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ABSTRACT Super-resolution stimulated emission depletion (STED) microcopy provides optical resolution beyond the diffrac-
tion limit. The resolution can be increased laterally (xy) or axially (z). Two-dimensional STED has been extensively used to eluci-
date the nanoscale membrane structure and dynamics via imaging or combined with spectroscopy techniques such as
fluorescence correlation spectroscopy (FCS) and spectral imaging. On the contrary, z-STED has not been used in this context.
Here, we show that a combination of z-STED with FCS or spectral imaging enables us to see previously unobservable aspects of
cellular membranes. We show that thanks to an axial resolution of �100 nm, z-STED can be used to distinguish axially close-by
membranes, early endocytic vesicles, or tubular membrane structures. Combination of z-STED with FCS and spectral imaging
showed diffusion dynamics and lipid organization in these structures, respectively.
SIGNIFICANCE We report a simple optical system to obtain an �100-nm axial resolution, which allows us to obtain
extremely sharp images of nearby membranes. We combine this technology with spectral methods such as spectral
imaging or fluorescence correlation spectroscopy to characterize the biophysical properties of such membranes. Owing to
its versatility and excellent axial resolution (which can be combined with lateral super-resolution), this technology will find a
wide range of applications in cell and membrane biology.
INTRODUCTION

Cellular membranes are hubs for cellular signaling (1). They
are heterogeneous structures accommodating clusters, do-
mains, and nanoassemblies (2,3), and this heterogeneity is
crucial for cellular signaling (4). Therefore, there has been
extensive effort to resolve the mystery of nanoscale struc-
ture and dynamics of cellular membranes. Super-resolution
imaging technologies have been extremely useful for shed-
ding light on the nanoscale architecture and the supramolec-
ular organization of the cells (5–11).

Super-resolution can be used to increase not only the
lateral but also the axial resolution of microscopes. Sin-
gle-molecule switching microscopes achieved axial resolu-
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tions in the order of magnitude of tens of nanometers (12–
14) or even down to 1 nm with recent technologies (15),
yet at a relatively slow speed, limiting live-cell applications.
Similar localization precision could be achieved using
metal-induced energy transfer (16–19); however, this
method allows measuring localizations only close to a
coverslip. Stimulated emission depletion (STED) micro-
scopy does not suffer from these shortcomings despite hav-
ing a lower axial resolution (20). Besides, STED can be
combined with spectroscopic tools to probe the physical
and chemical properties of membranes with nanoscale reso-
lution (21–24). Fluorescence correlation spectroscopy
(FCS) is such a spectroscopic tool used to measure molecu-
lar mobility in membranes (25,26), which is an important
parameter to understand the molecular dynamics in cells
(25–30). The combination of STED with FCS (STED-
FCS) has been used extensively to address the nanoscale
membrane structure (31–37). Recently, STED has also
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been combined with spectral imaging and polarity-sensitive
probes to quantitatively study the nanoscale physiochemical
properties of the membrane (21).

In the context of membrane research, so far, only a two-
dimensional (2D) depletion scheme increasing the lateral
(xy) resolution has been used in STED-enhanced spectro-
scopic measurements. This prevented applications in systems
having close-by features along the optical axis (z), such as the
cellular top and bottom membranes or plasma membrane and
internal membranes. A different depletion scheme can be
used to increase mostly the axial resolution, relying on a
‘‘bottle-shaped’’ beam for depletion (we will call it z-STED
hereafter) (38). The z-STED depletion pattern has been
used both alone and together with 2D STED (three-dimen-
sional (3D) STED) for imaging (20,39–44) and STED-FCS
(45–47) in solution or cytoplasm. However, the exacerbated
sensitivity to aberrations (48,49) and difficulty of operation
of the z-STED depletion pattern have prevented its wide-
spread use. Recently, spatial light modulators (SLMs) have
been used in STED microscopy systems to mitigate these
challenges through aberration correction (43,50–52) and
bespoke calibration protocols (53).

