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The use of fluorescent probes in a multitude of applications is still an expanding field. This review covers the recent
progress made in small molecular, spirocyclic xanthene-based probes containing different heteroatoms (e.g.,
oxygen, silicon, carbon) in position 10'. After a short introduction, we will focus on applications like the interaction of
probes with enzymes and targeted labeling of organelles and proteins, detection of small molecules, as well as
their use in therapeutics or diagnostics and super-resolution microscopy. Furthermore, the last part will summarize
recent advances in the synthesis and understanding of their structure—behavior relationship including novel
computational approaches.
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| 1. Introduction

Adolf von Bayer first synthesized fluorescein in 1871 from phthalic anhydride and resorcinol in the presence of zinc
chloride . Since then, fluorescein and its plethora of congeners manifested in a new and versatile branch of
research [&. Nowadays there are many different classes of fluorophores, ranging from large fluorescent proteins
(i.e., green fluorescent protein (GFP), yellow fluorescent protein (YFP)) BI4E over small fluorescent molecules
(i.e., coumarins B naphtalimides BlIE2 BODIPYs L2314 cyanines [2I18] or fluoresceins/rhodamines 11
(28][191[20]y to fluorescent quantum dots (2122 Three main classes exist: fluorescein (contains two phenol groups),
rhodamine (contains two aniline groups), and rhodol (contains one phenol group and one aniline group) (231,
Commercialized fluorescein/rhodamine-based dyes (e.g., MitoTracker 24]) are being used daily in a vast amount of
chemical, biological or medical research laboratories. These molecules are utilized to visualize and quantify a
multitude of static or dynamic processes in living cells due to their high sensitivity, real-time detection, and non-
destructive fast analysis [22l28127] The probes can target a variety of biological targets due to their structural
adjustability [2812980I81[32]  Flyoresceins/rhodamines are specifically interesting because of their ability to form a
non-fluorescent spirocyclic and a fluorescent open form which can be controlled by external triggers like pH,
chelation, or an enzymatic reaction 231, Furthermore, the ease of chemical modification, good water solubility, high
stability and brightness makes them the most popular dyes used in fluorescence imaging. The main chromophore
of fluorescein/rhodamine is its xanthene-core, which contains a bridging oxygen-atom in position 10" (Scheme 1)
(341351 This bridging atom rigidifies the structure to maximize the T-conjugation within the molecule and thus its

fluorescence 19S8ISTISE] However, the absorption and emission of fluoresceins/rhodamines lie within the range of
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500-600 nm, which limits their use in multicolor or in vivo imaging. The change of the bridging O-atom to other
atoms (C, Si, P, Se, S, Ge, or N) shifts the molecules absorbance maxima to the near-infrared region (NIR) (391,

Many dyes have been developed that cover different parts of the spectrum 22,

R; =R, = OR = Fluorescein
R; =R, = NR; = Rhodamine
R1=0R, R; = NR; = Rhodol

fluorescent open form non-fluorescent closed form
Scheme 1. Xanthene, the core-structure of fluorescein and the equilibrium of the open and the closed form of a
spirocyclic dye. X = O, S, Si(CH3),, C(CH3)2 and others; Y = O, NH.

Spirocyclic, xanthene-based probes usually have a hydroxy- or carboxy-moiety or other intramolecular
nucleophiles at the 2' position of a pendant aromatic ring at the C-9'-atom of the xanthene core (Scheme 1) [41][42]
This intramolecular nucleophilic-moiety attacks the sp2-hybridized C-9'-atom and forms the colorless spirocyclic
form. We previously determined the pH-value at which 50% of the molecules are present in the non-fluorescent
form as the pKcyc value (431 chemical modification of the xanthene core, intramolecular nucleophiles, and the
pendant aromatic ring can significantly alter that value [44]45]  This PKeyel Value is especially important if the dye
should be highly fluorescent at a certain pH, such as the physiological pH of 7.4 for example. On the other hand,
for high resolution microscopy it is important that the pKcyc value is much lower, since only a tiny fraction should be

