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ABSTRACT Understanding the plasma membrane nanoscale organization and dynamics in living cells requires microscopy
techniques with high spatial and temporal resolution that permit for long acquisition times and allow for the quantification
of membrane biophysical properties, such as lipid ordering. Among the most popular super-resolution techniques, stimulated
emission depletion (STED) microscopy offers one of the highest temporal resolutions, ultimately defined by the scanning speed.
However, monitoring live processes using STED microscopy is significantly limited by photobleaching, which recently has been
circumvented by exchangeable membrane dyes that only temporarily reside in the membrane. Here, we show that NR4A, a po-
larity-sensitive exchangeable plasma membrane probe based on Nile red, permits the super-resolved quantification of mem-
brane biophysical parameters in real time with high temporal and spatial resolution as well as long acquisition times. The
potential of this polarity-sensitive exchangeable dye is showcased by live-cell real-time three-dimensional STED recordings
of bleb formation and lipid exchange during membrane fusion as well as by STED-fluorescence correlation spectroscopy exper-
iments for the simultaneous quantification of membrane dynamics and lipid packing that correlate in model and live-cell
membranes.
WHY IT MATTERS Stimulated emission depletion super-resolution microscopy can induce photobleaching (i.e.,
irreversible fluorophore destruction), limiting long-term sample observation. Exchangeable dyes circumvent this problem
by only temporarily binding to their target. Here, we used NR4A, an exchangeable dye that also reports on membrane
packing, to image model and live-cell plasma membranes. We demonstrate that NR4A enables long-term quantification of
membrane biophysical properties, even at the highest stimulated emission depletion resolution, without photobleaching-
induced signal loss. NR4A can also be used to simultaneously measure membrane packing and dynamics. By combining
the benefits of super-resolution microscopy, fluorescence spectroscopy, and long-term imaging, exchangeable dyes open
new possibilities to image dynamic processes with high temporal and spatial resolution, which we demonstrate by
imaging lipid exchange during membrane fusion.
INTRODUCTION

Living organisms meticulously adapt their membrane
physical and chemical properties (1). These changes
occur at different temporal and spatial scales; for
example, Example 1: cells can adapt their whole lipi-
dome upon differentiation in a process that takes
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days (2), Example 2: some enveloped viruses, such as
HIV-1, assemble within minutes in submicrometric
budding sites with a distinct lipid composition (3,4),
Example 3: and lipid molecules can establish milli-
second-lived interactions within nanometric trapping
sites (5). Fluorescence microscopy is a powerful tool
for the study of cell membranes, and by combining it
with spectroscopy methods, a number of membrane
biophysical parameters can be quantified, such as mo-
lecular mobility by fluorescence correlation spectros-
copy (FCS) (6), lipid packing using polarity-sensitive
dyes in combination with observation of spectral shifts
in fluorescence emission (7), or membrane tension by
Biophysical Reports 1, 100023, December 8, 2021 1

mailto:pablo.carravilla@leibniz-ipht.de
mailto:erdinc.sezgin@ki.se
mailto:erdinc.sezgin@ki.se
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpr.2021.100023&domain=pdf
https://doi.org/10.1016/j.bpr.2021.100023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


measuring fluorescence lifetime (8). Unfortunately, no
fluorescence microscopy technique could so far ac-
cess the whole range of temporal and spatial scales
(i.e., combining super-resolution with long acquisition
times and simultaneous readout of biophysical
parameters), and new versatile approaches, together
with improved and sensitive fluorescent probes, are
required to study biological membranes.

Light diffraction limits the spatial resolution of opti-
cal microscopes. This was circumvented by super-
resolution microscopy (SRM) techniques, which have
been extensively applied to membrane research (9).
However, SRM introduced new limitations to temporal
resolution; for instance, single-molecule localization
microscopy (SMLM) (10) and MINFLUX imaging (11)
rely on individual molecules emitting photons at
different times, and thus for high localization precision,
they require prolonged acquisitions in the range of
several minutes (12,13). Stimulated emission depletion
(STED) microscopy (14) is, in principle, compatible with
time-lapse acquisitions because its acquisition speed
is limited by the scanning frequency, allowing frame
times in the range of a few seconds. Moreover, STED
microscopy can be combined with spectroscopic tech-
niques, such as STED-FCS (5), raster image correlation
spectroscopy (15), or spectrally resolved imaging
(16,17). Unfortunately, although the STED phenomenon
is reversible and, in theory, does not induce enhanced
dye destruction (but rather a reduction) (18), photo-
bleaching rates are above those of conventional micro-
scopy, especially at high STED laser powers required
to achieve the highest spatial resolution (19,20). This
higher photobleaching rate seems to be associated
with transitions to the more reactive higher excited
singlet and triplet states (21,22) through absorption
of STED photons (19,20,23). Photobleaching remains
one of the major complications of STED microscopy,
despite big efforts to avoid it, such as the development
of novel photostable dyes (24,25), separation of excita-
tion pulses (26), the use of high scanning rates (27,28),
or adaptive illumination modes (29).

An alternative method to circumvent photobleaching
is the use of exchangeable dyes. Exchangeable dyes
transiently bind to their target and are subsequently
removed, thus minimizing the photobleaching proba-
bility and eliminating photobleached molecules.
Exchangeable dyes are the basis for PAINT (point accu-
mulation for imaging in nanoscale topography) (30),
which has been applied for spectral and temporal mul-
tiplexing in SMLM (31). Interestingly, the PAINT
concept was introduced by exploiting the transient
binding of the exchangeable Nile red dye to lipid mem-
branes (30,32). Since then, Nile red has been used in
combination with spectrally resolved SMLM for quanti-
tative cell membrane packing imaging (12,33–35). In a
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recent work, Spahn et al. demonstrated the potential
use of exchangeable dyes in STED microscopy by im-
aging live bacterial and eukaryotic membranes with
Nile red over the course of minutes (36). The efficacy
of Nile red as an exchangeable dye relies on its polar-
ity-sensitive nature (37); because its quantum yield in
aqueous solutions is much lower than in hydrophobic
environments (38), only those Nile red molecules
bound to membranes are effectively visualized (30).

