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Abstract

Lanthanide-doped upconversion nanoparticles enable upconversion stimulated emission depletion microscopy with
high photostability and low-intensity near-infrared continuous-wave lasers. Controlling energy transfer dynamics in
these nanoparticles is crucial for super-resolution microscopy with minimal laser intensities and high photon budgets.
However, traditional methods neglect the spatial distribution of lanthanide ions and its effect on energy transfer
dynamics. Here, we introduce topology-driven energy transfer networks in lanthanide-doped upconversion
nanoparticles for upconversion stimulated emission depletion microscopy with reduced laser intensities, maintaining
a high photon budget. Spatial separation of Yb®* sensitizers and Tm*>* emitters in 50-nm core-shell nanoparticles
enhance energy transfer dynamics for super-resolution microscopy. Topology-dependent energy migration produces
strong 450-nm upconversion luminescence under low-power 980-nm excitation. Enhanced cross-relaxation improves
optical switching efficiency, achieving a saturation intensity of 0.06 MW cm ™2 under excitation at 980 nm and
depletion at 808 nm. Super-resolution imaging with a 65-nm lateral resolution is achieved using intensities of
0.03 MW cm ™2 for a Gaussian-shaped excitation laser at 980 nm and 1 MW cm ™2 for a donut-shaped depletion laser at
808 nm, representing a 10-fold reduction in excitation intensity and a 3-fold reduction in depletion intensity compared
to conventional methods. These findings demonstrate the potential of harnessing topology-dependent energy
transfer dynamics in upconversion nanoparticles for advancing low-power super-resolution applications.

Introduction

Stimulated emission depletion (STED) microscopy is a
far-field super-resolution technique enabling nanoscale
3D imaging, widely applied in life sciences and nano-
photonicsl_g‘ It employs two overlapping lasers: a
Gaussian-shaped laser to excite fluorophores and a donut-
shaped laser to suppress fluorescence through stimulated
emission, effectively confining emission to the center of
the donut. By toggling fluorophores between “ON” and
“OFF” states and fine-tuning laser intensities, STED
microscopy achieves remarkable spatial resolution®”.
Recent advances in STED microscopy have achieved

Correspondence: Simone Lamon (simonelamon@usst.edu.cn) or

Qiming Zhang (gimingzhang@usst.edu.cn) or Min Gu (gumin@usst.edu.cn)
'School of Artificial Intelligence Science and Technology, University of
Shanghai for Science and Technology, Shanghai 200093, China

ZInstitute of Photonic Chips, University of Shanghai for Science and
Technology, Shanghai 200093, China

These authors contributed equally: Weizhao Gu, Simone Lamon

© The Author(s) 2025

Angstrom-level molecular localization with minimal
photobleaching through advanced beam control and
fluorophore switching®’. Adaptive optics has extended
these capabilities to deep 3D imaging with sub-50nm
isotropic resolution in thick, aberrating tissues®. Integra-
tion with deep learning now enables isotropic super-
resolution and synapse-level 3D reconstruction of living
brain tissue’. Additionally, STED-image scanning micro-
scopy reduces depletion intensity and background for
gentle imaging of live, thick samples'®, while event-
triggered STED enables rapid, real-time capture of
dynamic cellular events''. Despite its advantages and
recent advancements in optics, computational methods,
and probe design'®>"'%, challenges such as limited probe
photostability and reliance on high-intensity pulsed lasers
hinder its broader application. Lanthanide-doped upcon-
version nanoparticles (UCNPs)'>'¢, characterized by
excited states with long lifetime, provide a promising
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platform for upconversion STED (U-STED) micro-
scopy' ”'®, enabling stable upconversion luminescence
(UCL) emission with low-intensity near-infrared (NIR)
continuous-wave (CW) lasers.

Precise control of energy transfer dynamics in UCNPs'?,
which stem from complex photophysical transitions
among lanthanide ions, is vital for enabling U-STED
microscopy with minimal laser intensities and a high
photon budget’®. In Yb*", Tm®"-doped UCNDs,
increasing Tm>' doping enhances upconversion and
optical switching efficiency by shortening inter-emitter
distances and promoting cross-relaxation (CR), a critical
mechanism for population inversion®"*>, This strategy
reduces depletion laser intensity for U-STED microscopy
by two orders of magnitude compared to traditional
STED microscopy with fluorophores®**, Additionally,
the dynamic response of CR to excitation power further
minimizes the required laser intensity®®. Increasing Yb*"
doping boosts UCL emission and accelerates kinetics due
to a concentrating effect’®. However, excessive doping
risks concentration quenching®. Similarly, raising exci-
tation power increases the photon budget but elevates
laser intensity”®?°. Efficient optical switching is alter-
natively achievable through distinct upconversion path-
ways in Yb*", Er’*-doped UCNPs with low lanthanide
doping®, multi-step STED processes in Yb*>",Tm*" sys-
tems with low lanthanide doping®’, or a cascade-amplified
depletion process targeting shared sensitizers in multi-
chromatic UCNPs*>. However, traditional methods focus
on localized interactions between sensitizers and emitters
via lanthanide combinations and concentrations, often
neglecting the spatial distribution of lanthanide ions
within UCNPs and its impact on energy transfer
dynamics.

Recent advancements in UCNP architecture engineer-
ing enable precise control of energy transfer dynamics by
leveraging distributed interactions between distal lantha-
nide ions through spatial adjustments within UCNDPs,
resulting in tunable and enhanced UCL emission®*>’.
These innovations support high-efficiency optical
switching for super-resolution microscopy via surface
migration-driven emission depletion®®. Additionally, seg-
regating sensitizers and emitters in core-shell UCNPs
enhances UCL emission intensity through topology-
dependent energy migration (EM) toward the core-shell
interface®.

Here, we introduce a novel approach to topology-driven
energy transfer networks (ETNs) within lanthanide-doped
UCNPs for U-STED microscopy, enabling reduced laser
intensities while maintaining a high photon budget. Our
theoretical and experimental work shows that spatial
separation of Yb*>" sensitizers and Tm>" emitters within a
50-nm core-shell UCNP structure facilitates the forma-
tion of topology-driven ETNs that channel energy toward
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the core-shell interface, enhancing dynamics for U-STED
microscopy. This approach leverages topology-dependent
EM within the Yb®>'-Yb*" ETN to enhance energy
transfer upconversion (ETU) within the Yb**-Tm*" ETN,
resulting in strong 450-nm UCL emission under excita-
tion at 980 nm with an intensity of 0.03 MW cm 2. Fur-
thermore, this strategy boosts CR in the intermediate
excited state of the Tm*"-Tm>" ETN, promoting popu-
lation inversion and improving optical switching effi-
ciency. We achieve a saturation intensity of
0.06 MW cm ™2 under excitation at 980 nm and depletion
at 808 nm. We perform super-resolution imaging with a
lateral resolution of 65nm using intensities of
0.03 MW cm 2 for a Gaussian-shaped excitation laser at
980nm and 1MW cm 2 for a donut-shaped depletion
laser at 808 nm. This design achieves a 10-fold reduction
in excitation laser intensity and a 3-fold reduction in
depletion laser intensity compared to state-of-the-art
U-STED microscopy approaches®*>?>?¢ (Table S1).
These findings demonstrate the potential of exploiting
energy transfer dynamics dependent on the topology of
UCNPs to advance low-power super-resolution applica-
tions in life sciences and nanophotonics.

