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Prevalent Bioimaging Scaffolds: Synthesis, Photophysical
Properties and Applications
Kilian Colas,[a] Susanne Doloczki,[a] Mauricio Posada Urrutia,[a] and Christine Dyrager*[a]

This minireview describes the syntheses, structure-photophys-
ical properties relationship, and bioimaging applications of
fluorescent coumarins, xanthenes, BODIPYs, and cyanines.

Advantages and disadvantages of the emissive units are also
discussed, as are general practical issues that need to be
considered when using fluorophores in a biological setting.

1. Introduction

Small fluorescent compounds are of pivotal importance to
chemical biology due to the high-intensity output they can
deliver at low concentrations.[1] Emissive synthetic dyes are, for
instance, used as molecular sensors, organelle stains, and
fluorescent tags for labeling biomolecules in order to study
various biological processes (e. g., in the field of pathology).[1c]

There is a constant demand for new fluorophores in these areas
and the research field is rapidly expanding. For newcomers to
the field, the sheer number of reported fluorophores and their
seemingly infinite applications might appear rather intimidat-
ing. This minireview aims to serve as a general guide to the
synthesis, optical design, and use of the most prevalent
fluorescent scaffolds in chemical biology, i. e., coumarin,
xanthene, BODIPY, and cyanine (Figure 1).

Each structure has been the topic of individual reviews[2] as
well as combined summaries.[1a,b,3] However, unlike previous
reviews, we treat these four scaffolds in one concise discussion
that comprises essential fundamentals of fluorescence, practical
aspects of bioimaging, robust synthetic strategies, photophys-
ical characteristics, and bioimaging applications. We focus in
particular on the structure-photophysical property relationships
as this may provide valuable insights when designing new
bioimaging scaffolds and future derivatives thereof.

2. Basic principles of fluorescence

The in-depth theory of photophysical concepts will not be
covered herein. Instead, the reader is directed to a recent

tutorial review by Fu and Finney.[1a] However, a few fundamen-
tal concepts are discussed below.[1a,4] Figure 2A shows a
simplified Jablonski diagram that describes the basic principles
of fluorescence. Upon photon absorption, a fluorophore is
elevated from its ground state (S0) to an excited state (S1).
Subsequently, the excited species relaxes to the lowest vibra-
tional energy level, before returning to the ground state by
emitting light, a process known as fluorescence.[4] Some
fluorophores, particularly those featuring a donor-acceptor
(D� A) structure, may undergo intramolecular charge transfer
(ICT) from the excited state (S1) to another excited state (S1-ICT)
with lower energy. This ultimately gives rise to more red-shifted
emission, i. e., the emission maximum (λem max) appears at a
longer wavelength.[5] Figure 2B illustrates absorption and
emission profiles for a general fluorophore along with essential
parameters that can be fine-tuned when designing new
fluorescent dyes.[1a] The ranges of wavelengths, corresponding
to the absorption and emission curves on its spectrum,
determine the windows of excitation and detection of the
compound (e.g., it reveals at which wavelength filters and color
channels are appropriate for use on a fluorescence microscope).
The difference between the maximum absorbance and emission
wavelengths (λem max� λabs max) is known as the Stokes shift. A
large Stokes shift is beneficial to avoid backscattering from the
excitation source that may result in low signal-to-background
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Figure 1. Structure and numbering of prevalent fluorescent scaffolds for
chemical biology. Together, these structures span the whole visual spectrum
(from blue to the NIR region).
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ratios. Two parameters are essential for determining the
fluorescence intensity. The first is the molar extinction coef-
ficient, ɛ (in M� 1cm� 1), which represents the efficiency with
which a fluorophore absorbs incoming photons, and it can be
derived from the Beer-Lambert law, A=ɛ c l (A=absorbance,
c=concentration, l=optical path length). The second parame-
ter is the quantum yield, ΦF, defined as the ratio between
photons emitted and photons absorbed. This represents the
efficiency with which the compound emits light. Both ɛ and ΦF

directly affect the strength of the fluorescence signal and they
can be modulated and tuned by synthetic modifications of the
fluorophore. Therefore, in order to objectively assess and
compare the intensity of fluorophores, the brightness (ɛ×ΦF, in
M� 1cm� 1) is often used.[1a,c] In the following sections, we will
discuss how these properties impact the potential of various
fluorophores for bioimaging applications, as well as how
synthetic modifications can be used to fine-tune the photo-
physical behavior of four prevalent bioimaging scaffolds.

