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Abstract: The development of super-resolved optical microscopies has revolutionized the way we visualize cell
biology. These techniques strongly rely on the use of photochemically active fluorophores that display changes
in their photophysical properties upon irradiation with light. Many reversible and irreversible photochemical trans-
formations have been explored for this purpose, and different imaging techniques require specific mechanisms
of photoconversion. In this review, we provide an overview of the most common strategies used for the develop-
ment of fluorophores for super-resolution microscopy and give specific examples of state-of-the-art fluorogenic
probes. Furthermore, we discuss their main field of application and possible directions for future developments.
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1. Introduction

Optical microscopy is an indispens-
able tool in life sciences because it facili-
tates the direct and non-invasive observa-
tion of living specimens. The advent of
fluorescent proteins and biocompatible
small-molecule dyes enabled the elucida-
tion of molecular mechanisms employ-
ing fluorescence microscopy. Resolution,
however, remains a major shortcoming of
optical microscopy. Because of the wave-
like nature of light, the signals of single
emitters are detected as blurred spots.
The dimensions of these spots depend on
the wavelength of light and the numeri-
cal aperture of the objective and limit the
minimal distance between adjacent emit-
ters that can be resolved to approximately
200 nm, which is known as the diffraction
limit.[1] Small molecules, proteins, mem-
branes, and most intracellular organelles
are smaller than this and therefore cannot
be resolved by conventional fluorescence

microscopy. This challenge, however, has
been recently overcome by the inception
of super-resolved optical microscopy tech-
niques.

One of these techniques is single mol-
ecule localization microscopy (SMLM),
which include stochastic optical re-
construction microscopy (STORM),[2]
photoactivated localization microscopy
(PALM),[3] and related techniques. The
prerequisite for SMLM is the use of probes
that can transition between a non-fluores-
cent (dark) or a fluorescent (bright) state,
usually by means of a photochemical reac-
tion. One way to create a super-resolved
image is to label the target structure with
probes that are initially in their dark state.
A small subset of probes is then stochasti-
cally converted into the bright state and the
signals of these molecules are recorded. If
the activated fluorophores are separated
by a distance greater than the diffraction
limit, their precise localizations can be de-
termined by deconvolution of the signals
recorded. The activated probes are then
switched back to a dark state. The cycle
of photoactivation, imaging, deconvolu-
tion, and deactivation is repeated multiple
times. These individually deconvoluted
frames can then be used to reconstruct a
super-resolved image. The precision of
the localization that can be obtained for
each fluorophore depends on the number
of photons that are collected while it re-
sides in the bright state. The brightness (the
product of the molar extinction coefficient
and the fluorescence quantum yield) along
with photostability are therefore crucial
properties that need to be considered when
designing probes for SMLM.

Another strategy to achieve resolutions
beyond the diffraction limit is through
spatial control of illumination of the



Bioorthogonal Chemistry CHIMIA 2018, 72, No. 11 765

to the development of fluorophores of vari-
ous emission wavelengths, excited-state
lifetimes, Stokes shifts, etc. Importantly,
a number of labeling strategies has been
developed to tag macromolecules with
small-molecule dyes. Examples include
the self-labeling proteins SNAP-tag,[15]
CLIP-tag,[16] and HaloTag,[17] labeling via
various engineered ligases and transferas-
es,[18] specific binding of small molecules
to short peptide-tags,[19,20] and bioconjuga-
tion using a broad variety of bioorthogonal
reactions.[21]

Because of these advantages, we focus
on small-molecule photochemically active
dyes in this review. The development and
applications of fluorescent proteins in su-
per-resolved optical microscopy has been
reviewed elsewhere.[22–24]

3.1 Photoactivatable Probes
Irreversibly photoactivatable probes

are normally fluorophores that have been
modified with photolabile moieties that
block them in a non-fluorescent state.
Irradiation of the initially non-emissive
molecules with light of certain wave-
lengths induces a photochemical reaction
that liberates a fluorophore (photoactiva-
tion). Photoactivatable probes are suitable
for localization based super-resolution mi-
croscopy techniques such as PALM and
STORM.

