SPECIAL SECTION: MICROSCOPY IN BIOLOGY

Next-generation optical microscopy
Rahul Roy*
Department of Chemical Engineering, and Molecular Biophysics Unit, Indian Institute of Science, Bangalore 560 012, India

A new breed of microscopy techniques is coming to
the forefront of optical imaging. They enhance the
attainable 3D resolution of imaging ‘in live and
“fixed” cells’ (with minimal structural perturbation)
by greater than tenfold, bringing subcellular structures in sharp focus. Along with multi-colour, longterm imaging, deep tissue and high throughput capabilities, new insights in various fields of biology are
being generated. The main set of these next-generation
optical microscopy techniques along with select applications is described in this article.
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Introduction
‘SEEING is believing’ is given significant credence in
biology. Hence, microscopy has been the workhorse of
many biology laboratories around the world. While several powerful techniques like scanning electron microscopy (SEM), scanning tunnelling microscopy (STM) and
atomic force microscopy (AFM) exist, optical microscopy is extremely popular because of its non-invasive
nature and compatibility with live samples. With the extensive use of imaging to characterize and validate biological phenomena today, there is a continuing need to
develop new innovations in microscopy. Optical microscopy has undergone several revolutionary changes since
its inception. At present, we stand at a juncture that can
be termed the beginning of a new era in optical microscopy. This next generation of optical microscopy is
bound to transform biological imaging generating new
insights and paradigms.
This article discusses how new techniques in optical
microscopy are enabling multifold improvement in the
informational output from biological imaging. Various
aspects regarding super-resolution microscopy (SRM)
such as super-resolution probes, super-resolution reconstruction algorithms and non-biological applications have
been left out for brevity or when additional reviews
exist1–4. Also, mostly applications in various fields of
biology are discussed where the imaging at 10–100 nm
resolution provided new or unexpected insights. Most of
the concepts discussed here have been implemented
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successfully using fluorescence due to its high sensitivity
and the availability of good probes. However, most of
them are applicable to other microscopy techniques
where imaging contrast is generated by the signal produced from the molecules.

Brief historical outline
Optical microscopy has undergone three major phases of
development. Construction of the first compound microscope is attributed to the Dutch father and son pair of
Johannes and Zaccharias Jansen around the late 1500s.
Using a pair of lenses, they showed that 5–10-fold magnification could be achieved. Biological microscopy, however, was really pioneered by Antonie van Leeuwenhoek,
who used his skills in glass polishing for lens making and
developed his single lens microscopes in the late 1600s.
With magnifications of up to 275-fold afforded by these
microscopes, Leeuwenhoek imaged biological samples
like bacteria and spermatozoa, the banded muscular
fibre patterns and discovered the cell vacuole. British
researcher Robert Hooke further improved the design
to include a user-friendly three-lens geometry, which
enabled higher contrast. Based on his observations,
Hooke described many insects, eye of a fly, and honeycomb ultra-structure of plant cells that also led him to
coin the name ‘cell’ in his historic book Micrographia in
1665 (ref. 5).
The next phase of advancements in optical microscopy
came from the understanding of the basic principles of
light and its interaction with matter. Between 1720 and
1760 (ref. 6), Chester Moore Hall and John Dollond
showed how a combination of multiple lenses could be
used to correct chromatic aberration, and in 1825, Joseph
Jackson Lister7 further introduced the idea of using
aspheric lenses for correcting spherical aberration. However, it was the commercialization of the lens-making
process by Carl Zeiss and Otto Schott around the late
1800s that established microscopy as a tool for scientific
enquiry. Their efforts were aided by Ernst Abbe’s work
on lens design and his formulation of the resolution limit
of a microscope8. Development of Fourier optics and
wave theory led to an enhanced understanding of diffraction and interference and propelled further development
of aspheric lenses. Innovations like fluorescence-based
contrast enhancement, molecule-specific tagging as well
as live organism imaging have since then provided
unique insights in diverse fields ranging from cellular
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physiology to molecular interactions. Furthermore, confocal as well as multi-photon microscopy allowed optical
sectioning that was necessary for 3D imaging of biological samples9. For another 100 years or so, the improvements in microscopy still worked with the resolution
limits set by the optical properties of glass and the wavelength of light used. However, the understanding of many
molecular phenomena in biology still needed probing
interactions or structures at the nanometre scale, which
was beyond the resolution limit of optical microscopy.
Resolution in optical microscopy or the capability to
distinguish ‘nearby’ features has been addressed more
recently in the past couple of decades ushering in a new
era of innovations10. This review will primarily discuss
two major approaches in this area of next-generation
optical microscopy that allow imaging of samples with
greater than ten-fold improvement in the resolution compared to conventional microscopes. Here, the focus is to
draw attention to the impact and potential of such techniques to unravel new biology. Several other potential
areas for innovation that might experience similar transformation are described as well.

