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Fluorescence microscopy, especially confocal microscopy, has revolutionized the ﬁeld of biological imaging. Breaking the
optical diffraction barrier of conventional light microscopy, through the advent of super-resolution microscopy, has ushered
in the potential for a second revolution through unprecedented insight into nanoscale structure and dynamics in biological
systems. Stimulated emission depletion (STED) microscopy is one such super-resolution microscopy technique which
provides real-time enhanced-resolution imaging capabilities. In addition, it can be easily integrated with well-established
ﬂuorescence-based techniques such as ﬂuorescence correlation spectroscopy (FCS) in order to capture the structure of
cellular membranes at the nanoscale with high temporal resolution. In this review, we discuss the theory of STED and
different modalities of operation in order to achieve the best resolution. Various applications of this technique in cell
imaging, especially that of neuronal cell imaging, are discussed as well as examples of application of STED imaging in
unravelling structure formation on biological membranes. Finally, we have discussed examples from some of our recent
studies on nanoscale structure and dynamics of lipids in model membranes, due to interaction with proteins, as revealed by
combination of STED and FCS techniques.
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1. Introduction
Cell, the smallest machinery in nature, encompasses
molecules and processes extending over a range of spatiotemporal scales to sustain life. Mature female egg cells, the
largest living cells with a diameter of 120 lm, to the smallest
ATP molecule of 1–2 nm within the cell of several orders of
magnitude are shown in ﬁgure 1 (Milo and Phillips 2015).
Associated with these structures are active dynamic cellular
processes with time scales ranging from a cell division that
occurs over several minutes to fast diffusion exhibited by
membrane lipids on millisecond timescales. In this context,
it should be noted that time-lapse imaging of some of the
interesting processes such cell division, mitochondrial ﬁssion/fusion (Mitra and Lippincott-Schwartz 2010) and exocytosis (Terasaki 1995) have been successfully captured
using conventional ﬂuorescence microscopy techniques,
which have provided valuable insights regarding these processes. However, understanding mechanisms such as protein
clustering due to signal transduction and actin polymerization at higher resolution indicated the need for a technique
with higher spatio-temporal resolution. While there are
several techniques to capture static nanoscale structures,
studying interesting dynamic processes was restricted by the
http://www.ias.ac.in/jbiosci

lack of simultaneous high temporal resolution. Techniques
combining improved time resolution and nanoscale spatial
resolution can capture the pathways of fast processes such as
toxin-induced pore formation mechanisms in membrane and
structural changes in synapse of neurons. Capturing some of
these structures and processes in cell at nanoscale was not
possible until the advent of super-resolution techniques that
revolutionized the ﬁeld of cell biology. With advancements
in the ﬁeld of optical nanoscopy, new light was shed on
intricate details of the cellular machinery, unravelling spatial
and dynamical processes from different aspects of functioning of cell (Blom and Bates 2015; Sahl et al. 2017). The
advent of several super-resolution microscopy techniques
such as photo activation localization microscopy (PALM),
stochastic optical reconstruction microscopy (STORM) and
stimulated emission depletion microscope (STED) has
enabled dissection of chromatin domains in the nuclei
(Boettiger et al. 2016), resolution of cytoskeleton ﬁlaments
in the cell (Xu et al. 2012) and imaging of vimentin network
of neuron (Wildanger et al. 2008), nuclear pores (Loschberger et al. 2012), substructures of mitochondria (Schmidt
et al. 2009) and lysozomes (Shim et al. 2012) in cells.
In addition to these sub-cellular structures, insights into
the plasma membrane structure were found, where lipids
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Figure 1. (a) Structures in cell spanning different spatial scales. (b) Different processes ranging across time scales. In probing time scales
ranging wide time scales, STED in combination with FCS can cover faster processes, whereas STED in time-lapse mode captures
comparatively slower processes.

along with peripheral/integral proteins in the membrane
dynamically organize to facilitate different cellular functions
(Stone et al. 2017). Imaging proteins at nanometer resolution
(Betzig et al. 2006; Owen et al. 2010; Sengupta et al. 2011),

submicroscopic receptor organization in plasma membrane
(Kellner et al. 2007; Wilmes et al. 2012) and nanoscale
compositional heterogeneity (Cambi and Lidke 2014; Moon
et al. 2017; Owen and Gaus 2013; Sezgin 2017) was not

