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Abstract

Super-resolution imaging of live cells over extended time periods with high temporal resolution
requires high-density labeling and extraordinary fluorophore photostability. Here we achieve this
goal by combining the attributes of the high-density plasma membrane probe Dil-TCO and the
photostable STED dye SiR-Tz. These components undergo rapid tetrazine ligation within the
plasma membrane to generate the HIDE probe Dil-SiR. Using Dil-SiR, we visualized filopodia
dynamics in HeLa cells over 25 min at 0.5 sec temporal resolution, and visualized dynamic
contact-mediated repulsion events in primary mouse hippocampal neurons over 9 min at 2 sec
temporal resolution. HIDE probes such as Dil-SiR are non-toxic and do not require transfection,
and their apparent photostability significantly improves the ability to monitor dynamic processes
in live cells at super-resolution over biologically relevant timescales.
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Super-resolution microscopy (nanoscopy) techniques allow fluorescence microscopes to
surpass the Abbe diffraction limit[1] and visualize structural features within cells with
dimensions in the tens of nanometers.[2] But obtaining super-resolution images of live cells
over long time periods (tens of minutes) remains a challenge[3] because: (1) the
fluorophores in most samples are fused to proteins that are present at low density[4]; and (2)
most fluorophores possess limited photostability and are inactivated within seconds.
Fluorophore stability is a special concern for Stimulated Emission Depletion (STED)
nanoscopy[5] because the sample is co-irradiated with an exceptionally powerful depletion
laser.[2] We recently described a lipid-based strategy to visualize organelle structure and
dynamics within live cells at super-resolution that is compatible with both STED[6] and
Single Molecule Switching (SMS)[7] nanoscopy methods and overcomes both limitations.
Prolonged, live-cell confocal and STED imaging of Golgi[6] structure and dynamics was
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achieved previously by combining the trans-cyclooctene (TCQO)-containing high-density
ceramide lipid probe Cer-TCO with the tetrazine-tagged near-IR dye SiR-Tz;[8] prolonged
SMS nanoscopy[9] of multiple organelles was achieved by combining an organelle-specific,
high-density lipid-TCO probe with the spontaneously blinking silicon-rhodamine dye
HMSIR-Tz.[10] In the latter case, images of live cells could be acquired for tens of minutes
using SMS nanoscopy because the lipid environment effectively hides most chromophores in
a dark state equilibrium reservoir and protects them from photobleaching; we refer to these
reagents as High-Density Environment-Sensitive (HIDE) probes.

Here we extend the utility of this lipid-based strategy to achieve long time-lapse 2D imaging
of the plasma membrane of cultured cells and primary neurons using STED nanoscopy. We
find that the previously reported high-density lipid probe Dil-TCO, which localizes to the
plasma membrane,[9] reacts readily with SiR-Tz[6] to form the HIDE probe Dil-SiR and
enables live-cell STED imaging of HeLa cells (Figure 1) for up to 25 min with 0.5 sec
temporal resolution, corresponding to ~3000 time points, more than 70-fold longer than
possible with Cer-SiR.[6] We highlight the simplicity and versatility of imaging with Dil-
SiR by observing the dynamics of day in vitro (DIV) 4 mouse hippocampal neurons for
more than 9 min. To the best of our knowledge, these two movies represent the longest live-
cell STED movies of the plasma membrane in HeLa and primary neuronal cells with < 2 sec
temporal resolution. We anticipate that HIDE probes such as Dil-SiR will facilitate
increasingly detailed, long-term studies of the biogenesis, maintenance, and function of the
plasma membrane.

The membrane probe Dil-TCO was synthesized as described previously,[9] its fluorescence
spectra characterized, and its reaction with SiR-Tz within the plasma membrane to generate
Dil-SiR was verified using confocal microscopy (Figure 2, Supplementary Figure 1). HeLa
cells transiently expressing the fluorescent plasma membrane marker VAMP2-pH[11] were
treated at 37 °C with Dil-TCO (10 uM) for 3 min followed by SiR-Tz (2 uM) for 30 min
(Figure 2a) and imaged using a confocal microscope. As expected, cells treated with 2 pM
SiR-Tz alone only show plasma membrane fluorescence due to VAMP2-pH (Figure 2b) with
no significant signal in the SiR channel (Figure 2c). When cells are treated with both Dil-
TCO and SiR-Tz, however, significant plasma membrane fluorescence that colocalizes with
VAMP2-pH is observed in the SiR channel (Figure 2c, d). VAMP2-pH-associated
fluorescence was unaffected by the presence of 10 uM Dil-TCO (Supplementary Figure 2).
Additionally, Dil-SiR did not significantly affect plasma membrane fluidity, and HeLa cells
labeled with Dil-SiR continued to divide for more than 12 h (Supplementary Figure 3, 4,
Supplementary Movie 1), highlighting the lack of toxicity of this lipid-based labeling
method.