fluorescent at a given time so single molecules can be detected Z8IE471,

Another advantage of these dyes is that they can be caged by reacting their aniline or phenol groups with, for
example, moieties which are reactive towards biologically relevant molecules or proteins via ether, amide, or ester
bonds. This caging alters the fluorescence behavior of the fluorophore turning it non-fluorescent and only after
reaction with the desired target is its bright fluorescence restored [48][490[50]  Thijs target-oriented fluorescence
activation is what makes these dyes so interesting, as it often results in high signal-to-noise ratios because of little
to no nonspecific activation. Targets can range from enzymes to small molecules, organelles, metal ions or simply
the pH of the surrounding environment. Moreover, structural changes in the probe itself alter its spectroscopic
properties, which allows for fine tuning of the excitation and emission wavelengths BLB2] oy example, many
fluorescein/rhodamine analogues have been developed that contain a different heteroatom (e.g., Si, C, P, Se) than
oxygen in the 10'-position, resulting in large shifts of their emission and excitation maxima and hence different
colors BIBE8l These probes can then be used simultaneously, and different targets can be targeted at the same
time. Furthermore, a shift to the near infrared (NIR) region allows deeper penetration of tissue, as well as less

photodamage, given the lower energy of the light 221581,

Several different signal-conversion mechanisms have been utilized. These include Forster resonance energy
transfer (FRET) B2 intramolecular charge transfer (ICT) 28 photo-induced electron transfer (PeT) BE8l angd

restriction of intramolecular motion (RIM) (59,
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| 2. Applications
2.1. Enzyme Activation

The detection of enzymatic activity in living cells has become an important field of modern research 89, Enzymes
hold important roles in many physiological, pathological, and pharmacological processes. It is widely accepted that
some enzymes are causally related to a variety of cancers. For example, y-glutamyl-transpeptidase is expressed in
high levels in several cancers, including liver, cervical and ovarian cancers (616263164 enhanced enzymatic
activities of alkaline phosphatase can be detected in some bone cancers [83: B-galactosidase shows increased
activity in primary ovarian cancers (8. Localizing and determining the expression levels of these enzymes in live
cancer cells is of great importance for diagnosing cancer in its early stages and for monitoring the efficacy of
therapies. Enzymes specifically catalyze the conversion of certain substrates to their products. A probe bound to
one of these substrates will remain non-fluorescent, but upon reaction with the desired enzyme, it will restore its
fluorescence. These “turn-on”-probes can achieve high signal-to-noise ratios. In some cases, a linker between the
substrate and the fluorophore is desired, to reduce steric hindrance with bulky fluorophores that could hinder the
binding of the conjugated substrate into the active pocket of the enzyme 7. Another approach is the use of non-
substrate-based probes, which are bound to the inhibitors of enzymes or their natural ligands. The difficulty here
lies in the fact that it is challenging to discriminate between bound and non-bound probes. Probes have been
developed that turn fluorescent after binding to the protein of interest [8. Since the molecule is bound to the
enzyme, enzyme activation in real-time can be monitored and its activation and localization can be studied

dynamically.

2.2. Organelle and Protein Labeling

The visualization of organelles plays an important role in biological sciences. Each organelle contains its own
proteome, which is involved in its structural and functional properties 9. Lysosomes, often referred to as the
stomach of the cell, mitochondria, the powerhouse of the cell, and the cell nucleus are just some of the important
organelles in cells. The targeting of specific organelles is of great interest; Mitochondria for instance play a critical
role in several vital processes such as ATP production, central metabolism and apoptosis and a dysfunction is

related to many diseases 2,

To target mitochondria and simultaneously produce a water-soluble always on probe Xiao and coworkers mimicked
the spirolactam opening effect induced by metal-ions (Figure 1a, top) 2. They incorporated a positive charge via a
quarterly o-aminopyridine, that resembles the positive charge induced by bound metals (Figure 1a, middle) /2. The
probe 0-RPM shows florescence at a broad pH range (pH 3.5-13.0) and also in aprotic solvents such as DCM,
DMSO or acetonitrile. A pH titration of 0-RPM and a range of similar control molecules (Figure la, bottom) showed
that the controls were quenched at higher pH-values (pKy 4.46-5.67), whereas the target molecule showed
excellent stability over a broad pH range (Figure 1b). Mitochondria selectivity was confirmed by co-staining with