Polarity-sensitive dyes, also known as solvatochro-
mic dyes, change their emission spectra in response
to the polarity of the environment because of the
dipolar relaxation effect (39,40). In a membrane
context, polarity is directly related to the presence of
water molecules at the bilayer interface, which is deter-
mined by lipid packing (41) (Fig. 1 A). Thus, polarity-
sensitive dyes have been extensively used to study
the molecular order of membranes and their phase
behavior, i.e., their organization into environments of
high (liquid-ordered, (Lo)) and low (liquid-disordered
(Ld) lipid packing (42). Laurdan was the first polarity-
sensitive dye widely used to study cell membranes
because of its high sensitivity to packing changes
and its homogeneous distribution within ordered and
disordered environments. However, high susceptibility
to photobleaching, Laurdan's incompatibility with
SRM, and an extremely high internalization rate that
hinders plasma membrane staining (a limitation
shared with Nile red), have motivated researchers to
find alternative dyes, such as di-4-ANEPPDHQ (43,44),
or new derivatives of Laurdan (45) and Nile red
(12,46) to investigate plasma membranes.

To investigate spectral changes in combination with
microscopy, in a typical experiment, emitted photons
are spectrally separated and collected by two detec-
tors, the lower (blue-shifted) and higher (red-shifted)
wavelength signals corresponding to the ordered and
disordered channels, respectively. The generalized po-
larization (GP) ratiometric function (see Materials and
methods) (41) is then used to quantify lipid packing
(7,47), with higher GP-values corresponding to ordered
membranes and lower values to loosely packed lipid
environments. In an alternative approach, spectral de-
tectors available in some commercial microscopes
can be used to measure the emission spectra of polar-
ity-sensitive dyes in every pixel, combining the advan-
tages of microscopy and spectroscopy (48).

Here, we characterize the spectral properties and
STED microscopy performance of NR4A, a recently
developed Nile red exchangeable derivative (12) that
selectively stains plasma membranes. We found that,
because of its enhanced brightness, NR4A shows su-
perior resolution and performance in STED and STED-
FCS measurements. Because of its exchangeable
nature, NR4A circumvents photobleaching-induced
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FIGURE 1 The exchangeable dye NR4A can
sense lipid packing changes in model and
cell plasma membranes. (A) Exchangeable
dyes transiently partition to biological mem-
branes, where their fluorescence spectrum is
dependent on lipid packing. (B) Dyes used in
this study. Sulfonate groups are marked in
blue, alkyl chains are marked in green, and
Nile red is marked in orange. Because of its
short alkyl chain, NR4A is an exchangeable
dye, whereas NR12A irreversibly binds to
membranes. NR4A and NR12A were designed
based on NR12S. (C) The emission spectrum
of NR4A shifts in response to lipid packing.
Phase-separated GUVs were labeled with
250 nM NR4A and imaged by confocal micro-
scopy using spectral detectors. (D) GP anal-
ysis of spectral imaging of phase-separated
GUVs stained with Laurdan (250 nM), NR4A
(250 nM), and NR12A (20 nM). DGP is the dif-
ference between GP-values measured in Lo
and Ld environments. The points represent
the mean GP of at least five GUVs in each of
three independent experiments. The micro-
graph shows the GP image of a phase-sepa-
rated GUV stained with NR4A. (E) Spectral
imaging of living C2BBe1 cells shows that
the NR4A emission spectrum undergoes a
red-shift upon cholesterol depletion induced
by 20 mM MbCD treatment for 1 h. (F) GP im-
ages of control (PM, top) and MbCD-treated
plasma membranes (bottom). GP-values
were calculated from spectral imaging data.
(G) Quantification of plasma membrane GP-
values shows a significant GP difference

upon MbCD treatment. Big symbols are the mean GP-value of at least five cells for each independent experiment, whereas small symbols
represent the GP-value of each image. Each symbol (square, triangle, and circle) represents an independent experiment. All measurements
were performed at room temperature. In all panels, whiskers are the SD of three independent experiments. Scale bars, 5 mm. Lo, liquid-ordered;
Ld, liquid-disordered.
signal loss in STED microscopy experiments and per-
mits long-term super-resolved quantification of plasma
membrane biophysical properties, namely lipid packing
and dynamics. We showcase possible applications of
NR4A by using three-dimensional (3D) STED to image
giant plasma membrane vesicle (GPMV) formation
and lipid exchange during membrane fusion.
MATERIALS AND METHODS

Dye synthesis

The following fluorescent probes were synthesized according to
the previously published procedures: NR4A (12), NR12A (12), and
NR12S (46).
Model membrane systems

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS), 1-palmitoyl-2-oleoyl-glycero-3-phospho-
choline (POPC), egg sphingomyelin, and cholesterol were purchased
from Avanti Polar Lipids Alabaster, AL). Supported lipid bilayers
(SLBs) were formed by spin-coating (49). Glass coverslips (#1.5)
were immersed in piranha solution (H2SO4:H2O2 3:1 vol ratio) for 2
h, followed by five washing steps with abundant distilled H2O. Clean
coverslips were stored in H2O for up to a week. Lipid mixtures were
prepared in chloroform:methanol (2:1 vol ratio) at a concentration
of 1 g/L. 25 mL of the lipid mixture were added to a piranha-cleaned
coverslip and immediately (within the same second) spread through
spin-coating at 3000 rpm for 30 s. The coverslip was mounted in an
Attofluor chamber (Thermo Fisher Scientific, Waltham, MA), and the
resulting lipid film was hydrated in HEPES-buffered saline (HBS;
150 mM NaCl, 10 mM HEPES (pH 7.0)) and washed thoroughly
with HBS five times. SLBs were labeled by adding 10–20 nM
NR12A/NR12S or 200 nM NR4A.

