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A B S T R A C T

Curcumin is a natural compound with well-documented anticancer potential, but its clinical use is limited by 
poor water solubility and low bioavailability. To address these limitations, various nanoformulations and syn
thetic or semi-synthetic derivatives have been developed. Due to its ability to absorb visible light, curcumin has 
also been investigated as a natural photosensitizer (PS) for photodynamic therapy (PDT), a therapeutic approach 
that utilizes light-activated compounds to kills cancer cells by ROS generation. This study investigates the 
photosensitizing, cytotoxic, and phototoxic effects of three novel curcumin derivatives (AP2961, AP2962, and 
AP2975) in HL-60 and MCF-7 cancer cells and characterize the underlying mechanisms. As shown by flow 
cytometry within the SYTOX™ red probe, exposure to a low-irradiance white LED light significantly increased 
the cytotoxicity of our derivatives in both cell lines, with AP2975 being the most effective, especially in HL-60 
cells. Photoactivated AP2975 produced peroxides ROS via type I mechanism; colorimetric as well as fluorimetric 
assays showed that it depleted intracellular glutathione and inhibited catalase activity, thus inducing oxidative 
stress. Additionally, AP2975 triggered i) apoptosis, as demonstrated by the partial recovery of cell viability 
observed with zVAD, Annexin-V assay, and increase in PARP cleavage, ii) ferroptosis as confirmed by the partial 
recovery of cell viability recorded with ferrostatin-1 and decrease in GPX4 expression, and iii) necrosis, as 
recorded by Annexin-V assay. Overall, AP2975 may represent a promising PS for PDT, thanks to its combined 
pro-apoptotic and pro-ferroptotic activity, and emerges as a good candidate for future in vivo studies.

1. Introduction

Phytochemicals are naturally occurring bioactive substances present 
in a wide variety of plant-based foods such as fruits, vegetables, and 
cereals. The dietary intake of these compounds is associated with the 
mitigation of numerous health conditions, including cardiovascular and 
neurodegenerative diseases, diabetes, immunological disorders, and 
cancer [1]. Multiple clinical and epidemiological studies have reported 
inverse correlations between the consumption of certain phytochemicals 

and cancer incidence and recurrence [2–4]. This protective effect is 
largely attributed to their ability to interfere with multiple molecular 
pathways involved in carcinogenesis [2]. As a result, phytochemicals 
have drawn considerable attention for their potential role as anticancer 
agents [4].

Curcumin, the major biologically active constituent of the rhizome of 
Curcuma longa (turmeric) [5], is among the most extensively studied 
phytochemicals. It has been used for centuries in Ayurveda, Unani, and 
traditional Chinese medicine to treat various conditions [5]. Since the 
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1950s, numerous preclinical studies and clinical trials have confirmed 
its broad spectrum pharmacological properties, including 
anti-inflammatory [6–8], analgesic [7,8], antioxidant [8–10], antiviral 
[11], and antimicrobial effects [11]. This polyphenol also exhibits a 
multifaceted cancer chemopreventive and chemotherapeutic activity 
through multiple mechanisms. Specifically, it was shown to impede or 
delay the early stages of carcinogenesis due to its antioxidant and 
anti-inflammatory properties, along with its ability to modulate the 
activities of metabolizing enzymes [3,10]. Curcumin also showed an 
anticancer potential by inducing oxidative stress, apoptosis, autophagy, 
cell-cycle arrest, and by acting as an epigenetic and micro-ribonucleic 
acids (miRNAs) modulator [3,10,12,13]. Additionally, it has been 
shown to enhance the sensitivity of cancer cells to common chemo
therapy agents, such as doxorubicin, cisplatin, paclitaxel, and 5-fluoro
uracil [14]. Along with its pleiotropic anticancer activity, curcumin has 
been demonstrated to be safe and to have high tolerability, as its 
administration at doses of up to 12 g per day caused no adverse effects in 
clinical trials [8,15–17]. Nevertheless, curcumin’s clinical use is limited 
by a poor bioavailability, due to low intestinal absorption, rapid meta
bolism, and poor water solubility [18]. To address these challenges, 
several strategies have been proposed, including the inclusion of cur
cumin in nanoformulations [19,20] and the synthesis or semi-synthesis 
of structurally related analogues [21]. Proper chemical modifications 
and functionalisation of the curcumin backbone have successfully 
enabled the design of agents that can effectively and selectively modu
late well-defined targets and biochemical pathways involved in various 
pathologies, such as cancers and neurodegeneration. This demonstrates 
the value of this strategy, as evidenced by the numerous articles on this 
topic [22–27]. In this context, our research group recently published 
data on newly synthesized curcumin analogues, obtained by incorpo
rating a substituted benzyl-1,2,3-triazole unit into different positions of 
the curcumin scaffold. This design strategy aimed to enhance the 
bioavailability and anticancer profile of the analogues, thereby 
increasing cytotoxicity that resulted in up to threefold greater activity 
than that of curcumin against T acute lymphoblastic leukaemia cells 
[28].

