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Introduction

Pathogenic microorganisms have become a universal threat
and leading cause of mortality and morbidity worldwide.'™®
The issue of prevention and control of infectious diseases con-
tinues to be open and a series of highly virulent pathogens are
emerging in and beyond hospital settings.””® Concomitant
with the rise of antibiotic-resistant bacteria, the approval of
new antibiotics has slowed dramatically. Moreover, the
number of novel compounds with new mechanisms of action
remains scarce, despite the efforts devoted to finding new hits
among emerging drugs.”™" Thus, the development of novel
approaches to address this problem has become urgent.'?
Several alternatives to antibiotic treatments have gained attrac-
tion recently.”>™® Some of them, including photodynamic
therapy,>>*" are not novel, but their use was eclipsed mainly
due to two reasons: insufficient understanding among
researchers at the moment of their discovery and the advent of
antibiotics.

Photodynamic therapy (PDT) consists of an adequate com-
bination of three factors: light, oxygen and a light-active com-
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formance against representative microorganisms of two families of cationic dendrimeric phthalocyanines
as potential photosensitisers. Four charged dendrimeric compounds varying in their degree of ionicity
(4 or 8 positive charges) and the coordinating metal (zinc or ruthenium) are compared and assessed as
potential photosensitising agents in terms of their antimicrobial activity.

pound referred to as a photosensitiser (PS). None of them are
toxic per se; however, their combination leads to the for-
mation of highly reactive oxygen species (ROS) such as singlet
oxygen ('0,) responsible for exerting cytotoxic damage.*® The
advantages of antimicrobial PDT (aPDT) over traditional anti-
biotics include the activity against antibiotic-resistant species
and the lack of development of resistance due to its multi-
target mode of action. These attributes make aPDT suitable
for the treatment of superficial and localised infectious
diseases.”">*

Phthalocyanines (Pcs) have been investigated in detail for
many years due to their interesting physical properties.>*’
This family of compounds have also become popular for PDT
applications, especially for cancer treatment, since Pc deriva-
tives including some metal core atoms such as zinc, ruthe-
nium or silicon display photosensitising activity.>*"*
However, due to their highly hydrophobic nature, Pcs require
suitable functionalisation or combination with carrier
systems to ensure appropriate administration within a
therapy. Dendrimer-encased PSs are an attractive option to
achieve successful biomedical applications®® because their
inner chromophores are partially shielded from media. This
allows maintaining their photoactive form since the bulky
substituents prevent the aggregation of the macrocycle.
Moreover, their large dimensions allow extended circulation
in the blood and higher accumulation of dendronised
PSs in the tumour tissues via the so-called enhanced per-
meation retention effect.®” Several series of Pc-based architec-
tures and their ability to generate 'O, have been previously
described.*****! However, to our knowledge, cationic dendri-
meric Pcs have not been studied for antimicrobial purposes.
Thus, this work explores the synthesis, photophysical charac-
terisation and potential application of ruthenium- and zinc-
Pcs encased in multi-cationic dendrimers as a potential PS
platform for aPDT.

This journal is © The Royal Society of Chemistry 2017
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Results and discussion
Synthesis description

The synthesis started with the preparation of dimethylamino-
appended phthalonitrile 1, which confers the basic motif of
terminal moieties that can be found in the dendritic phthalo-
nitriles described thereafter. In first instance, 1 has been pre-
pared from 4-nitrophthalonitrile and dimethylaminoethanol
(DMAE) following a literature protocol.**** However, it turned
out that the use of microwave-assisted irradiation gave 1 in
shorter time with easier purification and a higher yield. This
rather simple 1,2-benzenedicarbonitrile was then engaged in
the literature-described cyclotetramerisation in the presence of
Zn(OAc), under the formation of 2.*>** Likewise, the presence
of RuCl;-3H,0 as the metal template for the formation of the
Pc macrocycle allowed obtaining 3 in almost quantitative yield.
Of note, pyridine has been added to the reaction medium as
two equivalents of these N-type ligands occupy the axial posi-
tions. The coordination of two pyridine ligands at the axial
positions is very important at the stage of evaluating the
experimental data as this coordination prevents to a great
extent the aggregation often encountered for Pcs. In contrast,
the aggregation phenomenon has to be considered important
in the case of zinc Pcs as the axial positions are not occupied
by ligands. Both Pcs were then subjected to an excess of
methyl iodide to give the respective quaternary ammonium
salts in very high yields as a dark green solid in the case of
ZnPc or RuPc as a blue solid (Scheme 1).

The quaternisation of 2 has been described in the litera-
ture.”*? It is important to note that we were aiming at qua-
ternary ammonium salts resulting from the alkylation of term-
inal amines rather than simple protonation. This is especially
important when introducing the dendrimer polyelectrolytes
into physiological media as the stability of the former is by far
higher when compared to the latter. Depending on the pH
prevalent in the corresponding part of the body, the proton
might be abstracted under formation of neutral species, which
might then lead to an undesired precipitation due to
decreased hydrophilicity.

While attempting to construct fractal dendritic wedges con-
taining an increasing amount of dimethylaminoethyl end
groups, the respective coupling reactions proved inefficient or/
and the purification too tedious. Consequently, this prompted
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Scheme 1 Synthetic route to zero generation tetracationic ZnPc and
RuPc. Reagents and conditions: (i) 2: Zn(OAc),, DMAE, reflux, overnight,
21%; 3: RuCl3-3H,0, pyridine, DBU, ethoxyethanol, reflux, overnight,
24%; (ii) Mel, DMF, 40 °C, 6 h (ZnPc: 65%, RuPc: 97%).
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us to realign the synthetic strategy to prepare phthalonitriles
endowed with Boc-protected amino groups rather than
employing the dimethylamino terminal units. The simple ben-
zenedicarbonitrile derivative 4 has been synthesised again by
ipso-substitution of 4-nitrophthalonitrile and 2-(tert-butoxy-
carbonyl)aminoethanol according to a described method.**
On the other hand, compound 5 has been easily prepared
closely following the procedure of Liskamp et al.*>*®

This building block contains two Boc protected ethoxy-
amino groups in positions 3 and 5 and a carboxylic acid func-
tion prone to amide coupling reactions. Accordingly, 4 has
been deprotected under the use of trifluoroacetic acid (TFA)
and after neutralization subjected to benzotriazol-1-yloxytri-
pyrrolidinophosphonium hexafluorophosphate (PyBOP)-mediated
amide bond formation. The first generation derivative 6 has
been obtained in 95% yield as colourless foam. Iterative de-
protection of the two Boc protection groups was performed
again by PyBOP-assisted amidation reactions which then
readily provided the second generation phthalonitrile 7 with
four terminal Boc-protected amino groups in 83% yield as a
colourless solid (Scheme 2).

