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resolution imaging with lifetime-engineered
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Jiajia Zhou *a and Fan Wang *ab

The emerging optical multiplexingwithin nanoscale shows super-capacity in encoding information by using

lifetime fingerprints from luminescent nanoparticles. However, the optical diffraction limit compromises the

decoding accuracy and throughput of the nanoparticles during conventional widefield imaging. This, in

turn, challenges the quality of nanoparticles to afford the modulated excitation condition and further

retain the multiplexed optical fingerprints for super-resolution multiplexing. Here we report a tailor-

made multiplexed super-resolution imaging method using the lifetime-engineered upconversion

nanoparticles. We demonstrate that the nanoparticles are bright, uniform, and stable under structured

illumination, which supports a lateral resolution of 185 nm, less than 1/4th of the excitation wavelength.

We further develop a deep learning algorithm to coordinate with super-resolution images for more

accurate decoding compared to a numeric algorithm. We demonstrate a three-channel super-resolution

imaging based optical multiplexing with decoding accuracies above 93% for each channel and larger

than 60% accuracy for potential seven-channel multiplexing. The improved resolution provides high

throughput by resolving the particles within the diffraction-limited spots, which enables higher

multiplexing capacity in space. This lifetime multiplexing super-resolution method opens a new horizon

for handling the growing amount of information content, disease source, and security risk in modern

society.
1. Introduction

Optical multiplexing is an easily implemented solution that
combines many signals onto an ensemble of optical carriers for
information transmission,1,2 data storage,3,4 and security.5 The
relatively mature technique of wavelength or colour division
multiplexing, however, has shown limitations in the require-
ment of multi-lasers for excitation and spectral cross-talk. As an
orthogonal dimension to colour, the lifetime can be used to
boost the super capacity of multiplexing. The lifetime multi-
plexing method has been demonstrated by using microcarriers,
which were tagged with nanoparticles that have separate life-
time identities under single laser excitation.6 However, the
nanoparticles have not fully exerted their advantages on the
smaller size as nanoscale carriers due to the restriction of
ces (IBMD), Faculty of Science, University
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tion (ESI) available. See DOI:
optical diffraction limit during imaging. The diffraction limit
will reduce the throughput of effective pixels within an imaging
area. In particular, the spatial resolution further hampers the
single nanocarriers for future digital assays in detecting low
concentration analytes.

Towards the super-resolution multiplexing, organic uo-
rophores such as proteins and cyanine dyes have been explored
for multi-colour or multi-lifetime super-resolution imaging
through stochastic optical reconstruction microscopy
(STORM),7 stimulated emission depletion (STED),8,9 and DNA
point accumulation in nanoscale topography.10 However, the
existent issues from the colour channel multiplexing remain in
these experiments, e.g., the simultaneous employment of multi-
colour laser to match for different dyes and the limited channel
numbers by spectrum width to avoid cross-talks. For lifetime
multiplexed imaging, a library of nanoprobes, which are bright,
stable, and with different lifetimes under a single laser excita-
tion, would simplify the experimental setup of multiplexed
super-resolution imaging.

In search of the potential probe candidates, most of the
nanoparticles such as quantum dots,11–13 carbon dots,14,15 and
molecular probes16–18 show short lifetimes in nanoseconds,
limiting the channels for lifetime multiplexing. In contrast,
lanthanide-doped upconversion nanoparticles (UCNPs) have
© 2022 The Author(s). Published by the Royal Society of Chemistry
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attracted signicant attention due to the stable anti-Stokes shi
emission19–22 and the tunable lifetime from microsecond to
millisecond.6,23–25 Moreover, the lifetime can be tuned by
changing the doping concentration of rare-earth ions, changing
various kinds of emitter ions, or using different exciting lasers.