Limits on resolution
Abbe was one of the first to realize that the highest
achievable point-to-point resolution of a microscope was
not related to the magnification, but was fundamentally
limited by the diffraction of light11. Because of the wave
nature of light, light passing through an aperture (in case
of a microscope, the aperture of the objective) is diffracted and smaller the aperture (or the aperture collection angle, α), larger will be the deviation from the
normal (Figure 1 a). Hence a point source imaged through
a lens will produce a blurred spot (each spot described as
the point spread function, PSF) whose radius would depend on the wavelength of the light (λ) and sin α (Figure
1 b). Abbe formalized this description to define a resolution limit, which is commonly used today for the radius
of the blurred spot
dx,y = λ/2η sin α

(1)

where η is the refractive index of the medium and η sinα
is termed as the numerical aperture (NA) of the lens (Figure 1 c). Since the sample being imaged is comprised of
several point-like light sources, the final image will be
compounded by the interference among an array of these
spots and hence features less than about half of the wavelength of light cannot be distinguished. The resolution
along the axial direction is poor, and defined as
dz = 2λ/(η sinα)2.

(2)

Therefore, even while using a very high NA (= 1.4) and
500 nm (green) light, the lateral and axial resolution is
CURRENT SCIENCE, VOL. 105, NO. 11, 10 DECEMBER 2013

limited to 180 and 500 nm respectively. Reducing this
limit using smaller wavelengths (e.g. UV) is not usually
feasible due to lack of lens material with good optical
properties for UV as well as the lethal nature of such
illumination for biological samples. Higher refractive
index-based imaging is also hampered by the fact that
biological materials (mostly comprised of water, η = 1.33)
themselves form a part of the optical path. While nearfield approaches like near-field scanning optical microscope (NSOM)12 that avoid focusing of light by a lens
have been employed to enhance resolution, the inherent
necessity to probe specimens in contact (or near-contact)
mode has limited its widespread use by biologists.
Several approaches in ‘far-field’ microscopy have
worked around the diffraction-limited resolution problem.
For example, using two opposing objectives to simultaneously collect light from the sample increases the axial
resolution by effectively doubling the apparent NA of the
system in the axial direction. In its point-scanning (4Pi)
and widefield (I5M) incarnations, an improvement of up
to sevenfold in axial resolution has been demonstrated13,14. However, these ideas only increased the collection efficiency of the optical system and hence were
still effectively diffraction-limited.
Another elegant approach to improving the resolution
has been through manipulation of the image frequency
space. Because of limited resolution, features in the sample image that lie in the high-frequency regime cannot be
distinguished. However, interfering the sample with a
periodic (or known pattern) of illumination allows the
convolution of the pattern with sample features and effectively shifting the information from the sample to a lower
frequency space. In practice, this is achieved by translating the position and varying the phase of a grid pattern of
illumination to acquire a set of images at each condition.
Using 9–15 such images and relying on the known characteristics of the illumination pattern, a higher resolution
sample image can be computed15,16. This structured illumination microscopy (SIM) family of techniques is best
suited for fast imaging with large fields of view. However, since the images are still created by mixing two
diffraction-limited patterns, it can successfully achieve
only up to a twofold increase in the spatial resolution.
Though nonlinearity could be employed to enhance the
achievable resolution17, major limitations remain, especially in the form of photobleaching of probes under
intense illumination.

Super-resolution microscopy
While accurate position of single molecules could be
determined with high nanometre precision when each
molecule is spatially well separated or distinguishable18,
achieving imaging resolution beyond the diffraction limit
is complicated due to the overlap of many single-molecule
PSFs (Figure 2 a). The new breed of super-resolution
1525
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Figure 1. Optical resolution limit. a, Excitation beam (green) can be focused using a lens (or objective) to a narrow
region defined by the diffraction limit (eq. (1)). A fluorophore at the focus of the objective when excited by the incoming
excitation beam emits fluorescence light isotropically. Larger the light cone angle (or the numerical aperture of the lens),
larger is the light collected, but the image of the point-like fluorophore will be blurred due to diffraction to a spot with lateral dimensions of dx,y. b, Emission point spread function (PSF) of a point source of light will produce a central peaked
function called air disc surrounded by less bright rings laterally (top panel) and a complex elongated pattern axially (bottom panel) when imaged in far-field. c, Optical resolution limit has been largely defined as the minimum distance between
two light-emitting molecules that are distinguishable from each other when viewed simultaneously. Since modern optical
imaging is done with the numerical aperture close to one, resolution limit is approximately equal to λ/2. As distance d
between two molecules becomes smaller and comparable to λ /2, they become increasingly difficult to distinguish. Therefore, for optical features smaller than ~ 200 nm, it is hard to resolve them as distance between them is smaller than λ/2.

