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A B S T R A C T

Four photosensitizers PS1a-PS4a consisting in multicationic ruthenium(II) phthalocyanines (RuPcs) have been 
evaluated in photodynamic inactivation (PDI) of multiresistant microorganisms. The RuPcs, bearing from 4 to 12 
terminal ammonium salts, have been designed to target the microorganisms cytoplasmic cell membrane and 
display high singlet oxygen quantum yields. In addition, PS3a and PS4a were conceived to exhibit multi-target 
localization by endowing them with amphiphilic character, using two different structural approaches. Under low 
light regimes, the two hydrophilic PS1a and PS2a, as well as the amphiphilic PS3a show much stronger response 
against Gram-positive MRSA than that observed for the typical phthalocyanines designed for PDI, namely zinc(II) 
and palladium(II) complexes, as well as free-base Pcs. Besides, PS1a, PS2a and PS3a show remarkably high 
activity against the Gram-negative E. coli, although weak fungicidal character against fluconazole-resistant 
C. albicans. Contrasting, the structurally different, amphiphilic PS4a shows only slight activity for Gram- 
positive bacteria, despite its ability to cross cell membrane and reach internal organelles. Still, PS4a shows a 
positive synergistic effect against MRSA when combined with doxycycline, exhibiting an increased activity from 
about 1.5 to about 4.9 log reduction under the light dose of 30 J/cm2 and the 0.125 mg/L subinhibitory dose of 
doxycycline.

1. Introduction

The rise of antibiotic resistance has led to the emergence of photo
dynamic inactivation (PDI), also known as antimicrobial PDT (aPDT) or 
photodynamic antimicrobial chemotherapy (PACT), as a promising 
alternative to traditional antibiotic treatments. PDI utilizes a non-toxic, 
photosensitive drug called photosensitizer (PS), specific-wavelength 
light, and molecular oxygen, to produce reactive oxygen species 
(ROS), such as singlet oxygen (1O2), which effectively damages essential 
structures in microorganisms, neutralizing their viability. This approach 
has shown effectiveness across a wide range of pathogens, including 
bacteria, fungi, viruses, and parasites [1,2]. PDI involves the absorption 

of photons by the PS, leading to the promotion of electrons to a singlet 
excited state (S1) and subsequent transition to a long-lived triplet excited 
state (T1) through intersystem crossing (ISC) [3,4]. T1 can participate in 
two types of reactions: Type-I reactions involve hydrogen or electron 
transfer, generating reactive oxygen species (ROS), while Type-II re
actions transfer energy to molecular oxygen to produce highly reactive 
1O2, capable of causing oxidative stress and damaging cellular structures 
[5–7]. Lately, the possibility of the type-III reaction occurrence, which 
involves direct interaction between excited sensitizer and target mole
cule, has been reported by Hamblin and Abrahamse [8].

The multi-target mechanism of photodynamic inactivation (PDI) 
presents a significant advantage over traditional antimicrobials by 
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making it highly unlikely for microorganisms to develop resistance. 
Unlike conventional treatments that often target a single pathway, PDI 
operates uniquely. In PDI, the cytoplasmic membrane, which contains 
proteins and enzymes susceptible to the effects of the ROS and 1O2 
generated during the process, is the primary target for microbial inac
tivation [9,10]. This leads to a substantial reduction in membrane 
transport capacity, hindering essential substrate uptake needed for 
microorganism metabolism. Additionally, the PS can penetrate into the 
inner cellular regions, extending the reach of photooxidative reactions 
beyond the membrane [11].

PS delivery methods such as topical application, instillation, injec
tion, or aerosol administration ensure localized distribution, minimizing 
the risk of harming healthy tissues—a crucial consideration in infection 
treatment [12]. Furthermore, the potential of PDI lies in designing PSs 
that selectively bind to microbial cells while sparing host mammalian 
cells from harm. By exploiting the greater negative charge displayed by 
certain microbial cells compared to mammalian cells, cationic func
tionalities can be introduced to PS molecules to achieve selectivity. 
Thus, cationic PSs, including phenothiazines, porphyrins, and phthalo
cyanines, have emerged as highly effective options for clinical PDI, 
making them preferred choices for combating infections [13–22].

To effectively evaluate PSs for PDI, several crucial factors and 
properties must be considered [23–25]: (i) the PS should be a 
well-defined, single, and pure substance with a stable composition; (ii) it 
should exhibit minimal dark toxicity; (iii) the PS should absorb light 
efficiently and be activated upon exposure to appropriate wavelengths, 
typically falling within the 600–800 nm range; (iv) it should have a 
strong ability to generate singlet oxygen in high quantum yield and (v) 
the PS should demonstrate substantial light-dependent cytotoxicity, 
effectively inducing cellular damage upon activation.

Phthalocyanines (Pcs) are increasingly utilized as PSs for 1O2 gen
eration in PDT and PDI applications due to a number of properties that 
make them advantageous [26–33]: (i) Pcs exhibit efficient light ab
sorption in the red region of the electromagnetic spectrum, typically 
ranging from 650 to 700 nm. This absorption range can be extended 
further into the NIR region by modifying the Pc structure [34]. (ii) 
Certain Pc derivatives excel as PSs due to their high triplet quantum 
yield (Φt) and extended lifetime (τt), resulting in high singlet oxygen 
generation with notable quantum yield (ΦΔ). Additionally, the ability of 
Pcs to form various metal complexes enhances their singlet oxygen 
production potential [35,36]. (iii) Pcs offer significant flexibility for 
customization through chemical modifications, allowing fine-tuning of 
properties like hydrophilicity/lipophilicity, and targeting specificity to 
meet PDI requirements [37].

The low solubility of Pcs in physiological environments that can 
hinder their direct administration, as well as their high tendency to 
aggregate in solution constitute their main drawbacks. In the context of 
PDI, advantageous cationic functional groups that can be covalently 
attached to the Pc macrocycle impart water solubility and prevent PS 
aggregation in cellular media [27,35]. The latter is crucial, as aggrega
tion can lead to reduced singlet oxygen quantum yields [38]. In this 
respect, cationic Pc derivatives can be synthesized through quaterniza
tion of nitrogen atoms present in their substituents [30]. Besides, Pc 
aggregation depends on various factors such as size, substitution 
pattern, solvent nature, temperature, and concentration. By introducing 
bulky and/or axial substituents, aggregation can be minimized or 
eliminated, thereby enhancing Pc performance as PSs for PDI [39–41].

There are several Ru(II) complexes that have shown effectivity in PDI 
[42,43]. However, studies on the evaluation of ruthenium(II) phthalo
cyanines (RuPcs) as PSs for antimicrobial activity are very scarce, 
despite the potential advantages that these derivatives offer with respect 
to other Pc complexes [44,45]. In principle, the heavy Ru atom stabilizes 
triplet excited states and induces high ΦΔ [46–48]. Furthermore, RuPcs 
form stable and rigid structures through metal coordination with 
σ-donor, π-acceptor axial pyridine ligands, this precluding aggregation 
and leading to high triplet excited state yields and efficient singlet 

oxygen generation [46,49,50]. Additionally, axial substituents can be 
designed to add some desired properties, such as hydrophilicity or 
specific targeting. Indeed, we have already proved the high efficiency of 
RuPcs bearing hydrophilic and/or targeting motifs at the axial positions 
for bladder cancer PDT [49,51–53]. In this report, we have prepared 
four cationic RuPcs PS1a-PS4a (Fig. 1) bearing different number − i.e. 
from 4 to 12 − of terminal ammonium salts decorating their axial sub
stituents. These PSs were prepared by quaternization of the neutral 
amino functions of the corresponding RuPcs PS1-PS4. To enhance their 
penetration through the membrane, two of the PSs, namely, PS3a and 
PS4a, have been designed with amphiphilic character, by combining the 
hexacationic axial substitution with lipophilic axial (PS3a) or peripheral 
(PS4a) functionalization. The chemical and photochemical properties of 
PS1a-PS4a, namely their solubility, their ability to generate 1O2 and 
their lipophilicity, have been determined. Screening for Gram-positive 
methicillin-resistant Staphylococcus aureus (MRSA) and Gram-negative 
E. coli producing extended spectrum of beta-lactamases (ESBL+), as 
well as for fluconazole resistant Candida albicans, are also included.

2. Results and discussion

2.1. Synthesis

The preparation of the PSs starts with the synthesis of the pyridine 
derivatives L1, L2 and L3 (Scheme 1) containing either hydrophilic 
substituents with terminal amine functions for their quaternization in 
further steps, or lipophilic rests such as long alkyl chains. Both types of 
ligands were generated through chemical manipulation of pyridine-3,5- 
dicarboxylic acid (Scheme 1). The synthesis of pyridine ligand L1, 
functionalized with two polyether (PEG) chains bearing terminal amino 
groups, was accomplished by modifying our previously reported pro
cedure [51]. The two carboxylic groups of pyridine-3,5-dicarboxylic 
acid were activated through conversion into N-succinimidyl intermedi
ate 1 via reaction with N-hydroxysuccinimide in the presence of tri
fluoroacetic anhydride and pyridine, following a reported procedure 
[54]. This enabled the esterification reaction with the commercially 
available 2-[2-(dimethylamino)ethoxy]ethanol, ultimately affording L1.