Applications of STED ﬂuorescence nanoscopy

detected earlier due to the diffraction limit in conventional
microscopes. Although electron microscopy has been successful in imaging of densely packed membrane proteins, it
is capable of capturing only static structures and not suitable for live cell studies. In this context, it should be noted
that even super-resolution techniques such as PALM and
STORM, which need elaborate data processing to reconstruct images with high spatial resolution, fail to capture fast
dynamical processes (Betzig et al. 1991; Moerner 2015).
However, STED works exactly like confocal scanning with
fast scanning speeds but with a sub-diffraction spot and can
be easily used for live cell tracking, video nanoscopy or
combining with techniques such as FCS that offer the best
time resolution down to few microseconds (Hell 2007, 2015;
Hell et al. 2015; Sezgin 2017). This makes STED advantageous over other super-resolution techniques in capturing
the pathway of dynamical cellular processes with nanoscale
resolution. STED in combination with FCS has been quite
successful in revealing spatio-temporal heterogeneity of
lipids, detecting cholesterol or cytoskeleton-mediated complexes, capturing hop diffusion of lipids in plasma membrane, diffusion of GPI-anchored proteins, to name a few
capabilities of STED–FCS measurements (Eggeling et al.
2009; Hell 2007, 2015; Hell et al. 2015; Mueller et al. 2011).
Over time, plasma membrane has been extensively
employed to elucidate the abilities or advancements in superresolution techniques and, in some cases, model membranes
are used as standard systems. This review discusses the basic
principles of STED and recent advancements in execution. It
discusses the practical aspects in performing optimal STED
experiment. Finally, it discusses the applications of STED
nanoscopy in biological systems with special relevance to
membrane biology.

2. Super-resolution nanoscopy
Fluorescence microscopy has become an inevitable tool in
model cell biology studies. However, capturing ﬁner entities
of the cellular machinery below * 250 nm is hindered by
the optical diffraction limit due to the wave nature of light,
as depicted in ﬁgure 2. Even with the best optical components, a only a resolution of * 200 nm could be achieved.
Advent of super-resolution techniques has revolutionized the
ﬁeld of microscopy by making use of ﬂuorophore photo
physics and entered into new nanoscopy regime (Huang
et al. 2009; Leung and Chou 2011; Schermelleh et al. 2010).
This enabled imaging of cells at a much smaller length scale
than before. Ground-breaking contribution of Betzig, Hell
and Moerner was recognized by the Nobel prize for
Chemistry in 2014 for the development of super-resolved
ﬂuorescence microscopy (Galbraith and Galbraith 2011;
Mockl et al. 2014; Orrit 2014).

473

Figure 2. Schematic showing (a) beads of * 30 nm, (b) appears
as a continuous rim structure under a confocal of PSF 200 nm,
(c) beads are resolved in presence of sub-diffraction beam but
appears bigger due to a reduced beam size of 80 nm, (d) FWHM
extracted from the line proﬁles drawn across the images are shown
for comparison.

Broadly, PALM (Betzig et al. 2006), STED (Klar and Hell
1999) and STORM (Rust et al. 2006) operate by turning ON–
OFF the ﬂuorescence spatially or temporally and achieves
focal spot, breaking the diffraction limit (Blom and Bates
2015). Using these techniques and recent advancements, lateral and axial resolutions as small as * 20 and 100 nm,
respectively, are achieved. They enable 10–15 times improved
resolution compared to conventional microscopes. Of the
available super-resolution techniques that use ﬂuorophore
photo physics, two modes of attaining sub-diffraction beam
are widely used. STED falls into the category of deterministic,
single read-out technique where images are captured similar to
confocal imaging but with a nanoscale probe area.
In a second category of techniques such as PALM and
STORM, resolution is achieved by turning ON molecule
stochastically. Differences between these two techniques lie in
the nature of ﬂuorophore used: photo switchable dye for
STORM and photo switchable protein for PALM. Only photoactivable ﬂuorophores are suitable for this study. Both of these
techniques operate in the TIRF mode and they can probe only
200–300 nm into the thickness using penetration of evanescent
waves and essentially acts as a 2D technique. It is implemented
using two lasers, one to turn OFF ﬂuorescence and the other to
activate the molecule along with a photo-switchable dye. A red
laser is commonly used to turn OFF ﬂuorophore, followed by a
green laser that randomly activates the ﬂuorescence at different
spatial locations allowing neighbouring molecules to emit at
different times. Final image is reconstructed at the end by
merging frames captured at different time intervals spanning
several minutes. Unlike live imaging performed in STED,
processing and analysis to construct an image is routinely done
in case of STORM and PALM. However, recently, video-rate
STORM has been shown to record motion of transferrin
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receptors in the plasma membrane (Huang et al. 2013).
Nevertheless, faster acquisition and a suitable choice of tool for
live cell imaging are ensured in STED nanoscopy. Comparison
of these three techniques is given in table 1.
2.1