techniques takes advantage of the fact that while imaging
requires collection of signal from markers from a diffraction-limited spot (~ λ/2η), this signal can be collected
independently from other markers by separating them in
time, space, colour or by any other property10,19. The
breakthrough in imaging beyond the diffraction limit
came with the realization that PSF of the imaging system
is defined by the convolution of the excitation profile and
emission state of the molecules under illumination20. By
manipulating the emission state of the molecule using a
secondary mechanism such that their position is addressable, one can collect light only from a select number of
the probes within the diffraction-limited spot. For example, one can sequentially transfer the imaging probes to
‘on’ or ‘bright’ state from a previously ‘off’ or ‘invisible’
state and collect the signal from the ‘on’ molecules. The
major difference in the two families of super-resolution
techniques arises from the way the sub-diffraction positions of the bright molecules are addressed19,21. In one
family of techniques (reversible saturable optical fluorescence transitions, RESOLFT), the position of the select
‘on’ molecule(s) is predetermined and usually set to a
narrow region in the centre of the excitation beam focus
(Figure 2 b). Since signal is emitted from a subdiffractive region of interest, it represents the spatial features of this region and scanning this selective illumination
scheme over the sample can generate a super-resolution
image (Figure 2 d). In another set of techniques, broadly
known as stochastic localization and reconstruction micro1526

scopy (SLRM), one relies on the capability to determine
accurately the position of single molecules post-acquisition
and hence requires no control over their temporal
sequence of appearance (Figure 2 c). The final image
is then reconstructed from the individual localization
coordinates to approximate the distribution of probes in
the sample (Figure 2 e). Several strategies to control the
‘on’–‘off’ transition of the markers have resulted in a
plethora of techniques in each category19 and only the
major forms of each are discussed in further detail.

RESOLFT microscopy
To control the fraction and location of the marker molecules that contribute to the signal for image creation in a
deterministic fashion non-invasively, one must rely on an
optical field to act in coordination with the excitation.
The best way to define the position of ‘bright’ molecules
is by creating the ‘on–off’ transition in the vicinity of the
illumination PSF. This idea was demonstrated by Stefan
Hell’s group in stimulated emission depletion (STED)
microscopy and has spawned a family of similar techniques known broadly as RESOLFT microscopy20,22,23. In
its simplest form, STED relies on inducing a dark state
such that all the probes, except those in the centre of the
illumination PSF are sent to the dark state24. This is
achieved using illumination from a separate STED laser
to induce transition of the excited molecules to the
CURRENT SCIENCE, VOL. 105, NO. 11, 10 DECEMBER 2013

SPECIAL SECTION: MICROSCOPY IN BIOLOGY

Figure 2. General principle for super-resolution microscopy. a, Imaging a structure beyond the resolution limit d is challenging because, when all markers on the structure are emitting light, their individual PSFs overlap each other, hence blurring out the nanoscopic feature. b, The key idea behind the major super-resolution techniques is to control the molecules
emitting from a diffraction-limited spot by shuttling them between ‘on’ and ‘off’ states. Excitation PSF engineering and
sequential readout techniques like RESOLFT rely on creating a narrow sub-region of excitation within the diffractionlimited spot. The rest of the surrounding region is switched to a non-emitting ‘off’ state with the help of overlapping
switch-off laser with a donut beam profile featuring a central zero that overlaps the excitation maxima. c, Stochastic reconstruction methods limit the number of emitters from a diffraction-limited region to close to one. Since the PSF of the
emitter is known for the optical system, the fitting of this function can predict the accurate location of the molecule. d, To
create a super-resolution image in RESOLFT microscopy, the engineered PSF is scanned over the sample and the intensity
of light collected from the sample is assigned to molecular density for that region. e, Large sequence of images of the
sample under conditions that allow only sparse number of the molecules to be turned ‘on’ is acquired and images processed to determine the positions of the ‘on’ molecules. The collated positions of the molecules from an image series are
then used to reconstruct the final image.

ground state (dark state) before spontaneous emission can
take place. To achieve sub-diffractive spatial selectivity
in such a scheme, the STED laser is engineered to feature
a spatial light intensity distribution, I(r), with a central
‘zero’ intensity analogous to a donut shape (Figure 3 a).
In the region away from r0, as I(r) values approach >> IS,
the saturation intensity for the simulated emission, larger
fractions of molecules are set to the dark state. The full
width half maximum (FWHM) of the narrowly confined
region, d, and similarly, the new resolution of the system
is now a function of STED beam intensity apart from the
PSF of the optical system and is given by

d x, y ≈ λ /2η sin α (1 + aI max / IS ),

(3)

where Imax is the peak intensity of the STED beam and
a defines the properties of the intensity distribution19.
Molecules that lie outside this central ‘zero’ region
(r > d/2) are maintained in the dark state by stimulated
emission and hence do not contribute to the signal even if
they lie within λ/2η distance from r0. By scanning this
STED beam configuration across the sample and collecting the signal that emanates only from the spatially conCURRENT SCIENCE, VOL. 105, NO. 11, 10 DECEMBER 2013