3. Bioimaging in practice

Several things need to be considered when using small organic
compounds for bioimaging applications. Chemical stability is
essential, and the fluorophore needs to have an appropriate
photophysical profile for the application of interest. High
fluorescence quantum yield (ΦF) is desirable but should not be
considered as a crucial requirement. Low quantum yields can

be tolerated if the molar extinction coefficient (ɛ) is very high,
as the brightness will remain high. In terms of wavelengths,
longer (redshifted) values (>500 nm) are favored due to their
association with lower energies, which are less harmful in
biological settings. Using longer excitation wavelengths also
reduces background emission (referred to as autofluorescence)
from intrinsic fluorophores present in proteins, cells, tissue,
etc.[6] Furthermore, approaching wavelengths in the near-infra-
red (NIR) region and beyond diminishes light scattering in
tissue, resulting in greater penetration of the excitation light.[7]

NIR fluorophores can therefore be used for in vivo imaging (e.g.,
in fluorescence-guided surgery as diagnostic tools for detecting
cancer deposits).[8] Other important photophysical features to
consider are the Stokes shift and the photostability of the
compounds. In general, using fluorescent dyes with small
Stokes shifts should be avoided because it can generate
artifacts during the analysis caused by scattering effects from
the excitation light.[1c,9] Moreover, high-intensity excitation can
cause photobleaching of the sample – an irreversible process
that limits the output signal from fluorophores that are sensitive
to light exposure.[10]

Finally, water-solubility should be sought since bioimaging
is solely performed in water-based environments/solutions.
Unfortunately, many small organic compounds with interesting
photophysical and/or biological properties are hydrophobic and
usually not even soluble in water. Structural modifications of
the dyes (e.g., introduction of sulfonates) can be used to
enhance the water solubility.[11] Alternatively, prior to exper-
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imental use, compounds can be dissolved in a solvent vehicle
that is miscible with water, e.g., dimethyl sulfoxide (DMSO).[12] In
the latter case, the dissolved dye is subsequently diluted with
the aqueous-based medium that is used in the application.
However, it should be noted that the final volume percentage
(vol%) of the vehicle usually is strictly limited. For instance,
when using DMSO for cell culture experiments the concen-
tration should not exceed 1 vol%, since higher concentrations
are cytotoxic.[13]

4. Common fluorescent motifs for chemical
biology

Coumarins, xanthenes, BODIPYs, and cyanines (Figure 1) are
prevalent bioimaging scaffolds in the literature, and their
various derivatives are commercially available (e. g., Alexa Fluor®
and BODIPY® Dyes). Between them, they address the whole

visible spectrum - from blue to NIR light.[1c] However, it should
be noted that a plethora of alternative fluorescence scaffolds
can also be used for bioimaging, such as pyrene,[14]

naphthalene,[15] carbazole,[16] oxazine,[17] porphyrin,[18] benzothia
(dia)zole,[19] squaraine,[20] and phthalocyanine[21] (Figure 3A). For
instance, Figure 3B shows an example of fluorescence micro-
scopy imaging using a benzothiadiazole derivative, LD-BTD1
(seen in green) – previously reported by our group[22] – that
stains intracellular lipid droplets. Seen in blue is the indole-
based fluorophore DAPI,[23] which is considered the golden
standard for staining the cell nucleus. Different optical profiles
for the fluorophores enable co-staining since the signals can be
distinguished by different color channels using a blue and
green filter, respectively. This example illustrates that various
scaffolds can indeed be used for bioimaging applications.
However, the four scaffolds discussed in the following sections
remain among the most commonly used fluorescent units for
bioimaging. Details about these (e. g., structure-photophysical
property relationship) could be used as a valuable resource in
the efficient development of new bioimaging agents – based

Figure 2. General principles of fluorescence. A) Simplified Jablonski diagram
that also illustrates the possibility of intramolecular charge transfer in the
excited state. Grey wavy arrows indicate vibrational relaxation (non-
radiative). B) General optical profile (absorption seen in blue; emission seen
in orange) for a fluorophore, and fundamental photophysical properties that
can be tuned when designing new fluorescent bioimaging probes. The wavy
arrow indicates photon energy (hν). Beer-Lambert law is defined as A=ɛ c l
(A=absorbance; ɛ=molar extinction coefficient; c=concentration of the
sample; l=optical path length). ΦF= fluorescence quantum yield (number of
photons emitted/number of photons absorbed).