Similarly to the synthesis of Pcs 2 and 3, phthalonitriles 4,
6 and 7 were engaged in the cyclotetramerisation in either the
presence of Zn(OAc), or a mixture of RuClz-3H,0 and pyridine.
However, only the respective zinc Pes 8 7-9 and ruthenium
Pcs 11-12 have been obtained as dark green or dark blue
solids after purification by column chromatography and size
exclusion chromatography. The second generation derivative
10 has been obtained in very small quantities and mass spec-
troscopic characterization indicated the target peak, but due to
the small amount of the compound, quaternisation has not
been attempted. Similarly, the synthesis of the second gene-
ration ruthenium Pc was found to give inseparable mixtures of
compounds regardless of the applied reaction conditions most
likely due to steric hindrance hampering the formation of the
desired Pc. At the last stage of the synthetic sequence, again a
two-step protocol has been employed for the quaternisation of
the terminal amino groups, i.e. (i) cleavage of the Boc groups
by TFA and (ii) alkylation with a mixture of 1,2,2,6,6-penta-
methylpiperidine (PMP) and CH;I (Scheme 3).%*

The polycationic zinc Pcs ZnPc and ZnPcl as well as the
ruthenium Pcs RuPc and RuPcl have been obtained in high
yields after repetitive sonication/filtration steps from various
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Scheme 2 Synthetic route to second generation Boc-terminated
phthalonitrile 7. Reagents and conditions: (i) TFA, CH,Cl,, 0 °C to room
temperature (6: 3 h, 7: 4 h); (ii) PyBOP, NEts, room temperature, over-
night (6: 95%, 7: 83%).
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Scheme 3 Synthetic route to second generation zinc and ruthenium
Pcs. Reagents and conditions: (i) 8-10: Zn(OAc),, DMAE, reflux, over-
night (8: 45%, 9: 33%, 10: 2%); 11-12: RuCl3-3H,0, pyridine, DBU,
ethoxyethanol, reflux, overnight, (11: 7%, 12: 7%); (i) TFA, CH,Cl,, 0 °C to
room temperature (ZnPc, RuPc, RuPcl: 4 h, ZnPcl: 7 h); (iii) PMP, Mel,
DMF, room temperature, overnight (ZnPc: 98%, ZnPc1: 80%, RuPc: 86%,
RuPc1: 70%).

solvents. As expected, the series of multiply charged Pcs
showed good solubility in polar media including water.

Photophysical characterisation

Fig. 1 shows the normalised absorption spectra of all four poly-
cationic Pcs in tetrahydrofuran (THF), water and dimethyl-
sulfoxide (DMSO). Marked changes are observed depending on
the extent of aggregation that they experience in each solvent.
Aside from minor peak shifts derived from solvatochromic
effects, important changes are evidenced in terms of different
relative intensities of the bands in the Soret and Q regions.
The spectrum in DMSO is taken as representative of the
monomeric form, characterised by a narrow and intense red Q
band.?” The general trend is that the dendrimeric Pes tend to
disaggregate in aqueous media. This is not fully true for com-
pound ZnPc (panel a in Fig. 1) whose Soret band, but not the
Q band, resembles that in DMSO. Both ruthenium derivatives
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Fig. 1 Normalised absorption spectra of dendrimeric cationic phthalo-
cyanines in DMSO (green dashed line), THF (red dotted line) and water
(blue solid line). ZnPc (a), ZnPc1 (b), RuPc (c) and RuPc1 (d).
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Fig. 2 Normalised fluorescence spectra of dendrimeric cationic zinc-
Pcs in DMSO (green dashed line), THF (red dotted line) and water (blue
solid line). ZnPc (a), ZnPc1 (b).

disaggregate almost completely in water. Despite having the
same charges as their zinc analogues, the presence of the
apical pyridyl groups seems to prevent aggregation.

The fluorescence of the compounds was also studied using
the same series of solvents. As observed in Fig. 2 and Table 1,
there is a substantial difference in the behaviour depending
on the nature of the central metal ion, only ZnPcs being
fluorescent.

Moreover, a major difference in the fluorescence quantum
yield values (¥y) was also encountered depending on the
medium, once again attributed to aggregation effects.
Especially significant is the case of ZnPcl that exhibits &
values two orders of magnitude lower in THF than in water
(Table 1).

Finally, the ability of the Pcs to sensitise the production of
10, was studied both in THF and in deuterated aqueous
media. The quantification of the 'O, quantum yield (®,) was
performed by direct observation of 'O, phosphorescence at
1275 nm (Fig. 3) exciting either at 355 nm (for zinc-Pcs) or at
532 nm (for ruthenium-Pcs). In line with fluorescence results,
the photosensitising properties of the Pcs correlated with the
extent of aggregation, being more efficient when less aggre-
gated. This effect was especially noticeable for compound
ZnPc1l whose &, value in deuterated water was almost two
orders of magnitude higher than in THF (Table 1). As regards
'0, decay kinetics (monitored through the 'O, lifetime
value, 7,), ruthenium-Pc dendrimers manifest 'O, self-quench-
ing. This is evidenced from the fact that their 10, lifetime
values are shorter than those reported in the literature for the
neat solvents (21 ps in THF and 65 ps in D,0O, respectively).*’
This effect has previously been observed for other ruthenium
dendrimeric derivatives, although to a lesser extent.*’

As compared to other dendrimeric Pcs, the reported cat-
ionic ZnPcs outperform poly-anionic analogues in terms of
production of 'O, in aqueous media.*® Regarding novel cat-
ionic ruthenium-Pcs, their 'O, sensitising capacity remains
similar to that reported for other anionic dendrimeric
analogues.>>3°

