Coordination Chemistry Reviews 380 (2019) 17-34

COORD: \TION

CHEMISTRY REVIEWS

Contents lists available at ScienceDirect

Coordination Chemistry Reviews

journal homepage: www.elsevier.com/locate/ccr

Review

Organic fluorescent probes for stochastic optical reconstruction N

Check for

microscopy (STORM): Recent highlights and future possibilities

Soham Samanta®!, Wanjun Gong®'!, Wen Li? Amit Sharma”, Inseob Shim ", Wei Zhang?, Pintu Das ?,
Wenhui Pan?, Liwei Liu?, Zhigang Yang **, Junle Qu®*, Jong Seung Kim *"*
2 Key Laboratory of Optoelectronic Devices and Systems of Ministry of Education and Guangdong Province, College of Optoelectronic Engineering, Shenzhen University, No.

3688, Nanhai Boulevard, Nanshan District, Shenzhen 518060, China
b Chemistry Department, Korea University, Seoul 02841, Republic of Korea

ARTICLE INFO ABSTRACT
Article history: Super-resolution fluorescence imaging by single-molecule localization microscopy (SMLM) offers the
Received 26 June 2018 possibility of microscopic images with sub-diffraction spatial resolution. Stochastic optical reconstruc-

Accepted 7 August 2018

- ! tion microscopy (STORM) is one of the emerging SMLM techniques that has contributed new insights into
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both the structures and functions of sub-cellular organelles in the cellular context with a spatial resolu-
tion virtually at the molecular level. Photo-switching of single fluorophores and position determination
are the most common features of this SMLM technique, which allows molecule-resolved information as
. well as super-resolved images. However, achieving successful STORM-based images relies on the suitable
Organic fluorophore dyes . . N . .
Photo-switching chmce of a ﬂuorophore:. In pa.rtlcular, the use pf ideal organic ﬂuorescent propes has great potential tp
Multicolor STORM imaging circumvent common difficulties that arise during the construction of STORM images. However, there is
Live cell STORM imaging hardly any comprehensive review that critically assesses the criteria for choosing ideal fluorescent probes
for STORM and designing new efficient organic fluorescent probes to date. Therefore, this review has par-
ticularly focused on the choice of organic fluorescent probes, the essential features for designing new
probes and the future prospects for resolving persistent issues in STORM imaging. The utility of organic
fluorescent probes in multicolor STORM, 3D STORM and live cell STORM imaging are also discussed to
provide a perspective concerning the true application potential of commonly used fluorescent dyes. In
this review, we not only describe how organic fluorescent dyes have contributed to the growth of
STORM-based super-resolution imaging in eukaryotic biology, but we also attempt to provide a basis
on which advanced organic fluorescent probes can be designed and developed in the near future.
© 2018 Elsevier B.V. All rights reserved.
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Appendix A.

1. Introduction

Over the last century, light microscopy has been widely used in
biomedical research because of its non-invasive nature [1-3].
However, the resolution of a light microscope is limited by the
diffraction limit, as defined by Abbe’s law of diffraction, and the
best possible resolution that can be achieved in a conventional
microscope using visible light is approximately ~180 nm in the lat-
eral direction and ~500 nm in the axial direction. To surpass the
resolution limit, several approaches have been adopted by various
scientists in recent decades. For instance, scanning tunneling
microscopy has been successfully utilized for imaging of subcellu-
lar structures, such as mitochondria and lysosomes. However,
these technologies have failed to gain much attention from biolo-
gists because of their low depth of penetration, inability to image
live cells and thick samples. Hence, the development of new non-
invasive high-resolution microscopy techniques that can provide
detailed information about ultra-small size organelles in living
cells is highly anticipated. In this context, various super-
resolution microscopy techniques have been developed over the
years that allow users to acquire nano-scale information concern-
ing objects in living cells. Super-resolution image techniques can
be generally divided into two classes; (i) near-field optical micro-
scopy and (ii) far-field microscopy. Near-field scanning optical
microscopy (NSOM) [4] is mostly used to study surfaces, whereas
far-field microscopy includes interferometric techniques, such as
structured illumination microscopy (SIM) [5], saturated structured
illumination microscopy (SSIM) [6], stimulated emission depletion
(STED) [7,8], photo-activation localization microscopy (PALM) [9],
stochastic optical reconstruction microscopy (STORM) [10] and flu-
orescence photo-activation localization microscopy (fPALM) [11].

Two different approaches can be used to obtain super-resolution
images; these are single-molecule localization microscopy (SMLM)
and reversible saturable optical fluorescence transitions (RESOLFT)
microscopy. Microscopic techniques like stochastic optical recon-
struction microscopy (STORM), photo-activation localization
microscopy (PALM) and fluorescence photo-activation localization
microscopy (fPALM) are part of SMLM, whereas RESOLFT comprises
stimulated emission depletion (STED) microscopy, ground state
depletion (GSD) microscopy and saturated structured illumination
microscopy techniques. STORM, as a representative of SMLM, has
received increased attention in recent years and hence has provided
strong contributions to fluorescence-based super-resolution micro-
scopy techniques for studying cellular and molecular biology in
depth.

However, the field of super-resolution microscopy as a whole,
and especially STORM microscopy as one of its most promising
techniques, remains a very young research topic that requires care-
ful nurturing. In this context, a timely review and a deep under-
standing of the subject are essential to enrich the active field of
research. Although some review articles [12-15] have articulated
the conceptual basis of SMLMs and advancements in the technical
methods, they have hardly shed any light on the progress in
designing newer fluorescent probes for SMLMs. Most of the
super-resolution microscopy and/or STORM related discussions
very broadly deliberate upon the probe selections and scarcely
include details of structural illustrations with contemporary appli-
cations [16-18]. Hence, in this review, we primarily attempt to

elaborate the use of several organic fluorophores in STORM/
dSTORM and their utility in probing subcellular organelles by sur-
passing the diffraction limit. In addition to highlighting the use of
various fluorophores, a genuine effort is made to provide criteria/-
grounds on which ideal fluorescent probes can be chosen or devel-
oped for future STORM-based advanced studies. We believe that a
comprehensive review, particularly focusing on the use of small
molecule-based organic fluorophores, will be helpful to the scien-
tific community at large who are involved in the active field of
STORM/dSTORM imaging.

