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Isotropic three-dimensional dual-color super-resolution
microscopy with metal-induced energy transfer
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Over the past two decades, super-resolution microscopy has seen a tremendous development in speed and reso-
lution, but for most of its methods, there exists a remarkable gap between lateral and axial resolution, which is by
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a factor of 2 to 3 worse. One recently developed method to close this gap is metal-induced energy transfer (MIET)
imaging, which achieves an axial resolution down to nanometers. It exploits the distance-dependent quenching
of fluorescence when a fluorescent molecule is brought close to a metal surface. In the present manuscript, we
combine the extreme axial resolution of MIET imaging with the extraordinary lateral resolution of single-molecule
localization microscopy, in particular with direct stochastic optical reconstruction microscopy (dSTORM). This
combination allows us to achieve isotropic three-dimensional super-resolution imaging of subcellular structures.
Moreover, we used spectral demixing for implementing dual-color MIET-dSTORM that allows us to image and
colocalize, in three dimensions, two different cellular structures simultaneously.

INTRODUCTION

Super-resolution microscopy has revolutionized optical imaging by
extending the limits of spatial resolution by three orders of mag-
nitude down to a few nanometers. The first truly super-resolving
microscopy methods were stimulated emission depletion (STED)
microscopy (I) and later reversible saturable optical fluorescence
transitions developed by Hell and co-workers (2). This pioneering
work spurred the development of another class of super-resolution
methods, single-molecule localization microscopy (SMLM), which
is based on the idea that one can localize the center position of
an individual fluorescent molecule with much higher accuracy than
the width of the molecule’s image (defined by the optical resolution
of a microscope). SMLM comprises methods such as stochastic op-
tical reconstruction microscopy (STORM) (3), photoactivatable lo-
calization microscopy (PALM) (4), point accumulation for imaging
in nanoscale topography (PAINT) (5) microscopy, its commonly used
variant DNA-PAINT (6), or direct STORM (dSTORM) (7).

All of the abovementioned methods provide superb lateral
resolution, but cellular structures are of course intrinsically three-
dimensional (3D). Thus, several approaches have been developed to
extend the super-resolution capabilities to the third dimension. For
STED, the use of special phase plates allows for generating stimu-
lated emission intensity distributions with particular resolution
enhancement along the optical axis (8). For SMLM, different tech-
niques have been introduced such as biplane imaging (9), astigmatic
imaging (10), or various point spread function (PSF) designs such
as double-helix PSF (11), corkscrew PSF (12), or tetrapod PSF (13).
Recently, clever PSF phase self-modulation has been used for 3D
SMLM deep in tissue (14). However, all these techniques provide an
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axial resolution that is by a factor of 2 to 3 worse than the achievable
lateral resolution (15), very similar to the resolution ratios achieved
in conventional, diffraction-limited confocal laser scanning micros-
copy (CLSM).

This gap between lateral and axial resolution was closed by
4r interferometric microscopy techniques that interfere the emis-
sion of a molecule detected from two opposite sides two objectives.
This leads to a marked improvement in axial resolution as demon-
strated by interferometric PALM (16), isoSTED (17), or whole-
cell 4Pi single-molecule switching nanoscopy (18). However, these
methods are based on macroscopic interferometers that are exper-
imentally very challenging to operate, which prevented their wide
distribution and application so far. One of the latest additions to the
zoo of 3D SMLM is 3D-MINFLUX (19). With 3D-MINFLUX, it is
possible to localize single molecules with subnanometer accuracy
by detecting as few as some hundred photons (20). Moreover, the
recently introduced pulsed interleaved MINFLUX simplifies the
experimental setup, making it potentially more amenable for wider
use (21). However, the currently existing versions of MINFLUX
suffer from low throughput (number of localized molecules per
time) and are still technically more complex than almost all SMLM
methods that are based on conventional wide-field microscopes.