Here, we demonstrate that a library of UCNPs with tailored
lifetime proles shows sufficient brightness and long-term
photostability for lifetime multiplexing super-resolution
microscopy. Based on the lifetime proles of UCNPs, we
establish time-resolved structured illumination microscopy
(TR-SIM), enabling high-throughput multiplexing super-
resolved imaging through a single 808 nm excitation laser. We
demonstrate the three-channel super-resolution optical multi-
plexing with decoding accuracy above 93% and potential seven-
channel multiplexing with more than 60% recognition accuracy
by a deep learning based algorithm.
2. Results and discussion
2.1. Experimental setup

The experimental setup for TR-SIM and time-resolved wideeld
microscope (TR-WF) is sketched in Fig. 1. It is built on the
modication of a conventional wideeld uorescence micros-
copy system. A single-mode diode-pumped solid-state laser
beam (LU0808M250, Lumics Inc., 250 mW C. W., the excitation
power density of 3.23 kW cm�2 in spot size) illuminates the
digital mirror device (DMD, DLP 4100, Texas Instruments Inc.,
USA) aer beam collimation and expansion with apochromatic
lenses. The DMD is controlled and synchronized using
a multifunction data acquisition device (USB-6343, National
Instruments) and a purpose-built LabVIEW program. The laser
light is modulated by the DMD binary patterns and passes
through the demagnied optical system, consisting of the
objective lens to produce the sinusoidal fringe illumination
Fig. 1 Schematic diagram of the TR-SIM & TR-WF microscope. DMD, d
dichroic mirror; SPF: short pass filter. The inset (top left) illustrates the ti
a time-gate of 100 ms and a gated excitation laser from 0 ms to 200 ms.

© 2022 The Author(s). Published by the Royal Society of Chemistry
patterns on the sample plane. For wideeld imaging, the laser
light can be switched directly to the objective lens via the ex-
ible mirrors to bypass the DMD (the pink beams in Fig. 1). A
short-pass dichroic mirror (DM, ZT785spxxr-UF1, Chroma Inc.)
and a short pass lter (SPF, ET750sp-2p8, Chroma Inc.) are used
to separate the excitation light and the uorescence light. The
detector is a time-resolved sCMOS camera (iStar sCMOS, 16 bits
gray depth, Andor Inc.). The camera also functions as a time-
gate modulator of exciting laser light via a BNC cable. The
time-resolved ability is based on the gating method for
uorescence-lifetime imaging microscopy.26,27 The camera gate
is 100 ms under the laser excitation of 0–200 ms. The received
uorescence intensity signal is integrated 7500 times (3000 for
TR-WF), resulting in an exposure time of 100 ms � 7500 ¼ 0.75
seconds for each image (0.3 s for TR-WF). The camera gates with
different temporal delays from 0 ms to 3000 ms provide the image
at different time regions within the lifetime curves, making it
possible to acquire the 30-frame images from 0 ms to 3000 ms
along with lifetime curves. The details are shown in Fig. S5 in
ESI.† In addition, by switching a ip mirror located between the
tube lens and the camera, the emission uorescence light could
be coupled to a multi-mode ber (MMF, M24L02, Thorlabs
Inc.), which is linked with a miniature monochromator
(iHR550, Horiba Inc.) to detect the spectral range from 400 to
740 nm.
2.2. Nanoparticles with lifetime tunability

We synthesized a library of UCNPs with a well-dened Nd–Yb–
Er core–shell–shell–shell (active core@energy migration
shell@sensitization shell@inert shell) structure, as illustrated
in Fig. 2(a). More details and the transmission electron
microscopy (TEM) images are provided in the ESI (Fig. S1–S4).†
Under 808 nm excitation, the Nd3+ sensitizers conned in the
igital micromirror device; FM, flexible mirror; Obj, objective lens; DM,
me-resolved fluorescence lifetime imaging from 0 ms to 3000 ms with