2. The basic concept of STORM

Fluorescence microscopy (FM) has become an indispensable
aspect of biomedical research because of its simple wide-field
image processing ability and the ability to use live cells [19-24].
However, conventional fluorescence microscopy is limited by the
diffraction barrier, as mentioned earlier. When the distance
between two image spots becomes smaller than the radius of the
Airy disk, FM cannot identify each of those image spots separately,
which eventually leads to indistinguishable image spots with con-
siderable overlap. However, this situation can be prevented if the
two fluorophore molecules at two different spots emit consecu-
tively rather than concurrently. In that case, the location could
be determined using a centroid localization algorithm and Gaus-
sian fitting methods without altering the radius of the Airy disk,
as each image spot would be attributed to a single fluorescent
molecule. However, this strategy may not be able to provide accu-
rate location information, and because the accuracy is related to
the detected photon quantity, it can have direct implications on
the size of the image point [25]. Basically, soon after imaging, the
profiles are reconstructed with the same technology, so that the
two almost indistinguishable image points become worth identify-
ing. This constitutes the common basic concept of single-molecule
localization-based super-resolution technology (Scheme 1; left).

Even though a common concept is utilized in various super-
resolution microscopy technologies, the process of switching
between fluorescent and dark (non-fluorescent) states can vary
substantially in different SMLM techniques, which provides the
opportunity for specific implementation for diverse imaging pur-
poses. However, as the current discussion particularly focuses on
STORM, the basics of STORM microscopy will be briefly illustrated
here.

In Scheme 1 (right), the STORM imaging method and its princi-
ple is conveniently illustrated. The basic principle of this method is
to determine the positions of the fluorescent labels in a sample
(labelled with proper fluorescent probes) and then to plot the
image spots to obtain a complete image. As mentioned above,
the imaging process comprises multiple cycles. In the meantime
(during these multiple cycles), the fluorophores are activated,
imaged and deactivated continuously. However, to allow each flu-
orophore to be localized with high precision, the density of the
activated molecules is maintained using a weak activation light
intensity in such a way that the images of the individual fluo-
rophores do not overlap. Repetition of this process results in the
activation of a stochastically different subset of fluorophores in
each cycle, which ultimately helps to determine the positions of
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Scheme 1. Schematic representation of the basic principle of SMLM imaging (left) and the typical method of STORM imaging generation (right).

the fluorophores. After recording a sufficient number of localiza-
tions, a high-resolution image can be constructed from the mea-
sured positions of the fluorophores. Hence, the resolution of the
final image obtained by this method is not limited by diffraction;
rather, the precision of localization and the localization density
are the two main factors that determine the resolution. In other
words, the resolution of the image depends on the number of pho-
tons collected from the fluorophores and the number of fluo-
rophores used for labelling of the sample. This microscopic
method has been widely termed “stochastic optical reconstruction
microscopy,” and during its first implementation, a dye-pair
approach was used. The activator, that is primarily responsible
for activating the fluorescence randomly, and the reporter, that is
responsible for generating the signal, together play vital roles in
achieving the process successfully. The reporter becomes fluores-
cent upon excitation with an imaging laser, whereas it can be
turned in to a non-fluorescent state using an imaging buffer. A
neighboring reporter dye molecule then becomes fluorescent when
the activation laser is utilized to simulate the activator [26]. The
acquisition of imaging data becomes possible when a subset of
the reporter fluorophore dyes becomes fluorescent.

3. Essential criteria for designing organic fluorescent probes for
STORM

The photophysical and photochemical properties of fluorescent
probes are important for all kinds of fluorescence imaging, includ-
ing super-resolution imaging. Fluorescence technology is preferred
over other techniques when a fast response and high sensitivity are
critical. In this context, the choice of a suitable fluorophore must
satisfy some essential criteria to potentially be utilized in STORM.

There are three different types of fluorescent probes commonly
used for STORM imaging, including (a) organic small molecule
probes, (b) fluorescent proteins and (c) semiconductor crystal
quantum dots (Fig. 1).

Generally, conjugated electronic m-systems comprising both
aromatic rings as well as C=C, C=0 or N=N bonds are used as
the chromophore backbones for the organic dyes in STORM imag-
ing. Hence, the fluorogenic behavior of the fluorescent probes can
be significantly influenced by several structural features, like the
number of electrons, substituents and the extended -
conjugation. To pursue effective bio-imaging, it is important to
match the excitation and emission wavelength range of the chosen
organic fluorophore with that of the given microscopic system. It
should be noted that each organic fluorophore system contains a
particular excitation and emission wavelength range, so the choice
of fluorophore should be in accordance with the experimental
requirements. Even though quantum dots possess convenient wide
but strong absorptions because of their confined size [27], the dis-
cussion in this article will be mostly limited to organic dyes. Rev-
ersible photoswitchable fluorescent proteins are also excluded
from this review, as they have already been thoroughly discussed
by Shcherbakova and Adam et al. [28,29].

As mentioned earlier, single-molecule localization-based super-
resolution imaging can conveniently surpass the limit of optical
diffraction. However, without choosing an apt fluorophore, high-
quality super-resolution imaging cannot be achieved. If a fluoro-
genic system can transition between fluorescence on and off states,
or in other words, it can switch between the fluorescent and non-
fluorescent state alternatively, then the system can possibly be
employed in STORM. However, an organic probe only capable of
demonstrating switching behavior is not good enough to procure

Fluorescent probes for
Jfocus of this review STORM
4 |
Organic dye Fluorescent proteins Quantum Dot
(Example: carbocyanine, Example:
rhodamine Green fluorescent

and oxazine etc.)

protein (GFP)

Fig. 1. Types of fluorophores used in STORM and the focus of this review.
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a high-resolution image. It is important to make only some of the
fluorophores emit at a time, while most of the fluorophores remain
in the “off” state, so that the possibility of two molecules existing
under the diffraction limit at the same time becomes minimal. As a
result, the obtained image spots at every occasion should corre-
spond to the set of a single molecule only. A large number of
images containing distinct image spots can then be obtained by
repeating the imaging procedure, and the super-imposition of
those images can result in a complete super-resolution image.

The brightness of the molecules in the fluorescent state (used
for localization) and the ratio between the brightness of this state
to the molecules in the non-fluorescent state are the two most
important photophysical factors that determine the spatial resolu-
tion. The brightness of the molecules signifies the number of
detectable photons, which has a direct impact on the localization
precision. However, the contrast ratio directly affects the localiza-
tion precision, primarily by contributing to the background signal.
Conversely, the photostability of the molecules under continuous
light irradiation is the most important factor from a photo-
chemical point of view, which influences the quality of the images.
Hence, it is important to comprehend these photophysical as well
as photochemical factors in detail to understand the background
for choosing ideal fluorophores for STORM.