Figure 3. A) Selected examples of alternative fluorescent scaffolds widely
used for bioimaging. B) Melanoma cells (SK-MEL-28) stained with a
benzothiadiazole derivative, LD-BTD1, that accumulates in lipid droplets
(seen in green) and DAPI that stains the cell nucleus (seen in blue). Scale bar:
20 μm. Blue filter (Ex. 325–375 nm; Em. 435–485 nm); green filter (Ex. 460–
500 nm; Em. 512–542 nm).
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on these or other scaffolds – with favorable photophysical
profiles.

4.1. Coumarins

Coumarins are a large family of naturally occurring
compounds.[1b,c,2a,b,24] The bicyclic coumarin unit can be con-
structed easily via Knoevenagel, Perkin, or Pechmann condensa-
tions starting from salicylaldehyde 1 or phenol motifs 2
(Figure 4), implying that most substituents (e.g., in 3–5) are
introduced from the initial starting materials.[2a,24] Other exam-
ples of coumarin synthesis include cyclization of alkynoates
with carbonyl derivatives (e.g., aldehydes)[25] and Pd-mediated
cyclocarbonylation of 2-vinylphenols.[26] Common intermediates
bear a halide, a carboxylic acid, or an azide moiety, which can
be used for cross-coupling, amide bond formation, and click
reactions (e.g., Huisgen 1,3-dipolar cycloaddition).[1b,24a] 4-Sub-
stituted coumarins (e.g., 5, Figure 4, bottom) are easily prepared
from β-ketoesters and although this position is of lesser interest
in terms of photophysical properties, it has proved useful for
medicinal chemistry applications.[27]

A summary of the structure-photophysical property relation-
ships of coumarins is presented in Figure 5A, and further
illustrated by selected examples in Figure 5B. The parent
coumarin structure 6 and its derivatives without an electron-
donating group (EDG) have negligible emission (e.g., Φ<0.01
for 6 and 7 in MeCN and MeOH, respectively) (Figure 5B).[3]

Position 6 and/or position 7 is therefore often substituted with
EDGs,[1b,27] such as an ether or an amine, to induce fluorescence
(e.g., 8 and 9, Φ =0.60 and 0.02 in MeOH and Φ=0.22 and
0.72 in EtOAc). This creates an electronic “push-pull” effect
where the carbonyl group of the lactone ring acts as an
electron-withdrawing acceptor unit. Methoxy-substituted cou-
marins (e. g., 8) tend to display higher quantum yields in highly

polar solvents such as methanol or water.[1b] In contrast, amino-
substituted derivatives (e.g., 9) tend to be quenched in protic
solvents while showing enhanced quantum yields in EtOAc.[3]

The presence of an electron-withdrawing group (EWG) in the 3-
position further reinforces the intramolecular charge-transfer
(ICT), which results in a significant redshift (e.g., 6 and 7, λmax
em=330 vs. 415 nm in MeCN and MeOH, respectively) and oftenFigure 4. Selected examples of common coumarin synthetic pathways.

Figure 5. Structural and bioimaging features of coumarins. A) Structure-
photophysical property relationship of coumarins and B) Selected illustrative
examples.[1b,3,28–30] SAR= structure activity relationship. C) Selected examples
of coumarins as bioimaging fluorophores.
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solvatochromic behavior.[28] The rigid planar core increases the
efficiency of the push-pull effect and typically leads to good
quantum yields. However, the absence of extensive conjugation
generally results in mediocre molar extinction coefficients and
thus limited brightness.[1b,c] π-Extended coumarins are therefore
generally more suitable for bioimaging (e.g., 10).[29] As the
carbonyl group is a crucial part of the push-pull effects in
coumarin structures, it is considered to be essential for
fluorescence efficiency and should not be removed.[1b] Its
replacement by analogous electron-withdrawing units has,
however, proven to generate bright NIR fluorophores that can
be useful for cell biology applications, such as mitochondrial
staining (e. g., 11).[30] 5- And 8- substituted coumarins are less
common but exist as sub-families of fused-ring derivatives such
as pyrano- or furano- coumarins.[31] Although their blue-shifted
excitation profiles sometimes limit their application in biological
settings, coumarin-based imaging agents are quite popular due
to easy access, high photostability, and - in many cases -
excellent fluorescent quantum yields.[2a,b,27,30]

