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Introduction

Over the last 20 years nanoparticles (NPs) have drawn a particular attention in medicine, especially in the field of cancers. 1, 2 Indeed, NPs can improve three different aspects of cancer therapy: The tumor imaging, the diagnosis and the treatment. 3,4,5,6,7 The treatment of tumors can be achieved by specific drug delivery targeted by nanoparticles, 8 including polymeric NPs, 9, 10 inorganic NPs, 11 hydrogels, 12 lipid polymer hybrid NPs, 13, 14, 15 liposomes 16 and solid lipid nanoparticles, 17 thus avoiding side effects of the conventional chemotherapy. Although inorganic NPs (e.g. Quantum dots, iron oxide or gold NPs) and organic NPs (e.g. liposomes, polymeric NPs) can specifically target tumors by vectorization using ligands like RGD 18 or folic acid, 19,20 their drug loading remains overall limited. 21 Among NPs, nanoemulsions (NEs) that are composed of an oily core and a surfactant shell (see Fig. 1 A) display attractive features: First, their lipid core enables the encapsulation of an impressive quantity of lipophilic cargos. Then NEs are stealth and constituted of biocompatible components that can be injected in the bloodstream. Finally, their preparation, based on spontaneous emulsification, is readily accessible. 22,23,24 Unlike polymeric NPs, the functionalization of NEs by specific ligands for vectorization remains difficult and is still limited to the cellular level. 25,26,27,28 However, it was recently shown using in vivo fluorescence imaging that, when injected in mice, NEs spontaneously accumulated in tumors by enhanced permeability and retention (EPR) effect. 29,30 This phenomenon was observed for solid tumors and it was shown that molecules/particles tend to preferentially accumulate in tumor tissues allowing a faster growth of the tumor compared to other tissues. Consequently, NEs present appealing features to selectively deliver drugs to the tumors. However, loading NEs with cytoactive drugs requires the latter to be solubilized in the oily core and therefore is limited to highly lipophilic drugs. Previously, it was shown that Nile Red, a model of lipophilic drugs, should be modified with lipophilic groups to ensure efficient loading into NPs and to prevent its rapid leakage into biological media. 31 Unfortunately, most of the drugs do not display a sufficient lipophilic nature to fulfill this requirement. Indeed, common drugs used for chemotherapy medication to treat cancers including: docetaxel, bleomycin, vincristine, prednisolone or doxorubicin, possess several free polar hydroxyl groups. In order to circumvent this issue, a prodrug with a significantly enhanced hydrophobicity compared to its corresponding active drug could be used to be efficiently loaded in NEs. 32,33 In return, this chemical modification has to be reversible once the cell target reached in order to release the active drug (Fig. 1A). 34 In order to enhance the lipophilicity of the drugs, the abovementioned hydroxyl functions can be used to introduce a hydrophobic vector. Carboxylic acids and alcohol functions are readily chemically transformed into esters that can be hydrolyzed in cellulo by specific enzymes called esterases. 35 It is noteworthy that this strategy is actually used for decades since the most famous drug, namely aspirin is the acetylated prodrug of salicylic acid. 36 Although acetylation is a widely used prodrug strategy, it is not adapted for encapsulation in NEs due to the weak lipophilicity brought by the acetate group. Conversely, caprylic acid is a hydrophobic C8 fatty acid, naturally present in mammals' milk and coconut oil. Moreover, unlike esters with longer chain, caprylic esters have been shown to be readily hydrolyzed by lipases and esterases. 35 Consequently, esterification of drugs into caprylic esters could be used to transform drugs into prodrugs with enhanced lipophilicity. In order to confirm this hypothesis, we herein developed Pro-HD, a fluorogenic drug model based on the esterification of a fluorescent probe (Fig. 1B). The esterified HD called Pro-HD is virtually non-fluorescent and upon hydrolysis releases HD that provokes a fluorescence enhancement of 35-fold in the near-infrared thus making it an efficient system to evaluate the cellular delivery of prodrug by NEs.

