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Abstract: Ferroptosis is an iron-dependent lipid peroxidation-driven 

mechanism of cell death and a promising therapeutic target to 

eradicate cancer cells. In this study we discovered that boronic acid 

derived salicylidenehydrazone (BASHY) dyes are highly efficient 

singlet-oxygen photosensitizers (PSs; Δ up to 0.8) that induce 

ferroptosis triggered by photodynamic therapy. The best performing 

BASHY dye displayed a high phototoxicity against the human 

glioblastoma multiform U87 cell line, with an IC50 value in the low 

nanomolar range (4.40 nM) and a remarkable phototoxicity index (PI 

> 22700). Importantly, BASHY dyes were shown to accumulate in 

lipid droplets and this intracellular partition was found to be essential 

for the enhanced phototoxicity and the induction of ferroptosis 

through lipid peroxidation. The safety and phototoxcity of this 

platform were validated in in vivo studies on zebrafish embryos 

(Danio rerio). 

Introduction 

A deeper understanding of the molecular mechanisms that 

govern cell death is fundamental to develop innovative 

therapeutic approaches. In this context, ferroptosis emerged in 

recent years as a very useful therapeutic target in cancer.[1] 

Ferroptosis is a non-apoptotic mode of cell death driven by iron-

dependent lipid peroxidation and the current literature converges 

on suggesting an intimate relationship between this modality of 

cell death and an imbalanced redox homeostasis.[2] Recent 

studies point to the central role of lipid hydroperoxides (LOOH) 

in ferroptosis.[2–5] LOOH are then decomposed to form alkoxyl 

radicals (LO•) that initiate oxidative chain reactions of cell 

membrane phospholipids. This triggers uncontrolled lipid 
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peroxidation (LPO), leading ultimately to plasma membrane 

rupture and cell death. 

Contrary to healthy cells, cancer cells exhibit an increased level 

of reactive oxygen species (ROS), which is indispensable to 

sustain the biochemical alterations required for the initiation and 

progression of the disease.[6] However, perturbation of this 

tightly regulated redox balance can result in the oxidation of 

important cellular components, ultimately leading to cell death by 

various mechanisms, including ferroptosis. Therefore, many 

efforts have been made to discover therapeutic approaches to 

selectively target this redox system. Among these strategies the 

use of photodynamic therapy (PDT) is particularly appealing, [7,8] 

because the activation of a photosensitizer (PS) by light can 

generate singlet oxygen which promotes LPO or produces 

hydrogen peroxide for intracellular Fenton reactions.[9] However, 

apart from a few recent examples,[10–12] most of the available 

PSs failed to effectively induce ferroptosis since phototoxicity 

can trigger different mechanisms of cell death, depending on the 

cell type, light intensity, and intracellular localization of the PS. 

Moreover, most reported ferroptosis-inducing PSs resort to 

supramolecular encapsulation in nanoparticles or liposomes to 

improve their cancer cell targeting and stability in circulation.[7] 

Therefore, the discovery of new PSs with improved 

accumulation in lipid-rich regions during PDT treatment would 

offer a powerful and highly selective strategy to induce 

ferroptotic pathways through localized LPO.  

Recently, we developed a modular fluorescent platform based 

on boronic acid derived salicylidenehydrazone complexes 

(BASHY) that absorb at wavelengths >450 nm, display high 

molar absorption coefficients (up to 70000 M–1cm–1), and show 

polarity-dependent emission in the green-to-red spectral 

range.[13–18] More importantly, the hydrophobic BASHY dyes 

were shown to effectively accumulate in lipid droplets (LDs).[18] 

These structures are spherical cytoplasmic organelles 

composed of a neutral lipid core, that play a key role in tumor 

metabolism and act, among other functions, as lipid reserves to 

sustain the fast proliferation of cancer cells.[19] Therefore, we 

anticipated that if BASHY dyes would work as efficient PSs, this 

platform could become a unique tool to promote light-induced 

ferroptosis in cancer cells (Figure 1). 

 

 

 

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

 

Results and Discussion 

To test this hypothesis, we prepared the BASHY dyes 1–3[16,18] 

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-conjugation along the 

salicylidenehydrazone ligand backbone, which impacts the 

photo-physical and -chemical properties (see Table 1 and 

Supporting Information).[16] In addition to this series, dye 3 was 

equipped with a cholesterol moiety to induce a different partition 

of the dye among intracellular lipid rich regions and to study the 

impact of this partition in the PDT response of the dye. This 

yielded dye 4 for which representative photophysical data are 

shown in Figure 2 (the data for the dyes 1–3 can be found in the 

Supporting Information). 

