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Photodynamic treatment of melanoma cells using aza-
dipyrromethenes as photosensitizers  

Kelly A. D. F. Castro,a†* Letícia D. Costa,b† Samuel Guieu,b,c Juliana C. Biazzotto,a Maria da Graça P. 
M. S. Neves,b M. Amparo F. Faustino,b* Roberto S. da Silva,a* and Augusto C. Toméb*  

This work provides the first study about the use of four aza-dipyrromethenes (ADPMs) as photosensitizers for cancer PDT. 

The synthesis and characterization of the ADPMs and their photodynamic action against B16F10 melanoma cells was 

assessed. The ADPM 2 is the best singlet oxygen generator and the most phototoxic (at 2.5 μM) towards B16F10 cells.  

Introduction 

Aza-dipyrromethenes (ADPM) are a class of deep blue organic 

chromophores first synthesized in 1943.1,2 Despite endowed 

with fascinating features, the ADPM derivatives were 

underestimated during decades3 but, thanks to the excellent 

work developed by O’Shea and co-workers, the interest for this 

family of chromophores was rekindled.3,4 Noteworthy, this 

research group reported, in 2012, a mechanistic analysis 

providing a deep understanding about the intermediates 

involved in the synthesis of these derivatives.5 Although the 

retrosynthetic approach based on the mechanism has led to the 

development of other methodologies,6,7 these compounds are 

still predominately synthesized from diaryl-nitro ketone 

precursors, although using the milder reaction conditions 

proposed and optimized by O’Shea’s group in 2004.3 

The great interest of these compounds lies in the intense 

and broad absorption they exhibit, as well as on their excellent 

stability.8 Beyond that, the possibility of quickly fine-tune their 

photophysical properties through the introduction of additional 

functional groups or even through small post-modifications 

reactions, such as the formation of boron chelates (BF2 or 

B(OR)2)9-11 or the coordination with metal ions (e.g., Zn(II), Au 

(III), Hg (II), Re(I), Pd(II), Pt(II)),8,12-20 has boosted their 

exploitation in a wide range of applications, namely in biological 

and material sciences. Among the applications with major 

relevance, we can highlight the use of these compounds as 

photosensitizers (PS) for photodynamic therapy (PDT), as 

fluorescent probes for in vitro or in vivo imaging, as 

chemosensors, or even as light harvesters in organic 

photovoltaic devices.12,21-23 However, the potential of the 

ADPM backbone by its own is still neglected, because it is 

regarded as a mere precursor to obtain boron difluoride 

chelates (aza-BODIPYs). As far as we known, nothing has yet 

been described about the potential applications of these ligands 

alone. In this communication, we report a preliminary 

evaluation concerning the ability of these compounds to act as 

PS for the photodynamic therapy (PDT) of melanoma cancer 

cells. The choice of this cell model was not aleatory. In fact, 

melanoma is one of the most aggressive and deadliest form of 

skin cancer, and its incidence worldwide is increasing fast.24-26 

Moreover, the heterogeneity and the remarkable 

predisposition of these tumours for metastatic spreading are 

responsible for their poor response to conventional 

therapies.26-29 Therefore, there is an urgent need to develop 

alternative or combined strategies able to overcome this 

resistance and lack of response. In the last few years, the PDT 

emerged as a promising approach for the treatment of skin 

cancers, mainly due to its minimally invasive nature, low side 

effects and excellent aesthetic outcome.27,28 Indeed, as 

evidenced by the significant increase in number of clinical trials 

registered and authorised, PDT is now widely used in European 

countries, and therefore all attempts to find new 

photosensitizers or improve this therapeutic approach must be 

considered.30 In this work, we synthesized four ADPMs bearing 

different substituent groups on the phenyl rings (-H, -OMe 

or -NMe2), in order to determine the impact of these 

substituents either on the photophysical properties and on their 

biological activity towards the resistant melanoma cell line 

B16F10. As far we known, this is the first study to evaluate the 

use ADMs as photosensitizers for PDT. 

Experimental  

Synthesis and photophysical properties 

a. Department of Physics and Chemistry, Faculty of Pharmaceutical Sciences of 
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Unless otherwise stated, all chemicals were used as supplied. 