Photodynamic therapy (PDT) is an approved therapeutic approach 
for treating various cancer types based on the production of reactive 
oxygen species (ROS) triggered by the light exposure of photoactive 
compounds, known as photosensitizers (PSs) [29]. Curcumin possesses 
inherent photosensitizing properties, as it can absorb UV–visible light in 
the 300–500 nm spectral range [30], suggesting that it potentially serves 
as a natural PS for PDT. In this regard, in vitro and in vivo studies have 
demonstrated that light irradiation enhances the cytotoxic effects of 
curcumin [18,30–32]. Therefore, building on the promising anticancer 
potential of the new curcumin analogues previously published by our 
research group, in this work we aimed to determine whether AP2961, 
AP2962, and AP2975, previously referred as compound 4, 2, and 3, 
respectively [28], possess photosensitizing properties, using curcumin 
as a reference standard. The compounds were selected based on their 
cytotoxic potency: low (AP2961), mild (AP 2962), and high (AP2975) 
after 24 h of treatment. In particular, we investigated their phototoxic 
potential on human acute promyelocytic leukaemia (HL-60) and estro
gen and progesterone receptor-positive human breast cancer (MCF-7) 
cells and the underlying molecular mechanisms.

2. Materials and methods

2.1. Cell cultures

HL-60 and MCF-7 cells were obtained from ATCC (LGC Group, 
Middelsex, UK) and cultured in RPMI 1640 supplemented with 20 or 
10 %, respectively, heat inactivated foetal bovine serum (FBS), 1 % L- 
glutamine 200 mM, and 1 % penicillin/streptomycin solution 100 U/mL 
(all obtained from Euroclone, Pero, MI, Italy). Cells were maintained in 
culture in a humidified incubator with 5 % of CO2. To maintain 

exponential growth, HL-60 cells were cultured without never exceeding 
their maximal density of 1 × 106/mL, while MCF-7 cells were trypsi
nised upon reaching 70–80 % confluence.

2.2. Cell treatment and irradiation

To compare the cytotoxic effects of curcumin and of its derivatives 
AP2961, AP2962 or AP2975 after light irradiation or dark incubation, 
HL-60 and MCF-7 cells were treated with increasing concentration of 
curcumin, AP2961, AP2962 or AP2975 (0–100 μM) for 4 h. After incu
bation, cells were washed twice with phosphate buffered saline (PBS) 1X 
and irradiated in PBS 1X for 30 min with a low-irradiance white light 
LED (24 mW/cm2) or kept in dark. Following irradiation or dark incu
bation, PBS was withdrawn, and cells were cultured in drug-free com
plete medium for 1, 24, or 48 h depending on experimental exigencies.

2.3. Analysis of cell viability

HL-60 cells were seeded at a density of 0.25 × 106/mL and treated as 
previously described. Cell viability was assessed by flow cytometry 
using the cell-impermeant fluorescent probe SYTOX™ red (Thermo 
Fisher Scientific, Waltham, MA, USA). This probe can exclusively bind 
the DNA of cells within damaged cell membrane, thus emitting a fluo
rescent signal that is inversely proportional to cell viability. Briefly, after 
48 h of recovery in drug-free complete medium, cells were diluted in PBS 
1X containing SYTOX™ red (5 nM), incubated at room temperature for 
20 min and then analysed by flow cytometry using a Guava EasyCyte 6 
2 L cytometer (Guava Technologies, Merck Millipore, Darmstadt, 
Germany).

For MCF-7 cells, 10000 cells in 100 μL complete medium were 
seeded in 96 well plate and the day after treated as described above. 
After light exposure or dark incubation and recovery in drug-free com
plete medium for 48 h, cell viability was assessed using the colorimetric 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 
Merck, St. Luis, MO, USA) assay. Briefly, cells were incubated for 90 min 
at 37◦C in medium containing 0.5 mg/mL of MTT. After incubation, 
MTT solution was removed, and the formazan salts generated by living 
cells were solubilized by adding dimethyl sulfoxide (DMSO). The 
absorbance, which is proportional to cell viability, was recorded at a 
wavelength of 570 nm using the Victor X3 multilabel plate reader 
(Perkin Elmer, Waltham, MA, USA).

For both cell lines, the percentage (%) of viable cells was normalized 
to that of untreated cells and IC50 values (concentrations that inhibit 
50 % of cell viability) were calculated from the dose–response curve.

2.4. Quantification of reactive oxygen species (ROS) in cell-free model

The Amplex Red assay was used to evaluate the ability of AP2975 to 
generate hydrogen peroxide (H2O2), the most thermodynamically stable 
product originated following the type I ROS reaction mechanism. 
Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine; AR) is a colourless 
and nonfluorescent molecule. In the presence of H2O2 and horseradish 
peroxidase (HRP), AR is oxidized to form resorufin, a highly fluorescent 
compound. Due to its high sensitivity, this assay provides an estimation 
of the PDT efficiency, related to the type I mechanism. Using a cali
bration curve determined with standard solutions of H2O2, it is possible 
to estimate the quantity of H2O2 generated from the fluorescence in
tensity of resorufin [33–38]. 10 μL of AR (50 mM in DMSO) and 10 μL of 
HRP (0.4 mg/mL in 50 mM PBS at pH 7.4) were added to 1 mL of PBS to 
obtain the final working solution. In a 96-well plate, 85 μL of PBS were 
placed in each well, and then 5 μL of AP2975 stock solutions (1, 2, 5, 10, 
20 μM in DMSO) were added. The plate was irradiated with a 
low-irradiance white light LED (24 mW/cm2) for 30 min and then 10 μL 
of the working solution were added to each well. An identical plate was 
kept in the dark before the addition of the working solution. After 
30 min of rest, the fluorescence intensity recorded at 590 nm (excitation: 

G. Greco et al.                                                                                                                                                                                                                                   Biomedicine & Pharmacotherapy 192 (2025) 118643 

2 



560 nm) was collected using a PerkinElmer EnSpire® Multimode Plate 
Reader (PerkinElmer).

