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Introduction

Evidence of aggregation-assisted antibacterial
photodynamic activity against S. aureus and E. coli
using amphiphilic Ru(i) polypyridyl complexes
Athanasios K. Sakellariou,? Sofia Alexandra Tsoni,? Despoina Varna,®

Maria Nikopoulou, ©2® Eleni Pavlidou,® Rigini Papi,? Sylvestre Bonnet
Theodore Lazarides () *@

9 and

Antimicrobial resistance represents a critical public health challenge, driving the search for therapeutic
strategies that bypass conventional resistance mechanisms. Antimicrobial photodynamic therapy (aPDT)
offers a promising alternative that is based on light-triggered non-specific oxidative damage. Herein, we
report four new bis-heteroleptic Ru(i) complexes, with the general formula [Ru(N-N),(N-NX)ICl,, where
N-N are the ancillary ligands, 2,2'-bipyridine (bpy) or 4,7-diphenyl-1,10-phenanthroline (DIP), and N-NX
is a polyether-functionalized phenanthroline ligand. This design preserves the favourable photophysical

characteristics of the [Ru(bpy)s]**

core while enabling lipophilicity modulation. Dynamic light scattering
and emission lifetime studies support that the complexes bearing the DIP ligand (Ru-DIP-O3 and Ru-
DIP-04) self-assemble into nanoaggregates in aqueous media due to their amphiphilic nature, whereas
their bpy analogues remain in their monomeric form. We propose a previously undescribed aggregate
architecture in which the Ru(i) core is shielded within the hydrophobic interior, while the polyether chains
remain solvent-exposed. Biological evaluation of the complexes against S. aureus strains reveals that Ru-
DIP-O3 and Ru-DIP-04 significantly inhibit bacterial growth, while the bpy derivatives exhibit negligible
activity. Notably, Ru-DIP-O4 demonstrates at least a 16-fold enhancement in the bacteriostatic rate upon
irradiation relative to dark conditions. Scanning electron microscopy studies provide evidence of mem-
brane disruption in irradiated bacteria treated with Ru-DIP-O4. We attribute the enhanced photodynamic
activity of the DIP-based complexes to aggregation-driven interactions with the bacterial membrane.
Collectively, these findings underscore the therapeutic potential of rationally designed Ru(i) complexes
for photodynamic applications and highlight the roles of amphiphilicity and nanoscale self-assembly as
key parameters for the design of next generation aPDT agents.

of novel antibiotic scaffolds slows down, the gap between the
emergence of resistance and the development of new thera-

The rapid escalation of antimicrobial resistance (AMR) poses a
severe global health emergency."” This alarming situation is
primarily driven by the widespread misuse of antibiotics,
which has led bacteria to develop sophisticated survival strat-
egies. These include drug efflux, enzymatic inactivation (e.g.,
B-lactamases), and target site modification.> ® As the discovery
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peutics continues to widen.” This necessitates the develop-
ment of non-conventional antibacterial strategies that bypass
existing resistance pathways.®

Antimicrobial photodynamic therapy (aPDT) has emerged
as a promising alternative, especially for localised infections in
dentistry and dermatology.’ In aPDT a photosensitiser (PS),
administered as a prodrug at the infection site, is activated
upon irradiation with light in the visible or near-infrared
region, subsequently leading to the generation of cytotoxic
reactive oxygen species (ROS). Distinct from the specific “key-
and-lock” mechanism of traditional antibiotics, aPDT induces
rapid, non-specific oxidative stress on multiple bacterial com-
ponents, including cell membranes and nucleic acids.'® It is
thus believed that the multi-target, non-pathway-specific
nature of aPDT can make the development of bacterial resis-
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tance within a reasonable therapeutic timeframe less likely
than with conventional antibiotics. However, bacteria may
develop adaptive responses towards aPDT, for instance,
through upregulation of efflux pumps and/or activation of
their natural ROS scavenging systems.'! It is therefore impor-
tant to view aPDT as one more tool in a multifaceted strategy
against antimicrobial resistance.'?