3.1. Brightness

The exact position of a single isolated fluorophore can be worth
identifying if the centroid of its image could be determined, even if
the image spot seems to be diffraction-limited. Though the spatial
resolution of a common optical microscope is limited by the width
of the point-spread function (PSF), the precise location of a fluo-
rophore can be determined if the image spot of the fluorophore
is isolated from the images of other molecules. Therefore, when
the precise position of the fluorophore is determined by finding
the peak centroid of the image spots, the accuracy can only be
influenced by the number of collected photons [12]. Usually,
molecular localization coordinates are obtained from statistical
curve-fitting algorithms, where the detected photon distribution
is fitted to a Gaussian function. Considering fluorescent molecules
one by one in the case of negligible background and pixilation, the
standard deviation in the fitted position (the uncertainty ), which
actually signifies the precision of the molecular localization can be
described using the following equation:

S
VN

where S denotes the standard deviation of a Gaussian function rep-
resenting the point-spread function (PSF) and N is the number of
detected photons from the fluorescent probe.

In STORM imaging, it is crucial to minimize the background if a
high-precision image with precise molecular localization is antici-
pated. According to Eq. (1), the resolution of the image can be
effectively enhanced by choosing a proper fluorophore with a high
brightness. However, for a specific fluorogenic system, the bright-
ness is dependent on two Key factors: (a) the extinction coefficient
and (b) the fluorescence quantum yield. The extinction coefficient
represents how effectively a substance can absorb light at a partic-
ular wavelength, so that a fluorophore with a larger extinction
coefficient means that it would absorb more photons. The fluores-
cence quantum yield of a fluorescent probe refers to the ratio of the
number of photons emitted to the number of absorbed photons
[30]. Therefore, for a given number of absorbed photons, a mole-
cule that possesses a higher quantum yield will have more “bright-
ness”. “Photon output” is another term described by Zhuang and
coworkers [31] which can provide an idea of the brightness of a

o~

given fluorophore. However, it should be kept in mind that other
variables, such as drift and labelling density, also contribute signif-
icantly to determining the optical resolution of the STORM
reconstruction.

3.2. Duty cycle and contrast ratio

As discussed earlier, the most important criterion for obtaining
a high-resolution image is to minimize the background signal. In
STORM based imaging setup, the background can come up due to
the auto-fluorescence of the used reagents or from the used fluo-
rophores. For instance, a photo-switchable fluorophore is expected
to switch between the fluorescent “on” and “off” states, where ide-
ally the fluorophore should not have any photon output in the “off”
state. However, in reality, the fluorescent “off” state does not usu-
ally imply zero photon output. For example, despite being unable
to display any meaningful emission profiles, fluorescent probes
in a triplet state can still emit weakly and contribute to the back-
ground. Therefore, the chosen organic dyes for STORM should emit
photons as little as possible in the “off” state and must possess a
high contrast ratio.

The duty cycle is another parameter that needs to be investi-
gated when selecting probes for STORM imaging. Upon excitation,
at a particular wavelength, a fluorophore emits fluorescence, which
is defined as the fluorescence “on” state, whereas the non-emissive
state is marked as the “off” state. The duty cycle is basically defined
as the ratio of the time a fluorophore spends in the “on” state to
that in the “off” state [17]. Hence, a fluorescent molecule having
high duty cycle stays in the fluorescence “on” state for a longer
period of time, whereas a low-duty cycle molecule spends a very
short time in the “on” state and resides most of the time in the
“off” state. It should be highlighted that the spatial and temporal
separation of the emission outputs are the key factors which need
to be closely examined for reconstructing the position of single flu-
orescence molecules. However, difficulty in accurately identifying
a single emitter may arise if the emission profiles substantially
overlap with each other. High duty cycle fluorescent probes often
encounter the mentioned problem of single molecule localization
as their emission profiles overlap significantly. Therefore, fluo-
rophores with a low duty cycle are useful in this respect.

3.3. Photostability

The photostability of a fluorophore plays a crucial role in deter-
mining the temporal framework as well as the maximum laser
intensity to be used for a microscopy experiment. The photostabil-
ity of a particular probe can be influenced by both its inherent
physicochemical properties, such as switching cycle and survival
fraction, as well as the external environment, including pH, tem-
perature and aerial oxidation.

The ‘switching cycle’ basically refers to the number of cycles a
fluorophore switches between its fluorescent “on” and “off” states
until it becomes permanently non-fluorescent because of photo-
bleaching. Fluorophores that cannot undergo more than a single
switching cycle are not eligible for STORM imaging. Only fluo-
rophores that can switch for hundreds or thousands of cycles are
ideal choices for STORM. Although switching cycles differ from flu-
orophore to fluorophore, the number of cycles is not constant for a
particular fluorophore and may vary significantly with changing
experimental conditions. Moreover, even though fluorophores
with a larger number of ‘switching cycles’ are preferred in STORM,
they might not be suitable for every SMLM imaging application. For
instance, a probe with a sole ‘switching cycle’ is indispensable for
quantitative analysis, especially where a 1:1 stoichiometry
between the probe and the target is anticipated. On the contrary,
while resolving high-resolution fine structures like cytoskeletal
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assemblies and biological membrane organization, a greater num-
ber of switching cycles are preferable. The desired number of
‘switching cycles’ will vary depending on the requirements of the
information.

It is important to note that dyes having a single switching cycle
may encounter localization issues for several potential reasons,
such as overlapping with other fluorophore molecules, photo-
bleaching and others. In spite of having a large number of switch-
ing cycles, in some cases, the fluorophores can fail to contribute to
a high-quality image, as they fade away quickly. For an illumina-
tion with specific time (e.g. 400 s), the ratio between the switch-
able fluorophores in an ensemble compared to that of the fully
photo-bleached fluorophores is termed as the ‘survival fraction’.
This number can be broadly correlated with the average number
of potential switching cycles of a particular fluorophore. For exam-
ple, fluorophores may be photobleached forever without remain-
ing in a weakly emissive state if high-intensity illumination, as in
the case of typical STORM techniques, is being used.

4. Photo-switching/photo-blinking: a key feature of fluorescent
probes in STORM

Suitable small molecule-based synthetic organic dyes that have
been widely used in STORM belong to diverse structural families. A
literature survey indicates that cyanine and rhodamine derivatives
(Scheme 2) are overwhelmingly used in STORM. A few oxazines
and other organic dyes have also been reported from time to time.
However, it is worth mentioning that STORM dyes with red-shifted
emission/excitation are always preferred more than their blue-
shifted counterparts because they have less photo-damaging
effects on living cells. Three commonly used dyes, with rho-
damine/xanthene (1), cyanine (2), and oxazine (3) cores, are pre-
sented in Scheme 2.