For instance, coumarins are commonly used for fluorescent
protein tagging (e.g., Alexa Fluor 350, 12 – a commercially
available fluorescent dye for biolabeling applications, Fig-
ure 5C). They have also been frequently reported as molecular
tools for fluorescent cell microscopy, including NIR mitochon-
drial stains,[32] turn-on fluorescent thiol probes (e.g., 13),[33] and
for detecting Cu2+ in living cells (e.g., 14).[34]

4.2. Xanthenes

Xanthene-based fluorophores include fluorescein (15), rhod-
amines (e.g., Rhodamine B, 16), and eosins (e.g., Eosin Y, 17)
(Figure 6A) – popular fluorescent probes with attractive bio-
imaging properties such as large molar extinction coefficients,
high quantum yields, and favorable solubility profiles in
water.[1,35] Xanthene dyes have been popular since the late
1880s, and their synthesis has therefore been extensively
explored and well-reviewed.[2c] Classical synthetic methods
towards xanthene-based fluorophores (18) include condensa-
tion of phthalic anhydride (19) with resorcinol or 3-amino-
phenol derivatives (20) using ZnCl2 as a catalyst.[1b] Thanks to
the wide commercial availability of functionalized xanthones 21
(or readily accessible reagents for their preparation), contempo-
rary syntheses commonly use a straightforward Grignard
reaction followed by dehydration (Figure 6B).[36] This way, large
families of diversely functionalized xanthenes (22) can be
prepared using combinatorial methods.[1b]

A well-known characteristic of xanthene-based dyes is their
pH sensitivity; the ionic forms generally exhibit much stronger
fluorescence than the neutral uncharged species (as illustrated
for fluorescein; 15 vs. 23, Figure 7B).[37] To achieve this, the
inclusion of groups that can be protonated or deprotonated
(e.g., carbonyl/phenoxides or anilines/ammonium salts) is
crucial (Figure 7A).[1b,37a] Another essential requirement when
designing these dyes is the orientation of the external phenyl
moiety at the 9-position, which must be twisted out of plane of
the xanthene unit.[1b,36,38] This is because the phenyl moiety acts

as an electron donor to the accepting xanthene core via a
photo-induced electron transfer (PeT) mechanism, which has
been shown to lead to significant decreases in quantum yield.[38]

Keeping the phenyl ring out of plane, therefore, prevents
quenching through PeT. For the same reason, EDGs on the
phenyl unit should be avoided, as they strengthen the donor
character and thus facilitate PeT.[38] EWGs on the xanthene core
have also been shown to decrease the quantum yield. Most
dyes of this family traditionally achieve orthogonality between
the phenyl unit and the xanthene core through the presence of
a carboxylate group in the ortho position of the phenyl ring (cf.
15–17, Figure 6A).[1b,c,36] However, this causes practical problems
for cell imaging, which are discussed later in this section.

Nevertheless, it is possible to replace the carboxylate group
with another bulky group to hinder the planarization of the
molecule and thereby retain fluorescence.[1b] The brightness of
xanthene dyes is usually excellent (thanks to high molar
extinction coefficients)[1a,c] but tuning their absorption and
emission profiles is not trivial. For this purpose, synthetic
modifications should be carried out on the core rather than the
phenyl moiety. For instance, annulative π-extension of the core
can shift the spectral window to the NIR region;[40] although
multiple factors can influence these shifts, including the
direction and degree of the additional conjugation as well as

Figure 6. A) Popular sub-families of xanthene dyes. B) Selected examples of
traditional synthetic strategies towards xanthene-based fluorophores.
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the position of the chargeable functional group(s). Alternatively,
replacing the central oxygen with other elements, such as C, Si,
Ge, and Te, has also been reported to induce spectral shifts
towards longer wavelengths.[1b,c,39] An additional property of
traditional xanthene dyes (i. e., structures that contain a
carbonyl group in the ortho position on the phenyl motif) is
that they exist in an equilibrium between a closed spirolactone
form 24 and an open form 25 (Figure 7C).[1a,c,2d,39,41] For
bioimaging applications, this behavior presents dichotomy
because the open zwitterionic form – which is the fluorescent
species – displays mediocre cell-permeability, while the non-
fluorescent spirolactone is generally efficient at cell