ABMDMA (9,10-anthracenediyl-bis(methylene) dimalonic acid) is a 
molecular probe used for the detection and quantification of singlet 
oxygen (¹O₂) produced following the type II PDT mechanism. The assay 
is highly selective for singlet oxygen (¹O₂), showing minimal interfer
ence from other ROS, so it can be used for assessing type II PDT effi
ciency. ABMDMA is a fluorescent molecule that reacts selectively with 
¹O₂ to form a non-fluorescent endoperoxide. During reaction with singlet 
oxygen (¹O₂), ABMDMA exhibits a measurable decrease in its absor
bance. A stock solution of AP2975 (76.481 mM) was prepared in PBS 
containing 5 % DMSO. Working solutions at concentrations of 1, 2, 5, 
10, 20 µM were obtained by dilution in PBS, prepared with D₂O to 
prevent ¹O₂ quenching. For the assay, 97 µL of each AP2975 solution 
were dispensed into wells of a 96-well plate, followed by the addition of 
3 µL of a 5 mM ABMDMA stock solution (prepared in DMSO), yielding a 
final ABMDMA concentration of 150 µM. The plate was then irradiated 
for 30 min using a low-irradiance white light LED (24 mW/cm2). 
Absorbance readings were collected at 380 nm before and after irradi
ation using an EnSpire® Multimode Plate Reader. The amount of ¹O₂ 
generated upon irradiation was quantified based on the decrease in 
ABMDMA absorbance.

2.5. Analysis of intracellular ROS generation

HL-60 cells were seeded at a density of 0.25 × 106/mL and pre- 
treated for 1 h with the iron chelator 1,10-phenanthroline (o-phen, 
5 μM, Merck), the antioxidant trolox (1 mM, Santa Cruz Biotechnologies, 
Dallas, TX, USA), the ROS scavengers butylated hydroxytoluene (BHT, 
3 μM, Santa Cruz Biotechnologies) and N-acetyl-L-cysteine (NAC, 5 mM, 
Santa Cruz Biotechnologies), the mitochondrial complex I inhibitor 
rotenone (ROT, 0.5 μM, Merck), the glutathione (GSH) depletor L- 
buthionine-S,R-sulfoximine (BSO, 200 μM, Santa Cruz Biotechnologies), 
or for 12 h with the catalase inhibitor 3-amino-1,2,4-triazole (ATZ, 
10 mM, Santa Cruz Biotechnologies). After pre-treatment, cells were 
exposed to AP2975 (5 or 10 μM) for 4 h and irradiated for 30 min. At the 
end of irradiation, cells were cultured for 24 h in medium containing the 
corresponding antioxidants or pro-oxidants and cell viability was 
analyzed by flow cytometry with SYTOX™ red as described above.

2.6. Measurement of intracellular reduced glutathione

The intracellular GSH levels were quantified using Ellman’s reagent 
[5,5′-dithiobis-(2-nitrobenzoic acid), DTNB]. Briefly, after 1 or 24 h of 
recovery, HL-60 cells were collected, washed with PBS 1x, and lysed 
using CelLytic™ reagent (Merck). Protein concentration in each sample 
was determined via the Bradford assay, using a bovine serum albumin 
standard curve for quantification. For each sample, an equal amount of 
proteins was used to assess GSH levels. Cell lysates were deproteinized 
with trichloroacetic acid, followed by centrifugation at 14.000 rpm for 
5 min to remove precipitated proteins. A 50 µL aliquot of the resulting 
supernatant was combined with Tris-EDTA buffer (pH 8.9) and DTNB 
solution (0.01 M in methanol). DTNB reacts with the free thiol groups of 
GSH to generate a yellow chromophore, 2-nitro-5-thiobenzoic acid, 
alongside glutathione disulfide (GSSG) [39]. This reaction product was 
detected at 405 nm using an Infinite® F200 PRO microplate reader 
(Tecan, Männedorf, Switzerland). GSH content was expressed as fold 
change compared to control. NAC (5 mM) and BSO (200 μM) were 
included as positive controls for assay validation.

2.7. Measurement of catalase activity

HL-60 cells were pre-treated or not with ATZ 10 mM for 12 h, then 
exposed to AP2975 (5 or 10 μM) for 4 h and irradiated for 30 min. After 
24 h of recovery in ATZ-containing medium, cells were collected and 
catalase activity was determined spectrophotometrically in cell 

homogenates with the methods of Aebi [40]. Briefly, cells were washed 
twice with PBS and scraped into 5 mM KH2PO4/Na2HPO4 buffer (con
taining 3 mM KF and 3 mM β-mercaptoethanol, pH 7.5). Then, the 
resulting suspension was sonicated three times with 10-second pulses 
and centrifuged at 12.000 × g for 10 min at 4◦C. To stabilize the lysate, 
ethanol was added to the supernatant to degrade the ‘complex II’ of 
catalase along with H2O2. Following this step, 50 μl of 1 M Tris-HCl, 
5 mM EDTA (pH 8.0), 450 μl of H2O2, and 450 μl of H2O were added. 
The reaction was incubated at 37◦C for 10 min; after that, the sample 
was introduced, and the catalase activity was assessed spectrophoto
metrically by observing the reduction in absorbance at 230 nm due to 
the depletion of H2O2. One unit of catalase activity is defined as the 
decomposition of 1 μmol of H2O2 per minute under the specified assay 
conditions (ε230 = 0.071). Catalase activity was reported as U/mg of 
proteins.

