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Introduction

Various strategies have been developed for triggering the release of a chemical or a biological effector by external stimuli, [START_REF] Lim | Nanomaterials for Theranostics: Recent Advances and Future Challenges[END_REF] including light which is a particularly attractive source of stimulation. Indeed, light can be readily available and focused, allowing precise temporal and spatial definition of the stimulus. In addition, light exposure time and intensity can also be precisely controlled and, as a consequence, the strength of the stimulus can be finely tuned. [START_REF] Yun | Light in diagnosis, therapy and surgery[END_REF] Photoactivation techniques, including photolysis (phototriggered release), sensitizer-assisted light-induced redox reactions, and photoisomerization, have proven to be attractive in various fields of chemistry [START_REF] Miguel | Wavelength-Selective Caged Surfaces: How Many Functional Levels Are Possible?[END_REF] and biology. [START_REF] Brieke | Light-Controlled Tools[END_REF] Even though the idea of regulating processes with light is in no way new, [START_REF] Crick | Thinking about the Brain[END_REF] recent years have witnessed technology improvements allowing light to become one of the major orthogonal trigger used today in many fields of biology, such as neuroscience, [START_REF] Berlin | Synapses in the spotlight with synthetic optogenetics[END_REF] cell biology, [START_REF] Deiters | Principles and Applications of the Photochemical Control of Cellular Processes[END_REF] genetics or embryology. [START_REF] Goegan | Synthesis and Characterization of Photoactivatable Doxycycline Analogues Bearing Two-Photon-Sensitive Photoremovable Groups Suitable for Light-Induced Gene Expression[END_REF] Chemical photoswitches and phototriggers provide two strategies to rapidly cause the initiation of a wide range of dynamic biological processes. [START_REF] Brieke | Light-Controlled Tools[END_REF] The first type is referring to reversible synthetic photoisomerizable compounds using photoswitches in order to manipulate biological functions reversibly using light, and is wildly used in the opto-pharmacology field. [START_REF] Brieke | Light-Controlled Tools[END_REF] The second type, described as seminal opto-pharmacology, is related to irreversible "caged compounds" that release biological effectors after photolysis. Chemical phototriggers can rapidly cause the initiation of a wide range of dynamic biological processes by a light induced and localized concentration jump of a natural biological effector. [START_REF] Brieke | Light-Controlled Tools[END_REF][START_REF] Berlin | Synapses in the spotlight with synthetic optogenetics[END_REF][START_REF] Deiters | Principles and Applications of the Photochemical Control of Cellular Processes[END_REF][START_REF] Goegan | Synthesis and Characterization of Photoactivatable Doxycycline Analogues Bearing Two-Photon-Sensitive Photoremovable Groups Suitable for Light-Induced Gene Expression[END_REF] This strategy uses light irradiation to induce a photolytical reaction, leading to the controlled release of chemically or biologically active compounds. Initially, PPGs were used mainly in organic synthesis. [START_REF] Rajasekharan Pillai | Photoremovable Protecting Groups in Organic Synthesis[END_REF] Kaplan, Forbush, and Hoffman have given a new prospect to this particular class of protecting groups by developing the first so-called "caged compounds" for respectively the in vitro light-controlled release of adenosine triphosphate (ATP) and cyclic 3',5'-adenosine mono-phosphate (cAMP). [START_REF] Engels | Synthesis, structure, and reactivity of adenosine cyclic 3',5'-phosphate-benzyltriesters[END_REF] This strategy has been successfully developed and used to mask the activities of various biomolecules, including peptides, proteins, nucleic acids, and many other bioeffectors. [START_REF] Brieke | Light-Controlled Tools[END_REF][START_REF] Berlin | Synapses in the spotlight with synthetic optogenetics[END_REF][START_REF] Deiters | Principles and Applications of the Photochemical Control of Cellular Processes[END_REF][START_REF] Goegan | Synthesis and Characterization of Photoactivatable Doxycycline Analogues Bearing Two-Photon-Sensitive Photoremovable Groups Suitable for Light-Induced Gene Expression[END_REF] The use of UV irradiation (normally within power density between 10 -3 and 10 -1 W.cm -2 ) to manipulate the functions of biomolecules or mediate on-demand drug release in living systems via effective photoactivation with very high spatial and temporal control is a remarkable, well-developed and reviewed technique. [START_REF] Brieke | Light-Controlled Tools[END_REF][START_REF] Berlin | Synapses in the spotlight with synthetic optogenetics[END_REF][START_REF] Deiters | Principles and Applications of the Photochemical Control of Cellular Processes[END_REF][START_REF] Goegan | Synthesis and Characterization of Photoactivatable Doxycycline Analogues Bearing Two-Photon-Sensitive Photoremovable Groups Suitable for Light-Induced Gene Expression[END_REF] During the last two decades, the challenge was to overcome the difficulty that only high energy light can induce photochemical reactions. One strategy to lower the energy within the domain of one-photon excitation process is based on tailoring the caging groups with extended π-conjugation and introducing heteroatoms and functional groups in the ring system, leading to blue light-sensitive photoremovable groups in the coumarinyl, [START_REF] Hagen | {7-[Bis(carboxymethyl)amino]coumarin-4-yl}methoxycarbonyl derivatives for photorelease of carboxylic acids, alcohols/phenols, thioalcohols/thiophenols, and amines[END_REF] o-nitrobenzyl and o-nitrophenethyl series. [START_REF] Specht | The donor-acceptor biphenyl platform: a versatile chromophore for the engineering of highly efficient two-photon sensitive photoremovable protecting groups[END_REF] More recently, even more red shifted wavelength can be used, for example with BODIPY's (Scheme 1). [START_REF] Goswami | BODIPY-Derived Photoremovable Protecting Groups Unmasked with Green Light[END_REF] Another developed strategy is based on two-photon (TP) induced photolysis, which enables long wavelength photoexcitation. This technique requires not only developing new photoremovable groups with larger molecular TP absorption cross-sections, but also expensive light sources to induce TP triggered photoreactions. [START_REF] Furuta | Brominated 7hydroxycoumarin-4-ylmethyls: Photolabile protecting groups with biologically useful cross-sections for two photon photolysis[END_REF] TP absorption only occurs at the focal point of a focalized laser beam, therefore enabling intrinsic 3D spatial resolution of the photolysis area (it can be as little as 1 fL and below). Hence, for biomedical applications, two-photon absorption is a time-consuming spot-by-spot process to expose macroscopic materials like tissues or organs. These features have recently stimulated the need of in situ nanotransducers that can generate UV or visible light with a low-energy NIR excitation. Such nanotransducers can be used to trigger photochemical reactions spatially restricted to the nanometer range around the particle surface. 16 The uses of uncaging techniques from a biology perspective requires to fulfill several criteria. From a chemical, biochemical and photophysical point of view, caged compounds must: 1) render the parent molecule biologically inert, 2) be activated upon exposure to UV, visible or IR light that would not be harmful to live cells or tissues at the dose used, 3) release the parent molecule rapidly enough to trigger the biological process of interest, 4) be stable in a physiologically relevant aqueous solution without photoirradiation and 5) not have toxicity to live cells or tissues. All recent improvements of those criteria, including two-photon sensitivity optimization, have already been extensively discussed in excellent earlier reviews. [START_REF] Berlin | Synapses in the spotlight with synthetic optogenetics[END_REF][START_REF] Deiters | Principles and Applications of the Photochemical Control of Cellular Processes[END_REF][START_REF] Goegan | Synthesis and Characterization of Photoactivatable Doxycycline Analogues Bearing Two-Photon-Sensitive Photoremovable Groups Suitable for Light-Induced Gene Expression[END_REF][START_REF] Furuta | Brominated 7hydroxycoumarin-4-ylmethyls: Photolabile protecting groups with biologically useful cross-sections for two photon photolysis[END_REF] In addition, from a technical point of view, the use of photoactivation techniques is very challenging on complex biological systems. In particular, it's always extremely difficult to define a reproducible photoactivation protocol. Firstly, because the calibration of the triggering beam can be difficult in complex systems (like cells, tissues, or living organism). Secondly, because the local concentration of the inactive precursor is unknown, which makes it difficult to deliver a specific concentration of substrate. Accordingly, a straightforward quantification of uncaging reactions in living cells and the liberation of defined amounts of active biological effectors is sought-after. In this review, the basic strategies for designing caged compounds leading to acute quantification of the uncaging events by fluorescence are discussed.