In this study, we used SLM-based z-STED with an axial
resolution of �100 nm to study the nanoscale structure
and dynamics of the cell membranes. We show that axially
close-by membranes or early endocytic vesicles can be
distinguished and studied using z-STED imaging. More-
over, the axial resolution of z-STED allowed extremely
sharp optical sectioning, which we used to image membrane
tubular structures unresolvable by confocal or 2D-STED
imaging. Finally, we used a combination of z-STED and
FCS to measure diffusion dynamics and combined them
with spectral imaging to assess the lipid organization in
close-by membranes.
MATERIALS AND METHODS

Bead sample

Microscope slides of 40-nm far-red fluorescent beads were purchased from

Abberior Instruments (Göttingen, Germany).
Preparation of supported lipid bilayers

Supported lipid bilayers (SLBs) were prepared with a spin coater (54).

The coverslips were cleaned with piranha solution (3:1 sulfuric acid and

hydrogen peroxide) beforehand. 1 mg/mL 1-palmitoyl-2-oleoyl-sn-gly-

cero-3-phosphocholine in chloroform/methanol (with 0.01 mol% of

Abberior STAR RED-labeled phosphatidylethanolamine (Abberior Instru-

ments)) was spin coated on to a clean coverslip at 3200 rpm for 30 s.

The lipid film was rehydrated with SLB buffer (10 mM HEPES and

150 mM NaCl (pH 7.4)).
Cells and maintenance and staining

All cells weremaintained at 37�C and 5%CO2. PtK2 cells were grown inDul-

becco’s Modified Eagle’s Medium (Sigma-Aldrich, St. Louis, MO) supple-
mented with 15% fetal bovine serum (Sigma-Aldrich) and 1% L-glutamine

(Sigma-Aldrich).NIH-3T3 andU2OSweregrown inDulbecco’sModifiedEa-

gle’s Medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum

(Sigma-Aldrich) and 1% L-glutamine (Sigma-Aldrich). Red blood cells

were obtained frommouse blood. Cells were labeledwith the fluorescent lipid

Abberior Star Red-PEG-Cholesterol in phenol-red-free L15 medium (Sigma-

Aldrich) at a concentration of 0.2mg/mL for 3–5min at room temperature. Af-

ter washing twice with L15, measurements were performed also in L15 me-

dium at room temperature. Each slide was imaged not longer than 30 min.
Optical setup

We used a custom STEDmicroscope implemented around a commercial RE-

SOLFT microscope from Abberior Instruments described in detail in (55), to

which we added an SLM (Hamamatsu LCOS X10468-02 (Hamamatsu Pho-

tonics, Hamamatsu City, Japan)) in the depletion path, as described in (52).

Depletion was ensured by a laser (pulse stretched by a 40-cm glass rod and

a 100-m single-mode fiber; Spectra-Physics Mai Tai, Santa Clara, CA) puls-

ing at a frequency of 80 MHz at a wavelength of 755 nm. STED imaging and

FCS were performed using a 640-nm pulsed diode laser (PicoQuant, Berlin,

Germany) pulsing at a frequency of 80MHz. Polarity-sensitive dyes for spec-

tral imaging were excited with a 485-nm pulsed diode laser (PicoQuant). The

microscope was equipped with an oil immersion objective lens (UPLSAPO,

100�/1.4 oil; Olympus, Tokyo, Japan). STED laser power was set to 110mW

and measured in the back focal plane of the objective.
Alignment of the system

Residual system aberrations in the depletion path of the microscope were

removed using the SLM. The depletion beam was imaged by scanning

the focus through a sample of scattering gold beads, and the amount of sys-

tem aberrations present was determined using the sensorless method, using

the image SD as image quality metric. Coalignment between the SLM pupil

and the objective back aperture is critical (56), and we ensured this at the

beginning of each experiment by inspecting the depletion pattern using

scattering gold beads. The detailed SLM-STED calibration protocol we

used can be found in (53).
Image acquisition and processing

Images were acquired with a pixel size of typically 40 nm in the lateral di-

rection and 20 nm in the axial direction and were later resized using Python

or ImageJ. Pixel dwell times varied between 40 and 160 ms.
FCS measurements and fitting

The STED microscope was equipped with a hardware correlator from

correlator.com (Flex02-08D) operated by Flex software. Abberior STAR

RED dyes (Abberior Instruments) were excited with a 640-nm laser at an

excitation power of 2–5 mW. The excitation beam was focused on mem-

branes by varying its axial position to maximize the signal. In cells, the

acquisition time of FCS curves was set to 5 s to limit the impact of mem-

brane motion through the observation focus (see Fig. S1). The resulting

signal levels were sufficient to obtain good FCS curves (Fig. S2). This

was not a problem in SLBs, for which acquisition times were set to 10 s.