strained central region, one can now generate a superresolution image.
Since the effective resolution d scales with the square
root of Imax/IS and IS scales inversely with the lifetime of
the ‘on’ and ‘off’ states, the switching mechanism and the
choice of physical states lend different characteristics to
the various members of this family of super-resolution
techniques. For example, due to the short lifetimes (order
of nanoseconds) for stimulated emission, the IS values
required are large (~ 50–200 MW/cm2). In a related variant, ground state depletion (GSD) microscopy, the dark
state is created by switching the molecules to triplet
states or similar dark states (lifetimes ranging from millisecond to microsecond) and hence IS values 3–6 orders
smaller can be employed22,25 (Figure 3 b). More recently,
RESOLFT concept has been extended to switchable fluorescent proteins or organic dyes26–28. Most of these probes
rely on photoinduced conformational change of the molecule to nonfluorescent ‘dark’ states that can be induced
by low intensities (IS ~ 1–80 kW/cm2; Figure 3 c). The
biggest challenges associated with RESOLFT with
photoswitchable proteins for live samples were the slow
kinetics of switching ‘off’ and the limited number of
1527
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Figure 3. Various RESOLFT implementation schemes. a, Stimulated emission depletion (STED) microscopy employs a
red-shifted STED laser to pump the molecules from excited ‘on’ state to ground ‘off’ state before the molecule can emit a
photon. The sample can be simultaneously scanned with excitation and STED laser and the resolution is determined by the
peak power of the STED employed. b, Ground state depletion (GSD) microscopy uses a single wavelength of laser, first at
high intensity shaped as a donut to switch-off molecules by pushing them to triplet states and hence depleting the molecules in ground state and then using the excitation laser to collect light from the remaining molecules (in the central zero
of the donut). c, Reversible saturatable optical fluorescence transitions (RESOLFT) microscopy first generates a photoinduced isomerization of the molecules to long-lived dark states. The light is now collected from the remaining ‘on’ molecules in the central zero node by illuminating the region with the excitation beam.

‘on–off’ cycles making it slow and non-viable for longterm imaging respectively. These issues are being
addressed by the development of a newer generation of
reversibly switchable fluorescent proteins (RSFPs) that
can speed up and extend continuous imaging by up to two
orders of magnitude29.

Stochastic localization and reconstruction
microscopy (PALM, STORM, FPALM, PALMIRA)
Another approach to achieving higher resolution relies
not on modifying the PSF of the system, but utilizing the
prior knowledge of it to deconvolute the image. This
technique works best under sparse label conditions where
the number of molecules per diffraction-limited spot is
close to one2,21. To achieve such imaging conditions and
yet extend such imaging to any density of labels in the
sample, several innovative schemes were employed by
various groups independently30–32. The key idea, however,
relies on a mechanism for stochastic switching of probes
1528

in the sample between ‘dark’ and ‘emitting’ states. Under
conditions that allowed sparse population of single molecules to be in the ‘emitting’ state, acquired images of the
sample could then be used to estimate position of the
probe by fitting the image of the single molecules to an
approximate PSF function, typically a two-dimensional
Gaussian. Since the accuracy of locating the molecule
position based on the PSF can be determined by the number of photons, N, as given by the relation
d x, y = λ /2η sin α N ,

(4)

a 10–20X increase in the resolvability of point sources
has been achieved for many fluorescent organic dyes and
fluorescent proteins1. For generation of high-resolution
images based on this principle, the process is repeated
over many (occasionally several thousand) ‘sparse’
widefield images from a movie sequence and the final
‘super-resolution’ image reconstructed from the localized
positions of the probes (Figure 2 e).
CURRENT SCIENCE, VOL. 105, NO. 11, 10 DECEMBER 2013
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While the capability to locate molecules with high precision was conceptualized and demonstrated previously18,33, the extension of the idea to microscopy was
demonstrated with the control of the ‘on–off’ switching
properties of the probes30–32. Originally, the activation to
‘on’ state was controlled by the action of low-intensity
illumination (spectrally separate from excitation illumination), and then imaging performed on the activated molecules allowing for independent control over the timing,
fraction and duration of activation. Generation of the
‘dark’ state by several mechanisms was employed. For
example, teams led by Betzig and Hess used the photoactivation of fluorescent proteins from photoconversion to
‘emitting/on’ states30,31. On the other hand, the Zhuang
group demonstrated that chemically induced ‘dark’ states
in reducing conditions (by interaction of thiol groups
with organic dyes) could be used to switch molecules to
‘emitting’ states in close proximity to another activator
dye molecule (that was selectively illuminated by the activation laser)32. However, it was soon recognized that
most fluorophores can undergo direct transition to ‘dark’
states under intense illumination or other chemical interactions and switch back to ‘emitting’ states by thermal
or UV illumination, and hence diversifying and further
simplifying the sample labelling schemes34–43.