STED nanoscopy

In STED nanoscopy, nanoscale resolution is achieved by
de-exciting excited molecules to the ground state in a nonradiative manner using a depletion laser, as shown in
schematics (ﬁgure 3). Vortex phase ﬁlters are used in realizing
donut-shaped beams. In Leica STED system, polymer phase
plate is employed for this purpose. This phase ﬁlter is designed
to ensure cancelling of depletion beam intensity in the centre
through destructive interference. Red-shifted lasers are
employed for depletion to increase the stimulated depletion
cross section and does not interfere with the excitation. Figure 3 shows reduction in PSF with increase in intensity of
STED laser cross section. Spatially switching molecules OFF
selectively is possible by shaping the point spread function
(PSF) of depletion beam as shown in ﬁgure 3a.
To deplete the molecules in the periphery, depletion laser
has to be nearly simultaneously illuminated along with the
excitation laser. Reduction in PSF depends on the extent of
depletion in the periphery. Efﬁciency of depletion in turn
depends on the intensity of the depletion laser, and in order
to achieve the best possible reduction in PSF, highly intense
depletion lasers are used. Resolution scaling with intensity
of depletion laser is given by (Harke et al. 2008)
Table 1. Super-resolution techniques
Technique

PALM and STORM

STED

Wide ﬁeld / TIRF

Confocal laser scanning

Switching OFF
molecule

Stochastic

Deterministic, targeted

Lateral
resolution

20–30 nm

30–40 nm

Depth
sampling

Only 200–300 nm
into the sample
Limited by
evanescent waves

* 20 lm into the sample
Resolution achievable
* 30–40 nm

Acquisition
time

* minutes

ms–s

Fluorophore

Photo switchable

Photo stable

Advantages

Higher spatial
resolution
Less intense laser

Higher temporal
resolution
No reconstruction of
image required
Optical sectioning or outof-focus rejection

Type

Figure 3. Reduction in PSF with increase in intensity of STED
laser.

x

k
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
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ð1Þ

where x is the FWHM of the beam size in lateral direction,
k is the wavelength of laser line, nsina is the numerical
aperture of objective with n corresponding to refractive
index and a is the maximal half angle of the cone of light,
I is the intensity of the depletion laser and Is denotes saturation intensity and it depends on the characteristics of the
dye. Is is the STED laser intensity at which ﬂuorophore
emission drops by 1/e. Based on the theoretical PSF
expected from a conventional microscope, even for an
object with high numerical aperture (1009), x * 200 nm
can only be achieved in a best possible scenario. Equation 1 indicates that by using depletion laser, x can be
continuously tuned below the diffraction barrier unlimitedly, with increase in the depletion laser power as also
depicted in ﬁgure 3b.
2.1.1 Different modes of operation: Since 2000, there are
several advancements in the ﬁeld of nanoscopy in terms of
resolution, depth, speed, multicolour imaging and easier
implementation (Bianchini et al. 2015). Historically, the ﬁrst
STED was demonstrated using a pulsed depletion laser (Klar
et al. 2000) that used costly mode-locked lasers. Eight years
later, Willig et al. (2007) demonstrated STED using CW
depletion lasers. Using CW lasers was more cost-effective
and commercially used. However, CW has a drawback of at
least 3 times more intensity needed to achieve similar
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resolution as pulsed laser. CW STED comes with lower peak
intensity than pulsed laser, which decides the efﬁciency of
depletion. Weak depletion results in comparatively poor
resolution for the same power (of pulsed STED). This
problem was partly overcome using gated detection
scheme making use of the lifetime information of excited
molecules. In gated STED (g-STED) (Vicidomini et al.
2014), detection scheme is sensitive to the time of arrival of
photons. Stimulated emission photons are short-lived and
they can be rejected if the detection is designed with a time
delay to detect only the ﬂuorescence (spontaneous emission)
from the molecules. Compared with the other super-resolution technique, STED is advantageous for its fast scanning
speeds, and further improvement can be attained using resonant scanners, which reduces photo bleaching effects (Wu
et al. 2015a, b). With its ability of video-rate (* 25 frames
per second) nanoscopy, imaging of dendritic spines, which
play critical roles in the function and properties of synaptic
connections in live neurons, was acquired (Nagerl et al.
2008).
Unlike in 2D membrane/surface studies, resolution in
3D is essential for imaging of cells in different z sections. Achieving axial resolution is possible by adding
another annular phase plate to the vortex phase plate
(lateral resolution) that allows three-dimensional nanoscale resolution (Klar et al. 2000). Alternatively, STED–
4pi methods are also used in improving the axial resolution. Interesting results have been demonstrated using
two-colour and three-colour STED nanoscopy. Two-colour STED can be achieved using two excitation lasers
and one depletion laser or two pairs of excitation and
depletion beams (Meyer et al. 2008; Schmidt et al.
2008). For realization of three-colour STED, ﬂuorophore
lifetime information is taken into advantage (Buckers
et al. 2011). A summary of different modalities of STED
operation is given in table 2.

