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Abstract Fluorescence microscopy and spectroscopy are by now used routinely in
any laboratory working on the field of basic and applied biological sciences. A wide
and expanding library of small organic fluorophores with radically different proper-
ties has been made available, offering great flexibility to the user of fluorescence-
based methods. Beyond small organic fluorophores, the development of fluorescent
proteins allowed for the introduction of genetically encoded fluorescence tagging, a
novel tool that quickly revolutionized cellular imaging and cell biology.
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Still, a considerable fraction of casual users of fluorescence tools do not follow
rational considerations when selecting a fluorescent probe for their intended appli-
cation, often relying on trial and error alone, which inevitably leads to a decrease in
data quality and limits the potential of fluorescence-based methods. This chapter
aims to present an overview of the most important considerations to be made when
selecting a fluorescent reporter. Fluorophore properties and their importance for
fluorescence assays will be discussed. A list of different fluorophores and a summary
of their properties will also be presented as a tool to assist in the process of choosing
the right fluorescence probe. Finally, specific applications such as super-resolution
microscopy require very specific fluorophores, and these will be discussed
separately.

Keywords Fluorescence · Fluorescent proteins · Labelling · Organic probes · Super-
resolution microscopy

The popularity of fluorescence methods in biology is largely associated with their
extraordinary sensitivity and flexibility. Nevertheless, the quality of fluorescence-
based assays is still fundamentally limited by factors such as number of detected
photons, so that the choice of adequate fluorescent probe is pivotal in dictating the
quality of fluorescence data.

Organic fluorescent compounds typically present aromatic or conjugated double
bonds. Lipids and nucleic acids do not generally present fluorescence, while proteins
commonly exhibit fluorescence in the UV range, and in some cases also in the visible
range of the spectra [1]. Intrinsic fluorophores are the ones that occur naturally, while
extrinsic fluorophores are added to a sample.

1 Intrinsic and Extrinsic Fluorescent Probes

Intrinsic fluorescence or autofluorescence results from the presence of molecules that
are naturally fluorescent [2, 3], such as NADH, flavins and porphyrins. These
molecules have been used at times as indicators of particular cellular processes
[4, 5], but their sparse abundance and poor photophysical properties strictly limit
their application. Autofluorescence can also arise from the presence of the aromatic
amino acids tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe). Particularly,
Trp has been extensively used in seminal works on protein conformation and
interactions due to its ability to report on the local microenvironment, either through
variation in fluorescence intensity and/or the spectral shift of the emission peak [6–
9]. However, the study of a particular protein within the cellular environment is
impossible, as a multitude of different proteins present one or more tryptophan
residues. Bulk Trp fluorescence has still been proven useful to distinguish, for
example, oesophageal cancer cells from their healthy counterparts [10], and to
monitor bacteria inactivation upon UV light exposure [11]. It is important to mention
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that molecules such as collagen and elastin also present intrinsic fluorescence, and so
the extracellular matrix can also contribute to the overall autofluorescence of the
samples [3].

To circumvent these issues, over the past decades extrinsic fluorescence has been
extensively explored through the development of a wide variety of fluorophores with
improved photophysical properties and capable of very high molecular selectivity
[12]. These fluorophores comprise three main classes: organic dyes [13–15], fluo-
rescent proteins [16, 17] and inorganic probes. The latter group, however, that
includes quantum dots [18–23], metal complexes [24–26], lanthanide complexes/
nanoparticles [27–30] and carbon dots/nanoparticles [31–34], still presents some
strong drawbacks that prevent their extensive application in living cells when
compared to the other two. Quantum dots, for example, can exhibit significant
toxicity mainly due to their heavy metal core and the formation of free radicals
upon excitation [35]. Moreover, the need for specific coating to assure selectivity
renders quantum dots potentially even larger than a fluorescent protein, hindering
their ability to enter the cells through diffusion [35, 36]. Their internalization is then
dependent on the physiological internalization processes of the cell or the coupling
with molecules able to facilitate the cellular uptake. In this review, we will thus focus
on organic probes and fluorescent proteins (FPs), but thorough revisions of the
properties and applications of inorganic dyes can be found elsewhere [37].

In general, any extrinsic probe used for live-cell imaging should fulfil defined
pre-requisites, also depending on the particular application/technique. Targeting of
the molecule or structure of interest must be as specific as possible. Lack of
selectivity, even in a small extent, can lead to misinterpretation of the data, even
more so in highly sensitive techniques such as single-molecule fluorescence and
super-resolution microscopy. The detectability of the probe in the cellular context is
also crucial. The photon yield of the probe must be sufficient to allow proper
detection of the target molecule at its physiological levels. However, this should
not be accomplished through the unreasonable increase of the probe’s concentration
since it will possibly interfere with the studied intracellular process. The dye should
also allow for the use of a low excitation power to prevent any cellular photodamage.
Furthermore, recent years have witnessed an increased demand for far-red to near-
infrared emitting dyes [38–41]. This class of dyes work in a spectral range where
biological samples are actually transparent, thus avoiding autofluorescence, besides
reducing part of the spectral overcrowding in multi-channel imaging.

2 Organic Dyes

Arguably the most popular small organic fluorophore, fluorescein, a xanthene-based
dye (Fig. 1), was synthesized in the nineteenth century by Baeyer [42] and remains
ubiquitous for standard applications in fluorescence spectroscopy and microscopy.
Since then, a multitude of different fluorophores and derivatives with different
properties have been made available to researchers in biological sciences
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(Table 1). These are by now used in countless applications, from the study of very
specific biological processes, such as protein folding and cellular distribution,
macromolecule interactions, endocytosis and DNA replication, just to name a few,
to the development of different sensors, including for virus detection, and the
determination of biological microenvironment properties as membrane potential,
viscosity and redox potential [1]. This functional versatility is intimately related with

Fig. 1 Popular classes of extrinsic fluorescent probes for life sciences applications. Examples of
each class are presented together with the corresponding fluorescence emission spectra
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some unique features that overcome some of the limitations of FPs (as described in
Sect. 3) [73]. Possibly the most significant of these features is their much smaller
size, limiting the impact of the dye on biological functions and properties of the
target molecules [74]. Historically, another main advantage of organic probes over
FPs is their superior photophysical properties (e.g. higher photostability), resulting
in a higher photon yield [75] and, consequently, higher quality data. However, this
gap has been decreasing over the years due to the development of better performing
FPs. They also outshine FPs in terms of labelling versatility. First, organic probes
offer the possibility of labelling proteins at various positions, not being limited to the
terminal residues. Second, labelling is not restricted to proteins, and thus any
molecular structure from DNA to lipids can in principle be tagged through
bioorthogonal chemistry.

Despite all the advantages, there are still some limitations that preclude the use of
these molecules in particular experiments. For example, synthetic dyes are not
genetically encoded, and thus the degree of labelling of a particular target might
interfere with the acquisition of quantitative data. Furthermore, when it comes to
labelling intracellular structures, the probes must have some solubility in aqueous
media but should also be cell-permeant. However, membrane permeability depends
on properties such as size, lipophilicity and charge [76], and so several probes have
to be loaded into the cell through alternative methods (e.g. microinjection) [77]. An
additional problem that frequently arises from loading cells with fluorescent syn-
thetic probes is the non-specific adsorption of these molecules to different cell
structures, leading to significant background fluorescence. In this case, extensive
washing cycles are often required, which in turn may be incompatible with particular
applications involving time-tracking of fast biological functions. This limitation
however has been overcome through the development of the so-called smart
(or fluorogenic) probes [73, 78]. These probes are initially quenched, emitting
very weak or no fluorescence. Upon interaction with the target molecule, a chemical
or conformational alteration renders the probe fluorescent at specific wavelengths.
One of the most popular examples of smart probes are the DNA-binding cyanines
TOTO and YOYO. Both probes are non-fluorescent in aqueous solution. Intercala-
tion with DNA forces the molecules into a fluorescent planar form [79, 80].