Giant unilamellar vesicles (GUVs) were prepared using the electro-
formation method. Lipid mixtures were prepared at a final concentra-
tion of 1 g/L in chloroform. The lipidmixture (5 mL) was spread on two
parallel platinum wires and subsequently dried with a gentle argon
streamand 5-min vacuum. Thewireswere dipped in a homemade pol-
ytetrafluoroethylene chamber filled with 300 mM sucrose. GUVs were
formed by connecting the wires to a function generator and applying a
2 V, 10 Hz of alternating current for 1 h, followed by a 2 V, 2 Hz current
for 30 min. GUVs were collected with a 1000-mL plastic pipette tip; to
avoid GUVs rupture, the tip diameter was widened by cutting it
�2 cm from the end. GUVs were transferred to a new tube containing
Biophysical Reports 1, 100023, December 8, 2021 3



750mL ofHBSand left to sink for 15min because of the higher sucrose
density. The bottom 100 mL of the tube were then collected with a cut
tip and transferred to a new tube for labeling by adding 10–20 nM
NR12A/NR12S. NR4A labeling was attained by adding 200 nM dye
directly to the imaging chamber before GUV addition. Finally, GUVs
were transferred to a bovine serum albumin-blocked Ibidi eight-well
m-slide prefilled with 300 mL of HBS. The glass surface was blocked
beforeGUVadditionby incubating thewellswith200mLof 2g/Lbovine
serum albumin (Sigma-Aldrich, St. Louis, MO) for 15 min, followed by
five washing steps with 400 mL of distilled H2O.

Large unilamellar vesicles (LUVs) were prepared following the
extrusion method. Lipid mixtures in chloroform were dried under an
argon stream for 1 min, followed by vacuum drying for 45 min. The
resulting lipid films were hydrated in HBS to a final 1 mM concentra-
tion, followed by 10 freeze (liquid N2, 1 min) and thaw (37�C water
bath, 3 min) cycles and 30 extrusion cycles through two 400-nm fil-
ters (Whatman, Maidstone, UK) using a Mini-Extruder (Avanti Polar
Lipids).
Cell lines

C2BBe1 human enterocytes were grown at 37�C and 5% CO2 in Dul-
becco's Modified Eagle's Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 1% L-glutamine, 0.01 mg/mL holo-trans-
ferrin, penicillin, and streptomycin. They were subcultivated at a
1/10 ratio every 4 days and kept until passage 20. Cells were seeded
on collagen I-coated glass coverslips at a final concentration of 1 �
105 cells/mL in six-well plates. Coverslips were coated with collagen I
at a final concentration of 10 mg/mL, incubated 2 h at room temper-
ature in the dark, and subsequently dried at 37�C. Ptk2 potoroo kidney
cells were grown at 37�C and 5% CO2 in DMEM supplemented with
10% FBS, 1% L-glutamine, penicillin, and streptomycin. They were sub-
cultivated at a 1/3 ratio every 3 days and kept for 30 passages. CHO-
K1 Chinese hamster ovary cells were grown at 37�C and 5% CO2 in
DMEM-F12 supplemented with 10% FBS. CHO-K1 cells were subcul-
tured at a 1/8 ratio twice per week and kept for 30 passages.

For imaging experiments, cells were grown in 25-mm coverslips for
2 days. Coverslips were mounted on Attofluor chambers, washed
twice with Leibovitz's L-15 medium (Thermo Fisher Scientific), and af-
terwards, the corresponding dye was added. In cholesterol-depletion
experiments, C2BBe1 cells were treated with freshly prepared 20 mM
methyl-b-cyclodextrin (MbCD; or medium in the case of control cells)
and incubated for 1 h at 37�C/5% CO2. Finally, cells were washed
twice with Leibovitz's L-15 medium, labeled with 20–50 nM NR12A
or 200–500 nM NR4A, and subsequently imaged.
Spectral imaging and GP calculation

Spectral images were acquired using a Zeiss 880 confocal laser
scanning microscope equipped with a C-APOCHROMAT 40�/1.2 W
Korr FCS objective lens (Zeiss, Oberkochen, Germany). To avoid pho-
toselection, circular polarization was generated by introducing a
phase retarder in the DIC slider of the objective lens. Laurdan
(Thermo Fisher Scientific) and NR4A/NR12A were excited using
405- and 561-nm laser lines, respectively, with an excitation power
of 10 mW at the sample plane. Emitted photons were descanned,
passed through a 1.0-airy unit pinhole, and collected by a 32-spectral
channel GaAsP detector with an 800-V gain. Each spectral channel
consisted of an 8.9-nm window. Pixel size was set to 100 nm, and
the dwell time was set to 2 ms. Images were analyzed using a macro
(https://doi.org/10.5281/zenodo.5110173) in Fiji (50). To calculate
emission spectra, an intensity threshold was applied to the images
to analyze only pixels corresponding to membranes. In the case of
phase-separated GUVs, each phase was analyzed separately. For
4 Biophysical Reports 1, 100023, December 8, 2021
every image, the average intensity signal was then calculated for
each channel. To quantify lipid packing, the GP-value for each pixel
was calculated using the GP function (41)

GP ¼ Ib � Ir
Ib þ Ir

;

where Ib and Ir are the intensity recorded at 435 and 510 nm for Laur-
dan and 575 and 640 nm for NR4A/NR12A. GP-values were calcu-
lated using the GP Plugin (48) for Fiji, setting “Noise tolerance” to
0.8 and “Threshold” to 40 (this value was slightly modified if the re-
gions of interest were filtered out in the GP image). The parameters
“Sample wavelength low” and “Sample wavelength high” were set
to Ib and Ir wavelengths, respectively. The spectra were not fitted
to any model. In the case of two-channel images acquired with
STED microscopes, an intensity threshold was applied to the sum
of both channel images. Automatic thresholding by Fiji usually
yielded satisfactory results, and the threshold was only slightly modi-
fied, usually being 20–30% of the maximal intensity. GP-values for
each pixel were then calculated using the GP function, where Ib and
Ir are the intensities recorded at the ordered (580–630 nm) and disor-
dered (650–700 nm) channels. Mean values for each independent
experiment were considered as the mean GP-value of at least five
images. Graphical representation in Figs. 1 G and 4 A is based on a
previous report (51). For FCS and STED-FCS GP measurements, Ib
and Ir are the average photon counts on each channel.
STED imaging

