. & Hell, S. W. STEDmicroscopy with
continuous wave beams. Nat. Methods 4, 915 (2007).

18. Blom, H. & Widengren, J. Stimulated emission depletion micro-
scopy. Chem. Rev. 117, 7377–7427 (2017).

19. Hanne, J. et al. STED nanoscopy with fluorescent quantum dots.
Nat. Commun. 6, 7127 (2015).

20. Kasper, R. et al. Single-molecule STED microscopy with photo-
stable organic fluorophores. Small 6, 1379–1384 (2010).

21. Marx, V. Is super-resolutionmicroscopy right for you?Nat. Methods
10, 1157–1163 (2013).

22. Gao, P., Prunsche, B., Zhou, L., Nienhaus, K. & Nienhaus, G. U.
Background suppression in fluorescence nanoscopy with stimu-
lated emission double depletion. Nat. Photon. 11, 163–169 (2017).

23. Wu, R. et al. Optical depletion mechanism of upconverting lumi-
nescence and its potential for multi-photon STED-like microscopy.
Opt. Express 23, 32401–32412 (2015).

24. Liu, Y. et al. Amplified stimulated emission in upconversion nano-
particles for super-resolution nanoscopy. Nature 543, 229 (2017).

25. Zhan, Q. et al. Achieving high-efficiency emission depletion nano-
scopy by employing cross relaxation in upconversion nano-
particles. Nat. Commun. 8, 1058 (2017).

26. Bretschneider, S., Eggeling, C. & Hell, S. W. Breaking the diffraction
barrier in fluorescence microscopy by optical shelving. Phys. Rev.
Lett. 98, 218103 (2007).

27. Grotjohann, T. et al. Diffraction-unlimited all-optical imaging and
writing with a photochromic GFP. Nature 478, 204–208 (2011).

28. Wang, F. et al. Tuning upconversion through energy migration in
core–shell nanoparticles. Nat. Mater. 10, 968–973 (2011).

29. Su, Q. et al. The effect of surface coating on energy migration-
mediated upconversion. J. Am. Chem. Soc. 134,
20849–20857 (2012).

30. Wang, G. et al. Intense ultraviolet upconversion luminescence from
hexagonal NaYF4:Yb

3+/Tm3+ microcrystals. Opt. Express 16,
11907–11914 (2008).

31. Bianchini, P. & Diaspro, A. Fast scanning STED and two-photon
fluorescence excitationmicroscopy with continuous wave beam. J.
Microsc. - Oxf. 245, 225–228 (2012).

32. Klar, T. A., Jakobs, S., Dyba, M., Egner, A. & Hell, S. W. Fluorescence
microscopy with diffraction resolution barrier broken by stimulated
emission. Proc. Natl Acad. Sci. 97, 8206 (2000).

33. Wegh, R. T., Donker,H.,Oskam, K. D. &Meijerink, A. Visible quantum
cutting in LiGdF4:Eu

3+ through downconversion. Science 283,
663 (1999).

34. Ivanova, S. E., Tkachuk, A. M., Mirzaeva, A. & Pellé, F. Spectroscopic
study of thulium-activated double sodium yttrium fluoride
Na0.4Y0.6F2.2:Tm

3+ crystals: I. Intensity of spectra and luminescence
kinetics. Opt. Spectrosc. 105, 228–241 (2008).

35. Villanueva-Delgado, P., Biner, D. & Krämer, K. W. Judd–Ofelt ana-
lysis of β-NaGdF4: Yb

3+, Tm3+ and β-NaGdF4:Er
3+ single crystals. J.

Lumin. 189, 84–90 (2017).
36. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50,

17953–17979 (1994).

37. Salley, G. M., Valiente, R. & Guedel, H. U. Luminescence upcon-
version mechanisms in Yb3+–Tb3+ systems. J. Lumin. 94-95,
305–309 (2001).

38. Balzarotti, F. et al. Nanometer resolution imaging and tracking of
fluorescent molecules with minimal photon fluxes. Science 355,
606 (2017).

39. Cnossen, J. et al. Localizationmicroscopy at doubled precisionwith
patterned illumination. Nat. Methods 17, 59–63 (2020).

