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A B S T R A C T

The influence of metal ions on the photochemical, photophysical, and antibacterial properties of three cationic 
porphyrin-triphenylphosphonium conjugates was investigated for the first time. Coordination with Zn(II), Pd(II) 
and Co(II) enabled fine-tuning of these conjugates properties, with Zn(II) complexes demonstrating particular 
promise. While Pd(II) and Co(II) complexes failed to generate singlet oxygen (1O2), thereby reducing their ef
ficacy in bacteria photoinactivation, Zn(II) complexes exhibited efficient 1O2 generation and strong bacterial 
adhesion. Among these, the Zn(II) metalloporphyrin 2-Zn, featuring a well-optimized structure with three tri
phenylphosphonium units and six positive charges, showed exceptional effectiveness against Gram-negative 
Escherichia coli at lower concentrations. It significantly outperformed its free-base counterpart, reducing the 
required irradiation time by more than 65 %. Furthermore, 2-Zn demonstrates to be safe, exhibiting no cyto
toxicity towards Vero cells. These findings highlight the potential of Zn(II) porphyrin-triphenylphosphonium 
complexes as efficient photosensitizers for antimicrobial photodynamic therapy (aPDT), offering a promising 
approach to address the growing challenge of antibiotic bacterial resistance in both clinical and environmental 
contexts.

1. Introduction

The rise of severe and difficult-to-treat infections caused by 
multidrug-resistant bacterial strains is a direct consequence of the 
increasing prevalence of antimicrobial resistance, largely due to the 
widespread misuse of antibiotics [1–3]. These multidrug-resistant 
strains present a growing threat to public health, making it imperative 
to develop new antimicrobial therapies that are both rapid and effective, 
without further contributing to the development of resistant strains 
[4–9]. Recently, antimicrobial photodynamic therapy (aPDT) has 
emerged as a promising alternative to conventional treatments, enabling 
the rapid and efficient eradication of bacteria [5–7,10–17]. This therapy 
involves the use of a photosensitizer (PS) that, when activated by irra
diation at a specific wavelength in the presence of molecular oxygen, 
generates highly cytotoxic Reactive Oxygen Species (ROS). These ROS 
oxidize various cellular components, leading to microbial inactivation 
[5,10,18–23].

Porphyrin derivatives are the most widely used class of PS in aPDT 

[24]. Their versatility enables chemical modifications to enhance solu
bility, target specificity, and photostability. Their highly conjugated 
structures enable effective light absorption in the visible region of the 
electromagnetic spectrum (400–700 nm). Upon being exposed to light, 
porphyrins transition to an excited singlet state, which can subsequently 
undergo by intersystem crossing process to a triplet state. Through type I 
and type II mechanisms, this process leads to the generation of ROS. 
Despite their advantages, porphyrins face some limitations in clinical 
applications, including weak absorption in the near-infrared region – 
where light penetration into tissues is deeper – and low solubility in 
biological aqueous environments [6,19,25–31]. To address these chal
lenges, there has been a concerted effort to develop PS with improved 
biological properties. For tetrapyrrolic PS, their properties can be 
modified through structural fine-tuning by altering the substituents on 
the periphery of the macrocycle or by modifying the electronic envi
ronment at its core, often through metal coordination [29,32–38]. In 
porphyrin derivatives, the core cavity makes them exceptional ligands 
for forming complexes with a wide range of metal ions, resulting in the 
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formation of metalloporphyrins [39–41]. The coordination of a wide 
range of metal ions with tetrapyrrolic macrocycles has been widely 
demonstrated to be useful across various fields, including medicine, 
bioimaging, optoelectronics, photocatalysis, chemosensing, light- 
harvesting, and supramolecular chemistry [39,40,42–49]. In the 
context of antimicrobial photoinactivation, several studies have re
ported that metalloporphyrin derivatives exhibit enhanced photody
namic efficacy compared to their corresponding free base derivatives. 
This improvement is often attributed to their superior production of 1O2 
and/or improved cellular internalization of the PS [29,49,50].

Calmeiro and coworkers synthesized both free base and Zn(II) 
complexes of meso-tetraarylporphyrins functionalized with either 
methoxypyridinium or thiopyridinium groups [51]. The study revealed 
that only the Zn(II) complex with methoxypyridinium units effectively 
reduced the viability of Escherichia coli (E. coli), whereas the free base 
derivative of the thiopyridinium analog was more effective than the 
corresponding Zn(II) complex. However, the low photostability was 
highlighted as a significant drawback of these PS, which compromised 
their effectiveness in the photodynamic processes [51].

Galstyan et al. also investigated the efficacy of Zn(II) and Pd(II) 
complexes of π-extended porphyrins compared to the corresponding free 
base derivative in the photoinactivation of Gram-positive bacteria 
Staphylococcus aureus (S. aureus) and Bacillus subtilis (B. subtilis). The 
results demonstrated that metal coordination into the porphyrin core 
enhanced the photodynamic activity of the PS, particularly Pd(II). This 
complex showed a significant increase in triplet state quantum yield for 
1O2 generation compared to the free-base porphyrin, thereby improving 
its photodynamic efficacy against the tested Gram-positive bacterial 
strains [29].

Recently, Dabrowski and colleagues reported similar findings after 
evaluating the antimicrobial photodynamic performance of Zn(II) and 
Pd(II) complexes of 2,6-difluorinated meso-tetraarylporphyrin de
rivatives against both Gram-negative and Gram-positive bacteria. The 
Pd(II) complex demonstrated a remarkable ability to generate 1O2 
making it an excellent PS capable of effectively reducing the viability of 
S. aureus biofilms. However, the uptake of both Zn(II) and Pd(II) 

metalloporphyrins was significantly reduced in Pseudomonas aeruginosa 
(P. aeruginosa) and E. coli, two Gram-negative bacterial strains. As a 
result, the ability to reduce the viability of these bacteria was compro
mised, particularly for E. coli, where the reduction was less than 1.5 Log 
CFU (below 97 % of bacterial reduction) [52].

Beyene and Wassie investigated the photosensitizing properties of a 
series of Cu(II) and Co(II) complexes of meso-tetraarylporphyrins 
bearing electron-donating and electron-withdrawing groups against 
Gram-positive and Gram-negative bacteria. The study revealed that Co 
(II) complexes with electron-withdrawing groups at the para-positions 
exhibited superior photodynamic performance compared to their Cu(II) 
counterparts. This enhanced antibacterial activity of Co(II) metal
loporphyrins was attributed to their higher lipophilicity [53].