penetration.[39] This explains why the deceptively attractive
carboxylic acid moiety is not commonly used for biolabeling
through amide coupling, since the resulting dyes tend strongly
to favor the corresponding non-emissive spirolactames.[2d,41] The
group of Kai Johnsson recently addressed this problem by
replacing the carboxylic acid substituent with various other
electron-withdrawing units, such as acyl cyanamides or acyl
sulfonamides (Figure 7C).[39] These derivatives favor the cell-
permeable spirocyclic forms, but the equilibrium shifts to the
zwitterions at physiological pH and/or upon target binding.
Using this approach, they prepared a number of fluorogenic
dyes wherein the binding unit is introduced meta- to the
xanthene core, that are able to penetrate the cells in their
closed form and shift to the open form upon cell-penetration. It
should be noted that the level of fluorogenicity (i. e.,
fluorescence activation) is also strongly influenced by the
binding event. Thus, this strategy addressed an enduring
challenge associated with these otherwise workhorse fluoro-
phores and allowed the selective staining of multiple organelles
in various colors and with minimal synthetic manipulations.[39]

4.3. BODIPYs

BODIPY (boron dipyrromethene difluoride) derivatives, origi-
nally discovered by Treibs and Kreuzer in 1968,[42] exhibit
excellent photostability and tend to have narrow emission
peaks, high quantum yields, and good molar extinction
coefficients.[1b,2f] Their versatility and usefulness for bioimaging
are reflected by numerous commercially available derivatives,
such as the Invitrogen BODIPY® dyes. However, they are highly
hydrophobic, which often causes solubility issues in aqueous
media.[2f] One of the main approaches to modify the structure
has therefore been to increase the polarity – for instance, by
introducing sulfonate or carboxylate groups or pendant poly-
ethylene chains.[11,43] Nevertheless, the hydrophobic character
(and typically excellent cell permeability) makes BODIPY
derivatives ideal for imaging less polar environments,[44] such as
natural lipids, membranes, intracellular lipid droplets, etc.[2e]

The parent BODIPY structure (Figure 1) was not synthesized
or isolated until 2009.[45] However, in terms of bioimaging,
substituted derivatives are far more interesting since they allow
for immense structural diversity, resulting in a broad variety of
photophysical outcomes. The synthesis starts from substituted
pyrroles 26,[46] which can react with activated carboxylic acids to
form a dipyrromethene intermediate 27 (Figure 8A, middle).[2f] A
subsequent reaction with a BF2 source (commonly BF3·OEt2)
under basic conditions yields a BODIPY core with a symmetrical
substitution pattern (28). The condensation of pyrrole with
cyclic anhydrides, such as glutaric anhydride, (Figure 8A, top) is
of great value as it yields symmetrically substituted BODIPYs
with a free carboxylic acid, which can be used as a handle for
further reactions or bioconjugation.[47] Alternatively, two pyrrole
subunits can react with an aryl aldehyde to form a dipyrro-
methane intermediate 29, which must be oxidized before
cyclization (Figure 8A, bottom).[2f] Unsymmetrical BODIPY deriv-
atives, such as 30 (Figure 8B), require alternative synthetic

Figure 7. Xanthene dyes, such as fluoresceins and rhodamines, exist in
multiple complex equilibria. A) Structure-photophysical property relationship
of xanthenes. B) pH dependence of the ionic nature of fluorescein and its
influence on the photophysical properties in water. The photophysical data
corresponds to pH 5.5 (for 15) and 12 (for 23).[37] ɛ unit: M� 1 cm� 1. C) Kai
Johnsson’s strategy to exploit the open/close equilibrium of rhodamine
derivatives for live-cell imaging.[39]
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strategies, e.g. reaction of formylated pyrrole derivatives (e.g.,
31) with a second pyrrole (e.g., 32) in the presence of POCl3.[48]

This method, without the addition of the second pyrrole, can
also be applied to the synthesis of symmetrical BODIPY
derivatives.[49]