40. Maddahfar, M. et al. Stable and highly efficient
antibody–nanoparticles conjugation. Bioconjugate Chem. 32,
1146–1155 (2021).

41. Denkova, D. et al. 3D sub-diffraction imaging in a conventional
confocal configuration by exploiting super-linear emitters. Nat.
Commun. 10, 3695 (2019).

42. Wang, B. et al. Visible-to-visible four-photon ultrahigh resolution
microscopic imaging with 730-nm diode laser excited nanocrys-
tals. Opt. Express 24, A302–A311 (2016).

43. Wen, S. et al. Future and challenges for hybrid upconversion
nanosystems. Nat. Photon. 13, 828–838 (2019).

44. Chen, S. et al. Near-infrared deep brain stimulation via upconver-
sion nanoparticle–mediated optogenetics. Science 359,
679–684 (2018).

45. Lamon, S., Wu, Y., Zhang, Q., Liu, X. & Gu, M. Nanoscale optical
writing through upconversion resonance energy transfer. Sci. Adv.
7, eabe2209 (2021).

46. Gan, Z., Cao, Y., Evans, R. A. & Gu, M. Three-dimensional deep sub-
diffraction optical beam lithography with 9 nm feature size. Nat.
Commun. 4, 2061 (2013).

47. Li, Z. & Zhang, Y. An efficient and user-friendly method for the
synthesis of hexagonal-phase NaYF4:Yb, Er/Tm nanocrystals with
controllable shape and upconversion fluorescence. Nanotechnol-
ogy 19, 345606 (2008).

48. Wang, F., Deng, R. & Liu, X. Preparation of core-shell NaGdF4
nanoparticles doped with luminescent lanthanide ions to be
used as upconversion-based probes. Nat. Protoc. 9, 1634
(2014).

49. Liu, D. et al. Three-dimensional controlled growth of monodisperse
sub-50 nm heterogeneous nanocrystals. Nat. Commun. 7,
10254 (2016).

50. Bogdan, N., Vetrone, F., Ozin, G. A. & Capobianco, J. A. Synthesis of
ligand-free colloidally stablewater dispersible brightly luminescent
lanthanide-doped upconverting nanoparticles. Nano Lett. 11,
835–840 (2011).

51. Sánchez, E. J., Novotny, L., Holtom, G. R. & Xie, X. S. Room-
temperature fluorescence imaging and spectroscopy of single
molecules by two-photon excitation. J. Phys. Chem. A 101,
7019–7023 (1997).

52. Zhang, T., Ge, J., Hu, Y. & Yin, Y. A general approach for transferring
hydrophobic nanocrystals into water. Nano Lett. 7,
3203–3207 (2007).

53. Yokoi, Y. et al. Immunocytochemical detection of desmin in fat-
storing cells (Ito Cells). Hepatology 4, 709–714 (1984).

54. Wang, C., Yan, Q., Liu, H.-B., Zhou, X.-H. & Xiao, S.-J. Different EDC/
NHS activation mechanisms between PAA and PMAA brushes and
the following amidation reactions. Langmuir 27,
12058–12068 (2011).

55. Li, K., Pu, K.-Y., Cai, L. & Liu, B. Phalloidin-functionalized hyper-
branched conjugated polyelectrolyte for filamentous actin imaging
in living hela cells. Chem. Mater. 23, 2113–2119 (2011).

56. Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy cal-
culations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 6, 15–50 (1996).

57. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868
(1996).

Article https://doi.org/10.1038/s41467-022-33726-7

Nature Communications |         (2022) 13:6636 12



58. Heyd, J., Scuseria, G. E. & Ernzerhof,M. Hybrid functionals based on
a screened Coulomb potential. J. Chem. Phys. 118,
8207–8215 (2003).

59. Heyd, J., Scuseria,G. E. &Ernzerhof,M. Erratum: “Hybrid functionals
based on a screened Coulomb potential” [J. Chem. Phys. 118, 8207
(2003)]. J. Chem. Phys. 124, 219906 (2006).

60. Castello, M. et al. A robust and versatile platform for image scan-
ning microscopy enabling super-resolution FLIM. Nat. Methods 16,
175–178 (2019).