Rhodamine 123, a commercial mitochondrion tracker.
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Figure 1. Acid resistant, always-on, mitochondria targeting probe: (a) (top) Metal ion induced ring-opening reaction

of rhodamine spirolactam; (middle) Dominant structure of “always-on” rhodamine spirolactam o-RPM; (bottom)
Structures of 0-RPM and some rhodamine control spirolactams; (b) Normalized intensity at emission maximum vs

various pH values in aqueous solutions of 0-RPM and controls. Adapted with permission from [Z1],

2.3. Therapy and Diagnostics

Cancer is one of the major diseases that humanity is facing. Many therapies to cure or slow down its development
have been developed and many of them include small molecule drugs 2374, One major issue with these drugs is
that they tend to attack healthy cells as well. The most widely used anticancer drug is Cisplatin, which is also the
only metal-based anticancer drug used clinically Z2IZ8I77 Even though it is widely used, it has toxic side effects,
which led researchers to develop non-platinum metal anticancer drugs Z8I798Y Nowadays several other transition
metal complexes like iridium complexes that show anticancer activity have been developed [BLI82][83][84][85][86]
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However, half-sandwich iridium complexes for example suffer from unknown targets, unclear mechanisms and
poor selectivity between cancer and normal cells BZIE8 One target of anti-cancer compounds are lysosomes,
which are evolutionary conserved organelles that are thought to play a big role in the regulation of apoptosis 82129,
To better understand and address the above-mentioned issues the group of Liu developed four rhodamine

coordinated iridium complexes complex 1-complex 4 which show high anticancer activity (Figure 2a) 211,
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Figure 2. Ir-piano-stool anticancer drugs: (a) Structures of four iridium piano-stool rhodamine anticancer drugs; (b)

Lysosomal membrane permeabilization in A549 cancer cells. A549 cells without (A), with 1 x ICgq (B) and 3 x 1Cxgq

(C) complex 3 and then stained with AO. Adapted with permission from 211,

2.4. Small Molecule Detection

Biothiols, for example, are important antioxidants during oxidative stress or injury, serve as chelators for metals and
act as essential signaling molecules. For example, glutathione (GSH) the most abundant non-protein biothiol, is
involved among others in the maintenance of intracellular redox activities and signal transduction, proliferation,
apoptosis, and gene regulation 22231 |ts concentration ranges intracellularly from 1-10 mM and extracellularly
from about 5-25 pM. Abnormal levels of biothiols are linked to several diseases, including cancer. Cysteine (Cys)
for example is linked to liver damage, slow growth, or edema, while homocysteine (Hcy) is associated with
cardiovascular and Alzheimer’s disease, and H,S is linked to colorectal cancer [24195119681  Gjven their importance in
cell metabolism fluorescent probes have been developed to track the concentration of biothiols in real time with

high sensitivity and selectivity 71,

However, that most probes lack discrimination between the different biothiols still presents a challenge. A novel
glutathione selective near-infrared probe was developed by Quian and coworkers that could detect GSH over Cys
and Hcy within 5 s by the naked eye 28], Their system is based on a conjugate addition by a Knoevenagel reaction

and intramolecular amino induced spirolactam opening (Figure 3). The chemosensor RhAN absorbs at 717 nm and
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emits at 739 nm with an increase of fluorescence of 90-fold after addition of GSH (20 mM), while other amino acids

showed almost no increase in fluorescence.
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Figure 3. The possible mechanism of RhAN sensing toward GSH based on conjugate addition and intramolecular

amino induced spirolactam opening. Adapted with permission from 28,

2.5. Super-Resolution Microscopy

Super-resolution microscopy, developed by Betzig, Hell and Moerner was awarded the Nobel Prize in 2014, and