3.1.1 o-Nitrobenzylalcohol Derivatives
o-Nitrobenzylalcohol (NB) derivatives

are among themost commonly used photo-
cleavable protecting groups. Fluorophores
can be modified with NB, which quenches
their fluorescence. Irradiation with UV
light triggers the conversion to o-nitro-
sobenzaldehyde and liberates the fluoro-
phore.[25] Fluorophores modified with NB
have been used as photoactivatable fluo-
rogenic substrates in microscopy studies
long before the development of SMLM.
A photoactivatable, NB-protected fluo-
rescein 1a, which releases 1b (Scheme 1),
was used to label microtubules inside cells
and enabled the observation of spindle
dynamics during mitosis.[26] The closely
related 6-nitroveratryloxycarbonyl group
(NVOC) is more commonly used to mask
probes for super-resolution microscopy.
The two methoxy groups shift the absorp-
tion to longer wavelengths to allow for ef-
ficient photoactivation at 405 nm, increas-
ing the compatibility of the probes with
standard fluorescence microscopes.[27,28]
Several fluorophores containing fluo-
rescein and rhodamine derivatives,[29–31]
silicon rhodamines,[32] and a quinone-
cyanine-derivative[33] have been modified
with NB and NVOC and successfully ap-
plied for SMLM experiments. The popu-
larity of this photoactivatable group arises
from its relatively easy preparation and the

out can only be obtained by permanent
photobleaching. Reversibly switchable
probes (photoswitchable) undergo a re-
versible light-induced transition from a
non-fluorescent to a fluorescent state. This
photoreaction is reversible and the fluoro-
phores can be transitioned back into the
dark state. This conversion occurs either
spontaneously as a thermal process or is
photochemically induced. Spontaneously
blinking fluorophores are a class of mol-
ecules that feature thermal interconversion
between a dark and a fluorescent state.
Both transitions occur via ground-state
reactions, and therefore no additional ir-
radiation is required.

2. Fluorescent Proteins

The use of fluorescent proteins in opti-
cal microscopy is well established and the
development of novel, improved variants
is still the subject of intensive research.[8]
Consequently, photochemically active
fluorescent proteins have also emerged as
important tools for super-resolution mi-
croscopy. Prominent representatives are the
photoactivatable variant of the green fluo-
rescent protein PA-GFP,[9] the photocon-
vertible proteins Kaede[10] and EosFP,[11]
and the photoswitchable protein Dronpa.[12]
Some of these genetically encoded fluores-
cent markers were used for the develop-
ment of PALM by Betzig et al.[3] Since
then, a broad selection of photochemically
active proteins that are optimized for super-
resolution microscopy has been developed.
Fluorescent proteins are expressed by the
specimen itself which circumvents tedious
labeling protocols. Furthermore, they can
be used as fusion proteins to targets of in-
terest, providing excellent labeling speci-
ficity. The benefits of intracellular fluoro-
phore production are, however, attenuated
by several disadvantages. For instance,
expression and maturation can be slow,
sensitive to the chemical environment,
and feature strong variation in efficiency
among different cell types.[13] Moreover,
fluorescent proteins generally photobleach
faster than small-molecule fluorophores.[13]
Considering that super-resolved techniques
usually require irradiationwith light of high
intensity, fluorescent proteins are useful
only for short-term experiments because of
their rapid photobleaching.

3. Small-molecule Dyes

Small-molecule fluorophores usu-
ally display higher fluorescence quantum
yields, brightness, and photostability than
fluorescent proteins.[14] The photophysical
properties of small-molecule dyes can also
be tuned by rational design, which has led

sample, which is the basis of stimulated
emission depletion (STED)[4] and revers-
ible saturable optical fluorescence transi-
tions (RESOLFT).[5] In these methods, the
specimen is scanned by two laser beams;
an excitation beam excites the fluoro-
phores and a superimposed deactivation
beam converts the fluorophores into a dark
state (RESOLFT) or forces them back into
the ground state by stimulated emission
(STED). The deactivation beam is opti-
cally modulated to adopt a doughnut shape
with a minimum in the center. Only the
molecules at the center of this beam are not
depleted and remain in a bright state. The
combination of the two beams results in an
effective excitation spot that is smaller than
the diffraction limit.