STED images were acquired in a custom Abberior Expert Line laser
scanning STED microscope using an UPlanSApo 60�/1.2 water im-
mersion objective lens equipped with a correction collar (Olympus,
Tokyo, Japan). Resolution strongly depended on the right adjustment
of the collar, especially in 3D-STED mode. NR4A/NR12A were excited
by a 561-nm pulsed diode laser PDL-T 561 (Abberior Instruments,
Gottingen, Germany) with an excitation power of 10 mWat the sample
plane. Fluorescence was inhibited by a 775-nm PFL-40-3000-775-B1R
40 MHz pulsed laser (MPB Communications, Pointe-Claire, Canada).
The STED beam power at the sample plane for each experiment is
specified in figure legends. The beam shape for two-dimensional
(2D; doughnut) or 3D depletion (bottle shape) was created using a
spatial light modulator (SLM) (Fig. S4 B). To align the STED beam
on top of the excitation PSF, four-color TetraSpeck 100-nm micro-
spheres (Thermo Fisher Scientific) were used as a reference. The
STED beam position was corrected with respect to the confocal
signal by adjusting the grating of the SLM. The orientation of the
depletion beam was fine-tuned by adjusting the SLM offset. Emitted
photons were collected through the objective lens, descanned,
passed through a 1.0-airy unit pinhole, and finally collected by
single-photon counting SPCM-AQRH-14-TR avalanche photodiodes
(Excelitas Technologies, Waltham, MA) equipped with appropriate
filters (580–630 and 650–700 nm). Pixel size was 40 nm in all dimen-
sions, and pixel dwell time was 10 ms. Each line was scanned three
times, and the collected photon intensity signal integrated.

To calculate the effect of NR4A and NR12 photobleaching in STED
imaging, a 10 � 10 mm2 area of the plasma membrane of Ptk2 cells
was imaged using a 250-mW 775-nm laser power. Images were
acquired every 10 s for 15min. The intensity in a 2� 2 mm2 was quan-
tified, the background signal (as measured by the intensity in a 2 � 2
mm2 area devoid of cell signal) was subtracted, and the result was
normalized to the intensity of the first frame. For each condition, three
cells were measured in each independent experiment.

Internalization was quantified in confocal mode by acquiring 1
frame/min for 1 h. The mean pixel intensity in cell areas that could
unequivocally be identified as plasma membrane, cytosol, or nucleus

https://doi.org/10.5281/zenodo.5110173


was measured in Fiji by manually selecting them using the “Polygon
Selection” tool and the “Measure” function (50). Intensities were
normalized to that measured for the plasma membrane. GPMV for-
mation was induced by dithiothreitol (DTT)/paraformaldehyde
(PFA) treatment of CHO cells (52). Cells were grown on glass cover-
slips to a confluence of ca 75%. Cells were washed twice with GPMV
buffer (2 mM CaCl2, 150 mM NaCl, 10 mM HEPES (pH 7.4)), and
labeled and imaged in GPMV buffer. During image acquisition,
20 mM DTT and 0.7% PFA were added. Model membrane fusion
was induced by adding 10 mM CaCl2 to the SLB and GUV/LUV-con-
taining chamber in HBS during image acquisition.
FCS and STED-FCS

FCS data were acquired at an Abberior STEDYCON STED micro-
scope mounted on a Zeiss Axio Observer Z1 inverted body, equip-
ped with an a Plan-Apochromat 100�/1.46 oil immersion
objective lens (Zeiss). Samples were excited using a 40-MHz pulsed
561-nm laser and emission stimulated by a pulsed 775-nm laser,
with a repetition rate of 40 MHz. Emitted photons were collected
by the objective lens, descanned, and recorded by avalanche photo-
diodes with 580- to 625- and 650- to 700-nm filters corresponding to
the ordered and disordered channels, respectively. The signal from
the APDs was cloned and sent to a Flex02-08D/C correlator card
(Correlator.com). For each STED laser power, SLBs were first
focused at the plane showing the highest intensity and then fine-
focused (100–400 nm) to obtain maximal amplitude in FCS record-
ings. The focus position was adjusted after each measurement to
fulfill these criteria because small drifts of the sample would induce
considerable amplitude changes in FCS curves, especially at high
STED powers. FCS and STED-FCS data were acquired for 10–20 s,
and for each spot and laser power, at least five measurements
were performed in each independent experiment. The obtained
FCS curves were fitted using the FoCuS-point software (53) to a
2D Brownian diffusion model:

Gt ¼ 1

N

�
1þ

�
t

tD

�a��1

;

where N is the average number of fluorescent particles in the focal
volume, tD is the average transient time, and a the anomaly param-
eter. In all cases, a was close to 1 [0.97–1.03], except for STED-
FCS recordings at STED laser powers >100 mW, in which a ¼
[0.80–1.00]. To quantify the resolution at different STED powers,
DOPC SLBs were measured, and the apparent spot size was calcu-
lated using the following equation (49):

u0 ¼ 290 nm
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tDðSTEDÞ
tDðconf Þ

r
;

where u0 is the 1/e2 radius of the Gaussian beam, 290 nm is u0 in
confocal mode, and tD(STED) and tD(conf) are the transit times at a
given STED power and in confocal mode, respectively. Counts per
molecule were calculated from FCS experiments by dividing the
average count rate of the measurement by the average number of
molecules in the observation spot (N). Diffusion coefficients (D)
were calculated from tD and u0 as follows:

D ¼ u0
2

4tD
:

For the simultaneous measurement of GP and D, diffusion times
from the higher wavelength channel were considered.
RESULTS

NR4A spectral imaging can resolve distinct lipid
compositions in model and cell membranes

NR4A was recently developed by linking Nile red (Fig. 1
B, orange) to a plasma membrane targeting moiety that
included an anionic sulfonate head (Fig. 1 B, blue) and a
four-carbon alkyl chain (Fig. 1 B, green). The sulfonate
group decreased cell permeability by decreasing the
flip-flop rate through the membrane (12,45), whereas
the short alkyl chain permitted transient binding to
lipid bilayers (12). NR12A, a Nile-red-based analog of
NR4A but with a 12-carbon alkyl chain (Fig. 1 B),
showed no exchangeable behavior (12) and was used
as a control in our experiments. NR4A and NR12A
were designed based on NR12S (Fig. 1 B), a Nile-red-
based plasma membrane dye containing a phenolic
oxygen, which was hypothesized to cause reduced
photostability (12).

