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Multiplexed stimulated emission depletion
nanoscopy (mSTED) for 5-color live-cell
long-term imaging of organelle interactome

Yuran Huang!t, Zhimin Zhang!?f, Wenli Tao!f, Yunfei Wei3, Liang Xu?,
Wenwen Gong?, Jiagiang Zhou*, Liangcai Cao®, Yong Liu®,
Yubing Han'3*, Cuifang Kuang®?7* and Xu Liu'2

Stimulated emission depletion microscopy (STED) holds great potential in biological science applications, especially in
studying nanoscale subcellular structures. However, multi-color STED imaging in live-cell remains challenging due to the
limited excitation wavelengths and large amount of laser radiation. Here, we develop a multiplexed live-cell STED
method to observe more structures simultaneously with limited photo-bleaching and photo-cytotoxicity. By separating
live-cell fluorescent probes with similar spectral properties using phasor analysis, our method enables five-color live-cell
STED imaging and reveals long-term interactions between different subcellular structures. The results here provide an
avenue for understanding the complex and delicate interactome of subcellular structures in live-cell.

Keywords: optical nanoscopy; phasor analysis; multicolor live cell imaging

Huang YR, Zhang ZM, Tao WL et al. Multiplexed stimulated emission depletion nanoscopy (mSTED) for 5-color live-cell long-term
imaging of organelle interactome. Opto-Electron Adv 7, 240035 (2024).

Introduction the order of tens of nanometers, allowing the study of

An increasing body of research indicates that the subcel- nanoscale intracellular organelles under the diffraction

lular structures within cells establish an intricate net- limit*'*. However, the interactions between the ultrafine

work of interactions to facilitate crucial physiological
functions'?. Over the past two decades, super-resolution
fluorescence microscopy (SR) has continued to change
the perception of the power of fluorescence microscopy,

pushing the resolution of remote optical microscopy to

subcellular structures are both systematic and complex in
living cells, making it still challenging to analyze their
structure, dynamics, and functions under physiological
and pathological conditions using multi-color super-res-

olution imaging'2.
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Stimulated emission depletion microscopy (STED) is
one of the leading techniques beyond the diffraction lim-
it*13, and it ensures minimal artifacts by its immediate
super-resolution microscopic properties without post-
processing'“'>. In the last decade, the need to study the
interactions between subcellular structures has led to an
increasing interest and application of multicolor live-cell
STED, most conventionally achieved by using multiple
excitation-depletion beam pairs'®”. However, increasing
the number of depletion beams not only makes the sys-
tem more complex and dramatically increases the con-
struction cost, but also increases the likelihood of photo-
bleaching and more severe photo-cytotoxicity, which is
not conducive to live-cell imaging. On the other hand,
the use of a single depletion beam along with multiple
excitation beams limits the range of available excitation
wavelengths, and dividing the restricted band into multi-
ple densely arranged spectral channels and reducing
crosstalk between them poses a significant challenge's.
Currently, with the help of long Stokes-shifted dyes, two
to three color STED is the most commonly achieved with
this method!"-?!. In addition, other researchers have used
fluorescence spectral differentiation'®?>? or light-switch-
ing properties of fluorescent groups® to achieve multi-
color STED imaging.

Apart from the methods mentioned above to achieve
multi-color imaging, a rising method to achieve struc-
ture segmentation is to exploit the natural difference of
the fluorescence lifetime*2%. Conventional fitting-based
fluorescence lifetime imaging methods, when applied in
multi-color imaging, require the simultaneous fitting of
multiple variables on a pixel-by-pixel basis, which is
time-consuming and requires a lot of photons®. In con-
trast, phasor approach solves these problems by convert-
ing time-domain analysis into phase-domain analysis. It
has proven to be an excellent tool for lifetime-based mul-
ticolor imaging®* > and has been extended to address
multiple separations in both lifetime and spectral do-
mains**,