Structure-photophysical property relationships of BODIPY
derivatives are summarized in Figure 9A. Absorption and
emission bands typically range between 500–600 nm (e.g., 33–
36, Figure 9B). A high degree of substitution with alkyl groups
leads to noticeably red-shifted absorption and emission maxima
(e.g., 33 and 35).[50] More significant bathochromic shifts (up to
the NIR spectral region) can be obtained via several
strategies;[51] for instance, by extending the π-conjugation in
the 3 and 5 positions or through fused aromatic rings at
position 1/2 and 6/7, or at 2/3 and 5/6 (e.g., 37). These
modifications can also increase the quantum yield and the gap
between the absorption and emission bands.[52] The latter is
highly desirable since BODIPYs are known to exhibit small
Stokes shifts (<30 nm)[2f,4] – a significant disadvantage associ-
ated with low signal-to-noise ratios.[1c,9] Aryl substitution in
position 8 (also referred to as the meso-position) is quite
common but can have varied consequences on photophysical
properties (cf. 34 and 36). Unhindered rotation of the aryl
substituent leads to non-radiative relaxation. Consequently,
higher quantum yields can be achieved when the rotation is
restricted, either by ortho substituents on the aryl group (as was

the case for earlier-mentioned xanthene dyes) or substituents at
positions 1 and 7 on the BODIPY core. The introduction of EDGs
or EWGs on the aryl moiety usually has negligible photophysical
effects due to its twisted orientation. However, some combina-
tions of substituents on the core and aryl moiety might result in

Figure 8. Synthesis of BODIPYs. A) Synthetic approaches towards sym-
metrical BODIPY derivatives. B) Common synthesis of unsymmetrical
BODIPYs.

Figure 9. Structural and bioimaging features of BODIPYs. A) Structure-
property relationship of symmetrical BODIPY derivatives. B) Selected
examples show influence of alkyl substituents and π-extension on photo-
physical properties in EtOH (33-35) or MeOH (36-37);[50,51c,60] ɛ unit: M� 1cm� 1.
C) Selected examples for the application of BODIPY derivatives as
bioimaging fluorophores.[55b,56]
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energetics that favor PeT, i. e., quench fluorescence, especially in
polar solvents.[2f] Recently, an energy descriptor was developed
for predicting the fluorescence quantum yield of BODIPY-based
compounds (as well as other fluorophores) based on PeT
deactivation, with the prospect of facilitating the design of PeT-
based turn-on fluorescent probes.[53] Optical properties can be
tuned further through substitution at the 2 and 6 positions. For
instance, halogen substituents give red-shifted profiles but
lower the quantum yield. Halide groups do, however, allow for
further metal-catalyzed cross-coupling reactions to extend
conjugation through substituents such as vinyl groups that also
give bathochromic shifts but without decreasing the
fluorescence efficiency.[2f] BODIPY units have also been sub-
jected to modifications of the core structure itself.[2f] While a
detailed discussion of this specific approach would exceed the
scope of this minireview, two examples deserve special
mention. The meso-carbon (i. e., in position 8) can be exchanged
with a nitrogen atom. These so-called aza-BODIPYs exhibit
strongly redshifted emissions (typically around 100 nm) as
compared to their parent structures but are very susceptible to
fluorescence quenching in polar protic solvents.[54] Alternatively,
substitution of the fluorine atoms by organic groups may
improve solubility in water but has no significant influence on
photophysical properties of the BODIPY.[51c]

Furthermore, BODIPY derivatives can be radiolabelled
conveniently with 18F without affecting the fluorophore struc-
ture or fluorescence behavior.[55] This allows for bimodal
imaging; fluorescence imaging and positron emission tomog-
raphy (PET). Compound 38 exemplifies bimodal imaging tags
that can be used to label bioactive molecules (Figure 9C).[55b]

Further applications for bioimaging include staining of natural
lipids (e.g., with commercial dye 34) and larger BODIPY
derivatives such as 39 have recently been reported as
fluorescent probes for membrane potential imaging.[56] In
addition, BODIPYs have recently been used as fluorescent
sensors for the detection of H2S,

[57] thiols[58] and hypochlorite
(ClO� )[59] in vivo and/or in living cells.