Development of caged pro-fluorophores

Amongst the described applications of the uncaging concept, a spatio-temporal controlled release of fluorescence by photochemical activation does represent a powerful tool for accurate quantification of uncaging reaction (Figure 1). Therefore, the use of PPGs for the release of a fluorophore can lead to an efficient monitoring of the uncaging process in complex biological systems. This technology is also extremely useful for cellular biologists, especially when the fluorescent signal allows the tracking of a cellular component in living systems or when the photoactivation enables the use of super resolution microscopy. [START_REF] Sengupta | Superresolution imaging of biological systems using photoactivated localization microscopy[END_REF] Those strategies have already been covered by us [START_REF] Puliti | Small photoactivatable molecules for controlled fluorescence activation in living cells[END_REF] and others [START_REF] Li | Switchable Fluorophores for Single-Molecule Localization Microscopy[END_REF] and would exceed the scope of this review, therefore we will not further develop this aspect of fluorescence uncaging reports here. In the following chapters, we will describe several strategies enabling the release of a functional biological (or chemical) effector together with a florescent report of the uncaging event in a single photochemical probe designed to allow such dual properties. 
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Fluorescent PPG and biological effectors as quenchers

In most cases, caged compounds and the uncaging secondary product exhibit similar fluorescence wavelength and brightness leading to light induced responses without quantification of the biological effector delivery. The first example of uncaging that occurs with an increase in fluorescence associated with the release of the desired substrate was reported by Hagen's group on coumarinyl caged cyclic nucleotides. [START_REF] Bendig | Coumarin-4-yl)Methyl Ester of cGMP and 8-Br-cGMP: Photochemical Fluorescence Enhancement[END_REF] In this case, the absence of fluorescence emission of the caged compound was accomplished through the quenching of the coumarin fluorescence by the nucleotide substrate moiety. This system is characterized by the difference in fluorescence between the starting caged compound and the uncaging by-product (as described in figure 2). Normally, coumarin-based caged compounds are fluorescent before photocleavage but when attached to cyclic adenosine or guanine nucleotides they show a very weak fluorescence due to an accelerated internal conversion from the excited state caused by mixing the -* and the n-* states. [START_REF] Bendig | Coumarin-4-yl)Methyl Ester of cGMP and 8-Br-cGMP: Photochemical Fluorescence Enhancement[END_REF] This energy transfer between the coumarinyl moiety and the nucleobase moiety leads to a drop in the fluorescence or socalled fluorescence quenching. This quenching is advantageous in this case because it helps in quantifying the release of cAMP or cGMP from the fluorescence observed after photocleavage due to the liberation of the coumarin by-product. Of note, the group of Hagen has been able to used coumarinyl caged cyclic nucleotides for in vitro cell imaging and real time monitoring of the uncaging event. 20d More recently this concept was used by Pradeep Singh and co-workers. In a very interesting piece of work, the fluorescence of coumarinyl PPGs was quenched by non-fluorescent onitrobenzyl PPG in order to develop "dually locked" photoresponsive drug delivery systems. [START_REF] Karthik | A targeted, image-guided and dually locked photoresponsive drug delivery system[END_REF] Therefore, chlorambucil (an anticancer drug) was caged using a fluorescent 7-hydroxycoumarinyl. This PPG was "locked" on his phenolic function using an o-nitrobenzyl PPG. The "locking" of 7hydroxycoumarin by a o-nitrobenzyl PPG switches off the fluorescence of 7-hydroxycoumarin, but after brief illumination (360 nm or 720 nm using one and TP excitation respectively) the fluorescence is restored, and this can be used to "unlock" the coumarinyl uncaging reaction. Therefore, once this second phototrigger is unlocked, extended irradiation can be used to release the drug. This probe was used on cells, and one-and twophoton excitation rapidly activated an increased fluorescence in living cells. This property was employed for the real-time monitoring of a prodrug by in vitro cellular imaging. Extended irradiation of this tool resulted in release of the anticancer drug chlorambucil, leading to a light controlled increased cytotoxicity towards the MDA-MB-231 cell line.

Tethered Fluorescent PPG for the monitoring of uncaging events

Another interesting use of fluorescent PPGs (like coumarinyl PPGs) was demonstrated by Schultz and co-workers in the end of 2015, with a focus on the use of the fluorescence characteristic of coumarinyl PPGs for plasma membrane-specific photoactivation. [START_REF] Nadler | Exclusive photorelease of signalling lipids at the plasma membrane Nature Communications[END_REF] The principle of this method is based on the use of hydrophilic coumarinyl based PPG tethered to fatty acids. Such caged fatty acids led to a localized fluorescent signal before uncaging at the cellular membrane, followed by a lipid flip-flop. Upon photoactivation by UV light, the fatty acid remains in the plasma membrane enabling the trigger of physiological events, whereas the coumarin-OH by-product is released inside the cellular space. Consequently, a fluorescence is observed at the vesicles level due to the entrance of the highly hydrophilic coumarin-OH to these vesicles by endocytosis. This pioneer work using tethered fluorescent PPG for the monitoring of uncaging events (Figure 3) has been recently extended respectively to the organelle-targeting of such photochemical tools and to other PPGs families. Firstly, the group of Nadler was able to develop coumarin-based PPGs that can be modified with organelle-targeting moieties by click chemistry. 23 Those new caged lipids thus enable precise photorelease of lipid messengers in distinct organelles, a crucial behavior for cellular signaling studies. Secondly, Yushchenko and co-workers have also recently described o-nitrobenzyl PPGs (usually nonfluorescent PPGs) modified by hydrophilic fluorophores. Those fluorescent o-nitrobenzyl PPGs (called ONB-Rh) have been applied to the development of caged oleates leading to a semi-orthogonal application of ONB-Rh PPGs and coumarinyl PPGs for a sequential photorelease of lipids. [START_REF] Gaur | Nitrobenzyl-based fluorescent photocages for spatial and temporal control of signalling lipids in cells[END_REF] In summary, this method acts as a tool for membrane imaging of caged lipids. But yet it has shown limitations since it provides only a qualitative information about the concentration jump of the biological effector.