Four classes of organic fluorophores have become particularly popular as extrin-
sic fluorescent probes for life sciences applications. These are cyanines, xanthenes,
BODIPY and coumarins (Fig. 1). Although a comprehensive description of all
available synthetic fluorophores, their applications and experimental considerations
is out of the scope of this chapter, we will present valuable information to help users
to choose the appropriate organic dye and experimental design that would ultimately
fit their needs. Fundamental photophysical properties will be introduced and their
relevance for a successful fluorescence-based experiment will be discussed. The
properties of selected examples of commercially available organic dyes will also be
presented (Sect. 2.1 and Table 1). Then, several labelling strategies are also
described (Sect. 2.2). Finally, due to their intrinsically different properties and
experimental requirements, a concise description of membrane probes and their
main applications is also included (Sect. 2.3).
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2.1 Ideal Properties of Fluorescent Probes

In a fluorescence experiment, the fluorophore will cycle between the ground and
excited states, and fluorescence is obtained upon radiative return to the ground state
(Fig. 2).

Typically, a single fluorophore can undergo several thousand repeats of this cycle
before destruction [1], and this is largely responsible for the extraordinary sensitivity
of fluorescence methods. Importantly, due to the presence of multiple processes
contributing to the dissipation of energy from the excited state (Fig. 2a), the energy
of the fluorescence photon is smaller than the energy of excitation. This shift to a
longer wavelength is known as the Stokes shift (Fig. 2b) and is critical to the
sensitivity of fluorescence-based methods, as blocking of the excitation light allows
for selective detection of fluorescence light [81].

The most important properties of the fluorophore dictate the pattern of the cycle
between ground and excited states, and we will discuss them individually in the next
sections.

2.1.1 Molecular Brightness

The molecular brightness (B) of a fluorophore, defined as the number of photons per
second for a single molecule, is not an intrinsic property of the molecule, as it
depends on the excitation intensity, as well as on light collection and detection

Fig. 2 Excitation and emission of a fluorophore. (a) Jablonski diagram depicting the excitation of a
fluorophore through absorbance of light (1), creating an excited electronic singlet state (S1 or S2),
followed by dissipation of energy through internal conversion, vibrational or solvent relaxation (2).
Fluorescence emission takes place upon return to the ground state (3). (b) Fluorescence excitation
and emission spectra of a fluorophore
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efficiency by the instrument during acquisition [1]. Nevertheless, it is proportional to
the product of the molar extinction coefficient (ε) at the excitation wavelength and
the fluorescence quantum yield (QY) of the molecule [1]:

B≈ ε×QY ð1Þ

In most applications, the number of photons acquired dictates the quality of
recovered data. In many experiments, the impact of a low brightness value can be
compensated by increasing the concentration of the fluorophore in the sample or by
increasing the excitation intensity. However, when this is not possible, as is often the
case for fluorescence microscopy applications, a very high B value is desirable in
order to avoid the use of very high-intensity excitation light. The use of high-
intensity excitation light can lead to increased background signal, contamination
of detection by excitation light and decreased fluorophore stability (see below). The
higher the value of B is, the lower the excitation intensity can be to achieve sufficient
fluorescence photon counts.

Low brightness of labelled molecules, as defined in Eq. 1, can be certainly
compensated by increasing the stoichiometry of dyes to macromolecule (D:M).
However, the drawback of such strategy is that the structure or pattern of molecular
interactions of the labelled molecule can be negatively impacted. In the case of
labelled antibodies, increasing the degree of labelling (DOL, mean number of
fluorophores per antibody) leads to sharp decreases in antibody affinity
[82, 83]. Additionally, in the case of specific labelling strategies, an increase in D:
M stoichiometry could be impossible. For these reasons, the use of probes offering
adequately high values of ε and QY is strongly recommended.

2.1.2 Extinction Coefficient

The molar extinction coefficient of a molecule (in M-1 cm-1) describes the capacity
for light absorption at a given wavelength. The cross-section for light absorption (σ)
of a fluorophore describes the photon capture area of a molecule and is calculated
from ε using [1]:

σ= 3:82 × 10- 5ε in Å
2

� �
ð2Þ

In the case of fluorescein, which presents a considerable ε value of
75,500 M-1 cm-1 at 490 nm [62] (Fig. 3), the cross-section value for light absorp-

tion is 2.88 Å
2
, which is significantly smaller than its molecular dimensions. In this

way, only a small fraction of light encountered by the fluorophore is effectively
absorbed by it.
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2.1.3 Quantum Yield

Fluorescence quantum yield (QY) is defined as the ratio of the number of photons
emitted to the number of photons absorbed. Since the fluorophore molecule can also
return to the ground state from the excited state through nonradiative processes, the
value of QY is always smaller than 1. Taking once more fluorescein as an example,
its quantum yield is 0.93 at 490 nm [62] (Fig. 4). This large QY value is largely
responsible for the popularity of fluorescein as a fluorophore. Values of quantum
yield are generally listed at the wavelength of maximum absorption.

The presence of efficient electron donors in the vicinity of the fluorophore has
been shown to lead to marked decreases in quantum yield. The amino acid trypto-
phan and to a lesser degree tyrosine, methionine and histidine have been shown to
decrease the quantum yield of a large array of fluorophores by different combina-
tions of static and dynamic quenching [88, 89]. On the other hand, carbocyanines,
such as Cy3, Cy5 (Fig. 1) or Alexa Fluor 647 (AF647) (Figs. 3 and 4), have been
shown to be less susceptible to intramolecular quenching by these amino acids
[89]. Similar quenching of fluorophores has been reported for labelled oligonucle-
otides, as specific nucleotides, namely guanosine, induce significant quenching of
several fluorophores in their immediate vicinity [89]. Oxazine derivatives such as

Fig. 3 Extinction coefficients (ε) and absorption maximum (λmax
Abs ) for a selection of commonly

used fluorophores. Exact values of ε and λmax
Abs correspond to the positions of open circles closer to

each fluorophore. Colours associated with each structure reflect the wavelength of maximum
fluorescence emission according to the colour spectrum shown in the bottom. The Stokes shift
for Hoechst 33342 (unbound) is represented by an arrow. Cy3 and Cy5 are shown in their
sulfonated forms. Values taken from [43, 44, 56, 60, 63, 64, 66, 84–87]
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ATTO 655 and ATTO 680 (Figs. 2 and 3) are particularly susceptible to these
effects, and this has been used to detect peptide–antibody interactions with labelled
peptides [90].

2.1.4 Photostability

One of the most important parameters to be considered when choosing a fluorescent
probe is its photoresistance, especially when the goal is its use for imaging applica-
tions. In fact, one of the most limiting factors in defining fluorescence intensity in
fluorescence microscopy is the irreversible photochemical destruction of the

Fig. 4 Fluorescence quantum yield (QY) and absorption maximum (λmax
Abs ) for a selection of

commonly used fluorophores. Exact values of quantum yield and λmax
Abs correspond to the positions

of open circles closer to each fluorophore. Colours associated with each structure reflect the
wavelength of maximum fluorescence emission according to the colour spectrum shown in the
bottom. The Stokes shift for Hoechst 33342 (unbound) is represented by an arrow. *Properties of
NBD are for the fluorophore in DMSO, as its quantum yield approaches 0 in water. Cy3 and Cy5 are
shown in their sulfonated forms. Values taken from [43, 44, 56, 60, 63, 64, 66, 84–87]
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fluorophore during continuous illumination. The rate of this process, called
photobleaching, determines the number of photons a fluorophore can emit before
its destruction [1]. In practice, photobleaching results in a decrease in fluorescence
emission overtime during acquisition, as larger fractions of fluorophores are
photodamaged.

The average number of photons a fluorophore can emit before its destruction can
be estimated based on its quantum yield and photobleaching rates [1]. Fluorophores
usually used in fluorescence microscopy applications emit from 104 to 106 photons
during their useful lifetime, while other molecules can only emit around 1,000
photons before irreversible destruction [1, 91]. Returning to the example of fluores-
cein, which exhibits weak photostability, this molecule can emit between 30,000 and
40,000 photons in water before photobleaching, and only a minor fraction of these
will be collected during any experiment [44].