In a recent publication, we reported the remarkable antimicrobial 
photodynamic properties of cationic porphyrin-triphenylphosphonium 
derivatives 1–3 (Fig. 1) against the Gram-negative strain of E. coli and 
the Gram-positive methicillin-resistant S. aureus (MRSA) [54]. Com
pounds 1 and 2 exhibited outstanding efficacy against both bacterial 
strains, reducing bacterial viability to the detection limit of the method 
(>99.9999 %) with a significant reduction in irradiation time − 50 to 66 
% less compared to the well-studied 5,10,15,20-tetrakis(1-methylpyridi
nium-4-yl)porphyrin (TMPyP), which was used as a reference. More
over, these PSs were effective at concentrations of 1.0 µM or lower and 
demonstrated remarkable photostability and 1O2 generation capability. 
The superior photodynamic activity of these compounds was attributed 
to these properties and the enhanced interaction with bacterial cells 
promoted by the presence of peripheral triphenylphosphonium groups.

Building on the promising results obtained with the free-base 
porphyrin derivatives bearing triphenylphosphonium units and the po
tential to enhance their photodynamic efficacy through metal coordi
nation, we synthesized and characterized Zn(II), Pd(II) and Co(II) 
complexes of porphyrin 1, and evaluated their photodynamic efficiency 
against Gram-negative and Gram-positive bacterial models. Based on 
these findings, the study was further extended to include Zn(II) com
plexes of porphyrins 2 and 3 (Fig. 1).

Fig. 1. Structures of the free-base and metallocomplexes porphyrin-triphenylphosphonium conjugates under study.
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2. Results and discussion

2.1. Photosensitizers characterization

In selecting Zn(II), Pd(II), and Co(II) to prepare the new complexes 1- 
Zn, 1-Pd, and 1-Co, as well as 2-Zn and 3-Zn, we considered literature 
reports highlighting the ability of these metal ions to improve the PS 
efficiency [29,51–53]. The complexes were synthesized using well- 
established methods [55–57], and metal ion insertion was readily 
confirmed through proton nuclear magnetic resonance (1H NMR; 
Figs. S1–S5 in the ESI), FTIR (Figs. S6–S10, ESI) and UV–VIS 
spectroscopy.

To gain insight into the relationship between the biological activity 
of each complex with its photophysical properties, the absorption and 
emission properties of complexes were recorded in phosphate buffer 
solution (PBS) at 298 K (Table 1 and Fig. 2).

All metalloporphyrins exhibit a Soret band ascribed to π–π* transi
tions from the ground state to the second excited state (S0 → S2), with an 
absorption maximum ranging from 430 to 440 nm. This represents a red- 
shift of 12 and 13 nm for complexes 1-Zn and 2-Zn, respectively, 
compared to the corresponding free base previously reported [54]. This 
bathochromic shift is likely due to the increased electron density of the 
porphyrin, which may be advantageous for clinical applications [58]. 
However, complex 3-Zn did not show a noticeable bathochromic shift in 
the Soret band absorption maximum. The substitution of the hydrogen 
atoms in the core by metal ions induces a D4h and C2h geometry for 
metalloporphyrins 1, 3 and 2, respectively, and orbital degeneration 
resulting in the expected appearance of only one or two Q bands, 
attributed to the weak π–π* transitions from S0 → S1 and higher mo
lecular symmetry [58,59]. While the Zn(II) complexes display two Q 
bands with absorption maxima ranging from 563 to 609 nm, the Pd(II) 
and Co(II) complexes show only one Q band at 528 and 547 nm, 
respectively. The spectroscopic features observed for these two com
plexes (1-Pd and 1-Co) are likely attributable to their lower solubility in 
PBS and a higher tendency to form aggregates as evidenced by the 
broadened Soret band. Regarding the emission spectra of the metal
loporphyrins, it was observed that only the Zn(II) complexes 1-Zn and 2- 
Zn are emissive compounds, displaying an emission band with a 
maximum centered at 643 and 635 nm, respectively. The non-emissive 
behavior of the remaining derivatives (1-Pd, 1-Co and 3-Zn) in PBS 
can be attributed to a significant aggregation of the metalloporphyrins 
in this conditions, which restricts their intramolecular movements and 
promotes aggregates formation [60]. The data show that the absorption 
and emission profile of porphyrin-triphenylphosphonium complexes in 
PBS are less impacted in compounds with a higher number of positive 
charges and those metalated with Zn(II), mainly due to their improved 
solubility in PBS.

Knowing that the photodynamic performance of porphyrin-based PS 
can be significantly influenced by its stability, whether in the absence or 
presence of light, we examined the behavior of all porphyrin complexes 
in PBS. These assays were conducted by monitoring the Soret band 
maximum, both in the dark and under the same irradiation conditions 
used in the biological experiments, over 30 min. The results are 

summarized in Table 2.
Under dark conditions, the Zn(II)-based metalloporphyrins showed a 

moderate decrease in the Soret absorption, ranging from 15 % to 26 % 
after 30 min in solution. In contrast, the Pd(II) and Co(II) complexes of 
derivative 1 exhibited reductions of 35 % and 42 %, respectively. Under 
white light irradiation at an irradiance of 25 mW cm− 2, all metal
loporphyrins showed a more significant reduction in the initial ab
sorption at the Soret band maximum, with reductions ranging from 43 % 
for 3-Zn to 51 % for 1-Zn after 30 min of irradiation. In contrast to the 
free-base derivatives 1 and 2, which displayed excellent (photo)stability 
[54], the introduction of metal ions into the porphyrin- 
triphenylphosphonium core led to a much more pronounced decrease 
in the Soret band absorption. This may be due to increased aggregation 
and the formation of molecular clusters in the Pd(II) and Co(II) com
plexes, as indicated by the pronounced reductions observed under dark 
conditions. These findings, combined with the low molar absorption 
coefficient, suggest lower solubility in aqueous media. For the Zn(II) 
complexes, light appears to induce some photodegradation, particularly 
in derivatives 1-Zn and 2-Zn, where the reduction values did not exceed 
32 %, considering the reduction due to aggregation phenomena during 
the experiment.

Considering that the production of ROS, namely singlet oxygen (1O2) 
by a PS is closely related to its photodynamic efficiency, this property 
was also evaluated for all complexes in DMF. These assays were per
formed using an indirect method based on the photo-oxidation of 1,3- 
diphenylisobenzofuran (DPiBF), a 1O2 scavenger with a maximum ab
sorption at 415 nm. When it reacts with 1O2 in a [4 + 2] cycloaddition 
process, it forms the colorless compound 1,2-dibenzoylbenzene 
[61–63]. The results obtained are summarized in Fig. 3 along with the 
data for the free-bases 1–3 for comparison. Apart from 1-Co complex, all 
the PS were able to generate appreciable amounts of 1O2 in DMF solu
tions. Although, in general the introduction of metal ions reduced 1O2 
production compared to the corresponding free-base counterparts, 3-Zn 
surpasses the 1O2 production of its free-base. This complex exhibited a 2- 
fold higher capability to generate 1O2 compared to the free-base coun
terpart 3 and 25 % more than the free-base 1 and 2, which were already 
recognized as good 1O2 generators [64]. The higher 1O2 production 
exhibited by this Zn(II) complex 3-Zn is likely due to its ability to 
accelerate the transitions between excited electronic states, enhancing 
the population of the triplet excited state, which is crucial for producing 
1O2 [59].

