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BASHY Dyes Are Highly Efficient Lipid Droplet-Targeting Photosensitizers that Induce Ferroptosis through Lipid Peroxidation
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A deeper understanding of the molecular mechanisms that govern cell death is fundamental to develop innova�ve therapeu�c approaches. In this context, ferroptosis emerged in recent years as a very useful therapeu�c target in cancer. [START_REF] Li | Ferroptosis: Past, Present and Future[END_REF] Ferroptosis is a non-apopto�c mode of cell death driven by iron-dependent lipid peroxida�on and the current literature converges on sugges�ng an in�mate rela�onship between this modality of cell death and an imbalanced redox homeostasis. [START_REF] Yang | Ferroptosis: Death by Lipid Peroxida�on[END_REF] Recent studies point to the central role of lipid hydroperoxides (LOOH) in ferroptosis. [START_REF] Yang | Ferroptosis: Death by Lipid Peroxida�on[END_REF][START_REF] Dixon | The Role of Iron and Reac�ve Oxygen Species in Cell Death[END_REF][START_REF] Ursini | Lipid Peroxida�on and Ferroptosis: The Role of GSH and GPx4[END_REF][START_REF] Von Krusens�ern | Iden�fica�on of Essen�al Sites of Lipid Peroxida�on in Ferroptosis[END_REF] LOOH are then decomposed to form alkoxyl radicals (LO•) that ini�ate oxida�ve chain reac�ons of cell membrane phospholipids. This triggers uncontrolled lipid peroxida�on (LPO), leading ul�mately to plasma membrane rupture and cell death.

Contrary to healthy cells, cancer cells exhibit an increased level of reac�ve oxygen species (ROS), which is indispensable to sustain the biochemical altera�ons required for the ini�a�on and progression of the disease. [START_REF] Nakamura | Reac�ve Oxygen Species in Cancer: Current Findings and Future Direc�ons[END_REF] However, perturba�on of this �ghtly regulated redox balance can result in the oxida�on of important cellular components, ul�mately leading to cell death by various mechanisms, including ferroptosis. Therefore, many efforts have been made to discover therapeu�c approaches to selec�vely target this redox system. Among these strategies the use of photodynamic therapy (PDT) is par�cularly appealing, [START_REF] Mishchenko | Which Cell Death Modality Wins the Contest for Photodynamic Therapy of Cancer?[END_REF][START_REF] Mishchenko | Ferroptosis and Photodynamic Therapy Synergism: Enhancing An�cancer Treatment[END_REF] because the ac�va�on of a photosensi�zer (PS) by light can generate singlet oxygen which promotes LPO or produces hydrogen peroxide for intracellular Fenton reac�ons. [START_REF] Shui | Non-Enzyma�c Lipid Peroxida�on Ini�ated by Photodynamic Therapy Drives a Dis�nct Ferroptosis-like Cell Death Pathway[END_REF] However, apart from a few recent examples, [START_REF] Yuan | Ferroptosis Photoinduced by New Cyclometalated Iridium(III) Complexes and Its Synergism with Apoptosis in Tumor Cell Inhibi�on[END_REF][START_REF] Zhang | 5-ALA-PDT Induced Ferroptosis in Keloid Fibroblasts via ROS, Accompanied by Downregula�on of XCT, GPX4[END_REF][START_REF] Shui | Non-Enzyma�c Lipid Peroxida�on Ini�ated by Photodynamic Therapy Drives a Dis�nct Ferroptosis-like Cell Death Pathway[END_REF] most of the available PSs failed to effec�vely induce ferroptosis since phototoxicity can trigger different mechanisms of cell death, depending on the cell type, light intensity, and intracellular localiza�on of the PS. Moreover, most reported ferroptosis-inducing PSs resort to supramolecular encapsula�on in nanopar�cles or liposomes to improve their cancer cell targe�ng and stability in circula�on. [START_REF] Mishchenko | Which Cell Death Modality Wins the Contest for Photodynamic Therapy of Cancer?[END_REF] Therefore, the discovery of new PSs with improved accumula�on in lipid-rich regions during PDT treatment would offer a powerful and highly selec�ve strategy to induce ferropto�c pathways through localized LPO.