Analogously, all solvents were used as received or purified by 

distillation prior to use. ADPM 1–4 were synthesized through 

the condensation of the adequate 1,3-diaryl-4-nitrobutan-1-

ones, following reported procedures (Scheme 1).3 After 

purification by column and thin-layer chromatography, the 

structures of all compounds were confirmed by nuclear 

magnetic resonance (NMR) and mass spectrometry (MS). 

ADPM 1 (Yield: 44%), 1H-NMR (300 MHz, CDCl3): δ 8.08–

8.04 (m, 4H), 7.98–7.94 (m, 4H,), 7.57–7.34 (m, 12H), 7.21 (s, 

2H). MALDI-MS: m/z 450.373 for [M+H]+. UV-Vis (DMF) max, 

(log ε): 306 (4.28) and 604 (4.32). ADPM 2 (Yield: 41%) 1H-

NMR (300 MHz, CDCl3): δ 8.05–8.00 (m, 4H), 7.95–7.92 (m, 

4H), 7.55–7.43 (m, 6H), 7.10 (s, 2H), 6.99–6.94 (m, 4H), 3.89 

(s, 6H). MALDI-MS: m/z 510.254 for [M+H]+. UV-Vis 

(DMF) max, (log ε): 302 (4.36) and 615 (4.43).; ADPM 3 

(Yield: 45%) 1H-NMR (300 MHz, CDCl3): δ 8.05–8.00 (m, 4H), 

7.90–7.85 (m, 4H), 7.06–7.02 (m, 6H), 6.98–6.93 (m, 4H), 

3.91 (s, 6H), 3.88 (s, 6H). MALDI-MS: m/z 570.244 for 

[M+H]+. UV-Vis (DMF) max, (log ε): 304 (3.78) and 632 

(3.86); ADPM 4 (Yield: 20%) 1H-NMR (300 MHz, CDCl3): 8.05 

(d, J = 8.8 Hz, 4H), 7.89 (d, J = 8.8 Hz, 4H), 7.04 (d, J = 8.8 Hz, 

4H), 6.99 (s, 2H), 6.79 (d, J = 8.8 Hz, 4H), 3.91 (s, 6H), 3.04 (s, 

12H). MALDI-MS:  m/z 596.283 for [M+H]+. UV-Vis 

(DMF) max, (log ε): 323 (3.93) and 656 (3.85). Additional 

experimental details are provided in the Supporting Information 

(SI). Electronic spectra (UV-Vis) were obtained on an Agilent 

8453 spectrophotometer, in the 200–800 nm wavelength range 

in different solvents (chloroform, dichloromethane, DMF, 

DMSO or ethanol). The fluorescence emission spectra were 

recorded under normal atmospheric conditions on a computer 

controlled F4500 – Hitachi spectrofluorimeter, using 1 × 1 cm 

quartz optical cells and solvents of various polarities 

(dichloromethane, DMF, DMSO or ethanol). The widths of both 

excitation and emission slits were set at 5.0 nm and the optical 

density of all the samples was 0.05. The singlet oxygen (1O2) 

production was determined by an indirect method that uses 

1,3-diphenylisobenzofuran (DPiBF) as 1O2 scavenger.31 Briefly, 

DMF solutions containing 0.5 M of each ADPM and 50 M of 

DPiBF were irradiated with a LED array with an emission peak 

centered at 640 nm. The breakdown of DPiBF, indicative of 

singlet oxygen production, was determined through the follow-

up of the absorbance decrease at 415 nm, during 6 min and at 

irradiation intervals of 1 min. 5,10,15,20-tetraphenylporphyrin 

(TPP), a well-known singlet oxygen producer, was used as 

reference ( = 0.64 in DMF).32  

 
Biological studies 

Cell Culture 

All cytotoxicity assays were performed against the highly 

metastatic murine melanoma cell line B16F10, purchased from 

the American Type Culture Collection (ATCC no. CRL-6475). 

B16F10 cells were grown as monolayers in Roswell Park 

Memorial Institute (RPMI) 1640 medium supplemented with 

10% (v/v) heat inactivated fetal bovine serum, 100 IU mL−1 

penicillin G, 100 mg mL−1 streptomycin, and 1 µg mL−1 

amphotericin, in a humidified atmosphere of 95% air and 5% 

CO2, at 37 °C.  