A number of researchers have used phasor approach
in STED microscopy to analyze fluorescence lifetime dif-
ferences between multiple labels*3>-¥. However, these
methods have primarily been applied to fixed cells. The
difficulties in i) screening out live-cell probes with
brightness and anti-bleaching properties suitable for
STED imaging, ii) simultaneously labeling multiple sub-
cellular structures in living cells, and iii) separating dif-
ferent fluorescent probes in the same spectral channel

https://doi.org/10.29026/0ea.2024.240035

using proper phasor plot analysis hindered its applica-
tion in live-cell STED imaging. Due to these challenges,
biologists currently face a lack of effective methods for
studying the dynamics and function of subcellular struc-
tures using STED microscopy, as the interactions of four
or more subcellular structures are difficult to observe.
Hence, arises the need to develop multi-color STED mi-
croscopy for live-cell imaging.

Here, we propose a live-cell multi-color STED method
(mSTED) that takes advantage of clustered proportional
partitioning of fluorescence lifetime phasor analysis and
multiple labeling of subcellular structures with live-cell
fluorescent probes. By combining the phase-distribution
properties of fluorescence with live-cell STED mi-
croscopy, we show in this work long-term 5-color live-
cell super-resolution imaging with limited photobleach-
ing was achieved in mSTED, enlightening research on bi-

ological topics such as subcellular structural interactome.

Methods

Setup of MSTED
In traditional STED, multiple staining of fluorescent
probes with similar excitation and emission spectra may
lead to confusion in recognizing subcellular structures
when using the same excitation laser. While fluores-
cence lifetime is the inherent property of specific fluo-
rophores, different lifetime values can be used to assign
the identity of the probes, if this value can be acquired in
imaging (Fig. 1(a)). We implemented this method in a
mSTED instrument and investigated the fluorescence
lifetime separation of live-cell fluorescent probes in the
same spectral channel.

mSTED can be implemented with a few modifications
to a common STED microscope. As depicted Supple-
mentary information Fig. S1, we constructed a system
that consisted of two pulsed excitation beams (Pico-
quant LDH series) commonly used at wavelengths of 560
nm and 640 nm, along with a high-power depletion
beam (Onefive GmbH Katana-08 HP) at a wavelength of
775 nm. where the depletion beam is vortex phase mod-
ulated and focused by the objective lens (Nikon CFI Plan
Apochromat DM Lambda 100X Oil) to form a donut-
shaped spot, thus suppressing fluorescence emission
from fluorescent molecules located at the periphery of
the excitation spot. The remaining fluorescence is detect-
ed by the avalanche photodiode (Excelitas SPCM-
AQRH-TR series) after passing through the dichroic
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Fig. 1 | mSTED structure identification. (a) Schematic diagram of fluorescence lifetime multiplexing, where spectral multiplexing contains only
a limited number of spectral channels, whereas lifetime multiplexing by phasor analysis allows simultaneous observation of all the different struc-
tures. (b) Fluorescent probe selection strategy, four live-cell STED probes were selected at 560 nm and 640 nm excitation wavelength each and
the difference in fluorescence lifetimes between them was measured. (c) Comparison of mSTED with confocal and STED, the greyscale image
represents the intensity map obtained by Confocal and STED imaging, while the colored image demonstrates that mSTED can identify mitochon-
dria and microtubules after phase analysis. The phasor points are projected onto the fitted line and further classified, ultimately leading to the
segmentation of the intensity image. Live U20S cells were labeled with Atto 647N (magenta; mitochondria) and Tubulin Deep Red (cyan; micro-
tubules). The two structures were simultaneously excited by a beam at a wavelength of 640 nm. The clusters indicated by magenta and cyan ar-
rows in the phasor plot correspond to mitochondria and microtubules, respectively. (d—g) Comparison of mSTED imaging versus confocal imag-
ing of segmented mitochondria and microtubules, corresponding to the regions marked by the white boxes in (c). (h, i) Line profiles along the dot-
ted lines in (f,g) which show that STED is able to separate two microtubules in close proximity, revealing details unobservable by confocal im-
ages. The presence of sharp peaks in the profile suggests that the mSTED image exhibits a resolution of 60 nm. (j—I) Identification of DNA and
microtubules using mSTED in the 560-nm excitation channel. Live U20S cells were labeled with DNA Live 560 (yellow; DNA) and Tubulin Live
560 (cyan; microtubules). Scale bars: (c) 2 ym; (d, €) 500 nm; (j) 5 pm.
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mirror. The introduction of the depletion beam will lead
to a decrease in the number of fluorescent photons and a
shortening of the fluorescence lifetime, making it diffi-
cult to separate different structures. To address this
shortcoming, we added an acousto-optic modulator to
the depletion beam path, which enables the depletion
beam to switch on and off line by line, and to use the flu-
orescence signals obtained when the depletion beam is
turned off as the basis for separating different structures.
In STED imaging based on intensity identity, the fluores-
cence signals are fed into the data acquisition card to be
counted; whereas in our mSTED, time-correlated single-
photon counting techniques (TCSPC, Siminics FT1080)
is used to detect the time difference between the ac-
quired fluorescence signal and the excitation pulse sig-
nal. By counting the time difference pixel by pixel, the
fluorescence decay can be obtained.