The preparation of L2 is shown in Scheme 1. The alkylation reaction 
of gallic acid methyl ester with 2-dimethylaminoethyl chloride hydro
chloride resulted in the ester 2, which was reduced with LiAlH4 to afford 
alcohol 3. The esterification reaction between 1 and 3 afforded the 
pyridyl ligand L2.

The 1H NMR spectrum of L1 (Fig. S1) displays the signals corre
sponding to the pyridine ring at 9.37 and 8.87 ppm, appearing as a 
doublet and a triplet, respectively (J = 2.1 Hz). The –CH2- protons 
appear as four triplets at 4.54, 3.81, 3.62 and 2.52 ppm, while the singlet 
at 2.26 ppm corresponds to the –NCH3 proton signals. The 1H NMR 
spectrum of L2 (Fig. S3) shows a doublet (J = 2.2 Hz) and a triplet (J =
2.2 Hz) at 9.37 and 8.89 ppm, respectively, corresponding to the two 
magnetically different pyridine protons. The singlets at 6.67 and 5.30 
ppm are assigned to the H-2′,6′ benzene and benzylic protons, respec
tively, while the –OCH2– group appears as a multiplet at 4.09 ppm, and 
the –NCH2– group is seen as a multiplet at 2.74 ppm. Finally, the –N 
(CH3)2 methyl protons are observed at 2.36 ppm.

The synthetic pathway for the lipophilic ligand L3 containing six 
dodecanyloxy chains is depicted in Scheme 1. The alkylation reaction of 
gallic acid methyl ester with dodecyl 4-methylbenzene sulphonate (4) 
gave the ester 5, which was reduced using LiAlH4 leading to alcohol 6. 
Next, L3 was obtained via esterification reaction between alcohol 6 and 
pyridine-3,5-dicarboxylic acid in the presence of DIPEA and COMU as 
carboxyl activating agent. The 1H NMR spectrum of L3 (Fig. S7) exhibits 
a doublet and a triplet, respectively (J = 2.1 Hz), at 9.38 and 8.90 ppm, 
which are attributed to the pyridine ring. The singlets at 6.63 and 5.30 
ppm correspond to the H-2′,6′ benzene and benzylic protons, respec
tively. The –OCH2- group appears as a multiplet ranging from 4.00 to 
3.93 ppm. Additionally, multiplets at 1.84–1.60 and 1.49–1.44 ppm 
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correspond to the subsequent two CH2 groups nearest to the aromatic 
ring (H-3’’; H-4″). The remaining –CH2- groups of the aliphatic chains 
collectively appeared at 1.26 ppm as a singlet. Finally, the multiplet at 
0.90–0.85 ppm corresponds to the terminal –CH3 protons.

With respect to the synthesis of the RuPcs, two different scaffolds are 
used in this work, namely, peripherally unsubstituted RuPcs and tetra- 
tert-butyl substituted RuPc. This choice relies in the high ΦΔ observed for 
these substitution patterns [35,49,51–53]. The peripherally unsub
stituted RuPcs were endowed with two pyridyl ligands at the axial po
sitions by replacing the relatively labile nitrile ligands in a preformed 
bis-benzonitrile RuPc intermediate Ru(PhCN)2Pc [51] (Scheme 2, 
Table 1), by strongly coordinated pyridyl-based ligands [55,56]. By 
using this sequence, two hydrophilic (PS1 and PS2) and one amphiphilic 
PSs (PS3) were prepared. Hydrophilic RuPcs PS1 and PS2 containing 
four and twelve terminal amino groups, respectively, distributed in two 
identical axial ligands, were achieved by treating Ru(PhCN)2Pc with 
excess of L1 or L2, respectively. The amphiphilic, asymmetric PS3 
(Scheme 2, Table 1) was obtained from the same Ru(PhCN)2Pc inter
mediate by using an equimolecular mixture of the hydrophilic L2 and 
the hydrophobic L3 pyridine derivatives, resulting in a mixture of three 
different phthalocyanines, namely, two axially symmetrical RuPcs, and 
the desired axially unsymmetrical complex. PS3 was separated from the 
other products and from the excess of ligands by size exclusion chro
matography in Biobeads using dichloromethane as the eluent. The 
specific quantities of reactants, reaction temperatures, and solvents used 
for each reaction are detailed in Table 1.

Fig. 2, S11, S15 and S19 illustrate the comparative 1H NMR spectra 

in CDCl3 of PS1-PS3 related to Ru(PhCN)2Pc and L1-L3 ligands. In PS1 
(Fig. S11) both α and β protons of the phthalocyanine core are shielded 
from 9.30 ppm and 7.96 ppm to 9.21 ppm and 7.92 ppm, respectively, 
upon replacement of the nitrile by the pyridyl ligand, hence enabling 
monitoring the progress of the reaction by 1H NMR. As for all RuPcs 
described here, the axial ligands are influenced by the diatropic ring 
current of the phthalocyanine, falling within the shielding cone. 
Consequently, all signals corresponding to the pyridyl ligands shift to 
higher fields upon coordination to RuPc. The anisotropic effect becomes 
more pronounced as the proton approaches the Pc ring. For instance, 
upon coordination of L1 to RuPc, the H-2,6 pyridyl protons exhibited a 
high-field shift of 6.26 ppm, while the H-4 proton appeared shifted by 
1.68 ppm. Similarly, all PEG protons experienced shielding upon coor
dination to RuPc, with the signal corresponding to –COOCH2– showing 
an upfield shift of 0.66 ppm, while the resonances of –NCH2– and –N 
(CH3)2, are further apart, shifted by 0.13 and 0.08 ppm, respectively. 
PS2 shows similar chemical shifts of the RuPc ring and the coordinated 
L2 (Fig. S15). In particular, resonances corresponding to the RuPc ring 
appear at 9.09 and 7.87 ppm, while the H-2,6 and H-4 pyridyl protons 
are detected at 3.07 and 7.14 ppm, respectively. Besides, the benzylic 
proton is observed as a singlet at 6.23 ppm, 0.44 ppm upfield shifted 
with respect to the free ligand. With respect to PS3, upon coordination 
to the RuPc, the signals corresponding to L2 and L3 experience com
parable effects to those of the corresponding symmetric RuPcs, verifying 
the desymmetrization of the molecule through the splitting of the res
onances, which appears particularly evident for the axial substituents 
(see Fig. 2 and S19). Thus, the H-2,6 and H-4 protons of the two pyridyl 

Fig. 1. Chemical structures of PS1a, PS2a, PS3a and PS4a.
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ligands are distinguished as two sets of resonances at 3.07 and 3.06 ppm 
for the former, and 7.16 and 7.13 for the latter. In addition, two clear 
singlets are detected for the two nonequivalent axial benzylic protons at 
6.22 and 6.20 ppm.

To enhance water solubility, preclude aggregation [35], and make 
the compounds more active towards pathogen cell membranes, ammo
nium salts PS1a-PS3a were prepared by amine quaternization from the 
respective PS1-PS3 by treatment with MeI in DMF (Scheme S1). Com
plete methylation was confirmed by 1H NMR in DMSO‑d6.

The preparation of the other amphiphilic RuPc PS4a was performed 
using a one-pot synthesis in which the tetra-tert-butyl-ruthenium 
phthalocyanine scaffold Ru(CO)Pc (Scheme 3), coordinating a carbonyl 
ligand at one of the Ru(II) axial coordination sites, was treated with L2, 
following reported procedures [48,50,56]. The progress of the reaction 
was monitored until completion using 1H NMR spectroscopy and once 
concluded, PS4 was in situ treated with MeI in DMF (Scheme S1), 
yielding 19 % of the hexacationic compound calculated over the two 
steps.

The 1H NMR spectra of PS1a-PS4a are expected to show deshielded 
(CH3)3N+– protons compared to the corresponding amino substituents 
in PS1-PS4. This is due to the more electron-deficient nitrogen atom in 
the ammonium salt. Fig. 3 and Fig. S20 show the comparative 1H NMR 
spectra of PS1 and PS1a in DMSO‑d6, while Fig. S23 shows those of PS2 
and PS2a. Both figures serve as illustrative examples. Fig. 3 shows that 
the (CH3)3N+– protons of PS1a appear considerably deshielded by 0.93 

Scheme 1. Synthesis of L1, L2 and L3.

 

Scheme 2. Preparation of PS1-3.

Table 1 
Reaction conditions for the preparation of PS1-3.