Axial super-resolution imaging
The need for three-dimensional microscopy is critical
for biological imaging and yet imaging along the axial
direction suffers from poor resolution. This has been
addressed on two major fronts, namely super-resolution
along the axial direction as well as the ability to achieve
super-resolution imaging deep in the tissue by optical
sectioning. While lateral super-resolution is achieved by
PSF fitting, axial super-resolution has been achieved by
projection of axial distances into lateral PSF functions.
For example, the introduction of controlled astigmatism
using a cylindrical lens in the emission optical path generates asymmetrical (elongated along one axis relative to
the other) PSF depending upon the position of the molecule with respect to the axial focus (Figure 4 a). This
elongated PSF of the blinking molecules can now be
compared to calibrated single-molecule images to yield
axial depth with 50 nm precision44. Similarly, the images
can be split into two planes focused at different axial
depths to allow estimation of the axial position based on
the level of defocusing at the two planes45 (Figure 4 b).
Another approach relies on interference between the
images of the molecules collected with two objectives
such that the axial position of the molecules is encoded in
the difference in the optical path-lengths46. This axial
position is recovered by recombining the two beams from
the objectives using a customized multiphase beamsplitter
that generates three images with a mutual phase difference
CURRENT SCIENCE, VOL. 105, NO. 11, 10 DECEMBER 2013

of ~ 120° (Figure 4 c). Furthermore, the single-molecule
image can be split to generate a double-helix PSF using a
spatial phase modulator, where the position and orientation of the two generated lobes can report on the 3D position of the molecules with a 10–20 nm accuracy47,48
(Figure 4 d). Additional techniques that employ singlemolecule reflections from tilted mirrors49 or linear phase
ramps in the objective pupil plane50 can be selectively
advantageous in terms of small depth of field imaging
and ease of implementation respectively.

Deep tissue super-resolution imaging
Optical sectioning is inherently achieved in RESOLFT
microscopy due to the underlying confocal scanning
geometry. This allows easy extension to thick samples
like tissue slices51, nematodes52 and living animal brain53.
But aberrations arising from the system or sample can result in poor resolution or loss of signal. This can be countered with active feedback from adaptive optics-based
PSF correction for thick living tissue to achieve aberration-free 3D imaging54.
To effectively increase the vertical range of SRM microscopes, one needs to rely on selective illumination or
activation in a 3D plane. Use of selective illumination
using multiphoton excitation with temporal focusing55
and light sheet-based illumination56 has yielded selective
activation and selective excitation deep in the biological
sample respectively. To activate molecules selectively in
a narrow z-plane of the sample, Vaziri and co-workers
focused spectrally broadened short-pulses from a femtosecond laser onto the sample plane. Due to the nonlinear
dependence of the two-photon absorption process, molecular excitation and activation probability is effectively
limited to the narrow z-plane (order of a few microns)
near the optical focus allowing selective activation of the
photoactivatable fluorescent proteins. In a complementary
approach, thin light sheets created either by Bessel
beams57 or cylindrical lenses56 can be projected onto the
sample using a perpendicular illumination objective in a
plane orthogonal to the imaging objective and coplanar
with its focal plane. By overlapping activation and excitation illuminations, one can selectively activate and excite
single activatable molecules in this z-plane deep inside
the tissue and apply stochastic reconstruction to achieve
super-resolution imaging.

Multi-colour imaging
Interactions between various components of the cell are
key to our understanding of cellular function. Traditionally, co-localization analysis of multi-colour fluorescence
images has suffered because of limited resolution. For
example, co-localization of arbitrarily shaped protein
clusters is difficult to ascertain with ~ 200 nm resolution
1529
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Figure 4. Super-axial resolution by stochastic reconstruction. The image series shows how the PSF of a single
emitting molecule changes as a function of its axial position with respect to the focus (Z = 0) for various
approaches to obtain axial resolution beyond the diffraction limit. a, Astigmatism: A cylindrical lens in the emission path that modifies the focal distance along one axis creates an asymmetric PSF pattern. The ellipticity of the
single-molecule image is a function of the z-position of the molecule and hence the z-position of the molecules
can be determined by fitting the ellipticity to a precalibrated scale. b, Bi-plane: Two images of single molecules
are imaged simultaneously after splitting the emission path such that axial focus of the two is different. The level
of defocusing in one channel versus the other defines the relative position of the molecule from the two focal
planes. c, Interferometry: Two simultaneous images of the sample molecules (usually using opposing objectives)
are made to interfere with each other. The resulting images of the molecules change in intensity because of the
optical path difference between the two emission paths. These images for different paths can be collected simultaneously for each molecule and the relative intensity for each segment will indicate the axial position of
the molecule. d, Double helix (DH)-PSF: Another unique approach relies on convolving the single molecule
image with a DH-shaped PSF using Fourier optics and a reflective phase mask. The DH-PSF generates two spots
on the CCD detector for each molecule. The lateral position of the emitter is determined by the mid-point between
the two spots, whereas the orientation of the two spots is indicative of the axial position.