Phasor analysis

Phasor analysis was introduced to convert fluorescence
decays into color-mapped images where different colors
represent different fluorophores®. Instead of a complex
and time-consuming fitting process, this analysis trans-
forms each decay into two coordinates in a polar plot.
Thus, the position of each point in the phasor plot repre-
sents the fluorescence lifetime of each pixel. To correctly
calculate the phasor plot, only two additional parame-
ters are needed: the temporal resolution of the TCSPC
and the angular frequency of the excitation pulse. Fur-
ther consideration of the instrument response function
(IRF) helps to obtain a more accurate phasor plot. De-
tailed method for acquiring fluorescence decay, phasor
analysis and mitigating the effects of IRF are outlined in
Supplementary information Section 1.

When multiple fluorescent probes overlap each other,
the fluorescence decay of some pixels may have multiple
contributions. According to the phasor theorem, these
pixels correspond to phasor points located in the middle
of multiple phasor clusters. To separate the overlapping
fluorescent probes, we projected these phasor points on-
to the line obtained from the fitting, and proportionally
allocated the number of photons from the correspond-
ing pixel into the two structures based on the reciprocal
of their distances to the respective phasor clusters, thus
generating mSTED images. Isolated points caused by
noise and microenvironmental variations are eliminated
to suppress crosstalk between structures. In Supplemen-
tary information Fig. S8, we provide an illustrative exam-

https://doi.org/10.29026/0ea.2024.240035

ple of how we separated mitochondria and microtubules
when they overlapped each other. The implementation
of this process is described in Supplementary informa-
tion Section 2.

Fluorescent probe selection

In monochromatic imaging, phasor points tend to form
distinct clusters; whereas in mSTED, phasor plot com-
prises multiple clusters. If the selected fluorescent probes
have similar lifetimes, the phasor clusters will exhibit sig-
nificant overlap. Hence, it is crucial to choose fluores-
cent probes based on their distinct lifetimes. The fluores-
cence lifetime of a series of commonly-used fluorescent
probes for live-cell imaging was first measured, and their
difference values were calculated. Two- and multi-color
labeling experiments were subsequently performed to as-
sess the viability of various probe combinations. Our
evaluation focused on detecting any potential crosstalk
between individual structures during multi-color imag-
ing. Based on the empirical results obtained, in Fig. 1(b),
we list a number of feasible probes combinations that
can ensure reliable separation of different structures for
accurate and precise analysis. Probe dosages and label-
ing methods are described in Supplementary informa-
tion Section 3. However, it is worth noting that when the
state or microenvironment (pH, viscosity, etc)*® of the
cell is unstable, variation in fluorescence lifetimes may
result in the original difference in lifetimes being insuffi-
cient for proper separation of structures, e.g., in Supple-
mentary information Fig. S6, a portion of the probe la-
beled with lysosomes has the same fluorescence lifetime
as the probe labeled with DNA. At this point combina-
tions of probes with greater differences in lifetime are
required.