FCS curves were fitted using a custom Python script. The observation

area (defined as the area in which fluorophores emit light contributing to

the correlating signal) was assumed to be Gaussian. A 2D diffusion model

including a triplet state was used to fit the data (57).

GðtÞ ¼ 1

N

�
1þ T

1� T
e�t=tT

�
1

1þ t
�
txy

; (1)
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where N is the average number of molecules in the observation area, T is the

average triplet amplitude, tT is the triplet correlation time set to 5 ms, and txy
is the average lateral transit time in the observation area. Diffusion coeffi-

cients (D) were determined from FCS transit times (23):

D ¼ u2

8 lnð2Þt; (2)

where u is the full width at half maximum (FWHM) of the Gaussian obser-

vation area and t is the average molecular transit time in the observation

area determined with FCS. The FWHM of the confocal observation area

was determined from images of immobilized fluorescent beads and set to

240 nm. To reliably compare FCS measurements obtained with confocal

and STED, we estimated the increase in lateral STED resolution with

FCS using SLBs. Assuming free diffusion, the same diffusion coefficient

is expected in both STED (Ds) and confocal (Dc):

Dc ¼ Ds: (3)

Given Eqs. 2 and 3, the Gaussian lateral FWHM ws of the STED focus

can be estimated as follows:

us ¼ uc

ffiffiffiffi
ts
tc

r
: (4)

The average number of molecules in the observation area N determined

from fitting of individual FCS curves was divided by the measured size of

the observation area to fairly compare confocal and STED recordings.

Finally, the number of molecules in the observation area was normalized

with the confocal value:

Nnorm ¼ N=u2

Nc

�
u2

c

: (5)

In SLBs, Nc was set to the average value of all confocal recordings. In

cells, the average number of molecules was normalized separately in

each cell to account for variations in label concentrations between different

cells.
Spectral imaging

We stained the cells with 0.5 mM NR12S (a dye that partitions to the outer

leaflet of the plasma membrane and reports on the membrane lipid packing

(58)) in L15 media for 5 min at room temperature. Then, the cells were

washed twice. Imaging was performed in L15 media at room temperature.

Each slide was imaged no longer than 30 min. We have collected the green

channel signal with a 510- to 590-nm filter (IG) and the red channel filter

with a 650- to 730-nm filter (IR). Images were analyzed with the FiJi general

polarization (GP) plugin using Eq. 6 (59):

GP ¼ IG � IR
IG þ IR

: (6)

RESULTS AND DISCUSSION

Axial resolution improvement with z-STED

The most common implementation of STED makes use of a
ring-shaped focus (‘‘doughnut’’; Fig. 1 A) created by modu-
lating the phase of the depletion laser with a vortex phase
mask. STED imaging with this mask (2D STED) increases
2450 Biophysical Journal 118, 2448–2457, May 19, 2020
the lateral resolution (Fig. 1 B) but leaves axial resolution
unchanged (Fig. 1 D). In our microscope, the phase mask
was created by an SLM, and as such, it could be swapped
to any other phase mask to change the STED confinement
mode without changing the optical layout. Using a top-hat
phase mask, a bottle-shaped depletion pattern (Fig. 1 C)
could be created that mainly increases the axial resolution
(Fig. 1 D) but also slightly increases the lateral resolution
(Fig. 1 B). The z-STED depletion pattern is more chal-
lenging to use than its 2D counterpart in part because of
its exacerbated sensitivity to spherical aberrations, which
we mitigated here by imaging only at shallow depths (0–4
mm). Certain STED microscopes use a combination of the
2D and z-STED depletion patterns to increase the resolution
along all dimensions (called 3D STED). This requires
further experimental complexity because the centers of the
two depletion patterns must be coaligned with a nanometric
precision. Besides, in the presence of coma aberrations, the
centers of the 2D and z-STED depletion patterns move in
opposite directions, which significantly deteriorates signal
levels and resolution (60). In this work, mainly axial resolu-
tion improvement was sought, and therefore, z-STED was
preferred over 3D STED.
Resolving adjacent membranes with z-STED