Self-Immolative spacer for

Uncaging with Fluorescence Reporting.

In 2012, Jullien and co-workers were able to address the quantification of the uncaging event using a simultaneous release of a reporter and an effector from a common precursor in an equimolar ratio. [START_REF] Labruère | Self-Immolative" Spacer for Uncaging with Fluorescence Reporting[END_REF] This very elegant approach is based on the uses of branched self-immolative spacers able to release two molecules after a single triggering photocleavage. [START_REF] Amir | Self-Immolative Dendrimers[END_REF] For this purpose, an o-nitrobenzyl PPG was coupled to the selfimmolative 4,6-dibromo-2-hydroxy-5-methyl-1,3-phenylenedimethanol motif. It enables the simultaneous release of two substrates upon photoliberation of a phenolate function (Figure 4). In particular, using confocal microscopy, quantitative analysis was performed for the concomitant release of two fluorophores on HEK 293 cells. Using the same strategy, a prodrug featuring real-time prodrug localization and monitoring of the release event by dual fluorescence has been reported by Wu and co-workers in 2017. [START_REF] Liu | A two-photon-activated prodrug for therapy and drug release monitoring[END_REF] The authors have therefore developed a cleavable structure which comprises of a coumarinyl PPG, an anticancer drug (camptothecin), a self-immolative linker and a red fluorescent dye (dicyanomethylene-4H-pyran). In this smart photochemical tool, the fluorescence of coumarinyl and camptothecin was completely quenched by the dicyanomethylene-4H-pyran moiety via fluorescence resonance energy transfer. The internalization of the prodrug by the cells and its subsequent intracellular location was tracked using the red fluorescence signal of dicyanomethylene-4H-pyran while the release of active camptothecin was performed using one-or two-photon excitation. The uncaging process can be monitored using the appearance of the blue fluorescent signal of free camptothecin. The photoactivatable prodrug showed photocontrollable cytotoxicity toward HeLa cells and A549 cells, with low IC50 values of 4.01 and 2.53 μM respectively upon light irradiation and with IC50 values > 40 μM without light excitation. More recently, the group of Choi was also able to validate this principle for the release of anticancer drugs (taxol or doxorubicine) with a fluorescent reporter (fluorescein or coumarin). [START_REF] Wong | A Thioacetal Photocage Designed for Dual Release: Application in the Quantitation of Therapeutic Release by Synchronous Reporter Decaging[END_REF] In particular, the authors have developed a minimal spacer since a dual arm PPG was used, leading to a sequential dual release of two substrates. A thioacetal orthonitrobenzaldehyde (TNB) was designed to be cleaved in response to UV light exposure leading to C-S bond cleavage, followed by intramolecular self-immolation leading to the release of the free anticancer drugs (Scheme 2). This sophisticated PPGs has been successfully used to follow the light induced cytotoxicity by in situ fluorescence monitoring on KB cells for the first time. This new property for PPGs was a great achievement toward future applications of such photochemical tools. For example in the field of theranostic medicine for drug delivery imaging. 29 This versatile strategy allows to select any type of PPG and fluorophore (based on their photochemical and photophysical properties), thus leading to the development of photochemical tools for a wide range of applications. However, for any type of application, a time consuming synthesis is required.