To evaluate the performance of Dil-SiR in live-cell STED nanoscopy, we imaged HeLa cells
using a commercial Leica SP8 STED microscope equipped with a live-cell chamber that
maintained the sample in an atmosphere of 5% CO2 at 37 °C. Cells were treated with 10 uM
Dil-TCO followed by 2 uM SiR-Tz as described above and imaged (Figure 3). Under these
conditions, we observed robust plasma membrane labeling and could resolve individual
filopodia with a full width at half maximum (FWHM) of 188 + 22 nm, roughly half the
value measured by confocal (366 + 38 nm) (Figure 3a, b). Moreover, with Dil-SiR, plasma
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membrane dynamics could be visualized over an extended time period—20 min-witha 2 s
temporal resolution. During this time, filopodia could be seen extending, retracting, and
moving laterally (Figure 3c, Supplementary Movie 2). Additionally, by decreasing the field
of view to 10.57 pm? from 19.38 pm2, we could increase our acquisition rate to 2 frames/sec
(0.5 sec temporal resolution) while observing plasma membrane dynamics for 25 min—
3000 frames in total (Supplementary Figure 5, Supplementary Movie 3).

To highlight the advantages of the HIDE probe Dil-SiR for STED nanoscopy of the plasma
membrane, we compared the images obtained by visualizing Dil-SiR to those obtained by
visualizing SiR-labeled Smo-Halo[12], a widely used plasma membrane protein marker.[13]
HeL a cells expressing Smo-Halo[12] were treated with 2 uM SiR-CA[8] for 30 min at 37 °C
to form Smo-SiR and visualized on the Leica SP8 STED microscope (Figure 4a,
Supplementary Figure 6). Under STED conditions, the Smo-SiR signal could be visualized
for <1 min before significant bleaching occurred (Figure 4b. Supplementary Movie 4).
Notably, cells labeled with Dil-TCO followed by SiR-Tz (Figure 4a) and imaged under the
same STED conditions exhibited strong fluorescence for more than 25 min (Figure 4c,
Supplementary Movie 5). Plots of the normalized fluorescence intensity over time of cells
labeled with Smo-SiR revealed a half-life of 0.44 £+ 0.03 min and no image could be
observed after 1.5 min. Cells labelled with Dil-SiR exhibited only a 33 + 3% decrease in
fluorescence over the course of the 25 min image acquisition (Figure 4d). Taken together,
these data highlight the advantages of Dil-SiR over conventional protein labeling for live-
cell STED microscopy of the plasma membrane. The combination of a high labeling density
with a dark state reservoir enable exceptionally long time-lapse analysis of plasma
membrane dynamics with high temporal resolution.

In addition to an increase in apparent photostability, a second novel advantage of the HIDE
approach is that it obviates transfection, as the reagents are simply added to live cells. To
highlight this advantage, we asked whether Dil-SiR would facilitate STED nanoscopy of
primary neurons of the central nervous system (CNS). Primary CNS neurons contain fine
structures, such as dendritic spines and axons, and during developmental circuit formation,
they also contain transient and dynamic filopodia that survey the environment and initiate
synaptogenesis.[14] Because of the functional importance of these dynamic events, CNS
neurons are a popular target for both live-cell STED[15] and SMS[16] nanoscopy. However,
capturing transient or dynamic structures and phenomena at high spatial and temporal
resolution on the time scale of minutes can be difficult with existing nanoscopy strategies.
[17]

We isolated and plated mouse hippocampal neurons from <1 day-old pups under standard
conditions. After 4 days, neurons were incubated at 37 °C with 10 uM Dil-TCO (3 min)
followed by 2 pM SiR-Tz (30 min) (Figure 5a) and subsequently imaged on a Leica SP8
STED microscope equipped with a live-cell chamber. The images revealed strong membrane
fluorescence that could resolve individual filopodia on neurites with a FWHM as low as 90
nm, a greater than 4-fold improvement over confocal alone (390 nm) (Figure 5b). Dil-SiR
allowed filopodia dynamics to be visualized for over 9 min at < 2 sec temporal resolution
(Supplementary Movie 6). Although longer movies (10-60 min) have been recorded using
STED or SMS nanoscopy, their temporal resolution is poorer (11-900 sec);[15¢—j, 16¢, 16d]
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movies with comparable or lower temporal resolution are significantly shorter (10-44 sec).
[15a, 15b, 164, 16b]