Nanoscale Adv., 2022, 4, 30–38 | 31
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Fig. 2 Photostable uniform nanoprobes with lifetime tunability. (a) Schematic representation of the core–multi-shell s2-dots using NaYF4 as
host nanocrystals: the core is co-doped by Yb3+ sensitizer and Er3+ emitter, the first layer of shell serves as the energymigration layer, dopedwith
5% Yb3+ ions, the second shell sensitizes 808 nm photons by 20% Nd3+ ions with the role of Yb3+ ions as the secondary sensitizers, and the outer
layer of pure NaYF4 as optically inert shell passivates each single nanoparticle from surface quenchers. (b) Energy level diagrams of the core–
multi-shell s2-dots. (c) The typical upconversion emission spectrum of s2-dots. (d) TEM characterization of the typical morphology of uniform
nanocrystals (Yb3+–Nd3+–Er3+ core–multi shell nanoparticles) with an average size of 59 nm. An arbitrary batch (s2-5) of s2-dot used here was
chosen from a library of core–multi-shell nanoparticles. (e) The experimentally averaged lifetime curves of s2-x dots (x¼ 1, 2,., 7) from 20 single
dots for each type. (f) Widefield microscopic imaging of s2-2 under 808 nm excitation. Scale bar: 2 mm. (g) Photostability of a single dot under
808 nm excitation in widefield microscopy (the intensity is the sum of covered pixels by a single dot).
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second outer layer harvest the excitation photons and transfer
the energy to the Yb3+ in the same layer via cross-relaxation.
Subsequently, the energy transfers via energy migration
among the Yb3+ ions until reaching the core layer. Finally, the
Er3+ emitters entrap the energy to generate luminescence
(Fig. 2(b)). This upconverting energy transferring provides large
anti-stokes emission and the resultant background-free
imaging.28 This design used a core–multi-shell system based on
previous works of tunable lifetimes.6,23,29 The structure with an
additional migration layer (NaYF4:Yb

3+) can signicantly slow
down the interfacial energy migration process from Nd3+ to the
Yb3+ in the core layer, leading to a time-delayed up-rising time
and longer lifetime (named as s2-dots).

Herein, we prepared seven types of s2-dots. Fig. 2(c) shows its
typical upconversion emission spectra. The TEM image in
Fig. 2(d) shows typical NaYF4 UCNPs with uniformmorphology,
32 | Nanoscale Adv., 2022, 4, 30–38
where the architectures of each particle indicate a hexagonal
crystal phase and an average size of about 60 nm in diameter.
Fig. 2(e) depicts the averaged lifetime ngerprints of s2-1 to s2-7
from experimentally collected curves of single dots for each
type. For further clarication about the lifetime tunability, we
dene three parameters: rising time, peak time, and decay time
to quantize the difference between the different types of s2-dots.
The peak time is dened by the time point at maximum
intensity; the rising time and decay time are dened by the time
between the peak time point and the time point with 1/e of the
maximum intensity during the rise and decays, respectively
(Fig. 2(e)). The peak time shis from 400.1 ms to 982.1 ms, while
the rising time and decay time prolong from 272.0 ms to 589.3
ms, and 942.4 ms to 1332.9 ms, respectively (see Fig. S6 and S7†
for more details).
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00765c


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

/7
/2

02
6 

10
:1

3:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Under the wideeld excitation of 808 nm laser, Fig. 2(f)
shows an optical image of uniform and bright s2-2 dots. This
high brightness allows for TR-SIM to see single UCNPs. The
uorescence intensity from a single nanoparticle can retain for
120 min, verifying the strong uorescence stability of s2 dots
(Fig. 2(g)). The photostability measurement of single s2 dots (s2-
2 dots) is measured by a sum of covered pixels of this dot in TR-
WF imaging mode under continuously gated excitation. The
time gate here is 50 ms, which is shorter than the one used in TR-
SIM, with an integration of 4000 times (an exposure time of 200
ms) in TR-WF mode. The duration of a single cycle is 3 ms.
Thus, an on-going time of 12 s is spent for a single point
measurement. A quantity of more than 600 time points is shown
here to support the evidence of photostability in 120 min. Such
photostability is highly desired for super-resolution imaging
when it requires long-term and continuous recording.
2.3. Fluorescence time-resolved structured illumination
microscopy