2.8. Analysis of cell death mechanism

HL-60 cells were treated with AP2975 and exposed to light irradia
tion as previously described. After recovery in complete drug-free me
dium for 24 or 48 h, cells were diluted with Guava Nexin Reagent 
(Luminex, Austin, TX, USA) containing the cell-impermeant fluorescent 
dye 7-aminoactinomycin D (7- AAD) and Annexin V-phycoerythrin and 
analyzed via flow cytometry. Annexin V binds phosphatidylserine, 
which translocates from the inner to the outer side of the membrane of 
cells in early phases of programmed cell death (PCD; i.e., apoptosis, 
ferroptosis, or necroptosis) [41]. Since the inner PS can be bound by 
Annexin-V even in cells within damaged cell membranes (i.e., cells in the 
later stages of PCD or necrotic cells), the cell-impermeant fluorophore 
7-AAD contained in the reagent serves as a membrane integrity marker. 
Then, flow cytometry analysis distinguishes three cell populations: 
viable cells (Annexin V-/7-AAD-), cells undergoing cell death in the early 
stages of PCDs (Annexin V+/7-AAD-), cells in the late cell death stages of 
PCD or necrotic cells (Annexin V+/7-AAD+).

To characterize the mechanism of cell death, HL-60 cells were pre- 
treated for 1 h with or without different inhibitors: the pan-caspase in
hibitor carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethy 
lketone (zVAD-fmk, 50 μM, Selleckchem, Houston, TX, USA) that 
blocks apoptosis; the inhibitors of lipidic ROS and lipid peroxidation 
ferrostatin-1 (Fer-1, 1 μM, Merck) or vitamin E (vit E, 100 µM, Merck), 
the iron chelator deferoxamine (DFO, 10 μM, Acros Organics, Thermo
fisher Scientific, Geel, Belgium) that inhibit ferroptosis; the RIPK1 in
hibitor necrostatin-1s (Nec-1s, 75 µM, Merck) that blocks necroptosis. 
After pre-treatment with the different inhibitors, cells were exposed to 
AP2975 (10 μM) for 4 h and irradiated for 30 min. At the end of irradi
ation, cells were cultured for 24 or 48 h in medium containing the cell 
death inhibitors and cell viability was analyzed by flow cytometry with 
SYTOX™ red, as described above.

2.9. Analysis of cleaved PARP1 [poly (ADP-ribose) polymerase] and 
GPX4 (glutathione peroxidase 4) protein expression

After 24 or 48 h of recovery in drug-free complete medium, about 
1 × 106 HL-60 cells were collected, washed in PSB 1X, fixed in 4 % 
paraformaldehyde and permeabilized using 90 % cold methanol. Then, 
cells were incubated first with the primary anti-PARP1 (cleaved Asp214) 
antibody (0.25 μg/test; no. MA5–37112, Invitrogen, Thermo Fisher 
Scientific) or the primary anti-GPX4 antibody (1:150; no. PA5–109274, 
Invitrogen, Thermo Fisher Scientific) for 1 h at room temperature and 
then incubated with Alexa Fluor 647-labeled secondary antibody 
(1:200, no. A21244, Invitrogen) for 45 min at room temperature. 
Finally, cells were washed and analyzed by flow cytometry. Protein 
expression of cleaved PARP was expressed as % of positive cells, while 
GPX4 protein expression was expressed as the fold change of the mean 
fluorescence intensity (MFI) of treated samples compared to untreated 
cells.
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2.10. Statistical analysis

All results are expressed as mean ± SEM or SD of at least three in
dependent experiments. Statistical analyses were performed using one- 
or two-way ANOVA, and Tukey, Dunnet or Bonferroni as post-tests. IC50 
values were calculated from the dose–response curve using the non- 
linear regression [log(inhibitor) versus normalized response]. The sta
tistical software GraphPad InStat 9.0 version (GraphPad Prism, San 
Diego, CA, USA) was used, and p < 0.05 was considered significant.

3. Results

3.1. Light irradiation enhances the cytotoxic effects of curcumin’s 
derivatives on both HL-60 and MCF-7 cells

The compounds tested in this study are part of a series of curcumin- 
based analogues previously tested on T acute lymphoblastic leukaemia 
cells (CCRF–CEM), which demonstrated different cytotoxic potency 
depending on the specific functionalization of the curcumin scaffold 
[28]. In the present study, curcumin, AP2961, AP2962 and AP2975 
showed cytotoxic effects on both HL-60 and MCF-7 cells, with varying 
potencies across the two cell lines. In HL-60 cells, AP2962 exhibited the 
greatest cytotoxic activity, markedly higher than that of curcumin, while 
AP2961 and AP2975 demonstrated lower efficacy, far less potent than 

curcumin (Fig. 1 and Table 1). In MCF-7 cells, AP2961 and AP2962 
displayed cytotoxic effects comparable to curcumin, while AP2975 was 
less active (Fig. 1 and Table 1).

Taking into account the ability of the curcuminoid scaffold to absorb 
visible light and thereby to serve as potential PSs for PDT [30], we 
assessed the cytotoxic activity of curcumin and the three 
curcumin-based derivatives upon exposure to light irradiation. The 
photoactivation significantly increased the cytotoxicity of the tested 
analogues (Fig. 1), and among them, AP2975 showed the strongest 

Fig. 1. Photoactivation potentiates the cytotoxicity of curcumin and its analogues. Percentage (%) of HL-60 (A) and MCF-7 (B) viable cells after exposure to the 
curcumin derivatives or curcumin (CUR) for 4 h followed or not by 30 min light irradiation and 48 h recovery in drug-free complete medium. * p < 0.05; ** p < 0.01; 
**** p < 0.0001 versus untreated cells. ◦ p < 0.05; ◦◦ p < 0.01; ◦◦◦ p < 0.001; ◦◦◦◦ p < 0.0001 versus non-irradiated cells.