Organic dyes (e.g., porphyrins, phthalocyanines) have been
traditional cornerstones of aPDT research. However many
organic photosensitisers face challenges like photobleaching,
aggregation-induced quenching, and limited modular
tunability.">'* Transition metal complexes have recently
attracted attention as promising alternatives owing to their
improved photostability and tunable photophysical pro-
perties.'® Ru(u) polypyridyl complexes are particularly attractive
in this context as they possess a long-lived triplet metal-to-
ligand charge transfer (*MLCT) excited state which forms
readily after rapid intersystem crossing of the initially popu-
lated singlet "MILCT state.'® The relatively long lifetime of the
*MLCT excited state facilitates efficient singlet oxygen (‘O,)
generation upon its interaction with molecular oxygen via
energy transfer (type II PDT mechanism, [Ru(bpy)s]*"; @A =
0.57 in MeCN)."” Alternatively, the *MLCT state can participate
in the production of other reactive oxygen species (ROS),
including superoxide or hydroxyl radicals, via electron transfer
processes (type I PDT mechanism).'® Additionally, Ru(i) com-
plexes with polypyridyl ligands featuring substituents with
extended conjugation, such as oligothiophene groups,'® poly-
aromatic units®® or dyes,>* can facilitate PDT through triplet
intraligand (’IL/’ILCT) excited states. However, despite their
favourable photophysical properties, the antimicrobial per-
formance of Ru(u) photosensitisers is often dictated by their
ability to interact with or penetrate the bacterial envelope,
rather than their intrinsic excited-state properties alone.>*

Therefore, recent research has focused on ligand design
strategies aimed at enhancing bacterial association and uptake
while limiting dark toxicity and enhancing desired phototoxi-
city.>® Representative approaches include modulation of elec-
trical charge and lipophilicity, bioconjugation with mem-
brane-targeting or biologically relevant motifs, and incorpor-
ation of ligands capable of directing the photosensitiser
toward specific intracellular targets.>*™>’

In this context, Zhang and co-workers reported a Ru(mu)
complex functionalised with a myristic acid moiety, thus pro-
moting membrane targeting through lipophilic interactions.?®
Angeles-Boza et al. demonstrated enhanced antimicrobial
activity by conjugating the DNA-targeting peptide “buforin II”
to a Ru(u) photosensitiser.”® In a complementary approach,
Hess and co-workers developed a Ru(u) complex capable of
photodynamically degrading the f-lactamase NDM-1, thereby
directly targeting a key resistance mechanism.*® In addition,
nanoparticle-based delivery strategies have also been explored
to improve PS performance.*’? For example, Sun and co-
workers reported a [Ru(bpy),dppz]** based nanomaterial modi-
fied with outer layers that can adhere to bacterial mem-
branes.?® Also, the Gasser and Karges groups have reported
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several ruthenium complexes encapsulated with polymers
which improve the pharmacological activity of the PS.>*7¢

Overall, the interaction of photosensitisers with bacterial
cells is strongly influenced by their physicochemical pro-
perties.’” While increased lipophilicity can enhance mem-
brane association and permeation, excessively hydrophobic
molecules often exhibit aggregation, reduced aqueous stability,
or elevated dark toxicity, ultimately hindering drug perform-
ance.?® In contrast, amphiphilic architectures, in which hydro-
philic and hydrophobic domains coexist, can promote effective
interactions with bacterial membranes while mitigating the
drawbacks associated with excessive lipophilicity. The optimal
balance of these properties is further influenced by the archi-
tecture of the bacterial cell envelope. Gram-positive bacteria,
characterised by a thick yet relatively permeable peptidoglycan-
rich cell wall, are generally more accessible to amphiphilic
photosensitisers. On the other hand, Gram-negative bacteria
possess an additional outer membrane enriched in lipopoly-
saccharides that restricts diffusion and complicates photosen-
sitiser uptake.***® Therefore, rational modulation of amphi-
philicity represents a key design principle in the development
of Ru(u) photosensitisers for selective and efficient anti-
microbial photodynamic therapy.

Previous studies by De Cola and co-workers have shown that
Ru(u) polypyridyl complexes bearing long aliphatic chains can
self-assemble into micelle-like aggregates in aqueous media. In
these aggregates, the [Ru(bpy);]** core functions as a polar head-
group positioned at the aggregate periphery.*’ More recently,
Keyes and co-workers investigated the cellular uptake of related
highly lipophilic Ru(u) polypyridine complexes and showed that
their self-assembly into nanoscale vesicles can enhance cell
membrane permeability.**** Self-delivering amphiphilic drugs
are constructed by covalently attaching hydrophilic and/or hydro-
phobic moieties to a drug molecule. This enables the resulting
conjugate to self-assemble into nanoscale aggregates, facilitating
the crossing of biological barriers without the need for a separ-
ate nanocarrier. Such assemblies are distinguished by their fixed
and intrinsically high drug loadings, in contrast to conventional
nanoparticle-based delivery systems, in which the active agent
typically constitutes a small fraction of the total mass. Moreover,
eliminating the use of a separate nanocarrier can reduce carrier-
related toxicity and simplify formulation.*>*® Bacteria do not
typically have the ability to internalize nanoscale assemblies by
endocytosis as is observed in eucaryotic cells. However, nano-
assemblies comprising cationic amphiphilic drugs interact
strongly with the anionic bacterial envelope. Thus, the assem-
blies localize and are retained at the cell surface, where partial
disassembly can release active molecules which subsequently
partition into the membrane.*”™*°