Dark Cytotoxicity and Photodynamic Treatment 

For the cytotoxicity studies, stock solutions of each ADPM with 

appropriate concentrations were prepared in DMSO and 

subsequently diluted in RPMI in order to ensure that the final 

concentration of DMSO in the culture medium was always 1% 

(v/v). To evaluate the dark cytotoxicity and the phototoxicity, 

cultures of B16F10 cells were prepared in 96-well plates, at a 

seeding density of 2 × 104 cells/well. The cells were then 

incubated for 24 h at 37 °C, in a CO2 incubator. Then, ADPMs 1–

4 were added to the culture medium in each corresponding 

wall, and their final concentrations ranged from 2.5 to 80 μM. 

The 96-well plates were incubated for 4 h at 37 °C, in a CO2 

incubator, in the dark, before irradiation. After the dark 

incubation, the cells were rinsed with PBS and fresh RPMI 

medium without phenol red was added. Lastly, the cell cultures 

were irradiated with a homemade set of 96 light-emitting 

diodes with emission band between 600 to 650 nm at an 

irradiance of 13.9 mW/cm2, wherein the total light dose was 5 

J/cm2 or 10 J/cm2. After irradiation, the cells were incubated for 

further 20 h in the dark and the cell viability was then 

determined by the MTT assay.33 For the dark cytotoxicity 

evaluation, the cells were treated and processed under the 

same conditions described for PDT studies, but were kept 

always in the dark. Light controls (cells without ADPM but 

irradiated under the same light conditions) were performed in 

parallel. At least three independent assays were performed in 

triplicate for each condition. The cellular uptake of ADPM 1–4 

(20  M) after 4 h was analysed by fluorescence microscopy 

using a Nikon Eclipse Ti Microscope model TI-FL. The cells were 

marked with specific organelles staining probes (Rhodamine 

123 for mitochondrial membranes and Hoechst 33342 for the 

nuclei). 

Statistical Analysis 

All statistical analyses were performed using GraphPad Prism 7. 

The results were reported as the mean ± standard deviation. 

The significance of dark or photodynamic treatment of each 

compound on the cell viability was assessed by an unvaried 

analysis of variance ANOVA. Multiple comparisons were 

performed with the Bonferroni’s post hoc test. P<0.05 was 

considered significant. 

LogP in silico calculations 

The miLogP was calculated using Molinspiration WebME Editor 

3.81. The parameters for drug-likeness were evaluated 

according to the Lipinski’s ‘rule-of-five’, using the 

Molinspiration WebME Editor.34 The parameters determined 

are summarized in Table S2 in the SI. 

Results and Discussion 

Synthesis and photophysical properties 
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The ADPMs 1‒4 selected for this study were obtained according 

to the synthetic route summarized in Scheme 1. A base-

catalysed aldol condensation involving the adequate aldehydes 

and acetophenones afforded the required chalcones.1,2 The 

subsequent Michael addition of nitromethane to these α,β-

unsaturated ketones yielded the 1,3-diaryl-4-nitro-butan-1-

ones.35 The desired ADPMs were obtained from the reaction of 

the nitroketones with an excess of ammonium acetate 

(NH4OAc) in refluxing ethanol.3 ADPMs 1‒4 were obtained in 

moderate yields (20‒45%) after purification by column or thin-

layer chromatography. The low yield of ADPM 4 when 

compared with the other ADPM derivatives can be ascribed to 

the dimethylamine groups present in its constitution, and which 

hinder the purification process. Actually, these basic 

dimethylamine groups strongly interact with the acidic silanol 

groups on the silica, so that part of the product may have been 

lost during the purification process. The identity of all 

compounds and intermediates was confirmed by NMR and MS 

(Figs. S1‒S8 in SI). 

The photophysical characterization of all ADPMs was 

performed in various solvents (CH2Cl2, CHCl3, DMF, DMSO and 

ethanol). All ADPMs exhibit a strong and broad absorption band 

between 500 to 800 nm, assigned to π–π* transitions (Figure 1). 