Results and discussion

Structure identification in live-cell STED based on
phasor analysis

First we demonstrated the ability of mSTED to separate
two different structures. However, this method can also
be employed for multi-color imaging of structures with
sufficiently distinct fluorescence lifetimes. In Fig. 1(c),
Tubulin Deep Red and Atto 647N were used to label mi-
crotubules and mitochondria in U20S cells. Due to the
overlapping excitation and emission spectra of these two
probes, segmentation in STED imaging based solely on
intensity was very difficult. Nevertheless, by analyzing
the lifetime information, we were able to assign different
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colors to pixels corresponding to distinct clusters in the
phasor plot, effectively separating different biological
structures. We also observed centrosomes with hollow
structures (Fig. S9). The fluorescence lifetime of the cen-
trosome region was not disturbed, allowing it to be dis-
tinguished from that of mitochondria. A similar out-
come was achieved at a wavelength of 560 nm in Fig.
1(j-1), where the significant difference in lifetime be-
tween DNA Live 560 and Tubulin Live 560 resulted in
the appearance of two distinct clusters in the phasor plot,
corresponding to DNA (Fig. 1(k)) and microtubules (Fig.
1(1)). To verify the accuracy of the segmentation results,
we labeled mitochondria (Tubulin Deep Red) and micro-
tubules (Mito Deep Red) in the 640-nm excitation chan-
nel, while simultaneously labeling mitochondria (Mito
Tracker Red) in the 560-nm excitation channel as
ground truth. Supplementary information Fig. S4 shows
that mitochondria have a consistent distribution in the
560-nm excitation channel and in the 640-nm excitation
channel where mSTED imaging was performed, with a
crosstalk of only 4%, validating the reliability of mSTED
results.

Although the lifetime-based multiplexing method re-
mains applicable in confocal microscopy, its limited res-
olution can hinder the observation of subtle cellular ac-
tivities. In this study, we present the capability of mST-
ED to enable simultaneous super-diffraction limited
imaging of multiple structures within living cells. Fig.
1(d-g) illustrates a comparison between the imaging ef-
fects of STED and confocal microscopy on isolated mito-
chondria and microtubules, corresponding to the re-
gions indicated by the arrows in Fig. 1(c). The STED im-
ages reveal finer details of the microtubules and mito-
chondria, effectively separating the structures that are
confounded in the confocal microscope. A more visually
striking comparison is depicted in Fig. 1(h-i), where
mSTED produces sharp peaks that are not visible in con-
focal microscopy. Since the resolution of STED imaging
strictly depends on the power of excitation and deple-
tion laser, we achieved the highest resolution of 60 nm by
using Tubulin Deep Red and Atto 647N probe with 640-
nm excitation laser (power density of 3.1 kW/cm? for ex-
citation laser and 26 MW/cm? for depletion laser) and 90
nm using DNA Live 560 and Tubulin Live 560 with 560-
nm excitation laser (Fig. S5, power density of 7.5
kW/cm? for excitation laser and 32 MW/cm? for deple-
tion laser). To better illustrate the resolution of mSTED,
we also statistically analyzed the diameters of the micro-

tubules in Fig. 1(c) and obtained a full-width half-maxi-
mum of 56 + 5.8 nm, which can be viewed in detail in
Supplementary information Fig. S11. The resolution of
mSTED under lower depletion intensity is also ad-
dressed in Supplementary information Fig. S12 and Sup-
plementary information Section 4.