Alternatively, structured illumination
microscopy (SIM) overcomes the diffrac-
tion limit by illuminating the sample with
superimposed striped patterns of light.
With linear SIM,[6] a twofold improve-
ment of resolution is obtained and con-
ventional fluorophores can be used. Even
higher resolutions can be obtained when
the concept is extended into non-linear
regimes with probes that enable the transi-
tion between a bright and a dark state.[7]
For both RESOLFT and non-linear SIM,
the photoactive fluorophores must undergo
multiple switching cycles between the dark
and the bright state. High fatigue resistance
(the number of reversible transitions that a
probe can undergo before photobleaching)
is therefore a key requirement for long-
term imaging using these techniques.

The success of SMLM, RESOLFT,
and non-linear SIM depends on the pho-
tophysical properties of the fluorophores
that are used. The fundamental require-
ment for these probes is their ability to
transition between a dark and a bright
state, but additional characteristics make
certain fluorophores advantageous for one
technique over another. In this review, we
define these characteristics and provide an
overview of currently available dyes and
their applications. We conclude by point-
ing into possible future directions in the
development and application of this class
of probes.

1.1 Definitions
Photochemically active fluorophores

can be categorized based on the processes
that lead to the formation of the bright and
dark states and the reversibility of these
processes. Irreversibly switchable probes
are permanently converted from one state
to another by irradiation with light. The
transition can either be from a non-fluo-
rescent to a fluorescent state (photoactivat-
able probes) or between two fluorescent
states with different emission wavelengths
(photoconvertible probes). Returning the
probes back into a dark state after read-
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locks it in the non-fluorescent spirocyclic
form. Irradiation with blue light and subse-
quent extrusion of N

2
generates a carbene

intermediate that undergoes Wolff rear-
rangement to give a highly fluorescent rho-
damine analog. Employing this principle, a
variety of rhodamine, carbopyronine, and
silicon-rhodamine analogs were prepared,
expanding the available emission spectra
to the far red.[41–43] These fluorophores are
especially well suited for live-cell imaging
applications because the photoremovable
group is small and non-polar and therefore
does not interfere with cell-permeability.
Furthermore, photolysis releases N

2
as a

non-toxic, non-absorbing byproduct. The
utility of this type of photoactivatable com-
pounds for live-cell super-resolution imag-
ing was demonstrated by probes that were
modified with substrates for self-labeling
enzymes HaloTag and SNAP-tag.[43]These
probes were used to label a variety of pro-
teins and analyze their dynamic behavior
with a combination of single-molecule
tracking and PALM (sptPALM). These
experiments enabled the observation of
the trajectories of individual enzymes and
the quantification of their diffusion coef-
ficients.

Recently, our group employed the rho-
damine-NN scaffold to develop the first
photoactivatable probe for imaging en-
zymatic activity with super-resolution.[44]
This probe relies on the divergent path-
ways of the Wolff rearrangement depend-
ing on the electron density of the xanthene
system. Irradiation of diazoindanone 4a
(Scheme 2), which bears an electron-
withdrawing acetyl group yields mainly
the non-fluorescent product 4b. If, how-
ever, human carboxylesterases hydrolyze
the acetyl group prior to irradiation, the
highly fluorescent product 4c is obtained.
The dependence of the fluorescent signal
on enzymatic pre-activation enables the
acquisition of precise spatial and temporal
information about the distribution of active
enzymes in live, genetically unmodified
cells. The mechanism that was introduced
in this proof-of-principle study has great
potential for the future development of
reporters and sensors for various analytes
suitable for super-resolution microscopy.

3.2 Photoswitchable Probes
Photoswitchable probes can be revers-

ibly transitioned between a dark and a
bright state. Various mechanisms exist that
are exploited for modulating the fluores-
cence of fluorophores. Reversibly switch-
able probes are suitable for SMLM as well
as RESOLFT and non-linear SIM.