Recently, we developed a modular fluorescent pla�orm based on boronic acid derived salicylidenehydrazone complexes (BASHY) that absorb at wavelengths >450 nm, display high molar absorp�on coefficients (up to 70000 M -1 cm -1 ), and show polarity-dependent emission in the green-to-red spectral range. [START_REF] Jiménez | Circularly Polarized Luminescence of Boronic Acid-Derived Salicylidenehydrazone Complexes Containing Chiral Boron as Stereogenic Unit[END_REF][START_REF] Santos | Highly Efficient Energy Transfer Cassetes by Assembly of Boronic Acid Derived Salicylidenehydrazone Complexes[END_REF][START_REF] Alcaide | Electronic and Func�onal Scope of Boronic Acid Derived Salicylidenehydrazone (BASHY) Complexes as Fluorescent Dyes[END_REF][START_REF] Santos | Cyanine-Like Boronic Acid-Derived Salicylidenehydrazone Complexes (Cy-BASHY) for Bioimaging Applica�ons[END_REF][START_REF] Felicidade | Engineering the BASHY Dye Pla�orm toward Architectures with Responsive Fluorescence[END_REF][START_REF] Santos | A Three-Component Assembly Promoted by Boronic Acids Delivers a Modular Fluorophore Pla�orm (BASHY Dyes)[END_REF] More importantly, the hydrophobic BASHY dyes were shown to effec�vely accumulate in lipid droplets (LDs). [START_REF] Santos | A Three-Component Assembly Promoted by Boronic Acids Delivers a Modular Fluorophore Pla�orm (BASHY Dyes)[END_REF] These structures are spherical cytoplasmic organelles composed of a neutral lipid core, that play a key role in tumor metabolism and act, among other func�ons, as lipid reserves to sustain the fast prolifera�on of cancer cells. [START_REF] Olzmann | Dynamics and Func�ons of Lipid Droplets[END_REF] Therefore, we an�cipated that if BASHY dyes would work as efficient PSs, this pla�orm could become a unique tool to promote light-induced ferroptosis in cancer cells (Figure 1). 

Results and Discussion

To test this hypothesis, we prepared the BASHY dyes 1-3 [START_REF] Santos | Cyanine-Like Boronic Acid-Derived Salicylidenehydrazone Complexes (Cy-BASHY) for Bioimaging Applica�ons[END_REF][START_REF] Santos | A Three-Component Assembly Promoted by Boronic Acids Delivers a Modular Fluorophore Pla�orm (BASHY Dyes)[END_REF] and studied their capacity to populate the excited triplet state and generate singlet oxygen. The architecture of the dyes was chosen to cover different levels of π-conjuga�on along the salicylidenehydrazone ligand backbone, which impacts the photo-physical and -chemical proper�es (see Table 1 and sec�ons 2-4 of Suppor�ng Informa�on). [START_REF] Santos | Cyanine-Like Boronic Acid-Derived Salicylidenehydrazone Complexes (Cy-BASHY) for Bioimaging Applica�ons[END_REF] In addi�on to this series, dye 3 was equipped with a cholesterol moiety to induce a different par��on of the dye among intracellular lipid rich regions and to study the impact of this par��on in the PDT response of the dye. This yielded dye 4 for which representa�ve photophysical data are shown in Figure 2 (the data for the dyes 1-3 can be found in sec�on 2 of Suppor�ng Informa�on).