Table 1 
IC50 values, calculated after incubation with curcumin or its derivatives AP2961, 
AP2962, or AP2975 for 4 h followed or not by 30 min light irradiation and 48 h 
recovery in drug-free complete medium, and relative phototoxicity index factor 
(PIF), calculated dividing dark IC50 [*: extrapolated from dose-response curves 
(drug concentration versus cell viability)] by light IC50 values.

HL-60 MCF-7

IC50 (μM) PIF IC50 (μM) PIF

Dark Light Dark Light

AP2961 > 100 3.24 96.51* 59.16 4.86 12.17
AP2962 6.77 5.51 1.23 40.71 4.80 8.48
AP2975 > 100 4.11 2228.47* > 100 6.25 55.41*
Curcumin 38.41 5.78 6.65 44.94 4.71 9.54
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phototoxic effect (Fig. 1), especially in HL-60 cells, with a phototoxic 
index factor (PIF, defined as the IC₅₀ in the dark divided by the IC₅₀ under 
irradiation) exceeding 2000, far surpassing that of curcumin (6.65, 
Table 1). AP2975 also outperformed curcumin in light-induced cyto
toxicity on MCF-7 cells, achieving a PIF value equivalent to 55.41, which 
is 5.81 times higher than the 9.54 calculated for curcumin (Table 1). 
Taken together, these findings indicate that this analogue exhibits a 
strong light-dependent cytotoxicity in cancer cells, considerably greater 
than that of curcumin, especially in HL-60 cells, where the best PIF value 
was recorded. Based on these results, AP2975 was deeply studied to 
characterize the molecular mechanisms underlying the phototoxic ef
fects on HL-60 cells.

3.2. Photoactivated AP2975 generates peroxides following type I PDT 
mechanism and promotes oxidative stress

Measuring ROS generated by a PS is crucial to evaluate its effec
tiveness. Two in vitro assays are commonly used to detect ROS generated 
by the type I mechanism (Amplex Red assay) or the type II mechanism 
(ABMDMA assay).

The results of the two cell-free assays showed that AP2975, upon 
irradiation, can generate peroxides (via the type I mechanism) in a 
concentration-dependent manner: from 113.4 nM at 5 μM to 295 nM at 
the highest tested 20 μM concentration (Fig. 2A). On the contrary, the 
type II mechanism is inactive (data not shown).

Then, we explored whether photoactivated AP2975 could increase 
the levels of intracellular ROS. Thus, we investigated the capacity of 
antioxidant (NAC, trolox, o-phen, BHT) or prooxidant (BSO, ATZ) 

preconditioning to modulate the cytotoxic response of HL-60 cells 
exposed to photoactivated AP2975. The addition of BHT, NAC or o-phen 
caused a significant protection from AP2975 toxicity (Fig. 2B). NAC also 
increased the intracellular levels of thiols (-SH), suggesting that its effect 
may result from both direct scavenging of ROS and from serving as a 
thiol donor for the glutathione peroxidase/reductase (GpX/GR) 
pathway (Fig. 2C). Along this line, depletion of intracellular thiols 
caused by BSO markedly increased HL-60 cell death (Fig. 2B). Inter
estingly, inhibition of catalase with ATZ pre-treatment did not modify 
the cytotoxic response (Fig. 2B). Similarly, no effect was found on 
incubating cells in the presence of rotenone, an inhibitor of the Complex 
I of the mitochondrial respiratory chain (Fig. 2B).

3.3. AP2975 promotes apoptotic, ferroptotic, and necrotic cell death upon 
irradiation

In order to elucidate the mechanisms of cell death triggered by 
photoactivated AP2975, we first performed the Annexin-V assay. When 
irradiated, AP2975 caused a concentration- and time-dependent in
crease in cells in early stages of PCD (Annexin-V+/7-AAD-), reaching 
36.6 % and 69.6 % at 24 and 48 h, respectively, at the highest tested 
concentration of 10 µM (Fig. 3A). Besides, a concentration-dependent 
increase in Annexin-V+/7-AAD+ cells was also observed, indicative of 
later stages of PCD or necrosis (Fig. 3A).

Since PS exposure is common to multiple PCD pathways [41], we 
next characterized which of these was triggered by photoactivated 
AP2975. HL-60 cells pre-treated with the pan-caspase inhibitor zVAD 
showed a significant recovery of cell viability compared to that of cells 