ADPMs are solvent-sensitive molecules, and the absorption  

maxima are dependent on the solvent polarity (Table S1 in the 

SI). The fluorescence emission profile of each ADPM upon 

excitation at ca. 600 nm was also investigated (Figure S9 and 

Table S1 in the SI). As expected, these compounds are weakly 

emissive when compared with the TPP used as fluorescence 

reference (Figure S10), which made the accurate determination 

of the fluorescence quantum yields (F) difficult. Actually, unlike 

the aza-BODIPYs that emit in the red-NIR region with a high 

quantum yield (φF), the ADPM ligands are non-emissive or 

weakly emissive at room temperature.8 This behaviour is usually 

ascribed to the lack of structural rigidity, which is pointed out as 

the main reason for the nonradiative deactivation from the 

excited state.8 Indeed, both the rotation of the aryl rings and 

the tautomerism that can occur via intramolecular proton 

transfer between the two adjacent pyrrole units can contribute 

to the non-emissive profile of these compounds.8,36 It is widely 

known that the absorption and emission maxima is influenced 

by the substitution pattern. As expected, the introduction of  

 

Scheme 1.  Synthetic route to ADPMs 1‒4. 

Figure 1. Normalized UV-Vis spectra and visual appearance of ADPMs in DMF solution.  

 

Figure 2. Reduction of the absorbance of DPiBF after irradiation with LEDs array 
( = 640 nm) at an irradiance of 13.9 mW/cm2 in the presence of ADPMs at a 
concentration of 0.5 M in DMF. 

electron-donating groups (OMe or NMe2) induced a 

bathochromic displacement of both the absorption and 

emission maxima.37 The solvent used to acquire the absorption 

and the emission spectra is also relevant as, with the exception 

of ADPM 1, all ADPMs exhibit a solvatochromic behaviour. 

The singlet oxygen (1O2) generation was determined 

through the photooxidation of 1,3-diphenylisobenzofuran 

(DPiBF) by the singlet oxygen produced in consequence of 

ADPM’s photosensitization. 

For these experiments, the concentration of each ADPM 

was 0.5 M and that of DPiBF was 100 times higher. The results 

obtained are gathered in Figure 2. Looking at these results, it 

must be stressed that the production of 1O2 by the ADPM 2 is 

only slightly lower than that observed for TPP, which is 

considered a good 1O2 producer ( = 0.64 in DMF).32 In turn, 

the ability of ADPMs 3 and 4 to generate 1O2 is relatively poor in 

DMF. Indeed, the negligible generation of 1O2 by compounds 3 

and 4 can be justified by the presence of the electron-donating 

R2 groups. In fact, it is already documented in the literature that 

the introduction of electron-donating groups (OMe or -NMe2) 

can hamper the production of singlet oxygen.38,39 In addition, 

the trend of these compounds to aggregate in solution can also 

be responsible for this result. Beyond the ability to produce  
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Figure 3. The cytotoxic effect of ADPM 1‒4 against the B16F10 cell line under dark 
conditions was determined by the MTT assay. All experimental conditions were 
performed in three independent experiments and in triplicate and expressed as 
the mean ± standard deviation. Statistical significance against non-treated cells: 
**: p value < 0.01; ***p < 0.001 and ****p < 0.0001. 

reactive oxygen species (ROS), namely singlet oxygen, the 

photostability and solubility of these compounds in the 

biological environment are important factors since can 

determine the efficiency of the photodynamic treatment. The 

drug-likeness properties of these compounds were quantified 

by in silico calculations (Table S2). Noteworthy, all ADPMs are 

poorly water-soluble as all of them exhibited octanol–water 

partition coefficients (milog P) greater than 5. In fact, it must be 

stressed that hydrophobic compounds with a strong tendency 

to aggregate in the biological media usually have a diminished 

activity as result of its lower bioavailability in the target tissue.40-

42 Apart from the in silico calculations, the aggregation 

behaviour of these compounds was evaluated in RPMI medium 

containing 1% of DMSO by monitoring the UV- Vis profile (Figure 

S11 for ADPM 2). The absence of a linear relationship clearly 

demonstrates the formation of aggregates. The photostability 

of all ADPMs was also evaluated by UV-Vis spectroscopy, by 

irradiation of a solution of the ADPM in DMSO/PBS, under the 

same light conditions of the PDT experiments. All ADPM are 

photostable at concentrations for which the aggregation is 

minimized (data not shown).  