3. Considerations for optimal STED resolution
Our lab is equipped with a commercial STED nanoscope
from Leica microsystems, LEICA TCS SP5 II, with a
CW 592 nm depletion laser. Commercial microscopes
from Leica Microsystems, Abberior Instruments and
Picoquant have made it easier for biologists. The following parameters need to be optimized and are important in attaining best results from a given sample
(Mueller et al. 2011).
Dyes: Best resolution can be achieved at higher depletion
laser power. However, photobleaching effects with such
intense laser are a drawback for biological samples.
Choosing a suitable dye with high photo stability and
brightness can circumvent this problem. Choice of dye also
depends on the depletion laser used in the system, as any
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Table 2. Different STED modalities
Mode
CW STED
(Willig et al.
2007)

Gated CW
STED
(Vicidomini
et al. 2014)
3D STED
(Klar et al. 2000)
2 Colour STED
(Meyer et al.
2008; Schmidt
et al. 2008)
Pulsed STED
(Klar et al. 2000)

Execution

Effect

CW excitation
CW depletion

Cost-effective
No synchronization
needed
Less depletion efﬁciency
High depletion power
needed
Time gated detection
Improved resolution

Pulsed excitation
CW depletion
Two-phase plates:
Vortex–lateral
Annular–axial
Two depletion
lasers or
2 excitation lasers
with a single
depletion laser
Pulsed excitation
Pulsed depletion

Tunable axial resolution
* 100 nm demonstrated
Multicolour STED
imaging is a potential
tool for cell studies,
protein co–localization
studies.
Synchronization of
beams required
Comparatively smallest
PSF can be attained

transition (excitation/emission) of the ﬂuorophore should
be separated to avoid any excitation from the depletion
laser itself. In biologically relevant samples, care need to be
taken to maintain activity of the native after ﬂuorescent
tagging.
Objective: As shown in equation 1, smaller PSF can be
obtained using objective of high numerical aperture and to
attain small PSFs, 100 9 oil immersion objectives are recommended. These are usually coverslip - corrected objectives and are optimized to work for coverslip of thickness
* 0.17 mm.
Mounting medium: Choosing an appropriate embedding
medium serves two purposes. One is to match the refractive
index with the immersion medium of objective. For thicker
specimen such as cells, index mismatch results in spherical
aberrations in the image. These aberrations are, however, not
signiﬁcant for samples of thickness less than 100 nm. Second, embedding medium such as TDE, ProLong Gold acts
as an anti-fade and reduces photo-bleaching effects due to
STED laser. A suitable medium for the sample is needed to
preserves the intact features. However, for dynamics studies,
these agents can induce changes in the viscosity of the
medium.
Laser power: As some fraction of molecules are turned
OFF during depletion, it results in reduction of signal from
the sample. To compensate for this loss, we need to increase
the excitation power of the laser corresponding to an
increase in STED laser power. This needs to be optimized
for a given dye and the sample used.
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Standard samples: We have used chromeo beads and
micro-ﬁlament tubules to test the effect of STED laser in
comparison with confocal images as shown in ﬁgure 4.
Standard samples used in PSF calibration must be with
features smaller than or equal to the smallest achievable PSF
in STED. Images are captured and further FWHM of the line
proﬁle drawn across the features gives the PSF of the beam.
We have most routinely used STED–FCS measurements on
standard bilayers such as DOPC to calibrate the PSF for
different laser powers. In this case, a standard dye is used to
attain the confocal PSF. Further, STED PSF is calculated
using (Clausen et al. 2015)
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sSTED
xSTED ¼ xconfocal
ð2Þ
sconfocal
where xSTED and xconfocal correspond to STED and confocal
PSF, respectively. sSTED and sconfocal correspond to transit