An attractive alternative to the abovementioned interferometric
methods are techniques based on evanescent fields. The first of these
approaches uses the exponentially decaying excitation intensity in
a total internal reflection fluorescence microscope (TIRFM), where
the sample is illuminated from the glass side with a plane wave inci-
dent under a high angle above the critical TIR angle. This illumination
generates an evanescent electromagnetic field on the sample side, so
that the excitation intensity that a molecule sees depends on its dis-
tance from the surface. By taking several snapshots for excitations
under different excitation angles and thus modulating the exponen-
tial decay of the evanescent field intensity, it is possible to calculate
distances of molecules (fluorescent structures) from the surface with
a few-nanometer precision (variable-angle TIRFM) (22, 23). Alter-
natively, one can use the evanescent field of fluorescence emission
for measuring molecule-surface distance values. One of the first
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realizations of this idea was super critical angle fluorescence detec-
tion, which uses the fact that the evanescent field of an emitting
molecule can couple into propagating light modes on the glass side,
which can then be detected with an objective of sufficiently high
numerical aperture (NA). This coupling efficiency is again highly
distance dependent because of the evanescent nature of the coupled
field. By comparing the intensity of this supercritical emission (named
so for its emission angles above the critical TIR angle) with “classi-
cal” emission below the critical TIR angle (which does not depend
on molecule-surface distance), one can again deduce distance values
of single molecules with an accuracy of few nanometers (24-26).

Another technique that exploits the evanescent field of fluores-
cence emission is metal-induced energy transfer (MIET) (27). The
technique uses the distance-dependent coupling of the evanescent
field of a fluorescent emitter to surface plasmons in a thin metallic
layer deposited on the surface of the glass cover slide. The result-
ing energy transfer is extremely distance dependent and leads to a
distance-dependent fluorescence lifetime and intensity of the emit-
ter, which can be used to determine molecule-distance values with
nanometer accuracy (single-molecule MIET or smMIET) (28-30),
despite the unavoidable fluorescence intensity losses due to partial
light absorption by the metal film. This is due to the fact that, al-
though the fluorescence brightness of a dye is increasingly reduced
the closer the dye comes to the metal surface, its photostability
increases proportionally, so that the average number of detectable
photons from one molecule until photobleaching is nearly indepen-
dent on dye-metal distance. However, a dielectric nanocoating can
substantially improve SMLM performance and increase the lateral
localization precision by up to a factor of 2 (31). Because of the broad
absorption spectra of metals, the energy transfer from a fluorescent
molecule to the metal takes place with high efficiency across the full
emission spectrum of a molecule. Meanwhile, MIET imaging was
successfully used for studying various biological questions, for ex-
ample, blood platelet spreading and adhesion (32), the reorganiza-
tion of the actin cytoskeleton during epithelial-to-mesenchymal cell
transformation (33), or the measurement of the interbilayer distance
of a nuclear envelope (34). An interesting alternative to a metal film
as energy acceptor is graphene, which shows a much steeper life-
time-versus-distance dependence (35) and allows for achieving an
order-of-magnitude better axial localization accuracy down to a few
angstroms (36-38).

Thus, a combination of MIET imaging with the high lateral
resolution of SMLM could provide isotropic 3D super-resolution
imaging of cellular structures. However, SMLM techniques are
traditionally camera based, while MIET relies on precise single-
molecule lifetime measurements. To implement fluorescence life-
time-resolved SMLM (FL-SMLM), we have recently combined rapid
confocal laser scanning, pulsed excitation, and time-correlated
single-photon counting (TCSPC) with SMLM based on dSTORM
or DNA-PAINT (39). Although the single molecules are localized
exactly as in wide-field SMLM, this technique has several advantages,
like a light exposure limited to only the scanned area and optical
sectioning that allows imaging deeply into the cell. Most impor-
tantly, the TCSPC detection gives access to the fluorescence de-
cay curves of each localization that provides lifetime information
on a single-molecule basis. This enables lifetime-based multiplex-
ing within the same spectral window and therefore allows for
chromatic aberration-free super-resolution imaging of multiple cel-
lular structures in parallel.
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In this work, we present a combination of smMIET with dSTORM,
one of the most powerful and widely used SMLM techniques. Our
approach combines all the advantages of FL-SMLM with the exqui-
site axial resolution of MIET imaging. First, we demonstrate MIET-
dSTORM on surface-immobilized double-stranded DNA (dsDNA)
constructs. To show that MIET-dSTORM can be used for a wide range
of biological applications, we imaged microtubules and clathrin-
coated pits in fixed U20S cells. Moreover, dual-color MIET allowed
for simultaneous imaging of both structures when using spectral
demixing dSTORM (sd-dSTORM) (40).