Results

We developed a dual-beam optical system to investigate
the impact of lanthanide ion spatial distribution in indi-
vidual Yb,Tm-doped core-shell UCNPs with high lan-
thanide ion doping for U-STED microscopy, minimizing
laser intensities while preserving a high photon budget
(Fig. S1). We fabricated UCNPs with various core-shell
structures: sensitizer+emitter@inert with thin core
Yb,Tm@Y and thick core Yb,Tm@Y (a typical UCNP
structure), sensitizer@emitter@inert with thin inter-
mediate shell Yb@Tm@Y and thick intermediate shell
Yb@Tm@Y, and emitter@sensitizer@inert with thin
intermediate shell Tm@Yb@Y and thick intermediate
shell Tm@Yb@Y configurations (Fig. S2).

Figure 1 illustrates the probing of UCL emission
mediated by topology-driven ETNs in core-shell UCNPs
under dual-beam irradiation for U-STED microscopy.
Figure la shows schematics of 450-nm UCL emission
from Yb,Tm@Y, Yb@Tm@Y, and Tm@Yb@Y UCNPs
under two irradiation conditions: (left) low-power 980-nm
CW irradiation and (right) low-power dual-beam irra-
diation with both 980-nm and 808-nm CW lasers. Under
low-power 980-nm CW irradiation, typical Yb,Tm@Y
UCNPs do not emit 450-nm UCL emission due to inef-
ficient ETU via local energy transfer from Yb*" to Tm?>"
within the same core. However, low-power dual-beam
irradiation with both 980-nm and 808-nm CW lasers
results in weak 450-nm UCL emission, attributed to
enhanced upconversion via direct 808-nm photon
absorption by Tm*". The UCL emission behavior in core-
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Fig. 1 Probing UCL emission driven by topology-based ETNs in core-shell UCNPs using dual-beam irradiation for U-STED microscopy.
a Schematic of 450-nm UCL emission from Yb,Tm@Y, Yo@Tm@Y, and Tm@Yb@Y UCNPs under (left) irradiation with a CW laser at 980 nm and (right)
dual-beam irradiation with CW lasers at 980 nm and 808 nm. b lllustration of the spatial separation of Yb** sensitizers and Tm>* emitters within the
Tm@Yb@Y UCNP structure, highlighting the formation of topology-driven ETNs. These networks channel energy toward the core-shell interface,
enhancing energy dynamics for U-STED microscopy. € Confocal microscopy images showing 450-nm UCL emission from Yb,Tm@Y, Yo@Tm@Y, and
Tm@Yb@Y UCNPs under (left) irradiation with a CW laser at 980 nm and (right) dual-becam irradiation with CW lasers at 980 nm and 808 nm. The UCL
emission intensity profile across a single UCNP, measured along the dashed white line, is presented. The intensities of the CW lasers at 980 nm and
808 nm are 0.03 MW cm ™2 and 1 MW cm 2, respectively. Pixel dwell time: 10 ms. Scale bar: 500 nm

shell UCNPs with topology-driven ETNs differs from intense CR processes, inducing population inversion in

conventional systems. In Yb@ Tm@Y UCNPs, Yb>*-Yb*"
networks in the core enhance light absorption under low-
power 980-nm CW irradiation, but inefficient topology-
driven ETU in the Yb*"-Tm3" network limits 450-nm
UCL emission. Under low-power dual-beam irradiation,
Tm?*"-Tm>" networks in the intermediate shell facilitate

the intermediate excited state of Tm>" and enabling
efficient optical switching of 450-nm UCL emission. In
Tm@Yb@Y UCNPs, Yb>"-Yb*" networks in the inter-
mediate shell enhance light absorption under low-power
980-nm CW irradiation, and efficient topology-driven
ETU in the Yb>*-Tm?" network results in strong 450-nm
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UCL emission. Additionally, low-power dual-beam irra-
diation promotes intense CR processes in Tm>"-Tm>"
networks in the intermediate shell, leading to population
inversion and efficient optical switching of 450-nm UCL
emission.

Figure 1b depicts the spatial separation of Yb>" sensi-
tizers and Tm®" emitters within the Tm@Yb@Y UCNP
structure. The formation of ETNs* is facilitated by the
unique topology of these UCNPs®, channeling energy
efficiently toward the core-shell interface, which enhances
energy dynamics critical for U-STED microscopy,
according to the proposed mechanism as follows. The
Yb>*-Yb>" networks in the intermediate shell strongly
absorb 980-nm excitation photons'*'®, driving topology-
mediated EM toward the core-shell interface®~*2, The
Yb?*-Tm®" networks at the interface induce efficient
topology-driven ETU, exciting Tm>" in the core and
generating 450-nm UCL emission'®?’, The Tm>"-Tm>"
networks within the core promote CR pathways, leading
to population inversion in the intermediate Tm>" excited
state and enabling efficient optical switching of 450-nm
UCL emission through STED under 808-nm depletion
laser irradiation®"***>?°, Evidence and arguments sup-
porting the proposed mechanism are provided in the
following sections.

We tested the three UCNP configurations under two
irradiation conditions. Figure 1c presents confocal
microscopy images of the 450-nm UCL emission from the
UCNPs, captured under (left) low-power CW Gaussian-
shaped excitation laser at 980 nm alone and (right) low-
power dual-beam irradiation with an additional CW
Gaussian-shaped depletion laser at 808 nm. A corre-
sponding UCL emission intensity profile along the dashed
white line illustrates the spatial resolution and intensity of
450-nm UCL emission under each condition. The CW
excitation and depletion lasers at 980 nm and 808 nm
were operated at intensities of 0.03 MW cm 2 and
1MW cm 2, respectively, with a pixel dwell time of
10 ms. No 450-nm UCL emission is observed from typical
Yb,Tm@Y UCNPs under low-power 980-nm CW irra-
diation, but weak 450-nm UCL emission is detected under
low-power dual-beam irradiation with both 980-nm CW
and 808-nm CW lasers. In Yb@Tm@Y UCNPs, 450-nm
UCL emission is detected under low-power 980-nm CW
irradiation, and it is suppressed under dual-beam 980-nm
CW and 808-nm CW irradiation. In Tm@Yb@Y UCNPs,
strong 450-nm UCL emission occurs under low-power
980-nm CW irradiation, and it is suppressed under low-
power dual-beam 980-nm CW and 808-nm CW irradia-
tion. These results demonstrate that our novel core-shell
UCNP structure, which leverages topology-driven ETNs
under dual-beam irradiation, optimizes energy interac-
tions between lanthanide ions through a carefully engi-
neered spatial distribution within the nanoparticles. This
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design enables lower laser intensities while maintaining a
high photon budget, highlighting its significant potential
for U-STED microscopy.