BASHY dyes are known to present a mixed character in terms of 

charge-transfer (CT) properties and a cyanine-like 

behaviour.[16,20] On the one hand, the latter has an increased 

contribution in BASHY dyes with extended π-conjugation, 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 

quantum-mechanical calculations (see Supporting Information). 

Furthermore, the CT process depends on the polarity of the 

solvent, i.e., more CT is anticipated in polar media (e.g., 

acetonitrile; ACN) than in a non-polar environment (e.g., toluene; 

TOL). Noteworthy, the integration of the cholesterol moiety in 4 

does not alter the photophysical properties 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 properties of the salicylidenehydrazone 

backbone.[15,17] 

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 absorption maximum is red-shifted with 

increasing degree of π-conjugation, according to the 

expectations on the cyanine-like character. In acetonitrile, the 

dyes emit fluorescence with maxima between 550 and 600 nm 

and show moderate quantum yields f (ca. 0.2–0.3). Upon 

changing the medium to toluene, the fluorescence maximum is 

blue-shifted due to a destabilization 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. 
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Table 1. Photophysical data of the BASHY dyes 1–4 in acetonitrile and toluene solution. 

 

 

 

 

 

  λabs (nm)a 

[𝜀 (M–1cm–1)] 

λf (nm)a f
a f (ns)a λT-T (nm)b 

[𝜀 (M–1cm–1)] 

T (µs)c ISC
d Δ

e 

1 ACN 472 [52000] 552 0.16 1.01 720 [9970] 43.5 0.10 0.08 

 TOL 472 [49000] 509 0.72 2.52 750 [9970] 29.1 0.23 0.23 

2 ACN 497 [58000] 577 0.26 1.72 680 [12135] 41.6 0.10 0.10 

 TOL 497 [58000] 531 0.58 2.12 680 [12135] 20.6 0.20 0.22 

3 ACN 513 [62000] 585 0.25 1.57 660 [12900] 23.5 0.48 0.33 

 TOL 513 [60000] 548 0.32 1.18 690 [12900] 26.6 0.78 0.79 

4 ACN 511 [62000] 585 0.15 1.69 660 [12830] 25.1 0.40 0.26 

 TOL 514 [59000] 551 0.31 1.29 670 [12830] 16.3 0.75 0.82 

a Data (except for dye 4) are taken from ref.[16]; 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 (Δ (1O2) = 0.98 in ACN); error ±20%. 

 

 

 

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). 

 

As rated by the moderate fluorescence quantum yield of 3 and 4 

it could be expected that the population of the excited triplet 

state via intersystem crossing (ISC) contributes significantly to 

the excited state trajectory. Indeed, such evidence for the 

excited triplet state population was obtained from nanosecond 

transient-absorption spectroscopy in oxygen-free solutions. The 

investigated dyes lead to transient states that absorb at 

wavelengths longer than 600 nm and show decay kinetics on the 

microsecond timescale (T ca. 20–40 µs), see Figure 2B and C, 

Table 1, and the Supporting Information. These signals have 

been assigned to the triplet-triplet absorption. The intersystem 

crossing (ISC) quantum yields 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 fluo and ISC do not add up to one, which points 

to a significant decay of the excited singlet state via non-

radiative pathways in acetonitrile, e.g., spin-allowed charge 

recombination (CR). This is prominently the case for the dyes 1 

and 2, which imply more significant CT contributions. Hence, the 

https://doi.org/10.26434/chemrxiv-2023-03s0m ORCID: https://orcid.org/0000-0002-7698-630X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-03s0m
https://orcid.org/0000-0002-7698-630X
https://creativecommons.org/licenses/by-nc-nd/4.0/


    

4 

 

competition between CR and ISC lowers the efficiency of excited 

triplet state population dramatically for these dyes. In toluene, 

where CT is rather disfavoured, a considerably more efficient 

ISC was noted, especially for the dyes 3 and 4 (ISC = 0.75–

0.78), and partially also for the dyes 1 and 2. From these 

observations it becomes clear that the presence of significant 

CT contributions 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,[21] seem not to be operative 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 

qualitative picture of the involved photoprocesses is given in 

Scheme 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. 