Results and discussion

Design and principle

In this work we aimed at developing a pro-fluorophore as a prodrug model in order to study by fluorescence imaging its ability to be efficiently delivered by NEs as biocompatible nanocarriers. In addition to its ability to be transformed into the corresponding drug, the encapsulated prodrug should possess two main features: 1) It has to be soluble in oil to be efficiently carried by NEs. 2) It should not leak out of the NE before reaching its cellular target (Fig. 1A). 31 Indeed, if leakage occurs, the uncontrolled release of the cytoactive molecule can lead to negative side effects on healthy cells. Our work relies on the chemical transformation of an emissive fluorescent dye into a hydrophobic and non-emissive pro-dye. The latter bears a hydrophobic vector that quenches or decreases the brightness. After delivery of the pro-fluorophore into the cells, the vector must be cleavable by a cellular process to reveal the fluorescence of the corresponding dye (Fig. 1B). This last step implies that the vector must be biocompatible, avoiding side effects after its cleavage. Dihydroxyxanthene hemicyanines also referred to "Huda dyes" (HD) 37 are recently developed fluorophores, featuring high brightness and narrow emission band in the near-infrared region (NIR). 38 Due to these interesting features these fluorophores served to develop efficient probes for hypoxia, 39 hydrazine, 40 pH, 41, 42 calcium 43 and enzyme activity. 44 Moreover, their spectral properties, including emission in the NIR, make HD probes suitable for in vivo imaging. 39,45 For these reasons we intended to synthesize a fluorogenic probe based on HD that will display a high degree of hydrophobicity and that could be reversibly turned off by esterification (Scheme 1). To this aim, we designed Pro-HD that possesses several features: 1) The indoleninium moiety bears an octadecyl alkyl chains to maximize the hydrophobicity. 2) The phenolic moiety bears a chlorine atom at the ortho position to lower the pKa of the probe as shown previously. 41,46 The addition of the chlorine atom leads to a probe with a reported pKa of 6.2, thus ensuring formation of the brighter phenolate form of HD when exposed to the cytosol. 41 3) The hydroxyl group was esterified into a caprylic ester as a lipophilic, biocompatible and cleavable vector. 35 4) Finally, small hydrophobic counterion iodide was replaced with bulky hydrophobic counterion of tetraphenylborate family (F5-TPB), which is important to further increase lipophilicity of cationic dyes. 47

Synthesis of the probe

A common access to HD dyes consists in condensing an electron rich phenol on a carbocyanine 7-Cl. 38 Herein, Cy7-Cl bearing two octadecane chains was prepared (See SI) before being reacted with chlororesorcinol to obtain the NIR emitting HD. Then, caprylic acid was used to esterify HD into Pro-HD-I -. Finally, the iodine counter anion of Pro-HD-I -was easily exchanged for F5-TPB (Scheme 1). This last step is further detailed in the section: encapsulation in NEs (see below).

Scheme 1. Synthesis of HD and pro-HD. i) NEt3, DMF, 75°C, 2h ii) Caprylic acid, EDC, DMAP, DCM, RT, overnight iii) F5-TPB-Li, DCM, RT, 5 min.

Spectroscopic studies

In order to evaluate the performance of our system, spectroscopic studies of Pro-HD and HD were conducted. Due to the highly hydrophobic nature of HD and Pro-HD, spectroscopic studies could not be performed in aqueous solutions where aggregation occurred. Consequently, methanol was chosen as a polar and protic organic solvent that will mimic a cellular environment where these amphiphilic molecules are expected to end up, namely at the interface between biomembranes and cytosol. Oil (Middle Chain Triglycerides, MCT) was also used to study the properties of Pro-HD as it is its solvent when encapsulated in NEs. First of all, the results showed that Pro-HD displayed similar properties in methanol and oil (Fig. 2A,B) with broad multipeaks spectra with lAbs max at 585 and 595 nm, respectively with identical extinction coefficient (e= 64,000 M -1 .cm -1 ) denoting similar solubility in both solvents at this concentration.

Conversely to Pro-HD, HD displayed typical cyanine-shaped absorption spectra with lAbs max at 705 nm and a high extinction coefficient value (e= 127,000 M -1 .cm -1 ) (Fig. 2A). Fluorescence spectroscopy showed that Pro-HD was found to be virtually non-fluorescent in methanol and oil (f=0.006), whereas HD emits in the NIR (723 nm) with a quantum yield of 0.2 (Fig. 2B). Interestingly, when excited at 640 nm, which is a common excitation wavelength in bioimaging, the fluorescence enhancement between Pro-HD and HD was 35-fold (Fig. 2B), making Pro-HD a promising fluorogenic probe to evaluate its hydrolysis by the cell machinery. In order to demonstrate the possible hydrolysis of Pro-HD towards HD, a base (NaOH) was added in the methanolic solution. The fluorescence intensity at 723 nm was monitored over the time (Fig. 2C) and showed that, in these conditions, a plateau was reached after ∼15 min. It corresponded to a fluorescence enhancement of 32-fold which is in line with that between Pro-HD and HD (Fig. 2C). After hydrolysis of Pro-HD, the absorption and emission spectra were recorded and corresponded to those of HD (Fig. S1). As discussed above, a chlorine atom was introduced to the structure of HD to lower its pKa and thus to ensure an emissive specie when exposed to cytosolic environment (pH 7.4). Moreover, a lower pKa would also limit the acidification of HD in acidic environment like in early endosomes (pH ∼6). Indeed, in methanol and in the presence of acid, HD was found to be virtually non-emissive with a fluorescence intensity at 723 nm drastically reduced by 60-fold. Conversely, in the presence of a base (triethylamine), the fluorescence of HD was not significantly affected. (Fig. S2). In the light of these results, the Pro-HD/HD system was considered as a promising probe for encapsulation in NEs.