Product Ru(PhCN)2Pc 
(mol)

L1 
(mol)

L2 
(mol)

L3 
(mol)

Methoda Yieldb

PS1 1 2.25 – – A 79
PS2 1 – 2.25 – A 49
PS3 1 – 1.10 1.10 B 8

a A: Toluene, 60 ◦C. B: CHCl3, rt.
b Isolated product.
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ppm compared to the corresponding amino substituents in PS1. The 
effect is even stronger for the ammonium methylene protons –N+CH2–, 
which are down-field shifted by 1.45 ppm. The same behaviour is 
observed for PS2a, as shown in Fig. S23. Here, the (CH3)3N+– protons 
undergo a down-field shift of 1.02 ppm, while the –N+CH2– protons 
experience a down-field shift of 1.26 ppm. Additionally, the –OCH2– 
protons are shifted by 0.37 ppm compared to PS2.

The 1H NMR spectrum of PS3a is shown in Fig. S26. The proton shifts 
of L2 upon quaternization are similar to those observed for PS2a. Be
sides, the signal at 7.06 ppm corresponds to the H-4 pyridine proton. The 
singlets observed at 6.61 and 4.69 ppm correspond to the H-2′,6′ benzene 
and benzylic protons respectively. The (CH3)3N+– protons are observed 
as singlets at 3.19 ppm. Finally, the H-2,6-pyridine protons appear at 
3.08 ppm. PS4a showed in 1H NMR similar features for the proton sig
nals of L2 as those observed previously for PS2a and PS3a. In particular, 
methyl groups corresponding to (CH3)3N+– appear at 3.21 ppm, while 
the –N+CH2- and –OCH2– moieties display signals at 3.82 and 4.28 ppm, 
respectively (Fig. S29).

2.2. UV–Vis spectra of PSs, aggregation and solubility studies

The UV–Vis absorption spectra of PS1a, PS2a, PS3a and PS4a 
recorded in DMSO are represented in Fig. S31. Table 2 includes the 
values of Q-band absorption maxima and absorption coefficients (ε).

As usually for bispyridyl RuPcs, the Q-band appeared as maxima at 
628 nm for PS1a-PS3a, with extinction coefficients ranging from ca. 
40000 to 70000 [46,51,52,55,56], and at 651 nm for PS4a, with higher 
extinction coefficient of 320000, as it corresponds to Ru(CO)Pc com
plexes [48,49]. None of the UV–Vis spectra indicate any influence of the 
hexacationic pyridyl ligand when compared to the Ru(PhCN)2Pc or Ru 
(CO)Pc precursors, respectively.

The solubilities and aggregation properties of PS1a, PS2a, PS3a, and 
PS4a in various DMSO/PBS mixtures were evaluated using UV–Vis 
spectroscopy (Fig. 4). For each compound, eight solutions were pre
pared, with a constant concentration of PS across all solutions, ranging 
from neat DMSO to neat PBS (saturated solution). The PSs PS1a and 
PS2a, which are tetracationic and dodecationic respectively, exhibited a 
slight decrease in absorption intensity as the PBS ratio of the solvent 
increased. This reduction in absorption was more pronounced in the 
case of PS1a, which may be due to its lower solubility in this medium as 

Fig. 2. Comparative 1H NMR spectra of L2, L3 and PS3 in CDCl3.

 

Scheme 3. Preparation of PS4.
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it has eight fewer positive charges in its structure compared to PS2a. As 
both the Soret and Q-bands decreased by a similar order of magnitude, 
this effect is attributed to the partial precipitation of the PS as the water 
ratio increases, despite its considerable solubility in neat water. Actu
ally, the difference between four positive charges in PS1a and twelve 
positive charges in PS2a is not significant. Although the relative ratio, as 
well as the position of B and Q-bands, is maintained upon addition of the 
PBS solution, there is a slight broadening of the Q-band in this experi
ment, therefore slight aggregation of PS1a and PS2a cannot be 
completely ruled out.

The amphiphilic nature of PS3a and PS4a makes the formation of 
micelles feasible owing to the hydrophobic effect. Hence, the tendency 
to aggregate in aqueous media is clearly evidenced through changes in 
their UV–Vis spectra upon increasing the percentage of PBS in the sol
vent. First, hexacationic PS3a exhibited a significant decrease in ab
sorption intensity, indicating partial precipitation of the PS upon 
increasing the PBS ratio of the solvent. In addition, a progressive red 
shift of the Q-band maximum and broadening occurs at a PBS ratio of 
>25 %, suggesting the formation of aggregates. The effect is dramatic on 
going from 99.7 % PBS to neat PBS. Here, a sharp drop in PS absorbance, 
along with a marked broadening (189 nm half width compared to 157 
nm in neat DMSO) and red shift of the Q-band maximum to 660 nm, is 
observed. For the hexacationic PS4a, aggregation is evidenced with 
lower percentages of PBS. There is a sudden drop in absorption from 5 % 
to 25 % of PBS, together with the appearance of a new band at around 
700 nm, which intensity increases upon addition of PBS, at the same 
time as the Q-band intensity decreases and shifts up to 661 nm. The 
decrease in the Q/700 nm absorption ratio goes from A657/A700 = 6.2 
with 25 % PBS to A661/A700 = 1.3 in neat PBS (Fig. 4).

2.3. Generation of singlet oxygen

Fig. S32 shows the degradation of DPBF (λmax = 417 nm) when it is 
irradiated in the presence of PS1a, PS2a, PS3a and PS4a. The ΦΔ values 
in DMSO for PS1a, PS2a, PS3a and PS4a are described on Table 2.

All evaluated photosensitizers demonstrated high quantum yields for 
singlet oxygen generation, ranging from 0.5 to 0.8, and consistent with 
the electron-deficient nature of the axial ligands in RuPcs [49,52,53]. 
The values of ΦΔ are 0.7–0.8 for bispyridyl RuPcs PS1a-PS3a. PS4a, 
endowed with one pyridyl and one axial carbonyl ligands shows a 
slightly lower, though still good value of ΦΔ = 0.5. This is in line with 
other previously described tetra-tert-butyl phthalocyanines with a 
carbonyl and a pyridyl axial ligands [57].

2.4. Determination of log D7.4

The n-octanol/PBS partition coefficients of PS1a, PS2a, PS3a and 
PS4a (Table 2) were determined using the shake flask method as a 
preliminary evaluation of the relative lipophilicity of the PSs [58]. The 
log D7.4 values of PS1a, PS2a, and PS4a compounds range from 0 to 1, 
indicating a favourable balance between permeability and solubility 
[58]. The relative order of lipophilicity is PS4a > PS3a > PS1a > PS2a. 
The dodecacationic nature of PS2a brings about the higher hydrophi
licity observed for this compound. Between PS1a and PS3a displaying 
similar octanol/water partition coefficients, PS3a, with a higher number 
of ammonium rests results to be more lipophilic, as an effect of the six 
hydrocarbon chains at one of the axial ligands counteracting the six 
cationic charges at the other one. Between the two amphiphilic PS3a 
and PS4a containing six ammonium salts, the latter has a log D7.4 value 
of 1.08, indicating greater hydrophobicity, despite the lower number of 
hydrocarbon chains (four compared to six in PS3a) and the lower 
number of carbon atoms for each (four compared to twelve in PS3a). 
The log D7.4 values obtained for PS1a-PS4a, point to an influence, not 
only of their molecular structure, but also of their different tendencies to 
aggregate in PBS-containing media [59,60].

2.5. Photodynamic inactivation studies

The bispyridyl ruthenium phthalocyanines, PS1a, PS2a, and PS3a 
exhibited very high activity against antibiotic-resistant microorganisms 
(Fig. 5). All compounds showed higher activity against Gram-positive 
MRSA. This result aligns with the general trend for PDI, supported by 

Fig. 3. Comparative 1H NMR spectra of PS1 and PS1a in DMSO‑d6.

Table 2 
Q-band maxima and ΦΔ in DMSO and n-octanol/PBS partition coefficients for 
PS1a, PS2a, PS3a and PS4a.

λQ, nm (ε*10− 4, M− 1cm− 1) ΦΔ log D7.4

PS1a 628 (6.74) 0.79 0.32

PS2a
628 (5.51) 0.65 0.09

PS3a
628 (4.32) 0.68 0.41

PS4a
651 (31.94) 0.52 1.08
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numerous scientific reports. Interestingly, PS2a showed very pro
nounced and strong dark toxicity, observed exclusively in Gram-positive 
bacteria. This phenomenon may be potentially related to the high mo
lecular charge of the compound. It is likely that it exhibits activity 
similar to that observed with cationic disinfectants [61,62]. This is 
largely due to the absence of an outer lipid membrane in these bacteria, 
making them more susceptible to surfactants. In the case of PS1a and 
PS3a, their activity against MRSA is very high (about 5 log reduction). It 
is also noteworthy that even a very small dose of energy was sufficient to 
trigger a bactericidal response. This is a much stronger response than 

observed with zinc(II), palladium(II), and metal-free phthalocyanines, 
where a 5 log reduction effect against the same strain was only observed 
with light at a light dose of 100 J/cm2 [63]. The same strain also proved 
to be much more resistant to non-peripheral octasubstituted zinc(II) 
phthalocyanines (150 J/cm2, about 4 log reduction) [64]. Interestingly, 
tetra- and octasubstituted methimazole-phthalocyanine conjugates were 
completely inactive. This indicates that the direct expansion of sub
stituents on the phthalocyanine ring itself may not be an optimal strat
egy for PDI [65]. Undoubtedly, the type of central atom also plays a key 
role, potentially related to the heavy metal effect, which may be 

Fig. 4. UV–Vis solubility studies of PS1a, PS2a, PS3a and PS4a in different mixtures of DMSO/PBS.