We first estimated the performance of our z-STED micro-
scope on lipid membranes using a SLB, which is a single
lipid bilayer deposited on a glass surface. This membrane
is �5–8-nm thick, which is well below the expected axial
resolution of the z-STED microscope and is therefore an
excellent sample to estimate the axial resolution. In
confocal imaging, the FWHM of the axial Gaussian inten-
sity profile was 854 5 27 nm, whereas z-STED reduced it
to 108 5 5 nm (Fig. 2, A and B). Undepleted side lobes
created a shadow image at �800 nm above and below
the membrane; however, it was at a much lower intensity
that can easily be eliminated by image deconvolution
(see Fig. S3). In the presence of two close-by membranes,
such as in PtK2 cells, the increased axial resolution of
z-STED allowed us to easily resolve cellular top and bot-
tom membranes as close as 150 nm (Fig. 2, C–H). Similar
observations could be made in different cell types such as
NIH-3T3 cells, U2OS cells, or red blood cells (Fig. S4).
Finally, we used the capability of z-STED to resolve axially
close-by membranes to image layered (grown on top of
each other) cells (Fig. 2, F–H), revealing once again details
in images that were inaccessible to confocal images only.
These structures could be crucial for cellular communica-
tion and organization.
Resolving submicron structures with z-STED

Submicron structures are common in biology and can
have various topologies. For example, submicron tubular
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FIGURE 1 2D and z-STED confinement modes.

(A and C) Shown are the depletion beams of (A) 2D

STED and (C) z-STED visualized by scanning a

sample of scattering gold beads through the deple-

tion focus. The insets shown are phase masks used

to create the depletion patterns (gray to black color

scale for 0 to 2p phase delay). (B andD) Shown are

the xy (B) and xz (D) images of immobilized fluo-

rescent beads, imaged with confocal (left), 2D

STED (middle), and z-STED (right). Scale bars

represent 250 nm. To see this figure in color, go on-

line.
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structures are crucial for cellular communications (61).
They cannot usually be studied with conventional fluo-
rescence microscopes, the resolution of which is insuffi-
cient to differentiate, for instance, between full and
hollow membrane tubes. Such multilayer membrane
patches are common in SLBs, even though it is not
clear how these patches can exist despite the hydropho-
bic repulsion of the lipid acyl chains at the edges of
these patches. One possible scenario is the formation
of nanotubes at the edges of these patches. We verified
this hypothesis using the increased axial resolution pro-
vided by z-STED. Imaging the multilayer SLB patches
with z-STED revealed tubular structures at the edges
(Fig. 3 A), which could not be resolved in confocal im-
ages. We further visualized the networks of smaller
patches in SLBs, which all turned out to be submicron
nanotubes (Fig. 3 B). The axial (xz) image cross sec-
tions revealed the tubular nanostructures with great pre-
cision. Additionally, this depletion scheme also
significantly improved image contrast, which was
extremely helpful for xy images of these structures.
When we acquired lateral (xy) images and compared
the results obtained with confocal, 2D, and z-STED
(Fig. 3, C and D), the tubes appeared nearly full in
confocal and 2D STED images, whereas z-STED signif-
icantly increased the image contrast by removing out-of-
focus light originating from the top and bottom of tubes,
allowing the precise visualization of such structures.
Similarly, we were able to resolve and improve image
resolution and contrast on toroidal structures of red
blood cells (Fig. 3, E and F). In both SLBs and red
blood cells, the quality of 2D STED images was deteri-
orated by out-of-focus contributions, which further
showed the necessity of the excellent axial confinement
provided by z-STED. Finally, we showed that z-STED is
suitable for imaging early endocytic vesicles, another
biologically important structure with a spherical topol-
ogy (Fig. 3 G).
z-STED-FCS to investigate membrane dynamics