In this work, we report four new Ru(u) polypyridyl complexes
bearing polyether-functionalised ligands, designed to investigate
whether their finely tuned amphiphilicity and ability to self-
assemble into nano-dimensional aggregates can enhance aPDT
efficacy. Our objective is to explore an alternative and previously
unexplored approach for photosensitisers based on the [Ru
(bpy)sF* core, in which hydrophilic polyether chains form the
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outer shell of the assembly, while the photoactive Ru(u) core is
located in the interior of the aggregate (Fig. 1). In contrast to pre-
viously reported assemblies, this alternative organisation enables
the complexes to function as self-assembled nanocarriers while
simultaneously maintaining favourable overall amphiphilicity that
is desired for facilitating interactions with bacterial membranes.
Micelles featuring Ru(u) polypyridyl centres functionalised with
long poly(ethylene glycol) (PEG) chains attached to a poly(methyl
methacrylate) (PMMA) backbone® or incorporated within a block
copolymer® have been previously described. However, in these
cases, the interior of the micelle is formed by the hydrophobic
part of the respective polymer, while the Ru(n) units are perma-
nently attached to the polymer scaffold. To probe the role of
amphiphilicity in our complexes, the polyether-functionalised
ligands were combined with either 2,2"-bipyridine (bpy) or the
more lipophilic 4,7-diphenyl-1,10-phenanthroline (DIP), thus
allowing a direct comparison between Ru(u) complexes of rela-
tively uniform hydrophilicity (bpy complexes) and those designed
to display hydrophilic-hydrophobic asymmetry (DIP complexes).
[Ru(DIP),phen]|Cl, was utilized to further explore the contribution
of the polyether chains in the DIP-containing architecture.

Results and discussion
Synthesis and characterisation

We synthesized our polyether-functionalized phenanthroline
ligands via a nucleophilic substitution between 5-hydroxy-1,10-
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Fig. 1 Graphical representation of the different aggregation modes between (a) our

complexes.
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phenanthroline [2] and the corresponding halogenated poly-
ether chain (Scheme 1). This approach afforded two new phe-
nanthroline ligands, L-O3 and L-O4, with each bearing poly-
ether substituents of differing chain lengths in their 5-posi-
tions, one with three oxygen atoms and the other with four
oxygen atoms respectively. These ligands were designed to
enhance hydrophilicity in aqueous environments by facilitat-
ing hydrogen-bonding interactions. Subsequently, they were
coordinated to two distinct Ru(u) precursor complexes, allow-
ing for systematic modulation of lipophilicity by varying the
ancillary ligands. Characterisation of the ligands L-O3 and
L-04 was performed via "H-NMR spectroscopy (Fig. S2 and S3)
and electrospray ionization mass spectrometry (ESI-MS, Fig. S4
and S5).

The ligands L-O3 and L-04 were refluxed with either cis-[Ru
(bpy)2Cl,] or cis-[Ru(DIP),Cl,] in a 1: 1 EtOH/H,O mixture over-
night, affording four final complexes: [Ru(bpy),(L-03)]CL, (Ru-
bpy-03), [Ru(bpy),(L-04)]|Cl, (Ru-bpy-O4), [Ru(DIP),(L-03)]Cl,
(Ru-DIP-03), and [Ru(DIP),(L-04)]Cl, (Ru-DIP-O4) (Scheme 1).
All complexes were purified via silica gel column chromato-
graphy using a MeCN/KNOj(,q) (0.05 M) gradient as the
eluent and subsequently converted to their chloride salts via
ion-exchange chromatography to improve aqueous solubility
and biocompatibility. In addition, [Ru(DIP),phen]Cl,, which
was synthesized according to literature procedures,*” served
as a control compound. All new complexes were character-
ised via both one-dimensional and two-dimensional NMR
(*H, '*C APT, '"H-'H COSY and 'H-"’C HSQC, Fig. $8-24),

O

~~n~n = aliphatic chain (hydrophobic)

proposed structure and (b) previously reported Ru(i)
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Scheme 1 General synthetic route for the studied compounds.

as well as high-resolution mass spectrometry (HRMS,
Fig. $25-28). The use of 2D NMR techniques was required
due to the structural asymmetry introduced by the ligands
L-03 and L-O4. The purity of the complexes was confirmed
via liquid chromatography-mass spectrometry (LC-MS,
Fig. $29-532).