 

The excited triplet states show a dramatically reduced lifetime in 

the presence of oxygen (see Figure 2C), pointing to an efficient 

quenching process (bimolecular quenching rate constant of ca. 5 

 109 M–1s–1 for all dyes). One outcome of this quenching is the 

sensitization of 1O2 by means of triplet energy transfer, as 

evidenced by the direct observation of its luminescence in the 

near-infrared spectral region (maximum at 1270 nm); see Figure 

2. The quantum yields for 1O2 formation (Δ) coincide, especially 

in non-polar medium (e.g., toluene), with those of the triplet-state 

population by ISC; see Table 1. This observation evidences a 

practically quantitative energy transfer process to 3O2 and 

thereby a strong preference for the type II mechanism (1O2 

formation instead of electron-transfer-induced formation of other 

reactive oxygen species) as cornerstone of the anticipated PDT 

activity (see below).[22] From the joint photophysical data it can 

be unambiguously concluded that the dyes 3 and 4, i.e., those 

with the most pronounced cyanine-like character, are excellent 

candidates for PDT. Noteworthy, the herein established PSs do 

not require the presence of triplet-state promoting heavy atoms, 

such as bromine or iodine, which are often known to cause also 

an elevated dark toxicity.[23] 

With the photophysical data in hand, we proceeded to evaluate 

the hydrolytic stability of compounds 1–3 (see Supporting 

Information). The extended conjugation appears to have a 

positive effect on their stability, with dye 3 displaying the highest 

aqueous stability with a half-life (t1/2) of 43.3 h (versus 4.9 h for 

dye 1). Moreover, in a non-aqueous environment (ACN), the 

three dyes displayed excellent stabilities with t1/2 values between 

46 h (dye 1) and 138 h (dye 3). In terms of the photostability 

these dyes present the typical light-induced oxidation patterns at 

the polymethine chain as reported for archetypal cyanine dyes 

(see Supporting Information).[24] Though the observed 

photobleaching has no detrimental effect on the PDT efficiency 

(see below). 

We next addressed if the dyes are accumulating in LDs and if 

this partition could selectively enhance LPO and PDT-induced 

ferroptosis. Therefore, exploring the intrinsic fluorescence of the 

dye, we monitored the intracellular distribution of 3 in human 

glioblastoma multiform U87 cells by confocal microscopy (Figure 

3). As mentioned above, BASHY dyes are well-known to be 

selective markers for LDs.[18] In accordance with those reports, 

BASHY 3 displayed a preferred accumulation in globular 

intracellular organelles. After confirming this selective 

accumulation 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 retinal pigment epithelial-1 

(RPE-1) cells. As shown in Table 2, upon irradiation 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 IC50 values ranging 

from micro- to nanomolar concentrations. These numbers 

correlate well with the dyes’ capacity to generate 1O2 (see Table 

1). Dye 3, which exhibits one of the highest Δ(1O2) of the series, 

proved to be the most potent PS in these assays (IC50 = 4.40 

nM).  

Gratifyingly, the dyes displayed no toxicity in the dark at 

concentrations 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 practice, and are amongst the highest reported PI 

values.[25,26] Under comparable experimental conditions as 

applied for the dyes 1–3, PPIX shows an IC50 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 
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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. 

 

Table 2. Cytotoxicity (IC50 values) of tested compounds on U87 and RPE-1 

cell lines in the dark or upon light irradiation.a 

 darkIC50 (µM) light 540 nmIC50 (nM)b PIc 

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 15 

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 darkIC50/light540 nmIC50. 

 

Once the capacity of 3 to act as a potent PS was established, 

we addressed the contribution of LDs to the efficiency of this dye. 

With this objective, dye 4 was designed based on the 

architecture of 3 and featuring an additional cholesterol unit. 

Cholesterol is well known for promoting accumulation in different 

intracellular lipidic regions.[27,28] Therefore, we anticipated that if 

4 would display a differentiated intracellular distribution as 

compared to 3, this would induce a modulation of the response 

in PDT.  

We monitored the intracellular distribution of 4 by confocal 

microscopy in U87 cells (Figure 3). Differently from 3, dye 4 did 

not show a marked preference for accumulation in LDs and was 

only partially found in these globular intracellular organelles. 

Next, U87 and RPE-1 cells were incubated with 4 and submitted 

to irradiation at 540 nm for 40 min. In these conditions, IC50 

values of 98 nM and 214 nM against U87 and RPE-1 cells, 

respectively, 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 still significant. 

 

 

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 3 h (red, 

excitation: 488 nm, emission: 597–651 nm) and the nuclear staining dye 

Hoechst 33342 (cyan, excitation: 405 nm, emission: 409–448 nm). 

 

Together these results strongly suggest that the prominent 

accumulation of 3 in LDs results in a more efficient cell death. To 

further test this hypothesis, inductively 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 concentration of 3 or 

4 is localized in LDs, and this uptake clearly increases over time. 

However, because dye 4 shows a limited accumulation in cells, 

its absolute amount in LDs is consequently rather low. These 

observations support the hypothesis that the higher phototoxicity 

observed with 3 is directly linked to the higher concentration of 

the dye in lipid-rich organelles. It must be stressed here that the 

nonpolar surrounding that is provided in LDs boosts the 

performance of the PS in terms of 1O2 generation, 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 activation, 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-activated processes.  