Photoinactivation studies

The incorporation of positive charges in PSs has been a bench-
mark in the re-emerging of aPDT as a potential platform
to fight antibiotic-resistant microorganisms.”>>® We have
assessed for the first time the potential of four different cat-

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ob02270k

Open Access Article. Published on 18 October 2017. Downloaded on 7/15/2025 7:37:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

View Article Online

Paper

Table 1 Summary of the photochemical properties of the dendrimeric phthalocyanines of study in water (D,O for @, measurements) and THF

(values in parentheses)

Compound Aaps “/nm o D, € 7a /us

ZnPc 634 (679) 0.035 (<1 x 107%) 0.022 (0.002) 62.8 (20.8)
ZnPcl 690 (684) 0.538 (0.002) 0.119 (0.004) 64.0 (21.0)
RuPc 633 (628) <1x107% (<1 x 1074 0.015 (0.011) 45.3 (19.7)
RuPcl 636 (631) <1x107° (<1 x 107 0.017 (0.001) 38.7 (19.4)

“ Maximum wavelength at the Q-band. ” Rhodamine 6G as the reference (@5 (ethanol) = 0.94).>° ©5,10,15,20-Tetraphenyl-21H,23H-porphine (TPP;
@, (THF) = 0.62 and meso-tetrakis(4-sulfonatophenyl)-porphyrin (TPPS; @, (D,0) = 0.64 as references.”
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Fig. 3 Time-resolved near-infrared 'O, phosphorescence signals at
1275 nm in air-saturated D,O solutions for [a] ZnPc (green) & ZnPcl
(blue) and [b] RuPc (red) & ZnPcl (garnet). TPPS was used as the refer-
ence (brown). Dashed lines represent datasets from signal fitting. Inset:
Magnification of the 1O, signals of the cationic Pcs.

ionic dendrimeric Pcs as potential antimicrobial PSs. Zinc and

ruthenium Pcs encased in multi-cationic dendrimers
were assayed against representative members of Gram-positive
(Staphylococcus aureus), Gram-negative (Escherichia coli) and
fungi (Candida albicans) to assess their potential use as broad-
spectrum photosensitising agents (Fig. 4-6).

Fig. 4 presents photoinactivation results against S. aureus
upon different PS concentrations and light-doses. Two
different trends are revealed out of the figure: (i) Both zinc-co-
ordinated Pcs are capable of achieving over 6-log;, colony
forming units per millilitre (CFU mL™") reduction at 1 pM for
the higher light-doses and a bactericidal effect (3-log;, CFU
mL~" reduction) when irradiating at 60 ] cm™> with a concen-
tration of 0.6 pM. Overall photo-killing efficiency is slightly
higher for the octacationic ZnPc1 as compared to the ZnPc per-
formance, especially at the highest concentration assayed.
(ii) Ruthenium-coordinated compounds have resulted less

harmful against S. aureus achieving the bactericidal effect

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 S. aureus photoinactivation studies with ZnPc (a), ZnPcl (b),
RuPc (c) and RuPc1 (d) upon red light irradiation. Light doses: 10 J cm™2
(triangles), 30 J cm™2 (filled squares), and 60 J cm™? (inverted triangles).
Working concentrations: 0.01, 0.1, 0.3, 0.6 and 1 pM. Dark controls are
represented with empty squares. Results are the mean from at least
three different experiments.
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Fig. 5 E. coli photoinactivation studies with ZnPc (a), ZnPcl (b), RuPc
(c) and RuPc1 (d) upon red light irradiation. Light doses: 10 J cm™2 (tri-
angles), 30 J cm™2 (filled squares), and 60 J cm™2 (inverted triangles).
Working concentrations: 0.01, 0.1, 0.5, 1, 2.5, 5 and 10 uM. Dark controls
are represented with empty squares. Results are the mean from at least
three different experiments.

only in the case of maximum concentration and light dose
(namely, 1 pM and 60 J em™?). Octacationic RuPc1 is slightly
less efficient than its tetracationic analogue. Non-irradiated
samples (dark controls) reveal that at maximum concentration

Org. Biomol Chem., 2017, 15, 9008-9017 | 9011


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ob02270k

Open Access Article. Published on 18 October 2017. Downloaded on 7/15/2025 7:37:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
106100 e f1.0x1000
5 1.0x100 S proon @
§ topm] " Dark frocoe s
g 1.0x100] = 30 Jiem2 f1.0c100 %
wd - 60 Jiem2 o 3
3 1.ox1nn51 proaos 8
5 o0 f10c100 g
roxosey 106100
1.0x107 - 1.0x1097
001 01 1 10 100
TS e ° [ 1.0x1000
§ 1ox100y f1.0x1001 ‘_::'
g 1.0x10929 T Dark 1.0x1092 S.
fro 10x10 0 = 30J/em2 100100 E
g 1.0x10%{ = 60 J/em2 f1.0x10 04 g
; 1.0x10 %5 4 [10x10% o
toxtoed d 1.0x109
1.0x1097 v . r . . v 1.0%1097
) 01 1 10 100 0.01 01 1 10 100

Concentration/ uM Concentration/ yM

Fig. 6 C. albicans photoinactivation studies with ZnPc (a), ZnPc1 (b),
RuPc (c) and RuPcl (d) upon red light irradiation. Light doses: 30 J cm~2
(filled squares), and 60 J cm™2 (inverted triangles). Working concen-
trations: 0.01, 0.1, 1, 10 and 25 pM. Dark controls are represented with
empty squares. Results are the mean from at least three different
experiments.

there is an apparent 1-log;, CFU mL™" reduction inherent to
drug toxicity. This dark toxicity especially affects the RuPcl
compound, which is poorly efficient.