4.4. Cyanines

Cyanines have a long history as colorants for various applica-
tions, such as photo-emulsion sensitizers,[2g,61] histology stains,[62]

and DNA intercalating dyes.[63] In the early 1990s, Waggoner
and co-workers expanded the scope tremendously by develop-
ing sulfonated cyanines – water-soluble fluorescent probes that
are suitable for biolabeling applications.[64] Since then, various
cyanine derivatives (e.g., Cy® Dyes, trademarked by GE health-
care) have been used as standard fluorophores for bioimaging
applications such as immunolabeling.[65] Their wide popularity
stems from their tunable photophysical properties (up to the
NIR spectral region), narrow absorption bands, and exception-
ally high molar extinction coefficients.[1b] The general cyanine
structure (Figure 1) consists of a polymethine chain with two
nitrogen-containing groups at each end. These are typically
heterocycles such as indolenines or benzothiazoles (closed

chain cyanines). Hemicyanines have only one heterocyclic end
whereas streptocyanines are open-chain cyanines.[1b]

For synthetic approaches to monomethine[66] derivatives
(n=0, Figure 1), which are less common, and cyanines that are
not based on indolenine, the reader is advised to consult
provided references.[67] Synthetic routes to tri-, penta- and
heptamethine indocyanines (i. e. indolenine-based cyanines) can
start from phenylhydrazine 40[68] but often originate from 2,3,3-
trimethylindolenines 41 (Figure 10A).[2g,69] When using the latter,
the indolenine nitrogen is first quaternized (42) with an alkyl
halide, activating the C-2 methyl group for subsequent
condensation with an appropriate dianilide hydrochloride in
acetic anhydride.[69a] The hemicyanine intermediate 43 can
further be subjected to condensation with the desired
indoleninium salt under basic conditions to yield either sym-
metrical or unsymmetrical cyanines 44.[70]

Cyclohexene-bridged cyanines feature improved photo-
stability and are thus very common. The corresponding Schiff
bases 45 can be synthesized from cyclohexene (46), or an
appropriate derivative, in a Vilsmeier-Haack reaction followed
by condensation with aniline (Figure 10B, top).[71] Modification
on the heptamethine chain has thus far been largely limited to
the meso position (R4). For instance, meso-chloro substituted
cyclohexene-bridged cyanines can alternatively be synthesized

Figure 10. Synthesis of cyanines. A) Selected example of the synthesis of tri-,
penta, and heptamethine indocyanines (44). B) Synthesis of common
building blocks for cyclohexene-bridged heptamethine cyanines.
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from cyclohexanone (47) via precursor 48 (Figure 10B,
bottom).[72] Alternatively, a recent publication describes a new
approach to diverse heptamethine-chain-substituted derivatives
by ring-opening of pyridinium salts under mild conditions.[73]

The cyanine scaffold can be easily functionalized to enhance
solubility in aqueous solvents or to provide building blocks for
larger conjugates. For example, substitution in the R5 position
(typically sulfonation) of the trimethylindolenine can be
accessed by cyclization of the corresponding substituted
phenylhydrazine 40 with 3-methyl-2-butanone in acetic acid
(Figure 10A).[64d,68,74] Recently, a novel method for decorating the
indolenine backbone was reported using intramolecular aro-
matic substitution of 2-(2-methoxyphenyl)-2-meth-
ylpropanenitrile derivatives.[75]

The structure-photophysical property relationships of cya-
nines are summarized in Figure 11A. The length of the
polymethine chain significantly influences the emission wave-
length and the molar extinction coefficient (cf. mono- (49), tri-
(50), penta- (51), and heptamethine (52) cyanines, Figure 11B).
Bathochromic shifts of approximately 100 nm per additional
double bond are commonly observed. However, the chain
cannot be extended infinitely due to diminishing photostability.
For instance, nonamethine cyanines (n=4, Figure 1) decom-
pose rapidly when exposed to molecular oxygen and light.[67]

Using heptamethine (n=3, Figure 1) has therefore been a
viable approach to developing NIR-emitting cyanines with
optimized photophysical and physiological profiles. Another
option for obtaining red-shifted absorption and emission wave-
lengths is via annulative π-extension of the indolenine moieties.
This results in bathochromic shifts of approximately 30–40 nm
per additional phenyl ring.[1b] Indocyanines feature improved
photostability as compared to their benzothiazole analogs and,
therefore they are more commonly used for biological
applications. Improved photostability can also be obtained by
rigidization of the cyanine structure, which is often done by
embedding carbon atoms of the polymethine chain into
cyclohexyl rings, or less commonly cyclopentyl rings.[72a] The
fluorescence quantum yield typically benefits from this as
well.[76] Inhibition of intermolecular aggregation in solution also
has a positive impact on photostability (and brightness).[77]