Reduced photo-bleaching and photo-cytotoxicity in
mSTED

To verify the performance of mSTED in photo-bleach-
ing and photo-cytotoxicity, we performed dual-staining
of live-cell and observed the samples with both tradition-
al dual-color STED and our mSTED imaging. The mito-
chondrial shapes were chosen as one of the key indica-
tions since mitochondria are very sensitive to photo-cy-
totoxicity®. We also focused on the fluorescence intensi-
ty after long-term imaging to compare the photo-bleach-
ing level of the two methods.

In the experiment, we controlled the variables by set-
ting the cell types, labeling dosage and laser power of
both excitation and depletion lasers to be the same. Ad-
ditionally, the dwell time will also significantly affect
photo-bleaching and photo-cytotoxicity. Both conven-
tional two-color STED and mSTED were set to a dwell
time of 10 us. Consequently, it took 13.16 s and 6.58 s to
acquire a single frame of conventional two-color STED
image and mSTED image, respectively. 6.58 s also repre-
sents the highest temporal resolution in the mSTED im-
ages covered in the full paper. Utilizing the reduced pho-
ton counting requirements of phase analysis, mSTED
imaging only necessitates a dwell time of up to 20 ps.
This results in a total single-frame imaging time in the
order of seconds to tens of seconds, depending on the
field-of-view.

In traditional dual-color STED, two pairs of excita-
tion-depletion lasers were implemented to excite and de-
plete the two probes from different spectra separately, re-
sulting in significant photo-bleaching and photo-cyto-
toxicity (Fig. 2(a) and 2(c)). We used Tubulin Deep Red
and Mito Tracker Red to stain microtubules and mito-
chondria in live-cell and tested their performance in tra-
ditional dual-color STED. During the whole imaging du-
ration for ~11 min, the two probes in traditional dual-
color STED were gradually bleached to invisible (Tubu-
lin Deep Red signal: 13.4% remained; Fig. 2(d)). At the
same time, the mitochondria turned into swollen and
round shapes, indicating severe photo-cytotoxicity
(white arrows in Fig. 2(c)). In contrast, for dual-color
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Fig. 2 | Photo-bleaching and photo-cytotoxicity of mSTED. (a) Traditional dual-color STED imaging of mitochondria and microtubules in live-

cell, labeled with Tubulin Deep Red (red; microtubules) and Mito Tracker Red (yellow; mitochondria) and excited alternately with two beams at

wavelengths of 640 nm and 561 nm. (b) Dual-color mSTED imaging of mitochondria and microtubules in live-cell, labeled with Tubulin Deep Red

(red; microtubules) and Mito Tracker Red (yellow; mitochondria) and excited simultaneously with a beam at wavelength 640 nm. For the time-

lapse imaging, the acquire time was 10 s for each single dual-color image in traditional STED and 10 s for dual-color mSTED, and the interval

time between each image was set as 14 s. Representative frames were displayed. (c) magnified views of the white-boxed regions in (a, b). (d)

Photo-bleaching curves of the same probe Tubulin Deep Red under dual-color STED and mSTED imaging (mean value + standard deviation).

Scale bars: 2 ym.

mSTED imaging, the probes from the same spectra need
only one pair of excitation-depletion laser, thus halving
the introduction of laser dose (Fig.2(b) and 2(c)). In
mSTED mode, Mito Tracker Red was substituted by At-
to 647N as a mitochondrial marker to fit the 640-nm ex-
citation laser. After imaging for 11 min, the structures of
both mitochondria and microtubules were still visible,
and 31.5% of the microtubule signal remained (Fig.
2(b-d)). There was no significant swelling of the mito-
chondria, indicating reduced photo-cytotoxicity. Taken
together, the above results suggest an evident reduction
in photo-bleaching and photo-cytotoxicity in dual-color
mSTED than traditional STED.