Taking advantage of the s2-dots in brightness, photostability,
and microsecond scale lifetime, we developed a time-resolved
Fig. 3 Time-resolved structured illumination microscopy (TR-SIM) for su
lifetime imaging in widefield mode and SIM mode. The cluster in WF mod
resolution. The individual lifetime curves of single UCNPs are then obtai
covered pixels). (b) Principle of the SIMmethod. Typically, 9 sinusoidal exc
in SIM. By exciting the sample with illumination patterns, the high-frequ
limited detection passband. Thus, super-resolution images can be recon
super-resolution imaging series in TR-SIM at 300 ms, 600 ms, and 1200 ms
a time gate of 100 ms, under the laser excitation patterns of 0–200 ms.
sponding area imaged by widefield microscopy (e). (f) Line profiles of th

© 2022 The Author(s). Published by the Royal Society of Chemistry
super-resolution imaging method based on structured illumi-
nation microscopy.30–36 Compared to traditional TR-WF, the TR-
SIM has superior decoding accuracy and better efficiency on
high-throughput optical multiplexing imaging, beneting from
its ability to resolve the aggregated particles within diffraction
limitation (Fig. 3(a)). Fig. 3(a) is the diagram of TR-WF and TR-
SIM. In TR-WF, under a wideeld (WF) Gaussian beam excita-
tion, the time-resolved camera collects WF images at different
time points. The evolution of the integrated intensity shows the
lifetime prole of a cluster of UCNPs (Y-axis is the summed
intensity of its covered pixels). With improved resolution in
structured illumination microscopy (SIM) mode, as a contrast,
the cluster can be resolved into single UCNPs, with their life-
time proles. Typically, nine excitation patterns are required to
achieve linear SIM,30,32,35 as shown in Fig. 3(b). Here we use the
DMD to generate the nine sinusoidal illumination patterns
along with three angles (q ¼ 0�, 60�, and 120�) and three phase
steps (4 ¼ 0, 2p/3, and 4p/3) per angle for linear SIM. For each
time point, the nine raw images are processed by the Fourier-
based image reconstruction algorithm to obtain the super-
resolution image. We use an open-source SIM reconstruction
b-diffraction imaging. (a) Illustration of the comparison of fluorescence
e can be resolved into single UCNPs in SIM mode due to the improved
ned for the particle classification (Y-axis is the summed intensity of its
itation patterns with differences in the orientations and phases are used
ency super-resolution information can be shifted into the diffraction-
structed with an extended spatial frequency spectrum. (c) Example of
, which are selected from a detection range from 0 ms to 3000 ms with
Scale bar: 2 mm. (d) Enlarged imaging area under TR-SIM and corre-
e selected areas in (d) and (e).

Nanoscale Adv., 2022, 4, 30–38 | 33
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Fig. 4 Comparison of TR-WF and TR-SIM with seven kinds of s2 dots.
For each group, TR-WF and TR-SIM and the line profiles of selected
areas (indicated by the arrows in TR-SIM images) are shown from left
to right. Scale bar: 2 mm.
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soware fairSIM (free analysis and interactive reconstruction
SIM)33 for both parameter estimation and reconstruction
process. Furthermore, in order to acquire the 30-frame TR-SIM
image series, nine groups of time-resolved frames are captured
with the time-resolved camera under the nine excitation
patterns, respectively. Fig. 3(c) shows the typical TR-SIM images
of s2-2 dots at the time points of 300 ms, 600 ms, and 900 ms with
a time gate of 100 ms. The UCNPs can be clearly resolved by TR-
SIM (Fig. 3(d)), compared with the TR-WF image (Fig. 3(e)). The
34 | Nanoscale Adv., 2022, 4, 30–38
line prole of a single UCNP (Fig. 3(f)) indicates a lateral reso-
lution of 185.5 nm.