Pro-fluorescent PPGs

Interestingly, PPGs can be designed to release a fluorophore as a side product. Therefore, different PPGs have been designed to allow direct monitoring of the uncaging event by the release of an easily detectable fluorescent side-product (Figure 5, Table 1).
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Photochemical &Photobiological Sciences ., 2020,00,123Please do not adjust margins In 2007, inspired by the work of Porter's group in the late 1980s, [START_REF] Turner | Photochemical activation of acylated alpha-thrombin[END_REF] Jullien and co-workers investigated the use of hydroxycinnamates for alcohol uncaging. [START_REF] Gagey | Two-Photon Uncaging with Fluorescence Reporting: Evaluation of the o-Hydroxycinnamic Platform[END_REF] This work focuses on the release of a coumarin uncaging by-product leading to a fluorescence signal used to quantify the release and report the uncaging event for the first time using pro-fluorescent PPGs. The light induced (330 -370 nm for one-photon irradiation) transformation of the (E)-isomer to the (Z)-isomer, leads to the liberation of an alcohol along with a coumarin by-product (strong fluorescent by-product with emission wavelength between 391 -482 nm, Scheme 3). This strong fluorescent signal of the coumarin uncaging side-product is therefore helpful to quantify the release of alcohols from these caged-systems. A watersoluble version of this pro-fluorescent PPG was reported in 2012 by Song and co-workers. [START_REF] Duan | Water-soluble ohydroxycinnamate as an efficient photoremovable protecting group of alcohols with fluorescence reporting[END_REF] Two examples of the use of ohydroxycinnamates were recently reported by Pradeep Singh and co-workers. [START_REF] Paul | ESIPT-induced fluorescent ohydroxycinnamate: a self-monitoring phototrigger for prompt image-guided uncaging of alcohols[END_REF][START_REF] Paul | o-Hydroxycinnamate for sequential photouncaging of two different functional groups and its application in releasing cosmeceuticals[END_REF] The first one is based on excited-state intramolecular proton transfer (ESIPT) inducing fluorescent ohydroxycinnamates formation. [START_REF] Paul | ESIPT-induced fluorescent ohydroxycinnamate: a self-monitoring phototrigger for prompt image-guided uncaging of alcohols[END_REF] In this study, an ESIPT is followed by a Z-E isomerization followed by a rearrangement yielding to a fluorescent benzothiazole-coumarin by-product, allowing the uncaging event monitoring in real time. The ESIPT phenomena leads to a huge stokes shift only for the PPG leading to a distinct fluorescence color change upon photorelease. In other words, the uncaging (of alcohol or phenol here) can be monitored by the drastic change in fluorescence emission from orange (for the hydroxycinnamates PPG due to the ESIPT phenomena) to blue (benzothiazole-coumarin) after photocleavage (Scheme 4).

Scheme 3: Mechanism of the uncaging process leading to the release of the caged alcohol (ethanol in this case) along with a Fluorescent Coumarinyl by-product. The second hydroxycinnamate based recently described work, allows sequential uncaging of two molecules with a concomitant liberation of a fluorescent coumarinyl by product. [START_REF] Paul | o-Hydroxycinnamate for sequential photouncaging of two different functional groups and its application in releasing cosmeceuticals[END_REF] Therefore, the photoisomerization of the PPG and the formation of the coumarin, associated with the release of the first molecule (containing an alcohol function), correspond to an in situ generation of a second phototrigger capable to release (in a second step) an second molecule (containing an acid function). This system was applied to the release of two different cosmeceuticals, e.g. ferulic acid ethyl ester (FEAA) and salicylic acid (SA) (Scheme 5). The formation of the coumarin chromophore during the first photochemical reaction leads to the establishment of a fluorescent reporter allowing the monitoring of the uncaging by fluorescence at 400 nm. To our knowledge, o-hydroxy-cinnamate PPGs have not been used yet on cells for the release of a biological effector with a concomitant quantification of the uncaging reaction.

-Thio-chromone pro-fluorescent PPGs Another work on pro-fluorescent PPGs has been described by Kakiuchi and co-workers for quantitative alcohols, 35a amines, 35a phosphoric acids, 35b carboxylic acids 35c or thymidine nucleobases 35d uncaging. They introduced the thiochromone S,S-dioxyde (TCM) as a pro-fluorescent PPG (Scheme 6). Of note, for the release of aliphatic alcohol or amine functions, respectively carbonate or carbamate linkages between the PPG and those functions are required. For all photolytical reactions, a highly fluorescent by-product derived from the thiochromone is formed as a uncaging by-product (scheme 6). More recently this PPG, was used to quantitatively release propargylic alcohols. [START_REF] Ma | Synthesis and Photochemistry of a New Photolabile Protecting Group for Propargylic Alcohols[END_REF] This thiochromone derivative was examined with various substrates to determine its application scope. In particular, using several propargyl derivatives (R1=R2= methyl or phenyl / R3= phenyl, p-bromophenyl, p-toluene, n-Butyl in Scheme 6), the deprotection reaction was carried out under irradiation (at 310 nm) to give the corresponding propargyl alcohol with >99% yields.

In parallel, UV-Vis and fluorescence spectra were recorded to monitor the formation of the by-product. An intense fluorescence emission at 445 nm appears after uncaging while the starting materials are non-fluorescent.

Another research work on thiochromone-type pro-fluorescent PPGs has been introduced by the same group, in 2017, for the release of biologically active alcohol functions. [START_REF] Hikage | Quantitative Photodeprotection Assessment of Caged Resveratrol by Fluorescence Measurement[END_REF] Interestingly in this recent study, the authors have used thiochromone-type PPG for the release of resveratrol by light excitation with a concomitant release of the fluorescent thio-chromone by-product (Scheme 6). Of note, resveratrol is known to be an antioxidant or an inhibitor of luciferase thus blocking the luciferin-luciferase reaction, inhibiting the formation of oxyluciferin and diminishing its generation. a luciferin-luciferase reaction, able to generate chemiluminescent (CL) product oxyluciferin, was used to monitor the biological effector's release by luminescence too. Thio-chromone pro-fluorescent PPGs have not been used so far on cells for the release of a biological effector with a concomitant quantification of the uncaging reaction. This type of proflorescent PPGs still needs to be improved. In particular, hydrophylic versions of this PPG are highly sought after in order to be able to perform uncaging experiments in water solution and on cell culture.