Lipophilicity assessment

As discussed above, the lipophilicity of a compound is of
crucial importance when assessing its potential interaction
with the microbial cell envelope. Thus, the partition coefficient
(log P,y) between octanol and water of each new complex was
determined (Fig. 2) via the shake-flask method.”® Ru-bpy-03
and Ru-bpy-O4, which feature bpy as an ancillary ligand,
display high hydrophilicity as the complexes were not detect-
able via UV-vis spectroscopy in the octanol phase. It was there-
fore assumed that less than 0.1% of the initial amount of the
complexes was distributed to the octanol phase and a tentative
log P, value of <—3 was assigned.>* Meanwhile, Ru-DIP-O3
and Ru-DIP-O4, which feature the more lipophilic DIP as an
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Fig. 2 Octanol-water partition coefficients (logP,,) of the studied
complexes as their chloride salts, and [Ru(DIP),phen]Cl, was used for
comparison. The “(a)” in the figure indicates that the distribution of these
complexes in octanol was too low to be determined and was assumed
as <0.1%.
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ancillary ligand, display an amphiphilic character as their
log P, values were found to be close to zero (—0.10 and —0.01
respectively). It is worth noting that Ru-DIP-04, which features
a polyether chain extended by one more -(CH,),0- group com-
pared to Ru-DIP-O3, is more hydrophilic. [Ru(DIP),phen]Cl,
has a log P, value of 1.04, verifying that the absence of a poly-
ether chain makes the complex clearly lipophilic.

Aggregation studies

It is well established that Ru(u) polypyridyl complexes exhibit-
ing a sufficient degree of amphiphilicity can self-assemble into
aggregates in aqueous media.>> However, in our complexes the
amphiphilic architecture differs fundamentally from pre-
viously reported systems, where the cationic Ru(u) “headgroup”
is linked to an extended hydrophobic ligand “tail”, thus pro-
moting micelle-like organisation with the metal centre
exposed to the aqueous environment. In contrast, in our
system the n-extended lipophilic DIP ligands attached to the
Ru(u) core can be considered as the hydrophobic domain,
while the appended polyether chains constitute the hydro-
philic segment. This polarity distribution within the complex
is expected to lead to an alternative aggregation mode in
water, where the DIP ligands are organised in the interior of
the aggregate and the flexible polyether chains are oriented
toward the aqueous phase, thereby shielding the Ru(u) core in
the middle of the proposed structure.

Dynamic light scattering (DLS) measurements were per-
formed in Tris-HCl buffer (0.05 M, pH 7.4) over a concen-
tration range of 6-50 pM, reflecting that used in the antibacter-
ial assays. Clear nanoaggregate formation was observed for Ru-
DIP-O3 and Ru-DIP-O4, which displayed relatively narrow par-
ticle size distributions (Fig. 3), with average hydrodynamic dia-
meters of 259 and 287 nm, respectively (Table S1). Ru-DIP-O4
retained well-defined distributions across the examined con-
centration range, whereas Ru-DIP-O3 stopped displaying signs
of aggregation below 12.5 pM. The relatively large hydrodyn-
amic diameters further suggest the formation of higher-order

124 Ru-DIP-0O3
Ru-DIP-04
—— [Ru(DIP)_phen]**
10 2
g 8
=
o
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a 4
24
0 L Lpa T .28
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Particle diameter (nm)

Fig. 3 DLS analysis of the studied compounds (50 pM) in Tris—HCl
buffer (0.05 M, pH = 7.4).
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multivesicular or bilayer-type assemblies rather than simple
micelles.*®”” In contrast, the bpy-containing analogues
showed no detectable aggregation under identical conditions.

For comparison, the lipophilic control complex [Ru
(DIP),phen]Cl, was also examined. Although aggregation was
detected in aqueous buffer at 50 pM, the particle size distri-
bution was broader and more polydisperse (hydrodynamic dia-
meter = 416 nm, polydispersity index = 0.32; Table S1), with a
substantially weaker scattering signal. At concentrations below
50 puM, no signs of aggregation were observed. Collectively,
these results indicate weaker intermolecular interactions and
less dynamically stable assemblies relative to Ru-DIP-O3 and
Ru-DIP-04,>® supporting the role of polyether functionalisa-
tion in promoting a distinct supramolecular architecture.