Fig. 4 shows the TR-SIM and wideeld images from samples
s2-1 to s2-7, respectively. Here the super-resolution images are
acquired from the time sequence where the intensities achieve
the maximum in the lifetime proles (range from 400 ms to 1000
ms) for a better signal-to-noise ratio. The line proles of the
arrow-pointed particles are shown in the third column. These
line proles are tted with the Gaussian function to nd their
full width at half maxima (FWHM), ranging from 172.9 nm to
192.0 nm. The line proles of single UCNPs indicate a lateral
resolution of 184.8 � 6.2 nm, with an improvement factor of
1.85 compared to the FWHM of 341.7 � 19.6 nm in wideeld.
The ability to resolve individual nanoparticles with improved
resolution allows TR-SIM to detect more single nanoparticles
and their lifetime proles than TR-WF, as different nano-
particles and their lifetime proles are overlapped within the
diffraction-limited spots in wideeld imaging. The slight
distortion of nanoparticles' images results from the limited
time-resolved detecting efficiency, which can be improved by
using a more sensitive camera, a more stable stage, or a higher
excitation power in the future.
2.4. Decoding in multiplexed super-resolution imaging

Next, we need to identify the spatially separated nanoparticles
according to their lifetime ngerprints. This classication is
based on recognizing the lifetime feature rather than absolute
intensity. Hence, the time-invariant background light will not
affect the classication accuracy. In Fig. 5, we developed
a straightforward maximum correlation with the mean lifetime
curve (MC-MLC) method to decode the multiplexing of different
channels with different kinds of s2-dots. The working scheme of
MC-MLC is shown in Fig. 5(a)–(c). The statistic lifetime proles
(Fig. 5(b)) are averaged frommany (typical >200) of single UCNP
lifetime proles (Fig. 5(a)). With the database of averaged life-
time proles for all seven types of dots, we can identify any
unknown single dot prole by pointwise intensity comparison,
in which the quantitative indicators (the sum of squares of

deviations:
P30

k¼1
ðIk � IkðxÞÞ2, x ¼ 1, 2, ., 7) of each round

comparison determines the category of the single dot (Fig. 5(c)).
Here, k represents the different time points, I is the lifetime
prole from the unknown dot, and �I is the averaged lifetime
prole from the known dots.

Fig. 5(d) shows the recognition results for s2-1, s2-4, and s2-7
dots, in which the accuracies are higher than 90%, due to the
well separated lifetime curves of these three types. The accuracy
is estimated by taking the ratio of the classied number of
particles with the total number of particles. For instance, during
the three-channel accuracy estimating experiment (Fig. 5(d)),
1419 particles are classied into three types (334, 552, and 533
for s2-1, s2-4, and s2-7, respectively) according to their lifetime
proles. The 313 particles within all 334 s2-1 dots are classied
into s2-1, which indicates an accuracy of 93.7%. This validates
our MC-MLC method. However, when we increase the cate-
gories of s2-dots to six or seven types of dots, the accuracies of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Recognition of multi-channel single s2-dots in SIM mode with MC-MLC method. (a–c) Principle of MC-MLC method. The lifetime curve
of a single dot (a) is compared with the mean curves of measured multiple s2-dots (b). The least sum of squares of these deviations gives the
classification result (c). (d–f) Classification accuracies of 3, 6, and 7 types of s2-dots by MC-MLC method.
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every dot decrease with the lowest accuracy of 54.4% for s2-2
(Fig. 5(e) and (f)).