A xanthene core (1) constitutes the common basic component
of many synthetic dyes, such as fluorescein, eosin and rhodamine
dyes, which are extensively used in several fluorescence micro-
scopies. As a result, these dyes share many common photo-
physical properties, even though there are differences in their
attached functional groups.

Cyanine (2) dyes are the other major class of organic dyes that is
often used for STORM imaging. In classic cyanine dyes, there are
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two nitrogen-containing heterocycles (one is positively charged
and the other is charge neutral), which are conjugated to each
other through a polymethine chain (—CH groups with alternative
single and double bonds) having an odd number of carbon atoms
[32,33]. However, in modified cyanines or hemicyanines, a poly-
methine bridge may be connected to the nitrogen-containing func-
tional groups on either side of the bridge, which constitutes a
donor-m-acceptor system [34-36]. Extended m-conjugation in cya-
nine dyes facilitates the delocalization of energy from absorbed
photons to stabilize the electronic transition and hence results in
an absorption at a longer wavelength (lower energy) region
(Table 1).

As shown in Table 1, the absorption and emission maxima of
Cy5 and Cy7 are in the NIR region, which makes them ideal candi-
dates for live cell imaging purposes, as NIR light exerts a less
photo-damaging effect, minimum fluorescence background signal
and less light scattering outcome compared with UV and visible
light irradiation [37-43].

Oxazine (3) is another structural family that has been exten-
sively used in various bio-imaging applications. In particular, pho-
toactivatable oxazine fluorophores have been utilized in super-
resolution microscopy because of their suitable photo-physical
characteristics [44,45].

Table 1
Shift in the absorption and emission of cyanine fluorophores to the longer wavelength
region with increasing polymethine chains.
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Scheme 2. Structures of fluorophores commonly used in STORM (from the xanthene [1], cyanine [2], and oxazine [3] families).
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Controlling the photophysical behavior of fluorophores is essen-
tial for achieving good quality successful imaging in every super-
resolution microscopy technique. The chosen fluorophores need
to exhibit at least two stable and selectively distinguishable states,
including fluorescent and dark states, to be utilized in STORM.
Moreover, the fluorophores should transition from one state to
another with irradiation of light and must spend a suitable period
of time in each state to provide useful information (discussed in
detail in later sections). It should be noted that the photo-
switching processes can either be a reversible transition between
a fluorescent and dark state (for example cis-trans isomerization),
or irreversible transformations like the photo-cleavage of a mole-
cule [16]. Fig. 2 shows a model schematic representation of these
photo-switching processes, wherein the photo-switching of a Cy5
dye in the presence of thiols is presented as an example.

In some cases, the photophysics of the fluorophores depends on
the occupancy and transition rates between two reversible states.
However, in many other cases, more than two states need to be
considered to understand the multi-state switching behavior. As
summarized in Fig. 2, electronic transitions in normal fluorescence
occur from an excited singlet state, and the characteristic lifetime
is in the nanosecond range. However, upon spin conversion, the tri-
plet state can be occupied, where the electron excitation can typi-
cally last for several microseconds before returning to the ground
state. The fluorescence emission of a fluorophore can be considered
a constant fluorescence signal as the fluorophore is cycled between
the ground and first singlet excited state. However, it can be inter-
rupted occasionally if the electron goes to the triplet state through
intersystem crossing (ISC), and this process may continue until the
fluorophore is completely photobleached. Fig. 2A illustrates a
model photo-switching process, and simply by plotting the photon
count over time, normal fluorescence can be distinguished from
photo-blinking or photo-bleaching processes, as depicted in
Fig. 2B. It should be noted that the typical temporal resolution of
an electron multiplying charge coupled device (EMCCD) cameras
for super-resolution acquisition is in the millisecond range. There-
fore, transitions that are very rapid in nature cannot be distinguished
in the accumulated fluorescence emission images. Fast dynamic
techniques like fluorescence correlation spectroscopy (FCS) or fluo-
rescence lifetime imaging (FLIM) can be applied in these cases.

However, in other imaging techniques, the dark state might be
composed of a highly occupied electronic ground state. For exam-
ple, in STED, the fluorophore molecules are forcefully sent back to
the ground state using a stimulated emission before fluorescence

A. Fluorescence ON B.
State Dark State

v

Long-lived
Photon counts Photon counts

Fluorescence ./

Photon counts

emission can occur. If the molecules are reduced into a semi-
radical state or a fully reduced leuco form, then they can only sur-
vive up to several minutes or several hours, depending on the cho-
sen environment, as depicted in Fig. 2 [46-49].

Fluorophores can also be kept primarily in the dark state using
some caged systems, wherein a photo-reactive group is employed
to quench the fluorescence until it undergoes UV light-triggered
cleavage of the cage [50]. Endogenous fluorescent proteins can
remain in the dark state through several intra-cellular processes.
For instance, photo-activation of the final maturation process of a
prior uncompleted chromophore, photo-cleavage of the chro-
mophore, or intramolecular dynamics, like a cis-trans conforma-
tional change, can help these proteins stay in the dark state.
Moreover, irreversibly transformable fluorophores can be sub-
jected to reversible blinking with the help of imaging buffers,
which eventually can take the fluorescent proteins into reversible
dark states, similar to the switching of organic fluorophores.

Ideally, in a photo-switching process, a fluorophore switches
between a fluorescent state (denoted F,,) and a dark state
(denoted Fyg), as depicted in the representative model shown in
Fig. 3. To enable single-molecule signal detection, the majority of
the fluorophores in STORM imaging need to remain in the dark
state, so that the rate of ko becomes much higher than the recov-
ering rate Kop.

By using chemical additives in a special imaging buffer or by
applying special mounting media, the switching behavior of most
organic dyes can be tuned before employing them in STORM,
dSTORM and GSDIM (ground state depletion microscopy). There-
fore, the photophysical properties of the fluorophores can be
greatly influenced by the strong defining environments, which
may alter the state occupancies as well as the transition rates. A list
of buffers used in fixed-cell and live-cell STORM imaging is pre-
sented in Table 2. It can be mentioned here that photo-switching
of the commonly used cyanine dyes in STORM (like Cy5) can be
achieved using imaging buffers with variety of thiol concentra-
tions. However, from a toxicity point of view, imaging buffers with
low concentrations of the thiol are much more suitable for live cell
STORM imaging.