To investigate the relationship between the spatial dis-
tribution of lanthanide ions within UCNPs and the
enhancement of U-STED microscopy performance, we
design and characterize core-shell UCNPs driven by
topology-based ETNs. In these designs, Yb>" ions are
used as sensitizers and Tm>" ions as emitters, both doped
at high concentrations. In the first structure (NaYF,:25%
Yb,5%Tm@NaYF, UCNPs), Yb®>" and Tm>" are inter-
mixed within a single core to facilitate local energy
transfer. In the “core-to-shell” (NaYF,:25%Yb@5%
Tm@NaYF, UCNPs) and “shell-to-core” (NaYF,:5%
Tm@25%Yb@NaYF, UCNPs) configurations, Yb*" forms
the spherical core with Tm>" in the shell, or vice versa.
The core and shell volumes are kept equal, allowing for a
direct comparison of energy transfer efficiencies between
the two compartments (Table S2). The terms “core-to-
shell” and “shell-to-core” indicate the direction of energy
transfer, either from the core (sensitizer) to the shell
(emitter) or in reverse. To minimize surface quenching
effects and enhance upconversion efficiency, all three
configurations include an outermost inert NaYF, shell.
Structural analysis of the core-shell UCNPs is conducted
using transmission electron microscopy (TEM), which
reveals their morphology. The core-shell UCNPs with
thin cores and intermediate shells have a size of
approximately 30 nm, while the core-shell UCNPs with
thick cores and intermediate shells measure around
50 nm, both exhibiting a homogeneous size distribution
(Fig. S3). X-ray diffraction analysis further confirms their
hexagonal 3-NaYF, phase (Fig. S4).

Figure 2 presents the characterization of UCL emission
mediated by topology-based ETNs in core-shell UCNPs
for U-STED microscopy under CW excitation at 980 nm.
We compare the UCL emission spectra of UCNPs with
thin cores and intermediate shells (Fig. 2a) and thick cores
and intermediate shells (Fig. 2b) under CW laser excita-
tion at 980 nm with power densities of 0.1 mW pm > (top,
indicated as @) and 10 mW |1m72 (bottom, indicated as
®). The proposed UCL emission mechanism involves the
absorption of photons at 980 nm by Yb> ' ions, which then
transfer energy to Tm>" ions via ETU, facilitating
upconversion from the *Hg ground state to the 'D,
excited state of Tm>", The UCL emission at 450 nm
originates from the 'D, to °F, transition, with additional
emissions at 475 nm, 650 nm, and 808 nm (not shown),
corresponding to the 1G, to ®He, ‘G4 to 3F4, and 2Hy to
H, transitions of Tm>", respectively (Fig. S5). Insets in
both panels display high-resolution TEM images of the
nanoparticles, illustrating their structural morphology.

For 30-nm UCNPs, no UCL emission is observed
under 0.1 mW pm 2 irradiation, but UCL emission
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Fig. 2 Characterization of UCL emission driven by topology-based ETNs in core-shell UCNPs for U-STED microscopy. a UCL emission spectra
of core-shell UCNPs with thin cores and intermediate shells under CW laser excitation at 980 nm with power densities of 0.1 mW um 2 (top) and
10 mW pm*2 (bottom). Exposure time: 2 s. Inset: high-resolution TEM images of the nanoparticles. Scale bar: 20 nm. b Same to (a), but for core-shell
UCNPs with thick cores and intermediate shells. ¢ Power-dependent 450-nm UCL emission spectra of core-shell UCNPs with thin cores and
intermediate shells under CW laser excitation at 980 nm with increasing power densities. d Same to (c), but for core-shell UCNPs with thick cores and
intermediate shells. e Power-dependent 450-nm UCL emission lifetime measurements for core-shell UCNPs with thin cores and intermediate shells
under 980-nm CW laser excitation. f Same to (e), but for core-shell UCNPs with thick cores and intermediate shells
A

appears at 10mW pm ™2, with the Tm@Yb@Y UCNPs
showing the brightest UCL emission. In 50-nm UCNPs,
UCL emission is detected at both 0.1 mW pm™? and
10 mW pm 2, with Tm@Yb@Y UCNPs again exhibiting
the brightest emission. These results indicate that the
topological arrangement in core-shell UCNPs with
ETNs enhances UCL emission via topology-dependent
EM from Yb®" sensitizers to Tm>" emitters. This pro-
cess favors UCL emission in the shell-to-core structure,
leading to over an order of magnitude increase in UCL
emission brightness compared to typical core-shell
UCNPs. However, this enhancement is only observed
in larger nanoparticles, suggesting efficient activation of
ETNs for improved light absorption under low-power
980-nm CW irradiation™?.

We illustrate the power-dependent 450-nm UCL
emission spectra for core-shell UCNPs with thin cores or
intermediate shells (Fig. 2c) and thick cores or inter-
mediate shells (Fig. 2d) under increasing power densities
of the CW laser excitation at 980 nm. The intensity of
UCL emission [j;c; typically follows a power-law rela-
tionship with excitation power P, expressed as [;;c; ocP”,
where the exponent # represents the number of photons
involved in the multiphoton absorption process**. For the
450-nm UCL emission attributed to the transition from
'D, to °F, of the Tm>" ions, this transition is typically
described as a process involving three or four pho-
tons*>*®, For core-shell UCNPs that do not exhibit
topology-driven ETN behavior, the power-dependent
450-nm  UCL emission measurement confirms
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conventional upconversion processes involving three
photons, with slopes of 2.8 for Yb,Tm@Y, 2.5 for
Yb@Tm@Y, and 2.4 for Tm@Yb@Y UCNPs. Similarly,
larger core-shell UCNPs without topology-driven ETN
behavior show a slope of 3.6 for Yb,Tm@Y UCNPs,
corresponding to a four-photon upconversion process. In
contrast, core-shell UCNPs exhibiting topology-driven
ETN behavior display unconventional upconversion pro-
cesses involving two photons. This is reflected in reduced
slopes of 2.1 for Yb@Tm@Y and 1.8 for Tm@Yb@Y
UCNPs. This deviation is attributed to the efficient ET
mechanism in the shell-to-core UCNP structure, which
minimizes back energy transfer by separating Yb®>" and
Tm>" ions®®. This design enhances the population of
excited Tm>" intermediates and exhibits greater robust-
ness to power density variations compared to core-to-
shell structures. These findings underscore the impor-
tance of topology-driven ETNs in modulating UCL
emission dynamics and offer valuable insights into the
energy dynamics of upconversion processes for U-STED
microscopy.

Understanding the origin of the 450-nm UCL emission
behavior requires exploring the topology-driven forma-
tion of ETNs in core-shell UCNPs. To investigate this, we
analyze the excited-state dynamics—key features of these
complex  systems—using  time-resolved = photo-
luminescence measurements. We report the power-
dependent 450-nm UCL emission lifetimes for core-
shell UCNPs with thin (Fig. 2e) or thick (Fig. 2f) cores and
intermediate shells under 980-nm CW laser excitation,
where lifetime is the time for an intensity drop by 1/e.
Using time-resolved luminescence, we investigate the
origins of ET dynamics and luminescence lifetimes in
these UCNP structures. We find that the lifetimes of 450-
nm UCL emission from core-shell UCNPs with thick
cores or intermediate shells (44.8 ps for Yb,Tm@Y,
155.8 ps for Yb@Tm@Y, and 165.6 ps for Tm@Yb@Y
UCNPs) under excitation at 980 nm with a power density
of 1 mW um ™ ? are shorter than those with thin cores or
intermediate shells (358.6 ps for Yb,Tm@Y, 632.1 ps for
Yb@Tm@Y, and 556.2 ps for Tm@Yb@Y UCNPs under
excitation at 980 nm with a power density of 1 mW pm >,
This reduction is attributed to accelerated inter-ionic
dynamics in larger nanoparticles, driven by the higher
concentration of doped lanthanide ions®"?%>2°,