Fig. 5. The antibacterial activity of PS1a-PS3a under light irradiation against bacteria and fungi.
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beneficial from the perspective of photodynamic therapy. In the case of 
Gram-negative bacteria, very high activity was also achieved, although 
the relationship between the structure and the effectiveness of PDI was 
much more pronounced. The compound PS2a acted most strongly and it 
is important to note that it did not induce dark toxicity in this case. 
Additional interaction studies indicated that PS1a systematically 
showed higher ability to cross cytoplasmic membrane for the three 
resistant microorganisms, despite its lower lipophilicity related to the 
amphiphilic PS3a (see Fig. 6 and Table 2). The lower uptake of PS3a 
respect to PS1a could be related to the higher tendency of the former to 
form aggregates. Besides, PS2a and PS3a exhibited the strongest inter
action with the bacterial membrane/wall (Fig. 6). The combination of 
photodynamic properties with a possible impact on the physiological 
functioning of the bacterial wall/membrane system could have resulted 
in the highest antibacterial effect in the case of E. coli (ESBL+), where 
the activity reached approximately 4.5 log reduction for PS2a. At the 
same time, PDI targeting E. coli was associated with a much clearer 
time-effect relationship. This indicates a favourable balance between the 
efficiency of reactive oxygen species generation and the stability of the 
tested compounds under irradiation. In this case, the activity of com
pounds PS1a, PS2a, and PS3a at a concentration of 10− 5 mol/dm³ was 
incomparably higher than in the previous examples with other Pc 
complexes [63]. Interestingly, this trend was not observed for fungi. In 
fact, the results achieved by PS1a and PS3a cannot be classified as 
fungicidal (below 3 log reduction in growth), while lately reported zinc 
(II), palladium(II), and metal-free phthalocyanines exhibited activity 
between 4 and 5 log reduction, depending on the concentration and light 
dose used [63].

Completely different results were obtained for the compound PS4a, 
which also showed a significant difference in spatial structure compared 
to the other phthalocyanines, while having structural similarities to the 
most active compound tested, PS2a. PS4a did not exhibit activity 
against any of the tested strains (results significantly below the medi
cally significant 3 log reduction threshold), whereas PS1a, PS2a, and 
PS3a did [66]. According to the calculated logD7.4 values (Table 2) 
compound PS4a should achieve internal cell organelles. Therefore, the 
evaluation of the activity for PS4a was expanded to include additional 
pathogens showing antibacterial resistance, namely, 
methicillin-resistant Staphylococcus epidermidis (MRSE), P. aeruginosa 
(KPC+), and K. pneumoniae (MBL+) and (ESBL+) (Fig. 7). Interaction of 
PS4a with microbe membrane confirmed high ability to reach the 
interior of the cell (Fig. 7, right). It was observed that over 50 % of 
applicated PS dose was up taken into the cell (Fig. 7, right). This phe
nomenon did not impact on the activity against microbes. Only slight 
activity was noted for Gram-positive bacteria (ca. 2 log reduction) in 
contrast to Gram-negative and fungi (ca. 1 log reduction). However, this 
result remained without any potential clinical significance. Since PS4a 
showed high ability to achieve the interior of the cell, we decided to 
evaluate its combination with a classic antibiotic. Doxycycline was 
chosen because of its broad activity against both Gram-positive and 
Gram-negative bacteria. This antibiotic is a protein synthesis inhibitor 

that binds ribosomes and is characterized by a dominant bacteriostatic 
effect. The combination of PS4a and doxycycline showed greater ac
tivity against MRSA than the sum of the activities of each factor sepa
rately (see Fig. 8).

Sublethal PDI activity was used to evaluate the potential synergy 
effect of PS4a with the selected antibiotic. For MRSA, the positive 
potentially synergistic effect is most noticeable at the light dose of 30 J/ 
cm2 and a subinhibitory dose of the antibiotic (0.125 mg/L). However, 
such an effect was not observed for E. coli (ESBL+).

3. Conclusions

The effectivity of four hydrophilic ruthenium(II) phthalocyanines 
PS1a-PS4a as photosensitizers in PDI of multiresistant microorganisms 
was evaluated. These multicationic RuPcs bear from 4 to 12 terminal 
ammonium salts, attached to axial pyridyl substituents that strongly 
coordinate the Ru(II)Pc central ion. PS1a-PS4a were designed, on one 
side, to exhibit high singlet oxygen quantum yields, by donating them 
with electronically deficient, axial pyridyl ligands, and on the other side, 
to primarily target the microorganisms cytoplasmic cell membrane. In 
addition, PS3a and PS4a were endowed with amphiphilic character, for 
them to gradually diffuse into the inner cellular regions and exhibit 
multi-target localization. The two structurally different amphiphilic 
structures were assembled using different approaches, namely, by 
combining hexacationic and lipophilic axial substitution in a peripher
ally unsubstituted RuPc (PS3a), or by donating the peripheral positions 
of the RuPc scaffold with lipophilic substituents, while the axial sites 
bear a hexacationic and a carbonyl ligand, respectively (PS4a).

The hydrophilic PS1a and PS2a, as well as the amphiphilic PS3a 
show much stronger response against Gram-positive MRSA than that 
observed with zinc(II), palladium(II), and metal-free Pcs, which display 
similar efficiencies only using much higher light regimes. Likewise, the 
three PSs show exceptionally high activity against the Gram-negative 
E. coli at a concentration of 10− 5 mol/dm³. Conversely, fungicidal 
character against fluconazole-resistant C. albicans is only observed for 
PS2a.

Between PS3a and PS4a, the latter resulted to be more lipophilic. In 
fact, lipophilicity of PS3a is only slightly superior to that of PS1a, 
although this is not translated into higher cytoplasmic internalization 
for the former, which incorporation could also be influenced by the 
observed formation of aggregated species. On the other hand, despite 
over 50 % of the PS4a dose reached internal organelles, only slight 
photodynamic activity was noted for Gram-positive bacteria. However, 
PS4a shows a positive potentially synergistic effect against MRSA when 
combined with doxycycline. In particular, PS4a’s photodynamic activity 
increases from about 1.5 to about 4.9 log reduction under the light dose 
of 30 J/cm2 and the 0.125 mg/L subinhibitory dose of the antibiotic.

Fig. 6. Interaction PS-membrane for PS1a-3a.
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4. Experimental section

4.1. General information

4.1.1. Synthesis and instrumental analyses
Purification and separation of the synthesized products were per

formed by normal-phase column chromatography, using silica-gel 
(230–400 mesh, 0.040–0.063 mm, Merck) or aluminium oxide 90 
active neutral (activity stage I, 70–230 mesh, 0.063–0.200 mm, Merck) 
and Biobeads SX-3. TLC was performed on aluminium sheets pre-coated 
with silica gel 60 F254 (E. Merck). Chemicals were purchased from 
commercial suppliers and used without further purification. “Synthetic 
grade” solvents were used for chemical reactions, column chromatog
raphy purifications, and “anhydrous grade” for reactions under dry 
conditions. The RuPc precursors Ru(PhCN)2Pc [51] and Ru(CO)Pc [50] 
were prepared following reported procedures.

Nuclear magnetic resonance spectra (1H, 13C NMR) were recorded on 
a Bruker AV-300, or Bruker DRX-500 spectrometers, using as deuterated 
solvent, CDCl3 or DMSO‑d6. All the experiments were recorded at room 
temperature. Chemical shifts are measured in ppm relative to tetrame
thylsilane (TMS). UV–Vis absortion spectra were recorded using solvents 
in the spectroscopic grade employing a JASCO V-660-Spectrophotom
eter. Infrared Spectra were recorded in solid state on a Bruker Alpha-II 
spectrophotometer by attenuated total reflection (ATR). High- 
resolution mass spectra (HRMS) were recorded employing matrix- 
assisted laser desorption/ionization time-of-flight (MALDI-TOF) using 
a Bruker-Ultraflex-III spectrometer with a Nd:YAG laser operating at 
355 nm, or ultrafleXtreme spectrometer, or ESI-TOF using a Bruker 
Daltonics microTOF focus instrument.

4.1.2. Singlet oxygen quantum yields
The values of ΦΔ were determined in DMSO using a reported 

methodology [67–69]. The photoinduced decomposition of 1,3-diphe
nylisobenzofuran (DPBF), which is an efficient 1O2 quencher in 
organic media, was monitored through UV–Vis spectroscopy after irra
diation with a halogen lamp of oxygen-saturated solutions of each PS 
and DPBF. Non-substituted ZnPc was used as the reference compound 
(ΦΔ = 0.67 in DMSO).