To assess aggregation under biologically relevant con-
ditions, DLS measurements were additionally performed in
M9 bacterial growth medium (50 pM; Fig. S33). Both Ru-
DIP-0O3 and Ru-DIP-O4 formed aggregates (average hydrodyn-
amic diameters of 271 and 341 nm, respectively; Table S1),
demonstrating that self-assembly persists in this more
complex environment and is primarily driven by aqueous con-
ditions rather than specific buffer components.>®

Photophysical characterisation

The photophysical properties of our complexes were studied in
air-equilibrated MeCN and Tris-HCI aqueous buffer (0.05 M,
pH = 7.4) at 298 K and in a frozen glass matrix (EtOH/MeOH,
4:1 v/v) at 77 K (Table 1). Specifically, as expected for [Ru
(bpy)s]** analogues, all complexes display strong absorption
bands at ca. 250-280 nm, attributed to the fully allowed n—r*
transitions of the polypyridyl ligands, and characteristic lower
intensity bands in the region of 400-500 nm attributed to
spin-allowed metal-to-ligand charge transfer ("MLCT) tran-
sitions (Fig. 4a).°® Complexes bearing the DIP ancillary ligands
exhibit larger molar absorption coefficients than their bpy
counterparts (Table 1), which can be attributed to the more
extended m-conjugation of the DIP ligand, resulting in
enhanced light-harvesting efficiency.®

Upon excitation at 450 nm under ambient conditions, all
complexes exhibit an emission band, peaking at approximately
630 nm in Tris-HCI buffer and at approximately 620 nm in
MeCN, corresponding to the radiative deactivation of a triplet
metal-to-ligand charge transfer (*MLCT) state, as expected for
[Ru(bpy)s]** based systems (Table 1). The slight red-shift noted
in Tris-HCI buffer is attributed to stronger stabilisation of the
charge transfer state in aqueous environments.®> In EtOH/
MeOH 4:1 glass at 77 K, the emission bands become vibroni-
cally resolved, revealing distinct fine structure, with peak
maxima at 590 nm (2.10 eV) for DIP-containing complexes and
575 nm (2.15 eV) for bpy-containing complexes, corresponding
to the E,_, transitions (Fig. S35 and Table 1). The red-shifted
emission observed for DIP-containing complexes arises from
stabilisation of the *MLCT excited state due to the lower-lying
7* orbitals of the DIP ligand.®?

Due to the aforementioned stabilisation of the charge trans-
fer state, as well as the lower concentration of dissolved mole-

Dalton Trans.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6dt00689b

Open Access Article. Published on 30 April 2026. Downloaded on 6/10/2026 11:38:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Dalton Transactions
Table 1 Selected steady-state photophysical data of the studied complexes and [Ru(bpy)s]**
Compound Medium Jabs (Nm) eM ' em™) Aem (nM) D (%)
Ru-bpy-03 MeCN 451 1.6 x 10* 616 1.7
Tris-HCI 455 1.5 x 10* 628 4.7
Glass (77 K) . . 575 (max), 620 —
Ru-bpy-04 MeCN 451 1.6 x 10* 618 1.8
Tris-HCl 452 1.5 x 10* 625 4.7
Glass (77 K) — — 575 (max), 620 —
Ru-DIP-O3 MeCN 460 3.0 x 10* 624 1.3
Tris-HCI 461 2.9 x 10* 630 4.8
Glass (77 K) — — 590 (max), 635 —
Ru-DIP-O4 MeCN 456 2.9 x10* 619 1.2
Tris-HCl 457 2.8 x 10" 630 5.0
Glass (77 K) — — 590 (max), 635 —
[Ru(bpy)s]** MeCN 450 1.3 x 10* 611 1.6%
H,0 453 1.5 x 10* 625 4.0%
[Ru(DIP),phen]** MeCN 452 2.8 x 10" 620 1.3
Tris-HCI 458 2.8 x10* 629 3.7

cular oxygen in aqueous solutions (which is the prime
quencher of the *MLCT excited state) compared to MeCN, it is
expected that longer emission lifetimes will be observed in
aqueous environments. This is already confirmed in the litera-
ture as [Ru(bpy)s;]** shows an emission lifetime of ca. 170 ns in
MeCN and ca. 360 ns in water (both air-equilibrated).®*

We performed emission lifetime measurements (Fig. 4b
and Fig. S38-41) in MeCN and two different aqueous media:
Tris-HCI buffer (0.05 M, pH = 7.4) and M9 bacterial growth
medium (50 pM). Measurements in MeCN in comparison with
aqueous conditions aim to explore the behaviour of the com-
plexes in different solvents (organic vs. aqueous environment).