The ability to follow neuronal dynamics over long times at high temporal resolution revealed
interesting behavior. In one example, we observed a pair of filopodia contacting each other
at 20 sec then retracting at 60 sec (Figure 5¢) followed by extension of an adjacent filopodia
and another contact event at 90-132 sec (Supplementary Movie 7). We also observed
filopodia undergoing likely contact-mediated repulsion[18] over the course of 158-186 sec
with extension, brief contact, and rapid retraction (Figure 5d and Supplementary Movie 8).
Interestingly, these events do not lead to lasting fusion, suggesting unfavorable partnering.
These filopodia originate from the same cell (Supplementary Figure 7) and thus this
behavior could represent a self-avoidance event that ensures the dendrites do not cross, or a
self/nonself discrimination event controlling synaptic partner selection.[19] Dil-SiR enabled
us to capture several additional types of dynamic neurites during the dendritic outgrowth
stage of hippocampal neuron development, including dynamic dendritic branches proximal
to the cell body (Supplementary Movie 9), putative spine precursor along a stabilizing
dendrite, as indicated by the presence of dendritic spines (Supplementary Movie 10), and
distal dendrite dynamics (Supplementary Movie 11).[14b]

In summary, in this contribution we extend the utility of HIDE probes to achieve
exceptionally long time-lapse images of the plasma membrane via STED nanoscopy. HIDE
probes such as Dil-SiR are compatible with cultured (HeLa) and primary (hippocampal
neurons) live cells, and the combination of high labeling density with a dark state reservoir
enables the acquisition of significantly longer movies than with state-of-the-art fusion
proteins while achieving high temporal resolution. We expect that the outstanding
photostability of Dil-SiR will empower future studies of membrane dynamics. Ongoing
work in our group is focused on applying Dil-SiR to long-term 3D and two-color nanoscopy
in a variety of cell lines and utilizing next generation fluorophores.[20]

Supplementary Material
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Figure 1.
Two-step procedure to label the plasma membrane of live cells with the HIDE probe Dil-

SiR. In the first step, Dil-TCO is localized to the plasma membrane (10 pM Dil-TCO, 3 min
at 37 °C); labelling occurs in a second step upon reaction of Dil-TCO with SiR-Tz (2 pM;
30 min at 37 °C).
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Figure2.

Dil-SiR colocalizes with the plasma membrane marker VAMP2-pH. a) HeLa cells

- Dil-TCO
+ SiR-Tz

+ Dil-TCO
+ SiR-Tz

transiently expressing VAMP2-pH are treated at 37 °C with 0 or 10 uM Dil-TCO for 3 min
followed by 2 uM SiR-Tz for 30 min and the cells visualized using confocal microscopy.
Confocal images obtained by detecting the (b) VAMP2-pH channel or (c) the SiR channel of
cells treated with SiR-Tz and with or without Dil-TCO. d) Merge of the VAMP2-pH and
SiR channels of cells treated with SiR-Tz and with or without Dil-TCO. Scale bars: 10 um.
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Figure 3.
Long time-lapse STED imaging of live HeLa cells labeled with Dil-SiR. HeLa cells are

treated at 37 °C with 10 pM Dil-TCO for 3 min followed by 2 uM SiR-Tz for 30 min and
the cells visualized using a Leica SP8 STED microscope. a) Confocal image of filopodia.
The average signal from the 3 line profiles shown (white lines) appears as an insert. A fit of
this data to a Lorentzian function (white dotted line) provides a FWHM (mean + SD, n = 3)
of 366 + 38 nm. b) STED image of filopodia. A fit of the 3 line profiles shown (yellow lines)
to a Lorentzian function (yellow dotted line) provides a FWHM value (mean + SD, n = 3) of
188 + 22 nm. ¢) Time-lapse images of HeLa cell dynamics. Blue arrows indicate filopodia
movement. Scale bars: 2 pm.
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Figure 4.
Comparison between Smo-Halo and Dil-SiR labeling in live HeLa cells. a) HeLa cells

transiently expressing Smo-Halo are treated at 37 °C with 2 uM SiR-CA for 30 min and
compared to HelL a cells treated at 37 °C with 10 uM Dil-TCO for 3 min and 2 pM SiR-Tz
for 30 min. b,c) Time course images of cells labeled with Smo-SiR or Dil-SiR imaged under
the same conditions using a Leica SP8 STED microscope. Time line shown in minutes with
breaks to show later time points. b) STED imaging of Smo-SiR over time. ¢) STED imaging
of Dil-SiR over time. d) Plot of the normalized fluorescence intensity of Smo-SiR (blue) and
Dil-SiR (red) over time (mean + SD, n = 3 cells). Scale bars: 2 um.
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Long-term live-cell STED imaging of DIV 4 mouse hippocampal neurons with Dil-SiR. a)
DIV 4 neurons were labeled with 10 uM Dil-TCO for 3 min followed by 2 uM SiR-Tz for

30 min. b) Snapshot of a STED movie with confocal cutaway in gray. The yellow line

profile is shown as an insert. The dashed yellow line represents the Lorentzian fit for the

STED image, while the white dotted line represents the Lorentzian fit for the confocal

image. These profiles are characterized by FWHM values of 90 nm (STED) and 390 nm
(confocal). c) Pink, and d) green square outline from b; timecourses with corresponding pink
and green arrows denoting filopodia dynamics; yellow outlines designate contact events.

Scale bars: 2 umin b, 1 ymin c,d.
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