time measured across an STED and confocal PSF,
respectively.
STED PSF in Leica commercial set-up is tuned by varying the depletion laser power, and with increase in power,
PSF reduces. For each power, equation (2) can be used to
calibrate the PSF.
Nyquist criterion: Sampling interval of the images need to
be chosen to avoid under sampling. For a beam PSF of
90–100 nm, pixel size should be 25–30 nm, which is onethird of the system resolution.
Alignment: Overlap of excitation and depletion PSF (ﬁgure 5) is very crucial in obtaining the desired PSF and needs
to be monitored every 1 h. As with any optics set-up,
ambient conditions such as temperature and humidity play a
crucial role in maintaining the performance of the system.
Recommended temperature of T = 21-23°C and RH
between 50% and 60% is essential for the alignment of
depletion and excitation laser (ﬁgure 5) for the donut shape.

Figure 4. Comparison of standard bead samples obtained using (a) confocal image, (b) corresponding line proﬁle, (c) STED image and
(d) corresponding line proﬁle across a bead.
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Figure 5. Images showing (a) excitation PSF and (b) depletion donut captured during internal calibration.

4. Applications of STED nanoscopy
Two frontiers in biology that have extensively beneﬁted from
super-resolution are neuroscience and cellular membrane
biophysics. Neurons, which act as an electrical signal carrier
and transporter, linking brain to other body parts, contain
synaptic regions formed by dendritic spines. Synapses and the
dendrites are diffraction-limited structures, which became a
ﬁeld of interest and reality using sub-diffraction techniques.
Before the advent of super-resolution microscopy, live neuronal six-cell structure and dynamics elucidation was almost
impossible, which is now a much easier task. Not only live cell
imaging, but cells of living organisms can also be imaged
without damaging or killing them. Imaging live hippocampal
neurons using 3DSTED with time-lapse imaging revealed the
structural plasticity of the dendritic structures when stimulated
as well as during the post-synaptic activity (Nagerl et al.
2008). Willig et al. exploited the STED nanoscopy to understand the protein, synaptotagmin, which is present in the
synaptic vesicle and plays a key role in the exocytosis and
endocytosis in the synapse. STED revealed that this protein
appeared in the clustered form in the membrane of the both
internalized vesicle as well as surface of the synapse (Willig
et al. 2006). Actins present in the neurons have been reported
to be essential in maintaining the structure of the neuron.
However, Elisa DEste et al. found that the actin is present all
over the neuron in a ring-like fashion with a structural periodicity of 192 nm and intercalates with the neuofascin, which
stains the axonal membrane. The periodic ring-like structure
of actin was claimed to be observed only in the super-resolution microscopy and not in electron microscopy. They also
studied spectrin, another cytoskeletal protein, which is found
in the Nodes of Ranvier, a demyelinated region of the axon.