A unique feature of STED compared to other super-resolu-
tion microscopy techniques is the quasi-instantaneous fluo-
rescence-switching mechanism employed for reducing the
effective observation spot size and thus for increasing the
spatial resolution. This speed allows the combination of
this technique with spectroscopic techniques such as
FCS, which requires very-high temporal resolution. A
few studies applied z-STED together with FCS yet mainly
focused on cytoplasmic investigations and not on mem-
brane dynamics (45,46,52). Instead, we used here the capa-
bility of our z-STED microscope to resolve adjacent
membranes (Figs. 2 and 3) to distinguish their dynamics.
We first calibrated our z-STED-FCS measurements on a
simple SLB system with confocal and z-STED (Fig. 4, A
and B). With these measurements, we determined the effect
of z-STED on diffusion time (tD) and apparent number of
molecules in the observation area (N). We observed an
approximately twofold decrease in values of the lateral
transit time tD through the observation area for the z-
STED recordings (Fig. 4 C), similar values of the lateral
diffusion coefficient D (Fig. 4 D), and slightly increased
normalized values of the apparent number N of fluorescent
molecules in the observation area (Fig. 4 E). The decreased
values of tD indicate a 30% reduction in the lateral size of
the observation area for z-STED (as detailed in Materials
and Methods), which is perfectly in line with the reduction
observed for the bead images of Fig. 1. Knowing the lateral
sizes of the confocal and the z-STED observation areas, we
could calculate the diffusion coefficient of the lipid dye in
SLBs (Fig. 4 D) and compare the average number of mol-
ecules per area unit in confocal and z-STED (Fig. 4 E). We
Biophysical Journal 118, 2448–2457, May 19, 2020 2451
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FIGURE 2 Resolving axially close-by membranes with z-STED. Shown are the (A) confocal (left), z-STED (middle), and merged (right) images of an SLB

and the (B) confocal (green) and z-STED (magenta) fluorescence intensity profiles along the axial direction of the SLB shown in (A). (C) The confocal

(green) and z-STED (magenta) images of a live PtK2 cell are given. (D) The top and bottom membranes of a live PtK2 cell, imaged with confocal (left)

and z-STED (right), are shown. (E) Intensity profiles along the line drawn in picture (D) are given. (F) The confocal and z-STED images of stacked

NIH-3T3 cells on top of each other are shown. z-STED revealed gaps between layers of membranes (white circle). (G) Zoom on the rectangular area high-

lighted in (F) is shown. (H) The intensity profile along the line drawn in (G) is given. Scale bars represent 1 mm and are oriented along the optical axis (z

direction). To see this figure in color, go online.
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found that the apparent number of molecules per area unit
was slightly larger in STED than in confocal (Fig. 4 E),
most likely because of spurious background contributions
decreasing the amplitude of the STED curves (45,46,62).
Using the calibration of the lateral observation area ob-
tained with SLBs, we could compare z-STED and confocal
FCS measurements in live cells (Fig. 4, F–I). Particularly,
we set out to measure the diffusion speed in two close-by
plasma membranes to investigate whether the molecular
mobility varies between the bottom and top membranes,
for instance, because of interactions with the coverslip.
Confocal FCS measurements were used to measure the
diffusion in the two membranes together, which could
not be separated because of the limited resolution. We
used z-STED-FCS to separately measure the diffusion of
molecules in the top and bottom membranes (Fig. 4, F
and G) and did not observe any change in diffusion coeffi-
cient D between the bottom and top membranes or between
confocal and STED (Fig. 4 H). Moreover, there was no dif-
ference in the normalized average number of molecules be-
tween the bottom and top membranes. However, we
observed that the normalized average number of molecules
was two times higher in confocal than with z-STED (Fig. 4
I), which is consistent with the fact that the confocal FCS
measurements covered two membranes at once, whereas
only one at a time was measured with z-STED (see also
2452 Biophysical Journal 118, 2448–2457, May 19, 2020
Supporting Materials and Methods for more detailed
discussions).
z-STED combined with spectral imaging to
investigate membrane structure

Membrane fluidity is a crucial aspect for membrane bioac-
tivity (63). An indirect and straightforward way to assess
membrane fluidity is the use of polarity-sensitive fluorescent
probes whose emission spectra shift with the polarity of the
environment. Polarity in membranes generally varies with
the hydration level of the bilayer, which itself is a function
of lipid acyl chain packing. Compared to unsaturated lipids,
saturated lipids form more tightly packed or ordered mem-
branes where there is less space for water molecules.
Recently, we have shown that the custom-synthesized envi-
ronment-sensitive probe NR12S (64) is suitable for
measuring membrane fluidity using 2D STED (21). We set
out to test whether NR12S can also be used with z-STED
to characterize and distinguish membrane fluidity in the
close-by basal and apical membranes of adherent cells.
Live PtK2 cells stained with NR12S were investigated by
z-STED by splitting the fluorescence emission into two
separate channels: a green (510–590 nm) and a red (650–
730 nm) channel. Fluorescence intensity from more-ordered
membrane environments increased the relative intensity
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FIGURE 3 Imaging submicron membrane structures with z-STED. (A and B) The tubular structures in SLBs are the following: (A) confocal (top, green), z-