M9 bacterial growth medium was utilised in addition to
Tris—-HC] aqueous buffer to assess whether our complexes
exhibit the same photophysical behaviour under the con-
ditions of the antibacterial assays (vide infra). In agreement
with previous observations, the complexes Ru-bpy-O3 and Ru-
bpy-O4 display emission lifetimes of approximately 140 ns in
MeCN and 380 ns in both aqueous media (Table 2). However,
the picture is markedly different for the DIP-containing com-
plexes, as they display biexponential decays comprising a
major component with a strongly enhanced emission lifetime
and a minor component with a shorter lifetime (Fig. 4b and
Table 2). Indicatively, the decay of Ru-DIP-O4 in M9 is ideally
described by a 369 ns component (6.3%) and a longer 820 ns
component (93.7%).

The presence of a predominant long-lived emission com-
ponent in the order of 800 ns indicates that there is an
additional factor, beyond solvent reorganisation effects,
enhancing the emission lifetimes of our DIP derivatives.®® We
propose that the aggregation of the DIP complexes in aqueous
media (vide supra) results in their structural rigidification,
thereby suppressing their non-radiative deactivation
pathways.*"°® Therefore, we assign the shorter emission life-
time to the complexes in their monomeric form, while the
longer lifetime is attributed to the Ru(u) chromophores within
the aggregates. To provide further support for this hypothesis,
we performed an additional experiment where 100 pL aliquots

Dalton Trans.

Table 2 Emission lifetimes of the studied complexes in various media

Compound Medium 7 (ns) Ve
Ru-bpy-03 MeCN 143 1.02
Tris-HCI 377 1.08
M9 391 1.04
Glass (77 K) 8693 1.03
Ru-bpy-04 MeCN 143 1.06
Tris-HCI 388 1.08
M9 383 1.03
Glass (77 K) 8477 1.09
Ru-DIP-03 MeCN 170 1.00
Tris-HCI 71 =215 (4.3%) 1.05
7, = 823 (95.7%)
M9 7, =479 (16.2%) 0.99
7, = 892 (83.8%)
Glass (77 K) 71 = 5209 1.13
7, =11287
Ru-DIP-O4 MeCN 176 0.93
Tris-HCI 71 =285 (1.6%) 1.03
7, = 764 (98.4%)
M9 71 = 369 (6.3%) 1.08
7, = 820 (93.7%)
Glass (77 K) 12 480 1.02
[Ru(bpy)s]** MeCN 156 1.02
Tris-HCI 329 1.02
M9 371 117
[Ru(DIP),phen]** MeCN 170 1.09
Tris-HCI 715 1.07
M9 690 1.18

of a 50 uM solution of Ru-DIP-O4 in MeCN were added to an
equimolar solution of the complex in Tris—-HCI buffer, while
recording the emission decay of the resulting mixture after
each addition. When the volume fraction of MeCN in Tris-HCI
buffer reached 20%, we observed a sharp drop in emission life-
time from 790 ns to 410 ns, indicating that at this MeCN
content the aggregates break and the emission corresponds
predominantly to monomeric species (Fig. S43). This type of
aggregation-induced emission lifetime enhancement has been
previously observed in Ru(u) polypyridyl derivatives which self-
assemble into aggregates.*"®>®” However, it is important to
mention that the close proximity between chromophores

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Photophysical properties of the studied complexes. (a) Absorption (solid lines) and emission (dashed lines) spectra of the complexes (50 pM)
in Tris—HCIl buffer. (b) Experimental decay data and exponential fitting of Ru-DIP-O4 in MeCN and Tris—HCI buffer.

within such an assembly can also cause emission quenching
through interchromophoric energy transfer. Indeed, this was
observed by Hammarstrom and co-workers who studied the
incorporation of [Ru(bpy);]** complexes functionalized with
lipophilic tails on the surface of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) liposomes. Biexponential emission
decays were observed with an increasing contribution of a
short lifetime component as the local concentration of the Ru
() chromophores was increased.®® This suggests that in multi-
chromophoric assemblies, two competing effects are at play:
chromophore rigidification leading to emission enhancement
and self-quenching. The dominance of one effect over the
other depends on the specific conditions and characteristics of
each system.

ROS generation studies

Ru(u) polypyridyl complexes possess a triplet excited state
capable of interacting with molecular oxygen or other mole-
cules in the photosensitiser’s vicinity, thereby generating sig-
nificant amounts of 'O, or ROS. The majority of these com-
plexes operate predominantly as type II photosensitisers.'®
Therefore, direct measurements of 'O, photogeneration upon
excitation of isoabsorbing (A = 0.1) solutions of our com-
pounds at 450 nm in MeCN were performed by monitoring its
characteristic phosphorescence signal at 1270 nm.% As seen in
Fig. 5a, under the conditions described above, all the studied
compounds give clear 'O, emission signals of similar intensi-
ties, indicating that they are efficient type II photosensitisers.
Direct measurements were performed in MeCN due to the
strongly increased intensity of 'O, phosphorescence in this
medium compared to water.>*>*

However, as our DIP-containing complexes exhibit distinct
behaviour in aqueous media, namely aggregation and pro-
longed emission lifetimes, and since the antibacterial assays
are also conducted under aqueous conditions, it is of interest
to evaluate the ability of these complexes to photo-generate

This journal is © The Royal Society of Chemistry 2026

'0, and other ROS in water. To this end, we performed indir-
ect ROS generation experiments with the use of two probes:
9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) and
dihydrorhodamine-123 (DHR-123).