NII100]1101] several recent techniques in super-resolution imaging made it

became a powerful tool to visualize cells L
possible to look beyond the diffraction-limit of about =200 nm in common microscopy. The developed techniques
include stimulated emission depletion (STED) L9198l photoactivated localization (PALM) 29411951 and stochastic
optical reconstruction (STORM) 298197l These have been widely used to image biomacromolecules or subcellular
organelles with sub-diffraction resolutions. The principle of super-resolution PALM imaging for example makes use
of “dark” and “fluorescent” pair states of the fluorescent dyes. Due to a quick change between the open and closed
form a blinking is observed, which enables the temporal and spatial separation of adjacent molecules. While
photoactivatable fluorescent proteins and small molecular fluorophores are employed, rhodamines remain the main
fluorophore used, due to their superior photostability. The group of Yang developed a nitroso-caged

(108]

photoactivatable rhodamine for PALM super-resolution imaging of lysosomes . Even though a variety of photo-

cages have been developed, only o-nitrobenzyl groups and a few others are being utilized as PALM probes [109]
[110][111][112][113]

Dyes with photo cleavable o-nitrobenzyl groups, release toxic and highly colored o-nitrobenzaldehyde upon
cleavage. The newly reported probe NOR535 on the other hand is non-fluorescent and upon irradiation with UV
light (405 nm) only endogenous and biocompatible nitric oxide is produced (Figure 4a). Two morpholine moieties
were introduced to target lysosomes. After the nitric oxide was cleaved the resulting probe showed slight

fluorescence (Aexc = 520 Nm, Aem = 550 nm, @ = 0.09), probably due to a PET quenching effect of the morpholines.
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Upon protonation (as mentioned before lysosomes are acidic organelles), however, bright fluorescence with a blue-
shifted excitation and emission wavelengths was obtained (Agyc = 510 Nnm, Ay, = 535 nm, ® = 0.97). The photo-
activatable probe was utilized in HelLa cells and colocalization with Lysotracker Red confirmed the selectivity for
lysosomes. Super resolution PALM imaging of lysosomes in HelLa cells by a total internal refraction fluorescence
microscope (TIRFM) showed reconstructed super resolution images with a detailed lysosomal morphology (Figure
4b). The transverse profiles of a single lysosome revealed a width of 86.8 nm. The number of mean photons

emitted was =577 with a good localization precision of 14.3 nm.

@ ()

N N

N P we,

Figure 4. Biocompatible photo-caging strategy: (a) Structure, crystal structure and sensing mechanism of
NOR535; (b) NOR535 super-resolution imaging of lysosomes in live HeLa cells. Wide-field image (A) and PALM
image (B) of the lysosomes; (C,D) Enlarged maps of the boxed areas of images A and B, respectively, showing a
single lysosome. (E) Transverse profile of a single lysosome along the white line in C and D. (F) Histograms of the
number of photons per single-molecule event. (G) Histograms of the localization precision. Adapted with
permission from (28], Scale bars = 2 um (A,B), 300 nm (C,D).
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3. Synthesis and Structural Aspects

Even though xanthene-based dyes have been known and investigated for about 150 years, their structure-function
properties are still not completely understood. Deactivation pathways, solubility and biocompatibility issues, solvent
effects, fine tuning of spectroscopic properties and related difficult syntheses are just a few problems. An
interesting enhancement of the biocompatibility of rhodamine probes by a neighboring group effect was
investigated by Lukinavi¢ius and coworkers (1141 Fluorescent probes are often bound through a linker to a small
molecular ligand, that allows targeting the protein of interest. The linker and the fluorophore contribute largely to
the final properties of the probe. The result is often a reduced cell permeability or off-targeting 22I113] Spirocyclic
probes are present in their open, zwitterionic and thus more hydrophilic form, or in their spirocyclic hydrophobic
form, which shows better cell-permeability 11811171 Several ways have been investigated to favor the spirocyclic
form and hence increase the cell-permeability 118119120121  The methods include introducing electron-
withdrawing groups into the xanthene core or into the benzoic acid substituent. These changes result in a bulkier
core structure and alter the physicochemical properties of the dyes. By exploiting the neighboring group effect
(NGE), an effect where for example two neighboring carboxy groups can influence each other via steric,
electrostatic, or H-bond interactions, the group managed to develop probes with outstanding cell permeability
without changing their spectroscopic properties 122 |n contrast to the well-known 5'/6'-carboxyrhodamines the
existence of their 4'-isomers was debated for a long time due to synthetic challenges arising from steric hinderance

and the altered reactivity of adjacent carbonyl groups related to the ortho-effect 191,