Although the photophysics and photochemistry associated with photobleaching
are in general poorly understood, interactions between the fluorophore and molec-
ular oxygen are thought to be one of the main causes for photoinactivation
[92]. Upon transition of the fluorophore to long-lived triplet states (intersystem
crossing), the molecule resides in the excited state for considerably longer periods
of time (ms instead of ns), becoming considerably more susceptible to irreversible
chemical reactions with oxygen and other molecules. Photobleaching can be par-
tially reduced by oxygen depletion through the use of antifade agents composed of
reactive oxygen scavengers or through the bubbling of N2. Adding to the complexity
of the phenomenon, oxygen is quencher of the triplet state and thus minimizes the
lifetime of the reactive excited molecule. One possible consequence of oxygen
depletion can be a drastic increase of the lifetime of the molecule in the dark triplet
state, reducing the overall fluorescence as well [93]. In fact, other antifade agents
make use of triplet-state quenching, reducing the reactivity of the dye.

Hence, particularly for fluorescence microscopy applications, fluorophores that
exhibit strong photostability should be ideally chosen. While no rules exist for
predicting the photostability of a dye [1], certain trends are observed, as within the
same family of compounds, fluorophore elongation and flexibility are typically
accompanied by less photostability [94]. The increased photostability of several
Alexa dyes was obtained in part from rigidifying modifications of their structure
[95]. Dyes with low degrees of triplet-state formation have also been associated with
higher photostability [96].

As rhodamine-based dyes are frequently highly photostable, a large selection of
these molecules is currently available from different companies with excellent
properties. Several Alexa, DyLight, ATTO, HiLyte and Janelia dyes belong to this
class and offer bleaching rates several fold lower than older generation dyes, such as
fluorescein [81, 95, 97–99]. Improved photostability relative to fluorescein is also
observed in boron–dipyrromethene BODIPY dyes [100]. The dyes presented above
typically exhibit fluorescence between 450 and 700 nm, and when fluorophores
emitting at shorter wavelength are required, coumarins are often used. However,
coumarin derivatives are generally less photostable than rhodamine-based
fluorophores. Examples of coumarin derivatives are Alexa Fluor 350 and
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430, Marina Blue (Fig. 1), as well as ATTO 390, 425 and 465. Cyanine dyes such as
from the Cy class, while extremely popular, are also not as photostable as most
rhodamine-based derivatives, due to their susceptibility towards photooxidation
[101]. On the other hand, very high photostability was also obtained with
carbopyronines (e.g. ATTO 647) and oxazine derivatives (e.g. ATTO 655, ATTO
680 and ATTO 700) [102].

While photobleaching is almost always undesirable, in some cases, such as in
fluorescence recovery after photobleaching (FRAP) or fluorescence loss in
photobleaching (FLIP) experiments, photobleaching can actually be employed to
study molecular diffusion rates [103, 104].

2.1.5 Aggregation and Solubility

An increase in labelling stoichiometry often does not necessarily lead to linear
increases of fluorescence intensity, as probe self-quenching can reduce the quantum
yield of conjugated fluorophores [83]. In some cases, significant intramolecular self-
quenching can take place even at moderate ratios of dye to labelled molecule. As an
example, in non-specific covalent labelling of proteins with Cy5, functionalization is
favoured in the vicinity of already protein-bound Cy5 labels, leading to the forma-
tion of clusters of Cy5 within the protein [105]. As a result, a dramatic reduction of
Cy5 quantum yield due to static self-quenching is observed even at rather low
Cy5/protein ratios, causing multiple labelled proteins to exhibit even lower fluores-
cence than single-labelled proteins. This behaviour is due to the tendency of Cy5 for
dimerization, giving rise to non-fluorescent complexes. This is less problematic for
carbocyanines such as Alexa Fluor 647 and 4S-Cy5.5 which carry four sulfonate
groups, as their presence increases repulsion between the dyes during conjugation
[105, 106].

Dye aggregation is in fact a problem for most of the older generation of
fluorophores, limiting the fluorescence of conjugates to coumarins, xanthenes and
cyanines [95, 107]. The Alexa Fluor dyes correspond to sulfonated derivatives of
fluorophores from these classes. The presence of sulfonated groups allows for
reduced interactions during labelling and increased quantum yield of conjugates
[95]. Additionally, sulfonation increases solubility of the dyes, allowing for conju-
gation in aqueous media, without the need for organic solvents.

2.1.6 Fluorescence Emission Spectra

The fluorescence emission spectra of commercially available fluorophores span the
near ultraviolet (UV), visible (VIS) and near-infrared ranges (IR) of the electromag-
netic spectrum. The choice of fluorophore to be used in a given fluorescence spectral
range must of course take into consideration the detection restrictions of the equip-
ment to be employed, such as limitations of filter combinations. The dramatic
reduction in photon detection efficiency within typical photomultiplier detectors
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above 700 nm [2] can also limit the range of useful probes to molecules emitting in
the UV-VIS range. Additionally, experiments with biological samples often have to
deal with the additional complexity created by the presence of autofluorescence,
which is particularly strong in the UV range. These limitations regarding measure-
ments in the UV and infrared are responsible for the popularity of fluorophores
emitting visible light between 380 and 750 nm (Figs. 2 and 3).

Experiments with multiple fluorophores rely on accurate isolation of individual
signals. This can be challenging in imaging applications heavily dependent on
optical filters, as emission spectral overlap of multiple fluorophores can lead to
contamination of the fluorescence signal from one molecule in the detection channel
of another one (bleedthrough). In equipment with high spectral resolution, spectral
acquisition can allow for separation of the signal from two fluorophores emitting in
the same range of energies through the use of techniques such as spectral unmixing
[38]. However, bleedthrough can be minimized using simply a judicious selection of
probes guaranteeing minimal spectral overlap.

Fluorescent probes exhibiting narrow fluorescence emission spectra facilitate the
procedure by increasing the spectral separation between coexisting dyes. While the
use of narrow bandpass optical filters solves this issue, it also leads to recovery of
only a fraction of the total fluorescence from a fluorophore with broad emission
spectra. Organic dyes often display narrow fluorescence emission bandwidths, but
there are many exceptions. While rhodamine-derived Alexa Fluor dyes and
BODIPY derivatives show particularly narrow emission bandwidths, probes from
the cyanine class are known for presenting broader emission [25, 39, 40].

One advantage of dyes with broad absorption and emission spectra is their greater
versatility since they can be excited with different illumination sources and detected
with different optical filter combinations.

Finally, employment of probes in the IR has some advantages. Simultaneous
measurements with probes emitting in the UV-VIS range are possible with negligi-
ble bleedthrough. This is particularly important when simultaneous measurements
with fluorescent proteins are desired, due to their broad emission spectra.

2.1.7 Stokes Shift

The separation between excitation and emission maxima of a fluorophore (Stokes
shift) is critical for an efficient detection of fluorescence signal. When the
fluorophore exhibits a larger Stokes shift, contamination of the detection with
scattered excitation light is less likely and wider bandpass filters can be used for
the detection of the fluorescence signal, improving sensitivity of the measurement.
Hence, fluorophores with a larger Stokes shift are generally preferred. Large Stokes
shift are observed in dyes with asymmetric structure and electron distribution
[108]. However, most of the popular fluorophore classes already mentioned (xan-
thene, BODIPY and cyanine derivatives) present a rather small Stokes shift [108].
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Another consequence of a short Stokes shift is the increase in overlap between
excitation and emission spectra. As a result, fluorophores with a small Stokes shift
are susceptible to homo-FRET events. Unlike typical FRET, where the donor is a
chemically distinct molecule from the acceptor, in homo-FRET the donor and
acceptor share the same structure. This is useful for detection of homo-
oligomerization or clustering. BODIPY derivatives present particularly small Stokes
shifts [53] and have been intensively employed in homo-FRET studies [109, 110].

2.1.8 Fluorescence Lifetime

The average time a molecule resides in the excited state following excitation is called
fluorescence lifetime (τ). A very high lifetime is disadvantageous for imaging
applications as it will correspond to a shorter number of excitation-emission cycles,
reducing the number of photons acquired, and thus the fluorescence intensity. Most
popular probes exhibit fluorescence lifetimes of 1–6 ns (Table 1). Notable excep-
tions are cyanine derivatives such as Cy5, which present fluorescence lifetimes lower
than 1 ns [56], while pyrene has a characteristic long lifetime of hundreds of ns [43].