Both complexes 1-Zn and 2-Zn demonstrated a similar ability to 
generate 1O2, though their efficiency was about 2.5 times lower 
compared to their free-base derivatives. It was also noted that the 
incorporation of Pd(II) into the porphyrin core significantly reduced the 
ability of the porphyrin-triphenylphosphonium complex 1-Pd to 
generate this ROS species. Its efficiency dropped by around 80 % 
compared to the free-base PS 1 and 50 % compared to the Zn(II) complex 
1-Zn.

It is important to point out that under similar irradiation conditions 
there was no noticeable decrease in DPiBF absorption in the control 
sample, which did not contain PS. This data clearly shows that most of 
the complexes play a key role in generating 1O2, the reactive oxygen 
species responsible for scavenger decomposition.

2.2. aPDT efficacy of metalloporphyrins

Although some complexes showed photophysical and photochemical 
features that could affect their aPDT effectiveness, all of them were 
subjected to assays to compare their photodynamic efficiency. These 
studies were conducted against MRSA and E. coli as Gram-positive and 
Gram-negative bacteria models, respectively. The results were 
compared with the values obtained previously for free base porphyrins 
1–3 [54] which were used as reference. These studies were com
plemented by bacterial uptake assessment and cytotoxicity assays with 
the most promising PS in Vero cells.

Table 1 
Photophysical properties of the metalloporphyrins evaluated in PBS at 298 K.

Compd Soret band (nm) log ε Q bands (nm) log ε λ em (nm)

1-Zn 440 5.06 564 
609

4.02 
3.76

643

1-Pd 430 4.60 528 4.21 –a

1-Co 439 4.47 547 3.69 –a

2-Zn 436 5.11 562 
603

4.10 
3.68

635

3-Zn 430 4.89 562 
602

3.81 
3.65

–a

a Non-emissive compound.
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2.3. Bacterial adhesion

The adherence features of PS to bacterial cells are a key factor in 
aPDT, as strong adherence enhances the potential for ROS production at 
the target site. The ability of each metalloporphyrin to attach to bacte
rial structures was evaluated. The tests were carried out on both Gram- 
positive (MRSA) and Gram-negative (E. coli) bacterial models, using the 
highest concentrations tested in the biological experiments: 0.5 µM and 
5.0 µM, respectively. The results are shown in Fig. 4.

The data showed that apart of complex 1-Pd, the complexes 1-Zn 
and 1-Co exhibited higher adsorption levels to both methicillin-resistant 
S. aureus and E. coli bacterial cells compared to the free-base PS 1 (p <
0.05, ANOVA). These results are consistent with our previous study, 
where we demonstrated that the presence of triphenylphosphonium 
moieties on porphyrin periphery significantly enhances cellular 

adhesion compared to the reference TMPyP [54].
Additionally, the Zn(II) complexes 1-Zn, 2-Zn and 3-Zn showed a 

higher affinity for bacterial cells than the other PS, with values of 2.9 ×
104, 2.6 × 104 and 1.8 × 105 PS Molecules/CFU mL− 1 for S. aureus, and 
4.2 × 104, 4.8 × 104 and 9.5 × 105 PS Molecules/CFU mL− 1 for E. coli, 
respectively (p < 0.05). This suggests that incorporating Co(II) and Zn 
(II) atoms at the porphyrin core improves the adhesion of PS to bacterial 
surfaces. In particular, the impressive results obtained with the Zn(II) 
complexes can be attributed to their strong capacity to binding phos
phate groups, particularly the anionic phospholipids on the bacterial cell 

Fig. 2. Absorption (solid line) and normalized emission (dash line) spectra of porphyrin-triphenylphosphonium conjugates complexes 1Zn, 1-Pd, 1-Co, 2-Zn and 3- 
Zn in PBS at 298 K (λexc1-Zn = 440 nm; λexc1-Pd = 430 nm; λexc1-Co = 439 nm; λexc2-Zn = 436 = 423 nm; λexc3-Zn = 430 nm). The inset shows the absorption at Q 
bands region.

Table 2 
Percentage of Soret band reduction for metalloporphyrins assessed at a con
centration of 5.0 μM after exposure to dark conditions or irradiation with white 
light at an irradiance of 25 mW cm− 2 in pre-established intervals (0–30 min).

Conditions PS λmax (nm) Experimental Time (min)*

0 5 10 15 30

Dark 1-Zn 
1-Pd 
1-Co

440 
430 
439

0 
0 
0

10 
14 
29

15 
24 
34

20 
29 
39

22 
35 
42

2-Zn 436 0 4 7 11 15
3-Zn 432 0 5 6 14 26

Light 1-Zn 
1-Pd 
1-Co

440 
430 
439

0 
0 
0

21 
4 
5

27 
10 
21

35 
18 
23

51 
43 
47

2-Zn 436 0 11 36 37 47
3-Zn 432 0 15 26 34 45

* The results are expressed as the percentage of absorption decay, calculated 
by the ratio of absorbance at λmax at different time intervals to the absorbance 
before irradiation (t = 0 min).

Fig. 3. Evaluation of the decomposition of DFiBF (50 µM) in the presence or 
absence of the metalloporphyrins 1-Zn, 1-Pd, 1-Co, 2-Zn and 3-Zn and of the 
corresponding free-bases 1–3 at a concentration of 0.5 µM in DMF, under 
irradiation with red light (630 nm ± 20 nm) at an irradiance of 15 mW cm− 2.
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membrane [65,66]. However, the apparently higher adhesion of 3-Zn 
(1.8 × 105 and 9.5 × 105 PS Molecules/CFU mL− 1 for S. aureus and 
E. coli, respectively) in both bacterial strains is certainly related to its 
poor solubility in aqueous media, leading to the formation of PS ag
gregates on the bacterial cell surface which dramatically affect the up
take values of this complex.