As discussed earlier, molecular oxygen not only acts as a com-
mon source for photo-bleaching but also behaves as an efficient tri-
plet state quencher to yield higher fluorescence count rates [51].
Alternatively, this role can be assumed by triplet-state quenchers
upon depleting the oxygen with an enzymatic or oxygen scavenger
system. However, molecules in excited states can undergo both

C. Photo-switching

MMNNWW«LM\“ S/R
F

in presence of thiols
Bleaching a8 Cy5 (Cyanine) S0,
time A A »
=
S RSH
[ hv| [ hv
time 038 SO,
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time

Fig. 2. (A) Schematic representation of photo-switching showing electronic changes through photochemical processes; (B) comparison between normal fluorescence, photo-
blinking and photo-bleaching in terms of the photon count over time; and (C) thiol-triggered photo-switching of Cy5 dye.
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Decomposition of fluorophore

Fig. 3. Exemplary photo-switching model of a fluorophore.

Table 2
Imaging buffers for STORM.

Imaging buffers Components

Buffer solution

Oxygen-scavenging system Reducing agent

Fixed cell imaging

MEA/OS 1 Tris (pH 8) + NaCl + glucose

MEA/OS 2 Tris (pH 8) + NaCl

BME/OS 1 Tris (pH 8) + NaCl + glucose

BME/OS 2 Tris (pH 8) + NaCl

TCEP Tris (pH 9) + glucose

Glycerol/OS PBS + glucose

OxEA PBS (pH = 8-8.5) + Sodium pi-lactate

Live cell imaging

Live-0S 1 L-15 Medium + glucose
Live-0S 2 L-15 Medium + glucose
Live-OS + AA L-15 Medium + glucose

GLOX or POC MEA

PCD MEA

GLOX or POC BME

PCD BME

GLOX TCEP and AA

GLOX -

OxyFluor MEA

GLOX or POC MEA (Optional)

GLOX or POC BME (Optional)

GLOX or POC BME (Optional) and AA

Notes: GLOX: glucose oxidase and catalase, POC: pyranose oxidase and catalase, PCD: protocatechuate 3,4-dioxygenase, MEA: mercaptoethylamine, BME: f-mercaptoethanol,
TCEP: tris(2-carboxyethyl)phosphine, AA: ascorbic acid, L-15 Medium: A special medium that supports cell growth in a carbon dioxide (CO,) free system.

oxidation and reduction. The lower oxidation potential of the tri-
plet state compared with that of the ground state can be attributed
to the facile removal of the energy-rich electron from the triplet
excited state. Hence, the highest occupied molecular orbital
becomes singly occupied, which in turn increases the electron
affinity. Subsequently, the collisions of a fluorophore with electron
donors or acceptors in the excited state may eventually lead to
reduction or oxidation to generate radicals. Some of the molecules
that can be successfully utilized as triplet-state quenchers and
reductants include glutathione (GSH), dithiothreitol (DTT), B-
mercaptoethanol (BME), mercaptoethylamine (MEA), 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), cyclooc-
tatetraene (COT) and potassium iodide (KI) [46,52-57]. Addition-
ally, some antioxidants, such as n-propyl gallate (nPG) or
ascorbic acid (AA) [53,58,59], are also used occasionally in STORM
imaging. Various other anti-fading reagents often employed to
minimize photobleaching include nitrobenzylalcohol (NBA), 1,4-
diazabicyclo[2.2.2]octane (DABCO), paraphenylenediamine (PPD)
and commercially available products such as Vectashield, Fluor-
stop, Mowiol, Slow-fade or Citifluor [60-62].

It should be mentioned that various photo-blinking mecha-
nisms have been adopted by several researchers to achieve suc-
cessful STORM imaging, including (a) a triplet quencher
mechanism [48,63], (b) photochromic blinking [64-70], (c) redox
blinking [71,72] and (d) other strategies for blinking [73-82].

5. Application of organic dyes for STORM

STORM, in spite of being a relatively new super-resolution
microscopy technique (first reported in 2006), has sparked huge
interest in chemical biology because of its wide range of applica-
tions in bio-imaging to achieve sub-diffraction-limited resolution
using fluorescently labelled samples. The localization of fluores-
cent probes within a sample with photo-switching credentials is
the key to procuring a successful STORM image. In addition to pro-
viding outstanding resolution (approximately 20 nm lateral resolu-
tions), STORM imaging offers the flexibility of choosing fluorescent
dyes and use of aqueous environments, which are essential for live
cell imaging. In this section, we will summarize the chronological
evolution of STORM imaging in light of the advancement in design-
ing suitable fluorescent probes.

A close look at Schemes 3 and 4 will be helpful for understand-
ing the characteristics of various organic fluorophores that have
been used extensively in STORM imaging. Scheme 3 includes the
reported fluorophores with blue/green emissions, whereas
Scheme 4 represents fluorophores with red/far red/NIR emissions.
The fluorophores included in Schemes 3 and 4 have been essen-
tially discussed in this review in the context of various reports.
Other fluorophores that are not covered in Schemes 3 and 4 have
been discussed separately with structural illustrations in the con-
text of the particular references.
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Scheme 3. Structure and properties of blue and green emissive dyes for STORM imaging.

5.1. Multicolor STORM/dSTORM

Multicolor imaging is an important aspect of fluorescence opti-
cal imaging that is often used to obtain key biological information.
Because biological systems are very complex and dynamic in nat-
ure, simultaneous monitoring of the interactions between multi-
ple proteins or cells within an organism using a single color
channel is difficult. In this respect, multicolor imaging can serve
as a powerful tool to screen different parts of an organ simultane-
ously and help to understand its functions. For example, Hoffman

et al. introduced multicolor cell imaging using fluorescent proteins
to track cancer cells and also utilized it to investigate cell-cell
interactions on a sub-cellular level [83-85]. However, the use of
organic probes for multicolor STORM/d-STORM was achieved
much later.

In spite of having tremendous potential to detect molecular
interactions via multicolor imaging techniques, fluorescence reso-
nance energy transfer (FRET) [86-89] based imaging lacks the abil-
ity to highlight the precise locations and organizations of
molecules in subcellular organelles. Fluorescence co-localization
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Scheme 4. Structure and properties of yellow, red, far-red and NIR emissive dyes for STORM imaging. Note: Some dyes have been presented in the NHS ester (Succinimidyl

ester) form.

also faces difficulties in the acquisition of high-resolution multi-
color images, as it suffers from the diffraction limit. Combining
multicolor imaging with super-resolution techniques can effec-
tively resolve this issue [90].