Multi-color live-cell mSTED with single excitation
beam

Multi-color imaging is of essence to discover the interac-
tions between subcellular structures during physiologi-

cal and pathological activities. The multi-color feasibility

of live-cell mSTED using only one excitation laser beam
was investigated (Fig. 3(a—c)). Three dyes (i.e., DNA Live
560, Tubulin Live 560, PK Mito Orange) excited at 560
nm were successfully separated following proper seg-
mentation (Fig. 3(a)). Interactions between the nuclear,
microtubules, and mitochondria at the same time were
revealed. The result showed that microtubules form a
denser network around the nucleus than in the periph-
ery (white arrows in Fig. 3(b)), and some mitochondria
moving along microtubules turned to another direction
at the microtubule intersections, forming a bending an-
gle (yellow arrows in Fig. 3(c)). Interestingly, we ob-
served microtubules distribute closely around the nucle-
us and formed a gradually widen channel, allowing the
passage of mitochondria across the nucleus channels
(magenta arrows in Fig. 3(c)). The results suggest that
the mitochondria gathered to perinuclear region along
microtubules, in order to support a large amount of en-

ergy consumption in the nucleus. In addition, PK Mito
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Nocodazole—- *

Tubulin deep red

4.5 min
6.0 min
b}

Fig. 3 | Multi-color live-cell mSTED using a single excitation beam. (a) Three-color imaging result of mSTED. Live U20S cells were labeled
with DNA Live 560 (blue; DNA), Tubulin Live 560 (green; microtubules), and PK Mito Orange (orange; mitochondria). (b, ¢) Cellular activity in the
regions marked by the white boxes in (a). (d, e) Live U20S cells were labeled with Tubulin Deep Red (cyan; microtubules) and Atto 647N (ma-

genta; mitochondria) and imaged with mSTED (d) before and (e) after the addition of nocodazole. Scale bars: (a, d, €) 5 um; (b, ¢) 2 ym.

Orange is able to stain mitochondrial cristae as shown in
Supplementary information Fig. S10 using COS-7 cells.
We also explored the possibility of 4-color mSTED imag-
ing using a single excitation beam (Supplementary infor-
mation Fig. S6). The results suggest the potential of
mSTED to segment more structures using the minimum
amount of excitation laser.

We further test and verify the performance of mSTED
in live-cell after drug treatment (Fig.3(d) and 3(e)).
Nocodazole is a benzimidazole derivative widely used to
study microtubule-dependent processes because of its
ability to rapidly depolymerize microtubules**. After the
addition of nocodazole, the number of microtubules was
significantly reduced due to the depolymerization, and
the cells presented a certain degree of shrinkage. No-

tably, the separation of microtubules and mitochondria
was still workable after the addition of the drug, and
most mitochondria still tend to remain around the exist-
ing microtubules according to our results (Fig. 3(e)).
These results indicate that mSTED is still applicable to
the study of the interactions between subcellular struc-
tures in live-cell even after the physiological state has
changed.

Long-term multi-color live-cell MSTED based on
both fluorescence lifetime and spectral identities
To observe and study the dynamics and interactions of
more organelles in live-cell at the same time, we tried to
investigate the upper limit of imaging channel numbers

in live-cell mSTED by using both fluorescence lifetime
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and spectral identities of the fluorescent probes. Al-
though there is no theoretical limit to mSTED imaging
channels, it is challenging to screen out proper fluorescent
probe combinations which meet the following require-

ments at the same time: live-cell compatibility, adequate

brightness and anti-bleaching property for STED imag-
ing, enough fluorescence lifetime differences between
each other. Our results indicate the realization of five-
color mSTED imaging of living U20S cells stained with

the following commercially available fluorescent probes:

ER tracker red

" Actin live 610
Tubulin deep red
Atto ?47 N

Fig. 4 | Extending mSTED through both spectra and fluorescence lifetime property separation. (a—c) Five-color live-cell mSTED imaging of
live U20S cells stained with DNA Live 560 (magenta; DNA), ER Tracker Red (green; Endoplasmic reticulum), Atto 647N (yellow; mitochondria),
Tubulin Deep Red (white; microtubules), and Actin Live 610 (cyan; F-actin). (d—f) Four-color live-cell imaging results, Images of fluorescent

probes excited at (b, €) 640-nm and (c, f) 560-nm laser wavelength. (g-i) Cellular activity in the boxed regions in (d) over a 38-minute period, with