To investigate the sensitivity of NR4A to lipid packing
changes, we prepared phase-separated GUVs made of
DOPC, sphingomyelin and cholesterol (2:2:1 mol ratio),
and stained them with NR4A. Confocal spectral imag-
ing revealed a clear red shift of the emission spectrum
in Ld environments as compared with sphingomyelin-
and cholesterol-rich Lo environments, with the emis-
sion maximal shifting by �35 nm (Fig. 1 C), as it did
for NR12A (Fig. S1 A). To assess whether NR4A's
exchangeable nature influenced its sensitivity to lipid
packing, we then quantified the lipid packing resolution
as measured by the GP difference (DGP) between Lo
and Ld environments in phase-separated GUVs (Fig. 1
D) and compared it with Laurdan, a good standard for
sensitivity. NR4A showed a DGP (0.665 0.06) compa-
rable with that of NR12A (0.82 5 0.05) or Laurdan
(0.79 5 0.06). These results were independent of the
excitation wavelength (Fig. S1, C–E).

Spectral imaging experiments showed that NR4A
is, besides hardly internalizing into the cell (as further
outlined later), also sensitive to lipid changes in the
plasma membrane of living cells, as exemplified by
cholesterol depletion by MbCD treatment of living
epithelial C2BBe1 cells (Fig. 1 E). A comparable red
shift was measured for NR12A (Fig. S1 B). Using
spectral imaging data for calculation of GP images
(48), for which the GP-value for each pixel is repre-
sented in a color-coded scale (Fig. 1 F), we also
observed a significant change in plasma membrane
packing (Fig. 1 G).

These results demonstrate that NR4A, in line with the
earlier report (12), is a polarity-sensitive membrane dye
that can resolve distinct lipid packing environments in
model and cell membranes, with a performance com-
parable to that of well-established polarity-sensitive
dyes, such as Laurdan.
Biophysical Reports 1, 100023, December 8, 2021 5
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NR4A enables prolonged time-lapse STED
acquisitions of live-cell plasma membranes

To assess whether the exchangeable nature of NR4A
could circumvent photobleaching-induced signal loss
in STED microscopy measurements, we stained live
Ptk2 epithelial cell plasma membranes with NR4A
and its nonexchangeable counterpart NR12A. Quantifi-
cation of the mean intensity recorded upon STED imag-
ing showed a constant signal for NR4A, whereas
NR12A was readily photobleached (Fig. 2, A and B;
Video S1). In some of the cells, the NR4A signal
increased around 10% (Fig. 2 A), which we ascribe to
a small pool of internalized dyes (Fig. 2 D). The NR4A
intensity was constant for longer than 15 min; however,
because of phototoxic effects induced by the 250-mW
STED laser, signs of cell death could be observed short
around 5 min, as represented by the appearance of
bright clusters and membrane protrusions, which
were not detected in the absence of STED illumination,
even for 1 h (Video S2).

Previously, 90- to 100-nm resolution was obtained
using NR12S with STED imaging (16). In line with the
reported increased brightness and photostability of
NR4A and NR12A as compared with NR12S (12),
NR12A showed a significantly higher raw intensity in
STED time-lapse acquisitions of Ptk2 cell membranes
under the same imaging conditions and concentration
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compared with NR12S (Fig. S2 A). Thus, even if NR12A
is readily photobleached in STED experiments, it still
shows superior performance compared with NR12S.
Importantly, lipid packing quantification, showed that
the measured GP increased upon NR12A photobleach-
ing, whereas it remained constant for NR4A (Fig. S2 B).
This phenomenon can presumably be caused by photo-
bleached dyes reacting with surrounding lipids (54,55),
which might be prevented in the case of NR4A because
of transient binding and thus lower reaction probability.
NR4A and NR12A specifically label plasma
membranes and show reduced internalization

Another important limitation when studying plasma
membranes is dye internalization. This problem is
aggravated when imaging polarity-sensitive dyes
because the molecular order of inner organelle mem-
branes is significantly lower than that of the plasma
membrane (56), thus dye internalization induces a
change in the emission spectrum. This is the case for
Nile red, which can be exploited to image inner organ-
elle membranes (36) but might report an underesti-
mated packing value when studying plasma
membranes. NR4A, NR12A, and NR12S were designed
to prevent dye internalization by including anionic sul-
fonate or zwitterionic groups (12,46). Sulfonate
0 45 60
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 NR4A - Cytosol
 NR4A - Nucleus
 NR12A - Cytosol
 NR12A - Nucleus

Plasma Membrane

Frame 75
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FIGURE 2 STED imaging of live-cell plasma
membranes without signal loss. (A) NR4A
shows a constant intensity signal during su-
per-resolution STED imaging of Ptk2 plasma
membranes over the span of minutes. The
NR12A signal decreased because of photo-
bleaching induced by the STED laser. The
STED laser power was 250 mW at the sample
plane. Normalized intensity is the mean inten-
sity in a 2 � 2 mm2 area divided by the initial
mean intensity. The colored area corresponds
to the SD of three independent experiments.
Three cells per condition were measured in
each independent experiment. (B) Micro-
graphs of STED images of Ptk2 cell plasma
membranes illustrating the absence of photo-
bleaching of NR4A as compared with NR12A.
Scale bars, 1 mm. (C) NR4A selectively stains
live-cell plasma membranes. Micrographs of
C2BBe1 cells upon incubation with NR4A ac-
quired in confocal mode. (D) Quantification
of NR4A and NR12A internalization. Internali-
zation is measured as the intensity in regions
of interest that could unequivocally be identi-
fied as the cytosol or the nucleus divided by
the intensity signal recorded at the plasma
membrane. The colored area corresponds to
the SD of three independent experiments.
Dashed line marks 100%, which corresponds
to the plasma membrane signal. All measure-
ments were performed at room temperature.