The bowl-shaped recognition accuracies in Fig. 5(f) indicate
the challenge to identify the very similar lifetime proles. The
overlapping sections in lifetime curves result in difficulty in
distinguishing UCNPs. The overlapping is from two factors: (a)
how close the averaged curves are, (b) how much the variation
for a single dot curve is. For the central types, both the similarly
averaged curves and the dot-to-dot variations wouldmake it very
hard to distinguish the central types. According to the MC-MLC
method, it only counts for the difference in the same time point,
while the curve feature's information might be hidden inside
the cross-analysis between different time points. Besides, the
weight of the curve at different time points should be different
with different intensity amplitudes and signal-to-noise ratios.
Therefore, it is challenging to nd a simple mathematical
expression to include the dependent factors, while the deep
learning algorithms provide a straightforward way to take all
lifetime signatures, including cross-correlation between
different time points and signal-to-noise ratios.

We further developed a deep learning algorithm to improve
the multichannel recognition rates, as shown in Fig. 6(a). The
algorithm is based on the convolutional neural networks (CNN)
architecture, which contains one convolutional layer and a fully
connected network with two layers. The CNN includes 80
channels on the convolutional layer, 80 neurons on the rst
fully connected layer, and 50 neurons on the second connected
layer. The CNN is trained using a variant of the stochastic
gradient descent (SGD) algorithm, “Adam”. All layers use the
same global learning rate of 0.005. We use Pytorch deep
learning platform to train, validate, and test our network. We
rst apply the super-resolution image series of the seven types
of s2-dots with a quantity of about 200 to 500 dots for training.
© 2022 The Author(s). Published by the Royal Society of Chemistry
To select single dots, we use the watershed segmentation based
on the OTSU threshold to obtain the pixel area of each dot, in
which the image frames at the peak time points are chosen to
use for better signal to noise ratios. The lifetime curve of each
dot is generated from the sum of all pixels contained in the area.
The articial neural networks are trained by s2-dots' lifetime
curves that are separately measured for each type. Then, the
network could extract the ngerprint features of each type of s2-
dots and provide the optimized CNN and classication
boundaries by getting feedback from accuracies. Aer the
trained network was optimized, we randomly selected a set of
untrained image series for each type of dots (about 50 single
dots for each type) to test their classication accuracies. To
eliminate the random effect, we repeated the validation exper-
iment 50 times to produce the mean classication accuracies
for each type of dots, in which 50 dots for each type are
randomly selected for testing, and the others are used to train
the CNN. For three-channel super-resolution multiplexing of s2-
1, 4, and 7, the mean classication accuracies of the lifetime
proles from selected single nanoparticles are further
enhanced to 93%, 93%, and 96%, respectively (Fig. 6(b)). As
shown in the top error bars, the false recognition parts of the
dots are classied into their neighbors. To demonstrate the
power of the super-resolved optical multiplexing, we compared
the recognition possibility of TR-SIM and TR-WF on the mixed
samples of s2-1, 4, and 7 in Fig. 6(c). The aggregation under the
WF mode dramatically affects the lifetime curves and the
sample recognition. For example, an aggregation area of
different kinds of s2-dots would generate a mixed lifetime curve
and lead to a wrong recognition. TR-SIM helps to address this
aggregation-induced articial effect by separating single dots
from the cluster (Fig. 6(c)ii), beneting from its higher lateral
Nanoscale Adv., 2022, 4, 30–38 | 35
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Fig. 6 Deep learning assisted decoding of multi-channel single s2-dots in super-resolution mode. (a) Illustration of the flow path of deep
learning aided decoding process. The time-resolved image series of seven types of single s2-dot are input to convolutional neural networks
(CNN) which contains a convolutional network and a fully connected network with two layers to define the feature coverage for each type of s2-
dots (the classification boundaries). Another randomly untrained seven sets of images are used as ‘unknown dots’ for the classification with
acquired boundaries. Recognition accuracies are obtained by comparing recognition results and true categories of tested dots, based on 50
times random validation test for each type of dots. (b) Mean classification accuracies of 3 and 7 types of s2-dots with deep learning algorithms.
The error bars at the top show the false recognitions. (c) Example of classification results for a mixture of three types of s2-dots (s2-1, 4, and 7
dots, as shown in blue, green and red color same to (b)) in widefield mode (upper left). Scale bar: 2 mm. (i–iii) Imaging results (upper) and
classification results (bottom) of the selected small areas inWFmode and SIMmode show the precisely decoding and increased quantity of single
dots due to the extended sub-diffraction limited resolution. Scale bar: 500 nm. (d) Classification result for the well-trained CNN to recognize the
arbitrary seven sets of ‘unknown’ s2-dots (for visualization purpose, pseudo-colour is used to represent each type of single dots corresponding to
(b)). Scale bar: 2 mm.
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resolution (Fig. 6(c)i). Moreover, the improved lateral resolution
also helps identify more particles (Fig. 6(c)iii).