Zhuang's group was the first to achieve multicolor STORM
imaging with 20-30 nm resolution using a reporter-activator pair
that belongs to a family of photo-switchable probes with distinct
colors [91]. Basically, the Cy2-Alexa 647 dye pair was used for
imaging microtubules and the Cy3-Alexa 647 dye pair was used
for clathrin imaging. However, for both of the two-color channels,
the resolutions were found to be slightly larger (30 + 1 nm) than
that of the resolution determined for single-color STORM images.
As expected, the filamentous structures of the microtubules were
demonstrated by the green channel, whereas the red channel lar-
gely revealed a spherical structure representing clathrin-coated
pits. Later in 2008, they developed a multicolor probe where a
photo-switchable cyanine dye was linked covalently with an acti-
vator molecule [92]. The probe was then employed to monitor the
dynamic morphology of mitochondria in a living cell (Fig. 4).

Later, Zhuang and co-workers also screened 26 organic dyes to
identify suitable fluorophores for four-color STORM imaging [31].
They found that some of the dyes among all the tested dyes, such

as ATTO 488 (blue), Cy3B (orange), Cy5 (red), Dyomics 654 (red),
Alexa Fluor 647 (red), DyLight 750 (NIR), Cy7 (NIR) and Alexa Fluor
750 (NIR), which belongs to four distinct spectral ranges, could be
satisfactorily used for four-color STORM imaging. In particular, the
performances of red dyes like Alexa Fluor 647, Cy5 and Dyomics
654 were found to be remarkably suitable for STORM imaging
[31]. It is worth mentioning here that several positively charged
cyanine-based dyes, like Alexa Fluor 647, which can exhibit very
good performances in STORM imaging, might face several issues
when used in live cell imaging purposes. This is because these dyes
often encounter cell permeability issues, even though they work
fine in fixed cells.

Even though the multi-parameter detection method for multi-
color STORM imaging was proposed by Zhuang’s group [91] in
2007, it could not be realized experimentally until 2012. Two-
color STORM images with multiple emission channels were
obtained by them [93] using Alexa 750 in conjunction with Alexa
647, wherein the use of two or more fluorescence detection chan-
nels for STORM provided the scope to obtain multicolor images
with reduced color crosstalk.

A common strategy for separating the signal is often used in
multicolor STED [90], PALMIRA [94], STORM [91] and PALM [95]
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imaging, wherein specific excitation wavelengths are selected for
different markers, followed by the careful selection of emission fil-
ters to minimize the crosstalk between the different color chan-
nels. However, the lack of flexibility in choosing the fluorescent
dyes and the source of light makes this approach unattractive. To
deal with these issues, Schonle and Hell [96] adopted a new
approach in place of the conventional sequential multicolor sepa-
ration approach, wherein up to three different switchable rho-
damine amides were simultaneously used to achieve single-
molecule switching-based nanoscale imaging, depending on the
individual characteristic emission spectra (Fig. 5). The new
approach not only provided the scope for simultaneous multicolor
imaging with low crosstalk, but also yielded an impressive spatial
resolution of 15 nm. Hence, the strategy was later adopted for cell
imaging purposes. With the help of this strategy, the microtubule
and keratin network of mammalian cells has been successfully
identified using SRA577 and SRA552 dyes. Later, other rhodamine

spiroamides were also developed by Belov and Hell [97] for multi-
color super-resolution imaging. However, the photo-physical prop-
erties of these rhodamine spiroamides are vulnerable to a change
in the pH value of the experimental conditions. So, this aspect
should be looked into before employing them in a STORM imaging
experiment.

Heileman and Sauer later developed a new method for STORM
imaging, termed direct STORM (dSTORM), to avoid the use of
dye-pairs. In the dSTORM approach, conventional cyanine dyes
(Cy5, Alexa 647) can be directly used for cellular staining, so no
additional activator fluorophore is required [98]. This approach
was then applied by the same group for multicolor imaging [99].
Essentially, standard fluorophores with different absorption and
emission wavelengths, such as ATTO520 and ATTO655, were
employed to obtain multicolor d-STORM imaging of microtubule
filaments and enzymes of the respiratory chain with the highest
optical resolution of ~20 nm.
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Multicolor super-resolution imaging is vulnerable to channel
crosstalk and registration errors, which curb its application poten-
tial. To overcome these common limitations, a novel variant of
dSTORM has been reported by Schmoranzer and co-workers
[100], defined as spectral demixing dSTORM (SD-dSTORM). Basi-
cally, combining the principle of spectral demixing and the diverse
photophysical properties of red-emitting carbocyanine dyes ulti-
mately results in efficient, reliable and fast multicolor dSTORM
imaging. Later, Lehmann and Schmoranzer [101] screened a total
of 39 dyes to identify novel dyes that are suitable for multicolor
caged dSTORM using this method. A multicolor localization preci-
sion as low as 15 nm has been achieved using a dye pair suitable
for registration error-free multicolor SD-dSTORM. Further, using
the caged SD-dSTORM, they were able to resolve the ultrastructure
of single synaptic vesicles in brain sections (maximum resolution
40 nm) with improved label density in two independent channels
compared with that of immuno-electron microscopy (Fig. 6) [101].

Later, they studied 28 commercially available dyes and reported
[102] that the spectroscopic properties of the dye pair CF647 and
CF680 are suitable for achieving registration error-free dual-color
SD-dSTORM with minimal color crosstalk (discussed in detail later).

5.2. 3D STORM

Expansion of STORM imaging to a third dimension has intro-
duced a tectonic shift in the technical advancement of STORM
imaging. There were difficulties in obtaining accurate information
concerning the axial position of a fluorophore when focused in a
single 2D plane, as the speed of the on-off switching in 2D-
STORM precluded the acquisition of a z stack during any single
emission event. On the contrary, 3D STORM allows the 3D imaging
of a sample with a thickness of several hundred nanometers with-

out any scanning. However, with an increase in the thickness of the
sample, the image of a molecule becomes more blurred, which ulti-
mately limits the overall localization precision.