BASHY dyes are known to present a mixed character in terms of charge-transfer (CT) proper�es and a cyanine-like behaviour. [START_REF] Santos | Cyanine-Like Boronic Acid-Derived Salicylidenehydrazone Complexes (Cy-BASHY) for Bioimaging Applica�ons[END_REF][START_REF] Laurent | Theore�cal Spectroscopy of BASHY Dyes[END_REF] On the one hand, the later has an increased contribu�on in BASHY dyes with extended π-conjuga�on, i.e., in the dyes 3 and 4. On the other hand, the CT character is much more notable for the dyes 1 and 2. This was corroborated by quantummechanical calcula�ons (see sec�on 9 of Suppor�ng Informa�on). Furthermore, the CT process depends on the polarity of the solvent, i.e., more CT is an�cipated in polar media (e.g., acetonitrile; ACN) than in a non-polar environment (e.g., toluene; TOL). Noteworthy, the integra�on of the cholesterol moiety in 4 does not alter the photophysical proper�es as compared to dye 3. This is in accordance with our previous finding that the photophysics of BASHY dyes is principally governed by the electronic proper�es of the salicylidenehydrazone backbone. [START_REF] Alcaide | Electronic and Func�onal Scope of Boronic Acid Derived Salicylidenehydrazone (BASHY) Complexes as Fluorescent Dyes[END_REF][START_REF] Felicidade | Engineering the BASHY Dye Pla�orm toward Architectures with Responsive Fluorescence[END_REF] The dyes absorb with maxima at about 470 to 520 nm and, thus, can be conveniently excited in the visible spectral range by blue or green light. The absorp�on maximum is red-shi�ed with increasing degree of π-conjuga�on, according to the expecta�ons on the cyanine-like character. In acetonitrile, the dyes emit fluorescence with maxima between 550 and 600 nm and show moderate quantum yields Φ f (ca. 0.2-0.3). Upon changing the medium to toluene, the fluorescence maximum is blue-shi�ed due to a destabiliza�on of the emissive CT state and the fluorescence quantum yield is increased as compared to the polar medium. This is especially notable for the dyes 1 and 2, those having the more pronounced CT character. As rated by the moderate fluorescence quantum yield of 3 and 4 it could be expected that the popula�on of the excited triplet state via intersystem crossing (ISC) contributes significantly to the excited state trajectory. Indeed, such evidence for the excited triplet state popula�on was obtained from nanosecond transient-absorp�on spectroscopy in oxygen-free solu�ons. The inves�gated dyes lead to transient states that absorb at wavelengths longer than 600 nm and show decay kine�cs on the microsecond �mescale (τ T ca. 20-40 µs), see Figure 2B andC, Table 1, and sec�on 9 of Suppor�ng Informa�on. These signals have been assigned to the triplet-triplet absorp�on. The intersystem crossing (ISC) quantum yields Φ ISC of the dyes in acetonitrile vary between 0.1 (for dye 1) and 0.48 (for dye 3). In this solvent the values for Φ fluo and Φ ISC do not
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add up to one, which points to a significant decay of the excited singlet state via non-radia�ve pathways in acetonitrile, e.g., spin-allowed charge recombina�on (CR). This is prominently the case for the dyes 1 and 2, which imply more significant CT contribu�ons. Hence, the compe��on between CR and ISC lowers the efficiency of excited triplet state popula�on drama�cally for these dyes. In toluene, where CT is rather disfavoured, a considerably more efficient ISC was noted, especially for the dyes 3 and 4 (Φ ISC = 0.75-0.78), and par�ally also for the dyes 1 and 2.