For the potential seven-channel super-resolution multi-
plexing, all the accuracies are higher than 60%, with a range
from 63% to 86%, showing the better performance of the deep
learning algorithm than the MC-MLC method, with a typical
graphic classication result shown in Fig. 6(b) and (d). By
further assessing the unsuccessfully identied territories, we
36 | Nanoscale Adv., 2022, 4, 30–38
understand that the bias is mainly caused by the prole simi-
larity from neighbouring types of dots. To improve the decoding
accuracies, a further study could focus on enhancing the
emission intensities of single dots for better signal-to-noise
ratios of the raw images. The aggregated particles unresolved
by SIM lead to mixed lifetime curves of single nanoparticles,
which restricts classifying them by the current deep learning
model. It is possible to recognize the single nanoparticles from
© 2022 The Author(s). Published by the Royal Society of Chemistry
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these aggregates by further involving both the luminescence
intensity (Fig. S6†) and lifetime curves into the neural network
in the future since both the lifetime curves and emission
intensities of aggregates are the linear recombination of the
contained nanoparticles.
3. Conclusions

In conclusion, we have developed a super-resolution multi-
plexing imaging method with photostable lifetime-engineered
nanoprobes: a library of Yb3+–Nd3+–Er3+ core–multi shell
UCNPs with tailored lifetime proles. Rather than implement-
ing multiple excitation lasers or separated detection, a simple
optical setup containing a single excitation laser and a single
camera is applied here for multichannel recognition of the
probes. We demonstrate the three-channel super-resolution
optical multiplexing with decoding accuracies above 93% and
potential seven-channel multiplexing with a 185 nm lateral
resolution. Since this work is based on linear SIM, the resolu-
tion can be further improved by using the nonlinear response of
upconversion emission to introduce high-frequency harmonics
into the Fourier domain and to achieve the upconversion
nonlinear SIM (U-NSIM)36 with more illumination patterns. The
imaging speed can be improved by further developing the
nanomaterials. For instance, a shorter lifetime of nanoparticles
results in a shorter frame interval time, and a brighter emission
offers a smaller integration number. Comparing with the
previous work of confocal-based lifetime multiplexing of
UCNPs-decorated microspheres6 and WF decoding of s2-dots,38

this work enhanced the lateral resolution for nanoscale multi-
plexing of single particles towards higher multiplexing capacity
in space. For example, this super-resolution lifetime multi-
plexing method will benet the photonic data storage,6 as the
data density increases with the improved reading out resolu-
tion. This method could also improve the efficiency of single-
molecule (digital) upconversion-linked immunosorbent assay
(digital ULISA),37 as higher resolution provides more accurate
counting result of the number of single nanoparticles, and the
time domain dimension offers more capacity for the multi-
plexing detection. Considering the various excitation power
densities at different depths of biological samples, the CNN-
based deep learning algorithm needs to be retrained with the
input of lifetime curves of all the samples collected under
similar conditions during real applications. The features of the
dots in other domains, such as uorescence intensity, emission
spectrum, or excitation laser wavelength, could also be
considered in the decoding algorithm to improve its perfor-
mances further. The high resolution of the method brings the
security pattern's resolving power from micro-scale to nano-
scale. We believe that TR-SIM with lifetime-engineered nanop-
robes will provide new insights into the multiplexed super-
resolution imaging methods in the time dimension.
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