RESULTS

Validation of MIET-SMLM

In MIET-SMLM, the axial information is encoded in the fluores-
cence lifetime. To access the single-molecule lifetimes, we performed
FL-SMLM with a custom-built confocal microscope with a fast laser
scanner, single-photon detection, and TCSPC electronics (for more
details, see fig. S1).

For validation of the method, and to check the axial precision of
smMIET, we immobilized Alexa Fluor 647 (AF 647)-dsDNA-biotin
constructs on a gold-coated cover glass topped with a SiO, spacer
layer of well-defined thickness. We used the dye AF 647 for labeling,
which is known for its good performance in dASTORM measure-
ments. Measured TCSPC curves (Fig. 1A) and single-molecule life-
time histograms (Fig. 1B) show the expected lifetime increase with
increasing spacer thickness. From the MIET measurements, we
deduce that the bovine serum albumin (BSA)-neutravidin im-
mobilization layer has a thickness of ~12 nm, which is in excellent
agreement with literature values (41). The width of the height distri-
butions (Fig. 1D) reflects the surface roughness and axial localiza-
tion precision. Therefore, the data confirm that the axial localization
precision is below 10 nm up to a height of 60 nm.

Imaging biological structures using MIET-SMLM

3D imaging with MIET-SMLM is compatible with biological sam-
ples. To demonstrate this, we seeded cells on a cover glass coated
with 10 nm of gold and 5 nm of SiO; using standard immunofluo-
rescence sample preparation procedures (see Materials and Meth-
ods for details). The SiO, layer is crucial to protect the gold from the
chemically reductive environment during sample preparation and
from the thiols in the imaging buffer. First, we imaged a-tubulin in
U20S cells (see Fig. 2A), which were chosen because of their planarity.
The diffraction-limited fluorescence lifetime imaging microscopy
(FLIM) image (Fig. 2B) already reveals clear lifetime differences
along the microtubules, but the finer details become only visible in
the FL-SMLM reconstruction. For each single molecule, lifetime values
were converted to height values to obtain its 3D position. In the
super-resolved reconstruction from 3D localizations shown in Fig. 2C,
subtle height differences on the order of a microtubule diameter
become visible in the network. MIET-SMLM does not compromise
the lateral localization precision, which we estimated to be 9.1 nm
using a modified Mortensen equation (42, 43).

Using MIET does not restrict the choice of possible fluorophores.
We have performed MIET-SMLM with several types of fluoro-
phores, such as AF 647 and CF 680 for classical dSSTORM imaging
and Cy5b for reductive caging SMLM (see fig. S2) (44). For correctly
modeling MIET imaging as required for data evaluation (conver-
sion of lifetime into distance values), exact knowledge of emission
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Fig. 1. MIET-SMLM validation. (A) TCSPC curves for DNA labeled with AF 647 on MIET substrates with different SiO, spacers and on pure glass. (B) Single-molecule life-
time histograms of DNA labeled with AF 647 on MIET substrates with different SiO, spacers and on pure glass. The lifetime histograms include data from several regions
of interest. (C) MIET curve for AF 647 above a MIET substrate with a 10-nm gold layer. (D) Histograms of axial positions (height values) of single molecules calculated with
the MIET curve from their measured lifetimes. Averages and SDs of lifetime and height values are given next to each peak.

— 1.4 =100
90

“E E

o =

£ 80 B

° ©

12 5 T
70

=60

Fig. 2. MIET-dSTORM imaging in cells. (A) Confocal laser scanning image of microtubules in U20S cells labeled with AF 647. (B) Confocal FLIM and super-resolved FLIM
image of the region of interest marked in (A). (C) Super-resolved height image of the corresponding region of interest.

spectra, fluorescence quantum yields, and fluorescence lifetimes of
the used fluorophores (in the absence of any metal quenching) is
required. Therefore, we performed lifetime reference measurements
on fluorophores far away from the gold-coated cover glass and de-
termined absolute values of fluorescence quantum yield of antibody-
conjugated fluorophores using a recently developed nanocavity
method (see table S1) (45).