-BODIPY pro-fluorescent PPGs

One recent work by Winter and co-workers describes a family of pro-fluorescent BODIPY PPGs for Visible/Near IR light uncaging. [START_REF] Peterson | Family of BODIPY Photocages Cleaved by Single Photons of Visible/Near-Infrared Light[END_REF] The photocleavage of these BODIPY PPG was realized first using different alcohols as solvents and under light excitation in order to cleave the carbamate or carbonate linkage and release the attached molecule (Scheme 7). This group was able to design BODIPY PPGs following a structure-activity relationship. They described the synthesis of a set of BODIPY PPGs by chemically modifying several positions aiming to tune the photophysical and photochemical properties (Scheme 7). In particular, by adding strong electron-donating groups to two styryl linkers, a red-shifted absorption maximum up to 50 nm (Scheme 8) of the BODIPY PPG, compared to less conjugated systems, was observed. More interestingly, a fluorescent increase (at 600 nm) was generated after photoactivation of this class of BODIPY PPGs. [START_REF] Peterson | Family of BODIPY Photocages Cleaved by Single Photons of Visible/Near-Infrared Light[END_REF] Therefore, the red shifted PPG derivative was chemically modified with oligo-ethylene glycol chains for an increased water solubility in order to study the PPG optical properties in live cells. Of note, a 4-nitrobenzoic acid was used as leaving group. [START_REF] Peterson | Family of BODIPY Photocages Cleaved by Single Photons of Visible/Near-Infrared Light[END_REF] The authors were able to demonstrate that a 4-nitrobenzoic acid caged compound does not exhibit detectable fluorescence before uncaging, whereas upon irradiation at 635 nm, the nitrobenzoic acid is released and the PPG by-product retains its fluorescence signal in cells at 605 nm. These PPGs exhibit very interesting absorbance wavelengths that fall in the transparency window for biological experiments. However, the uncaging efficiency of this profluorescent PPGs need to be improved since relatively long irradiation time are required for the uncaging reaction to proceed (6-8 minutes irradiation using a microscope light source at 635 ± 15nm). Please do not adjust margins p-Hydroxyphenacyl (pHP) group is a well-known PPG due to its fast and highly efficient release of active molecules. These PPGs have shown less interest for biological applications because of their excitation wavelength below 400 nm and because the released by-product doesn't have any useful fluorescent properties. The group of Pradeep Singh was able to overcome these limitations by adding a 2-(2'-hydroxyphenyl) benzothiazole (HBT) core to the pHP. [START_REF] Barman | A p-Hydroxyphenacyl-Benzothiazole-Chlorambucil Conjugate as a Real-Time-Monitoring Drug-Delivery System Assisted by Excited-State Intramolecular Proton Transfer[END_REF] This HBT core induces a rapid ESIPT phenomenon which can assist the deprotonation of the pHP group for a faster release, with excitation higher than 400 nm as well as a distinct fluorescence shift upon photorelease. Using this pro-fluorescent PPG, the authors were able to develop a drug release system leading to the liberation of Chlorambucil (Cbl) using light with real time monitoring of the uncaging process. Interestingly, the pHP-HBT-Cbl system shows a green emission before uncaging, shifted to a blue one after photoliberation. The origin of this blue emission is the release of pHP-HBT-COOH by-product along with the drug according to the reaction presented in scheme 9. This system was used more recently by the same group for the development of a dual responsive drug release system (H2O2 and light responsive) and for the release of hydrogen sulfide. [START_REF] Biswas | Environment Activatable Nanoprodrug: Two-Step Surveillance in the Anticancer Drug Release[END_REF] Using this extremely interesting pro-florescent PPG, the of Pradeep Singh was able to nicely follow the uncaging reaction by fluorescence microscopy on cells. Of note, the reaction can be followed whether by the decrease of a greenemission band (517 nm for the PPG) whereas by the increase of the blue emission band (450nm for the uncaging by-product). However, this system is still very sensitive to triplet quenchers and its application on cells still requires relatively long irradiation time (around 15 min using a ≥ 410nm UV-visible lamp).