Fluorescence lifetime is independent of fluorophore concentration, allowing for
highly robust measurements [1]. Analysis of protein interactions in living cells has
benefited considerably from lifetime measurements, as FRET imaging by fluores-
cence lifetime does not require the extensive calibrations and image processing
mandatory for intensity-based methods [104].

For some probes, this quantity is heavily dependent on the local environment of
the fluorophore and can be used to sense its distribution or conformational changes
of labelled macromolecules. Hoechst 33342 or ATTO 655 can be used to detect the
presence of double-stranded DNA, as binding of the dyes to the double strand
increases the lifetime of the excited state of these molecules (Table 1) [47, 51]. A
DNA-binding BODIPY derivative was shown to detect protein–DNA interactions
through fluorescence lifetime changes [111]. A similar BODIPY-based molecule
with high mitochondrial affinity was employed to quantify mitochondrial membrane
viscosity as its fluorescence lifetime increased concomitantly with reduced mobility
in the membrane [112].

Fluorescence lifetime measurements can be carried out with a pulsed (time-
domain) or modulated excitation sources [1]. When working with pulsed excitation,
one must be aware that the fluorescence lifetime to be measured should be signif-
icantly shorter than the repetition rate of the laser. In Ti:Sapphire lasers, this value is
limited to ~80 MHz, corresponding to a 12.5 ns interval between two pulses. In these
conditions, in a sample with a fluorophore presenting a lifetime significantly longer
than 3 ns, the sample will still have excited fluorophores immediately before a new
pulse, generating an incomplete decay and an erroneous lifetime estimation [1]. For
this reason, it is advised that the dye chosen for the fluorescence lifetime measure-
ment should present lifetimes at least four times shorter than the laser repetition
rate [113].
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2.1.9 pH Sensitivity

As a rule, when choosing a fluorophore for a specific application which does
not involve estimating pH, the fluorophore to be chosen should be pH insensitive.
Although most commercially available probes are indeed pH independent, there are
several notable exceptions, such as fluorescein itself. In fact, fluorescein signal
exhibits a strong pH dependence, resulting from the phenolic pKa of 6.4 [114].
Near neutral pH, the monoanionic form (ε = 29,000–32,600 M-1 cm-1,
QY = 0.36–0.37) exists in equilibrium with the dianion
(ε = 76,900–87,600 M-1 cm-1, QY = 0.92–0.95) [26]. Due to the photophysical
differences between the two species, the fluorescence intensity of fluorescein is
strongly dependent on pH, and when analysing data with fluorescein or fluorescein
labelled conjugates, this must be considered. The proximity of the pKa of fluorescein
to the pH of most biological systems is detrimental for multiple applications. For this
reason, several derivatives have been introduced, presenting modified pKa values.
Oregon Green, for example, presents a pKa of 4.8, eliminating pH sensitivity in most
biological systems [115].

On the other hand, the pH dependence of fluorescein also allows for the use of the
fluorophore as a pH sensor. A fluorescent derivative of fluorescein introduced by
Roger Tsien in 1982, 7′-bis-(2-carboxyethyl)-carboxyfluorescein (BCECF), pre-
sents a pKa closer to 7 (6.98), more appropriate for sensing of intracellular pH
[116, 117]. The additional carboxylations in this molecule decrease the membrane
permeability of the dye significantly, reducing membrane leakage. Cellular loading
of the dye can be carried out through the addition of acetoxymethyl (AM) ester
groups to the fluorophore, which increase the permeability of the molecule but are
hydrolysed by intracellular esterases, leading to intracellular accumulation. BCECF-
AM is still one of the most popular intracellular pH sensors. When the goal is to
measure pH within acidic compartments, such as lysosomes, then dyes with lower
pKa values can be employed.

2.1.10 Overview of Fluorescent Probe Classes

Coumarins
This family of compounds includes molecules containing the 2H-chromen-2-one
motif and is arguably the largest among the small organic dye categories. Coumarins
are usually very photostable, with high quantum yield and a very large Stokes shift
[13]. Their blue emission makes them a good alternative for multi-colour imaging,
being an easy combination for green-to-IR dyes. This excitation at short wavelengths
can also be a drawback when imaging cells since it overlaps with autofluorescence.
Coumarins also have limited brightness due to weak absorption (e.g. AF350 in
Fig. 3) [13].

In any case, these fluorophores have been extensively used in life sciences during
the past decades. In a recent example, π-extended fluorescent coumarin (PC6S) was
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used to image lipid droplets through fluorescence lifetime imaging (FLIM), both in
living cells and in the tissues of living mice [118]. Other alternatives, including
caged derivatives with activation in the visible and near-IR spectral range, have also
been explored. For example, diazocoumarin derivatives have been used to label
protein in living cells in a selective and fluorogenic manner, upon photoactivation
(uncaging) with visible or near-IR illumination [119].

Cyanines
In this category one can find the brightest fluorophores among organic dyes.
Although cyanines usually present low QY (≤0.25), they also have very high
extinction coefficients (e.g. Cy5 in Figs. 3 and 4; Table 1) [13]. Cyanine derivatives
contain conjugated polymethine chains with quaternary nitrogens in their chemical
structure. Adjusting the functional groups and the length of the conjugated chains,
the photophysical properties of the fluorophores can be largely tuned.

However, the use of cyanines can be limited by significant photobleaching, as
previously discussed, and a small Stokes shift (possibly important for super-
resolution microscopy approaches) [120, 121]. Additionally, Cy5 and Cy7 deriva-
tives are easily oxidized in the presence of O2 and O3, preventing their use in
experiments that require long measurement sessions [122]. The development of
new derivatives with enhanced QY and increased oxidation resistance has mitigated
these drawbacks.

Cyanines have been used in a great number of different applications. They even
gained more relevance with the development of single-molecule localization micros-
copy (SMLM) techniques (see Sect. 4 below). More recently, cyanine probes have
been used, for example, to detect and label mercury [123], DNA [124] and RNA
[125] in living cells.

Fluorescein and Rhodamine-Based Dyes
As already mentioned, both fluorescein and rhodamines are xanthene dyes that have
been extensively used since they were first synthesized [126, 127]. The reason of this
wide popularity is associated mainly with their very high brightness and the fact that
both excitation and emission wavelengths fall well within the visible spectral range.
As previously described, with a pKa value of 6.4, fluorescein spectral properties
depend strongly on the environment pH (between 5 and 9). They can also present
limited photostability [13, 122].

Over the years, numerous fluorescein and rhodamine derivatives have been
developed, targeted at countless applications. Among the most commonly used
fluorescein derivatives [128, 129] are fluorescein isothiocyanate (FITC),
carboxyfluorescein, 5/6-carboxyfluorescein succinimidyl ester, fluorescein amidite
(FAM) and fluorescein di-acetate. Rhodamine 6G, 110, 123 and rhodamine B are
possibly within the most extensively used rhodamines, together with rhodamine-
derived Alexa Fluor dyes. When used for live-cell imaging, properties like perme-
ability, localization and aggregation state will strongly depend on the structural
characteristics of each derivative.
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BODIPYs
Boron dipyrromethene compounds or BODIPYs are very popular fluorophores due
to their enhanced photophysical properties [130]. They present high quantum yields
(e.g. BODIPY-TMR in Fig. 4), high brightness, sharp absorption and emission
spectra and a very small Stokes shift (Table 1). Possibly the most significant
limitation to the use of BODIPY dyes is their susceptibility to oxidation [13].

BODIPY variants included in this category cover a great portion of the visible
spectrum, from green (BODIPY FL) to red (BODIPY 650/665). This versatility has
been extensively explored through the development of BODIPY conjugates of
different biomolecules, including proteins, lipids, lipopolysaccharides and nucleo-
tides, among others. They have also been employed in live-cell imaging (see [131]
for a comprehensive review). For example, BODIPYs have been recently used in the
detection of hydrogen sulphide and lysosome tracking [132].

2.2 Methods for Fluorescent Protein Labelling

The choice of organic probe must always be performed hand-in-hand with the
selection of the appropriate labelling strategy. The latter depends on the available
fluorophore derivatives, the target molecule and the experimental requirements.
Here, some of the most commonly used strategies for labelling proteins upon
purification or within fixed or living cells are discussed (Fig. 5). The extensive
description of these and other methodologies can be found in very thorough reviews
elsewhere [133].