Simultaneous dual-color MIET-SMLM

The nature of excitation and detection in a CLSM facilitates ex-
tension to spectrally resolved imaging. We implemented dual-color
detection by splitting the fluorescence signal, with an additional
dichroic mirror, into two separate detection channels, each equipped
with a single-photon-sensitive detector (for details, see Materials and
Methods and fig. S1). With this system, we performed sd-dSTORM
on U20S cells with AF 647-labeled o-tubulin and CF 680-labeled
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clathrin. The spectral and photophysical properties of these two
fluorophores make them good candidates for spectral demixing (see
fig. S3). In the spectral-resolved reconstruction shown in Fig. 3B, it
is straightforward to distinguish the two targets o-tubulin and
clathrin. The different relative intensities of the two dyes in the two
detection channels allow for classification of single molecules with
negligible cross-talk and separate reconstruction of the two targets
(fig. S4, A and B). Spectral-splitting CLSM has the advantage that
no channel registration is required and that, due to single-photon
counting with almost zero dark counts, the signal-to-noise ratio is
excellent. Both aspects are important for achieving highest lateral
localization precision, which was estimated to be approximately
9.0 nm for both targets (see fig. S4C). Moreover, the spectral split-
ting does not interfere with the lifetime measurement. Measured
lifetime values of AF 647 and CF 680 were converted to height val-
ues using the corresponding MIET curve for each fluorophore. In
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Fig. 3. Simultaneous dual-color MIET-dSTORM imaging in cells. (A) Diffraction-
limited confocal laser scanning image of a-tubulin and clathrin in U20S cells
labeled with AF 647 and CF 680, respectively. (B) sd-dSTORM image of the region
of interest marked in (A). (C) 3D MIET-dSTORM image of the region of interest
marked in (A), where lifetime values were converted to height values and both
targets are shown together. (D) xz cross sections of microtubules 1 and 2 shown in
(A). Scale bars, 50 nm.

Fig. 3C, a 3D-dSTORM image of both targets is presented. Separate
super-resolved height images for a-tubulin and clathrin are shown
in fig. S4.

DISCUSSION
In this work, we demonstrated that precise axial localization in
SMLM can be realized on the basis of the fluorescence lifetime with
MIET-SMLM. We validated the high axial accuracy by imaging
immobilized dye-dsDNA constructs. To prove that MIET-SMLM
is compatible with biological samples, we imaged microtubules in
fixed U20S cells, because they are an established benchmark sample
due to their well-defined structure. Additional measurements with
various fluorophores confirmed that MIET-SMLM is completely in-
dependent of the switching mechanism or measurement conditions.
By integrating spectral demixing, we implemented dual-color
MIET-dSTORM and imaged clathrin and microtubles simultane-
ously. For both targets, we find structures at height values from below
80 nm to above 130 nm. Clathrin structures are present at different
heights, where it is plausible that the lowest structures correspond
to forming clathrin-coated pits, while the higher structures might
be detached clathrin-coated vesicles. Microtubules can be located at
different heights where small sections approach the surface closer
than 80 nm. As an example, a corresponding microtubule profile is
presented in fig. S4D. To highlight the quality of the obtained 3D
data, we plotted xz cross sections of the microtubules marked in
Fig. 3D. The hollow structure and the size of the microtubules
match theoretical expectations when taking into account that the
labeling with secondary antibodies adds an additional distance
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between the fluorophores and the imaged structures (46). Our data
confirm that MIET-STORM archives high localization precision in
all 3D in complex, biological samples.