For 50-nm core-shell UCNPs with topology-dependent
ETN behavior, the lifetimes of UCNPs with shell-to-core
topology-driven dynamics are longer than those with local
or core-to-shell topology-driven dynamics. The longer
lifetime in the shell-to-core configuration may result from
the interface that minimizes the quenching effect of back
energy transfer from Tm>" to Yb®>'. In contrast, the
reduced lifetime in the core-to-shell architecture likely
arises from the proximity of Tm>' ions to surface
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quenchers in the interior shell. Similar trend between
luminescence and lifetime was observed in other
lanthanide-based UCNP systems, where longer lumines-
cent lifetimes typically indicate stronger emission inten-
sity47’5°. Furthermore, our results show that the
luminescence lifetimes of 450-nm UCNPs exhibiting
topology-driven ETNs decrease with increasing excitation
power density, from 165.6 ps under excitation at 980 nm
with a power density of 1mW pm 2 to 96.5 ps under
excitation at 980 nm with a power density of 8 mW pm >,
This behavior is attributed to the intrinsic relaxation rates
of individual transitions, with the lifetime data interpreted
by considering each core-shell UCNP as a complex ET
network®. These power-dependent lifetimes reflect the
collective effect of multiple minor relaxation pathways
that depopulate and repopulate the Tm>" emitting levels
(Fig. S6). At higher excitation powers, Tm>" states are
dynamically modulated through the cumulative effect of
multiple, seemingly minor ET processes rather than a
single dominant route. This networked interaction leads
to nonlinear changes in lifetime behavior, driven by
feedback mechanisms—both positive and negative—
within the ETN. Such complexity underpins the power-
sensitive dynamics of UCNP luminescence and provides
mechanistic insight into the lifetime variations observed.
Our findings highlight the critical role of topology-driven
ETNs in influencing UCL emission dynamics, providing
valuable insights into the mechanisms governing upcon-
version behavior in core-shell UCNPs. These insights are
crucial for optimizing their performance in U-STED
microscopy.

Figure 3 illustrates the characterization of optical
switching in UCL emission facilitated by topology-driven
ETNs in core-shell UCNPs under dual-beam irradiation
for U-STED microscopy. Figure 3a and S7 present sche-
matic energy level diagrams of the core-shell UCNDs,
depicting the optical switching mechanism of 450-nm
UCL emission mediated by topology-driven ETNs under
dual-beam irradiation. The key processes highlighted
include EM within the Yb**-Yb*" network, ETU in the
Yb**-Tm?" network, and CR pathways in the Tm>*-
Tm>" network. The diagrams compare two configura-
tions: low-power irradiation with a CW excitation laser at
980 nm alone (left) and low-power dual-beam irradiation
combining the CW excitation with depletion lasers at
980 nm and 808 nm, respectively (right). This comparison
emphasizes the modulation of energy transfer pathways
that control UCL emission and optical switching.

We conducted theoretical modeling to understand UCL
emission in core-shell UCNPs driven by topology-based
ETNs under dual-beam irradiation. A set of rate equations
was developed to analyze the time-dependent electronic
population distribution in these UCNPs, with dual-beam
irradiation involving CW excitation and depletion laser at
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Fig. 3 Characterization of optical switching of UCL emission driven by topology-based ETNs in core-shell UCNPs under dual-beam
irradiation for U-STED microscopy. a Schematic energy level diagram of core-shell UCNPs illustrating the optical switching mechanism of 450-nm
UCL emission mediated by topology-based ETNs under dual-beam irradiation. Key processes include EM within the Yb*™-Yb*" network, ETU in the
Yb* - Tm** network, and CR in the Tm**-Tm>" network. The diagram compares two configurations: irradiation with a CW excitation laser at 980 nm
(left) and dual-beam irradiation combining CW excitation and depletion lasers at 980 nm and 808 nm, respectively (right). b Depletion efficiency of
450-nm UCL emission from Yb,Tm@Y, Yo@Tm@Y, and Tm@Yb@Y UCNPs under dual-beam irradiation, using a CW excitation laser at 980 nm with
varying power levels and a CW depletion laser at 808 nm at a fixed power of 10 mW. ¢ Theoretical and experimental normalized intensity of 450-nm
UCL emission from Yb,Tm@Y, Yb@Tm@Y, and Tm@Yb@Y UCNPs under dual-beam irradiation. Measurements were conducted with a CW excitation
laser at 980 nm with power levels of 0.1 mW and 1 mW, combined with a CW depletion laser at 808 nm at varying power levels
.

980 nm and 808 nm, respectively (Table S3). The power
levels considered for the excitation laser at 980 nm are
0.1 mW and 1 mW, while the depletion laser at 808 nm
operates at 10 mW. Our theoretical model accounts for
the distinct upconversion processes in typical, core-to-
shell, and shell-to-core UCNP structures, despite having
identical sensitizer-activator interfaces and concentra-
tions. The differences in EM processes are critical, with
shell-to-core UCNPs exhibiting fewer EM steps from
Yb*" sensitizers to Tm>" emitters, compared to other

UCNP configurations®®. This difference results in reduced
energy losses and a higher population of Tm*" ions at the
'D, level in shell-to-core UCNPs, which in turn leads to
stronger 450-nm UCL emission under low-power irra-
diation with a CW laser at 980 nm.

Extending this study to low-power dual-beam irradia-
tion with both 980-nm and 808-nm CW lasers, we con-
ducted theoretical modeling of the time-dependent
electronic population distribution in core-shell UCNPs
driven by topology-based ETNs under dual-beam
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irradiation. The system was excited with a 980-nm beam
at powers of 0.1 mW and 1 mW, switched on at £=0ms,
while an 808-nm depletion beam at a power of 10 mW
was activated at t=5ms (Fig. S8). We observe an
enhancement in the electronic population at the 'D, level
of Tm>" ions in Yb,Tm@Y UCNPs when the 808-nm CW
laser is activated. This enhancement is attributed to
upconversion, where Tm®" ions directly absorb 808-nm
photons, resulting in increased 450-nm UCL emission
intensity. In contrast, in Yb@Tm@Y UCNDPs, the activa-
tion of the CW laser at 808 nm induces depletion of the
3H, level of Tm>" ions and a reduction in the 'D, level
population. This decrease is due to intense CR processes
that cause population inversion in the intermediate exci-
ted state of Tm>", enabling efficient optical switching of
the 450-nm UCL emission. A similar behavior is observed
in Tm@Yb@Y UCNPs, where intense CR processes lead
to population inversion and efficient optical switching of
the 450-nm UCL emission when the 808-nm laser is
activated.

Under high-power irradiation with the 980-nm CW
laser, all three UCNP structures exhibit population
buildup at the 'D, level of Tm>" ions, leading to intense
450-nm UCL emission. When both 980-nm and 808-nm
CW lasers are used in high-power dual-beam irradiation,
depletion of the *H, level of Tm>" ions are observed,
along with intense CR processes that induce population
inversion in the intermediate excited state of Tm>". This
results in efficient optical switching of the 450-nm UCL
emission, in line with previous reportszl’zz. Additionally,
we observe an overlap between n; (*Hg ground state) and
n; (*H, intermediate state) of Tm3" when the 808 nm
depletion is activated, indicating a dynamic balance
between absorption and STED*. This interplay further
supports the accuracy and reliability of our theoretical
model in describing the system’s behavior.