(NR4A, NR12A) and zwitterionic (NR12S) groups
reduce transmembrane translocations (flip-flop) of
membrane dyes, keeping them in the outer leaflet of
plasma membranes (45,46). To measure NR4A inter-
nalization, we stained C2BBe1 human epithelial cells
and quantified the intensity recorded in three distinct
cell regions, namely the plasmamembrane, the cytosol,
and the nucleus. Even after 50 min, most of the NR4A
signal was detected at plasma membranes (Fig. 2, C
and D; Video S2). However, the cytosolic signal of
NR4A was significantly higher than that of NR12A
(Fig. 2 D), which almost exclusively remained in the
plasma membrane for the whole duration of the exper-
iment (Fig. S2 C; Video S3). We hypothesize that the
highly concentrated unbound pool of NR4A in the extra-
cellular medium could be encapsulated and trans-
ported through endocytosis inside the cell, where it
would partition to inner membranes.

Our results show that NR4A can be used to perform
time-lapse imaging and quantification of lipid packing
of live cells using super-resolution STED microscopy,
circumventing photobleaching-induced signal loss. In
combination with selective plasmamembrane staining,
this makes NR4A an appropriate dye for time-lapse
STED studies. We argue that, although NR12A suffers
from photobleaching, it can still be used for experi-
ments in which continuous illumination or high STED
powers are not required. Among the advantages of
NR12A are its higher selectivity for plasma membranes
(Fig. 2 D) and the need to use significantly lower con-
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centrations (10–20 nM) as compared with NR4A
(250–500 nM) because of NR12A's strict partitioning
to membranes (12).
STED-FCS measurements show superior resolution
of NR4A and NR12A compared with NR12S

STED microscopy resolution is determined by the pho-
tophysics of the imaged fluorophore, thus it has to be
measured for each dye independently. Accurately
determining the resolution of STED microscopy can
be challenging, especially when imaging continuous
structures, such as membranes, for which the distance
between two dyes continuously changes. STED-FCS
constitutes an alternative approach to accurately quan-
tify resolution (49). In an FCS experiment, the average
time a molecule takes to cross the confocal volume
is measured, thus permitting the calculation of its diffu-
sion coefficient. By measuring the transition time at
different STED laser powers on an SLB, we can calcu-
late the volume of the observation spot for each
STED power (49). Because an SLB is a 2D structure,
this approach reports on the size of the observation
spot in the xy dimensions (u0, see Materials and
methods for more details).

To quantify the resolution offered by NR4A, we per-
formed STED-FCS measurements of DOPC SLBs.
NR4A and NR12A showed a maximal resolution
of 80.4 5 1.4 and 77.1 5 1.4 nm, respectively, at
250-mW STED laser power (Fig. 3 A). This resolution
0 0.1 0.2
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 NR4A
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FIGURE 3 STED-FCS measurements of
membrane dynamics and packing. (A) NR4A
and NR12A offer higher resolution than
NR12S as quantified by STED-FCS measure-
ments on DOPC SLBs. (B) NR4A and NR12A
also show superior brightness at all measured
resolutions. (C) Exemplary STED-FCS curves
obtained on DOPC:cholesterol (1:1 mol ratio)
SLBs at 250-mW STED laser power. The
average counts per molecule of those mea-
surements are indicated. (D) Simultaneous
quantification of the diffusion coefficient of
NR4A and its surrounding lipid packing show
a negative correlation between packing and dy-
namics, as measured at 25-mW STED power in
cholesterol-containing SLBs and in the plasma
membrane of live Ptk2 cells. The observed
anticorrelation is maintained independent of
the STED power (Fig. S3 B). All measurements
were performed at room temperature. In all
panels, whiskers are the SD of at least three
independent measurements (at least five ac-
quisitions per condition per independent mea-
surement).
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is significantly higher than that obtained for NR12S un-
der the same imaging conditions (95.6 5 7.4 nm). The
major difference between NR4A/NR12A and the orig-
inal NR12S is the reverse orientation of Nile red in the
bilayer and the lack of a phenolic oxygen in the fluoro-
phore of NR4A/NR12A (Fig. 1 B), which was hypothe-
sized to cause lower photostability (12). To quantify
the effect of this modification in molecular brightness,
wemeasured the counts per molecule of the three dyes
at different STED powers using STED-FCS (Fig. 3 B). As
expected, NR4A and NR12A showed a comparable
brightness, approximately three times higher than
that of NR12S, which could account for the observed
resolution difference. Moreover, STED-FCS curves ob-
tained for NR4A/NR12A showed significantly less
noise compared with those measured with NR12S
(Fig. 3 C), as expected for brighter molecules.

To simultaneously measure membrane dynamics
and packing (57,58), we combined STED-FCS acquisi-
tions with GP analysis. For that, we prepared SLBs
containing increasing amounts of cholesterol and
measured the intensity fluctuations of NR4A in two
different spectral channels (580–625 and 650–
700 nm) at different resolutions (i.e., STED laser
powers). We measured the diffusion coefficient of
NR4A using FCS and quantified lipid packing by calcu-
lating the GP function from the average photon count
measured in each channel. We observed a linear anti-
correlation between lipid packing and diffusion at
different cholesterol concentrations (Fig. 3 D) that
was independent of the observation spot size (Fig. S3
B). The observed anticorrelation was maintained even
when including data acquired on the plasma mem-
brane of live Ptk2 epithelial cells (Fig. 3 D). It must be
noted that GP-values strongly depend on the STED
laser power (16) (Fig. S3 A), although the GP resolution
(dynamic range) was maintained at all measured STED
powers. Thus, STED-GP-values can only be compared
with those obtained under the same imaging
conditions (e.g., the same STED power and dye
concentration).