Sterically bulky groups and anionic groups are therefore often
introduced on the cyanine scaffold. For instance, dimethyl
substituted indolenine moieties (i. e., R3, Figure 11A) are com-
monly seen fragments in indocyanines. In addition, sulfonates
are often attached to the indolenine nitrogen atoms through
alkyl linkers (i. e., R1 in Figure 11A) and/or directly to the
aromatic moieties (e. g., in the R5-positions) to prevent aggrega-
tion as well as to improve the solubility in aqueous media.[67]

However, excessive negative charge (e.g., by incorporation of
several sulfonate groups) increases the risk of non-specific
binding,[78] which further results in background fluorescence. To
prevent this, pegylated cyanines (i. e., structures with hydro-
philic polyethylene glycol chains) have been synthesized,[79] e.g.,
CF® Dyes developed by Biotium.

Groups useful for functionalization at a later stage of the
synthesis are typically (alkyl)carboxylic acids or activated esters,
which enable simple labeling of biomolecules such as

Figure 11. Structural and bioimaging features of indocyanines. A) Structure-
property relationship of indocyanines in terms of water solubility, photo-
stability, and possible positions for further functionalization. B) Selected
examples show influence of chain length on photophysical properties in
methanol;[66,69b,71b,80] ɛ unit: M� 1cm� 1. C) Selected example for the use of
cyanines as bioimaging fluorophores. Indocyanine green is an in vivo
imaging agent for angiography and fluorescence-guided cancer surgery.
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proteins.[64b–d,81] In cyclohexene-bridged cyanines, a chloride
substituent is usually introduced in the R4’ position. This allows
subsequent conversion into a variety of other substituents or
functional groups by radical-nucleophilic aromatic substitution
(SRN1) or metal-catalyzed cross-coupling reactions.[82] 4’-EWGs
have been shown to improve the photostability of cyanines,[80,83]

although these have been associated with reduced fluorescence
quantum yields. Furthermore, significant bathochromic shifts of
absorption and emission maxima are observed with EWGs,
whereas EDGs cause hypsochromic shifts (i. e., to shorter wave-
lengths) but largely preserve or even enhance fluorescence
quantum yields.[80,84] Interestingly, the effects of EWGs and EDGs
on fluorescence quantum yield as well as absorption and
emission maxima are inverted when these substituents are
placed one position further in the cyanine chain.[73,80] It should
also be noticed that many cyanine derivatives exhibit very small
Stokes shifts (e.g., <25 nm). This problem can successfully be
overcome in cyclohexene-bridged heptamethine derivatives by
introducing an aminoalkyl substituent in the R4’-position that
facilitates intramolecular charge transfer and thus leads to red-
shifted emission.[84–85] The applications of cyanines within the
field of bioimaging are numerous and diverse.[1] For instance,
the FDA-approved indocyanine green (53, Figure 11C) has been
used for decades as an in vivo imaging agent for angiography,
and in recent years as a probe in fluorescence-guided surgery
to define tumor tissue.[86] Other applications for cyanines as
fluorescent probes comprise selective imaging/detection of
H2S,

[87] cysteine,[88] and glutathione[89] in living cells. Further-
more, cyanine-phospholipid aggregates may be applied in non-
invasive dynamic vascular imaging,[90] and peptide-cyanine
conjugates have been used in NIR in vivo tumor imaging.[91]

5. Summary and Outlook

In this minireview, we have summarized basic fluorescence
concepts, practical considerations when using small organic
compounds for bioimaging, and described four of the most
commonly used fluorescent scaffolds in chemical biology
(coumarins, xanthenes, BODIPY-based derivatives, and cya-
nines). Compounds that contain these units hold a broad
appeal in bioimaging applications due to their ease-of-access
(commercial availability and reliable synthetic protocols), favor-
able photophysical properties, and low or non-toxicity. We
foresee that the bioimaging research area will continue to
expand in the forthcoming years, for instance through further
development of new NIR probes that can be used as non-
invasive diagnostic tools for medical imaging in the clinic. We
hope this contribution will help and encourage newcomers in
the field in their endeavors to develop new fluorescent imaging
agents that can be used successfully in various biological
settings.
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