In summary, we presented a method for 3D super-resolution
microscopy, which combines the high axial precision of MIET im-
aging with the high lateral resolution of SMLM and therefore allows
for isotropic single-molecule localization in 3D. The achieved axial
localization precision is below 10 nm within the first 60 nm from the
gold-coated cover glass surface. By adding spacer layers or choosing
a different substrate, such as graphene (47), the axial range and
sensitivity could be adapted to a given sample. MIET-SMLM is
straightforward to implement on commercial CLSMs with TCSPC
capability and fast laser scanning. We have demonstrated MIET-
SMLM using dSTORM for imaging cellular structures. Moreover,
dual-color MIET imaging via spectral demixing allowed for simul-
taneous imaging of two different biological structures without com-
promising the resolution. MIET-SMLM could become a powerful
tool for multiplexed 3D super-resolution microscopy with excep-
tionally high isotropic resolution and manifold applications in
structural biology.

MATERIALS AND METHODS

Confocal microscope

Fluorescence lifetime measurements were performed on a custom-
built confocal setup. Fluorescence excitation was done with a
640-nm, 40-MHz pulsed diode laser (PDL 800-B driver with LDH-
D-C-640 diode, PicoQuant). After passing through a cleanup filter
(MaxDiode 640/8, Semrock), a quarter-wave plate converted the
linearly polarized laser light into circularly polarized light. Subse-
quently, the laser beam was coupled into a single-mode fiber (PMC-
460Si-3.0-NA012-3APC-150-P, Schifter + Kirchhoff) with a fiber
coupler (60SMS-1-4-RGBV-11-47, Schifter + Kirchhoff). After the
fiber, the output beam was collimated by an air objective (UPlanSApo
10x/0.40 NA, Olympus). An ultraflat quad-band dichroic mirror
(ZT405/488/561/640rpc, Chroma) reflected the excitation light
toward the microscope. After passing a laser scanning system
(FLIMbee, PicoQuant), the light was sent into the custom side port
of the microscope (IX73, Olympus). The three galvo mirrors of the
scanning system deflect the beam while preserving the beam posi-
tion in the back focal plane of the objective (UApo N 100x/1.49 NA
oil, Olympus). Sample position is adjusted by using the manual XY
stage of the microscope (IX73, Olympus) and a z piezo stage (Nano-
71100, Mad City Labs). Fluorescence light was collected by the same
objective and descanned by the scanning system. An achromatic lens
(TTL180-A, Thorlabs) focuses the descanned beam onto a pinhole
(100-um P100S, Thorlabs). Backscattered/back-reflected excitation
laser light was blocked by a long-pass filter (635 LP Edge Basic,
Semrock). After the pinhole, the emission light was collimated by a
100-mm lens. An additional band-pass filter (BrightLine HC 679/41,
Semrock) was used for further rejection of scattered excitation
light. Last, the emission light was focused onto a single-photon
avalanche diode (SPAD) detector (SPCM-AQRH, Excelitas) with
an achromatic lens (AC254-030-A-ML, Thorlabs).

For sd-dSTORM, a dichroic mirror (FF685-Di02, Semrock) was
used to split the fluorescence signal into two channels, which were
focused onto two separate SPAD detectors. In front of the two de-
tectors, band-pass filters BrightLine HC 679/41 and BrightLine HC
708/75 were placed, respectively (for more details, see fig. S1).
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Output signals of the photon detectors were recorded with a TC-
SPC electronics (HydraHarp 400, PicoQuant) that was synchronized
by a trigger signal from the excitation laser. Images were acquired
with the software SymPhoTime 64 (PicoQuant), which controlled
both the TCSPC electronics and the scanner. Typically, samples
were scanned with a virtual pixel size of 100 nm, a dwell time of
2.5 ps per pixel, and a TCSPC time resolution of 16 ps.

MIET imaging

For MIET measurements of U20S cells, samples were prepared on
glass coverslips coated with 2 nm of titanium, 10 nm of gold, 1 nm
of titanium, and 5 nm of silicon dioxide. Gold layers were generated
by chemical vapor deposition using an electron beam source (Univex
350, Leybold) under high-vacuum conditions (~10~® mbars). A thin
silicon dioxide layer of a few nanometers was used for both pro-
tecting the gold layer from the thiol buffer and achieving an optimal
distance between sample and gold layer (most sensitive region of
MIET curve).