3.2.1 Redox Switching of Cyanine
Dyes

A possible switching mechanism is the
reversible addition of nucleophiles to car-

3.1.3 Reductive Conversion of
Conventional Fluorophores

Several carbocyanine and rhodamine
derivatives can be locked in a non-fluores-
cent state by reduction with NaBH

4
. For

instance, the non-emissive hydrocyanine
3a is obtained from 3b (Scheme 1). Upon

irradiation with blue light, the dyes return
to their original fluorescent form.[37] This
is an elegant strategy that allows for facile
modification of conventional fluorophores
to make them applicable for super-reso-
lution microscopy. A palette of commer-
cially available fluorophores was assessed
for their potential use as reductively caged
probes, which offered a broad selection
of possible emission wavelengths.[38] The
versatility of this approach was demon-
strated by performing dual-color SMLM
of synaptic vesicles using standard rhoda-
mine-derivatives. This method, however,
is not generally compatible with live-cell
imaging because of the labeling proto-
cols. The reduction of the fluorophores is
usually performed on fixed cells after an-
tibody labeling of the samples and harsh
buffer systems are required for imaging.
Furthermore, oxidation of the probes by
endogenous reactive oxygen species might
lead to uncontrolled activation.[39]

3.1.4 Rhodamine-NN
Belov et al.[40] reported a convenient

way to prepare photoactivatable xan-
thene dyes by a relatively simple chemi-
cal modification. In these rhodamine-NN
dyes, the lactone of common rhodamines is
exchanged by an α-diazoindanone, which

compatibility with a broad range of fluo-
rophores. The main disadvantage of these
photoactivatable groups are the byprod-
ucts that are formed during the photoreac-
tion, which are highly reactive and toxic
species, and therefore not optimal for live-
cell imaging.[34]

3.1.2 Azido Push-Pull Fluorophores
Azide-substituted fluorophores were

first used in SMLM by Moerner and co-
workers.[35] The electron-withdrawing
azide moiety in 2a (Scheme 1) disrupts
the push-pull system of the parent chro-
mophore, quenching its fluorescence.
Irradiation with blue light (407 nm) induc-
es photoelimination of N

2
and formation of

a nitrene intermediate, which can further
rearrange to an amine compound 2b. The
electron-donating character of the amine
is sufficient to restore fluorescence. In a
follow-up study, these probes were used
as substrate-conjugates for self-labeling
enzymes to show the spatial distribution
of various targets in live bacteria.[36] A
remarkable aspect of these probes is the
high sensitivity of the photoactivatable
group. The imaging experiments were
performed without the aid of a blue activa-
tion laser, since ambient light (e.g. from a
nearby computer screen) already provided
enough photoactivation.[36] The applicabil-
ity of these dyes without activation lasers
might make them attractive for imaging
applications where phototoxicity might
pose problems, but the extreme sensitiv-
ity of this functional group to light also
makes it difficult to handle and therefore
impractical.
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nine dye 5a, breaking its conjugation and
inducing a dramatic blue shift in absorption
(Scheme 3). Irradiation of 5bwith ultravio-
let or blue light induces rapid dissociation
of the adduct, restoring fluorescence. The
efficiency of restoration at longer wave-
lengths can be substantially increased by
using reporter–activator pairs.[47]Excitation
of a Cy3 activator leads to the restoration
of a quenched Cy5 reporter dye in close
proximity via resonance energy transfer.
These carbocyanine-based activator–re-
porter pairs were already used in very early
reports of SMLM experiments achieving
nanometer resolution,[48,49] as well as for
RESOLFT nanoscopy of fixed cells in
presence of KI.[50] Even though excellent
results were obtained in fixed samples,
application of this strategy in live-cells is
impaired by the requirement of overly re-
ducing, toxic imaging buffers.