(h) and (i) demonstrating the interaction of multiple structures at different time points. Scale bars: (a—g) 5 upm; (h, i) 2 um.
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DNA Live 560 and ER Tracker Red in 560-nm excitation
channel and Tubulin Deep Red, Atto 647N, and Actin
Live 610 in 640-nm excitation channel (Fig. 4(a-c) and
Fig. S2). Interestingly, a hollow structure of the endo-
plasmic reticulum (ER) signal with a length of over 20
pm was observed (dashed boxes in Fig. 4(a—c)). A por-
tion of F-actin and microtubules colocalized with this
hollow structure, and mitochondria seemed to distribute
around this hollow as the ER did. Contrastively, our re-
sults showed another type of ER tubes with evident
membrane boundary (white arrows in Fig. 4(c)). We
measured the width of this tube (~400 nm) and it is
much bigger than the conventional ER tubules width
(~100 nm)*.. These results indicate new formations of
long-range transport of substances within the ER and the
cytoplasm.

We then captured the dynamics and interactions of
four subcellular structures in living U20S cells in long-
term mSTED imaging, by using two pairs of excitation-
depletion laser beams (Fig. 4(d-i)). After imaging for 38
minutes, the morphology of the subcellular structures
faded out due to both the photo-bleaching effect of fluo-
rescence signal and the shrinkage of the living cell. The
large enough information of long-term multi-color mST-
ED allowed us to discover interesting phenomena in cell
biology. As an illustration, microtubules hold up some
space beneath the nucleus for other organelles to move
around (yellow dashed boxes in Fig. 4(h)), and mito-
chondrial fission (red arrows in Fig. 4(h)) and fusion
(magenta arrows in Fig. 4(h)) happened in this limited
space under the cooperation of ER and microtubules. In
the peripheral cytoplasm, frequent deformation, fission,
and fusion of ER (cyan dashed boxes in Fig. 4(h)) and
mitochondria movement along microtubules and ER
were observed during the long-term imaging (white ar-
rows in Fig. 4(h, i)). These results highlight the superiori-
ty of multi-color mSTED in long-term live-cell imaging
of multiple structures, enabling the systematical interpre-
tation of organelle interaction network at the same time.

Conclusions

STED is widely used in studying subcellular structures,
but its multicolor imaging capability is limited by label-
ing and spectroscopy, leading to significant difficulties
and costs. In this work, we present a method for
nanoscale live-cell multi-color imaging called mSTED.
this method takes advantage of the differences in fluores-
cence lifetimes between a selected series of fluorescent

https://doi.org/10.29026/0ea.2024.240035

probes to achieve segmentation between different struc-
tures based on phasor analysis. mSTED reduces photo-
bleaching compared to spectral multiplexing, enabling
long-term imaging of living cells. We have accomplished
super-resolution imaging of up to five structures using
mSTED, observing the activities and interactions of mul-
tiple organelles. Although alterations in the cellular state
and microenvironment may affect the fluorescence life-
time of the probes and thus introduce increased crosstalk
between structures, we have shown that our method is
compatible with drug treatment and thus has broad ap-
plication potential. mSTED can also be used in combina-
tion with other imaging tools, such as analyzing fluores-
cence anisotropy in homo-FRET in conjunction with
nanoscale structures. We believe that mSTED will be fur-
ther developed as more live-cell fluorescent probes for
STED and more robust phase analysis algorithms are
proposed.

In conclusion, our research extends STED to multicol-
or live-cell imaging, proposes a new avenue to study the
complex and delicate interactome of intracellular or-
ganelles, and holds great promise for uncovering new bi-
ological discoveries.
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