Zhuang’s group was the first to achieve a 3D STORM image
[103]. They used 3D STORM to resolve the 3D morphology of nano-
scopic structures in cells. Essentially, clathrin-coated pits (CCPs),
which have spherical cage-like structures (150-200 nm in size),
were successfully imaged through a direct immunofluorescence
scheme using primary antibodies against clathrin doubly labelled
with Cy3 and Alexa 647 [103]. In addition to achieving the 3D
super-resolution imaging of CCPs in fixed cells [103], they have
also obtained 3D super-resolution images of CCPs in live cells
[104] and in the entire mitochondrial network [31,92]. However,
precisely determining the axial positions remains the main chal-
lenge for localization precision in STORM, as it depends on the
number of photons detected from each fluorophore. Even the inter-
ferometric detection method, which generally provides the most
precise z-localization, often encounters the same issue [105,106].
Hence, to resolve this issue, a new approach was adopted by
Zhuang's group [107], wherein the resolution of the image could
be increased by combining 3D STORM with a complex optical
setup. The complex optical setup actually included two opposing
lenses to double the photon collection. They were able to achieve
STORM images with a resolution of <10 nm in the lateral direction
and <20 nm in the axial direction using Alexa 647.

Later, Moerner and Piestun [108] introduced another 3D super-
resolution approach based on a double-helix point spread function
(DH-PSF), which can be utilized for imaging far beyond the diffrac-
tion limit (Fig. 7). They were able to achieve super localization of
single fluorescent molecules in thick samples with precisions as
low as 10nm laterally and 20 nm axially over axial ranges
>2 um. Basically, a photoactivatable 2-dicyanomethylene-3-cyan
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Fig. 6. Presynaptic terminals of mouse brain (150 nm cryosections) immunolabelled for VGlut/clathrin (a, b) and VGlut/Syb2 (c, d) showing caged SD-dSTORM imaging.
Adapted from Lehmann et al. [101] with the permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

0-2,5-dihydrofuran (DCDHF)-based fluorophore was used for the
3D super-resolution imaging of highly concentrated single mole-
cules in a bulk polymer (Fig. 7).

5.3. Live-cell STORM imaging

In general, it is very difficult to achieve live-cell STORM imaging
because a single reconstruction of STORM imaging typically
requires thousands of individual frames of image data, making
the process too slow to be utilized in real-time live cell monitoring.
Still, some reports have demonstrated successful time-resolved
live cell STORM imaging of multiple targets with minimal
motion-induced blur.

The first live-cell STORM imaging was reported by Heinemann
and Sauer’s group [46] in 2010, wherein a novel and facile method
was introduced to use standard Alexa Fluor and ATTO dyes for live
cell super-resolution imaging. Frequently used fluorophores like
Alexa Fluor and ATTO dyes can switch reversibly between on and
off states under similar experimental conditions in the visible
wavelength range. Essentially, the super-resolution imaging of
mRNA in A549 cells was successfully achieved using oligo (dT)
43-mer labelled with ATTO655. However, it should be kept in mind

that the ATTO655 dye is not readily cell permeable and it often
needs to be conjugated with suitable functionality before employ-
ing it in a live cell experiment.

Cornish and Sauer also reported a trimethoprim chemical tag
(TMP tag) using the same ATTO655 fluorophores, suitable for
stochastic single molecule-based localization microscopy (ASTORM
method) [109]. They demonstrated that when the human histone
H2B protein in live mammalian cells is labelled with TMP-
ATTO655, the dSTORM-TMP tag could substantially improve the
spatiotemporal resolution in live cells (Fig. 8). However, as they
did not characterize the localization density, the image resolution
achieved in that 2D super-resolution imaging remained unsatisfac-
tory. In 2011, Zhuang's group used photoswitchable dyes to
achieve high spatial and temporal resolutions in 2D- and 3D-
STORM super-resolution imaging of live cells [104]. In 2D STORM,
they obtained a Nyquist resolution of ~20 nm with a time resolu-
tion of 0.5 s, whereas for 3D volumetric super-resolution imaging
of live cells, an overall resolution of 30 nm in the x-y dimension
and 50 nm in the z dimension was achieved with an impressive
time resolution of 1-2 s. Later, the dSTORM imaging of DNA in liv-
ing cells was achieved by Manley and coworkers using the com-
mercially available cyanine-based Picogreen dye [110]. The
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addition of potentially toxic thiol reducing agents such as MEA,
which are commonly used to induce photoblinking, was avoided
by this research group to ensure the feasibility of live-cell imaging.
By studying the buffer conditions of live-cell dSTORM for other
dyes, the same research group found that 1 nM ascorbic acid com-
bined with an oxygen scavenger (OS) system in Leibowitz medium
at pH 7.2 is optimum for rapid and reversible photo-switching
[61,72]. In the same buffer conditions, they obtained successful
dSTORM (direct labelling with the commercially available
cyanine-based Picogreen dye) imaging of DNA in living cells (dis-
cussed in detail later). Again in 2012, Zhuang’s group [111] was
able to achieve dynamic imaging of specific membrane structures
in living cells with a spatial resolution of 30-60 nm and a temporal
resolution down to 1-2 s, wherein common membrane probes like
carbocyanine dyes with long alkyl chains were used as the fluo-
rophore [111]. In this context, it should be mentioned here that
cyanine dyes often lose their applicability in long term live cell
STORM imaging in spite of their good photo-physical properties
as they need imaging buffers containing thiols to achieve ‘photo-
switching’ which essentially hampers the cell viability. In the
recent past (2013), Johnsson and co-workers [112] introduced a
new silicon-rhodamine-based near-infrared probe that can be
specifically coupled to proteins using various labelling strategies.
The biocompatible NIR probe displayed several beneficial attri-
butes, such as good cell permeability, high fluorescence quantum
yield and good brightness and photostability, which made it suit-
able for achieving live-cell super-resolution imaging of proteins
in living cells and tissues.

Later, in 2014, a new class of spontaneously blinking fluo-
rophores based on the intramolecular spirocyclization reaction
was reported by Urano et al. [113] (Fig. 9). Using the fluorophore
(HMSIR) and a spinning-disk confocal microscope, they were able
to demonstrate SLM of proteins located far above the coverslip sur-
face. Repetitive time lapse SLM of microtubules in live cells for 1 h
was also demonstrated. However, the main drawback of this fluo-
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rogenic system is that it only works fine in intra-cellular non-acidic
compartments. The probe might not be applicable in most intracel-
lular dysfunctions related studies which produce a lower pH
environment.