From these observa�ons it becomes clear that the presence of significant CT contribu�ons apparently hinders an efficient ISC. Noteworthy, previously discussed ISC pathways under involvement of CT states, such as radical pair ISC or spin-orbit charge-transfer ISC, [START_REF] Filatov | Heavy-Atom-Free BODIPY Photosensi�zers with Intersystem Crossing Mediated by Intramolecular Photoinduced Electron Transfer[END_REF] seem not to be opera�ve in these cases. The "purest" locally-excited triplet state is expected for the dyes 3 and 4 in toluene, which is in coincidence with the experimentally verified efficient ISC by a classical spin-orbit coupling mechanism. A qualita�ve picture of the involved photoprocesses is given in Scheme 1. The excited triplet states show a drama�cally reduced life�me in the presence of oxygen (see Figure 2C), poin�ng to an efficient quenching process (bimolecular quenching rate constant of ca. 5 × 10 9 M -1 s -1 for all dyes). One outcome of this quenching is the sensi�za�on of 1 O 2 by means of triplet energy transfer, as evidenced by the direct observa�on of its luminescence in the nearinfrared spectral region (maximum at 1270 nm); see Figure 2. The quantum yields for 1 O 2 forma�on (Φ Δ ) coincide, especially in non-polar medium (e.g., toluene), with those of the tripletstate popula�on by ISC; see Table 1. This observa�on evidences a prac�cally quan�ta�ve energy transfer process to [START_REF] Dixon | The Role of Iron and Reac�ve Oxygen Species in Cell Death[END_REF] O 2 and thereby a strong preference for the type II mechanism ( 1 O 2 forma�on instead of electron-transfer-induced forma�on of other reac�ve oxygen species) as cornerstone of the an�cipated PDT ac�vity (see below). [START_REF] Bap�sta | Type I and Type II Photosensi�zed Oxida�on Reac�ons: Guidelines and Mechanis�c Pathways[END_REF] From the joint photophysical data it can be unambiguously concluded that the dyes 3 and 4, i.e., those with the most pronounced cyaninelike character, are excellent candidates for PDT. Noteworthy, the herein established PSs do not require the presence of triplet-state promo�ng heavy atoms, such as bromine or iodine, which are o�en known to cause also an elevated dark toxicity. [START_REF] Nguyen | Heavy-Atom-Free Photosensi�zers: From Molecular Design to Applica�ons in the Photodynamic Therapy of Cancer[END_REF] With the photophysical data in hand, we proceeded to evaluate the hydroly�c stability of compounds 1-3 (see sec�on 3 of Suppor�ng Informa�on). The extended conjuga�on appears to have a posi�ve effect on their stability, with dye 3 displaying the highest stability in PBS pH 7.4 with a half-life (t 1/2 ) of 43.3 h (versus 4.9 h for dye 1). BASHY 3 also displayed good stability in slightly acidic pH (PBS buffer pH 6.5) with a calculated half-life of 31.4h. Moreover, in a non-aqueous environment (ACN), the three dyes displayed excellent stabili�es with t 1/2 values between 46 h (dye 1) and 138 h (dye 3). In terms of the photostability these dyes present the typical light-induced oxida�on paterns at the polymethine chain as reported for archetypal cyanine dyes (see sec�on 4 of Suppor�ng Informa�on). [START_REF] Nani | Reac�ve Species Involved in the Regioselec�ve Photooxida�on of Heptamethine Cyanines[END_REF] S�ll, the observed photobleaching has no detrimental effect on the PDT efficiency (see below) and, in fact, the transient dioxetanes may even contribute to lipid peroxida�on and subsequent ferroptosis mechanisms.

We next addressed if the dyes are accumula�ng in LDs and if this par��on could selec�vely enhance LPO and PDT-induced ferroptosis. Therefore, exploring the intrinsic fluorescence of the dye, we monitored the intracellular distribu�on of 3 in human glioblastoma mul�form U87 cells by confocal microscopy (Figure 3). As men�oned above, BASHY dyes are well-known to be selec�ve markers for LDs. [START_REF] Santos | A Three-Component Assembly Promoted by Boronic Acids Delivers a Modular Fluorophore Pla�orm (BASHY Dyes)[END_REF] In accordance with those reports, BASHY 3 displayed a preferred accumula�on in globular intracellular organelles. A�er confirming this selec�ve accumula�on profile, we studied if these dyes could act as PSs in PDT assays. Hence, their phototoxicity was tested against U87 cells and non-cancerous human re�nal pigment epithelial-1 (RPE-1) cells. As shown in Table 2, upon irradia�on at 540 nm for 40 min (3.75 mW cm -2 ; 9.50 J cm -2 ) the dyes 1-3 showed elevated phototoxicity against U87 cells with IC 50 values ranging from micro-to nanomolar concentra�ons. These numbers correlate well with the dyes' capacity to generate [START_REF] Li | Ferroptosis: Past, Present and Future[END_REF] O 2 (see Table 1). Dye 3, which exhibits one of the highest Φ Δ ( 1 O 2 ) of the series, proved to be the most potent PS in these assays (IC 50 = 4.40 nM).