3.2.2 Rhodamine Spiroamides
A different switching mechanism that

does not require the addition of external
nucleophiles is exploited in photochromic
rhodamine spiroamides. Upon irradiation
with UV light, the C–N bond of the spiro-
lactam breaks, leading to the transient for-
mation of a fluorescent zwitterionic species
with a lifetime that is long enough to allow
for the collection of sufficient photons for
precise localization.[51,52] Photoactivation
of the rhodamine spiroamides that were

absence of light (trialkylphosphines).[45,46]
In either case, the nucleophile covalently
adds to the polymethine bridge of the cya-

bocyanine dyes. Depending on the nucleo-
phile, this process occurs under irradiation
withredlight (thiols)orspontaneouslyin the
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first reported, however, required irradia-
tion with toxic UV light. Optimization of
the substituent on the spiroamide nitro-
gen allowed photoactivation with longer
wavelengths, improving the applicabil-
ity of 6a for live-cell imaging (Scheme
3).[53] Consequently, the performance of
6a, which transiently forms 6b upon ir-
radiation with 405 nm, was demonstrated
by imaging the surface of Gram-negative
bacteria with 3D SMLM with resolutions
below 20 nm.

3.2.3 Spirooxazines
Spirooxazines are optically active spi-

rocycles that undergo photoinduced, re-
versible ring-opening reactions.[54] Based
on this switching mechanism, Raymo and
co-workers developed a series of fluo-
rogenic probes that consist of different
fluorophores connected to a 2H,3H-indole
with a spirooxazine switching unit.[55]
Upon irradiation, the spirooxazine of
representative compound 7a temporarily
opens, generating the zwitterionic isomer
7b with lifetimes in the sub-microsecond
regime (Scheme 3). In this isomeric form,
the indolium cation and the fluorophore
are conjugated, resulting in bathochro-
mically shifted absorption and emission
spectra. These spirooxazine-based probes
exhibit excellent fatigue resistance, al-
lowing for hundreds of switching cycles.
The performance for super-resolution
imaging of biological samples, however,
is somewhat constrained by the fact that
solvent polarity and low pH influence the
co-existence of both isomeric states thus
generating unwanted background fluores-
cence. Furthermore, the short lifetime of
the fluorescent state limits the number of
photons that can be collected per switching
cycle, eroding the localization precision.
Nevertheless, bioconjugates of 7a were
prepared and employed in SMLM experi-
ments of immunolabeled samples.[56]

3.2.4 Spiropyrans
Another common strategy to modulate

fluorescence is to use optically switchable
probes that quench the emission of a co-
valently linked reporter dye via resonance
energy transfer.[57] Benzospiropyrans are
a frequently used scaffold for switch-
able quenchers that form such dyads with
BODIPY[58] or rhodamine[59] derivatives as
donor fluorophores. Irradiation of 8a with
UV light induces the transformation from
a colorless spiropyran (SP) to a merocya-
nine (MC) with strong absorption at lon-
ger wavelengths because of the extended
π-system of structures such as 8b (Scheme
3). In the MC form, the probe quenches
the fluorescence of the covalently attached
fluorophore unit. The thermal stability
of the MC is strongly dependent on the
chemical environment with half-lives up

to 104 s.[60,61] The reverse reaction to the
SP can, however, be accelerated by irradia-
tion with visible light.[62] Several modifica-
tions of SP-based derivatives have aimed
at optimizing its performance in aqueous
environments[60] and switching at longer
wavelengths.[63] Unfortunately, the appli-
cation for super-resolution imaging is lim-
ited as a consequence of the poor fatigue
resistance of the spiropyran switching unit.
Recently, an optical switch was developed
by Anderson and co-workers based on the
structurally related spironaphtooxazine.[64]
These fluorophore–quencher dyads, con-
sisting of a rhodamine connected to the
spironaphtooxazine quencher, can be
switched with 405 nm light featuring fast
switching rates, high switching efficiency,
and excellent fatigue resistance even in liv-
ing specimens. These advantages render
spironaphtooxazines superior to spiropy-
rans for live-cell imaging and make them
promising candidates for applications in
super-resolution microscopy techniques
such as RESOLFT and non-linear SIM.