when overall features might overlap in conventional
microscope images (Figure 5 a).
The biggest advantage of the ‘on–off’ schemes and
availability of diverse probe choices has been in the
extension of stochastic reconstruction microcopy for
multi-colour imaging. It is now possible to either use
a series of activator dyes in various combinations with
reporter dyes providing selective activation for a set of
molecules58,59, or have spectrally distinct reporters and
use thermal or photo-activation to image the cells in
multi-colour60–62. As demonstrated in Figure 5 b and c,
intricate organization of cellular components as in the
case of endocytosis by clatharin-coated pits (CCPs) is
revealed in live cells with unprecedented detail63.
While more challenging in the case of STED microscopy, two-colour imaging was first demonstrated by the
introduction of a spectrally distinct excitation and a corresponding STED laser64. In commercial STED systems,
a single mode-locked Ti : sapphire laser is used to achieve
1530

stimulated emission for the pair of probes65. A more elegant approach for co-localization of two-colour imaging
is achieved by employing fluorescent dyes with nearly
identical absorption and emission spectra, but with
different fluorescent lifetimes. In this case, the same excitation and STED beams illuminate both the dyes and the
collected photons from the dyes are separated based on
their lifetimes by a time-correlated single-photon counting
(TCSPC) device allowing for simultaneous two-colour
imaging66. Nevertheless, multi-colour STED imaging
remains a high-investment endeavour and further development is needed in this area.

Super-resolution microscopy in biology
The potential impact of SRM is enormous and the technology has already started to contribute to biology disciplines. SRM has now percolated the wide spectrum of
biological investigations that range from live animal
CURRENT SCIENCE, VOL. 105, NO. 11, 10 DECEMBER 2013
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imaging53 to single-cell transcriptomics67. The principal
appeal of using fluorescence-based SRM has been its
potential for live cell imaging. Though not fully applicable in all circumstances, especially when a high density
of data points are required for reconstruction of the
physical feature or cellular movements are comparable to
acquisition time-frames, or long-term imaging of sample
is required, SRM has been accomplished by several research groups in living mammalian cells63,68–71. Moreover, the added capability to specifically tag the molecule
or structure of interest combined with multi-colour capabilities in these techniques is revolutionizing biological
imaging2,21,72.

Applications in cell biology
The best gains from SRM have been in cell biology that
relies heavily upon imaging. With approximately tenfold

Figure 5. Multi-colour 3D stochastic reconstruction microscopy in
live cells a, Widefield two-colour image of clatharin-coated pits
(CCPs) and transferrin in a live cell overlap spatially, such that no inference can be made regarding the actual nature of their interaction. b,
A 3D-SRM image (x–y projection, 30 s acquisition time) of the same
region allows visualization of transferrin cargo in the interior of the
CCP. c, Zoomed images of a single CCP in x–y projection (left), x–z
cross-section (middle), and x–z cross-section of clatharin channel only
(right) show the cup shape of the pit near the plasma membrane.
Adapted with permission from Macmillan Publishers Ltd, Nature Methods63 © 2011.
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better resolution, researchers have been imaging many of
the cellular features that range from membrane architecture and dynamics73,74 to chromosome conformation75
that were close to the conventional resolution limit and
needed such enhancement for better clarity. SRM has
thus far been applied to resolve the cytoskeleton network
in mammalian cells, cellular organelles like the endoplasic reticulum (ER), lysosome and mitochondria, as
well as other cellular structures like nuclear pore complex
and CCPs (reviewed in Huang et al.21).
A large fraction of the super-resolution techniques
has investigated the cytoskeletal structure for proof-ofprinciple experiments due to known dimensions of microtubules. Interestingly, new spatial organizations of
cytoskeletal components are being discovered. For example,
actin, spectrin and adducin forms periodically arranged
protein rings in axon shafts of cultured cells and brain
tissue76. Another recent study used correlative singlemolecule imaging and super-resolution imaging to probe
how cargo transport occurred across microtubule intersections77. It showed that the cargo would pass or stall
across the intersection in a separation distance-dependent
manner with a transition in this behaviour at about
100 nm separation. Interestingly, an approaching cargo
would generally maintain the same directionality after
encountering the intersection, indicating that motor populations are stably associated with the cargo.
Super-resolution-based ultrastructure imaging of the
multilaminar focal adhesion core that forms part of the
cell anchorage to the surface78 or the centrosome that
serves as the platform for microtubule generation79 also
revealed how intricate arrangements of various components underlie their functional requirements. The dorsal
and ventral sheets of actin filament network in cell protrusions were shown to have a different organization even
when separated by 20–100 nm, suggesting that other
molecules play a role in their ultrastructural organization80.
Nanoscopic imaging of cell organelle organization has
started to reveal how heterogeneous the distribution of
cellular organelles and their constituents within the same
organelle can be. For example, organization of mitochondria probed with STED microscopy81, revealed how the
components of the translocase complex of the mitochondrial outer membrane (TOM) are arranged in nano-sized
clusters (30–40 nm). Their distribution is dependent on
the membrane potential, cell growth conditions as well as
the position of the cell within a colony. Similarly, the
voltage-dependent anion channel (VDAC) proteins show
heterogeneous clustered distribution of their various isoforms82. Remarkably, co-localization of the cytosolic protein hexokinase-I known to bind to the VDACs was
demonstrated with the form of VDAC that remains bound
on the surface of the mitochondria exclusively. As the
capabilities of super-resolution techniques grow, more
detailed information about various molecular complexes
1531
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in the living cell will improve the interpretation of images
acquired at subpar resolution of conventional microscopes.