As for E. coli photoinactivation results, Fig. 4 shows the be-
haviour of the four cationic dendrimers upon different
light and concentration conditions. The dark toxicity was
below 1-log;, CFU mL™' reduction for ZnPc, ZnPcl and
RuPc1, but higher for RuPc at concentrations above 5 pM. A
remarkable difference in the photodynamic inactivation
efficiency was also observed depending on the coordinated
metal. Zinc-coordinated dendrimers exhibited a photokilling
performance far better than their ruthenium analogues.
Reductions over 6-log;, CFU mL™" were achieved at concen-
trations as low as 2.5 pM for ZnPc and 5 pM for ZnPc1 at 30
J em™? light dose. In contrast, a lower photoinactivation was
obtained when using RuPc even under harsher photodynamic
conditions (approximately 5-log;, reduction with 5 uM and
60 J cm™?, but with a higher dark toxicity). Finally, RuPc1
only accomplished a modest 2-log;, CFU mL™' reduction
even under conditions as high as 50 pM and 100 ] cm™> (data
not shown). Of note, the inactivation efficiency slightly
decreased in some cases when increasing from 5 to 10 pM
and at high light-doses. This behaviour might be attributed
to increased aggregation under these experimental
conditions.

Finally, photodynamic inactivation studies were also per-
formed against C. albicans as a representative opportunistic
fungal pathogen. As in the previous scenarios, the dendri-
meric cationic zinc-Pcs outperformed the ruthenium ana-
logues in terms of reducing cell viability upon comparable
light/dose conditions. While ZnPc and ZnPc1 were capable of
achieving approximately 6-log;, CFU mL™" reduction, RuP¢
and RuPcl yielded a reduction in CFU mL™" two-orders of
magnitude inferior. In all cases, the concentration required
to exert a noticeable damage was higher as compared to the
studies with bacteria.”” In terms of charges, minor differ-
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ences arise when comparing the photokilling efficiency of the
tetracationic versus octacationic dendrimers in both series of
compounds. For the low light-dose conditions, octacationic
compounds seem to respond more efficiently; however, this
differences vanish at 60 ] em™> light-dose, both for ruthe-
nium- and zinc-Pcs. Of note, octacationic RuPcl was capable
of exerting almost 4-log;, CFU mL™" reduction against this
fungi model, despite being poorly phototoxic against both
bacterial models.

Overall, the results obtained in the photodynamic inacti-
vation studies against all representative microorganisms corre-
late with their photophysical behaviour in solution. Hence,
zinc-coordinated dendrimers have shown superior properties
than the ruthenium counterparts for all three microbial
models. This is especially noticeable comparing octacationic
Pcs. Thus, in the concentration/light doses in which ZnPc and
ZnPcl achieved microbial reduction over 6-log;, CFU mL™,
dendrimeric ruthenium-Pcs were unable to achieve similar
yields. Other ruthenium complexes have been reported to
behave as antimicrobial agents,*® pointing out that the lower
efficiency has to do with the overall photophysics of the com-
pounds rather than the capacity of the coordinated metal
itself. Of note, for the zinc-coordinated derivatives, the photo-
killing efficiency - similar for both compounds - does not
fully correlate with the measured @, values in solution (ZnPc1
is 2-fold higher in water and 5-fold higher in THF than ZnPc).
Different extents of aggregation under the experimental con-
ditions upon interaction with the different microorganisms
may be responsible for this observation.

Previous studies have attempted to establish relationships
between the photodynamic inactivation efficacy and the
global charge of the PSs although with contradictory results.
For instance, Merchat et al. described no differences in
activity despite changes in the net charge.’® On the other
hand, the study of Caminos et al. showed that the photosensi-
tising efficiency of a series of meso-substituted cationic por-
phyrins against E. coli followed the trend (PS)** > (PS)*" > >
(PS)** > (PS)* in terms of enhanced photoinactivation.®® In
another work, Alves et al. compared the bacterial photoinacti-
vation process of seven cationic porphyrins with up to four
positive charges for Gram-positive and Gram-negative bac-
teria.®" The study showed that tri- and tetracationic porphyr-
ins resulted more efficient than the less charged analogues,
consistent with Caminos et al. Moreover, photokilling
was dependent not only on the net number of positive
charges, but also on the charge distribution and nature of
substituent groups.®® Studies with tricationic porphycenes
(asymmetric porphyrin isomers) have shown a broad-spec-
trum activity and also slight differences depending on the
peripheral substituent.’®®* Herein, our results would point
out that dendrimeric octacationic Pcs slightly outperform
tetracationic analogues in solution, but do not show a clear
improved photoinactivation performance overall. Further
studies ought to be addressed to compare the effect of func-
tional groups relative to the resulting photoinactivation
performance.
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Conclusion

Four different cationic dendrimeric Pcs have been synthesised
with either zinc or ruthenium in the centre, fully characterised
and compared against the representative microbial species
(Gram-positive/Gram-negative bacteria and fungi) in order to
correlate their photochemical behaviour in solution with their
photokilling efficiency. The differences arising from the inner
central metal lead to different behaviours in solution with zinc-
compounds being much more efficient displaying higher 'O,
yields in solution and, thus, obtaining a higher bacterial
reduction upon irradiation. Finally, our results show that an
increase of the net charge from four to eight positive charges
does not have a marked impact in terms of photokilling
efficiency despite exhibiting slightly better singlet oxygen pro-
duction in solution. While overall promising, further studies
should be addressed to optimise the final dendrimer candidates
and also explore the possible effect of peripheral substituents.

Experimental section
Chemistry

General remarks. Chemicals were purchased from commer-
cial suppliers and used without further purification. The syn-
thesis of compounds 1,*>*? 2,*>%3 4,** 5 %36 8 ¥7 7npc*>** has
been accomplished according to the literature procedures.
Microwave reactions were carried out in CEM Discovery appar-
atus. Thin layer chromatography was carried out on alu-
minium sheets, pre-coated with silica gel 60 F254 (0.2 mm
thick, E. Merck); visualisation was by UV-vis light. Column
chromatography was performed on glass columns packed with
silica gel, Merck-60 (230-400 mesh, 60 A). Gel permeation
chromatography (GPC) was performed using Bio-Beads S-X1
(200-400 mesh). NMR spectra were recorded at 25 °C on a
BRUKER AC 300 (300 MHz) instrument with a solvent signal as
the reference (Hp.: Pc protons, Hp,: phthalonitrile protons,
H,,: pyridine protons, H,: aromatic protons). UV-vis spectra
were recorded on a JASCO V-660 spectrophotometer. IR spectra
were recorded on a Bruker Vector 22 spectrophotometer.
HRMS spectra and MALDI-TOF mass spectra were recorded on
a Bruker Reflex III spectrometer. Matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spectra were
recorded in the positive ion mode with a Bruker Ultrareflex III
TOFTOF spectrometer equipped with a Nd:YAG laser operating
at 355. ESI (electrospray ionization) mass spectra were
recorded with an Applied Biosystems QSTAR using as injection
system HPLC1100 (Agilent Technologies).