2.4. aPDT efficacy against methicillin-resistant S. aureus

The effectiveness of each metalloporphyrins (1-Zn, 1-Pd, 1-Co, 2-Zn 
and 3-Zn) in the photoinactivation of methicillin-resistant S. aureus, a 
Gram-positive bacterial model, was assessed over 90 min using white 
light (380–700 nm) at an irradiance of 25 mW cm− 2. The assays were 
conducted with each PS at a concentration of 0.5 μM and using the 
adequate free-base porphyrin-triphenylphosphonium conjugates 1–3 for 
comparison. It is worth noting that in our previous study we found that 
derivatives 1 and 2 surpassed the photodynamic activity of TMPyP, 
commonly used as a reference, with an irradiation time reduction of 
more than 65 %. PS 3 exhibited a photoinactivation profile similar to 
that of TMPyP against MRSA [54].

The first assays were performed with all the complexes of conjugate 1 

in order to evaluate the impact of different metal ions, Zn(II), Pd(II) and 
Co(II), on their photodynamic efficiency. The results shown in Fig. 5
indicate that only the 1-Zn demonstrated promising photoinactivation 
results, having driven to bacterial reduction to the detection limit of the 
method used to quantify the bacteria (~7.2 log CFU mL− 1, p < 0.05) 
after 30 min of photodynamic treatment (Fig. 5A). The octacationic 
metalloporphyrins 1-Pd and 1-Co did not promote any reduction in the 
viability of methicillin-resistant S. aureus (Fig. 5B,C). Nevertheless, the 
free-base porphyrin 1 proved to be more effective than 1-Zn, consid
ering that the same effect was achieved in a shorter photodynamic 
treatment (15 min).

Acknowledging that only the Zn(II) complex 1-Zn demonstrated 
promising biological activity conducting to the total bacterial reduction, 
contrary to the Pd(II) and Co(II) complexes, we decided to assess the 
corresponding Zn(II) metalloporphyrins of derivatives 2 and 3. The re
sults from photodynamic inactivation assays against MRSA in the pres
ence of both complexes 2-Zn and 3-Zn are summarized in Fig. 6.

Complex 3-Zn was able to induce a reduction in the viability of 
MRSA at a concentration of 0.5 µM (Fig. 6B). However, the photody
namic effect of 3-Zn achieved only a reduction of approximately 4.8 
CFU mL− 1 (>99.99 %) after 45 min of irradiation (p < 0.05, ANOVA). 

Fig. 4. The cellular adhesion of porphyrin-triphenylphosphonium derivatives 1–3 and their corresponding metalloporphyrin complexes to methicillin-resistant 
S. aureus (A) and E. coli (B) assessed at the concentrations of 1.0 and 5.0 µM, respectively. The data shown represent the mean of two independent experiments, 
each performed in duplicate. Error bars indicate standard deviation (SD), and * indicates cases where there is no fluorescence, impossible to quantify.

Fig. 5. Photodynamic inactivation profile of methicillin-resistant S. aureus induced by metalloporphyrin-based PS 1-Zn (A), 1-Pd (B) and 1-Co (C) at a concentration 
of 0.5 μM, irradiated with white light at an irradiance of 25 mW cm− 2, compared to PS 1. LC – light control; DC – dark control. Values are presented as the mean of 3 
independent assays, each with two replicates; standard deviations are represented by error bars. Lines are used to connect experimental data points.
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Extending the photodynamic treatment did not result in any significant 
improvement in bacterial photoinactivation (p < 0.05, ANOVA). For 
compound 3-Zn, the presence of zinc(II) in the porphyrin core did not 
enhance its photodynamic performance and resulted in a significant 
reduction in photodynamic efficacy compared to the one obtained with 
the free-base 3. In that case, at the same concentration, only one-third of 
the treatment time (15 min) was required to achieve the same reduction 
in bacterial viability, with complete photoinactivation (>99.99999 %) 
of S. aureus reached after 45 min of treatment.

The results presented in Fig. 6A for complex 2-Zn were much more 
promising. The positive impact of the Zn(II) ion was evident at a con
centration of 0.5 μM, with the metalloporphyrin 2-Zn leading to bac
terial reduction until the detection limit of the method [~7.2 log CFU 
mL− 1] after 15 min of irradiation (p < 0.05, ANOVA). This level of 
photodynamic efficiency in decreasing MRSA viability was comparable 
to that observed with the corresponding free-base porphyrin-triphe
nylphosphonium 2. Given the impressive performance of 2-Zn, we 
decided to lower the PS concentration to 0.1 μM and assess its photo
dynamic profile.

At the reduced concentration (0.1 μM), 2-Zn showed a ~5.0 log CFU 
mL− 1 (~99.999 %) reduction in S. aureus viability after 90 min of 
irradiation (p < 0.05). This reduction in bacterial viability represents a 

significant enhancement in the photodynamic efficacy, compared to the 
free-base derivative 2, which under the same conditions resulted in a 
reduction of only 3.9 log CFU mL− 1 (99.99 %) (Fig. 6A).

2.5. aPDT efficacy against E. coli

The photodynamic efficacy of the metalloporphyrins was assessed 
using a bioluminescent strain of E. coli as a Gram-negative model. This 
strain serves as an excellent model for monitoring photodynamic effi
cacy, as its light emission is a sensitive indicator of metabolic activity 
[67]. Furthermore, the bioluminescent approach enables real-time 
detection of microbial viability, offering a faster and more cost- 
effective alternative to conventional plating methods.

Considering the lower susceptibility of E. coli to aPDT approach 
compared to Gram-positive bacteria, the metalloporphyrins were tested 
at the concentrations of either 5.0 or 1.0 μM, based on their effectiveness 
(Fig. 7). The photodynamic activity was assessed over 90 min of white 
light irradiation (380–700 nm) at an irradiance of 25 mW cm− 2.

The results showed that similarly to the photodynamic inactivation 
assays for MRSA, the complexes 1-Pd and 1-Co did not show any sig
nificant reduction in Gram-negative bacteria viability at a concentration 
of 5.0 µM and after 90 min of treatment (p > 0.05) (data not showed). In 

Fig. 6. Photodynamic inactivation profile of methicillin-resistant S. aureus induced by metalloporphyrin-based PS 2-Zn at 0.5 and 0.1 μM (A) and 3-Zn at 0.5 μM (B) 
irradiated with white light at an irradiance of 25 mW cm− 2, compared to PS 2 and 3, respectively. LC – light control; DC – dark control. Values are presented as the 
mean of 3 independent assays, each with two replicates; standard deviations are represented by error bars. Lines are used to connect experimental data points.