STED (middle, magenta), and merged (bottom) xz images of a multilayer structure with tubes at the edges (white circles). (B) Lateral confocal (left), axial

confocal (top right, green), and axial z-STED (bottom right, magenta) images of hollow networks of multilayered SLB patches are shown. (C and D) Mem-

brane tubes in SLBs are as follows: (C) xy images in confocal, 2D, and z-STEDmodes. (D) Shown are the intensity profiles of a tube in 2D and z-STED along

the line shown in (C). (E and F) Red blood cells with a toroidal shape are as follows: (E) confocal, 2D, and z-STED images (xy axes) and (F) intensity profiles

of a cell in 2D and z-STED along the line shown in (E). (G) Comparison of xz cross sections for confocal and z-STED imaging of early endocytic vesicles

(white circles) is given. Scale bars represent 1 mm. SLBs are labeled with Abberior STAR RED (Abberior Instruments)-phosphatidylethanolamine, and cells

are labeled with Abberior STAR RED (Abberior Instruments)-cholesterol. To see this figure in color, go online.
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collected in the green channel, whereas that from disordered
membranes increased the relative intensity in the red chan-
nel. Using these fluorescence intensities, GP was calculated
as detailed in Materials and Methods as a direct measure-
ment of lipid ordering, with a high GP being associated
with a high degree of packing. For the confocal recordings,
it was impossible to discern two close-by membranes
(Fig. 5, A and B); however, for z-STED recordings, we could
distinguish the top and bottom membranes (Fig. 5, A and B)
and measure the GP values for each separately (Fig. 5, B and
C). As expected from the diffusion data (Fig. 4), we did not
observe any difference between the lipid packing of the top
apical and bottom basal membranes of the adherent cells.
Along the line, we could also successfully distinguish the
plasma membrane from endocytic vesicles and measure
their GP separately (Fig. 5 C), which showed a lower GP
for endocytic vesicles compared to the plasma membrane.
Similarly, and as already highlighted in Fig. 3, z-STED
also allows increasing the image contrast in xy images
because of the reduction in out-of-focus signal, which al-
lows the acquisition of high-contrast lateral GP images of
structures such as tubes or vesicles in living cells (Fig. S5).
CONCLUSIONS

We showed here the efficient use of z-STED for image- and
spectroscopy-based studies of the cellular plasma mem-
brane. We observed fine structural details in the z-STED
data that could not be resolved in the confocal counterpart.
Particularly, we were able to resolve the bottom basal and
top apical membranes of various cell types, which are sepa-
rated by a distance well below the diffraction-limited axial
resolution. Using this increased axial resolution, we imaged
submicron features with different topologies, such as
spheres (endocytic vesicles), tubes (in SLB patches), and
tori (red blood cells). Finally, we showed that z-STED can
be used together with spectroscopic tools such as FCS and
spectral imaging coupled with polarity-sensitive dyes.
Although the former allowed us to study the diffusion in
nearby membranes, the latter allowed the observation of
Biophysical Journal 118, 2448–2457, May 19, 2020 2453
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FIGURE 4 z-STED-FCS measurements in

membranes. (A–E) FCS measurements in an SLB

are shown. (A) Scheme of the experiment: confocal

(dotted green ellipsoid) and z-STED-FCS (dotted

magenta ellipsoid) measurements were performed

on an SLB (lipid bilayer, green). Bottom right:

representative confocal and z-STED pictures of

an SLB are shown. (B) Representative z-STED

and confocal FCS curves on SLBs are shown. (C)

The average transit times measured in SLBs are

given. (D and E) The measured diffusion coeffi-

cient (D) and average number of fluorescent mole-

cules per surface area (E) normalized with

confocal values measured in SLBs are given. (F–

I) FCS measurements in living cells are shown.