Covalent Binding to Natural-Occurring Amino Acids
The most common strategy to label purified proteins is to use fluorophore derivatives
that directly react with amine groups or cysteine residues (Fig. 5) [134].

By using amine-reactive fluorophore conjugates, such as isothiocyanates or
succinimidyl-esters, target proteins will be labelled in either lysine residues or the
N-terminal amine. Due to the high frequency of lysine residues in proteins, labelling
often results in the binding of several fluorophores at different positions, which can
ultimately alter protein function and its possible interactions. Since lysine amine
groups have significantly different pKa values than the terminal amine (pKa 10–11
versus pKa 7, respectively), it is possible to preferentially label the N-terminal
[135]. Although this solves the issue of multiple labelling, it restricts the fluorophore
position at the amino terminal.

Cysteine residues, on the other hand, are much less frequent in proteins and thus
offer greater flexibility regarding the position of the fluorophore. In this case,
maleimide fluorophore conjugates are used due to their high specificity for the
cysteine thiol group [133]. In addition, the conjugation reactions are typically fast
at mild pH and temperature.

Labelling amine groups or cysteine residues in intact cells or cell extracts is
generally not feasible since it is not possible to reach labelling specificity under these
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conditions. For this reason, these methods are more often employed for labelling of
purified proteins.

Immunolabelling
To achieve high labelling specificity within cell samples, the classical approach is to
use immunofluorescence [136]. In general, an externally added primary antibody
specifically binds the target molecule/structure with high affinity. Subsequently, one
or more secondary antibodies (conjugated with a fluorescent probe) form a stable
complex with the primary antibody (indirect immunolabelling), allowing the specific

Fig. 5 Summary depiction of some of the most commonly used (or most promising) protein
labelling methodologies. The examples depicted for covalent binding to natural-occurring amino
acids are related to cysteine and protein amine labelling with maleimide and succinimidyl ester
derivatives, respectively. The example portrayed for self-labelling proteins and peptide tags illus-
trates self-labelling by the HaloTag. The method shown below describes incorporation of an azide-
containing unnatural amino acid (UAA) and site-specific labelling of the modified protein with
Cu2+-free click-chemistry. Figure created with BioRender (BioRender.com)
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detection of the target (Fig. 5). Direct immunolabelling with one labelled specific
antibody is also possible. However, antibodies are large molecules of ~150 kDa and
thus their use implies a couple of limitations [137]. First, they cannot cross the
plasma membrane, limiting their application to fixed, and thus, dead cells. This
prevents the study of dynamic processes, providing only a snapshot of the target
molecule at the time of fixation. Also, it is important to keep in mind that the fixation
protocol itself might interfere with the observed cell morphology and/or the proper-
ties of the molecule of interest. Second, the size of the antibodies and that of the
antibody complex (primary + secondary) makes it so that the detection system is
often much larger than the target molecule or structure [137]. In this case, determi-
nation of the target’s size becomes extremely difficult and, for example, molecules
that are well far apart might look closer or even interacting when immunolabelled.
Importantly, this might have serious implications in single-molecule localization
microscopy techniques, with the location of the fluorophore possibly being clearly
distinct from that of the target molecule.

More recently, these limitations have been overcome by the development of
single-domain antibodies (sdAbs) or ‘nanobodies’ [138–140]. sdAbs are much
smaller (~15 kDa) than traditional antibodies, highly stable and soluble in many
environments. Depending on the experimental requirements, sdAbs can even be
functionalized, for example, to cross the plasma membrane and allowing live-cell
imaging. Their smaller size also makes them much better suited to help evaluate the
dimensions of biological structures, as opposed to the traditional antibodies.

Self-labelling Proteins & Peptide Tags
Possibly the most widely used strategy to label proteins with synthetic probes inside
living cells is the use of small self-labelling proteins or tags (<40 kDa) [141]. In this
approach, the target protein is expressed as a fusion construct containing a polypep-
tide or protein designed to react with a fluorescent probe (or other moieties such as
biotin) via a specific biorthogonal reaction. This ensures the covalent binding of
virtually any fluorescent probe to the protein of interest as long as the proper
biorthogonal functionalization of the probe is available and compatible with the
particular self-labelling protein to be used. The versatility of this method is also
increased by the number of tags that have already been developed (derived from
different proteins): HaloTag (derived from the haloalkane dehalogenase) (Fig. 5)
[142], SNAP-tag (derived from human O6-alkylguanine DNA alkyltransferase)
[143, 144], CLIP-tag (derived from SNAP-tag) [145], DHFR-tag (derived from
dihydrofolate reductase) [146], BL-tag (derived from b-lactamase) [147], PYP-tag
(derived from the photoactive yellow protein in purple bacteria) [148] and RA-tag
(derived from de novo designed retroaldolase) [149].

Ideally, the tags should be as small as possible to avoid interfering with the target
protein, should present low substrate promiscuity, fast labelling kinetics and ther-
modynamic stability. The main advantages of this approach are associated with the
use of synthetic dyes (described above) and their superior photophysical perfor-
mance, and yet being genetically encoded, thus offering a better control over the
degree of labelling. Moreover, it can be used for pulse-chase assays, contrary to FPs
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[150]. The disadvantages, however, also stem from the fact that the tags are
genetically encoded. First, this means that the labelling is restricted to the N- or
C-termini, preventing any site-specific tagging into internal regions of the protein of
interest [74]. Second, the tags are still proteins with diameters that can reach 3–4 nm,
comparable to that of FPs [35, 74]. The labelling can thus affect the folding, location
and function of the native target protein.

Alternatively, a tetracysteine peptide can be genetically introduced into the
protein of interest (not necessarily at the termini), instead of the self-labelling protein
[151]. The peptide sequence, Cys-Cys-X-X-Cys-Cys (where X is any amino acid
apart from cysteine), is then able to specifically react with membrane-permeable
biarsenical dyes. The standard biarsenical dyes in use are FlAsH-EDT2 (fluorescein
arsenical hairpin binder) and ReAsH (resorufin arsenical hairpin binder) that emit in
the green and red regions of the spectrum, respectively [35]. Although the
tetracysteine peptide shares most of the advantages with the self-labelling proteins,
the major point of differentiation is their size. In this case, the much smaller size of
the moiety is less likely to interfere with the conformation and function of the protein
of interest. Nevertheless, the use of biarsenical dyes can still perturb the protein’s
native conditions, can lead to considerable levels of background fluorescence and
might induce some cytotoxicity.

Unnatural Metabolite Derivatives & Click-Chemistry
More recently, specific molecular labelling within the cellular environment has been
accomplished through the development of the so-called click-chemistry (Fig. 5).
Contrary to genetically encoded reporters, it can be used to label not only proteins
but also other biomolecules such as DNA, lipids and glycans. This labelling strategy
is a two-step process. First, cells must be cultured in the presence of non-natural
metabolites with a ‘clickable’ moiety [12]. For example, nucleotides BrdU
(5-bromouridine) and EdU (5-ethynyl-2′-deoxyuridine) have been used to tag
nascent RNA and DNA, respectively [152]. Then, fluorescent labelling is accom-
plished through a biorthogonal ‘click’ reaction with probe derivatives containing the
corresponding ‘click’ feature (e.g. azide or alkenyl groups). In the case of EdU, azide
Alexa Fluor derivatives are commonly used. The most typical biorthogonal reaction
is named azide-alkyne cycloaddition, requires copper [Cu(I)] as catalyst and has the
main advantages of being fast, regioselective and presenting high yields
[153, 154]. However, due to copper cytotoxicity, other alternatives have also been
widely employed [155]. These copper-free reactions include the azide-alkyne cyclo-
addition between an azide and a strained cyclooctyne [156] and the Staudinger
ligation between an azide and a phosphine [157]. Although the copper-free character
of these reactions makes them uniquely suited for in vivo labelling, they tend to be
less efficient, meaning that the reaction time might need to be increased to assure full
conjugation of the fluorescent probe derivative with the unnatural metabolite
[158]. In any case, when planning an experiment, the choice of reaction will greatly
depend on the system, the target biomolecule and the technique to be employed
[12]. Moreover, copper toxicity, alterations of membrane permeability and possible
background fluorescence must also be considered.
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When considering labelling proteins using ‘click-chemistry’, a promising strategy
has recently emerged that combines genetically encoded site-specific labelling with
the major advantages of using small synthetic dyes. This is accomplished through
the use of unnatural amino acids (UAAs) that can either be conjugated with an
organic probe via a biorthogonal reaction (Fig. 5) or be already incorporated as a
fluorescent amino acid derivative [159, 160]. UAAs, also called the expanded
genetic code, are molecules that are not found in native proteins, but were rather
discovered in nature or chemically synthesized [161–163]. Examples include
selenocysteine (Sec) and pyrrolysine (Pyl), also referred to as the 21st and 22nd
amino acids [164]. In principle, many other UAAs can (and some have been)
incorporated into target proteins by using a nonsense codon and the UAA respective
orthogonal pair [165]. This strategy confers large flexibility when it comes to the
labelling position within the target protein, with the advantage of keeping the
labelling ratio under control (since it is genetically encoded). Also, due to their
much smaller size, UAAs overcome most issues related to the interference with the
native protein, as discussed above for self-labelling proteins. Yet, incorporation of
UAAs (and their fluorescent labelling) is still challenging [74, 166, 167] and there is
still some work to be done to make it the method of choice for live-cell protein
labelling.