For MIET calibration measurements, we used gold-coated cov-
erslips with SiO, spacers of different thickness on top. The covers-
lips were rinsed with methanol and dried using air flow. Four-well
silicone inserts (Ibidi 80469, Germany) were attached to a coverslip
to form four-well chambers. DNA-fluorophore constructs were im-
mobilized on the surface using biotin-avidin as follows: BSA-biotin
(A8549, Sigma-Aldrich) was dissolved and diluted in buffer A [10 mM
tris and 50 mM NaCl (pH 8.0)] to a concentration of 0.5 mg/ml
and added to the chamber and incubated overnight at 4°C. After-
ward, the chamber was flushed with buffer A up to the volume of
the chamber at least three times. Neutravidin (31000, Thermo Fisher
Scientific) was dissolved and diluted in buffer A to a concentra-
tion of 0.5 mg/ml, injected into a chamber, and incubated for 5 to
15 min. Then the neutravidin solution was removed from a chamber
by rinsing with buffer A at least three times. Solution with dsDNA-
fluorophore at a concentration of 500 pM was added to a chamber
and incubated for a few minutes until sparse coverage of the surface
with fluorescent molecules was achieved. The coverage density was
controlled visually, and once a desired surface coverage density was
reached, the dsDNA leftovers were washed out with B4 buffer [10 mM
tris and 1 mM EDTA (pH 8.0)] including 500 mM NaCl. Imaging
was done until all fluorophores photobleached.

Data analysis

Confocal dASTORM measurements were analyzed with an extended
version of the software packed TrackNTrace (39, 48). From raw
scan data, images were generated by combining 10 scans into one
frame. When using TrackNTrace, for localization, the detection
plugin cross-correlation with default parameters and the refine-
ment plugin TNT Fitter with pixel-integrated Gaussian maximum
likelihood fitting were used. Localizations in adjacent frames with a
distance of less than 100 nm were connected to a “track,” and the
position was refitted using the sum of all images of the track.

For spectral splitting, localizations were first done on a sum im-
age of both channels. Subsequently, the amplitudes of the Gaussian
PSFs were fitted separately in both spectral channels while keeping
the PSF size and position fixed.

For lifetime fitting, for each localized molecule, a TCSPC histo-
gram was generated by collecting all photons in the corresponding
frame with less than 2 opgp distance from the molecule’s center posi-
tion. The TCSPC histogram was then fitted with a monoexponential
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decay function using a maximum likelihood estimator (49) to deter-
mine the lifetime.

Single-molecule lifetimes were converted into axial positions
using a precalculated MIET curve. Localizations were filtered on
the basis of PSF size (100 nm < 6pgg < 160 nm), number of photons
(>200), and quality of the lifetime fit (0.9 < Pearson’s y* < 1.1).
For spectral splitting, molecules were sorted on the basis of the
spectral intensity ratio, defined as the intensity in the long wave-
length channel divided by the sum of both intensities. Molecules
with a ratio below 0.5 were classified as AF 647, and molecule above
0.7 was classified as CF 680. For super-resolution image reconstruc-
tion, localizations were reconstructed with a PSF of 15 nm for the
large images and 5 nm for the xz cross sections.

The calibration measurements (Fig. 1) were analyzed in a similar
fashion to the ASTORM cell measurements with the following dif-
ferences: For localization, 100 scans were combined to one frame,
and molecules not detected in at least two frames were rejected
during filtering. For each spacer thickness, the molecule heights
were calculated with the corresponding MIET curve. The MIET
curve shown in Fig. 1C is calculated for a sample without spacer.
The version of TrackNTrace used for this work includes a new
plugin for spectral splitting and a data visualizer with added func-
tionalities for MIET, and it is freely available on GitHub (https://
github.com/scstein/TrackNTrace).

Modeling of MIET curves

MIET height-versus-lifetime curves were calculated using pub-
lished scripts (50). For this purpose, the geometric structure of the
sample (layer composition and thickness values), the numeric aper-
ture of the objective, the emission maximum of the fluorophore, its
fluorescence lifetime, and its fluorescence quantum yield have to be
known. Quantum yield values were adjusted for the actual sample
environment by multiplying measured quantum yield values with
the ratio of the lifetime measured in the sample to the lifetime mea-
sured during quantum yield measurement. In all cases, a random
fluorophore orientation was assumed.