Based on these findings, we propose a framework for
engineering the electronic population dynamics in core-
shell UCNPs driven by topology-based ETNs. Our theo-
retical model suggests that the emitter@sensitizer@inert
UCNP structure offers distinct advantages for U-STED
microscopy, primarily due to enhanced 450-nm UCL
emission under low-power 980-nm CW excitation and
efficient optical switching of 450-nm UCL emission under
both low-power 980-nm and 808-nm depletion lasers.
This advantage arises from the topology-based shell-to-
core ETN dynamics, which incorporate the following
processes: 1) Yb®>"-Yb>" networks based on high Yb*"
doping in the intermediate shell facilitate absorption
under low-power 980-nm irradiation and intense EM
among Yb®" sensitizers*"*% 2) Yb*"-Tm>" networks
across the core-shell interface enable efficient topology-
driven ETU from Yb®>' sensitizers to Tm>" emitters,
leading to intense 450-nm UCL emission®’; and 3) Tm>*-
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Tm>" networks based on high Tm>* doping in the core
support robust CR processes among Tm>" emitters,
promoting population inversion and enabling efficient
optical switching via STED under 808-nm depletion laser
irradiation®!***>%¢,

Next, we proceed with the experimental characteriza-
tion of optical switching of UCL emission driven by
topology-based ETNs in core-shell UCNPs under dual-
beam irradiation. Figure 3b quantifies the depletion effi-
ciency of 450-nm UCL emission from Yb,Tm@Y,
Yb@Tm@Y, and Tm@Yb@Y UCNPs under dual-beam
irradiation, with the CW excitation laser at 980 nm
operating at varying power levels and the 808-nm CW
depletion laser fixed at 10 mW. We achieve a depletion
efficiency of the UCL emission at 450 nm of 91% from
Yb,Tm@Y UCNPs under dual-beam irradiation with the
CW excitation laser at 980 nm operating at 1 mW, and
85% and 92% from Yb@Tm@Y and Tm@Yb@Y UCNPs
under dual-beam irradiation with the CW excitation laser
at 980 nm at 0.1 mW. Figure S9 illustrates the theoretical
modeling of depletion efficiency in core-shell UCNDPs,
driven by topology-based ETNs under dual-beam irra-
diation. Figure 3c presents the theoretical and experi-
mental normalized intensities of 450-nm UCL emission
from Yb,Tm@Y, Yb@Tm@Y, and Tm@Yb@Y UCNPs
under dual-beam irradiation. The measurements were
performed using a CW excitation laser at 980 nm with
power levels of 1mW and 0.1mW for Yb,Tm@Y,
Yb@Tm@Y, and Tm@Yb@Y UCNPs, combined with a
CW depletion laser at 808 nm operating at varying power
levels. The 450-nm UCL emission intensity from
Yb,Tm@Y UCNPs decreased when irradiated with a 980-
nm CW excitation laser at 1 mW and an 808-nm CW
depletion laser at varying powers, attributed to STED of
these UCNPs, consistent with previous reports™. In
contrast, the intensity increased under irradiation with a
980-nm CW excitation laser at 0.1 mW and an 808-nm
CW depletion laser at varying powers, attributed to direct
excitation of these UCNPs by the 808-nm CW laser, in
line with previous studies*"**. The 450-nm UCL emission
intensity from Yb@Tm@Y and Tm@Yb@Y UCNPs
decreased under dual-beam irradiation, demonstrating
that topology-driven ETNs in these UCNPs enable
reduced excitation laser powers down to 0.1 mW and
improved optical switching efficiency via STED under
irradiation of low-power excitation and depletion lasers.
We achieve a saturation intensity of 0.06 MW cm 2 under
excitation at 980nm and depletion at 808 nm for
Tm@Yb@Y UCNPs. The reduced saturation intensity
observed in emitter@sensitizer@inert UCNPs under low-
power dual-beam irradiation indicates that the topology-
driven ETN effect in core-shell UCNPs mitigates the
constraints of the square root law followed by conven-
tional super-resolution microscopy techniques. Both
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theoretical modeling and experimental results confirm a
92% depletion efficiency of UCL emission at 450 nm from
Tm@Yb@Y UCNPs under dual-beam irradiation,
achieved with a CW 980 nm excitation laser at 0.1 mW.
These results highlight the effectiveness of core-shell
UCNPs with topology-driven ETNs in achieving high
depletion efficiencies under low-power dual-beam
irradiation.

Modulation cycles of the 808-nm depletion laser, con-
trolled by an optical shutter, enable precise “ON” and
“OFF” switching of the 450-nm UCL emission from core-
shell UCNPs under 980-nm excitation, as shown in Fig.
S$10. This demonstrates efficient and robust optical
switching with precise dynamic control over multiple
irradiation cycles. To further confirm this capability, we
performed confocal microscopy imaging under CW
excitation and depletion laser irradiation at 980 nm and
808 nm, respectively, detecting the 450-nm UCL emission
from the core-shell UCNPs (Fig. S11). This confirms the
effective optical switching of 450-nm UCL emission from
core-shell UCNPs driven by topology-based ETNs under
low-power dual-beam irradiation with both 980-nm CW
and 808-nm CW lasers.

Figure 4 highlights the application of U-STED micro-
scopy for imaging core-shell UCNPs with topology-driven
ETNs, specifically detecting the 450-nm UCL emission
from Tm@Yb@Y UCNPs under dual-beam irradiation.
The laser at 808 nm is spatially modulated to create a
donut-shaped point spread function (PSF) that overlaps
with the Gaussian PSF of the excitation laser at 980 nm at
the focal plane (Fig. S12). This overlap selectively deacti-
vates the UCNPs at the edges of the excitation laser,
effectively shrinking the excitation spot size below the
diffraction limit, consistent with STED microscopy
principles.

Figure 4a compares the theoretical and experimental
resolutions achieved under dual-beam irradiation. Mea-
surements were conducted using a CW Gaussian-shaped
excitation laser at 980nm with an intensity of
0.03 MW cm 2 and an CW donut-shaped depletion laser
at 808 nm with varying intensity levels. Insets provide
representative confocal and U-STED microscopy images
of the 450-nm UCL emission, illustrating significant
resolution enhancement with increasing depletion laser
intensity. Unlike conventional STED microscopy > ',
where excitation power is minimized to prevent nonlinear
effects, U-STED systems require careful control of exci-
tation intensity due to the nonlinear, multiphoton nature
of the upconversion process**. Our theoretical simula-
tions (Figs. S13 and S14), supported by experimental
characterization, demonstrate that reducing the 980-nm
excitation power results in a narrowing of the focal spot
size’’. This enhancement is primarily due to the sup-
pression of nonlinear background emission and the
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avoidance of partial depletion saturation, both of which
can broaden the effective PSF at higher excitation levels.
These results highlight that operating below the excitation
saturation threshold is essential for achieving optimal
spatial resolution and contrast in U-STED imaging.
Importantly, the simulations confirm that this low-
excitation regime maintains sufficient upconversion effi-
ciency for imaging, while significantly minimizing the
resolution degradation associated with high excitation
powers.