Gra�fyingly, the dyes displayed no toxicity in the dark at concentra�ons of up to 100 µM, leading to an impressive phototoxicity index (PI) of >22700 for dye 3 and to some lesser extent also for dye 2 (PI > 3500). The figures contrast with those obtained with Protoporphyrin IX (PPIX), a standard PS used in clinical prac�ce, and are amongst the highest reported PI values. [START_REF] Schneider | BODIPY-Based Photothermal Agents with Excellent Phototoxic Indices for Cancer Treatment[END_REF][START_REF] Roque | Breaking the Barrier: An Osmium Photosensi�zer with Unprecedented Hypoxic Phototoxicity for Real World Photodynamic Therapy[END_REF] Under comparable experimental condi�ons as applied for the dyes 1-3, PPIX shows an IC 50 of only 521 nM against U87 cancer cells, leading to a rather poor PI of 9.5. Of note, dye 3 was found to be 3.4-fold more toxic in U87 cells than in non-cancerous RPE-1 cells (P < 0.0001, t-test). In contrast, dye 2 was only 1.4-fold more toxic on U87 cells (P < 0.01, t-test), while no significant difference was observed for PPIX. a Cells were incubated with the compounds for 4 h before they were washed and the medium was replaced with fresh medium. Data are presented as means ± standard deviation (SD) of three independent replicates. b Irradiation at 540 nm (3.75 mW cm -2 , 9.50 J cm -2 ). c The phototoxicity index (PI) is defined as the ratio dark IC 50 / light540 nm IC 50 .

Once the capacity of 3 to act as a potent PS was established, we addressed the contribu�on of LDs to the efficiency of this dye. With this objec�ve, dye 4 was designed based on the architecture of 3 and featuring an addi�onal cholesterol unit. Cholesterol is well known for promo�ng accumula�on in different intracellular lipidic regions. [START_REF] Tenchov | Cubic Phases in Phospha�dylcholine-Cholesterol Mixtures: Cholesterol as Membrane "Fusogen[END_REF][START_REF] Patel | Naturally-Occurring Cholesterol Analogues in Lipid Nanopar�cles Induce Polymorphic Shape and Enhance Intracellular Delivery of MRNA[END_REF] Therefore, we an�cipated that if 4 would display a differen�ated intracellular distribu�on as compared to 3, this would induce a modula�on of the response in PDT.