Preparation of dsDNA for surface labeling

The following DNA sequences were used for surface immobiliza-
tion: the single-stranded DNA (ssDNA 1) (5'— 3’) biotin-AATC-
GATGATAGACGTTGTGGCTGC was biotinylated at its 5’ end,
while its complementary single-stranded DNA (ssDNA 2) GCAG-
CCACAACGTCTATCATCGATT-fluorophore was labeled with a
fluorophore (AF 647) on its 3’ end. These two DNA strands were
hybridized at high concentration (200 nM) by heating up to 94°C
in an annealing buffer for 5 min and then gradually cooled down
to room temperature (30 min). The obtained dsDNA had a length
of 25 nucleotides, which ensured its stability on a time scale of
several weeks. The construct was designed in such way that the
fluorophore faced the surfaces therefore decreasing the linkage
errors in single-molecule localization. The extra height due to the
thickness of the biotin-avidin layer is between 12 and 16 nm (30),
and it was taken into account when estimating the total height
above the gold layer.

dSTORM buffer composition

For conventional dSTORM imaging (using AF 647 and CF 680), a
switching buffer consisting of 50 mM cysteamine in phosphate-buffered
saline (PBS; pH 7.4) was used. For reductive SMLM using Cy5b, the
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following procedure was used: First, the sample was incubated in
0.1% NaBH,/PBS solution for 30 min. Then, it was washed two to
three times with 0.1% NaBH,/PBS and measured in the same 0.1%
NaBH,/PBS solution. After the measurement, it was washed and
stored in PBS.

Cell culture and antibody labeling
Cell lines were cultured at 37°C in 5% CO, in T25 culture flasks
(Thermo Fisher Scientific, no. 156340). U20S (human osteosarco-
ma cell line) were cultivated in Dulbecco’s modified Eagle’s medi-
um (F12) with r-glutamine (Sigma-Aldrich, D8062) supplemented
with 10% fetal bovine serum (Sigma-Aldrich, F7524) and penicillin
(100 U/ml) + streptomycin (0.1 mg/ml; Sigma-Aldrich, P4333).
For labeling antibodies with a varying degree of labeling (DOL),
an excess of AF 647 N-hydroxysuccinimide (NHS) ester (LifeTech,
A20106), CF680 NHS ester (Biotium, no. 92220), or Cy5B NHS ester,
respectively, was used. The latter was synthesized by M. Schnermann
(National Cancer Institute, Frederick, MD, USA) (44). Goat anti-rabbit
immunoglobulin G (IgG) (IgG-gar; Invitrogen, 31212) and goat
anti-mouse IgG (IgG-gam; Sigma-Aldrich, SAB3701063-1) were
used as secondary antibodies for staining. For NHS labeling, 100 ug
of antibodies was transferred to 100 mM sodium tetraborate buffer
(pH 9.5) (Fluka, 71999) using Zeba Spin Desalting Columns 40 K
molecular-weight cutoff (MWCO) (Thermo Fisher Scientific, no. 87766)
according to the protocol suggested by the manufacturer. Different
excesses of NHS ester dyes were used to achieve different DOLs. For
IgG-gar coupled with AF 647, CF680, or Cy5B, an excess of 25,
15%, and 20x was used to reach a DOL of ~8.3. 4.9, and 2.3, respec-
tively. For IgG-gam coupled with AF 647 or CF680, an excess of 25X
and 15x was used to reach a DOL of ~8.5 and ~7.7, respectively.
The reaction proceeded for 4 hours at room temperature while
protected from light. Labeled antibodies were separated from free dye,
washed three times, and reconstituted into PBS (Sigma-Aldrich, D8537-
500 ML) using Zeba Spin Desalting Columns 40-kDa MWCO. Antibody
concentration and DOL were determined by ultraviolet-visible ab-
sorption spectrometry (Jasco, V-650).