Figure 4b and S15 present comparisons of confocal and
U-STED microscopy images of the 450-nm UCL emis-
sion. These images were captured using the same dual-
laser setup, with measured intensities at the objective’s
back aperture of 0.03 MW cm 2 for the excitation laser at
980 nm and 1 MW cm 2 for the depletion laser at 808 nm.
Magnified views within the red and blue boxes emphasize
the resolution improvements achieved with U-STED
microscopy. Figure 4c shows normalized UCL emission
intensity profiles corresponding to the dashed red and
blue lines in Fig. 4b, quantitatively illustrating the spatial
resolution improvement in U-STED imaging. Deconvo-
lution and Gaussian fitting of the data reveal a full-width
at half-maximum (FWHM) of 65nm, confirming the
superior resolution achieved. We imaged two UCNPs
separated by approximately 200 nm. Using conventional
confocal microscopy, we obtained a diffraction-limited
image in which the two particles could not be resolved—
only a single emission peak was visible, with a FWHM of
around 780 nm in the corresponding cross-section. In
contrast, U-STED microscopy produced a super-
resolution image where the two UCNDPs were clearly
distinguishable, each displaying a distinct emission peak.
The corresponding cross-sections revealed FWHMs of
approximately 68 nm and 71 nm. These results highlight
the capability of our U-STED approach to overcome the
diffraction limit and deliver significantly enhanced spatial
resolution.

A current limitation of our approach is the long emis-
sion lifetimes of the UCNPs used, typically on the order of
hundreds of microseconds, which necessitate extended
pixel dwell times and thus reduce imaging speed. This
trade-off between low illumination intensity and temporal
resolution constrains present U-STED microscopy.
Recent progress in compositional engineering, such as
high Yb*" doping, has been shown to enhance emission
intensity while shortening lifetimes, enabling dwell times
as brief as 10 ps®®. Additionally, advances in upconversion
superfluorescence (SF) have achieved lifetimes below 50
ns>* and down to 2.5 ns®®, opening new avenues for fast,
low-power, high-resolution U-STED imaging.

Figure 4d evaluates the temporal stability of UCL
emission under dual-beam irradiation at 0, 30, and 60-
minute intervals. The results demonstrate the durability
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Fig. 4 U-STED microscopy of core-shell UCNPs with topology-driven ETNs. a Comparison of the theoretical and experimental resolution under
dual-beam irradiation. Resolution is measured using a CW Gaussian-shaped excitation laser at 980 nm with an intensity of 0.03 MW cm™2 and an CW
donut-shaped depletion laser at 808 nm at increasing intensity levels. Insets: confocal and U-STED microscopy images of 450-nm UCL emission of
core-shell Tm@Yb@Y UCNPs with topology-driven ETNs under dual-beam irradiation. b Confocal and U-STED microscopy images of 450-nm UCL
emission from core-shell Tm@Yb@Y UCNPs with topology-driven ETNs under dual-beam irradiation using a CW Gaussian-shaped excitation laser at
980 nm and an CW donut-shaped depletion laser at 808 nm. Magnified views are shown (red and blue boxes). The measured intensities of the CW
2and 1 MW cm ™2, respectively. Pixel dwell time: 10 ms. Scale bar: 1 um.

¢ Normalized UCL emission intensity profiles corresponding to the dashed red and blue lines in (b). d Detection of 450-nm UCL emission from core-
shell Tm@Yb@Y UCNPs with topology-driven ETNs under dual-beam irradiation for different duration. Inset: confocal and U-STED microscopy images
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of topology-driven ETNs for prolonged imaging applica-
tions, with particle emission intensity decreasing at a
gradual rate of only 2% per hour. Notably, the imaging
resolution remains consistent throughout the duration,
achieving a diffraction-limited resolution of less than
400 nm in the confocal regime and under 70 nm in the
super-resolution U-STED regime. Particle alignment
relative to the beams was verified at regular intervals to
maintain stable imaging conditions.

Discussion

Compared to conventional STED methods using
molecular fluorophores, our U-STED approach presents
distinct advantages. Recent developments in STED probes
have enhanced imaging performance through greater
brightness, photostability, spectral flexibility, and
improved suitability for live-cell studies. Examples include
monomeric NIR fluorescent proteins for multicolor ima-
ging with reduced phototoxicity®*, squaraine-based dyes
for high-resolution mitochondrial visualization®, bright

fluorophores with large Stokes shifts for improved nano-
scopy’®, and lipid-based probes enabling prolonged
mitochondrial membrane imaging®’. Despite these
advances, traditional STED systems reliant on organic
fluorophores still require high excitation and depletion
power, which restricts their application in live or thick
specimens due to increased photobleaching and
phototoxicity.

The demonstrated reduction in excitation and depletion
laser intensities is particularly impactful for biological
imaging applications, where phototoxicity and photo-
bleaching often limit live-cell and tissue studies. Our
topology-driven ETNs in UCNPs enable super-resolution
imaging with significantly reduced photodamage, making
long-term and high-fidelity visualization of subcellular
structures feasible. This advancement opens new oppor-
tunities for real-time imaging of dynamic biological pro-
cesses at the nanoscale®®*’, with potential applications
ranging from neuroscience and cell biology to develop-
mental and medical research® >, Moreover, the NIR
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excitation wavelength used offers improved tissue pene-
tration and minimal autofluorescence, further enhancing
the suitability of our approach for in vivo imaging.

UCNPs offer several features beneficial for biological
imaging®®®*, Their surfaces can be engineered with anti-
bodies, peptides, or oligonucleotides to enable selective
targeting of proteins, nucleic acids, or organelles with high
specificity®®. Surface charge and hydrophilicity modulate
cellular uptake pathways, allowing optimization for dif-
ferent cell types®®. Although larger than small-molecule
dyes, UCNPs can be synthesized with hydrodynamic
diameters below 50nm, facilitating endocytosis and
minimizing steric interference. Their intrinsic NIR-
excited luminescence enables label-free imaging, redu-
cing autofluorescence and phototoxicity. Importantly,
studies have demonstrated minimal cytotoxicity and
negligible perturbation of cellular processes when UCNPs
are properly coated and dosed®” =, Despite challenges in
achieving efficient intracellular delivery and minimizing
off-target effects, these attributes support the potential of
UCNPs as viable probes for super-resolution imaging of
biological structures.

Beyond life sciences, the ability to achieve efficient
upconversion and optical switching at low laser powers
through topology-engineered ETNs paves the way for
integration of UCNPs into nanophotonic devices. These
include energy-efficient nanoscale light sources’’, optical
modulators’’, and switches’>” essential for next-
generation optical communication and computing tech-
nologies’*”*, Moving forward, the employment of smaller
and brighter lanthanide-doped UCNPs with robust optical
stability is critical for expanding the applications of low-
power U-STED microscopy based on our approach.
Recent advances have introduced strategies to synthesize
ultrasmall UCNPs (less than 10 nm in size) with enhanced
brightness and stability. These methods include optimiz-
ing the host matrix, tailoring lanthanide ion doping con-
centrations, applying inert shell coatings, and precisely
controlling surface interactions”®~"%,