Encapsulation in NEs

Efficient encapsulation of a molecule in NEs requires a high lipophilicity in order to: 1) ensure a high solubility in the oil phase and 2) avoid its leakage out of the NEs. 29,31,47,48 As shown in the synthesis section, the iodine counter-ion of Pro-HD-I -was exchanged to F5-TPB to obtain Pro-HD using TPB-F5Li (Fig. 3A). Indeed, modifying the salt forms of a active pharmaceutical ingredients is a common approach to efficiently modulate their physicochemical and biological properties. 49 This approach was successfully used for enhancing the encapsulation of a potent antituberculosis drug in poly(lactide) microspheres by replacing the polar sodium counterion ion by a lipophilic tetraheptylammonium one. 50 Although Pro-HD-I -already displayed a hydrophobic structure with a C18 chain combined with a caprylic (C8) ester, its cationic This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins nature combined to the relatively polar iodine counter ion may lead to poor solubility of the dye and potential leakage into biological media. 47 As shown in figure 3A, the calculated logP (ClogP) of Pro-HD-I -is drastically increased when transformed in Pro-HD bearing F5-TPB, from -1.3 to 9.6, respectively. As an illustration of the counterion exchange's effect, the TLC plate is displayed on figure 3A and shows the impressive difference of migration distance on silica (from RF 0.06 to 0.96), in line with earlier reports for other dyes. 51 After solubilization of Pro-HD in oil at 0.5 wt% (corresponding to 3.4 mM), two types of NEs were formulated: 1) Stealth NEs (Fig. 3B), with highly PEGylated surface that prevents from non-specific interactions and thus do not interact with cells. They will be used as control to check whether Pro-HD leaks out of the NEs in the presence of cells. 2) Cell-penetrating NEs, cpNEs (Fig. 3B) that we recently reported, 25 to deliver the cargo to the cells. The cpNEs are obtained by dissolving poly(maleic anhydride-alt-1-octadecen) (PMAO) in the oil prior to formulation. This alternating polymer is composed of lipophilic carbon chains and cyclic anhydride functions. Upon formulation the latter get hydrolyzed to finally display negative charges at the oil surfactant interface. We reported that the negative charges lead to cell-penetration by endocytosis mediated by non-specific electrostatic interactions. 25 After formulation, their sizes were measured by DLS and were found to be similar: 97 and 91 nm, respectively (see Fig. S3). Absorption spectra confirmed the efficient encapsulation of Pro-HD in NEs as the optical density of Pro-HD (after correction of the scattering) was similar to those of Pro-HD in methanol at the same targeted concentration (Fig. S4). Fluorescence spectra, acquired in the same conditions, indicated that Pro-HD was not emissive in both NEs and cpNEs.

In order to assess the potential leakage of Pro-HD out of the NEs, the latter were put in the presence of a base, similarly to figure 2C. Indeed, if the Pro-HD leaks out of the NEs in the presence of NaOH, HD should be formed and should emit at 723 nm. In these conditions no fluorescence enhancement was obtained for both NEs and cpNEs denoting a strong encapsulation of Pro-HD without any apparent leakage (Fig. S5).

Figure 4. Epi-fluorescence microscopy imaging of fixed HeLa cells pre-incubated for 2 h in the presence of 0.5 wt% Pro-HD loaded NEs (top images) and 0.5 wt% Pro-HD loaded cellpenetrating NEs (bottom images). Final concentration of free Pro-HD and loaded Pro-HD was set to 1 µM and the images were acquired in the same conditions of illumination, recording and processing. HD was excited at 641 nm. The nucleus was stained with Hoechst (5 µg.mL -1 ). Scale bar is 10 µm.