Fig. 7. Photodynamic inactivation profile of bioluminescent E. coli induced by metalloporphyrin-based PS 1-Zn (A) and 2-Zn (B) both at 5.0 and 1.0 μM, and 3-Zn 
(C) at 5.0 μM, irradiated with white light at an irradiance of 25 mW cm− 2, compared to the adequate free base porphyrin-triphenylphosphonium PS 1–3. LC – light 
control; DC – dark control. Values are presented as the mean of 3 independent assays, each with two replicates; standard deviations are represented by error bars. 
Lines are used to connect experimental data points.
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contrast, metalloporphyrin 1-Zn, at a concentration of 5.0 µM retains the 
excellent photodynamic efficiency of the free-base porphyrin-triphe
nylphosphonium 1, reaching the detection limit of the method after just 
15 min of treatment, leading to a reduction in bacterial bioluminescence 
by ~4.6 log RLU (Fig. 7A). However, at the lower tested concentration 
(1.0 µM), metalloporphyrin 1-Zn achieved a maximum reduction of 
~2.5 log RLU after 90 min of treatment (p < 0.05), while the free-base 1 
was able to reduce the E. coli bioluminescence signal (~4.6 log RLU) to 
the detection limit of the method after 30 min of irradiation.

The results for metalloporphyrins 2-Zn and 3-Zn, shown in Fig. 7 (B 
and C), reveal that the incorporation of the Zn(II) ion in the free-base 
derivatives 2 and 3 had a beneficial effect, significantly enhancing the 
photodynamic activity of both porphyrins (p < 0.05) against E. coli. At a 
concentration of 5.0 µM, the metalloporphyrin 2-Zn promoted a rapid 
and pronounced decrease in the bacterial bioluminescence signal, 
reaching the detection limit of the luminometer, with a reduction of 
~4.7 log RLU (p < 0.05) after 15 min of treatment, comparable to the 
results achieved with the free base conjugate 2. However, when the PS 
concentration was reduced to 1.0 µM, the PS 2-Zn demonstrated a 
notable enhancement in the photoinactivation profile compared to the 
free-base porphyrin-triphenylphosphonium 2, which needed 45 min of 
treatment to produce the same level of photoinactivation. At 1.0 µM, 2- 
Zn achieved the same efficacy as at 5.0 µM, resulting in a reduction of 
the E. coli bioluminescence to the detection limit of the method after just 
the same 15 min of treatment (Fig. 7B).

The metalloporphyrin 3-Zn at a concentration of 5.0 µM achieved a 
reduction of ~4.1 log RLU (p < 0.05) in the bacterial bioluminescence 
signal after 90 min of treatment, nearing the detection limit of the 
luminometer. In comparison, the corresponding free base PS 3 produced 
only a ~3.1 log RLU reduction in the bioluminescence signal at the same 
concentration (Fig. 7C).

Across all experiments, no significant changes in viable MRSA cell 
concentrations and E. coli bioluminescence signal (p > 0.05) were 
observed in either the light or dark controls (LC and DC) for any of the 
tested compounds during the treatment period. This indicates that the 
experimental conditions did not impact the bacterial viability, nor did 
the PS induce cytotoxicity in the dark at the tested concentrations.

Overall, the assessment of the photodynamic activity of the selected 
metalloporphyrins containing triphenylphosphonium groups demon
strated that Zn(II)-coordinated metalloporphyrins do not compromise 
their ability to act as PS in aPDT, and can even have a beneficial effect. 
Despite exhibiting higher aggregation, slightly reduced (photo)stability 
and in general lower efficiency to generate 1O2 compared to the free- 
base counterparts, the Zn(II) complexes still exhibited notable photo
dynamic activity towards both bacterial strains.

It is important to note that despite the improved 1O2 generation 
observed in 3-Zn this PS did not achieve complete photoinactivation of 
either bacterial model after 90 min of treatment. This may be attributed 
to its strong tendency to form aggregates in aqueous solutions, demon
strated by the artificial adhesion observed, which can quench 1O2 gen
eration and, consequently, leading to diminished PS activity against 
MRSA and E. coli. Previous studies have shown that, while cell affinity is 
crucial for effective bacterial photoinactivation, a high level of adhesion 
does not always correlate into enhanced antimicrobial effects against 
both Gram-positive and Gram-negative bacteria [68,69]. In this context, 
other factors, such as structural features, the number and localization of 
positive charges, and the ability to generate 1O2, might play a more 
critical role in influencing photodynamic activity [68,70].

Despite its aggregation behavior and slightly reduced (photo)sta
bility compared to its free-base counterparts, the Zn(II) complex 2-Zn 
exhibited remarkable photodynamic activity against both MRSA and 
E. coli. Remarkably, the efficiency of 2-Zn surpassed that of the other Zn 
(II) complexes and free-base derivatives against E. coli, particularly at 
lower concentrations where aggregation is less pronounced. This led to a 
significant reduction in irradiation time from 45 to 15 min, compared to 
the free-base 2. This enhanced performance is probably due to a well- 

balanced combination of the number of positive charges, the presence 
of triphenylphosphonium units, the electron-withdrawing penta
fluorophenyl group, and better cellular adhesion, which together pro
vide the conjugate with more favorable properties as a PS.

2.6. Cytotoxicity assays in Vero cells

For the clinical application of aPDT, it is crucial to ensure both the 
effectiveness of the PS and the absence of toxicity to host cells. In our 
previous study using the free-base porphyrin-triphenylphosphonium 
conjugates 1–3, potential toxicity was observed during photodynamic 
inactivation assays on S. aureus in the incubation period. This effect was 
only notable for porphyrin 2 at a concentration of 0.5 μM, resulting in a 
reduction in bacterial count (1.4 log CFU mL− 1, p < 0.05). While this 
may be linked to the bactericidal properties of the triphenylphospho
nium groups, it remains important to ensure that such toxicity does not 
affect surrounding tissues [71].

Based on these findings and the possible clinical applications of these 
new PS, cytotoxicity tests were performed to assess their safety. The 
viability of Vero cells was measured, following treatment with the most 
effective PS, using the Resazurin assay (see details in the experimental 
part). The assays were performed in the presence of Zn(II) complexes, 1- 
Zn, 2-Zn, and 3-Zn, and their porphyrin-triphenylphosphonium conju
gates 1–3, and compared to untreated control cells. The assays were 
performed at three concentrations: 0.5, 1.0, and 5.0 µM (Fig. 8).

These assays allowed to conclude that none of the evaluated conju
gates demonstrated cytotoxicity towards Vero cells at any of the three 
tested concentrations, including at 5.0 µM the highest concentration 
used in the biological assays (p > 0.05) (Fig. 8). These results confirm 
that both the free-base conjugates and their corresponding Zn(II) 
porphyrin-triphenylphosphonium PS exhibit no cytotoxicity in host cells 
and are safe at the tested concentrations. This safety combined with 
their high photosensitizing efficiency against bacteria, suggests that 
these derivatives could be suitable for future clinical applications.