3.2.5 Diarylethenes
Diarylethenes, especially 1,2-dithienyl-

ethene derivatives, have been extensively
studied as photochromic compounds.[65]
When irradiatedwithUVlight, theseprobes
undergo a light-induced cyclization reac-
tion to give a thermally stable, ring-closed
isomer with bathochromically shifted ab-
sorption as a consequence of its extended
π-conjugation. Irradiation with visible light
induces the cycloreversion to the open iso-
mer. The high fatigue resistance of some
derivatives allows for multiple switching
cycles with minimal photodegradation.[66]
Furthermore, these compounds feature
fast switching kinetics, high photoconver-
sion quantum yields, and large separation
of the absorption bands,[67] which makes
them interesting as probes for RESOLFT
and non-linear SIM. Diarylethenes have
been implemented as photoswitchable
units in different probe designs. The
strong absorption of the closed isomer at
long wavelengths allows for its applica-
tion as quencher in fluorophore-quencher
dyads.[67,68] Alternatively, sulfone deriva-
tives of diarylethenes feature intrinsic fluo-
rescence in the closed form and can thus
be used without a reporter dye.[69,70] As a

consequence of the hydrophobic character
of diarylethenes, however, their photophys-
ical properties have mostly been reported
in organic solvents and are severely im-
paired in aqueous environments.[71,72] One
approach to overcome this obstacle was to
incorporate the probe into a hydrophilic
polymer, which was used for the develop-
ment of a lysosome-specific probe used
in SMLM experiments in live cells.[73] A
different approach is the modification of
the molecular structure of diarylethenes
by incorporation of hydrophilic residues.
Introduction of several carboxylic acids en-
abled sufficient solubility of compounds 9a
and 9b (Scheme 3), maintaining the pho-
tophysical properties required for super-
resolution imaging.[71,72] The good perfor-
mance of these probes for both SMLM and
RESOLFT was demonstrated on immuno-
labeled cells. These studies exemplify well
how the relatively simple modification of
already existing compounds can lead to the
development of probes that are suitable for
imaging applications.

3.3 Spontaneously Blinking Probes
Both photoactivatable and photo-

switchable probes require the use of an
activation laser that generates the fluores-
cent species in addition to the laser used
for readout. In many cases, irradiation
with 405 nm or even shorter wavelengths
is required for efficient switching. This
high-energy irradiation, however, is toxic
to living organisms and can cause severe
damage to the illuminated cells, especially
when imaged for long periods.[74] The first
approaches that aimed at omitting the acti-
vation laser relied on the transformation of
dyes into long-lived dark states by addition
of oxygen scavengers.[75] It is, however, de-
sirable to develop spontaneously blinking
fluorophores that do not require harmful
activation lasers and do not depend on buf-
fer systems that might disrupt the normal
physiology of live specimens. This func-
tionality requires precise fine-tuning of the
fluorophores and thus only a few examples
have been reported so far.

3.3.1 Hydroxymethyl Silicon
Rhodamine

In a landmark study by Johnsson and
co-workers, the ability of carboxy-substi-

Si

O

N N SiN+ N

O-

10a 10b
CO2R

RO2C

Scheme 4.
Mechanism of spon-
taneous blinking ob-
served in fluorophore
HMSiR 10a.
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images over extended periods under rela-
tively gentle conditions can be possible.
Such probes could prove to be powerful
tools to gain insight into slow, biologically
interesting processes. Furthermore, recent
advances in the development of reversibly
photoswitchable compounds lead to the
introduction of probes with promising fea-
tures for RESOLFT and non-linear SIM.
A major drawback of the aforementioned
probes is the fact that the wavelengths that
are required for switching and readout
are not decoupled. This feature has been
achieved with a fluorescent, switchable
protein and has proven to be very useful
for imaging applications.[80] More control
over the duration of readout can be gained
by decoupling the wavelengths that in-
duce switching from the excitation wave-
lengths. Moreover, new super-resolution
techniques, such as patterned activation
non-linear SIM[81] and MINFLUX,[82] still
require photoswitchable fluorophores to
reach their potential. It is therefore unlike-
ly that the need for photoactive probes will
cease in the near future.

Ultimately, the development of fluoro-
genic sensors and reporters that are com-
patible with super-resolution microscopy
wouldexpand the scopeof these techniques.
These probes could reveal spatial and tem-
poral organization of various analytes
with unprecedented resolutions and prove
extremely valuable for elucidating details
of the spatiotemporal control of cellular
processes. The development of new photo-
chemically active probes, the optimization
of already existing fluorophores, and their
implementation into new and improved im-
aging techniques has the potential to revo-
lutionize the way we visualize cell biology.
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