Evaluation in cellular experiments

Initially, Pro-HD was incubated for 2h in the presence of HeLa cells as a positive control to evaluate the ability of Pro-HD to be hydrolyzed into fluorescent HD in cellulo. Indeed, due to its high hydrophobicity, Pro-HD was expected to spontaneously penetrate the cells in a fast manner. After incubation for 2h the cells were washed and presented only a dim signal in the nearinfrared channel. However, upon longer incubation, an increasing fluorescence signal was observed in the cytoplasm of cells, reaching a plateau of intensity after 3h (Fig. S6). This control experiment suggested that Pro-HD can be efficiently hydrolyzed in cellulo and that this conversion is not immediate, requiring several hours to occur. In a second time, both Pro-HD (0.5 wt%) loaded NEs and cpNEs were incubated in the presence of cells for 2 h before being washed. Fluorescence imaging showed that whereas cells incubated with stealth NEs displayed no red fluorescence over the time (Fig. 4A-D), those incubated with cell-penetrating NEs showed the progressive appearance of the red fluorescence over the time (Fig. 4E-H).
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Please do not adjust margins Quantification of fluorescence intensity confirmed these observations and showed that the maximum signal is reached after 6 h post incubation (Fig. 5). After 24 h the signal decreased probably due to the repartition of the probe during cell division. This experiment confirmed that Pro-HD is tightly confined in the NEs and does not leak out from the latter ensuring a controlled delivery. It also showed that cpNEs successfully delivered Pro-HD into cells. It was noteworthy that when Pro-HD was delivered by cpNEs, the fluorescence signal was lower in comparison with direct incubation of Pro-HD and required more time to reach a plateau of fluorescence intensity. Indeed, unlike free Pro-HD, the Pro-HD loaded cpNEs need to: first interact with cells in a non-specific manner and then internalize before being disintegrated to gradually liberate pro-HD within the cell. The summary of our experiments and the mechanism of release is presented in figure S7.

Conclusion

Visualization of prodrug delivery and release of active drug from nanocarriers is important for better understanding of the bottlenecks in nanomedicine. In particular, it concerns moderately hydrophobic cargos that could be reversibly modified into lipophilic prodrug in order to be loaded in nanoemulsions for controlled drug delivery. Here, we developed Pro-HD, a lipophilic near infrared fluorogenic probe as a model of prodrug to assess the controlled cargo delivery and release by nanoemulsions into cells. For this purpose, HD, our fluorescent drug model, was esterified with the hydrophobic and biocompatible caprylic acid, and its counter ion was exchanged for the hydrophobic F5-TPB giving rise to Pro-HD, a highly lipophilic fluorogenic prodrug model. We demonstrated that Pro-HD, which is virtually non-fluorescent, could be hydrolyzed into HD in cuvette as well as in cellulo, provoking a fluorescence enhancement of 35-fold in the near infrared region (lEm= 723 nm). Due to its high lipophilicity, Pro-HD was efficiently loaded into NEs with no leakage thus avoiding undesired premature delivery. Using cell-penetrating NEs, we were able to show that Pro-HD was delivered to cells and transformed into HD within ∼6h. We believe that this proof of concept can lead to the development of efficient prodrugs based on similar modifications of drugs requiring NEs as nanocarriers for efficient administration to target and treat tumors. As perspective, and taking advantage of the near infrared emission of HD, we also believe that this system is amenable to fluorescence in vivo imaging experiments, this will be the subject of a dedicated study.

Experimental Materials

The solvents were of analytical grade and dry, reagent and starting materials were purchased form TCI, Alfa Aesar or Merck Millipor. Labrafac WL® 1349 (medium chain triglycerides, MCT) was obtained from Gattefossé (Saint-Priest, France). Kolliphor ELP®, was from BASF (Ludwigshafen, Germany). Poly(maleic anhydride-alt-a-octadecene) (PMAO) was purchased from Sigma Aldrich (St. Louis, USA). Phosphate buffered saline (PBS) was from Eurobio (Gourtaboeuf, France) and fetal bovine serum (FBS) from Lonza.

Synthesis

Protocols and characterizations can be found in the supplementary information. NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer. Mass spectra were obtained using an Agilent Q-TOF 6520 mass spectrometer.

Spectroscopic studies

All the solvents were spectro grade. Absorption and emission spectra were recorded on a Cary 400 Scan ultraviolet-visible spectrophotometer (Varian) and a FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon) respectively. For standard recording of fluorescence spectra, the emission was collected 10 nm after the excitation wavelength. All the spectra were corrected from wavelength-dependent response of the detector. Quantum yields were determined by comparison with Rhodamine 800 in EtOH (QY= 0.25) 52 as reference using the following equation:

where QY is the quantum yield, I is the integrated fluorescence intensity, n is the refractive index, and OD is the optical density at the excitation wavelength. R represents the reference.