We monitored the intracellular distribu�on of 4 by confocal microscopy in U87 cells (Figure 3). Differently from 3, dye 4 did not show a marked preference for accumula�on in LDs and was only par�ally found in these globular intracellular organelles. Next, U87 and RPE-1 cells were incubated with 4 and submited to irradia�on at 540 nm for 40 min. In these condi�ons, IC 50 values of 98 nM and 214 nM against U87 and RPE-1 cells, respec�vely, were obtained. These results showcase a decrease (by ca. one order of magnitude) in PDT potency in comparison with dye 3; however, the dark toxicity (>100 µM) remained low and the phototoxicity index (PI > 500) was s�ll significant. Together these results strongly suggest that the prominent accumula�on of 3 in LDs results in a more efficient cell death. To further test this hypothesis, induc�vely coupled plasma mass spectrometry (ICP-MS) studies were performed on U87 cells to determine the cellular and LD uptake of both dyes 3 and 4. As shown in Figure 4, the cellular uptake of 3 is about 3-fold higher than that observed for 4. More importantly, within 1-4 h, approximately one-third of the intracellular concentra�on of 3 or 4 is localized in LDs, and this uptake clearly increases over �me. However, because dye 4 shows a limited accumula�on in cells, its absolute amount in LDs is consequently rather low. These observa�ons support the hypothesis that the higher phototoxicity observed with 3 is directly linked to the higher concentra�on of the dye in lipidrich organelles. It must be stressed here that the nonpolar surrounding that is provided in LDs boosts the performance of the PS in terms of 1 O 2 genera�on, as discussed above for the photophysical model studies in toluene. Serendipitously, the dye is not only in the right place to promote LPO by means of light ac�va�on, but also benefits from the LD microenvironment itself. This provides a sort of spatiofunctional control to the PS, which adds to the spatiotemporal control inherent to light-ac�vated processes. Considering these results, we addressed if the photosensi�zing ac�on of 3 and 4 could trigger ferropto�c cell death through localized LPO in LDs. To elucidate this mechanism, we performed PDT assays using the well-known LPO inhibitor DL-α-tocopherol [START_REF] Barouh | Tocopherols as An�oxidants in Lipid-based Systems: The Combina�on of Chemical and Physicochemical Interac�ons Determines Their Efficiency[END_REF] and the ferroptosis inhibitor Ferrosta�n-1 (Fer-1) [START_REF] Mioto | Insight into the Mechanism of Ferroptosis Inhibi�on by Ferrosta�n-1[END_REF] in combina�on with dye 3 and 4 at isotoxic concentra�ons (i.e., 10 and 300 nM, respec�vely). As shown in Figure 5, both DL-α-tocopherol and Fer-1 increased the cell viability, sugges�ng that ferroptosis contributes significantly to the cell death induced by the PS ac�vity of 3 and 4. Addi�onally, we evaluated whether LDs could be involved in this process. The cytosolic phospholipase A2 alpha (cPLA2α) is a key enzyme in the process of lipid droplet forma�on. [START_REF] Lin | CPLA2 Is Phosphorylated and Ac�vated by MAP Kinase[END_REF][START_REF] Zadoorian | Lipid Droplet Biogenesis and Func�ons in Health and Disease[END_REF] We used pyrrolidine-2, a known inhibitor of this enzyme, [START_REF] Zhang | Pharmacological Inhibi�on of Lipid Droplet Forma�on Enhances the Effec�veness of Curcumin in Glioblastoma[END_REF][START_REF] Astudillo | Choline Glycerophospholipid-Derived Prostaglandins Atenuate TNFα Gene Expression in Macrophages via a CPLA2α/COX-1 Pathway[END_REF] to further examine whether reducing the forma�on of lipid droplets could have an impact on the phototoxicity of 3 and 4 (Figure 5). The treatment with pyrrolidine-2 resulted in a significant increase in cell viability, which is consistent with our ini�al assump�on that the accumula�on of these dyes in LDs could enhance LPO and ferroptosis upon photosensi�za�on. Mo�vated by the observed potency and high phototoxicity indexes in cellular PDT experiments using the dyes 3 and 4, we assessed the safety of these compounds in vivo using zebrafish embryos (Danio rerio). Zebrafish embryos are widely employed as a phenotype-based toxicity model in preclinical studies. [START_REF] Spitsbergen | The State of the Art of the Zebrafish Model for Toxicology and Toxicologic Pathology Research-Advantages and Current Limita�ons[END_REF][START_REF] Rubinstein | Zebrafish Assays for Drug Toxicity Screening[END_REF][START_REF] Richards | Valida�on of the Use of Zebrafish Larvae in Visual Safety Assessment[END_REF][START_REF] Mandrekar | Significance of the Zebrafish Model in the Discovery of Bioac�ve Molecules from Nature[END_REF][START_REF] Macrae | Zebrafish as Tools for Drug Discovery[END_REF] The lethality, hatching rates, and gross morphology were observed every 24 h for 4 days post-fer�liza�on (dpf) following treatment with the compound in the dark. The compounds were administered into the fish water at 4 h post-fer�liza�on and renewed a�er 48 h. At 4 dpf, dyes 3 and 4 were primarily localized in the yolk. They do not display apparent toxicity at concentra�ons up to 10 μM (Figure 6 A). Notably, the hatching rates of embryos exposed to these compounds remained unaltered, in contrast to cispla�n at comparable or even lower concentra�ons, as previously reported by our research groups. [START_REF] Haghdoost | Lipophilicity-An�prolifera�ve Ac�vity Rela�onship Study Leads to the Prepara�on of a Ruthenium(II) Arene Complex with Considerable in Vitro Cytotoxicity against Cancer Cells and a Lower in Vivo Toxicity in Zebrafish Embryos than Clinically Approved c[END_REF][START_REF] Golbaghi | Organoruthenium(II) Complexes Bearing an Aromatase Inhibitor: Synthesis, Characteriza�on, in Vitro Biological Ac�vity and in Vivo Toxicity in Zebrafish Embryos[END_REF] The absence of dark toxicity at 10 μM provided significant encouragement for further in vivo inves�ga�ons.