Synthetic procedures

4-[(N,N-Dimethylamino)ethoxy|phthalonitrile (1). In a micro-
wave tube, a mixture of 4-nitrophthalonitrile (1.00 g,
5.78 mmol) and DMAE (0.81 mL, 8.09 mmol) was dissolved in
anhydrous DMF (10 mL). After stirring for 10 minutes, an-
hydrous potassium carbonate (3.20 g, 23.15 mmol) was added
and the solution was heated for 25 min at 100 °C under micro-
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wave irradiation (300 W maximum power input). After cooling
to room temperature, the mixture was transferred into a one-
neck flask and the solvent was evaporated to dryness. The
residue was partitioned between H,O and CH,Cl,, the organic
phase separated and the water phase was extracted with
CH,Cl,. The combined organic phase was dried with MgSO,
and the solvent was removed under reduced pressure.
Gradient column chromatography (silica gel; eluent: CH,Cl, to
CH,Cl,/CH;0H 8:1) gave 1 (1.09 g, 88%) as pale yellow
viscous oil. The characterisation data confirmed the literature
values.®

Preparation of ruthenium phthalocyanine 3. A mixture of 1
(300 mg, 1.39 mmol), RuCl;-3H,0 (72 mg, 0.35 mmol), pyri-
dine (226 pL, 2.79 mmol) and DBU (21 pL, 1.39 mmol) in
ethoxyethanol (1.5 mL) was refluxed overnight. After cooling to
room temperature, the volatiles were removed under reduced
pressure and the crude was purified by column chromato-
graphy (neutral alumina; eluent: CH,Cl,/MeOH 10 : 1) followed
by GPC (eluent: THF) to give 3 (382 mg, 98%) as a dark blue
solid. M.p.: >250 °C; 'H NMR (300 MHz, CDCl;): § = 2.50 (s,
24H, CH3;), 3.00 (br, 8H, CH,N), 3.70 (br, 4H, Hp,), 4.58 (br,
8H, CH,0), 5.24 (br, 4H, Hy,), 6.05 (t, 2H, Hp,), 7.48 (m, 4H,
H,.), 8.61 (d, 4H, H,.), 8.97 ppm (m, 4H, H,); FT-IR (film): v =
2957, 2924, 2360, 1608, 1397, 1233 cm™'; UV-vis (THF):
Jmax (log€) = 209 (4.7), 319 (4.6), 624 (4.3); ESI-MS (MeOH +
1% HCOOH): m/z [M + H]' caled for CsgHgzN,O4Ru: 1121.4,
found 1121.7; [M + H (-2py)]" caled for C,5H;53N;,0,Ru: 963.3,
found 963.6.

Preparation of polycationic RuPc. Compound 3 (22 mg,
19.6 pmol) was dissolved in DMF (0.5 mL), CHzI (49 pL,
0.786 mmol) was added and the reaction stirred at 40 °C for
6 h. After cooling to room temperature, the crude was precipi-
tated in ether, the solid was filtered and washed with CH,Cl,,
acetone, ethyl acetate and ether to give RuPc (32 mg, 97%) as a
dark blue powder. '"H NMR (300 MHz, DMSO-d,): § = 2.35 (d,
J = 6 Hz, 4H, H,,), 3.36 (s, 36H, CHs) 4.08 (br s, 8H, CH,N),
5.00 (br s, 8H, CH,0), 5.62 (t, ] = 7 Hz, 4H, H,,), 6.36 (t, ] =
7 Hz, 2H, Hp), 7.60 (br m, 4H, Hpc), 8.67 (m, 4H, H,.),
8.96 ppm (m, 4H, Hp.); FT-IR (film): v = 1606 (C=C), 1472
(CH,N+), 1397 ecm™" (CN); UV-vis (H,O): Amax (loge) = 263
(5.04), 313 (4.90), 633 (4.58); ESI-MS: m/z [M — 2I]** calcd for
CexH74N;,0,Rul, 717.16, found: 717.17, [M — 21 — 2py]** caled
for Cs,HesN,04RuUl, 638.12, found: 638.13, [M — 31 — 2py]**
caled for Cs,HguN;,0O,Rul: 383.11, found: 383.12, [M — 4I —
2py:|4+ caled for C5,Hg4N;,04Ru 255.51, found: 255.61.

Preparation of dendritic first generation phthalonitrile 6. To
a solution of 4 (230 mg, 0.80 mmol) in CH,Cl, (5 mL) was
added TFA (0.37 mL, 4.80 mmol) at 0 °C. The resulting solu-
tion was allowed to warm to room temperature and monitoring
of the deprotection by TLC indicated the complete removal of
the Boc-protecting groups after 3 h. The acid was then neutral-
ised by the addition of NEt; (0.67 mL, 4.80 mmol). Carboxylic
acid 5 (425 mg, 0.97 mmol) and PyBOP (653 mg, 1.26 mmol)
were added to the mixture, followed by the addition of another
amount of NEt; (0.40 mL, 2.90 mmol) to initiate the reaction.
The mixture was stirred overnight at room temperature. The
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solvent was evaporated to dryness, the residue dissolved in
CH,CIl, and the organic phase was washed with aq. NaOH
(1 M), dried with Na,SO, and evaporated to dryness.
Purification by column chromatography (silica gel; eluent:
EtOAc/CH,Cl, 2:1) gave 6 (466 mg, 95%) as colourless foam.
"H NMR (300 MHz, CDCl;): & = 1.45 (s, 18H, CH3), 3.50 (q, J =
10.9, 5.3 Hz, 4H, CH,N), 3.88 (q, J = 10.8, 5.3 Hz, 2H, CH,N),
4.03 (t, J = 5.3 Hz, 4H, CH,0), 4.26 (t, J = 5.2 Hz, 2H, CH,0),
4.97 (br s, 2H, NH), 6.56 (br s, 1H, H,,), 6.85 (br s, 1H, NH),
6.99 (br s, 2H, H,,), 7.23 (dd, J = 8.8, 2.5 Hz, 1H, H,,), 7.29 (d,
J = 2.5 Hz, 1H, H,,), 7.71 ppm (d, / = 8.8 Hz, 1H, H,,);
C NMR (300 MHz, CDCl;): § = 28.4, 39.2, 39.8, 67.3, 67.7,
79.8, 104.8, 105.9, 107.5, 115.3, 115.7, 117.4, 119.3, 120.0,
135.4, 136.0, 156.1, 159.8, 161.8, 167.6 ppm; FT-IR (film): v =
3070, 2976, 2881, 2340, 2230, 1703 cm™'; high resolution
ESI-MS. (MeOH): m/z [M + Na]" caled for Cs;;H;zsN;NaOg
632.2802, found 632.2667.