Acknowledgements
Q.Q.Z. acknowledges support from the National Natural Science Foun-
dation of China (62122028, 11974123), Guangdong Provincial Natural
Science Fund Projects (2018B030306015, 2019A050510037), Science
and Technology Programof Guangzhou (2019050001), Pearl River Nova
Program of Guangzhou (201710010010). X.G.L. acknowledges support
fromMinistry of Education of Singapore (MOE2017-T2-2-110), Agency for
Science, Technology and Research (A*STAR) of Singapore (Grant Nos.
A1883c0011 and A1983c0038), and National Research Foundation, the
Prime Minister’s Office of Singapore under its NRF Investigatorship
program (Award No. NRF-NRFI05-2019-0003). Z.W.Z. acknowledges
support from National Medical Research Council of Singapore Open
Fund-Young Individual Research Grant (MOH-000227-00), a Ministry
of Education of Singapore Academic Research Fund Tier 1 Grant
(A-0008484-00-00), and a National University of Singapore Presidential
Young Professorship Start-up Fund (R-143-000-B02-133). The authors
gratefully acknowledge the support of 2022 International (Regional)
Cooperation and Exchange Programs of SCNU.

Author contributions
Q.Q.Z. and X.G.L. conceived the concept. Q.Q.Z. designed and directed
all the experiments. Q.Q.Z., R.P., and X.Y.P. built the optical system. R.P.,
Z.Q.Z., X.Y.P., and S.Y.L. acquired and processed data. R.P., S.Y.L.,
L.L.L., and X.Y.P. were responsible for synthesis, surface functionaliza-
tion, and characterization of nanoparticles. R.P., S.Y.L., Q.Q.Z., and X.G.
prepared biological samples. Q.Q.Z., R.P., X.G.L., and X.Q. performed
theoretical analysis and simulations. Q.Q.Z., R.P., and X.G.L. analyzed
the data with input from other authors. Q.Q.Z. supervised the project.

Thepaperwaswritten byQ.Q.Z., R.P., andX.G.L. All authors commented
on the data and on the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-33726-7.

Correspondence and requests for materials should be addressed to
Qiuqiang Zhan or Xiaogang Liu.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-33726-7

Nature Communications |         (2022) 13:6636 13

https://doi.org/10.1038/s41467-022-33726-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Super-resolution microscopy enabled by high-efficiency surface-migration emission depletion
	Results
	Surface migration enables high-efficiency emission depletion
	Mechanistic investigations of SMED
	SMED enables low-power, high-resolution microscopy

	Discussion
	Methods
	Materials
	Synthesis of 11-nm NaGdF4:Yb/Tm nanoparticles
	Synthesis of 8-nobreaknm NaGdF4:Yb/Tm nanoparticles
	Synthesis of 15-nm NaGdF4:Yb/Tm nanoparticles
	Synthesis of 17-nm NaGdF4:Yb/Tm@NaYF4 core-shell nanoparticles
	Synthesis of 28-nm NaGdF4:Yb/Tm@NaYF4 core-shell nanoparticles
	Synthesis of 38-nm NaGdF4:Yb/Tm@NaYF4 nanoparticles
	Preparation of nanoparticle-coated slides for spectroscopic study
	Sample preparation for single-nanoparticle imaging
	Preparation of gold nanoparticle sample slides
	Preparation of Texas Red-stained slides
	Preparation of PAA-coated lanthanide-doped nanoparticles
	Activation of the carboxyl groups of PAA-coated lanthanide-doped nanoparticles
	Labeling of cytoskeleton actin filaments using lanthanide-doped nanoparticles
	Labeling of cytoskeleton actin filament using Alexa Fluor Plus 405 Phalloidin
	Transmission electron microscopy (TEM)
	Optical system for spectroscopic study and emission depletion measurements
	Conventional upconversion laser-scanning imaging and super-resolution imaging
	Luminescence lifetime measurement
	Power density determination
	Numerical simulation of the emission depletion in NaGdF4:Yb/Tm with SMED mechanism
	Theoretical analysis of the SMED mechanism
	Density functional theory (DFT) calculations
	Software
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