Biological studies 

The broad absorption of ADPM derivatives within the so called 

“therapeutic window”, and their high extinction coefficients led 

us to exploit the potential of these compounds as  

photosensitizing agents for PDT. In the first assays concerning 

the biological activity of these ADPMs against the resistant 

melanoma cell line B16F10, the cellular toxicity in the dark and 

after irradiation was evaluated at concentrations of 10, 20, 40 

and 80 μM (Figures S12 and S13 in the SI). The results obtained 

seems to indicate that the cell viability in the presence of ADPM 

derivatives was not significantly affected neither by the increase 

in the PS concentration nor by the light irradiation. Indeed, 

these results can be explained by the hydrophobic character of 

these compounds, corroborated by in-silico calculations (Table 

S2 in the SI), and the occurrence of aggregation phenomena for  

Figure 4. The photodynamic activity of ADPMs 1‒4 against the B16F10 cell line 
was determined by the MTT assay. Cell cultures were irradiated with a red light (λ 
= 640 nm) LEDs array, at an irradiance of 13.9 mW/cm2, and a total light dose of 
10 J/cm2. All experimental conditions were performed in three independent 
experiments and in triplicate and expressed as the mean ± standard deviation. 
Statistical significance against non-treated cells: *: p value < 0.05; **p < 0.01 and 
****p < 0.0001. 

concentrations higher than 20 μM. Nevertheless, considering 

the results of the cytotoxic effect and the photodynamic 

activity, it is evident that the ADPM 2 is an effective PS to kill the 

resistant melanoma cells herein studied.  

 Taking the conclusions above mentioned into account, we 

decided to evaluate the biological behaviour of these 

compounds at lowest concentrations (Figures 3 and 4). In turn, 

it must be stressed that the decrease in the concentration of 

ADPM administered was offset by increasing the light dose from 

5.0 to 10 J/cm2. As we had suspected, the reduction of the dose 

of ADPM administered lead to a better photodynamic 

performance. Notwithstanding the significant decrease in the 

concentration of ADPM administered to the cells, the formation 

of aggregates was still evident for the highest concentrations. 

Since the aggregation of a given PS is intrinsically related with 

the loss or diminished photodynamic activity, it is not so 

surprising that the best photodynamic results were achieved 

with the lowest tested concentration (2.5 μM). In practice, the 

photodynamic treatment with 2.5 μM of each ADPM (1‒4) and 

a total light dose of 10 J/cm2 lead to a decrease of 6, 44, 24 and 

35% in cell viability, respectively, while at the concentration of 

20 μM (8 times higher) the cell viability increase and was over  

85% for ADPMs 1, 3 and 4. For ADPM 2, the cell viability 

remained at 43±1.2%. However, it is worth to mention that a 

similar cell viability reduction was observed under dark 

conditions for ADPM 2 at concentrations of 10 and 20 μM (≈ 

40%), which means that, at these concentrations, this ADPM 2 

exhibits cytotoxicity. Nevertheless, none of the tested 

compounds, including the ADPM 2, are cytotoxic at a 

concentration of 2.5 μM, which demonstrate clearly the 

potential of ADPM 2 as PS against B16F10 melanoma cell line, 

at this concentration. 

 The light dose effect (5.0 or 10 J/cm2) was also evaluated by 

comparing the cell viability after the photodynamic treatment 

with 20 μM of each ADPM. Overall, the total light dose had 

influence on the cell viability only for ADPMs 2 and 3. In fact, 

while the activity of ADPM 2 increased from 25 to 43%, the 
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ADPM 3 passed from a state of non-activity to a modest 

decrease of the cell viability in ca. 15%. 

 O’Shea and co-workers described the synthesis of some aza-

BODIPYs, including the BF2-chelates of the ADPMs 1 and 2. 

Beyond the synthesis and photophysical characterization of the 

synthesized compounds, they also evaluated the biological 

activity of these compounds against MRC5-SV40 transformed 

fibroblasts and HeLa cells.3 Interestingly, while in our study the 

ADPM 2 exhibited the highest phototoxicity, in O’Shea’s work 

the BF2-chelate of 1 exhibited the best results in both cell lines. 

Noteworthy, it must be stressed that they have used 

Cremophor EL, a non-ionic surfactant commonly used as 

delivery vehicle of hydrophobic drugs, thereby avoiding the loss 

of activity that we had as a result of aggregation phenomena. 