o-nitrobenzyl pro-fluorescent PPGs

The first example of pro-fluorescent o-nitrobenzyl PPG was introduced in 2018 by our group. [START_REF] Abou Nakad | o -Nitrobenzyl photoremovable groups with fluorescence uncaging reporting properties[END_REF] One of the most commonly used PPGs for the triggering of diverse biological responses is based on the o-nitrobenzyl photochemistry. Since the photolytical release mechanism of o-nitrobenzyl PPG leads to the formation of a nitrosoketone derivative, the introduction of an aryl substituent at the benzylic position yielded to a photolysis by-product able to rearrange in a conjugated -hydroxystilbene fluorophore (by a keto-enol tautomerism). Using this new class of o-nitrobenzyl PPGs, the photocleavage leads to an important increase of a specific fluorescence signal originating from the liberated o-nitroso by-products (Scheme 10). [START_REF] Abou Nakad | o -Nitrobenzyl photoremovable groups with fluorescence uncaging reporting properties[END_REF] Four different onitrobenzyl PPGs were designed and their photophysical properties were evaluated with the liberation of carboxylic acid upon irradiation at 405 nm. Interestingly, the keto-enol equilibrium is favored towards a more red-shifted fluorescent byproduct when the system is more conjugated (R= 4dimethylamino, 4-nitro and 4-methoxy phenyl) compared to a control compound (R = Br). This conjugation of the system after cleavage induces a tunable fluorescent signal generated from the o-nitroso enol by-product (Scheme 10 Please do not adjust margins Please do not adjust margins

One interesting example to mention is the 4-methoxyphenyl derivatives (Scheme 10, R = OMe), for which a 200-fold fluorescence increase was observed at 526 nm between the starting compound and the photolytical by-product. Therefore, a water-soluble version of this compound has been successfully developed for real time monitoring of the uncaging event in cell culture. [START_REF] Abou Nakad | o -Nitrobenzyl photoremovable groups with fluorescence uncaging reporting properties[END_REF] However, the uncaging efficiency of the described o-NB profluorescent PPGs are still very low, leading to long irradiation time for the uncaging reaction to proceed (15 minutes using a microscope light source at 360 ± 20nm). In the future, this strategy should therefore be applied to the development of more efficient visible light sensitive photoremovable groups in the o-NB series, to be able to follow the uncaging events by fluorescent microscopy with a concomitant release of a biological effector.

Summary, conclusions, and future outlook

Photoactivatable tools have been developed during the last decades leading to significative outputs for the study of dynamic processes in biology. In particular, sophisticated photoremovable groups have been successfully used for in vivo neurophysiological studies. [START_REF] Durand-De Cuttoli | Optofluidic Control of Rodent Learning Using Cloaked Caged Glutamate[END_REF] Therefore, newer PPGs have been described with improved photophysical properties, especially shifting the absorption maxima further into the visible/NIR region and enhancing the uncaging efficiency. The transfer of the ''caged" compounds technique to near-infrared region is the cornerstone for in vivo applications. A fine control of the photoactivation process is highly sought-after in order to precisely assess the amount of effectors locally photoreleased. However, classical PPGs and the uncaging secondary products exhibit generally similar fluorescence properties, preventing the possibility of quantification of the biological effector delivery. It would be very advantageous to monitor the uncaging event, for example, by the emergence of a fluorescent signal (e.g. optical reporting). In this review the different strategies allowing an acute quantification of the uncaging events by fluorescence have been described. Firstly, photoactivatable fluorophores enabling the quantification of the uncaging event without a concomitant release of an effector have been described. Then, the seminal strategy developed for the simultaneous release of cyclic nucleotides and fluorescent uncaging by-products based on fluorescence quenching on coumarinyl caged cyclic nucleotides was exposed. Then, a more general strategy was described based on the uses of tethered fluorescent PPGs, leading to a qualitative quantification of the uncaging events, by decrease of localized fluorescence signals. Finally, two strategies allowing a precise quantification of the uncaging events by fluorescence, together with a concomitant release of effectors, have been reported: the first one is based on the uses of PPGs and self-immolative spacers for the release of two substrates; the second strategy is substrate independent and is based on the release of a fluorescent uncaging by-product using pro-fluorescent PPGs.

The first strategy allows to select any type of PPG and fluorophore (based on their photochemical and photophysical properties), therefore this versatile approach can lead to the development of photochemical tools for a wide range of applications. The second strategy is more complex, since any pro-fluorescent PPG has its own photochemical and photophysical properties (see table 1). Up to date this strategy has already been able to release a large number of functional groups with the concomitant release of fluorescent side-products with fluorescence emission between 390 to 610 nm as summarize in table 1. Only 3 type of pro-fluorescent PPGs have already been successfully used for in vitro cell imaging and real time monitoring of the uncaging event. Therefore, those recent photochemical tools still need to be optimized. In particular, pro-fluorescent PPGs with better uncaging efficiencies together with a highly specific fluorescent signal generated by the by-product need to be developed.