To explore the full poten�al of our compounds, we decided to increase the dye concentra�on administered to the zebrafish to 20 μM. At this significantly higher concentra�on, we observed some dark toxicity for 3. However, it is plausible that this toxicity resulted from the exposure to microscope light every 24 h. In contrast, no dark toxicity was observed for 4, poten�ally due to its observed less efficient cellular uptake (see above). Subsequently, the dyes 3 and 4 were subjected to an in vivo PDT assay, in which the zebrafish embryos were irradiated (488 nm) at 4 dpf for 10 or 20 min. The phenotypic consequences of this irradia�on were then assessed at 7 dpf. Both compounds did not induce morphological changes at 10 μM. However, at 20 μM significant deformi�es/abnormali�es in the phenotype (such as heart oedema) were observed for both compounds (see Figure 6 B and C with representa�ve data for the example of dye 4). 

Conclusion

In conclusion, we inves�gated the poten�al of BASHY dyes as photosensi�zers to promote PDTinduced ferroptosis in cancer cells. As we have shown, the excited triplet state popula�on and singlet oxygen genera�on of the BASHY dyes is controlled by the delicate balance of CT and cyanine-like character. Using confocal microscopy, we confirmed their efficient accumula�on in LDs and this feature, in combina�on with their efficient singlet oxygen genera�on, makes BASHY dyes ideally suited to promote LPO and ferroptosis. Of the four evaluated dyes, BASHY 3 was the most promising, displaying pronounced phototoxicity in the nanomolar range against the human glioblastoma mul�form U87 cancer cell line, while showing virtually no dark toxicity. The resul�ng phototoxicity index, for which we can state a lower limit of 22700, is among the highest reported values and promotes this dye to gold-standard level. Gra�fyingly, the accumula�on of dye 3 in LDs was correlated with enhanced cell death, sugges�ng the involvement of localized LPO and ferropto�c pathways. These were indeed corroborated by a series of control experiments, using inhibitors of LPO and ferroptosis. In contrast, a deriva�ve dye (dye 4) with limited LDs accumula�on showed decreased PDT potency. The herein presented BASHY dye pla�orm opens new avenues for the development of innova�ve therapeu�c approaches in cancer treatment. The structural and electronic modularity of this exci�ng pla�orm favors the func�onal extension of these tailored PS with view on introducing director groups for certain cancer cell lines or specific cell compartments.

Figure 1 .