When imaged axially along the axon, the spectrin was found
surrounding the membrane with a periodicity of 180 nm. With
these results, they conﬁrmed that the cytoskeletal protein
remains in a structural periodicity in the axonal initial segment, including the Nodes of Ranvier (DEste et al. 2015).
Non-invasive STED nanoscopy have given hopes for
performing live cell imaging and dynamics studies in the
sub-diffraction regime where most of the important biomolecules are present. The next level of utilizing non-invasive
nature of STED was demonstrated in imaging live cultured
hippocampal cells to imaging the cells directly in a living
organism, mouse. The mouse was surgically prepared and
anesthetized before imaging the dynamic changes in the
actin present inside the cortical neurons. The actin of the
neurons was stained using the viral infection–mediated
labelling of the ﬂuorescent protein LifeactYFP, which
speciﬁcally labels the F-actin (Willig et al. 2014). The
neuronal structural plasticity, which was observed in live
cultured hippocampal cells, was also detected during the
time-lapse STED imaging of cells in the living mouse as
shown in ﬁgure 6 (Wegner et al. 2017). Thus, STED
microscopy has given a wide range of application in the ﬁeld
of neurobiology to observe and understand the nature of
neurons with and without stimulations. Dynamic nature of
the dendritic structures could be captured because of the
faster imaging rate.
Other than neuronal aspects, STED also provides the
information regarding the co-localization and clustering of
proteins, which are present in the cytosol as well as the cellular
membranes. Most important among them are clustering of
MINOS proteins in the inner mitochondrial membrane (Jans
et al. 2013), arrangement of nuclear pore complex subunits
(Gottfert et al. 2013) and the nine-subunit arrangement of
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Figure 6. In vivo STED microscopy of ﬁlamentous actin marked with Lifeact fused to the far-red emitting ﬂuorescent protein mNeptune2.
A dendritic branch at 6 lm depth of the visual cortex is recorded at 560 nm excitation in the confocal mode (a) by an additional laser at
732 nm for stimulated emission depletion (STED) in super-resolution mode. (b) The correction collar of the objective was used to optimize
the resolution in the tissue. (c) Image section of the marked area in (b) of 17 time points (t) recorded within 55 min, each with a maximum
intensity projection of 4 z-slices of raw data 500 nm apart. Image adapted from Wegner et al. 2017.

centriole protein (Lau et al. 2012). The centriole and the
nuclear pore complex are made up of subunits, which are
smaller than the diffraction limit and was visible only when
super-resolution techniques were used. Two-colour STED
was used for imaging the nuclear pore complex staining the
outer gp210 and the inner panFG subunits separately, which
revealed that they are not co-localised. STED nanoscopy was
used for understanding the dynamics of certain organelles
such as Golgi bodies and endoplasmic reticulum. Golgi bodies
were labelled using the ceramide probe, which helps in
imaging the organelle without affecting the other cellular
process. Time-lapse imaging of the Golgi complexes revealed
the cargo transport from the centre of the cell to the cell surface
(Erdmann et al. 2014). The dynamics of endoplasmic reticulum at a length scale of 500 nm within 90 s inside PtK2 cells
was elucidated using pulsed 3D STED time-lapse imaging,
which is otherwise not resolvable using confocal imaging
(Hein et al. 2008).

4.1

Nanoscale membrane heterogeneity

Cell membrane plays a vital role in functioning of the cell,
regulating different processes, and acts as signalling pathway. Since 1972, several reﬁnements have been made to the

simple ﬂuid mosaic model of Singer and Nicolson (1972)
to accommodate the complex and heterogeneous environment (ﬁgure 7) due to lipid–protein–cholesterol interaction.
In 1992, detergent-resistant domains were identiﬁed to be
lipid rafts, ordered domains present in membrane. In the
2006 keynote symposium of lipid rafts, these structures are
identiﬁed to be 10–200 nm in size, domains enriched with
sterol and sphingolipid and highly dynamic (Brown and
London 2000, Dietrich et al. 2001). Lipid rafts are identiﬁed to be the functional domains that facilitate different
cellular functions such as signalling, molecule sorting and
transport (Brown and London 2000; Lingwood and Simons
2010). These nanoscale-ordered domains have been shown
to act as active sites of attack for pathogens, virus, and so
on (Edidin 2001; Manes et al. 2003). They are also shown
to mediate uptake of molecules through endocytosis (Nabi
and Le 2003; Pelkmans and Helenius 2002). As these
structures are both small and transient in nature, detecting
them were limited by the right choice of techniques (Jacobson et al. 2007). Over the past few years, the group of
Stefan Hell has pioneered the ﬁeld of nanoscale heterogeneities in live cells and model membranes using STED
nanoscopy. Using STED imaging, they have studied the
effect of actin network on phase separation of lipids at
nanoscale (Honigmann et al. 2014b), demonstrated
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Figure 7. Schematics depicting heterogeneity in model membranes. Colour coding in the schematics represents lipids (grey), glycolipids
(orange), raft (red), signalling proteins (yellow), ion channel (green), cytoskeleton (indigo).