Applications neurobiology
Another related area that has received great impetus from
SRM is neurobiology72,83–86. Optical SRM methods are
now allowing researchers to probe the morphology and
dynamics of neurons87, dynamics of synaptic vesicles88,
and organization and localization of membrane fusion
proteins89–91. For example, investigation of synaptic vesicles (30–50 nm in diameter) organization and dynamics
has been the most illuminating. Essential protein components of these vesicles, such as the synaptotagmins and
the SNARE proteins were discovered to be clustered in
the plasma membrane while being in equilibrium with the
free pool of mobile proteins89,91,92. SNARE proteins like
syntaxin-1 and SNAP-25 clusters will colocalize with
munc 18-1 suggesting possible mechanism for vesicle
fusion93.
Similarly, many aspects regarding the molecular architecture of synaptic junctions have been established. The
proposed molecular organizer protein, Bruchpilot in Drosophila synapses was found localized in a donut shape
around the active zones for vesicle release and promoting
zone assembly and vesicle release94. Another study
showed how presynaptic scaffolding proteins are differentially compartmentalized and spatially oriented with
respect to the trans-synaptic axis90. Multi-colour labelling
and high-throughput imaging of pre-synaptic active zone
and post-synaptic density matrix proteins allowed determination of the position of the various proteins with respect
to the synaptic cleft and showed a large inter-neuronal
variability in the receptor composition and distribution.
The dynamic plasticity of dendritic spines with 60–
80 nm resolution has been imaged in brain tissue
slices87,95 as well as living brain53. RESOLFT-based
imaging of these spines can be carried out for several
hours and chemical stimulants-based morphological
changes could be followed96. Newer versions of reversibly switchable fluorescent proteins29 should further increase
the imaging speeds and total number of time-points in
these studies paving the path for real-time imaging of
dendritic plasticity at high resolution.

Applications in microbiology
Much of microbiology was in great need for superresolution techniques for live cell imaging. Microbial
ultrastructure and protein and nucleic acid spatiotemporal distributions have been addressed in several
cases. Since excellent reviews exist97–99, I will highlight
only a few cases where novel insight was generated. In
all the cases, we are increasingly finding out that small
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microbes are not merely bags packed with biomolecules,
but have a high degree of ultrastructural organization.
Imaging of spatial distribution of the chemotaxis proteins in bacteria with SRM showed that these proteins do
not form uniform or characteristic-sized clusters and the
observed exponential distribution of the cluster sizes
could be well explained by stochastic self-assembly without requiring direct cytoskeletal involvement or active
transport100. On the other hand, several distinct structures
like the FtsZ rings101, MreB filaments28,34 and ParA bundle102 within the bacterial cell show how organization is
critical to cell function.
Even for bacterial genome that was previously thought
to exist as a loosely packed structure in the cell centre,
new levels of the organization are being suggested based
on new SRM studies. Wang et al.103 demonstrated that
nucleoid associated protein (NAP), H-NS actually forms
distinct clusters in Escherichia coli in the nucleoid and
their number, size and spatial distribution is a function of
cell cycle and growth conditions. In combination with
chromosome-conformation capture (3C) technique, they
suggested that H-NS clustering might be inducing longrange chromatin interactions. Similar clusters of another
NAP, namely HU have been found in Caulobacter crescentus, suggesting the universality of the genome organization in bacteria104.
Another field of interest for application of SRM techniques would be the study of microbial ecosystems,
where the large but closely packed cell populations make
it difficult to discern molecular architecture. For example,
by imaging matrix proteins in Vibrio cholerae biofilms,
Berk et al.105 demonstrated that cells would arrange in a
hierarchical order of individual cells, cell clusters and a
composite of clusters. More importantly, the different
matrix proteins would play distinct roles like cell–cell
adhesion and biofilm-to-surface adhesion. The cell clusters would be encased in a deformable and heterogeneous
envelope of matrix proteins allowing for cell growth
while maintaining integrity.