3. Materials and methods

3.1. Synthesis of metalloporphyrins

Free-base porphyrin scaffolds were prepared as reported in a previ
ous work [72]. Then the appropriate free-base porphyrin derivative was 
reacted with metal salts Zn(OAc)2, Pd(OAc)2 or CoCl2 in methanol 
following a well-stablished procedure [55,73] to obtain the expected 
metalloporphyrins (1-Zn, 1-Pd, 1-Co, 2-Zn and 3-Zn) in yields ranging 
from 95 to 98 %.

1-Zn
Yield: 97 %. 1H NMR (300 MHz, DMSO‑d6): δ 9.61 (8H, d, J = 6.9 Hz, 

H-o-Py), 9.09 (8H, s, H-β), 8.91 (8H, d, J = 6.9 Hz, H-m-Py), 8.02–7.89 
(24H, m, H-o-PPh3), 7.87–7.77 (36H, m, H-m,p-PPh3), 5.32–5.12 (8H, 
m, CH2), 4.21–4.00 (8H, m, CH2), 3.68–3.30 (8H, m, CH2 – overlapped 
with DMSO residual peak) ppm. FTIR (KBr) νmax: 3428.70, 3055.29, 
2923.36, 1594.05, 1439.09, 1407.35, 1338.89, 1111.12, 1047.64, 
1015.28, 988.52, 883.34, 742.69, 682.95, 615.12, 532.97, 505.38 cm− 1.

1-Pd
Yield: 95 %. 1H NMR (300 MHz, DMSO‑d6): δ 10.06–9.50 (8H, m, H- 

o-Py), 9.28–8.77 (16H, m, H-β and H-m-Py), 7.98–7.79 (60H, m, H- 
PPh3), 5.28–4.98 (8H, m, CH2), 3.96–3.77 (8H, m, CH2), 2.69–2.58 (8H, 
m, CH2 – overlapped with DMSO residual peak) ppm. FTIR (KBr) νmax: 
3433.05, 3055.09, 2927.31, 1637.10, 1431.41, 1349.76, 1180.85, 
1098.57, 1016.30, 788.80, 688.45, 510.19 cm− 1.

1-Co
Yield: 98 %. 1H NMR (300 MHz, DMSO‑d6): δ 10.07–9.52 (8H, m, H- 

o-Py), 9.36–8.74 (16H, m, H-β and H-m-Py), 7.97–7.75 (60H, m, H- 
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PPh3), 5.24–4.99 (8H, m, CH2), 3.94–3.76 (8H, m, CH2), 2.66–2.59 (8H, 
m, CH2 – overlapped with DMSO residual peak) ppm. FTIR (KBr) νmax: 
3428.70, 3046.58, 2923.36, 1630.14, 1548.00, 1434.73, 1352.58, 
1175.22, 1111.12, 988.52, 796.84, 724.02, 687.93, 258.61, 491.89 
cm− 1.

2-Zn
Yield: 97 %. 1H NMR (300 MHz, DMSO‑d6): δ 9.63–9.48 (8H, m, H-o- 

Py), 9.27 (2H, d, J = 15.54 Hz, H-β), 9.16–9.03 (6H, m, H-β), 9.01–8.91 
(6H, m, H-m-Py), 8.06–7.81 (45H, m, H-PPh3), 5.28–5.08 (8H, m, CH2), 
4.14–3.95 (8H, m, CH2), 2.71–2.60 (8H, m, CH2 – overlapped with 
DMSO residual peak) ppm. FTIR (KBr) νmax: 3415.00, 3050.94, 2919.00, 
1584.71, 1434.73, 1398.01, 1334.54, 1190.20, 1106.76, 1048.71, 
1021.29, 884.16, 738.31, 682.95, 606.17, 523.63, 505.58, 501.46 cm− 1.

3-Zn
Yield: 98 %. 1H NMR (300 MHz, DMSO‑d6): δ 8.69 (8H, s, H-β), 

8.14–7.78 (68H, m, H-o-Ph and H-PPh3), 7.43–7.34 (70H, m, H-m-Ph), 
5.53 (8H, d, J = 15.54 Hz, CH2) ppm. FTIR (KBr) νmax: 3419.36, 
3055.29, 2932.69, 1566.67, 1429.75, 1338.89, 1201.98, 1106.76, 
992.87, 796.84, 755.76, 724.02, 687.93, 605.78, 509.94, 478.20 cm− 1.

3.2. Absorption and emission spectra

UV–Vis absorption spectra were recorded in a UV-2501PC Shimadzu 
spectrophotometer from a 5.0 µM PBS solution of each metal
loporphyrin, while emission spectra were recorded in a FluoroMax Plus 
spectrofluorometer from Horiba. Excitation was performed at the 
maximum of the Soret band for each compound, with a 5 nm slit width at 
an OD below 0.05.

3.3. Dark and photostability

A 2.5 mL solution of the adequate metalloporphyrin PS (5.0 µM) in 
PBS was prepared in a glass cuvette. For the dark stability assays, the 
solutions were gently stirred and kept in the dark. For the photostability 
assays, the solutions were exposed to a 30 W white light PAR LED system 
(LUMECO) with an irradiance of 25 mW cm− 2. The decrease in the Soret 
band absorption maximum for each PS was tracked at specific time in
tervals (0, 5, 10, 15, and 30 min) over a total period of 30 min, and the 
data were recorded using a HALO DB-20 Dynamica spectrophotometer.

3.4. Singlet oxygen generation

A 2.5 mL solution of DPiBF (50 µM) in DMF, along with each 
metalloporphyrin-based photosensitizer (0.5 µM) or free base de
rivatives 1–3 (0.5 µM), used as references, was prepared in a glass 
cuvette. The solutions were exposed to irradiation with a red-light LED 
array (λ = 630 ± 20 nm), while being gently stirred. The absorbance 
decrease of DPiBF was measured at its peak absorption wavelength (415 
nm) at 60 s intervals over a period of 900 s.

3.5. Biological evaluation studies

3.5.1. Bacterial strains and growth conditions
The methicillin-resistant S. aureus strain DSM 25693 (MRSA), which 

produces staphylococcal enterotoxins A, C, H, G, and I, obtained from 
the Leibniz Institute DSMZ-German Collection of Microorganisms and 
Cell Cultures, was selected as the Gram-positive model [74]. The strain 
was stored on Tryptic Soy Agar (TSA) at 4 ◦C. For each experiment, three 
bacterial colonies were transferred to 25 mL of Tryptic Soy Broth (TSB) 
and incubated at 37 ◦C for 18–24 h at 120 rpm. Afterward, 250 µL of this 
culture were added to 25 mL of fresh TSB and incubated under the same 

Fig. 8. Effect of PS 1 (A), 2 (B), 3 (C), 1-Zn (D), 2-Zn (E) and 3-Zn (F), and 2 % DMSO solution on the viability of Vero cells. All PS were evaluated at three 
concentrations: 0.5, 1.0, and 5.0 µM. Cytotoxicity was determined after 24 h of exposure and compared to control cells (Control). Results are presented as the mean 
± standard deviation from three independent experiments, each performed in triplicate, and are compared with the reduction of resazurin (%) observed in untreated 
control cells.
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conditions to grow the bacteria to the stationary phase, reaching a 
concentration of ~109 CFU mL− 1.