imaging of protein clusters \70 nm in membrane (Sieber
et al. 2007).
Understanding the nature and origin of membrane
heterogeneity and role of such domains in interaction of
different molecules with cell membrane is quite complex as
this interface by itself has a myriad of processes. Model cell
membranes have become useful in delineating the complexity of cell environment. Using simple two-component
platforms, we have studied emergence of heterogeneity in
the membranes using PFTs.
4.1.1 PFTs on model membranes: In this section, we discuss
about nanoscale changes in the membrane morphology due
to the effect of a cholesterol-dependent pore-forming toxin,
Listeriolysin O (LLO). Cholesterol-dependent cytolysins
(CDCs) belongs to the class of pore-forming toxins which
have been studied to understand mechanisms of pore formation, kinetics, and more. LLO is a pH-dependent cytolysin secreted by a Gram-positive bacterium Listeria
monocytogenes to evade the immune response inside the
phagocytosed vesicle (Cossart and Lebreton 2014). LLO
binds to the membrane of the vesicle, oligomerizes and
ruptures it, allowing the listeria to escape the vesicle that was
turning lethal to the bacteria by increasing the acidity
(Cossart et al. 1989). The crystal structure of the LLO was
elucidated by Koster et al. (2014) and AFM images of the
pore on bilayer have been reported that the pores formed by
LLO was of size ranging from 20 to 40 nm with the number
of monomers ranging from 30 to 60 (Podobnik et al. 2015).
We have introduced LLO to DOPC:Chol (3:1) bilayer and
the effect on membrane structures were captured using CW,
pulsed STED and atomic force microscopy (AFM) imaging.
Although, membrane heterogeneity could be captured using
CW STED imaging (ﬁgure 8a). However, pore-like toroidal
structures could be resolved under pulsed STED imaging

(ﬁgure 8b). We have also used AFM imaging to probe the
nanoscale pore structures and observed an interesting colony
of pore structures, as shown in ﬁgure 8c.

4.2

STED–FCS

STED in combination with spectroscopy tools such as FCS
provides spatio-temporal resolution in probing a wide range
of processes in cells. In order to capture fast dynamics,
scanning STED–FCS, circular scanning STED–FCS, raster
imaging correlation spectroscopy (RICS) (Hedde et al.
2013) STED and cross-pair correlation spectroscopy (pCF)
(Bianchini et al. 2014) STED has been employed recently.
In addition to the presence of compositional heterogeneity
in plasma membrane (discussed in the previous section),
diffusion of molecules are hindered by the presence of nanodomains (or lipid rafts), mesh work–like structures (or
cytoskeleton). STED–FCS has been employed in unravelling
nanoscale lipid dynamics in a heterogeneous environment in
live cells, model membranes, and so on (Eggeling 2012;
Honigmann et al. 2014a; Mueller et al. 2011; Roobala and
Basu 2017; Sarangi et al. 2016a, b, 2017a, b). It has been
successfully used in detecting transiently trapped sphingolipids and transient cytoskeletal mediated trapping
(Mueller et al. 2011). FCS in confocal mode is very sensitive
to the dye concentration and fails in concentrated environment, whereas STED–FCS can work in such crowded
environments. Another major drawback with confocal FCS
is that it cannot differentiate transient trappings or hindered
diffusion from an average slowed-down lipid diffusion in the
confocal volume. FCS diffusion law is a widely applied tool
to analyse dependence of s on focal area (x2) (Favard et al.
2011; Wawrezinieck et al. 2005; Wenger et al. 2007). For a
simple, homogeneous diffusion in a ﬂuid bilayer, s shows a
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Figure 8. Imaging of DOPC:Chol (3:1) bilayer after formation of LLO pores, using labelled LLO proteins, were performed using
commercial gated-STED setup at the Leica-IISER-Pune high-resolution microscopy facility. Excitation laser of 488 nm and depletion laser
of 592 nm was used. Scale bars in the ﬁgure indicate 500 nm. (a) Confocal image shows unresolved pore-like structure, (b) STED images
captured using 85–90 nm showing pore structures and corresponding (c) line proﬁles, (d) AFM imaging showing colonies of assembled
pores. Dotted circle is marked to identify a single pore in the colony, (e) Schematics showing LLO oligomerization that assembles to form
toroidal pore on the membrane, adapted from Koster et al. 2014.

linear change with x2 with zero intercept, as shown in
ﬁgure 9. Such ﬂuid bilayers such as DOPC are DLPC are
used as standard samples in calibrating STED PSF. Dependence of s on x2 reﬂects presence of transient trapping and
hindrances in the pathway of diffusion due to the presence of
compositional or dynamical heterogeneity. In the next section, we discuss how FCS diffusion law is employed in
elucidating membrane heterogeneity in simple model
membranes.