Moreover, they also used a higher total light dose (16 J/cm2) 

than the maximum light dose that we used in this study (10 

J/cm2). Recently, Silva and co-workers33 studied the antitumoral 

activity of a BODIPY containing a ruthenium(II) complex bearing 

aminopropyl lactose units in the ligands, against the B16F10 cell 

line. Briefly, the authors reported a dose-dependent activity, 

that resulted in a decrease in the cell viability by 50% for a 

concentration of 100 μM, but of less than 5% for a 

concentration of 2.0 μM. Therefore, if we compare our results 

with those reported by Silva, it becomes clear that, for lower 

concentrations, our compounds exhibited a much higher 

activity. In addition, the cytotoxicity of the ADPMs studied here 

towards B16F10 cells is comparable to that induced by other 

BODIPYs.43  

 Although the compounds are weakly emissive, we tried to 

monitor the cellular uptake of these ADPMs by B16F10 cells 

through fluorescence microscopy. Briefly, ADPM 1‒4 (20 μM) 

were incubated in the same conditions used for the cytotoxicity 

assays, for periods ranging from 1 to 4 h. Fortunately, the 

images acquired for ADPM 3 allowed us to conclude that the 

cellular uptake was time dependent (see Figure S14). Although 

no fluorescence emission was detected for compounds 1 and 2, 

we believe that a similar internalization also occurred. Indeed, 

although no fluorescence emission was detected for ADPM 2, 

the PDT assays shows phototoxicity, which supports their 

internalization by B16F10 cells. The subcellular localization of 

these ADPMs was also evaluated by fluorescence microscopy. 

Indeed, the determination of the cellular localization of a given 

PS within the target cells is of paramount importance, because 

 

 

 

 

 

Figure 5. Intracellular localization of ADPM  3. The B16F10 cells were treated with 
20 M of ADPM 3 for 4 h and subsequently loaded with Hoechst nucleus probe, 
Rhodamine 123 mitochondrial probe and then subjected to imaging microscopy. 
(a) bright field images, (b) ADPM 3 internalized; (c) cells marked with Hoechst, (d) 
Merged of b and c; (e) cells marked with Rhodamine 123; (f) Merged of b and e; 
(g) Merged of b, c and e. 

this is what determines the site of primary photodamages and 

the type of cellular response to the therapy.44  

 The intracellular localization of ADPM 3 is depicted in Figure 

5. In the same way as for BODIPY-like compounds, this ADPM 

was preferably located within lipophilic organelles.45 In practice,  

the images showed that the ADPM 3 is uniformly distributed 

inside the cells (Figure 5b), but is not co-located with the 

nucleus (Figure 5d). The co-localization of ADPM 3 with 

rhodamine (Figure 5f) suggests that this compound was 

localized in the mitochondria. Cosa and co-workers46 justified 

the cellular localization of BODIPY dyes in the various lipid 

membranes with the lipophilic nature of these compounds, a 

justification that can also be extended to ADPM derivatives.  

To sum up, these preliminary results indicate that the 

efficiency of these ADPM can be improved by tuning their 

strong hydrophobicity. Therefore, the encapsulation of these 

compounds in targeted delivery vehicles may be a suitable 

strategy to enhance the performance of these 

photosensitizers.47-50 

Conclusions 

To the best of our knowledge, this work provides the first study 

on the application of ADPMs as potential photosensitizing 

agents for PDT. These compounds exhibit some interesting 

features, including a broad absorption band typically between 

500 and 700 nm (or 800 nm in the case of ADPM 4), high 

extinction coefficients, and an excellent photostability and 

chemical versatility, that substantiate the bet on their use as 

photosensitizers. Taken together, our results clearly 

demonstrate the potential of these compounds to be used as 

photosensitizers against B16F10 melanoma cell line, especially 

the ADPM 2, bearing two methoxy groups, which demonstrated 

photocytotoxicity and no-cytotoxicity towards the melanoma 

cell line B16F10, at a concentration of 2.5 μM. In summary, we 

conclude that the presence, the number and the strength of the 

electron-donor groups influence their cytotoxicity. In addition, 

we also observed that the photodynamic efficiency of these 

ADPMs is strongly dependent of their tendency to aggregate. 

These preliminary results could be the starting point for the 

valorisation of these compounds by themselves, so that they 

are not only seen as simple precursors for the synthesis of 

aza-BODIPY dyes. Their encapsulation in nanocarriers, such as 

polymers, micelles or nanoparticles, can be and efficient 

strategy to diminish their aggregation tendency and improve 

PDT efficiency. 
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