 

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

MS. 

 

Considering these results, we addressed if the photosensitizing 

action of 3 and 4 could trigger ferroptotic cell death through 

localized LPO in LDs. To elucidate this mechanism, we 

performed PDT assays using the well-known LPO inhibitor 

DL-α-tocopherol[29] and the ferroptosis inhibitor Ferrostatin-1 

(Fer-1)[30] in combination with dye 3 and 4 at isotoxic 

concentrations (i.e., 10 and 300 nM, respectively). As shown in 

Figure 5, both DL-α-tocopherol and Fer-1 increased the cell 
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viability, suggesting that ferroptosis contributes significantly to 

the cell death induced by the PS activity of 3 and 4. Additionally, 

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 formation.[31,32] We used 

pyrrolidine-2, a known inhibitor of this enzyme,[33,34] to further 

examine whether reducing the formation 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 initial assumption that 

the accumulation of these dyes in LDs could enhance LPO and 

ferroptosis upon photosensitization. 

 

 

 

Figure 5. Cell viability of U87 cells determined upon co-incubation with (a) 3 

(10 nM) or (b) 4 (300 nM) and different inhibitors. The ferroptosis inhibitor Fer-

1, the lipid peroxidation inhibitor DL-α-Tocopherol, and the LD formation 

inhibitor pyrrolidine-2 were added at a final concentration of 50 μM, 100 μM, 

and 3 μM, respectively. Fer-1 and DL-α-Tocopherol were administered 1 h 

before co-incubation 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). 

 

Motivated 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.[35–39] 

The lethality, hatching rates, and gross morphology were 

observed every 24 h for 4 days post-fertilization (dpf) following 

treatment with the compound in the dark. The compounds were 

administered into the fish water at 4 h post-fertilization and 

renewed after 48 h. At 4 dpf, dyes 3 and 4 were primarily 

localized in the yolk. They do not display apparent toxicity at 

concentrations up to 10 μM (Figure 6 A). Notably, the hatching 

rates of embryos exposed to these compounds remained 

unaltered, in contrast to cisplatin at comparable or even lower 

concentrations, as previously reported by our research 

groups.[40,41] The absence of dark toxicity at 10 μM provided 

significant encouragement for further in vivo investigations. 

To explore the full potential of our compounds, we decided to 

increase the dye concentration administered to the zebrafish to 

20 μM. At this significantly higher concentration, 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, potentially 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 irradiation were then assessed at 7 dpf. Both compounds 

did not induce morphological changes at 10 μM. However, at 20 

μM significant deformities/abnormalities in the phenotype (such 

as heart oedema) were observed for both compounds (see 

Figure 6 B and C with representative data for the example of dye 

4). 

 

 

Figure 6. A – Normal phenotype at 3 dpf with incubation of dye 4 (1 µM). B 

and C – Typical abnormalities observed at 7 dpf with incubation of dye 4 (20 

µM) and irradiation for 10 min at 488 nm at 4 dpf. Scale bars are 0.01 mm. 

 Conclusion 

In conclusion, we investigated the potential of BASHY dyes as 

photosensitizers to promote PDT-induced ferroptosis in cancer 

cells. As we have shown, the excited triplet state population and 

singlet oxygen generation of the BASHY dyes is controlled by 

the delicate balance of CT and cyanine-like character. Using 

confocal microscopy, we confirmed their efficient accumulation 

in LDs and this feature, in combination with their efficient singlet 

oxygen generation, 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 multiform U87 cancer cell line, while showing 

virtually no dark toxicity. The resulting 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. 

Gratifyingly, the accumulation of dye 3 in LDs was correlated 

with enhanced cell death, suggesting the involvement of 

localized LPO and ferroptotic pathways. These were indeed 

corroborated by a series of control experiments, using inhibitors 

of LPO and ferroptosis. In contrast, a derivative dye (dye 4) with 
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limited LDs accumulation showed decreased PDT potency. The 

herein presented BASHY dye platform opens new avenues for 

the development of innovative therapeutic approaches in cancer 

treatment. The structural and electronic modularity of this 

exciting platform favors the functional extension of these tailored 

PS with view on introducing director groups for certain cancer 

cell lines or specific cell compartments. 

Supporting Information 

The authors have cited additional references within the 

Supporting Information.[42–53] 
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Boronic acid derived salicylidenehydrazone (BASHY) dyes are highly efficient singlet-oxygen photosensitizers (PSs; Δ up to 0.8) 

that induce ferroptosis in cancer cells triggered by photodynamic therapy.  
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