Preparation of dendritic second generation phthalonitrile 7.
To a solution of 6 (41 mg, 67.3 pmol) in CH,Cl, (4 mL) was
added TFA (21 pL, 269 pmol) at 0 °C. The resulting solution
was allowed to warm to room temperature and monitoring of
the deprotection by TLC indicated the complete removal of the
Boc-protecting groups after 4 h. The acid was then neutralised
through the addition of NEt; (38 pL, 269 pmol). Carboxylic
acid 5 (88 mg, 0.20 mmol) and PyBOP (115 mg, 0.22 mmol)
were added to the mixture, followed by the addition of NEt;
(38 pL, 269 pmol) to initiate the reaction. The mixture was
stirred overnight at room temperature. The solvent was evapor-
ated to dryness, the residue dissolved in CH,Cl, and the
organic phase was washed with aq. NaOH (1 M), dried with
Na,SO, and evaporated to dryness. Purification by column
chromatography (silica gel; eluent: EtOAc/CH,Cl, 2:1) gave 7
(70 mg, 83%) as colourless foam. 'H NMR (300 MHz, CDCl,):
8 =1.53 (s, 36H, CH;), 3.54 (br q, 8H, CH,N), 3.83 (br q, 4H,
CH,N), 3.93 (br q, 2H, CH,N), 4.03 (br t, 8H, CH,0), 4.17 (br t,
4H, CH,0), 4.34 (br t, 2H, CH,0), 5.39 (br s, 4H, NH), 6.55 (br
s, 2H, H,,), 6.60 (br s, 1H, H,,), 6.96 (br s, 4H, H,,), 7.09 (br s,
2H, Hy,,), 7.23 (m, 1H, H,,), 7.38 (m, 3H, H,,,, NH), 7.68 (d, J =
8.6 Hz, 1H, H,,), 7.76 ppm (br t, 1H, H,,); '*C NMR (75 MHz,
CDCly): 6 = 21.1, 28.5, 39.4, 39.5, 39.9, 66.7, 67.3, 67.6, 79.7,
104.6, 104.9, 105.9, 107.3, 115.3, 115.7, 117.2, 119.3, 120.0,
135.3, 136.2, 136.3, 156.2, 159.8, 161.8, 167.6, 167.7 ppm.
FT-IR (film): v = 3072, 2977, 2878, 2341, 2230, 1705 cm™*; high
resolution MALDI-TOF MS (Dithranol): m/z [M + Na]" caled for
CosHgsNoNaO, g 1276.5648, found: 1276.5759.

Preparation of zinc phthalocyanine 9. A mixture of 6
(158 mg, 0.26 mmol) and Zn(OAc), (16 mg, 0.07 mmol) in
DMAE (2 mL) was heated at reflux under an argon atmosphere
overnight. The crude was poured onto water after cooling to
room temperature and the resulting green precipitate was fil-
tered, washed with MeOH and dried. Purification by column
chromatography (silica gel; eluent: CH,Cl,/MeOH/TEA 97:3:1)
and GPC (eluent: THF) afforded 9 (53 mg, 33%) as green solid.
M.p.: 157-159 °C; 'H NMR (300 MHz, DMSO-d): 6 = 1.37 (s,
72H, CH3;), 3.29 (m, 16H, CH,N), 3.64 (m, 8H, CH,N), 3.98 (t, ] =
4 Hz, 16H, CH,0), 4.29 (t, J = 5 Hz, 8H, CH,0), 6.63 (br s, 4H,
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H,,), 6.91-7.05 (m, 16H, H,,, NH), 7.27-7.35 (m, 8H, Hy,, NH),
7.72 (m, 4H, Hp), 8.68 ppm (m, 4H, H,.); FTIR (film): v =
1695 cm™"; UV-vis (THF): Amax (log ) = 283 (4.8), 350 (4.9), 610
(4.5), 676 (5.2). MALDI-TOF MS (DCTB): m/z [M]" caled for
C124H156N5003,Zn0: 2503.1, found: 2503.0.

Preparation of zinc phthalocyanine 10. A mixture of 7
(200 mg, 0.16 mmol) and Zn(OAc), (7.3 mg, 0.04 mmol) in
DMAE (2.5 mL) was heated at reflux under an argon atmo-
sphere overnight. The crude was poured onto water after
cooling to room temperature and the resulting green precipi-
tate was filtered, washed with MeOH and dried. Purification by
column chromatography (silica gel; eluent: CH,Cl,/MeOH/TEA
99:3:1) and GPC (eluent: THF) afforded 10 (3.2 mg, 1.6%) as
a green solid. M.p.: 156-158 °C; FT-IR (film): v (film) = 2981,
2929, 2855, 2354, 1693, 1596 cm™'; MALDI-TOF MS (DCTB):
m/z [M]" caled for ZnCys,Hz3,N3605,Zn: 5081.3, found: 5081.4.

General procedure for preparation of ruthenium phthalo-
cyanines 11 and 12. A solution of the appropriate phthalo-
nitrile (4 eq.), RuCl3-3H,0 (11: 1 eq., 12: 1.2 eq.) and pyridine
(8 eq.) in ethoxyethanol was deoxygenated by bubbling argon
through the solution for 15 minutes. The solution was then
heated at 90 °C under argon and at this temperature DBU
(11: 4 eq., 12: 5 eq.) was added and the mixture was heated at
gentle reflux overnight. After cooling to room temperature, the
crude was purified as outlined in the following text.