Formulation of NEs

Nano-emulsions (NEs) were formulated with spontaneous emulsification method, as described previously. 25 In 100 mg of Medium Chain Triglyceride oil (MCT), Pro-HD (0.5 mg) in acetone was added before being heated at 80°C until complete evaporation of acetone and solubilization of Pro-HD in MCT. 67 mg of Kolliphor (surfactant) was then added at 80°C and after 

QY = QY ! × !×!" ! ×! ! ! ! ×!"×! ! ! !
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Please do not adjust margins Please do not adjust margins mixing for 10 min, 0.25 mL of pre-heated PBS was added to form nanoemulsions. For cell-penetrating NEs, PMAO (1 mg) was first dissolved in MCT prior to the addition of Pro-HD. The size of the obtained NEs was measured by Dynamic Light Scattering (DLS) using a Malvern Zetasizer Nano ZSP (Malvern, U.K.). For the size measurement, all the emulsions were diluted by 100 times and measured at a temperature of 25°C. Both size distribution and polydispersity index (PDI) were recorded.

Cellular imaging

HeLa cells (ATCC® CCL-2™) were grown in Dulbecco's Modified Eagle Medium without phenol red (DMEM, Gibco-Invitrogen) supplemented with 10% fetal bovine serum (FBS, Lonza), 1% L-Glutamine (Sigma Aldrich) and 0.1% antibiotic solution (gentamicin, Sigma-Aldrich) at 37°C in humidified atmosphere containing 5% CO2. Cells were seeded onto a 35 mm glassbottomed imaging dish (Ibidi®) at a density of 5´10 4 cells/well 24 h before incubation experiments. The cells were then washed 3 times with PBS and incubated 2h in opti-MEM in the presence of Pro-HD, Pro-HD loaded NEs and Pro-HD loaded cpNEs (1 µM based on absorbance of Pro-HD) before being washed again 3 times with PBS. The cells were then incubated at various times in Dulbecco's modified Eagle medium (DMEM, Gibco-Invitrogen), supplemented with 10% fetal bovine serum (FBS, Lonza) and 1% antibiotic solution (penicillin-streptomycin, Gibco-Invitrogen) at 37° C in humidified atmosphere containing 5% CO2. Prior to imaging, nucleus was stained with Hoechst (5 µg.mL -1 ) and the cells were washed with PBS and fixed with 4% PFA at room temperature for 5 minutes before being washed 3 times with PBS. The images were acquired with a Nikon Ti-E inverted epi-fluorescence microscope, using CFI Plan Apo × 60 oil (NA = 1.4) or CFI Plan Apo ×20 air (NA = 0.75) objective, and a Hamamatsu Orca Flash 4 sCMOS camera. Hoechst and HD were excited at 395 and 641 nm, respectively, using lightemitting diode (SpectraX, Lumencor). The images were recorded using NIS Elements and then processed with Icy software.

Figure 1 .

 1 Figure 1. Schematic principle of a prodrug for enhanced encapsulation in NEs (A) and of the developed HD/Pro-HD system as a model to monitor the drug delivery by NEs (B).

Figure 2 .

 2 Figure 2. Spectroscopic studies of Pro-HD and HD (1 µM). Absorption (A) and emission (B) spectra of HD in methanol and Pro-HD in oil (MCT) and in methanol. (C) In situ hydrolysis of Pro-HD to HD (1 µM in MeOH), evolution of the fluorescence intensity at 723 nm over 30 min and after addition of aqueous NaOH (at 90 s, 5 µL added in 1 mL, final NaOH concentration was 250 µM). Excitation wavelength was 640 nm. Pictures of cuvettes are Pro-HD (left) and HD (right) in methanol.

Figure 3 .

 3 Figure 3. (A) Anion exchange using F5-TPB as a lipophilic counter-ion, TLC (DCM/MeOH, 95:5) depicted the efficiency in decreasing the polarity from Pro-HD•I -to Pro-HD (F5-TPB - ). (B) Formulation by spontaneous nanoemulsification of Pro-HD loaded stealth NEs (NEs) and cell-penetrating NEs (cpNEs) using poly(maleic anhydride-alt-1-octadecen) (PMAO) as polymer. 25

Figure 5 .

 5 Figure 5. Mean fluorescence intensity of cells at various time points post incubation with NEs and cpNEs. Error bars are the standard deviation between images (10 images per condition, 10 cells per image).
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