Singlet oxygen quantum yields (ΦΔ) were calculated using the 
following equation: 

ϕS
Δ =ϕR

Δ
kSIR

aT

kRIS
aT 

Where k is the slope of a plot of ln(A0/At) versus irradiation time t, with 
A0 and At being the absorbance of the scavenger at the monitored 
wavelength (417 nm for DPBF) before and after irradiation time t, 
respectively. The superscripts R and S indicate reference and sample, 
respectively. IaT is the total amount of light absorbed by the dye, 
calculated as the sum of intensities of the absorbed light Ia at wave
lengths ranging from 530 nm (DMSO) to 800 nm (step 0.5 nm). A filter is 
used to completely filter off light under 530 nm, while the dye does not 
absorb light above 800 nm. Ia at a given wavelength is calculated using 
Beer’s law: 

Ia = I0
(
1 − e− 2.3A)

Where I0 corresponds to the transmittance of the filter at a given 
wavelength and A refers to the absorbance of the dye at that wavelength.

4.1.3. Determination of log D7.4
The n-octanol/PBS partition coefficients were determined using the 

shake flask method as a preliminary evaluation of the relative lip
ophilicity of the PSs [58]. First, a water-saturated n-octanol solution of 
the compound was mixed with PBS (saturated with n-octanol) in a flask. 

Fig. 7. Left – the inhibition rates of microbes growth for PS4a; right – interaction PS4a-membrane for evaluated microbes.

Fig. 8. The activity of PS4a in the presence of doxycycline under light irradiation (T1 = 5 J/cm2 and T2 = 30 J/cm2). MIC = minimum inhibitory concentration.
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Subsequently, the flask was shaken to equilibrate the sample between 
the two phases. Finally, the concentration of PS in both phases was 
measured. To reduce analysis time, and prevent any errors arising from 
the different aggregation tendencies of the PSs in PBS (see Fig. 4) only 
the n-octanol phase will be analyzed, where no aggregation is detected 
(see Fig. S33). The concentration in the PBS phase will be obtained by 
difference. If the volumes of both phases are equal, the concentration of 
the compounds can be directly measured through their absorbance: 

log D7.4 = log
(

coctanol

cPBS

)

= log
(

Aoctanol

APBS
×

VPBS

VOctanol

)

= log
(

Aoct.final

Aoct.inicial − Aoct.final

)

4.2. Synthetic procedures and characterization

4.2.1. Synthesis of pyridyl-based ligands
4.2.1.1. Bis(2,5-dioxopyrrolidin-1-yl) pyridine-3,5-dicarboxylate (1) 

[54]. Trifluoroacetic anhydride (1.67 mL, 11.98 mmol) was added 
dropwise to a suspension of 3,5-pyridinedicarboxylic acid (1.00 g, 5.99 
mmol), N-hydroxysuccinimide (NHS) (1.37 g, 13.17 mmol), and pyri
dine (1.94 mL, 23.96 mmol) in 7.5 mL of anhydrous chlorobenzene at 
0 ◦C, under argon atmosphere. The resulting mixture was stirred at 0 ◦C 
for 15 min, and more chlorobenzene was added to reduce the viscosity of 
the mixture. Subsequently, stirring continued for 16 h at room temper
ature. The precipitate was isolated through filtration and washed with 
ethanol several times. After recrystallization from acetonitrile, 1.20 g of 
1 (56 %) was obtained as a white solid. 1H NMR (300 MHz, DMSO‑d6) 
δ(ppm): 9.58 (d, J = 2.1 Hz, 2H, py-H2,6), 8.88 (t, J = 2.1 Hz, 1H, py-H4), 
2.92 (s, 8H, H3’,4’).

4.2.1.2. Pyridine-3,5-dicarboxylic acid bis-(2-[2-(dimethylamine)- 
ethoxy]-ethyl) ester (L1) [51]. A mixture of 2-[2-(dimethylamino) 
ethoxy]ethanol (268 mg, 2.01 mmol) and 1 (291 mg, 0.80 mmol) in 
8 mL of dry DMF was stirred overnight, under argon, at room temper
ature. After evaporation of the solvent, the crude was dissolved in CHCl3 
and washed with water. The organic phase was dried over MgSO4 and 
concentrated under reduced pressure. The residue was purified by col
umn chromatography on neutral aluminium oxide (activity grade I, 
according to Brockmann), using a mixture of CHCl3/Heptane (2:1) as 
eluent, affording 108 mg of L1 (34 %) as a yellow oil. 1H NMR (300 
MHz, CDCl3) δ(ppm): 9.37 (d, J = 2.1 Hz, 2H, py-H2,6), 8.87 (t, J = 2.1 
Hz, 1H, py-H4), 4.54 (t, J = 4.9 Hz, 4H, H1’), 3.81 (t, J = 4.8 Hz, 4H, H2’), 
3.62 (t, J = 5.7 Hz, 4H, H3’), 2.52 (t, J = 5.7 Hz, 4H, H4’), 2.26 (s, 12H, 
NCH3). 13C NMR (75.5 MHz, CDCl3) δ(ppm): 164.35, 154.27, 138.09, 
125.97, 69.39, 68.71, 64.72, 58.72, 45.80. HRMS (HR-ESI-QTOF, 
ionizing phase: MeOH + 0.1 % formic acid): Calcd for [C19H31N3O6]: 
398.2291 [M+H]+, 199.6185 [M+2H]2+; Found: 398.2278 [M+H]+, 
199.6172 [M+2H]2+.

4.2.1.3. Methyl 3,4,5-tris(2-(dimethylamino)ethoxy)benzoate (2). 
Gallic acid methyl ester (3.00 g, 16.29 mmol), 2-dimethylaminoethyl 
chloride hydrochloride (10.60 g, 73.31 mmol) and Cs2CO3 (64.00 g, 
195.48 mmol) were dissolved in acetone (80 mL) and the solution was 
refluxed under argon for 72 h. The mixture was poured into 200 mL of 
water, transferred to a separatory funnel and extracted with chloroform. 
The organic phase was dried over anhydrous MgSO4, filtered and the 
solvent was evaporated under reduced pressure. The crude was purified 
by column chromatography on silica gel using a mixture of AcOEt/ 
MeOH/TEA (88:10:2) as the eluent. 5.81 g of compound 2 (90 %) was 
obtained as a brown oil. 1H NMR (300 MHz, CDCl3) δ(ppm): 7.29 (s, 2H, 
Ar-H2,6), 4.2–4.1 (m, 6H, OCH2), 3.89 (s, 3H, OCH3), 2.8–2.7 (m, 6H, 
NCH2), 2.43 (s, 6H, NCH3), 2.35 (s, 12H, NCH3).

4.2.1.4. (3,4,5-tris(2-(dimethylamino)ethoxy)phenyl)methanol (3). 2 
(1.30 g, 3.38 mmol) was dissolved in dry THF (10 mL), and 13.6 mL of 1 
M solution of LiAlH4 in THF was added at 0 ◦C under argon. The reaction 
mixture was allowed to reach room temperature and stirred overnight. 
The resulting solution was poured into crushed ice, transferred to a 
separatory funnel, and extracted with CHCl3. The organic phase was 
dried over anhydrous MgSO4. After filtration of the desiccant, the 

solvent was evaporated under reduced pressure affording 950 mg (76 %) 
of 3 as a brown oil. 1H NMR (300 MHz, CDCl3) δ(ppm): 6.59 (s, 2H, Ar- 
H2,6), 4.59 (s, 2H, CH2OH), 4.1–4.00 (m, 6H, OCH2), 2.8–2.7 (m, NCH2), 
2.32 (s, 18H, NCH3).

4.2.1.5. Bis(3,4,5-tris(2-(dimethylamino)ethoxy)benzyl) pyridine-3,5- 
dicarboxylate (L2). A mixture of 3 (950 mg, 2.57 mmol) and 1 (372 mg, 
1.03 mmol) in 10 mL of dry DMF was stirred overnight at room tem
perature under argon. The solvent was evaporated under reduced 
pressure and the crude was dissolved in CHCl3, transferred to a sepa
ratory funnel, and washed with water. The organic phase was dried over 
MgSO4 and concentrated in vacuo after filtration. The residue was pu
rified by column chromatography on neutral alumina (activity grade I, 
according to Brockmann), using CHCl3/MeOH (100:1) as the eluent. 
313 mg of L2 (35 %) were obtained as a yellow oil. 1H NMR (300 MHz, 
CDCl3) δ(ppm): 9.37 (d, J = 2.2 Hz, 2H, py-H2,6), 8.89 (t, J = 2.2 Hz, 1H, 
py-H4), 6.67 (s, 4H, Ar-H2’,6’), 5.30 (s, 4H, OCH2Ph), 4.1–4.0 (m, 12H, 
H2’), 2.8–2.7 (m, 12H, H3’), 2.33 (s, 36H, NCH3). 13C NMR (75.5 MHz, 
CDCl3) δ(ppm): 164.3, 154.4, 153.0, 138.5, 130.67, 126.12, 107.8, 
70.95, 67.3, 59.0, 58.3, 46.0. HRMS (HR-ESI-QTOF, ionizing phase: 
MeOH + 0.1 % formic acid): Calcd for [C45H71N7O10]: 870,5341 
[M+H]+, 435,7710 [M+2H]2+, 290.8499 [M+3H]3+; Found: 870.5309 
[M+H]+, 435.7693 [M+2H]2+, 290.8482 [M+3H]3+. FT-IR (ATR) 
ν(cm− 1): 2941, 2864, 2819, 2768, 1725, 1591, 1504, 1437, 1366, 1329, 
1306, 1227, 1189, 1159, 1116, 1027, 957, 827, 785, 746.