Preparation of ruthenium phthalocyanine 11. Prepared from
4 (200 mg, 0.696 mmol), RuCl;-3H,0 (36 mg, 0.174 mmol) pyr-
idine (113 pL, 1.39 mmol) and DBU (130 ul, 0.87 mmol) in
ethoxyethanol (1.5 mL). The reaction mixture was poured onto
water and the precipitate was filtered, washed with MeOH and
dried. Purification by gradient column chromatography on
silica gel (hexane/THF 4:1 to 1:1 with 1% of TEA) and GPC
(eluent: THF) then afforded 11 (18 mg, 7%) as a dark blue
solid. "H NMR (300 MHz, CDCl,): 6 = 1.53 (s, 36H, CH3), 2.51
(d, 4H, J = 3 Hz, Hy,), 3.79 (m, 8H, CH,N) 4.52 (br m, 8H,
CH,0), 5.15-5.45 (br m, 8H, NH, H,), 6.07 (t, /] = 7 Hz, 2H,
H,,), 7.44 (m, 4H, Hpc), 8.37-8.67 (br m, 4H, H,.), 8.89 ppm
(m, 4H, H,.); FTIR (film): v = 2360 (C=N), 1716 (C=0),
1610 cm™" (NHCO); UV-vis (THF): Apmax (log €) = 239 (5.12), 319
(5.60), 366 (4.97), 624 (5.30); MALDI-TOF MS (DCTB): m/z [M]"
caled for C,oH;5N;,0;,Ru: 1408.5, found: 1408.5, [M — 2py]"
calcd for CgoHegN1,01,Ru 1250.4, found: 1250.4.

Preparation of ruthenium phthalocyanine 12. Prepared from
6 (140 mg, 0.230 mmol), RuCl;-3H,0 (14 mg, 68.9 pmol), pyri-
dine (37 pL, 0.459 mmol) and DBU (43 pL, 0.287 mmol) in
ethoxyethanol (0.5 mL) under an argon atmosphere was
refluxed overnight. After cooling to room temperature, the
solvent was evaporated and the crude compound was purified
by column chromatography (silica gel; eluent: hexane/THF
from 4:1 to 1:1, with 1% of TEA) and GPC (eluent: THF)
afforded 12 (11 mg, 7%) as a dark blue solid. M.p.:
220-221 °C; "H NMR (300 MHz, CDCl3): § = 1.44 (s, 72H, CH3),
2.47 (d, 4H, ] = 3 Hz, Hy,), 3.50 (br s, 24H, CH,N, NH), 4.04 (br
m, 24H, CH,N, CH,0), 4.64 (br s, 8H, CH,0), 5.24 (t, /] = 5 Hz,
4H, H,y), 6.04 (t, J = 6 Hz, 2H, Hp), 6.56 (m, 4H, H,),
6.89-7.11 (m, 12H, H,,, NH), 7.46 (m, 4H, H,.), 8.64 (m, 4H,
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H,.), 8.97 ppm (m, 4H, H,.); FT-IR (film): v = 1743, 1645 cm™;
UV-vis (THF): Amax (loge) = 211 (5.7), 318 (5.4), 625 (5.0);
MALDI-TOF MS (DCTB): m/z [M - py]" caled for
C120H161N5,05,RU: 2618.1, found: 2617.9.

General procedure for quaternization of Boc-appended Pcs.
Step (i): The appropriate Boc-protected Pc (1 eq.) was dissolved
in CH,Cl, and the solution was cooled to 0 °C. TFA (10 eq. per
Boc group) was added and the mixture was stirred for 1 h at
room temperature until complete Boc deprotection. All vola-
tiles were removed under reduced pressure. Step (ii): The
crude was dissolved in DMF, PMP (1-2 eq. per original Boc
group) and an excess of CH3I (5-10 eq. per original Boc group)
were added and the reaction was allowed to stir overnight at
room temperature. The addition of acetone induced precipi-
tation of the quaternary ammonium salts, which are purified
by several cycles of sonication and washing with acetone and a
mixture of acetone containing DMF (6%).

Preparation of polycationic ZnPc. Step (i): Prepared from 8
(50 mg, 41 pmol) and TFA (126 pL, 1.65 mmol) in CH,Cl,
(0.3 mL) after 4 h at room temperature. Step (ii): PMP (30 pL,
0.16 mmol) and CH;I (30 pL, 0.456 mmol) in DMF (0.3 mL).
The workup as described in the general procedure yielded
ZnPc (60 mg, 98%) as a green solid. The characterisation data
confirmed the literature values.*>*

Preparation of polycationic ZnPc1. Step (i): Prepared from 9
(17 mg, 6.79 umol) and TFA (42 pL, 0.543 mmol) in CH,Cl,
(1 mL) after 7 h at room temperature. Step (ii): PMP (20 pL,
109 pmol) and CH;I (34 pL, 0.543 mmol) in DMF (0.2 mL). The
workup as described in the general procedure yielded ZnPc1
(17 mg, 96%) as a green solid. M.p.: >250 °C; 'H NMR
(300 MHz, DMSO-dg): § = 3.22 (s, 72H, CH,), 3.83 (br s, 16H,
CH,N), 3.98 (br s, 8H, CH,N), 4.56 (br s, 16H, CH,0), 4.76 (br s,
8H, CH,0), 6.88 (br s, 4H, H,,), 7.19 (br s, 4H, NH), 7.31 (br s,
8H, H,,), 7.84 (m, 4H, Hy.), 8.97 (m, 4H, H,,), 9.35 (m, 4H, H,,.);
FT-IR (film): v = 1590 cm™"; UV-vis (H,0): Ama (loge) = 286
(4.56), 347 (4.67), 629 (4.4), 690 (4.85); ESI-MS (MeOH): m/z
[M — 31 caled for Cyo5H145N50016Znl5: 893.86, found: 893.86,
[M — 41" caled for Cyo5H145N20046Znl,: 638.67, found: 638.68.