 1 Figure 1. BASHY dyes as a new PS platform for PDT that targets lipid droplets and trigger ferroptosis.

  [START_REF] Santos | Cyanine-Like Boronic Acid-Derived Salicylidenehydrazone Complexes (Cy-BASHY) for Bioimaging Applica�ons[END_REF] ; error of quantum yields ±15%; error of lifetimes ±5%. b Triplet-triplet absorption maximum (λexc = 355 nm); in square brackets the molar absorption coefficients at 670 nm are given; the values in toluene are assumed to be same as in acetonitrile. c Triplet lifetime in deaerated solution (λexc = 355 nm); error ±10%. d Intersystem crossing (ISC) quantum yield (λexc = 355 nm); error ±20%. e Quantum yield of singlet oxygen formation (λexc = 355 nm); reference perinaphthenone (ΦΔ ( 1 O2) = 0.98 in ACN); error ±20%.

Figure 2 .

 2 Figure 2. A) Absorption (black) and fluorescence (green) spectra of dye 4 in toluene. The NIR spectrum (red) shows the phosphorescence of the generated singlet oxygen. B) Nanosecond laser-flash photolysis spectra of dye 4 in deaerated acetonitrile (red: 2.2 µs after laser flash; blue: after 70.5 µs). C) Triplet decay under anaerobic (black) and aerobic conditions (green) and the respective monoexponential fitting (red).

Scheme 1 .

 1 Scheme 1. General schemes with proposed photophysical pathways of (A) the dyes 1 and 2 as well as (B) 3 and 4. Non-radiative processes are symbolized by dashed lines. LE: locally excited state; CT: charge transfer state; T: triplet state; ISC: intersystem crossing; CR: charge recombination; abs: absorption; fluo: fluorescence.

Figure 3 .

 3 Figure 3. Live cell confocal microscopy image of U87 cells incubated with dyes 3 (A) and 4 (B). Cells were incubated with 500 nM dye for 3h (red, excita�on: 488 nm, emission: 597-651 nm) and the nuclear staining dye Hoechst 33342 (cyan, excita�on: 405 nm, emission: 409-448 nm).

Figure 4 .

 4 Figure 4. Cellular and LD uptake of 3 and 4 in U87 cells determined by ICP-MS.

Figure 5 .

 5 Figure 5. Cell viability of U87 cells determined upon co-incuba�on with (a) 3 (10 nM) or (b) 4 (300 nM) and different inhibitors. The ferroptosis inhibitor Fer-1, the lipid peroxida�on inhibitor DL-α-Tocopherol, and the LD forma�on inhibitor pyrrolidine-2 were added at a final concentra�on of 50 μM, 100 μM, and 3 μM, respec�vely. Fer-1 and DL-α-Tocopherol were administered 1 h before co-incuba�on with the PSs, while pyrrolidine-2 was co-incubated with the PSs. Data are presented as mean ± SD (n = 3). (*P < 0.05, **P < 0.01, and ***P < 0.001, t-test).

Figure 6 .

 6 Figure 6. A -Normal phenotype at 3 dpf with incuba�on of dye 4 (1 µM). B and C -Typical abnormali�es observed at 7 dpf with incuba�on of dye 4 (20 µM) and irradia�on for 10 min at 488 nm at 4 dpf. Scale bars are 0.01 mm.

Table 1 .

 1 Photophysical data of the BASHY dyes 1-4 in acetonitrile and toluene solution.

Table 2 .

 2 Cytotoxicity (IC 50 values) of tested compounds on U87 and RPE-1 cell lines in the dark or upon light irradiation. a

		dark IC 50 (µM)	light 540 nm IC 50 (nM) b	PI c
	U87 MG cell line		
	1	>100	14260 ± 780	>7
	2	>100	27.9 ± 1.5	>3600
	3	>100	4.4 ± 0.2	>22700
	4	>100	98 ± 17	>1000
	PPIX	4.93 ± 1.18	521 ± 94	9.5
	RPE-1 cell line		
	1	>100	5740 ± 640	>17
	2	>100	39.0 ± 2.9	>2500
	3	>100	15.0 ± 1.0	>6700
	4	>100	214 ± 10	>500
	PPIX	6.11 ± 0.76	403 ± 19	
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