In the future, if those type of photochemical tools can be implemented to caged biological effectors, this should lead first to an easy access to photoactivation protocols and therefore to more sophisticated cellular signaling studies, [START_REF] Bardhan | Development of photolabile protecting groups and their application to the optochemical control of cell signaling[END_REF] in particular if those photochemical tools are combined with super resolution microscopy. [START_REF] Sengupta | Superresolution imaging of biological systems using photoactivated localization microscopy[END_REF] Furthermore, those new generations of PPGs should find significant applications in the field of nanomedicine 29 and in the development of light sensitive biomaterials. 4d

  Two strategies have been used to develop photoactivatable fluorophores. The first is based on the direct uncaging of a fluorophore, which uses the property of some fluorophores able to present a fluorescence quenching after fluorophore alkylations. The second strategy is based on fluorescence extinction achieved by chemically bound quenching systems to the fluorophores via photocleavable linkers. If the quenching system of such continuously quenched fluorophore can be effectively and specifically switched off (which then restores the fluorescence) as response to light, then the fluorophore-quencher pair is an interesting photoactivatable fluorescence reporter. The quenching mechanisms used in such fluorescence reporting systems are based either on a photoinduced electron transfer or on a resonance energy transfer.

Figure 1 :

 1 Figure 1: Principle of caged pro-fluorophores: A) A PPG non-fluorescent chromophore can be used to liberate a fluorophore B) Fluorophore emission is quenched using a photocleavable quencher, hp = light excitation leading to photolysis, hf = light excitation leading to fluorescence.

Figure 2 :

 2 Figure 2: Principle of fluorescent uncaging monitoring using Fluorescent PPGs and biological effectors as quencher, hp = light excitation leading to photolysis, hf = light excitation leading to fluorescence.

Figure 3 :

 3 Figure 3: Principle of uncaging report using tethered fluorescent PPGs, hp = Light excitation leading to photolysis, hf = light excitation leading to fluorescence.

Figure 4 :

 4 Figure 4: Principe of uncaging report using self-immolative spacers, hp = Light excitation leading to photolysis, hf = light excitation leading to fluorescence.

Scheme 2 :

 2 Scheme 2: Chemical structure of caged self-immolative spacers (in red) with fluorescent uncaging report. CPT = camptothecin, DDAO = 3-dichloro-9,9dimethyl-9H-acridin-2(7)-one, and DCM= dicyanomethylene-4H-pyran. The harrow isthe photocleavable bound, and the dotted lines are related to the cleaved bond under control of the self-immolative spacers, hp = Light excitation leading to photolysis.

Figure 5 :

 5 Figure 5: Principle of uncaging report using pro-fluorescent PPGs

Scheme 4 :

 4 Scheme 4: Photoinduced uncaging of alcohols from the ESIPT-induced fluorescence of o-hydroxycinnamates.

Scheme 5 : 6 |Scheme 6 :

 566 Scheme 5:In situ generation of the second phototrigger for sequentially controlled uncaging of two different functional groups.

Scheme 7 :

 7 Scheme 7: Photolytical reaction of BODIPY-type PPG.

Scheme 8 :

 8 Scheme 8: Structure of red-shifted BODIPY Pro-fluorescent PPGs

Scheme 9 :

 9 Scheme 9: ESIPT-assisted photorelease on a pro-fluorescent pHP PPG -

Scheme 10 :

 10 Scheme 10: Photolytical reaction of o-nitrobenzyl based pro-fluorescent PPGs.

  

  [START_REF] García-Fernández | Dual Photosensitive Polymers with Wavelength-Selective Photoresponse[END_REF] 

  ).

	Pro-fluorescent PPG	Excitation wavelength for the photolysis	Caged compound Em.	By-product structure (photorelease d chemical functions)	By-product Em. (Uncaging monitoring on cells)
	o-Hydroxy-cinnamate	330-400 nm (750 nm) (TP)	Only for ESIPT derivatives	Coumarin (Al)	391-482 nm (no)
				Methylene-	
	Thio-chromones	280-375 nm	/	thio-chromone (Al., Am.,	445 nm (no)
				C.A. P.A., T.)	
	Pro-fluorescent BODIPYs	450-700 nm	526-745 nm	BODIPY (C.A.)	605-610 nm (yes)
	Pro-			p-hydroxy	
	fluorescent p-hydroxy	300-450 nm	517 nm	-phenyl-acetic acid	450 nm (yes)
	-phenacyl			(C.A.)	
	Pro-fluorescent o-nitrobenzyl	350-480 nm	/	-hydroxy-stilbenes (C.A.)	480-526 nm (yes)

Table 1 :

 1 Pro-Fluorescent PPGs: Photophysical and photochemical properties, Em.

= Fluorescence emission wavelength ; Al. = Alcohol; Am. : Amine ; C.A. : Carboxylic acid; P.A. : Phosphoric acid; T. : Thymine nucleobase 8 | Photochemical & Photobiological Sciences ., 2020, 00, 1-3
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