Fig. 2. Photoactivated AP2975 generates peroxides via type I PDT mechanism and promotes intracellular oxidative stress. A. Quantification of ROS 
generated through type I mechanism as a function of AP2975 concentration after 30 min of white light irradiation, using the Amplex Red assay. B. Percentage (%) of 
viable HL-60 cells following 1 h pre-treatment with 1,10-phenanthroline (o-phen), Trolox, N-acetyl-L-cysteine (NAC), butylated hydroxytoluene (BHT), L-buthionine- 
S,R-sulfoximine (BSO), rotenone (Rot), or 12 h pre-treatment with 3-amino-1,2,4-triazole (ATZ), then a 4 h treatment with AP2975 (5 and 10 µM), 30 min of 
irradiation with white LED light, and a 24 h recovery in culture medium containing the respective antioxidant or pro-oxidant agents. C. Levels of intracellular 
reduced GSH in HL-60 cells pre-treated or not for 1 h with NAC (5 mM) or BSO (200 µM), exposed to AP2975 (5 and 10 µM) for 4 h, irradiated with white LED light 
for 30 min and recovered for 1 or 24 h in NAC- or BSO-containing medium. D. Catalase activity (expressed as % of U/mg protein compared to untreated cells) in HL- 
60 cells pre-treated or not for 12 h with ATZ 10 mM, exposed to AP2975 (5 and 10 µM) for 4 h, irradiated with white LED light for 30 min and recovered for 24 h in 
ATZ-containing medium. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 versus untreated cells or AP2975 0 μM. ◦ p < 0.05; ◦◦ p < 0.01; ◦◦◦ p < 0.001; ◦◦◦◦

p < 0.0001 versus cells treated with AP2975.
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only treated with AP2975: 62.81 % versus 21.11 % at 24 h and 56.18 % 
versus 20.4 % at 48 h (Fig. 3B). The caspase-dependent cleavage of 
PARP1 is widely recognized as a hallmark of apoptotic cell death [42], 
therefore we measured the expression of cleaved PARP1 to confirm the 
involvement of apoptosis. Photoactivated AP2975 increased the per
centage of PARP1-cleaved positive cells to 85.6 % (versus 19.2 % in 
untreated controls) after 24 h, and to 76.1 % (versus 17.5 %) after 48 h 
of recovery from treatment (Fig. 3C). Alongside apoptosis, we identified 
the involvement of ferroptosis, a lipid peroxidation-driven cell death 
mechanism primarily resulting from diminished GPX4 activity, which 
normally mitigates oxidative damage by utilizing GSH to detoxify lipid 
peroxides [43]. Indeed, although to a lesser extent compared to the 
apoptosis inhibitor, Ferr-1 significantly restored cell viability 24 h after 
irradiation (38.25 % versus 21.11 % in AP2975-treated cells) (Fig. 3B). 
Additionally, along with the previously described intracellular GSH 
depletion (Fig. 2C), AP2975 significantly reduced the protein expression 
of GPX4 in a concentration-dependent manner (by 25 % at 5 µM and by 
43 % at 10 µM) (Fig. 3D).

Overall, our data indicate that photoactivated AP2975, after 24 h 
from irradiation, triggers multiple cell-death pathways, including 
apoptosis, ferroptosis, and necrosis, while after 48 h cells undergo 
apoptosis and necrosis exclusively.

4. Discussion

Curcumin derivatives AP2961, AP2962, and AP2975 induced sig
nificant cytotoxic effects in both HL-60 and MCF-7 cells. These results 
are in line with our previous findings [28], which reported the cytotoxic 
effects of these derivatives on T acute lymphoblastic leukemia 
CCRF-CEM cells, although under different exposure conditions (4 h plus 
48 h of recovery versus 24 or 48 h of continuous treatment). In our 
previous work, the analogue with an unmodified curcumin scaffold and 
a functionalized triazole in the C-4 central position, such as compound 2, 

here as AP2962, showed the highest cytotoxic activity after 48 h of 
treatment [28]. Consistently, we found that this compound also dis
played marked cytotoxic effects in dark conditions. On the contrary, a 
loss of activity was observed for AP2961 and AP2975, both character
ized by a substituted benzyl-triazole in a side ring of curcumin [28]. This 
behaviour may confirm that combining the 1,2,3-triazole-based synthon 
with the unmodified curcumin structure significantly enhances its 
cytotoxic effects [28], regardless of the tumour cell line being tested.

The innovative aspect of this study lies in the identification and 
characterization of the photosensitizing properties exhibited by these 
curcumin derivatives. Photoactivation markedly enhanced the cytotox
icity of curcumin and its derivatives AP2961 and AP2975, in both HL-60 
and MCF-7 cell lines, as well as of AP2962, which was limited to breast 
carcinoma cells, thus indicating a promising light-mediated enhance
ment of their anticancer properties.

Previous investigations employing broad-spectrum visible light have 
demonstrated that curcumin-mediated photodynamic treatment reduces 
cell viability in oral squamous carcinoma (HN) cells [44] and cervical 
carcinoma (HeLa) cells [45]. In the study by Beyer et al., an approxi
mately 50 % increase in lactate dehydrogenase release was observed 
following treatment with 0.4 µg/mL (1.08 µM) curcumin and subse
quent light irradiation, measured 16 h after treatment [44]. Although 
this effect appears more pronounced than that observed in our experi
mental conditions, a direct comparison remains difficult due to the lack 
of information regarding the light intensity and cumulative dose, as well 
as differences in the viability assay employed. Moreover, Beyer et al. 
employed significantly lower curcumin concentrations (0.01–1 µg/mL, 
equivalent to 0.027–2.7 µM) and a shorter pre-irradiation incubation 
period (1 h) [44], compared to our experimental setting. These differ
ences are determinant, as both the concentration of PS and the duration 
of incubation before photoactivation are known to affect PS intracellular 
uptake and subcellular localization [29], thereby influencing curcumin 
phototoxic effects. Conversely, the study by Banerjee et al. employed 