Studying the energy transfer dynamics and directions
within UCNPs, along with the spatial distribution, com-
binations, and concentration of lanthanide ions, is crucial
for advancing super-resolution applications that rely on
low laser intensities. These results provide deeper insights
into these energy transfer mechanisms’>* and under-
score the significance of controlled synthesis meth-
ods®"%2, especially for heterogeneous lanthanide-doped
UCNPs**™®®, Our findings open new avenues for
advanced super-resolution techniques with multi-mod-
ality, leveraging lanthanide-doped UCNPs to enhance
their versatility in state-of-the-art optical imaging sys-
tems®”®®, The ability to engineer nanocrystals with tai-
lored optical properties will pave the way for next-
generation UCNPs, enhancing the efficiency of super-
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. . . . . —91
resolution imaging and characterization® "', These

advancements in topology-dependent energy transfer
within UCNPs could significantly reduce laser intensity
requirements, thereby expanding the potential of UCNPs
for low-power super-resolution applications in life sci-
ence’>* and nanophotonics® %,

Materials and methods

Sample preparation

Lanthanide-doped core-shell UCNPs are synthesized
following previously established protocols with minor
modifications'®’. These UCNPs, obtained from Xi'an
Ruixi Biological Technology Co. Ltd. (http://www.
xarxbio.com), are used as received without additional
processing. The nanoparticle compositions are as follows:
1) NaYE;:25%Yb,5%Tm@NaYF, 2) NaYE.:25%Yb@5%
Tm@NaYF,, and 3) NaYF,:5%Tm@25%Yb@NaYF,. Core-
shell UCNPs with thin core and intermediate shells are
referred to as Yb,Tm@Y, Yb@Tm@Y, and Tm@Yb@Y
UCNPs, while those with thick core and intermediate
shells are labeled as Yb,Tm@Y, Yb@Tm@Y, and
Tm@Yb@Y UCNPs.

Sample slides containing individually distributed
UCNPs are carefully prepared using a standardized pro-
cedure. A coverslip is first cleaned by ultrasonication in
pure ethanol and Milli-Q water, then air-dried. A 20 pL
droplet of UCNPs, diluted to a concentration of 0.01 mg/
mL in cyclohexane, is applied to the surface of the cov-
erslip. The sample is immediately rinsed twice with
500 uL of cyclohexane to ensure uniform distribution.
Finally, the prepared slides are left to dry at room tem-
perature for 24 hours before measurement.

Sample characterization

Transmission electron microscopy (TEM) was con-
ducted using a JEOL JEM 2100 F, operating at an accel-
erating voltage of 200kV and equipped with an 11-
megapixel bottom-mounted Quemesa camera. High-
resolution TEM imaging is conducted with a JEM-
F200(URP) TEM, also at an acceleration voltage of
200 kV. X-ray powder diffraction (XRD) analysis is carried
out using a Rigaku Ultima IV diffractometer with a Cu K«
radiation source (A = 1.54056 A). Upconversion lumines-
cence (UCL) emission spectra are acquired using an
Andor Shamrock 500i imaging spectrometer, coupled
with a Leica DFC295 digital color camera, and excited by
a 980-nm continuous-wave (CW) laser (Thorlabs, BL976-
PAG900).

Dual-beam super-resolution optical system setup

The dual-beam super-resolution optical system setup for
U-STED microscopy is developed based on a custom-built
confocal microscopy system. Samples are mounted on a
computer-controlled, high-precision nanopositioning system
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utilizing a three-axis piezostage (Physik Instrumente,
P-562.3CD). A CW laser at 980 nm (Micro Photons Tech-
nology Co., COBRITE-980-M) serves as the excitation source
for the UCNPs. After collimation, the 980-nm CW laser
passes through two long-pass dichroic mirrors and is focused
onto the sample using an oil-immersion objective lens
(Olympus, UPlanApo 100X/1.5 oil). The first dichroic mirror
(DC1, Semrock, FF880-SDi01-t3-25x36) combines the CW
laser at 980 nm with a collimated CW laser at 808 nm (Obis,
OBIS-LX-808) for depletion.

The UCL emission from the UCNPs is collected by the
same objective lens and separated from the 980-nm CW
excitation and 808-nm CW depletion lasers using a second
dichroic mirror (DC2, Semrock, Di03-R785-t3-25 x 36).
The emission is then coupled into a multimode fiber
(Thorlabs, FGO50LGA) connected to a single-photon ava-
lanche diode (SPAD, Laser Components, Count T100-FC).
To isolate the desired UCL emission bands for imaging, a
bandpass filter (Semrock, FF01-448/20-25) and a short-pass
filter (Semrock, BSPO1-785R-25) are placed in the detection
pathway. For super-resolution imaging, a quarter-wave
plate (Thorlabs, WPQ10M-808) converts the 808-nm CW
laser into circularly polarized light. A half-wave plate
(Thorlabs, WPH10M-850) is used in conjunction with
Glan-Thompson prisms (Thorlabs, DGL10) to control laser
power. Finally, a vortex phase plate (UPOLabs, LETO-808-
C) is incorporated into the 808-nm CW laser path to
generate a donut-shaped PSF in the focal plane.

UCL emission lifetime measurement system setup

For the measurement of UCL emission lifetime, a 980-
nm CW laser (Thorlabs, BL976-PAG900) is employed.
This laser is integrated into a commercial optical micro-
scopy system setup (Leica DM2700M microscope)
equipped with time-correlated single-photon counting
(TCSPC) equipment (Zolix, DCS900PC). The 980-nm
CW laser is modulated using a waveform generator
(RIGOL, DG5072) to produce 10-us pulses at a frequency
of 500 Hz, facilitating the excitation of UCL emission.
Emitted photons are filtered through a bandpass filter
(Semrock, SP01-785RU-25) and a short-pass filter (Sem-
rock, FF01-448/20-25) before being detected by the
TCSPC system. The effective UCL emission decay time
(7op) is then calculated using the collected data as follows:

rp = % / :Ol(t)dt (1)

where I(t) is the emission intensity as a function of time ¢
and , are the maximum emission intensity.

Calculation of lanthanide ion quantity in core-shell UCNPs
Accurately determining the quantity of lanthanide ions
in core-shell UCNPs is essential for analyzing their UCL
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emission, particularly for applications in U-STED micro-
scopy. We calculate the number of Yb*" and Tm*" ions
in core-shell UCNPs, considering particle geometry,
crystal structure, and doping concentrations. The calcu-
lations are illustrated for three distinct core-shell UCNP
configurations. We assume the UCNPs are spherical, with
the volume V,,,,, calculated as:

47r
— (2)
where r is the radius of the UCNP. For core-shell

structures, the core volume V,,,, and shell volume V.
are calculated separately as:

4 3

Veore = TIT core (3)
3

Vshell = Vucnp - Vcnre (4)

For UCNP with f5-phase consisting of hexagonal unit
cells, the volume of a hexagonal unit cell #Vjexagonar is
given by:

2v/3a3¢ (5)

H Vhexagonal = 5

Where 2 =5.91A and ¢ =353 A are lattice parameters
describing hexagonal unit cells. Then, the number of unit
cells in a UCNP is estimated by:

Vregion ( 6)
U Vhexagonal

llehexugonal =

where is the volume of the core, shell, or total UCNP.
Each hexagonal unit cell contains four formula units of
NaYF,. The number of formula units in a given region is:

Nformula_units =4x llehexagonal (7)

Yb3" ions and Tm>" ions replace Y3" ions in NaYF,
formula units according to the doping percentage. For a
doping ratio x%, the number of ions is:

Nions = Nformula_units X x% (8)

The calculated ion quantities for three different UCNP
configurations are reported in Table S2.