The E. coli strain used in this study was genetically engineered in our 
laboratory by introducing two plasmids, pHK724 and pHK555, into 
chemically competent E. coli Top 10 cells. These plasmids carry the lux 
operon, which encodes the genes necessary for producing luciferase and 
other enzymes involved in light emission, derived from the naturally 
bioluminescent bacterium Aliivibrio fischeri [75]. Before each experi
ment, a bacterial suspension stored at − 80 ◦C in 10 % glycerol was 
transferred into 25 mL of TSB and incubated at 25 ◦C for 18–24 h with 
continuous shaking at 120 rpm until the culture reached the stationary 
phase, corresponding to ~109 CFU mL− 1. The relationship between CFU 
mL− 1 and the bioluminescence emitted by this strain has been previ
ously established and documented [75].

3.5.2. PS cellular adhesion
Bacterial suspensions were prepared in PBS with a final concentra

tion of ~107 CFU mL− 1, and the selected PS were added to reach a total 
volume of 2 mL. The suspensions were incubated for 15 min in the dark 
with gentle magnetic stirring at room temperature to promote PS 
interaction with the bacterial cells. The experiments were conducted at 
the maximum PS concentrations used in the photodynamic inactivation 
studies (1.0 µM for S. aureus and 5.0 µM for E. coli). Following the dark 
incubation, 1 mL of each sample and control was centrifuged for 5 min at 
10,000 rpm. The supernatant containing unbound PS was discarded, and 
the bacterial pellet was washed three times with PBS, with centrifuga
tion after each wash. The resulting pellets were resuspended in 500 µL of 
DMSO, then vortexed vigorously, sonicated for 30 min, and vortexed 
again to ensure bacterial cell disruption. The samples were transferred to 
dark 96-well microplates, and the fluorescence of PS bound to the cells 
was analyzed using a FluoroMax Plus spectrofluorometer with a 2 nm 
slit width. The excitation wavelength was set at 429 nm, and emission 
spectra were collected between 550 and 850 nm. Fluorescence intensity 
was used to quantify the PS concentration bound to the cells through 
comparison with a calibration curve constructed from known PS con
centrations. Simultaneously, 1 mL aliquots of both the samples and 
controls were taken post-incubation to assess viable cell concentrations 
using the drop-seeding technique [76]. These aliquots were serially 
diluted in PBS, and 10 µL of each dilution was plated onto TSA plates, 
followed by incubation at 37 ◦C for 24 h. After incubation, colony counts 
from the appropriate dilution were used to calculate CFU mL− 1. All 
analyses were performed in duplicate, with two replicates for each assay 
(n = 4). The results were expressed as PS molecules per Log CFU mL− 1.

3.5.3. Antimicrobial photodynamic therapy assays
For each assay, bacterial suspensions in the exponential growth 

phase were diluted 1:100 in PBS and distributed into 6-well plates. The 
required volumes of each PS were added to achieve the desired final 
concentrations: 0.1 and 0.5 μM for methicillin-resistant S. aureus, and 
1.0 and 5.0 μM for E. coli. These concentrations were chosen based on 
the known higher resistance of Gram-negative bacteria to aPDT 
compared to Gram-positive strains [70,76]. Control groups were also 
included, with light controls (LC) consisting of bacterial suspensions in 
PBS exposed to light, and dark controls (DC) consisting of bacterial 
suspensions treated with the PS but kept in the dark throughout the 
experiment. All controls and samples were incubated in the dark for 15 
min with gentle agitation (120 rpm) to allow for PS binding to the 
bacterial cells. Following incubation, the LC and samples groups were 
irradiated with white light at an irradiance of 25 mW cm− 2 for 90 min, 
while the DC groups remained shielded from light. Bacterial viability 
was assessed by collecting 150 µL aliquots for S. aureus and 700 µL ali
quots for E. coli at 0, 15, 30, 45, 60, and 90 min post-irradiation. The 
S. aureus samples were analyzed using the drop-seeding method, with 
the viable cell count expressed as log CFU mL− 1. For E. coli, biolumi
nescence was measured using a TD-20/20 luminometer with a detection 
range of 300–650 nm and a peak wavelength of 420 nm, and results 

were reported as log RLU. At least three independent assays were per
formed for each condition, with two replicates for each assay.

3.5.4. Cytotoxicity assays
The Vero cell line (ECACC 88020401, African green monkey kidney 

cells, clone GMK) was utilized following the International Organization 
for Standardization (ISO) guidelines (ISO 10993–5). These cells were 
cultured in Dulbecco’s Modified Eagle Medium (DMEM), supplemented 
with 100 U mL− 1 penicillin, 100 µg mL− 1 streptomycin, 0.25 µg mL− 1 

amphotericin B and 10 % (v/v) fetal bovine serum (FBS).
The Vero cells were plated at a density of 9.4 × 104 cells cm− 2 in 96- 

well plates culture and incubated overnight in a medium under a 5 % 
CO2 atmosphere. Following this, the cells were washed twice with PBS 
and treated with DMEM solutions containing porphyrin-based PS at 
concentrations of 0.5, 1.0, and 5.0 µM for 24 h in an incubator with 95 % 
air and 5 % CO2. To evaluate cell viability after PS treatment, the 
reduction of the sodium salt of 7-hydroxy-3H-phenoxazine-3-one-10- 
oxide (Resazurin) to resorufin was measured using a SynergyTM HT 
Multi-Detection microplate reader. The data were reported as a per
centage relative to the control, which was determined by the optical 
density (OD) of resorufin at 570 nm from untreated cells. The study 
included three independent experiments, each conducted in triplicate.

3.5.5. Statistical analysis
Statistical analysis was carried out using GraphPad Prism 8. Normal 

distribution was verified using the Kolmogorov-Smirnov test, and vari
ance homogeneity was evaluated with the Brown-Forsythe test. For 
evaluating PS cell adhesion, one-way ANOVA was used to analyze the 
differences in PS concentrations bound to bacterial cells, with subse
quent comparisons made using Tukey’s and Dunnett’s tests. In the case 
of photodynamic inactivation assays, two-way ANOVA was employed to 
compare bacterial concentrations between samples and controls at 
various time points, followed by post-hoc analyses using Tukey’s test. A 
p-value of less than 0.05 was deemed statistically significant.