2.3 Membrane Probes

Fluorescence microscopy and spectroscopy are invaluable tools for the imaging and
characterization of cellular membranes or membrane model systems. Membrane
staining can be achieved through labelling of specific targets (e.g. glycoproteins
and glycolipids with wheat germ agglutinin (WGA) conjugates [168]), with
derivatized membrane components (e.g. labelled cholera toxin-A or BODIPY-
labelled phospholipids, or through simple partitioning of lipophilic dyes [1]. This
section will focus solely on probes of the latter class.

Lipophilic staining of cellular membranes is often employed in cell imaging
applications. Lipophilic carbocyanines with hydrocarbon tails, such as DiO (green
fluorescence), DiI (red fluorescence), DiD (far-red fluorescence) or DiR (near-
infrared fluorescence), are particularly popular for this application [169, 170]. Styryl
dyes such as FM4–64 or FM1–43 also belong to the class of lipophilic stains. Unlike
lipophilic carbocyanines, these dyes are not lipophilic enough to translocate across
the lipid bilayer and become anchored to the outer leaflet of the plasma membrane,
with minimal translocation to the cytoplasmic leaflet [171]. This property leads to
their popularity as tools for evaluation of intracellular vesicle trafficking
[171, 172]. FM4–64 is generally preferred to FM1–43 as it is brighter and more
photostable. FM4–64 also allows for simultaneous imaging with green emitting dyes
and fluorescent proteins as it exhibits red-shifted fluorescence [171]. All these dyes
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benefit greatly from the fact that their quantum yield is close to zero in water, thus
generating better staining contrast.

Beyond the simple staining of lipid membranes, lipophilic fluorescent membrane
probes can provide important information on membrane structure. The time scale of
fluorescence is adequate to the analysis of fluorophore dynamics during the excited
state and solvent-dependent excited-state relaxation [173, 174]. In turn, information
about these processes allows us to evaluate membrane viscosity and lipid packing.

Membrane viscosity has been shown to regulate the activity of several membrane
proteins and is linked to multiple physiological processes within the cell [175]. Lat-
eral diffusion can be quantified through measurement of the diffusion coefficient of
fluorescent membrane components using fluorescence recovery after photobleaching
(FRAP) [176] or fluorescence correlation spectroscopy (FCS) [177]. On the other
hand, local dynamics within the membrane can be evaluated through the use of
fluorescent microviscosity probes.

DPH (1,6-diphenyl-1,3,5-hexatriene) and its trimethylamino-derivative,
TMA-DPH are part of a class of membrane viscosity probes whose fluorescent
polarization/anisotropy is strongly dependent on local microviscosity
[178, 179]. The DPH fluorophore only absorbs light polarized along its long axis
and the polarization of emitted photons has the same orientation [180]. In this way,
rotation of the fluorophore (during its excited state) along its long axis has no impact
on the polarization of fluorescence, while rotation along the two perpendicular axes
induces depolarization [179]. As acyl-chain fluctuations dictate rotation of the
fluorophore during its excited state, fluorescence anisotropy values of these dyes
reflect local membrane viscosity. Due to the presence of the trimethylamino-
derivative, TMA-DPH becomes anchored to the lipid–water interface and reflects
viscosity in a slightly more shallow region of the lipid bilayer [178]. Another useful
membrane probe sensitive to membrane viscosity is trans-parinaric acid (t-PnA)
[181]. The fluorescence lifetime of t-PnA is strongly dependent on membrane
dynamics, and the appearance of a very long lifetime (>30 ns) is used as a fingerprint
for the presence of gel phase membrane domains [179, 182, 183]. Finally, a class of
molecules known as molecular rotors, which include 9-(dicyanovinyl)-julolidine
(DCVJ), 9-(2-carboxy-2-cyano)vinyl julolidine (CCVJ) and BODIPY-C12 present
fluorophores with the ability of twisting along a single bond. This movement is
hindered within ordered membranes influencing fluorescence properties such as
quantum yield or fluorescence lifetime [184, 185].

Polarity sensitive probes such as 2-dimethylamino-6-1auroylnaphthalene
(Laurdan) can also be used to evaluate membrane packing, as these dyes exhibit
strong spectral changes upon changes in membrane ordering [65, 186]. One advan-
tage of Laurdan and similar probes is that membrane order can be estimated from
simple ratiometric measurements reflecting spectral shifts, facilitating their imple-
mentation in imaging applications.
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3 Fluorescent Proteins

Fluorescent proteins (FPs), more precisely the green fluorescent protein (GFP) was
discovered in 1962 [187]. Since then, the use of FPs in life sciences has been at the
centre of a great and unparalleled revolution in the way we ‘see’ cellular events at the
molecular level. Unsurprisingly, ‘the discovery and development of the green
fluorescent protein’ earned Osamu Shimomura, Martin Chalfie and Roger Tsien
the Nobel Prize in Chemistry in 2008, unequivocally stating the importance of such
finding for modern science and medicine.

GFP is a 27 kDa protein from the jellyfish Aequorea victoria that folds into a
β-barrel structure where three sequential amino acids (Ser-Tyr-Gly in positions
65–67) form the protein chromophore upon cyclization, oxidation and dehydration
steps, without the need for enzymes or cofactors [16, 188]. The main reason for GFP
popularity from the start is associated with the advantage of being genetically
encoded, thus bypassing many problems associated with the use of synthetic probes
for protein labelling. Namely, their use avoids mis(or multi)labelling of proteins,
issues with background fluorescence due to unspecific binding and is also
completely compatible with live-cell (and tissue) imaging. Moreover, engineering
a fusion construct is relatively easy at the experimental level, being routinely
performed in many laboratories.

Although GFP is still frequently used, many other variants with different and
improved photophysical properties are now widely available (Table 2). These
variants were either discovered in other organisms such as sea anemone [216],
copepod [216] and lancelet [217], or developed through the modification of the
original protein barrel structure by mutagenesis. Many modifications in the core
chromophore structure were performed [206], as well as changes in the side chains
of nearby amino acids [16, 218]. The result is a large variety of FPs of different
colours (from violet to far-red) covering almost entirely the visible spectrum.
Moreover, the development of FPs with large (>100 nm) Stokes shift [219–222],
and the possibility of generating tandem FP versions apart from the monomeric ones
[223, 224] further increase the number of available choices. Yet, attempts are
continuously being made to develop different FPs with, among other features,
improved brightness, with other excitation/emission wavelengths and enhanced pH
resistance (when compared with the original proteins). The engineering of red
fluorescent proteins (RFP) has also been the focus of numerous attempts since
they would present a few additional advantages. As already described for organic
probes, fluorescence in the red to near-infrared region of the spectrum ensures a more
efficient tissue penetration, decreases any issues related to cell autofluorescence and,
additionally, relieves some of the spectral crowding (and consequent channel
bleedthrough) usually encountered when designing multi-colour imaging experi-
ments. DsRed from Discosoma was the first RFP to be isolated [225]. However, this
protein shows severe limitations that precluded its generalized use. DsRed assumes a
GFP-like intermediate form during maturation and a fraction of the protein exhibits
excitation in the green spectral region. Furthermore, it requires over 30 h of
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incubation time at 37 °C to achieve steady-state levels and, since it is an obligate
tetramer, it might force tetramerization of any target protein [226–228]. For these
reasons, additional efforts have been carried out to bioengineer new and better
performing RFP. Yet, despite considerable advances, the photophysical properties
of RFPs still fall short when compared with the performance of other FPs.