4.2.1.6. Dodecyl 4-methylbenzenesulfonate (4). A mixture of 1-dodec
anol (5.00 g, 26.83 mmol), 4-toluene sulfonyl chloride (6.10 g, 32 
mmol), TEA (3.20 g, 32 mmol) and a catalytic amount of DMAP in 40 mL 
of DCM, was stirred overnight at room temperature. The solution was 
transferred to a separatory funnel, washed with diluted HCl (aq), then 
with 0.5 M NaHCO3 (aq) and dried over anhydrous Mg2SO4. After 
filtration of the desiccant and evaporation of the solvent, the product 
was purified by column chromatography on silica gel using DCM/hep
tane (1:4) as the eluent, affording 7.10g of 4 (77 %) as a colourless oil. 
1H NMR (300 MHz, CDCl3) δ(ppm): 7.79 (d, J = 7.8 Hz, 2H, Ar–H), 7.34 
(d, J = 8.0 Hz, 2H, Ar–H), 4.02 (t, 2H, OCH2), 2.45 (s, 3H, Ar-CH3), 
1.7–1.6 (m, 2H, CH2), 1.3–1.2 (m, 18H, CH2), 0.9–0.9 (m, 3H, CH3).

4.2.1.7. Methyl 3,4,5-tris(dodecyloxy)benzoate (5). Gallic acid methyl 
ester (639 mg, 3.47 mmol), 4 (5.30 g, 15.62 mmol) and K2CO3 (4.80 g, 
35.02 mmol) were dissolved in acetone (20 mL) and stirred at 62 ◦C, 
under argon, for 2 days. The reaction mixture was poured into 100 mL of 
water and extracted with chloroform. The organic phase was dried over 
anhydrous MgSO4, filtered and concentrated at reduced pressure. The 
crude was purified by column chromatography on silica gel using a 1:2 
mixture of CHCl3/heptane as the eluent, affording 1.63 g of 5 (68 %) 
yield as a white solid. 1H NMR (300 MHz, CDCl3) δ(ppm): 7.25 (s, 2H, 
Ar-H2,6), 4.0–4.0 (m, 6H, OCH2), 3.89 (s, 3H, CO2CH3), 1.9–1.7 (m, 6H, 
H3’), 1.5–1.4 (m, 6H, H4’), 1.26 (s, 48H, CH2), 0.9–0.9 (m, 9H, CH3).

4.2.1.8. (3,4,5-tris(dodecyloxy)phenyl)methanol (6). 3 mL of a 1 M 
solution of LiAlH4 in THF was added at 0 ◦C under argon to a solution of 
5 (545 mg, 0.79 mmol) in dry THF (5 mL). The reaction mixture was 
allowed to reach room temperature and stirred overnight. The resulting 
solution was poured into crushed ice, transferred to a separatory funnel, 
and extracted with DCM. The organic phase was dried over anhydrous 
MgSO4, the desiccant was filtered and rotary evaporated affording 449 
mg of 6 (86 %) as a white solid. 1H NMR (300 MHz, CDCl3) δ(ppm): 6.56 
(s, 2H, Ar-H2,6), 4.59 (d, J = 5.9 Hz, 2H, PhCH2OH), 4.0–3.9 (m, 6H, 
OCH2), 1.8–1.7 (m, 6H, H3’), 1.5–1.4 (m, 6H, H4’), 1.26 (s, 48H, CH2), 
0.9–0.9 (m, 9H, CH3).

4.2.1.9. Bis(3,4,5-tris(dodecyloxy)benzyl)pyridine-3,5-dicarboxylate 
(L3). To a solution of 3,5-pyridinedicarboxylic acid (46 mg, 0.28 
mmol) and DIPEA (145 mg, 1.12 mmol) in 15 mL of dry DCM, at 0 ◦C, 
COMU (247 mg, 0.58 mmol) was added, and the mixture was stirred at 
room temperature, under argon, for 30 min. Then, 6 (400 mg, 0.61 
mmol) was added, and the stirring continued overnight. The solution 
was transferred to a separatory funnel and washed with aqueous 
NaHCO3, then with diluted HCl and finally with water. The organic 
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phase was dried over anhydrous MgSO4, and after filtration, the solvent 
was rotary evaporated. The residue was purified by column chroma
tography on silica gel using chloroform/heptane (5:4) as the eluent, 
affording 150 mg of L3 (37 %) as a white solid. 1H NMR (300 MHz, 
CDCl3) δ(ppm): 9.38 (d, J = 2.1 Hz, 2H, py-H2,6), 8.90 (t, J = 2.1 Hz, 1H, 
py-H4), 6.63 (s, 4H, Ar-H2’,6’), 5.30 (s, 4H, -OCH2Ph), 4.0–3.9 (m, 12H, 
H2’), 1.8–1.6 (m, 12H, H3’), 1.5–1.4 (m, 12H, H4’), 1.26 (s, 96H, CH2), 
0.9–0.9 (m, 18H, CH3). 13C NMR (75.5 MHz, CDCl3) δ(ppm): 164.5, 
154.4, 153.5, 138.8, 138.5, 130.2, 126.3, 107.5, 73.6, 69.4, 68.1, 32.1, 
29.9, 29.9, 29.9, 29.8, 29.6, 29.5, 29.5, 26.3, 22.8, 14.3. FT-IR (ATR) 
ν(cm− 1): 2920, 2851, 1728, 1592, 1467, 1439, 1335, 1309, 1232, 1119. 
HRMS (HR-MALDI-TOF/TOF, matrix DCTB + PEGNa 1500 + NaI): 
Calcd. for [C93H161NO10]: 1475,2018 [M+Na]+; Found: 1475.2047 
[M+Na]+.

4.2.2. Coordination reactions to Ru(PhCN)2Pc

4.2.2.1. General procedure for the synthesis of PS1, PS2 and PS3. Ru 
(PhCN)2Pc and excess of the ligands were stirred in the solvent, under 
argon, and protected from light. The specific quantities of reactants, 
reaction temperatures, and solvents used for each reaction are specified 
below. The progress of the reaction was monitored using 1H NMR in 
CDCl3. Upon reaction completion, the solvent was evaporated under 
reduced pressure, and the residue was further treated as detailed below.

4.2.2.1.1. PS1. Prepared from Ru(PhCN)2Pc (10.0 mg, 0.012 mmol) 
and L1 (10.7 mg, 0.027 mmol) in toluene at 60 ◦C overnight. The crude 
was precipitated with hexane, affording 13.3 mg of PS1 (79 %) as a blue 
solid. 1H NMR (300 MHz, CDCl3) δ(ppm): 9.21 (dd, J = 5.6, 3.0 Hz, 8H), 
7.92 (dd, J = 5.7, 3.0 Hz, 8H), 7.20 (t, J = 1.9 Hz, 2H), 3.88 (t, J = 5.3 
Hz, 8H), 3.5–3.4 (m, 16H), 3.12 (d, J = 1.8, 4H), 2.36 (t, J = 5.7 Hz, 8H), 
2.16 (s, 24H). 13C NMR (75.5 MHz, CDCl3) δ(ppm): 160.9, 154.4, 143.9, 
140.8, 135.0, 128.3, 125.3, 121.7, 69.3, 38.1, 64.3, 58.7, 45.8. FT-IR 
(ATR) ν(cm− 1): 2955, 2870, 1737, 1656, 1599, 1489, 1414, 1364, 
1324, 1290, 1240, 1169, 1123, 1066, 1035, 779, 754, 738. HRMS (HR- 
ESI-QTOF, ionizing phase: MeOH + 0.1 % formic acid): Calcd for 
[C70H78N14O12

96Ru]: 1403.5072 [M+H]+. Found: 1403.5069 [M+H]+.
4.2.2.1.2. PS2. Prepared from Ru(PhCN)2Pc (10.0 mg, 0.012 mmol) 

and L2 (23.5 mg, 0.027 mmol) in toluene at 60 ◦C overnight. The crude 
was purified by size exclusion chromatography on Biobeads SX-3 using 
DCM as the eluent. The resulting fraction containing PS2 was precipi
tated with hexane, affording 13.8 mg of PS2 (49 %) as a blue solid. 1H 
NMR (300 MHz, CDCl3) δ(ppm): 9.09 (dd, J = 5.6, 3.0 Hz, 8H), 7.87 (dd, 
J = 5.7, 3.0 Hz, 8H), 7.14 (t, J = 1.8 Hz, 2H), 6.23 (s, 8H), 4.60 (s, 8H), 
4.1–4.0 (m, 24H), 3.07 (d, J = 1.8, 4H), 2.8–2.7 (m, 24H), 2.34, 2.34 (2 
s, 72H). 13C NMR (75.5 MHz, CDCl3) δ(ppm): 161.1, 154.5, 152.9, 
143.9, 140.71, 129.7, 128.3, 125.2, 121.6, 108.2, 71.1, 67.8, 59.2, 58.4, 
46.2, 46.0. FT-IR (ATR) ν(cm− 1): 3357, 3050, 2930, 2822, 2775, 1660, 
1621, 1590, 1489, 1438, 1414, 1352, 1326, 1290, 1267, 1230, 1168, 
1118, 1065, 1033, 954, 755, 737, 720, 697. HRMS (HR-ESI-QTOF, 
ionizing phase: MeOH + 0.1 % formic acid): Calcd for 
[C122H158N22O20

96Ru]: 2350.1211 [M+H]+, 1186.0547 [M + H + Na]2+; 
Found: 2350.1257 [M+H]+, 1186.0579 [M + H + Na]2+.