Altogether, these results show that, due to their
increased brightness, NR4A and NR12A offer superior
resolution and performance when compared with the
previous generation counterpart NR12S in STED, FCS,
and STED-FCS experiments. Despite only transiently
partitioning to membranes, the binding time for NR4A
is longer than the time it takes to cross the observation
spot (�2 ms in cell plasma membranes), making it
compatible with FCS measurements because the 2D
Brownian diffusion model (see Materials and methods)
fitted the correlation data equally as well in the case
of the exchangeable NR4A and nonexchangeable
NR12A as determined by the residuals of the fitting
(Fig. S3 C). Moreover, the diffusion time measured for
8 Biophysical Reports 1, 100023, December 8, 2021
NR4A linearly decreased with cholesterol content inde-
pendently of the resolution (i.e., STED laser power
(Fig. S3 B)). Two-channel FCS acquisitions permit the
simultaneous calculation of diffusion coefficients and
lipid packing by means of the GP function. By employ-
ing this approach, we found that the lipid packing and
bilayer dynamics anticorrelate in model and live-cell
membranes, suggesting that the slow diffusion coeffi-
cients commonly measured in plasma membranes
can be ascribed to the high degree of lipid packing of
this structure, which arises from its distinct lipid
composition (56), as previously suggested for highly
packed viral membranes (59).
Live 3D-STED imaging of cell membranes

We then proceeded to assess whether NR4A could
distinguish lipid packing changes in live cells using
STED microscopy. Because our current STED setups
were not equipped with spectral detectors, we
performed classic two-channel acquisitions using
emission filters typically found in STED setups (580–
630 nm for the ordered channel and 650–700 nm for
the disordered channel). We found that this combina-
tion of filters offered a high GP resolution that
permitted distinguishing control and cholesterol-
depleted (MbCD-treated) plasma membranes at
high STED powers (Fig. 4 A) and in confocal mode
(Fig. S4 A).

In 3D-STED, the resolution is increased in three di-
mensions (xyz) by using a “bottle-shaped” depletion
scheme instead of the classic “doughnut-shaped”
beam (Fig. S4 B) (60). 3D-STED was recently shown
to be a powerful tool to investigate living membranes
(17). Here, we wanted to prove the potential of
combining 3D-STED and exchangeable dyes for mem-
brane imaging. 3D-STED microscopy of artificial mem-
branes stained with NR4A clearly showed the increase
in lateral and axial resolution (Fig. 4 B). As a model to
investigate membrane changes in real time, we
induced GPMV formation (i.e., plasma membrane
vesiculation) with DTT and PFA (52). Plasma mem-
brane vesiculation could be readily observed in CHO
cells (Fig. 4 C; Video S4) and epithelial human 293T
cells (Fig. S4 C). The improved axial resolution offered
by 3D-STED permitted the visualization of vesiculation
and swelling of inner organelles (Fig. 4 C). Unfortu-
nately, DTT/PFA treatment induced permeabilization
of plasma membranes to NR4A, as demonstrated by
the immediate staining of inner membranes (Fig. 4
C), whereas untreated cells showed a significantly
lower cytosolic signal (Fig. S4 D). GPMVs have been
shown to be permeable to small solutes; however,
cell plasma membranes remain impermeable during
GPMV formation (61). In line with these results,
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symbol is the mean GP-value of each independent experiment (at
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dent experiments. Lines represent the mean, and whiskers represent
the SD of three independent experiments. (B) Confocal and 3D-STED
microscopy micrograph of a DOPC GUV labeled with 200 nM NR4A.
Scale bars, 1 mm. (C) GPMV formation induced by DTT/PFA treat-
ment of CHO cell plasmamembranes as visualized by NR4A confocal
(top) and 3D-STED (bottom) imaging. Because of DTT/PFA-induced
membrane disruption, NR4A can diffuse inside the cell. NR4A con-
centration was 500 nM. Scale bars, 5 mm. All measurements were
performed at room temperature.
DTT/PFA treatment did not induce plasma membrane
permeabilization to hydrophilic solutes, whereas
NR4A got internalized (Fig. S4 E), hampering a detailed
plasma membrane packing analysis during GPMV
formation.
Super-resolved live monitoring of lipid packing
during membrane fusion

In vitro studies of membrane remodeling processes are
among the main applications of polarity-sensitive dyes.
Real-time monitoring of such phenomena has so far
been hampered by photobleaching. Taking advantage
of the exchangeable nature of NR4A, we decided to
investigate heterotypic membrane fusion (i.e., the
merger between two membranes of distinct composi-
tion). For that, we prepared SLBs made of DOPC,
DOPE and DOPS (4:3:3 mol ratio), and incubated
them with GUVs made of POPC, and cholesterol
(2:1 mol ratio). We simultaneously labeled the SLB
and GUVs by adding 500 nMNR4A. Both membrane en-
vironments could be distinguished by their different
lipid packing in confocal measurements, as reported
by the GP parameter (Fig. 5 A, top left panel). Subse-
quent addition of 10 mM calcium chloride readily pro-
moted membrane fusion (Fig. 5 A; Video S5), in line
with the well-characterized fusogenic activity of diva-
lent cations (62). By monitoring the process in real
time, we could differentiate the following steps (Video
S5): 1) contact, the vesicle is brought in close contact
to the supported bilayer, the GUV membrane is highly
mobile; 2) hemifusion, the vesicle is docked, lipid ex-
change can be observed as reported by the GP change
(Fig. 5 B); and 3) full fusion, both membranes form a
continuous bilayer. Because NR4A only partitions to
the outer leaflet of bilayers, complete GP equilibrium
could be observed after hemifusion.