FPs have been employed in the study of an immense number of cellular functions
and processes. These have been extensively reviewed elsewhere [229–231]. How-
ever, it is worth noting that FPs are particularly well suited for the development of
biosensors, allowing the imaging and quantification of diverse cellular processes
[232]. Briefly, there are mainly four classes of FP-containing biosensors: (1) FPs
with environment-dependent photophysical properties (e.g. brightness or emission
wavelength) that detect changes in pH [233], Cl- [234], metal ions [235] and redox
potential [236], among others; (2) FP-target constructs where the photophysical
properties of the FP are affected by conformational changes in the target protein
and that have been used, for example, to detect hydrogen peroxide [237] and
membrane potential variations [238]; (3) Sensors in which detection relies on
differences in the FRET efficiency between two spectrally distinct FPs
[239]. FRET sensors were already applied to the detection of Ca2+ [240], cyclic
nucleotides [241] and others; (4) FP-target constructs used as translocation sensors
[242]. In other words, when linked to specific target proteins, FPs can report on
environmental changes in intercellular compartments.

When expressing FP-containing fusion constructs, a fine balance must be accom-
plished. The expression level should not be so high that would interfere with cell
functioning but should at the same time be high enough to allow a proper fluores-
cence signal for cell imaging purposes [12]. It is also important to take into account
the maturation speed of the chromophore and the possible aggregation of the
construct [243]. In extreme cases, this can affect the folding of the FP and conse-
quently the structure of the chromophore itself, thus compromising the fluorescence
output of the protein [244]. Depending on the experimental design, optimization of
the nucleotide sequence for a particular model organism might also be required
[245, 246], as well as the fine-tuning of the length and flexibility of the linker peptide
between the FP and the target protein [247, 248].

Despite the wide-ranging use of FPs in cell biology and imaging, this technology
still poses some limitations [249]. The most well-known is arguably their size
(2–5 nm), which means that in some studies the size of the FP is comparable to
that of the target protein, thus preventing, for example, the precise localization of the
protein of interest. For the same reason, there is always a chance that the FP not only
interferes with the subcellular localization of the target but also impairs the protein’s
biological function [250]. This is even more important when the initial FP variants
are considered since they show a significant tendency to dimerize [251, 252]. This
however has been mitigated or completely eliminated in newer FPs through the
replacement of hydrophobic amino acids at the surface for positively charged amino
acids [204]. Among the disadvantages are also the limitation of labelling at the
protein terminals, loss of FP fluorescence upon fixation [253] or brightness depen-
dence on the expression and maturation temperature for some FPs [254]. Moreover,
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at the single-molecule level, FPs are known to blink at all timescales. Despite being
associated with triplet and radical states, blinking of some variants has been related
to proton transfer and conformational dynamics, involving different states of the
chromophore [255]. Still, in many applications blinking is not a problem, but should
be considered at the experiment design stage.

Apart from the issues discussed above, selection of an FP for an experiment
should also involve the evaluation of the same properties previously discussed for
organic dyes. Some of these are summarized in Table 2.

4 Fluorescent Probes for Super-Resolution Microscopy

Super-resolution microscopy surpasses the diffraction barrier by precluding the
simultaneous signalling of adjacent fluorophores. In general terms, this is accom-
plished by transiently or permanently transferring (switching) fluorophores between
two distinguishable states with different spectral, temporal or other detectable
response to illumination. The choice of proper fluorophore is thus a requirement to
achieve the best possible resolution. Although all the selection criteria described in
the sections above still apply here, photophysical parameters such as brightness,
photostability and switching kinetics gain additional relevance, depending on the
chosen imaging technique. Super-resolution approaches have been thoroughly
reviewed elsewhere [256–258].

In single-molecule localization microscopy (SMLM) [259], for example, only a
subset of sparse fluorophores gets activated at any given time, allowing the accurate
determination of the fluorophore’s position with sub-diffraction precision. By
repeating the process several times, exciting stochastically different molecules, it
is therefore possible to reconstruct an image combining all the determined positions.
Choosing photoactivatable fluorophores for SMLM should then consider the fluo-
rescence contrast between on and off states, the turn-on halftime, the photobleaching
halftime and the photon yield of individual molecules before bleaching [218, 260,
261]. Desirably, the photon yield should be high not only to ensure accurate position
determination but also to allow the use of lower laser power. In case of reversible on/
off switching, it is also important to take into account the number of photons detected
per switching event, the on/off duty cycle (fraction of time a fluorophore spends in
the fluorescent versus non-fluorescent state), the fatigue resistance (number of
switching cycles required to bleach 50% of the initial fluorescence) and the
fluorophores’ survival fraction after subjected to relatively severe conditions
[260]. To ensure the required sparse activation of fluorophores, the off-switching
(or bleaching) rate must be much larger than the on-rate, resulting in a low duty cycle
between 10-4 and 10-6 [262, 263].

In a very distinct approach, stimulated emission depletion (STED) microscopy
overcomes the diffraction limit by reversibly silencing fluorophores at predefined
positions within the diffraction-limited point-spread function (PSF) [264]. The exci-
tation light is combined with a high-intensity doughnut-shaped laser that depletes
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fluorescence in specific regions (doughnut-shaped periphery) while leaving a central
focal spot active. The acquisition is performed by scanning the sample with the two
aligned beams and, by making so, only the non-silenced fluorophores in the central
complementary regions emit light. As a consequence of this setup, fluorophores for
STED microscopy must be quite photostable and thus exhibit high resistance to
photobleaching [265–268]. Additional criteria for fluorophore selection include:
(1) the emission spectrum of the fluorophore must be compatible with the available
STED laser to be used [269]; (2) spectral overlap between stimulated emission and
excited-state absorption should be avoided [265]; (3) large Stokes shift probes
should be preferred to prevent direct excitation of the fluorophore by the STED
beam and also to assist in multi-colour imaging [265, 270, 271]. However, most of
the available large Stokes shift probes still do not present the required high bright-
ness and enhanced photostability [265].

Although this description of SMLM and STED is not meant to be extensive, it is
clear from these examples that the choice of super-resolution technique determines
the fluorophore to be used. As for conventional imaging, many different types of
fluorophores were already applied to one or several super-resolution approaches,
including small organic probes [73], fluorescent proteins [272], quantum dots [273]
and nanoparticles [274], among others. Moreover, fluorophores that use reversible
ligand binding [275] or quenching [276] as a switching mechanism instead of
photoswitching have also been employed. In the next sections, the most common
classes of switching organic probes and FPs (Table 3) are briefly introduced,
including some recent examples of their application. Detailed information on their
mechanism and performance can be found elsewhere [218, 260, 285].

4.1 Synthetic Probes

Activator-Reporter Dye Pair
This system consists of a ‘reporter’ probe that switches between a fluorescent and a
dark state and whose photoactivation is facilitated by an ‘activator’ fluorophore
placed within 1–2 nm distance [218]. The ‘reporter’ dye is usually kept in a
non-fluorescent state, and the random activation of non-overlapping fluorophores
is accomplished by the use of an activation laser that excites the ‘activator’ probe.
The ‘activator’ can then induce its ‘reporter’ neighbours to become fluorescent. The
final image is consequently reconstructed from emission signal of the ‘reporter’.

The first system to be described was the Cy3-Cy5 combination, used by Xiaowei
Zhuang to develop stochastic optical reconstruction microscopy (STORM)
[286]. Since then, several combinations of ‘activator’ dyes (e.g. Cy2 or Alexa
Fluor 405) and ‘reporters’ (e.g. Cy5.5, Cy7 or Alexa Fluor 647) were employed
[287, 288].