Fig. 3. Photoactivated AP2975 induces apoptosis, ferroptosis, and necrosis. A. Percentage (%) of HL-60 Annexin V-/7-AAD-, Annexin V+/7-AAD-, Annexin-V+/ 
7-AAD+ cells after exposure to AP2975 for 4 h followed by 30 min light irradiation and 24- or 48-hours recovery in drug-free complete medium. B. % of HL-60 viable 
cells following a 1 h pre-treatment with ferrostatin-1 (Ferr-1, 1 µM), deferoxamine (DFO, 10 µM), vitamin E (Vit E, 100 µM), necrostatin-1s (Nec-1s, 75 µM), and 
carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (zVAD, 50 µM), 4 h treatment with AP2975 10 µM followed by 30 min light exposure and 24 or 
48 h recovery in inhibitors-containing complete medium. C. % of HL-60 cells positive for cleaved PARP1 after 4 h treatment with AP2975 10 µM, 30 min light 
exposure and 24 or 48 h recovery in drug-free complete medium. D. GPX4 protein expression (fold change) in HL-60 cells treated for 4 h with AP2975 (5 and 10 µM), 
30 min light exposure and 24 h recovery in drug-free complete medium. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 versus untreated cells; ◦◦ p < 0.01; 
◦◦◦◦ p < 0.0001 versus AP2975-treated cells.
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experimental parameters comparable to ours, using a similar curcumin 
concentration range (0.01–100 µM) and a 4 h incubation period pre
ceding irradiation. An IC₅₀ value of 8.2 µM was reported on HeLa cells 
following a 20 h post-irradiation recovery, using a 1 h visible light 
exposure at a fluence rate of 2.4 mW/cm² and a cumulative dose of 
10 J/cm² [45]. Notably, despite using a lower cumulative dose 
(4.32 J/cm²), we obtained lower IC₅₀ values (5.04 and 4.71 µM on HL-60 
and MCF-7 cells, respectively). This may reflect differences in the 
intrinsic sensitivity of the cancer cell lines under investigation [46,47]. 
Visible light has been proven to enhance curcumin phototoxicity in 
human bladder (RT112, UMUC3, TCCSUP) [48] and nasopharyngeal 
carcinoma cells (NPC/CNE2) [49]. However, the lack of information on 
the specific light wavelength range employed limits the possibility of a 
direct comparison with our findings.

Visible light irradiation significantly potentiated also the effects of 
curcumin derivatives AP2961, AP2962, and AP2975, leading to IC₅₀ 
values that were comparable to, or even lower, than those observed for 
curcumin itself. Among them, AP2975 yielded the most promising re
sults. Indeed, it showed negligible cytotoxicity in HL-60 cells and only 
mild effects in MCF-7 cells under dark conditions, while light irradiation 
induced a significant reduction in cell viability in both cell lines. 
Moreover, AP2975 exhibited a markedly higher PIF compared to cur
cumin in both cell models, particularly evident in HL-60, indicating a 
better phototoxic profile compared to the lead compound. Thus, by 
exhibiting minimal toxicity in the absence of light and becoming 
significantly cytotoxic only upon photoactivation, AP2975 exemplifies 
the key characteristics of an ideal PS [50].

PSs are known to damage target cells (i.e. cancer cells) through the 
generation of ROS [51]. A PS, in its ground state (S₀), can absorb a 
photon (typically in the visible or near-infrared range) and move to a 
higher-energy singlet excited state (S₁). The excited singlet state (S₁) is 
usually short-lived, but it can undergo an intersystem crossing to a more 
stable triplet excited state (T₁). Once in the triplet state, the PS can 
undergo two main pathways to produce ROS: in the type I mechanism, 
the excited triplet state interacts directly with molecular oxygen or 
nearby substrates (like cellular components) via electron or hydrogen 
atom transfer; this interaction usually produces highly reactive radical 
ions, such as superoxide anions, hydroxyl radicals, or peroxides [51]; in 
the type II mechanism, the excited triplet state of the PS transfers its 
energy directly to molecular oxygen, thus resulting in the generation of 
singlet oxygen (¹O₂), a highly reactive and cytotoxic oxygen form [51]. 
Our results in cell-free systems showed that the curcumin derivative 
AP2975, upon irradiation, follow type I mechanism, while the type II 
mechanism is inactive. This achievement is very interesting and chal
lenging and the search for a new type I organic PS is a highly active area 
of research for the following reasons: i). type I mechanism is less 
dependent on molecular oxygen (3O₂) than type II, which requires mo
lecular oxygen to form singlet oxygen (¹O₂); ii). type I PSs are more 
effective in hypoxic (low oxygen) environments, which characterize 
solid tumors [52]; iii). type I PSs can generate various types of ROS 
(superoxide radicals, hydroxyl radical, peroxides), resulting in a more 
extensive or diverse cellular damage [53] and increasing efficacy against 
cancer cells; iiii). since their mechanism of action involve electron 
transfer, type 1 PSs can work synergistically with other cancer therapies 
that exploit redox imbalances in cancer cells [54].

Shifting to in cells experiments, our results also indicate that intra
cellular ROS do play a critical role in the intoxication paradigm of 
AP2975. Indeed o-phen, which chelates iron ions and blocks Haber- 
Weiss ROS generation reactions, significantly protected HL-60 cells; 
moreover, the ROS scavengers BHT and NAC also blunted HL-60 cell 
death to a similar extent. Notably, NAC pre-incubation also increased 
cellular thiol levels while the lipophilic antioxidant BHT, which is 
particularly effective in scavenging organic lipophilic peroxides [55], 
was slightly more effective than NAC, although the difference was not 
significant.