ABDA was selected due to its high selectivity toward '0,.”°
Upon reaction with 'O,, ABDA undergoes irreversible endoper-
oxidation, resulting in a progressive decrease of its character-
istic absorption band at 380 nm (Fig. 5b).”' In contrast,
DHR-123 serves as a generic probe for type I ROS. DHR-123 is
oxidized by species such as superoxide and peroxide anions to
form highly fluorescent (528 nm) rhodamine-123 (Fig. 5c).”*
For each complex, the decrease in ABDA absorbance and the
increase in DHR-123 fluorescence at the selected wavelengths
were plotted against time, and the initial rates were obtained
from linear fits to these time courses and used as the relative
assay scores (Fig. S44-S48). Our results demonstrate that all
investigated complexes possess effective photosensitising
activity, as both direct and indirect measurements reveal
photogenerated levels of ROS comparable to those obtained
for the reference photosensitiser [Ru(bpy)s]** (Fig. 5d-f). This
observation indicates that functionalisation of the ligands
does not compromise the intrinsic photochemical behaviour
of the Ru(u) polypyridyl core, in line with expectations.

Notably, when examined under aqueous conditions, the
DIP-containing complexes display a moderately enhanced
response in the ABDA assay relative to their bpy
analogues (Fig. 5e). Given that ABDA selectively reports on 'O,
production, this observation suggests that type II photosensiti-
sation is more effective for these derivatives in water. This
behaviour is consistent with the observed aggregation behav-
iour of the DIP-containing complexes in aqueous
media, which is accompanied by extended emission lifetimes.
While aggregation is often associated with excited-state
quenching, in this case it does not appear to suppress 'O,
generation and may instead favour type II reactivity under
these conditions.
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Finally, to ensure stability upon irradiation under biologi-
cally relevant conditions, all complexes were irradiated
(450 nm) in aqueous media at physiological temperature
(37 °C) and monitored simultaneously using UV-vis spec-
troscopy (Fig. S49). No significant changes in the absorption
profiles were observed for any of the complexes upon exposure
to a total light dose of 71.4 J ecm™>. Therefore, all complexes
appeared to be photostable under the tested conditions.

Antibacterial activity

The antibacterial activity of the complexes was evaluated
against the Gram-positive Staphylococcus aureus and the Gram-
negative Escherichia coli under both dark and irradiated con-
ditions (Fig. 6a and Table 3). Irradiation was performed in an
incubator equipped with an array of fluorescent lamps that
covered the visible region from 400 nm to 800 nm (for the full
emission spectrum see Fig. $50). [Ru(DIP),phen]*" and the
free ligands L-O3 and L-O4 were utilised as control compounds
for this study. Both ligands were found to be inactive against
both bacterial strains in the dark and, due to their lack of
absorption in the visible region, exhibited an identical lack of
activity upon irradiation. Against E. coli, all investigated com-
plexes exhibited limited activity. Ru-DIP-O3 and Ru-DIP-O4
were the most active derivatives within the series (Fig. S51);
however, even these complexes exhibited bacterial inhibition
below 50% upon irradiation at the highest tested concen-
tration (100 pM). Consequently, their EC5, values are estimated
to exceed 100 pM. Regarding S. aureus, only the DIP-containing
derivatives exhibited pronounced light-driven antibacterial
activity (Fig. S52 and S53). In contrast, the bpy analogues
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Fig. 6 In vitro antibacterial studies. (a) Antibacterial activity of com-
plexes active against S. aureus at different concentrations, and (b) SEM
images of S. aureus cultures treated with Ru-DIP-O4 in the dark (left)
and with irradiation (right).

showed no significant inhibition of bacterial growth across the
tested concentration range, irrespective of irradiation. This
indicates that increasing the hydrophilicity of an already

This journal is © The Royal Society of Chemistry 2026
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Table 3 ECso values against S. aureus under dark and irradiated
conditions