4. Conclusions

In summary, these studies demonstrated that the coordination of the 
metal ions Zn(II), Co(II) and Pd(II) within the porphyrin- 
triphenylphosphonium core significantly affected the photophysical, 
photochemical and photodynamic features of the resulting complexes. 
While coordination of porphyrin 1 with Zn(II) did not substantially 
impact its emission or ability to generate 1O2, the corresponding Pd(II) 
and Co(II) complexes became non-emissive in PBS and were unable to 
generate significative 1O2 in DMF. The results suggest that, for these two 
metalloporphyrins, the decay to the ground state after excitation occurs 
mainly through non-radiative pathways. Although further efforts and 
improvements are required to enhance the (photo)stability of the Zn(II) 
porphyrin-triphenylphosphonium complexes 1-Zn, 2-Zn and 3-Zn, the 
results demonstrated promising potential as suitable PS for photody
namic applications.

The photodynamic efficiencies of this series of cationic metal
loporphyrins with triphenylphosphonium units against Gram-positive 
MRSA and Gram-negative E. coli revealed that Pd(II) and Co(II) com
plexes completely failed to photoinactivate both MRSA and E. coli bac
terial strains. This is likely due to their higher tendency to aggregate and 
their inability to efficiently generate ROS, namely 1O2. In contrast, Zn 
(II)-based metalloporphyrins demonstrated more promising results and 
their better effectiveness can be related to their better bacterial cell 
adhesion, as well as good ability to generate 1O2. The photodynamic 
assays highlighted that the metalloporphyrin 2-Zn, containing three 
triphenylphosphonium moieties and six positive charges, was especially 
effective as PS. This underscores the importance of fine-tuning the 
structural features of porphyrins to develop efficient PS for aPDT. A 
well-balanced chemical structure that includes the appropriate number 
of triphenylphosphonium units, a Zn(II) ion at the porphyrin core, and 

I. Chaves et al.                                                                                                                                                                                                                                  Inorganic Chemistry Communications 178 (2025) 114426 

9 



an electron-withdrawing pentafluorophenyl unit, made metal
loporphyrin 2-Zn a standout PS. This PS outperformed the activity of its 
free-base counterpart, particularly at lower concentrations, and was 
highly effective in the photoinactivation of E. coli, allowing for a con
centration reduction from 5.0 µM to 1.0 µM while reducing irradiation 
time by more than 66 %.

These findings, along with the absence of cytotoxicity in host cells, 
indicate that porphyrin-triphenylphosphonium metal complexes, 
namely with Zn(II), hold great potential and can play an important role 
in the development of efficient PS for addressing the growing issue of 
antibiotic-resistant bacteria, with applications in both clinical and 
environmental fields.
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S. Neves, A. Almeida, J.P.C. Tomé, L.M.O. Lourenço, Versatile thiopyridyl/ 
pyridinone porphyrins combined with potassium iodide and thiopyridinium/ 
methoxypyridinium porphyrins on E. coli photoinactivation, Dyes Pigm. 181 
(2020), https://doi.org/10.1016/j.dyepig.2020.108476.

[52] B. Pucelik, A. Barzowska, A. Sułek, M. Werłos, J.M. Dąbrowski, Refining 
antimicrobial photodynamic therapy: effect of charge distribution and central 
metal ion in fluorinated porphyrins on effective control of planktonic and biofilm 
bacterial forms, Photochem. Photobiol. Sci. 23 (2024) 539–560, https://doi.org/ 
10.1007/s43630-024-00538-1.

[53] B.B. Beyene, G.A. Wassie, Antibacterial activity of Cu(II) and Co(II) porphyrins: 
role of ligand modification, BMC Chem. 14 (2020) 51, https://doi.org/10.1186/ 
s13065-020-00701-6.

[54] I. Chaves, F.M.P. Morais, C. Vieira, M. Bartolomeu, M.A.F. Faustino, M.G.P.M. 
S. Neves, A. Almeida, N.M.M. Moura, Can porphyrin–triphenylphosphonium 
conjugates enhance the photosensitizer performance toward bacterial strains? ACS 
Appl. Bio Mater. 7 (2024) 5541–5552, https://doi.org/10.1021/acsabm.4c00659.

[55] A. Maraval, S. Franco, C. Vialas, G. Pratviel, M.A. Blasco, B. Meunier, 
Porphyrin–aminoquinoline conjugates as telomerase inhibitors, Org. Biomol. 
Chem. 1 (2003) 921–927, https://doi.org/10.1039/B211634K.

[56] M.C.S. Vallejo, M.J.A. Reis, A.M.V.M. Pereira, V.V. Serra, J.A.S. Cavaleiro, N.M. 
M. Moura, M.G.P.M.S. Neves, Merging pyridine(s) with porphyrins and analogues: 
an overview of synthetic approaches, Dyes Pigm. 191 (2021) 109298, https://doi. 
org/10.1016/j.dyepig.2021.109298.

[57] N.M.M. Moura, S. Guedes, D. Salvador, H. Oliveira, M.Q. Alves, N. Paradis, C. Wu, 
M.G.P.M.S. Neves, C.I.V. Ramos, Oncogenic and telomeric G-quadruplexes: targets 
for porphyrin-triphenylphosphonium conjugates, Int. J. Biol. Macromol. 277 
(2024) 134126, https://doi.org/10.1016/j.ijbiomac.2024.134126.

[58] W. Zheng, N. Shan, L. Yu, X. Wang, UV-visible, fluorescence and EPR properties of 
porphyrins and metalloporphyrins, Dyes Pigm. 77 (2008) 153–157, https://doi. 
org/10.1016/j.dyepig.2007.04.007.

[59] L.G. Arnaut, Design of porphyrin-based photosensitizers for photodynamic 
therapy, Adv. Inorg. Chem. (2011) 187–233, https://doi.org/10.1016/B978-0-12- 
385904-4.00006-8.

[60] W. Wu, B. Liu, Aggregation-induced emission: challenges and opportunities, Natl. 
Sci. Rev. 8 (2021) 8–10, https://doi.org/10.1093/nsr/nwaa222.

[61] T. Entradas, S. Waldron, M. Volk, The detection sensitivity of commonly used 
singlet oxygen probes in aqueous environments, J. Photochem. Photobiol. B Biol. 
204 (2020) 111787, https://doi.org/10.1016/j.jphotobiol.2020.111787.

[62] E. Zenkevich, E. Sagun, V. Knyukshto, A. Shulga, A. Mironov, O. Efremova, 
R. Bonnett, S.P. Songca, M. Kassem, Photophysical and photochemical properties 
of potential porphyrin and chlorin photosensitizers for PDT, J. Photochem. 
Photobiol. B Biol. 33 (1996) 171–180, https://doi.org/10.1016/1011-1344(95) 
07241-1.
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