Immunostaining

For immunostaining, cells were seeded onto gold-coated coverslips
at a concentration of 5 x 10* cells per coverslip and cultivated over-
night at 37°C and 5% CO,. For microtubule and clathrin im-
munostaining, cells were washed with prewarmed (37°C) PBS and
permeabilized for 2 min with 0.3% glutaraldehyde (GA) + 0.25%
Triton X-100 [Electron Microscopy Sciences (EMS), 16220 and Thermo
Fisher Scientific, 28314] in prewarmed (37°C) cytoskeleton buffer
(CB) consisting of 10 mM MES (pH 6.1) (Sigma-Aldrich, M8250), 150 mM
NaCl (Sigma-Aldrich, 55886), 5 mM EGTA (Sigma-Aldrich, 03777),
5 mM glucose (Sigma-Aldrich, G7021), and 5 mM MgCl, (Sigma-
Aldrich, M9272). After permeabilization, cells were fixed with a
prewarmed (37°C) solution of 2% GA in CB for 10 min. After fixation,
cells were washed twice with PBS and reduced with 0.1% sodium
borohydride (Sigma-Aldrich, 71320) in PBS for 7 min. Cells were
again washed three times with PBS before blocking with 5% BSA
(Roth, no. 3737.3) in PBS for 1 hour. Subsequently, microtubule
samples were incubated with rabbit anti-a-tubulin antibody (4 ng/ul;
Abcam, no. ab18251), and clathrin samples were incubated with
rabbit anti-clathrin antibody (4 ng/ul; Abcam, no. ab21679) or mouse
anti-clathrin antibody (Abcam, no. 2731) in blocking buffer for
1 hour. After primary antibody incubation, cells were washed thrice
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with 0.1% Tween 20 (Thermo Fisher Scientific, 28320) in PBS for
15 min. After washing, cells were incubated in blocking buffer with
custom-labeled secondary antibodies (8 ng/pl) or commercial
IgG-gam-F(ab’)2-AF 647 (DOL of ~3) (8 ng/ul; Thermo Fisher
Scientific, A-21237) for 45 min. After secondary antibody incubation,
cells were again washed three times with 0.1% Tween 20 in PBS for
15 min. After washing, a post-fix with 4% formaldehyde (Sigma-
Aldrich, F8775) in PBS for 10 min was performed followed by
three additional washing steps with PBS.

Fluorescence quantum yield measurements
We used a plasmonic nanocavity and a custom-built scanning con-
focal microscope for

absolute fluorescence quantum yield determination (45). The
cavity mirrors were prepared by chemical vapor deposition of silver
on the surface of a clean glass cover slide (bottom mirror) and a
plane-convex lens (top mirror) by using a Leybold Univex 350 evapo-
ration machine under high-vacuum conditions (~107° mbars). The
bottom and top mirrors had a thickness of 30 and 60 nm, respec-
tively. The distance between the cavity mirrors was monitored by
measuring a white-light transmission spectrum using an Andor SR
303i spectrograph and an electron-multiplying charge-coupled de-
vice camera (Andor iXon DU897 BV). By fitting these spectra
with a standard Fresnel model of transmission through a stack of
plan-parallel layers, one can determine the precise cavity length
(distance between mirrors). Fluorescence lifetime measurements
were performed with a custom-built confocal microscope equipped
with an objective lens of high NA (Apo N, 60x/1.49 NA oil immersion,
Olympus). A white-light laser system (Fianium SC400-4-20) with a
tunable filter (AOTFnC-400.650-TN) served as excitation source
(Aexc = 640 nm). Collected fluorescence was focused onto the active
area of a single-photon detection module (PDM Series, Micro Photon
Devices). Data acquisition was accomplished with a multichannel
picosecond event timer (PicoQuant HydraHarp 400). Photon arrival
times were histogrammed (bin width of 50 ps) for obtaining fluores-
cence decay curves. From the obtained lifetime-versus—cavity size
curves, absolute values of quantum yields were obtained by fitting
an appropriate model (45).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo2506

View/request a protocol for this paper from Bio-protocol.
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