Several reports from the group of Stefan Hell on live and
model cell membrane have successfully detected nanoscale
membrane of lipids in live cell (Eggeling et al. 2009), effect
of actin network on phase separation of lipids (Honigmann
et al. 2014b), transiently trapped sphingolipids, proteins in
cholesterol and cytoskeletal-mediated complexes (Mueller
et al. 2011). Recently, we have also reported on the emergence of dynamic heterogeneity at nanoscale in a simple
two-component model membrane (Roobala and Basu 2017),
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Figure 9. (a) FCS correlation curves measured for increasing
STED power and reducing PSF and (b) STED–FCS data of a
DLPC bilayer.

heterogeneity in a one-component bilayer at high cholesterol
concentration and heterogeneity in model membrane due to
action of PFTs. In the following section, we discuss results
from STED FCS to investigate the effect of pore-forming
toxins at nanoscale.
4.2.1 Unravelling the nanoscale dynamics – Heterogeneity
induced in model membranes using PFTs: STED–FCS study
from our lab: Although there are studies from other groups
on the structural changes using AFM, EM, and others, the
effect of PFTs on lipid diffusivity is not well understood.
Using STED–FCS, we have studied the dynamics of lipids
during and after the attack by pore-forming toxins (Sarangi
et al. 2016b). Sarangi et al, took a simple two-component
DOPC:Chol (3:1) bilayer similar to the compositions discussed in the previous section. Diffusion measurements on
pristine
bilayer
using
confocal
FCS
showed
D = 4.0±0.2 lm2/s. On incubation of LLO to these bilayers,
we obtained two populations of diffusion with a slow and

Figure 10. (a) Typical FCS correlation curve measured on
DOPC:Chol bilayer before and after LLO addition, (b) Summary
of confocal FCS values measured before and after LLO addition,
(c) STED–FCS results after LLO addition on DOPC:Chol bilayers.
Figures adapted from Sarangi et al. (2016a).

fast component corresponding to 1.0±0.2 and 2.5±0.2 lm2/s
respectively as shown in ﬁgure 10a and b. As these results
were based on spatially chosen points, we could map slowmoving lipids to the proximity of pore structures and
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comparatively fast-moving lipids away from pores. However,
both these diffusion values are smaller than the pristine
diffusivity. This bimodal distribution indicates heterogeneity
in the membrane due to LLO binding and pore complexes.
Based on the information on pore size (ﬁgure 8) and
heterogeneity of lipid diffusion (confocal FCS), we further
studied resolved dynamics at nanoscale using STED–FCS
measurement. Figure 10c shows presence of dynamic crossover at * 125 nm with a positive intercept in the presence of
LLO. For comparison, data on pristine samples are also
given, indicating no such cross-over and a zero intercept.
These results indicate the emergence of nanoscale regions
(* 100 nm) with lipid dynamic heterogeneities induced by
LLO oligomerization.
Deviation from the Brownian diffusion was observed in
the nanoscale regions, indicating an anomalous diffusion of
the lipids because of LLO binding and oligomerization. In
addition, the consequence of cholesterol content in the
bilayer for the appearance of lipid heterogeneities at
nanoscale region was identiﬁed. By labelling the individual
layers of the bilayer, we have also concluded that LLOinﬂuenced cholesterol sequestration occurs only on the top
leaﬂet that is exposed to the LLO.

5. Conclusion
In conclusion, in this review article, we have elaborated how
the emergence of super-resolution nanoscopy, in general,
and STED nanoscopy, in particular, has revolutionized our
understanding of biological processes at the nanoscale.
Apart from discussing the basics of STED microscopy, we
also spelt out the advantages and disadvantages of this
technique as compared to other super-resolution techniques.
Applications of this technique in imaging of certain neuronal
and other cells have been discussed. Finally, we also
addressed the unique insight provided by STED and STED–
FCS in unravelling membrane-bound structure and dynamics
in cellular membranes. The review thus not only provides
the power of STED microscopy but also shows how combining different tools with these super-resolution techniques
might open the possibilities of imaging cell structures and
biologically relevant systems with an unprecedented spatiotemporal resolution.
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