5.4. Other STORM imaging

In addition to the categorized STORM imaging techniques men-
tioned above, various other STORM imaging techniques have been
achieved that also have made a considerable contribution to the
evolution of STORM microscopy. For instance, in 2009, Flors and
co-workers [114] noted that commercially available intercalating
cyanine dyes, such as YOYO-1, could be readily utilized for label-
ling and imaging DNA with a single laser to achieve super-
resolution imaging. Later, they reported that green intercalating
dyes (YO-PRO-1) have good potential for uncovering the nanoscale
organization of DNA in both DNA-based nanotechnology and some
biological applications [115].

Later, in 2012, Sauer’s group [116] was able to study the struc-
ture of a nuclear pore complex (NPC) in isolated Xenopus laevis
oocyte nuclear envelopes using dSTORM. A lateral resolution of
~15 nm was achieved in that experiment.

With the help of STORM, Cordes and co-workers studied the
mechanism of intramolecular photo-stabilization in self-healing
cyanine dyes, which can repair photo damage automatically
[117]. In 2013, Zhuang’s group [67] noticed that cyanine fluo-
rophores could be reversibly quenched by the phosphine tris(2-
carboxyethyl)phosphine (TCEP). The TCEP-induced photo-
reversible quenching subsequently became instrumental in acquir-
ing high-quality super-resolution images as well as an easy-to-
implement cellular internalization assay.

Birk and co-workers [118] effectively employed DNA minor
groove binding dyes, like Hoechst 33258, Hoechst 33342, and DAPI,
in single-molecule localization microscopy to obtain high optical
and structural resolution. With a similar approach, the local distri-
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Fig. 9. Switching mechanism of the spontaneously blinking fluorophore HMSIR, showing reversible blinking over a hundred times resulting from intramolecular
spirocyclization. Reproduced in parts from Urano et al. [113] with the permission of Nature Chemistry, Macmillan Publishers Limited.



S. Samanta et al./ Coordination Chemistry Reviews 380 (2019) 17-34 31

bution of DNA in the cell nucleus and in mitotic chromosomes was
studied through optical imaging, which actually improved the res-
olution to a few tens of nanometers.

As mentioned earlier, Schmoranzer [102] tested as many as 28
commercially available dyes to determine their potential applica-
bility in super-resolved cellular nanostructure determination.
Eight among those dyes were identified as suitable fluorescent
probes for high-quality dSTORM imaging in various spectral
regimes. Dye pairs with similar spectral properties (for instance,
CF647 and CF680) are most suitable for spectral demixing-based
registration error-free multicolor dSTORM imaging with low
crosstalk. The same dye pair and another CF568 dye with different
spectral properties were used together to perform 3-color
dSTORM, which was instrumental in resolving the nanostructures
of the cytoskeleton and the membrane trafficking machinery
(Fig. 10).

Recently, Cremer [119] and coworkers revealed that the stan-
dard DNA dye Vybrant dye-cycle ™ VIOLET CANBE can be success-
fully used to achieve single-molecule localization microscopy
images of DNA in the nuclei of fixed mammalian cells.

Even though single-molecule localization microscopy (SMLM) is
a useful method for constructing super-resolution images, it often
requires additives like thiols to induce on-off switching of fluo-
rophores along with intense prior laser irradiation, which
adversely affects its application potential. In this context, Urano
et al. reported a spontaneously blinking fluorophore, in which
the intramolecular spirocyclization reaction was used as the key
to achieve spontaneous blinking, as discussed earlier. Recently, in
2017, nacre proteins of the pearl oyster Pnictada fucata were suc-
cessfully labelled with Cy5 by Zhang and co-workers [120]. The
distribution of the nacre proteins inside the whole synthetic calcite
was then directly observed using STORM imaging.
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Fig. 10. 1. NIH 3T3 cells, co-immunolabelled for MTs with CF647/CF680 and CF568 dyes showing 3-color dSTORM imaging; II. COS-7 cells, immunolabelled for (a) MTs
(CF568), f-actin (phalloidin CF647) and clathrin (CF680) and for (b) APPL1 (CF568), clathrin (CF647) and MTs (CF680) to achieve 3-color dSTORM imaging. Reproduced in part
from Schmoranzer et al. [102] with the permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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6. Conclusion and future perspectives

The STORM approach has been shown to be a very promising
tool that provides a new convenient platform to study complex cel-
lular processes with sub-diffraction resolution. This review not
only highlights the recent advancements in STORM-based super-
resolution imaging applications with the use of organic small
molecule fluorescent probes, but also includes a brief discussion
about the choice of suitable fluorophores to achieve successful
STORM imaging. The essential criteria to design and develop new
organic fluorescent probes for STORM have been outlined here
with detailed mechanistic insights so that the desired modifica-
tions can expedite future progress in probe design. Undoubtedly,
the utility of this imaging approach will grow further with the con-
tinuing expansion of STORM-based imaging technology as well as
new labelling methods in the near future. With the appropriate
choice of fluorescent probes, it is possible to visualize dynamic
changes in subcellular organelles with sub-diffraction resolution
using live cell STORM imaging, which can potentially open a new
window for resolving physiological ailments pertaining to cellular
dysfunctions. As the choice of suitable fluorophores constitutes the
most important element of procuring a good quality successful
high-resolution image, there is an on-going endeavor to develop
new versatile fluorophores with outstanding features for the
improvement of imaging quality. Even though there has been a
great deal of advancement in STORM-based imaging with the use
of organic fluorescent dyes, there are still many issues that need
to be squarely addressed. For instance, in multicolor STORM imag-
ing, the fluorophores can be activated by the “wrong” activation
pulse because the fluorophores can become activated sponta-
neously without any activation pulse. Alternately, if the ‘fluo-
rophores pair’ strategy is used to counter this problem, it would
be free from chromatic aberrations but it might then suffer from
color cross-talk. On the contrary, in dSTORM, even though the color
cross-talk can be reduced, it is difficult to correct chromatic
aberrations at the nanoscale level. Essentially, single-molecule
localization-based super-resolution imaging techniques like
STORM may suffer huge setbacks if a suitable fluorophore is not
chosen. Hence, the development of new fluorophores with
improved qualities will become instrumental in pioneering
STORM-based high-resolution images. Therefore, the endeavor will
continue to design and develop better probes suitable for STORM
until the ideal fluorescent probe is developed. The use of efficient
organic fluorescent probes in STORM has the potential to be used
in medical diagnosis, as it can be utilized to acquire quantitative
information about the specific expression profiles in subcellular
organelles; hence, this technique can be utilized for personalized
therapies. In this respect, we strongly believe this focused review
article will contribute tremendously to the development of novel
fluorescent probes for advanced imaging, which will boost the
active field of research to study subcellular processes with a sub-
diffraction limit.
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