(F) Scheme of confocal and z-STED-FCS on two

close-by membranes (top and bottom) in cells is

given. (G) Representative z-STED and confocal

FCS curves in cells are shown. (H) Diffusion coef-

ficient and (I) molecular density (number of mole-

cules normalized with observation area) in the top

and bottom of the cells measured with z-STED-

FCS or confocal FCS are shown. To see this figure

in color, go online.
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minute differences in lipid packing between plasma mem-
brane and endocytic vesicles.

Membrane studies in living cells can be performed in
either the bottom or top membranes. Although artifacts
can occur when studying the bottom membrane because
of interactions with the coverglass, measurements in the
top membrane may be biased by aberrations caused by light
propagation through thick sections of the cytoplasm or the
nucleus. As a result, unbiased comparison between the top
and bottom membranes in conventional setups is compro-
mised. Here, we could study the top and bottom membranes
of PtK2 cells, which are axially extremely close, and there-
fore, few to no aberrations could affect measurements in the
top membrane. In this context, our results showed that the
top and bottom membranes of PtK2 cells have similar bio-
physical properties (diffusion speed and lipid packing).

The excellent axial resolution of z-STED coupled with
fluorescent lipid probes has a significant potential for future
biological studies. We believe, for example, that the capa-
bility of our method to resolve endocytic vesicles in living
2454 Biophysical Journal 118, 2448–2457, May 19, 2020
cells could make it a valuable tool to study viral entry in
living cells through membrane fusion or endocytosis.
Furthermore, internal membranes such as endoplasmic re-
ticulum or organelle contact sites can also be studied with
this methodology.

A limitation of z-STED is the undepleted side lobes
caused by an imperfect overlap between the excitation focus
and depletion pattern, which created dim intensity shadows
above and below continuous structures like membranes.
These shadows were, however, created at a large distance
from the focus (�800 nm) and could straightforwardly be
removed using image deconvolution (as performed in
Fig. S3). Such side lobes due to an undepleted signal were
also an issue in other applications and could successfully
be removed by adding a second STED laser pattern to the
z-STED (20) or by engineering the depletion focus to create
a better overlap between excitation and depletion, as was
previously done in 4pi STED microscopes (65).

A limitation of STEDmicroscopy is the use of high laser in-
tensities, potentially introducing high phototoxicity and
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FIGURE 5 z-STEDmeasurements of lipid order on PtK2 cells using the polarity-sensitive dye NR12S and spectral analysis. (A) Shown are the xz images of

cells labeled with NR12S, confocal (left), and z-STED (right). (B) Shown are the xz confocal and z-STED GP images of the cells shown in (A), calculated

using Eq. 6, showing two adjacent membranes clearly resolved with z-STED. (C) Quantification of GP for the bottom versus top membrane of the cells and

whole plasma membrane versus early endocytic vesicles is shown. For quantification, the bottom or top membrane portions were selected in the GP image of

the cells, and the GP values of these portions were used. For endocytic vesicles, vesicles were selected in the GP image, and the GP value of these regions was

used. For the plasma membrane versus endocytic vesicles comparison, newly formed endocytic vesicles were avoided. Each data point represents a cell. Scale

bars represent 1 mm. To see this figure in color, go online.

z-STED for Membrane Dynamics
photobleaching, which usually prevent imaging of living cells
over long periods of time. The photobleaching phenotypewas
less of an issue inour studybecause the photobleachedfluores-
cent lipids were vastly replenished because of their fast diffu-
sion. Consequently, wewere able to image the same structures
acrossmultiple frameswithout a noticeable reduction in inten-
sity. In this context, the use of diffusing fluorescent lipid ana-
logs offers a robust alternative to other labeling strategies
using exchangeable fluorophores (42). However, this does
not rule out the existence of photobleaching.

We could perform FCS measurements in the top and bot-
tom membranes of PtK2 cells, permitted only by the excel-
lent (�100 nm) axial resolution provided by z-STED.
However, this high precision meant that even small displace-
ments of the membrane along the optical axis significantly
biased FCS recordings, effectively reducing the maximal
available acquisition times. This problem was solved in 2D
using scanning FCS and an off-line correction of cellular mo-
tion (66). In the axial direction, it has, however, not yet been
achieved because of the limited speed of devices generally
used for axial scanning, such as piezo stages. To achieve
the necessary scanning frequency (on the order of kilohertz
to be faster than the measuredmolecular diffusion dynamics),
a fast optical element like a deformable mirror could be used.
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