Endo- and exocytosis involve significantly smaller
vesicles than GUVs. Therefore, we next investigated
the fusion of submicrometric-sized vesicles with
SLBs, which could be resolved by 3D-STED GP imaging
(Fig. 5 C; Video S6). Lipid exchange and fusion
happened in a shorter timescale (Fig. 5 D) because of
the smaller size of the vesicles. Finally, we prepared
400-nm LUVs, smaller than the axial resolution of
confocal microscopy (Fig. S5, A and B; Video S7).
In this case, fusion occurred seconds after attach-
ment, and total lipid exchange occurred within
two frames (Fig. S5, C–E), which could only be resolved
with 3D-STED imaging. In summary, we show that
exchangeable polarity-sensitive dyes can be useful
tools for imaging fusion in real time with conven-
tional or super-resolved fluorescence microscopy.
Lipid exchange could be quantified by means of GP
imaging, resolving the different steps of the fusion
process.
DISCUSSION

The increase of spatial resolution to the subdiffraction
scale by SRM is usually accompanied by a decrease in
temporal resolution. In the case of STED SRM, photo-
bleaching induced by the depletion laser hampers
long-term experiments, especially when using the
high laser powers needed to achieve the highest reso-
lution. Here, we studied whether exchangeable polar-
ity-sensitive probes allow the long-term quantification
of two important membrane biophysical properties,
namely lipid packing and membrane dynamics. To
this end, we selected NR4A, a Nile-red-based probe de-
signed for selective imaging of plasma membranes us-
ing SMLM (12). Nile red presents an intermediate
affinity for membranes, promoting its continuous ex-
change between solution and membrane environ-
ments. This phenomenon was recently exploited to
prevent photobleaching-induced signal loss in STED
biomembrane imaging (36). However, Nile red nonspe-
cifically labels all cell membranes, showing no selec-
tivity and hampering the accurate measurement of
Biophysical Reports 1, 100023, December 8, 2021 9
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surements were performed at room temperature.
spectral changes necessary for packing quantification
of specific organelles. The sulfonate group in NR4A
reduces its flip-flop rate (12,45) and thus ensures
specific plasma membrane labeling for prolonged
periods of time (Fig. 2, C and D; Video S2). Importantly,
thanks to its exchangeable nature, NR4A can circum-
vent signal loss induced by dye photobleaching, even
at the highest depletion laser powers used in STED
microscopy (Fig. 2, A and B; Video S1). Thus, NR4A
can be used for long-term imaging of model and
plasma membranes, opening new opportunities for
monitoring membrane biophysical properties in long-
term experiments, as exemplified by our measure-
ments of membrane fusion (Fig. 5; Videos S5, S6,
and S7) and plasma membrane vesiculation (Fig. 4 C;
Video S4).

The compatibility of STED microscopy with spectro-
scopic measurements permits the quantification of
membrane biophysical properties, such as lipid diffu-
sion by STED-FCS (5) or membrane packing with polar-
ity-sensitive dyes (16). To obtain the highest spatial
and temporal resolutions in STED microscopy, fluores-
cent dyes must offer high molecular brightness to
ensure high signal/noise ratio. This enables the use
of higher scanning frequencies, reducing photobleach-
ing and phototoxicity (27), and permits shorter acquisi-
tions in the case of STED-FCS. Here, we show that
NR4A offers a high molecular brightness (Fig. 3 B)
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that yields higher resolution (Fig. 3 A), and less noisy
STED-FCS measurements (Fig. 3 C). We employed
STED-FCS to simultaneously measure membrane
packing and dynamics, which were found to strongly
anticorrelate in model and plasma membranes
(Fig. 3 D). Importantly, we found that, despite its
exchangeable nature, NR4A's emission spectra reports
on membrane packing changes with high sensitivity in
model (Fig. 1, C and D) and live-cell plasmamembranes
(Fig. 1, E–G; Fig. 4 A).

In conclusion, NR4A can circumvent signal loss
induced by dye photobleaching, especially in STED mi-
croscopy. NR4A is sensitive to changes on lipid compo-
sition in confocal (Fig. 1) and STED (Fig. 4) microscopy.
It permits continuous STED imaging of plasma mem-
branes, which is no longer limited by photobleaching
but rather by cell photodamage (Fig. 2). Signal fluctua-
tion analysis methods, such as FCS or its super-
resolved STED-FCS mode, can simultaneously report
on packing and dynamics in model and plasma mem-
branes (Fig. 3). NR4A is compatible with 3D-STED,
which offers an order-of-magnitude increase in resolu-
tion in all axes, permitting the long-time visualization of
previously unresolvable processes in cells (Fig. 4) and
model membrane systems (Fig. 5). Finally, we would
like to highlight the versatility of NR4A, which can be
used in confocal, widefield, SMLM (12), and STED mi-
croscopy experiments.



Limitations of this study

Here, NR4A is presented as a STEDable dye that can
circumvent photobleaching-induced signal loss. How-
ever, STED imaging of plasma and model membranes
still presents several obstacles that need to be ad-
dressed before attaining the ultimate goal of unlimited
live imaging with molecular resolution. First, the resolu-
tion offered by NR4A and NR12A is around 80 nm,
approximately half of the resolution commonly
achieved with live-cell STED microscopy of fluorescent
lipid analogs labeled with dyes such as Abberior STAR
RED or ATTO647N. Still, to the best of our knowledge,
NR4A and NR12A are the polarity-sensitive dyes offer-
ing the best STED resolution so far. Moreover, to
achieve the highest resolution, STED microscopy re-
quires the use of highly focused laser beams with a po-
wer in the range of hundreds of milliwatts, which can
induce cell photodamage (63), hampering long-time
live-cell studies.

Polarity-sensitive dyes strongly suffer from photose-
lection (i.e., the preferential excitation of the fluoro-
phore in respect to the excitation light polarization),
which can introduce an underestimation in lipid pack-
ing quantification. Because membranes fix the orienta-
tion of polarity-sensitive dyes, xy imaging needs to be
performed with circularly polarized light, whereas 3D/
z imaging would require a combination of circularly
and axially polarized light, an approach that, to the
best of our knowledge, remains unexplored. Further-
more, Nile-red-based dyes show excitation and emis-
sion spectra that overlap with those of the most
popular fluorophores and fluorescent proteins,
hampering their combined use. The ability to tran-
siently bind to their target structure confers exchange-
able dyes their switchable nature; however, because
most of the dye remains in solution, the concentrations
needed to perform each experiment are at least one
order of magnitude higher than that with classic mem-
brane dyes, significantly increasing their cost. More-
over, when used at high concentration (500 nM),
NR4A internalization can also impose a limitation if
processes that span for longer than an hour are
imaged.
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