Applications in virology
While super-resolution virus imaging is still in its infancy,
study of viral dynamic processes has the most to gain from
real-time super-resolution techniques, since optical microscopy is now available at the appropriate length
scales30,106,107. Most of the current work has been done for
HIV studies, though the ideas are equally applicable to
other viruses as long as fluorescent reagents that allow virus
components to be labelled are available. With increasing
improvements in resolution, speed and probes, we expect to
see rapid growth in virus-imaging studies by SRM.
To study virion morphology and protein distribution,
the virus proteins were tagged by small tetracysteine motifs
that bind the fluorescein arsenical helix binder (FIAsH)108
enabling localization-based SRM while maintaining virus
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infectivity109. Mature conical cores that are 100 nm long
could be distinguished from immature Gag shells and the
virus integrase protein was shown to be mostly present
encapsidated in the cytoplasm of the infected cells. In another study, maturation-induced clustering of the HIV
envelope proteins was detected with STED microscopy110. Coupling of the virus envelope and Gag proteins
allowed a correlated enhancement in virus infectivity during structural rearrangements of the inner structural proteins. Another super-resolution study with photoactivable
fluorescent proteins allowed probing virus–host interactions with multi-colour SRM111. Vincent Piguet and colleagues found that the cellular restriction host-factor
tetherin was mostly clustered around the HIV-1 assembly
sites and this clustering was mediated by the transmembrane domain interactions, but was not associated with
lipid raft domains unlike popular belief. Another study
further looked at the nascent assembly of the two major
components of the HIV-1 structure, namely the Gag and
Env proteins112. It showed that Env glycoproteins recruitment occurred at the surroundings of Gag assembly sites
and was dependent on Env cytoplasmic tail and other HIV
proteins, suggesting unknown mechanisms for their coassembly in the virion. These nascent SRM works would
likely inspire more viral assembly, packaging, genome
release and membrane fusion studies in the future.

Challenges
In spite of the strides in the attainable resolution and wide
applicability demonstrated, there are several obstacles
that lie ahead in SRM and further innovations will be
necessary to overcome them. Many of the challenges like
degree of labelling density, new probe development,
sample preparation artifacts, limited speed and depth of
field in dense and thick 3D samples, long-term continuous imaging, sample drift and vibrations and accurate
molecular quantification as discussed previously21,72,99,
will need sustained efforts. Moreover, increased adaptability, portability and affordability of such systems in
terms of inexpensive hardware for RESOLFT techniques
and efficient software for single-molecule localization
techniques will assist the growth in this area. One challenge that microscopy experts will have to guard against
is the misinterpretation of SR data if one is not aware
about the basic technical details. For example, in singlemolecule localization-based microscopy repeated blinking of the probes results in clustered appearance in the
reconstructed images. Careful analysis by a growing
number of appropriate tools113,114 should be carried out in
SRM to avoid abuse of the technology.

The future
The focus of biology has long shifted from the study of
morphology and phenotypic understanding of the organCURRENT SCIENCE, VOL. 105, NO. 11, 10 DECEMBER 2013

ism to understanding of the underlying molecular mechanisms. This has been greatly aided by tools to target
molecules specifically or purify them to homogeneity. In
microscopy, development of optical probes and the discovery of genetically encodable fluorescent tags like GFP
have allowed visualization of almost all aspects of
the biochemical processes. As this focus transcends to
‘-omics’ approaches, there is a greater demand on microscopy to probe multiple populations at the same time.
This has been limiting in fluorescence microscopy, due to
the lack of good spectrally separable probes and the
broad nature of the excitation and emission spectra.
Spurred by increased interest in a new generation of optical microscopy techniques and development of new
probes, it is expected that multiple molecular populations
(order of tens to hundreds) would be simultaneously
probed and localized within single cells or organelles
with nanometre precision.
These optical SR techniques are also technically challenging when it comes to molecular resolution. However,
it is possible to obtain sub-nanometre localization between two separate optical probes115 and hence it is only
a matter of time when structural features of proteins and
molecular complexes will be studied with SRM. Moreover, diffusional properties, co-localization, stoichiometry
and orientation of molecules116 would be additional useful readouts in the next installments of SRM.
A need to measure a functional property like charge,
force or chemical state of a molecule rather than its
physical location is essential to many problems. While
this has more to do with the probe or assay development
aspect of imaging, innovations in SRM are going to incite
new approaches in this direction. Therefore, mapping the
dynamics of an electrical potential propagation117, quantitative estimates of the molecular forces118, pH distribution119 or fluid dynamics120 within the cell will now be
addressed at the nanometre level.
While most published SRM studies till now have demonstrated proof-of-principle concepts, rapid accessibility
due to commercialization of these techniques is going to
increase their impact in biology and undoubtedly generate
novel insights. Since most of the techniques are based on
fluorescence technology, all epi-fluorescence and/or confocal microscopes will probably be upgradeable to SRMs
in the future. Biological imaging has taken a giant leap
and only time will tell how far it takes us.
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