4.2.2.1.3. PS3. Prepared from Ru(PhCN)2Pc (10.0 mg, 0.012 mmol), 
L2 (11.5 mg, 0.013 mmol) and L3 (19.2 mg, 0.013 mmol) in CHCl3 at 
room temperature for 5 days. The crude was purified by size exclusion 
chromatography on Biobeads SX-3 using DCM as the eluent. The fraction 
containing PS3 was washed with hexane to give 2.8 mg (8 %) as a blue 
solid. 1H NMR (300 MHz, CDCl3) δ(ppm): 9.1–9.0 (m, 8H), 7.9–7.8 (m, 
8H), 7.16, 7.13 (2 t, 2H), 6.22, 6.20 (2 s, 8H), 4.60, 4.59 (2 s, 8H), 
4.1–3.9 (m, 12H), 2.86 (t, 12H), 3.07, 3.06 (2 d, 4H), 2.74 (t, 12H), 2.38, 
2.32 (2 s, 36H), 1.8–1.7 (m, 12H), 1.5–1.4 (m, 12H), 1.27 (s, 96H), 0.88 
(t, 18H).

4.2.3. Coordination reactions to Ru(CO)Pc A
PS4. Ru(CO)Pc (10.0 mg, 0.011 mmol) and L2 (11.4 mg, 0.013 

mmol) were stirred in CHCl3 at 50 ◦C under argon and protected from 
light for 3 days. Upon reaction completion, the solvent was evaporated 
under reduced pressure, and the resulting residue was used in next step 
without any purification.

4.2.4. Quaternization of the amines
General procedure for the synthesis of PS1a, PS2a, PS3a and PS4a
MeI was added to a solution of PS1-4 in dry DMF, respectively. The 

reaction mixture was stirred at room temperature, under argon, and 
protected from light for 3 h. The quantities of MeI used for each reaction 
are specified below. The resulting solutions were then poured into 
MeOH (50 mL) and allowed to stand for 1 h. All volatiles were then 
evaporated under reduced pressure and the residue was treated as 
detailed below.

4.2.4.1. PS1a. PS1 (10.0 mg, 0.0071 mmol); MeI (10.1 mg, 0.070 
mmol). The residue was precipitated with DCM followed by filtration to 
give 13.2 mg of PS1a in 94 % yield. 1H NMR (300 MHz, DMSO‑d6) 
δ(ppm): 9.16 (dd, J = 5.6, 3.0 Hz, 8H), 8.02 (dd, J = 5.6, 2.9 Hz, 8H), 
6.92 (t, J = 1.8 Hz, 2H), 3.9–3.9 (m, 8H), 3.6–3.6 (m, 8H), 3.4–3.3 (m, 
16H), 3.07 (d, J = 1.8, 4H); 2.84 (s, 36H). 13C NMR (75.5 MHz, CDCl3) 
δ(ppm): 160.4, 153.0, 143.1, 139.9, 128.7, 125.0, 121.5, 67.3, 64.2, 
64.0, 63.7, 52.9. HRMS (HR-ESI-QTOF, ionizing phase: MeOH + 0.1 % 
TFA): Calcd. for [C74H90N14O12

96Ru]: 365.6479, Found: 365.6477 [M- 
4TFA]4+.

4.2.4.2. PS2a. PS2 (10.0 mg, 0.0042 mmol); MeI (18.1 mg, 0.127 
mmol). The residue was precipitated with DCM followed by filtration to 
give 8.2 mg of PS2a in 48 % yield. 1H NMR (300 MHz, DMSO‑d6) 
δ(ppm): 9.07 (dd, J = 5.6, 3.0 Hz, 8H), 8.03 (dd, J = 5.7, 3.0 Hz, 8H), 
7.02 (t, J = 1.8 Hz, 2H), 6.57 (s, 8H), 4.70 (s, 8H), 4.3–4.2 (m, 24H), 
3.9–3.7 (m, 24H), 3.23, 3.17 (2 s, 108H), 3.06 (d, J = 1.8, 4H). FT-IR 
(ATR) ν(cm− 1): 3402, 3008, 2953, 1730, 1594, 1473, 1440, 1412, 
1374, 1325, 1313, 1289, 1229, 1168, 1118, 1065, 1022, 950, 875, 754, 
739. HRMS (HR-ESI-QTOF, ionizing phase: MeOH + 0.1 % TFA): Calcd. 
for [C134H194N22O20

102Ru][CF3COO]10
2+: 1832.1217; Found: 1832.1168 

[M-2TFA]2+.
4.2.4.3. PS3a. PS3 (2.8 mg, 0.0010 mmol); MeI (2.0 mg, 0.014 

mmol). The residue was purified by size exclusion chromatography on 
Biobeads using DCM as the eluent. The fraction containing PS3a was 
evaporated to give 0.9 mg of the final product in 25 % yield. 1H NMR 
(300 MHz, DMSO‑d6) δ(ppm): 9.07–9.04 (dd, J = 5.6, 3.0 Hz, 8H), 
7.99–7.96 (dd, J = 5.8, 3.0 Hz, 8H), 7.06, 6.99 (2 t, 2H), 6.61 (s, 4H), 
6.15 (s, 4H), 4.70 (s, 4H), 4.58 (s, 4H), 4.3–4.3 (m, 12H), 3.9–3.7 (m, 
12H), 3.6–3.5 (m, 12H), 3.25, 3.19 (2 s, 36H), 3.09, 3.03 (2 d, 4H), 
1.8–1.7 (m, 12H), 1.5–1.4 (m, 12H), 1.18, 1.14, 1.10 (3 s, 96H), 0.81 (t, 
18H). FT-IR (ATR) ν(cm− 1): 2923, 2853, 1733, 1592, 1489, 1467, 1440, 
1414, 1377, 1326, 1309, 1289, 1234, 1168, 1121, 1066, 1007, 952, 754, 
738. HRMS (HR-ESI-QTOF, ionizing phase: MeOH + 0.1 % TFA): Calcd. 
for [C176H266N16O20

96Ru][CF3COO]4
2+: 1736.4394; [C176H266N16O20

96Ru] 
[CF3COO]3

3+: 1119.9644; Found: 1736.4398 [M-2TFA]2+; Found: 
1119.9660 [M-3TFA]3+.

4.2.4.4. PS4a. PS4 (crude reaction product); MeI (36.9 mg, 0.260 
mmol). The residue was purified by size exclusion chromatography on 
Biobeads using DMF as the eluent. The fraction containing PS4a was 
evaporated to give 5.4 mg of the final product in 19 % yield related to Ru 
(CO)Pc (two steps). 1H NMR (300 MHz, DMSO‑d6) δ(ppm): 9.3–9.2 (m, 
8H), 8.3–8.2 (m, 4H), 7.15 (t, 1H), 6.76 (s, 4H), 4.50 (s, 4H), 4.3–4.3 (m, 
4H), 3.9–3.7 (m, 4H), 3.21 (s, 38H), 1.74, 1.71 (2 s, 36H). HRMS (HR- 
ESI-QTOF, ionizing phase: MeOH + 0.1 % TFA): Calcd for 
[C49H48N8O96Ru]: 860.3021 [M− L2]+, Found: 860.3015.

4.3. Antimicrobial activity

4.3.1. Microbial cultures
The following microbes were used in the experiment: methicillin- 

resistant Staphylococcus aureus (MRSA), Staphylococcus epidermidis 
(MRSE) (clinical strain), beta-lactamase-producing Escherichia coli 
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(clinical strain), Candida albicans fluconazole-resistant (clinical strain), 
Pseudomonas aeruginosa producing KPC-type enzymes, as well as beta- 
lactamase-producing Klebsiella pneumoniae and Klebsiella pneumoniae 
producing metallo-β-lactamases. Microorganisms were cultivated ac
cording to species-specific guidelines; in summary, all bacteria were 
cultured in brain heart infusion broth (bioMerieux, Marcy-l’Étoile, 
France) for approximately 20 h at a constant temperature of 35 ± 1 ◦C 
under aerobic conditions. C. albicans were cultivated for approximately 
24 h at 35 ± 1 ◦C in Sabouraud dextrose broth (Oxoid, Hampshire, UK). 
After the incubation period, the bacteria and fungi were centrifuged and 
harvested (3000 rpm for 15 min) and then re-suspended in saline. In the 
final step, each strain was adjusted to a concentration of approximately 
107 CFU/mL.