Theoretical modeling of UCL emission in core-shell UCNPs
driven by topology-based energy transfer networks (ETNs)
under dual-beam irradiation

The theoretical modeling of UCL emission in core-shell
UCNPs driven by topology-based ETNs under dual-beam
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irradiation is conducted by developing a set of rate
equations. These equations account for the topology-
dependent energy migration (EM) within Yb**-Yb*"
ETNs, energy transfer upconversion (ETU) within Yb**-
Tm>" ETNs, and cross-relaxation (CR) processes within
Tm?*-Tm® ETNs. This approach assumes rapid non-
radiative decay for the transitions from 'Hg to °F, and
from >F,3 to *H, in Tm>" ions, effectively merging each
pair of energy levels into a single level for simplification.

For Yb*'-Yb*>* ETNs:

« Yb** (*Fy), ground-state ny;:

dny, _ 7dl’lyz (9)
dt dt

« Yb>" (3F5),), excited-state ny»:

d}’lyz

g Pogonyy — Wsnys — EM X nyy (10)
For Yb*"-Tm>®*" and Tm-Tm>" ETNs:
« Yb*" (°F,,), ground-state ng;:
dnSl _ _dnSZ (11)
dt dt

¢ Yb*" (°F5), excited-state ngs:

di’lsz
——=P - W EM
dr 9807151 shs2 + X Hyo (12)

—(e1m + canp + c3n3 + cana)ngy

« Tm*" (*Hg), ground-state ,:

> dﬂi
i=2 dt

dl’ll -

ar (13)

« Tm*" (°F4, °Hs), excited-state 7,:

dl’lz
—= = c1uson — Consany — Wony + b3aWan
dr 115211 2H$272 2M3 32 W33 (14)

+byy Wany + bsy Wisns + 2ksimns + kagning
o Tm*" (*Hy, °F,3), excited-state n3:

dl’l?,

e Pgog(m — n3) + cyngany — csnsang — Wns

(15)
+bizWang 4 bszsWisns — kayning + kaynyng + 2ksinins
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« Tm*" ('Gy), excited-state 74

dn
7; = 3oz — CaMsoty — Wang + bsaWsns — kgiming
(16)
« Tm®" ('D,), excited-state ns:
dl’ls
o cynsony — Wisns — ksymns (17)

where Pogy = ("M;fc"] 980) is the excitation rate of Yb>" ions
under irradiation at the wavelength of 980 nm, and Iog, is
the intensity of the laser at the wavelength of 980 nm for
excitation; Pgog = (W) is the absorption/stimu-
lated emission rate of Tm>" ions under irradiation at the
wavelength of 808nm, so that the term of
(W) (n; —n3) is the net effect of absorption/
stimulated emission, and Iggg is the intensity of the laser
at the wavelength of 808 nm for depletion; oy is the
absorption cross-section of Yb®' ions for a laser at
980 nm; osrep is the absorption/stimulated emission
cross-section of Tm>" ions for a laser at 808 nm; Aogy is
the wavelength of the laser for excitation; Agyg is the
wavelength of the laser for depletion; /4 is the Planck’s
constant; ¢ is the light speed; W5 is the intrinsic decay rate
of the excited Yb>" ions; c; is the upconversion coefficient
between the excited Yb®>" ions and Tm>" ions on level i
W, is the intrinsic decay rate of Tm>" ions on level ; b is
the branching ratio for Tm>* ions decaying from level i to
level j, satistying Z]’:;}bi,» =1; k; is the CR coefficient
between Tm>" ions on level i and level J; EM is the EM
coefficient between Yb®>" ions; and # is the electronic
population in a specific energy level fulfilling the following
conditions:

ny1 + Hyy = 1 (18)
ns; +ngy =1 (19)
n1+712+n3+n4+n5:1 (20)

The theoretical model presented here involves para-
meters specific to the properties of core-shell UCNPs. The
reaction constants are fixed, leaving only Iog, and Igyg as
variables. To validate the theoretical model, the UCL
emission driven by topology-based ETNs of core-shell
UCNPs is simulated using the parameters in Table S3.

Characterizing UCL emission via power-law dependence
The intensity of UCL emission, I;;c;, generally follows a
power-law dependence on the excitation power density, P,
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expressed as Ij;c; « P, where the exponent # indicates the
number of photons participating in the multiphoton
absorption processM. To determine the exponent #, I;;c; was
measured at various levels of P. By applying a logarithmic
transformation, this equation can be expressed in linear form
as log (I;yc;) =n log (P) + constant. A plot of log (Ij;cr)
versus log (P) yields a straight line, where the slope of the
fitted line corresponds to the exponent n. This value is
determined through linear regression of the log-transformed
data. In an ideal multiphoton excitation process, n is
expected to be an integer, indicating the number of photons
involved in excitation. However, deviations from integer
values can occur due to factors such as saturation effects,
energy transfer, or non-radiative relaxation mechanisms. By
analyzing #, the excitation dynamics and energy transfer
processes underlying UCL emission were characterized.

Simulated resolution for U-STED microscopy using core-
shell UCNPs driven by topology-based ETNs

STED microscopy is a super-resolution imaging techni-
que that combines UCL emission with STED principles to
achieve spatial resolution beyond the light diffraction limit.
Like conventional STED microscopy;, it utilizes a dual-beam
optical system consisting of a Gaussian-shaped excitation
laser and a donut-shaped depletion laser. These lasers are
spatially overlapped to confine the PSF to the nanoscale
center of the donut, enabling precise super-resolution
imaging. The established theoretical model of UCL emis-
sion driven by topology-based ETNss is applied to calculate
the electron populations in the energy levels of core-shell
UCNPs. By simulating the intensity distribution of the
Gaussian-shaped excitation laser at 980 nm and the donut-
shaped depletion laser at 808 nm in the focal region, the
achievable resolution under dual-beam super-resolution
irradiation is evaluated. This setup uses a circularly polar-
ized excitation laser at 980 nm and a circularly polarized
vortex depletion laser at 808 nm. The vortex beam is gen-
erated with a 2m vortex phase plate, which imposes a helical
phase retardation from 0 to 2m, and is focused using a high
numerical aperture (NA) objective lens. The resulting

electric field distribution in the focal region is expressed
102,

as
Ex l]gf a 2
E(r,p,z) = | E, | = fg/o/o A(0) exp(ime) sin 6V cos 0
E,

x explik(z cos 8 + rsin 6 cos(¢p — ¢))]
(cos’ cos 0 + sin’¢p) + i cos ¢ sin ¢p(cos 6 — 1)
x | cos ¢ singp(cos 6 — 1) + i(cos*p + sinp cos 0) | dOd
sin @ exp( t i¢h)
(21)

Here, r, and z are the cylindrical coordinates, is the
azimuthal angle of the incident laser, is the wave vector, f
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is the focal length of the high NA objective, a is the
maximal NA angle, and 6 is the NA angle that varies
between 0 and a. Assuming that the optical system is in
free space (i.e., the index of refraction # is 1), the maximal
angle a is given by & = arcsin (NA/n), where # is the index
of refraction of the material in the focal region. A(0) is the
pupil apodization function at the surface of the objective’s
aperture, and exp(im¢) is the vortex phase factor of the
incident laser. For the excitation laser, m = 0, while for the
depletion laser passing through the 2m phase plate, m = 1.
The symbol relates to the handedness of the circularly
polarized lasers. Right circularly polarized lasers are
considered in this calculation. For the focal spot calcula-
tion, the considered NA for the objective lens is 1.5.
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