Prooxidative conditioning of cells with BSO [56] or ATZ [57] gave 

apparently contradicting results: while depletion of cellular thiols with 
BSO markedly reduced the survival of AP2975-treated HL-60 cells, 70 % 
inhibition of catalase activity with ATZ failed to sensitize cells. The lack 
of effect of catalase inhibition suggests that H2O2 is not generated during 
AP2975 treatment under light irradiation, and hence is not implicated in 
the photoactivation cytotoxic pathway. On the contrary, the significant 
sensitization caused by BSO indicates that the GSSG-GSH cycling driven 
by the GpX/GR system is likely to play a pivotal role in the detoxification 
of AP2975-ROS. Differently from catalase, the GpX/GR system is 
capable of scavenging not only H2O2 but also organic peroxides such as 
tert-butyl hydroperoxide or lipid peroxides. The functional relevance of 
the GpX/GR system is further strengthened by the fact that NAC not only 
scavenges ROS per se, but also increases the levels of the HL-60 sulfhy
dryl pool, whose availability fuels GpX/GR antioxidant ability. Overall, 
it can be concluded that photoactivation of AP2975 results in the 
iron-dependent generation of ROS. Organic peroxides, rather than H2O2, 
are the ROS species likely generated in this process; these organic per
oxides are entirely responsible for the photoactivation-dependent 
AP2975 toxicity. Finally, the lack of any effect by rotenone indicates 
that the mitochondrial respiratory chain, often contributing to ROS 
intracellular generation [58], is not involved in the process in question.

Although in cell-free systems, AP2975 ultimately produce peroxides. 
It is essential to consider that its photodynamic behavior in cells may 
differ significantly; this is because the intricate biological microenvi
ronment, which includes factors such as oxygen availability, redox- 
active biomolecules, and cellular context, can lead to the production 
of different ROS via type I mechanism (i.e. superoxide radicals or hy
droxyl radical) or turn on single-electron transfer processes (photoredox 
catalysis), activating additional pathways [59–61].

PDT triggers a variety of cell death mechanisms, both regulated and 
accidental, which may occur independently or concurrently, ultimately 
impacting treatment outcomes [53]. The type of induced cell death is 
determined by multiple parameters, including the characteristics of the 
tumor, the physicochemical properties of the PS, its intracellular local
ization, its accumulation in target tissues, and the dose and duration of 
light exposure [53]. Apoptosis is the form of PCD most associated with 
PDT and involves caspase activation, DNA fragmentation, and cleavage 
of key substrates such as PARP1 [42]. Derivative AP2975 clearly acti
vated apoptotic cell death, as demonstrated by the partial recovery of 
cell viability upon pre-treatment with the pan-caspase inhibitor zVAD 
and the increased percentage of cleaved PARP1-positive cells observed 
after 24 and 48 h from light irradiation. Notably, AP2975 also induced 
ferroptosis, an iron-dependent form of PCD characterized by the inhi
bition or downregulation of GPX4, a GSH-dependent enzyme respon
sible for detoxifying lipid hydroperoxide, whose accumulation 
consequently leads to cell death [43]. Indeed, AP2975 significantly 
depleted intracellular GSH levels and reduced GPX4 protein expression. 
In addition, its phototoxic effects were partially counteracted by Ferr-1. 
However, the inability of the tested inhibitors to fully restore cell 
viability suggests the involvement of additional cell-death pathways, 
including necrosis. Our findings are in line with two recent studies that 
reported the induction, upon light irradiation, of both apoptosis and 
ferroptosis by curcumin and an analogue. A study employed a 
curcumin-loaded nanosystem based on gold nanorods modified with 
phenylboronic esters and activated by near-infrared (NIR) laser irradi
ation to achieve a combined photodynamic and photothermal therapy 
on melanoma cells (A375 and B16) [62]. In the other study, a curcumin 
analogue featuring 4-diethylamino-phenyl moieties as side aryl rings 
and retaining the central curcumin scaffold was evaluated in cervical 
carcinoma (HeLa) cells upon 532 nm laser irradiation. The analogue was 
specifically designed to localize in lipid droplets and the endoplasmic 
reticulum. [63]. These findings indicate that the curcumin scaffold can 
trigger both apoptotic and ferroptotic cell death pathways indepen
dently of photoactivation mode and irrespective of the cellular model 
employed.

Ferroptosis has emerged as a promising alternative cell death 
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mechanism for eliminating apoptosis-resistant cancer cells [64,65]. 
Thus, the concurrent induction of both apoptosis and ferroptosis may 
enhance overall cytotoxicity by targeting a broader spectrum of tumor 
cells with varying sensitivities to cell death pathways [53]. Overall, our 
findings suggest that the curcumin derivative AP2975 may serve as a 
promising PS for PDT since it exhibits a photosensitizing activity com
parable to or exceeding that of curcumin. Indeed, photoactivated 
AP2975 proved to induce oxidative stress and trigger apoptosis, fer
roptosis, and necrotic cell death. These multimodal mechanisms of cell 
death may enhance the phototoxic effects of AP2975 against cancer cells 
that exhibit differential sensitivity to pro-apoptotic or pro-ferroptotic 
stimuli. These promising results indicate that further investigations, 
including in vivo studies, are necessary to fully evaluate the therapeutic 
potential of AP2975 in terms of pharmacokinetics, biodistribution, and 
safety profile as crucial steps towards translating research from the 
laboratory to clinical practice.
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