4.3.2. Dark activity
Dark activity tests were performed according to the previously 

described procedure. In summary, appropriately prepared suspensions 
of bacteria and fungi were exposed to PSs at a concentration of 10− 5 

mol/dm³ for 30 min (pre-incubation). Then, a series of dilutions were 
prepared, and surface plating was performed on TSA (bacteria) and 
Sabouraud agar (fungi). The Petri dishes were incubated for 24 h at 35 
± 1 ◦C, and the number of colonies was counted. Additionally, a control 
test was conducted where the PS was replaced with a saline solution. By 
comparing the control and test samples, the log reduction was calcu
lated. A reduction of more than 0.5 log was considered as a criterion for 
the occurrence of dark toxicity.

4.3.3. Light-dependent activity
Similarly to the dark activity, the light activity of the PS was eval

uated. Bacteria and fungi were pre-incubated in a 96-well plate with PSs 
at a concentration of 10− 5 mol/dm³ for 30 min and then exposed to light 
of 660 nm wavelength at doses ranging from 5 to 30 J/cm2. A control 
test was also performed where the PS solution was replaced with saline. 
After exposure, a series of dilutions were prepared, and surface plating 
was performed on TSA (bacteria) and Sabouraud agar (fungi). The plates 
were incubated for 24 h at 35 ± 1 ◦C, and the number of colonies was 
counted. The difference in bacterial counts between the non-irradiated 
control and the PS-containing sample was used to calculate the log 
reduction.

4.3.4. Determination of Microorganism’s Susceptibility to PACT following 
habituation with MIC and sub-MIC doses of doxycycline

Bacterial suspensions of MRSA and E. coli (ESBL+) were prepared 
according to EUCAST guidelines [70] and subjected to doxycycline at 
concentrations corresponding to MIC, ½ MIC, ¼ MIC, and 1/8 MIC. After 
12 h, the bacterial concentration was adjusted to OD600 equal to 0.3, 
and then these bacterial suspensions were pre-incubated for 30 min with 
photosensitizer at a concentration of 10− 5 mol/dm³ in a 96-well plate. 
The mixture was then exposed to light of 660 nm wavelength and en
ergies of 5 and 30 J/cm2. Parallel tests without irradiation and without 
irradiation and PSs were also performed. The log reduction was calcu
lated as in the previous section.

4.3.5. Determination of photosensitizer uptake by microorganism cells
Bacterial and fungal cultures were prepared according to point 4.3.2. 

Then, 300 μL of PS solution at a concentration of 10− 5 mol/dm³ was 
added to the washed microorganisms and incubated for 30 min (con
ditions similar to those on the 96-well plate in point 4.3.3. After this 
period, the bacteria were centrifuged (3000 RPM; 15 min) and collected, 
and the supernatant was aspirated and left for further studies (Solution 
1). The microorganisms were then subjected to three cycles of shaking 
(1 min) and washing with saline, repeating centrifugation and super
natant aspiration each time. The washed bacteria were then dis
integrated using the thermal method, subjecting the bacterial cell wall to 
lysis by warming up (60 ± 2 ◦C) and cooling down (− 20 ± 2 ◦C) during 
six cycles lasting 30 s each [71]. Disintegrated bacteria were suspended 

in saline (Solution 2). The concentrations in Solutions 1 and 2 were 
measured spectrophotometrically, correcting for the appropriate dilu
tion factors. Based on this, the percentage of internalized substance 
(Solution 2) and free substance (Solution 1) was determined. The per
centage of bound substance was calculated as the difference between the 
total concentration (100 %) and the percentage content of the substance 
in Solution 2 and Solution.
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Writing – review & editing, Writing – original draft, Supervision, Re
sources, Funding acquisition, Formal analysis, Conceptualization.

Declaration of competing interest

The authors have nothing to declare.

5. Acknowledgements

We acknowledge financial support from the Spanish Grant PID2020- 
116490GB-I00 funded by MCIN/AEI/10.13039/501100011033 and by 
the “European Union NextGenerationEU/PRTR, MCIU/AEI/10.13039/ 
501100011033/FEDER, UE (PID2023-151167NB-I00), the Comunidad 
de Madrid and the Spanish State through the Recovery, Transformation 
and Resilience Plan [“Materiales Disruptivos Bidimensionales (2D)” 
(MAD2D-CM) (UAM1)-MRR Materiales Avanzados], and the European 
Union through the Next Generation EU funds. IMDEA Nanociencia ac
knowledges support from the “Severo Ochoa” Programme for Centres of 
Excellence in R&D (MINECO, Grant CEX2020-001039-S). A.B.D. ac
knowledges the Comunidad de Madrid and the European Union for a 
predoctoral research contract within the Youth Employment Operative 
Programme and the Youth Employment Initiative (YEI) (Contract PEJ- 
2019-AI/IND-14708).

Appendix. ASupplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ejmech.2024.117214.

Data availability

Data will be made available on request.

References

[1] J. Murugaiyan, P. Anand Kumar, G.S. Rao, K. Iskandar, S. Hawser, J.P. Hays, 
Y. Mohsen, S. Adukkadukkam, W.A. Awuah, R.A.M. Jose, N. Sylvia, E. 
P. Nansubuga, B. Tilocca, P. Roncada, N. Roson-Calero, J. Moreno-Morales, 
R. Amin, B. Krishna Kumar, A. Kumar, A.R. Toufik, T.N. Zaw, O.O. Akinwotu, M. 
P. Satyaseela, M.B.M. van Dongen, Progress in alternative strategies to combat 
antimicrobial resistance: focus on antibiotics, Antibiotics 11 (2022) 200, https:// 
doi.org/10.3390/ANTIBIOTICS11020200.

[2] B. Pucelik, J.M. Dąbrowski, Photodynamic inactivation (PDI) as a promising 
alternative to current pharmaceuticals for the treatment of resistant 
microorganisms, Adv. Inorg. Chem. 79 (2022) 65–108, https://doi.org/10.1016/ 
BS.ADIOCH.2021.12.003.

[3] K. Plaetzer, B. Krammer, J. Berlanda, F. Berr, T. Kiesslich, Photophysics and 
photochemistry of photodynamic therapy: fundamental aspects, Laser Med. Sci. 24 
(2009) 259–268, https://doi.org/10.1007/s10103-008-0539-1.

[4] C. Chen, H. Ou, R. Liu, D. Ding, C. Chen, H. Ou, R. Liu, D. Ding, Regulating the 
photophysical property of organic/polymer optical agents for promoted cancer 
phototheranostics, Adv. Mater. 32 (2020) 1806331, https://doi.org/10.1002/ 
ADMA.201806331.

A.B. Domínguez et al.                                                                                                                                                                                                                          

https://doi.org/10.1016/j.ejmech.2024.117214
https://doi.org/10.1016/j.ejmech.2024.117214
https://doi.org/10.3390/ANTIBIOTICS11020200
https://doi.org/10.3390/ANTIBIOTICS11020200
https://doi.org/10.1016/BS.ADIOCH.2021.12.003
https://doi.org/10.1016/BS.ADIOCH.2021.12.003
https://doi.org/10.1007/s10103-008-0539-1
https://doi.org/10.1002/ADMA.201806331
https://doi.org/10.1002/ADMA.201806331


European Journal of Medicinal Chemistry 285 (2025) 117214

13

[5] C.S. Foote, DEFINITION of type I and type II photosensitized oxidation, 
Photochem. Photobiol. 54 (1991) 659, https://doi.org/10.1111/J.1751- 
1097.1991.TB02071.X, 659.

[6] T. Nyokong, Desired properties of new phthalocyanines for photodynamic therapy, 
Pure Appl. Chem. 83 (2011) 1763–1779, https://doi.org/10.1351/PAC-CON-10- 
11-22.

[7] C.M. Bergamini, S. Gambetti, A. Dondi, C. Cervellati, Oxygen, reactive oxygen 
species and tissue damage, Curr. Pharmaceut. Des. 10 (2005) 1611–1626, https:// 
doi.org/10.2174/1381612043384664.

[8] M.R. Hamblin, H. Abrahamse, Oxygen-independent antimicrobial 
photoinactivation: type III photochemical mechanism? Antibiotics 9 (2020) 53, 
https://doi.org/10.3390/antibiotics9020053.

[9] M.A. Pereira, M.A.F. Faustino, J.P.C. Tomé, M.G.P.M.S. Neves, A.C. Tomé, J.A. 
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