Choosing the Right Fluorescent Probe 33



Activator-Free Dyes
Some dyes are stochastically activated in the absence of an activator fluorophore and
under continuous laser illumination [218, 289]. However, they frequently require
significantly higher laser power. The switching behaviour also entails a specific
chemical environment. For this reason, the imaging buffers usually include ‘non-
common’ components such as triplet quenchers, oxygen scavengers, reducing agents
and others [290–293].

These dyes were first applied by Sauer and co-workers to perform direct STORM
[97, 289]. In this pivotal work, the authors used cyanine dyes (without ‘activators’)
that could be photoswitched under reducing conditions [289]. Recently, a compre-
hensive study compared the performance of 26 commercially available probes in a
STORM setup and identified the best-performing dyes in different colour ranges:
Atto488 for the green spectral region, Cy3B for the yellow, Alexa Fluor 647 for the
red and DyLight750 in the near IR [260].

Spontaneously Blinking Dyes
Contrary to the probes from the categories described above, spontaneously blinking
dyes do not need activators or incident light to become active. Instead, they spon-
taneously blink in the absence of light in a stochastic and reversible manner
[218]. Spontaneously blinking dyes often switch between an ‘open’ fluorescent
state and a ‘closed’ dark state. One such example is the intramolecular
spirocyclization that occurs in hydroxymethyl (HM) rhodamines, from which
other related derivatives have been developed. Hydroxymethyl-Si-rhodamine
(HM-SiR) [294] and HEtetTFER [295], for example, have been applied to SMLM
by Yasuteru Urano and his team, allowing the use of reduced illumination intensities
and still presenting a high photon yield. In a different approach, Urano’s team also
described a different spontaneous blinking mechanism that relies on the reversible
ground-state nucleophilic attack of intracellular glutathione (GSH) upon a xanthene
fluorophore [296]. This allowed the observation of microtubules and mitochondria
within living cells by SMLM. Although not many options are available so far, the
recent developments in this area suggest an increase in the use of these dyes in the
coming years.

Photochromic Dyes
Fluorophores that switch reversibly between an on and off state in a light-assisted
manner are called photochromic [218]. These include different rhodamines,
diarylethenes and photoswitchable cyanines [297]. Rhodamine lactams, for exam-
ple, are colourless compounds that become fluorescent through the transient cleav-
age of the lactam bond upon far-UV illumination [298]. The fluorescent molecule
then thermally reverts back to its non-emissive state. This reversible photoswitching
mechanism is well suited for SMLM and efforts have been made to extend it to other
rhodamines with different photophysical properties. Moreover, the addition of
different substituents to the rhodamine core has also led to the development of
photochromic dyes with activation light that is not in the far-UV spectral range.
Phthalimide groups were shown to allow for near-UV (or 2-photon) activation [299]
while stilbene groups even made it possible to use visible light [300, 301]. One of
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such examples are the ‘turn-on mode’ fluorescent diarylethenes (fDAEs) recently
developed by the Hell group. With yellow light activation, fDAEs were successfully
applied to the visualization of cells’ vimentin filaments by SMLM [302].

Photoactivatable or ‘Caged’ Dyes
In contrast to the photochromic probes, ‘caged’ dyes are irreversibly activated
through a photochemical reaction [218]. These molecules combine fluorophores
with photolabile (or caging) moieties located at appropriate positions that block
them in a non-emissive state. Upon illumination, the protective groups are either
removed or modified and the fluorescence emission of the dye is greatly increased
[137, 262]. The use of caged dyes thus results in great on/off contrast and photon
yield [218], making them ideal for SMLM techniques such as photoactivated
localization microscopy (PALM) [303] and DNA points accumulation in nanoscale
topography (DNA-PAINT) [304]. The photoactivation quantum yield can however
be a critical element to consider.

Among the most common caging moieties are the o-nitrobenzyl derivatives,
azides, coumarinyl groups and 2-diazoketones [305]. Different fluorophores have
also been successfully caged, such as Q-rhodamine [303], rhodamine 110 [306], Si-
Q-rhodamine [99], carbofluorescein [307], and several others.

4.2 Fluorescent Proteins

Photoactivatable (PA-FPs)
This category includes proteins that are irreversibly switched from a non-fluorescent
off-state to a fluorescent on-state upon illumination. The development of PA-FPs
goes hand-in-hand with the establishment of SMLM techniques. Indeed, PA-GFP
(developed by Patterson and Lippincott-Schwartz [198]) was used in the very first
papers on PALM [308, 309]. Due to its photophysical properties, high activation
quantum yield and their monomeric state, PA-GFP is still one of the most used and
dependable PA-FPs. Since then, several other variants were developed, including the
ones within the orange/red spectral range, such as PAmRFP, PAmCherry,
PATagRFP and PAmKate.

Nevertheless, the use of PA-FPs makes it hard to detect cells expressing the
protein, since before illumination they remain in a non-fluorescent state [218]. This
drawback is largely overcome by the use of photoswitchable dyes instead (see
below).

Photoswitchable (PS-FPs)
Photoswitchable (or photoconvertible) FPs rely on the irreversible conversion from
one fluorescent on-state to another of a different colour [285]. Depending on the
specific colour transition, PS-FPs can be categorized as (1) GFP-like cyan-to-green
proteins (PS-CFP2), (2) Kaede-like green-to-orange/red proteins (Dendra2,
mEos3.2, mClavGR2, mMaple3) or (3) DsRed-like green-to-far red proteins
(PSmOrange). This spectral coverage together with the photoswitching capability
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makes them not only ideal for simple SMLM experiments but also allows their use in
multi-colour super-resolution imaging.

Although extensively applied, it is worth noting that even the brightest PS-FP
remains much dimmer than some organic probes, with photon yields that can be one
order of magnitude lower (e.g. comparing Eos with the Cy3-Cy5 pair) [287, 310,
311].

Photochromic (PC-FPs)
As their small-molecule counterparts, photochromic FPs are able to reversibly
transition between a dark off-state and a fluorescent on-state. However, their main
advantage over photochromic organic probes is the stability and reliability of their
switching system, meaning that they are much more resistant to switching fatigue
[262]. This also explains the use of these proteins in non-linear super-resolution
imaging approaches such as non-linear structured-illumination microscopy
(NL-SIM) [312] or reversible saturable optical fluorescence transition (RESOLFT)
[313]. Examples of PC-FPs include rs-EGFP, rsFastlime, rsTagRFP or Skylan-NS.

Photoactivatable/Photoconvertible FPs
This category includes proteins with complex working mechanisms that combine the
photoswitching behaviour of PC-FPs and PS-FPs. In other words, proteins such as
mIrisFP [281] and NijiFP [282] can be irreversibly photoconverted between two on-
states (green-to-red transition) and then feature a reversible photoswitching behav-
iour from both species to a dark off-state. Due to their complicated mechanism, these
are the only FP variants included in this category.

5 Perspectives

Researchers in the field of biological sciences have now available an enormous
abundance of different fluorescent probes to choose from. These present remarkably
diverse properties so that specific experiments can make use of ideally suited labels.
There are however still some limitations that are expected to be addressed. When it
comes to organic dyes, significant difficulties still limit the ability to specifically
label target molecules within a living cell or tissue. The next years will undoubtedly
bring new and creative strategies combining biorthogonal chemistry with the use of
unnatural metabolites and caged dyes, to achieve the required labelling specificity in
a live-cell compatible manner. Regarding FPs, researchers are still paving the way to
improve their photophysical properties and overall performance. Although they
show the ultimate labelling specificity, there is still room for improvement in
terms of FP photostability and brightness, to reduce the performance gap that
remains when comparing FPs with synthetic dyes. In any case, whether it is organic
dyes or FPs, the development of photostable, highly performing far red to near-IR
probes is arguably one of the biggest challenges of the next years.

Overall, the available fluorescent probes used for life sciences cover already a
very wide spectrum of applications. Nonetheless, the design of new probes must
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continue to walk hand-in-hand with the development of new techniques and
approaches, as were the case of super-resolution microscopy and the development
of photoswitchable fluorescent probes.
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