Preparation of polycationic RuPc. Step (i): Prepared from 11
(30 mg, 21.3 umol) and TFA (65 pL, 0.852 mmol) in CH,Cl,
(0.3 mL) after 4 h at room temperature. Step (ii): PMP (15 pL,
85.2 pmol) and CH3I (52 pL, 0.852 mmol) in DMF (0.3 mL).
The workup as described in the general procedure yielded
RuPc (31 mg, 85%) as a dark blue solid. For characterization
data see above.

Preparation of polycationic RuPc1. Step (i): Prepared from 12
(25 mg, 9.27 umol) and TFA (28 pL, 0.371 mmol) in CH,Cl,
(1 mL) after 4 h at room temperature. Step (ii) PMP (27 pL,
148 pmol) and CHg;I (23 pL, 0.371 mmol) in DMF (0.5 mL).
The workup as described in the general procedure yielded
RuPcl (21 mg, 82%) as a dark blue solid. M.p.: >250 °C; 'H
NMR (300 MHz, DMSO-de): 6 = 2.35 (d, 4H, J = 4 Hz, H,,), 3.12
(s, 72H, CH,), 3.74-3.95 (br m, 24H, CH,N, CH,0), 4.46-4.70
(br m, 24H, CH,N, CH,0), 5.60 (t, J = 5 Hz, 4H, H,), 6.35 (t, ] =
6 Hz, 2H, H,,), 6.88 (br s, 4H, H,,), 7.14-7.35 (m, 8H, H,,), 7.53
(m, 4H, H,), 8.59 (m, 4H, H,), 8.76-9.02 (m, 8H, H,., NH);
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FT-IR (film): v = 2360, 1594 cm™"; UV-vis (H,0): Amax (l0g€) =
260 (5.05), 309 (4.7), 635 (4.3).

General spectroscopic measurements

Steady-state characterisation. All spectroscopic measure-
ments were carried out in 1 cm quartz cuvettes (Hellma,
Germany) in air-saturated solutions at rt. Absorption spectra
were recorded with a double-beam Cary 6000i spectrophoto-
meter (Varian, Palo Alto, CA). Fluorescence emission spectra
were recorded by means of a Spex Fluoromax-4 spectrofluoro-
meter (Horiba Jobin-Ybon, Edison, NJ). The absolute fluo-
rescence quantum yield (&) was calculated using eqn (1).

Lsample Msam, le2
‘pF,sample = ( P : P 2 ¢F,reference (1)

Lreference Mreference

where I, corresponds to the fluorescence intensity, integrated
over the entire emission spectra and corrected by differences
in the absorption (1-107*") for the sample and reference,
respectively. All solutions were set below 0.1 absorbance value
at the excitation wavelength. #; stands for the refractive index
of the sample and reference solutions.

Singlet oxygen measurements. Near infrared (NIR) phos-
phorescence of 'O, was detected by means of a customised
PicoQuant Fluotime 200 system.®* A diode-pumped pulsed Nd:
YAG laser (FTSS355-Q; Crystal Laser, Berlin, Germany) working
at 1 kHz repetition rate (1.2 pJ per pulse, 1 ns pulse-width) was
used for excitation either at 355 or 532 nm. A 1064 nm rugate
notch filter (Edmund Optics Ltd, York, UK) was placed in the
laser path to remove any NIR emission. The luminescence
exiting from the side of the sample was collected at 90 degrees,
filtered by using a 1100 nm long-pass filter (Edmund Optics
Ltd, York, UK) and a narrow bandpass filter at 1275 nm (bk-
1270-70-B, bk Interferenzoptik, Germany) to isolate the NIR
phosphorescence. A TE-cooled NIR-sensitive photomultiplier
tube assembly (H9170-45; Hamamatsu Photonics, Hamamatsu
City, Japan) coupled with a multichannel scaler (Nanoharp
250, PicoQuant Gmbh, Germany) was used as the photon-
counting detector. GraphPad Prism 5 data analysis software
was used to fit the singlet oxygen time-resolved luminescence
decays, S(t), according to eqn (2).

X (e’t/fA - e"/TT) (2)

Sy is defined as a quantity proportional to @,. In order to
assess the @, value of the different dendrimeric Pcs, optically-
matched solutions of the dendrimeric PSs and the appropriate
references (see Table 1) were excited and their S, values were
scaled using eqn (3).

S(t) = So X
TA — T7

S0,sampl

,sample

¢A‘sample = (DA,ref X (3)
SO,reference

Microbial studies

Microbial strains and culture conditions. Escherichia coli
CECT 101 and Staphylococcus aureus CECT 239 were obtained
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from the Spanish Type Culture Collection (CECT, Valencia,
Spain). Candida albicans ATCC 18804 was purchased from LGC
Promochem (Teddington, UK). Bacterial cells were grown over-
night in sterile tryptic soy broth (TSB) at 37 °C and then sub-
cultured in fresh TSB at the same temperature in an orbital
shaking incubator until the required optical density was
obtained. C. albicans cultures were grown in a similar fashion,
using Sabouraud broth as the growing medium and 35 °C as
temperature to an optical density of 0.7 at 600 nm (corres-
ponding to approx. 10’ CFU mL™%).

Photodynamic inactivation studies. Subcultured cell suspen-
sions were grown to an exponential phase, then centrifuged
(5 min, 3500 rpm), suspended and adjusted in PBS to an
optical density at 600 nm to achieve approx. 10° CFU mL™".
Cell suspensions in PBS were incubated in the dark at rt. for
30 min with the appropriate Pc concentration. Then, bacterial
suspension aliquots were placed in 96-well plates. The wells
were illuminated from the top of the plates by means of a LED-
lamp (Sorisa Photocare; 635 + 15 nm). The fluence rates were
routinely measured using a power meter. At the time points
when the desired fluence had been obtained, aliquots were
thoroughly mixed before sampling to avoid bacteria settle-
ment. Controlling the cell irradiation without PS was also per-
formed to exclude any inactivation due to light or heating
effects. For the determination of population reduction, ali-
quots were serially diluted, streaked on nutrient agar plates,
and incubated in the dark at the appropriate temperature.
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