4. Computational Approaches

Even though there are plenty of probes available and guidelines on how to fine tune and rationally design the pKy
value of spirocyclic probes, it is still mostly a trial-and-error approach to end up with a molecule with the desired
properties. Synthesis is often time consuming and involves many steps to introduce a certain group into a molecule
which often must be already present in the starting materials. Computational chemistry has become a crucial part
of today’s research and it can help to predict equilibrium constants of spirocyclization of novel molecules as our
group has shown recently for hydroxymethyl rhodamines (HMR) 24l This might help to revolutionize design
strategies and hence eliminate time-consuming synthesis of multiple candidates. The equilibrium of the open and
the closed form is pH-dependent and the pK. values of known HMR derivatives were used to quantum
chemically predict novel probes. Assuming that only four species (open forms under acidic O, and basic conditions
Og and closed forms under acidic C5 and basic Cg conditions) were involved in this equilibrium the pK value
can be interpreted as the pH value at which the concentration of the open forms (O, + Og) is equal to that of the
closed forms (Ca + Cg) (Figure 5A,B). This leads to the equation in Figure 5C which can be used to predict pKcy
values by quantum chemically estimating the difference in free energy AG between the open form and the closed
form. The equilibrium constants Koy and Kyyy can be replaced by reported pK, values of similar structures
(benzyl alcohol, Koy = 107154 aniline, Koy = 10748; N,N-dimethylaniline, K yy = 10749).The calculations were
performed at the B3LYP/6-31G(d) level with water included in the PCM model. We found that it is crucial for
accurate calculations to introduce first shell water molecules in the calculations, and that a three-water bridge

between the nucleophilic hydroxymethyl group and the amino groups of the xanthene ring gave results in very
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good agreement with previously reported values of known rhodamine probes. These results are interesting, since
the proton moves from the nucleophile to the amino group during the spirocyclization reaction. The activation free
energy of this reaction of HMTMR was thus estimated to be 28.7 kJ mol™! by IRC calculations which suggests the
reaction can proceed spontaneously at room temperature 123 Next, we calculated PKeyel Values of molecules
bearing F, Me, CF3 or H moieties in positions 3', 4', 5" and 6' of the benzyl ring, that have never been synthesized
before. After synthesizing a few of these structures, their measured pKc, values were in good agreement with
their predicted values. The trend of the introduced groups suggests a strong impact on lowering the pKc, value by
substituents on position 3, regardless of their electron-donating- or withdrawing effects. The bulkiness of the
moieties next to the attacking nucleophile seems to play a bigger role.
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Figure 5. Intramolecular spirocyclization of HMR derivatives. (A) Acid—base equilibrium of HMR derivatives; (B)
Correlation between pH and normalized fluorescence intensity of HMTMR; (C) Formula for pKcy based on
statistical mechanics and the visualization of AG. Adapted with permission from [44],

5. Conclusions and Perspective

In this review, we summarize the research progress on small, spirocyclic xanthene-based
fluorescent probes within the last three years. For 150 years spirocyclic xanthene dyes have
become an essential tool for modern research. This review covered only a fraction of possible
applications and recent publications in the field. Even though these probes have been used for a
long time, many uncertainties remain. Researchers like Lavis, Lukinavi€ius, Johnsson, and Hell
have helped to understand and cope with effects such as photobluing, cell permeability, and how
to fine tune probes to hold the best possible properties. Computational chemistry is by far no new
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technology, but it only recently became of great interest for predicting suitable candidates without
the need for tedious syntheses,as shown by us and the Liu group. This might lead to novel
probes that will perform their task more efficiently, resulting in brighter, more precisely located,
less toxic, and at higher wavelengths absorbing fluorophores. With nitrogen and phosphate,
almost all possible bridging atoms have already been introduced, but this may not be the end of
their optimization as different oxidation states or bound groups might also have a great influence.
A combination of these new findings may facilitate the development of probes that can easily be
used in vivo, which still remains an ongoing challenge.
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