Compound ECs, dark (uM) ECs light (uM) PI
Ru-DIP-O3 >100 21.7 >4.6
Ru-DIP-O4 >100 6.0 >16.7
Ru-bpy-03 >100 >100 —
Ru-bpy-04 >100 >100 —
[Ru(DIP),phen]** 47.7 38.5 1.2

hydrophilic photosensitiser ([Ru(bpy)s]**, 1ogPyn = —2.00)
resulted in compounds (Ru-bpy-O3 and Ru-bpy-O4) that inter-
act poorly with bacterial membranes. Additionally, [Ru
(DIP),phen]** displayed no significant antibacterial activity at
low concentrations (1-12.5 pM), whereas at higher concen-
trations (>25 pM) the bacteriostaticity increases abruptly.
However, due to its high dark toxicity, the complex yields a low
photo-index (PI) of 1.2 overall. This concentration-dependent
activity for [Ru(DIP),phen]** correlates with our aggregation
studies (vide supra), which show that aggregation is observed
only at higher concentrations. The increased dark toxicity
observed for [Ru(DIP),phen]** can be attributed to its relatively
high lipophilicity, since, as discussed above, excessive lipophi-
licity has been associated with decreased photodynamic
activity and low phototherapeutic indices in vitro.®

Irradiation of S. aureus strains treated with Ru-DIP-O3 and
Ru-DIP-O4 resulted in an increase in the cytotoxicity of the
compounds. More specifically, Ru-DIP-O3 displayed an ECs,
value of 21.7 pM, while Ru-DIP-O4 was markedly more potent,
with an ECso of 6.0 pM (Fig. 6a, Fig. S51 and Table 3). The
superior performance of Ru-DIP-O4 is further underscored by
its higher PI value in comparison with Ru-DIP-O3. At lower
concentrations, Ru-DIP-O4 exhibited minimal to negligible
dark toxicity, whereas irradiation led to a substantial enhance-
ment of antibacterial activity, resulting in a PI exceeding 16.7
(Table 3).

The significantly higher phototoxicity of Ru-DIP-O4 relative
to Ru-DIP-O3 likely stems from differences in their physical
behaviour rather than their intrinsic photosensitising
efficiency. While both complexes form amphiphilic aggregates,
small variations in their mean hydrodynamic diameters and
aggregate stability determine their ability to interact with the
bacterial envelope. The observed selectivity for Gram-positive
S. aureus over Gram-negative E. coli further supports this
hypothesis. Gram-negative bacteria possess an outer mem-
brane that acts as a formidable permeability barrier, likely
excluding these aggregates regardless of minor size differ-
ences. In contrast, Gram-positive bacteria lack this outer mem-
brane and possess a relatively porous peptidoglycan layer. In
this environment, even modest shifts in aggregate size or
surface charge can significantly alter how effectively the
complex penetrates the cell wall and associates with the cyto-
plasmic membrane, explaining the pronounced divergence in
activity between these two closely related complexes.

Furthermore, these findings are supported by scanning
electron microscopy (SEM) analysis of S. aureus cultures

This journal is © The Royal Society of Chemistry 2026
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treated with the complexes at 50 pM (Fig. 6b). For this analysis,
based on our in vitro cytotoxicity results, we chose to study our
most promising complex, Ru-DIP-O4, and as controls, Ru-bpy-
04 that possesses the same ligand (L-O4) and [Ru
(DIP),phen]** that is virtually the same complex without the
polyether chain. In a similar fashion, two sets of samples were
prepared: one maintained under dark conditions and the
other subjected to irradiation. Pronounced morphological
alterations, consistent with severe membrane disruption, were
observed exclusively in cultures treated with Ru-DIP-O4 upon
irradiation. In contrast, cultures treated with the same com-
pound but kept in the dark exhibited no discernible morpho-
logical differences relative to the untreated control, validating
the high PI value calculated for this compound. Additionally,
in the cultures treated with Ru-bpy-O4 and [Ru(DIP),phen]**
no significant membrane alterations were evident (Fig. S54
and S55).

Conclusions

Here, we present the synthesis and study of the photodynamic
antibacterial activity of four new bis-heteroleptic Ru(u) com-
plexes featuring bpy or DIP as ancillary ligands in combination
with phenanthroline ligands functionalised with polyether
chains of differing lengths to regulate hydrophilicity. The bpy
complexes (Ru-bpy-O3 and Ru-bpy-O4) showed clear hydro-
philic character, while the DIP complexes (Ru-DIP-O3 and Ru-
DIP-04) exhibited amphiphilic behaviour. Dynamic light scat-
tering studies showed that the amphiphilic DIP complexes
form aggregates in aqueous environments, while the bpy ana-
logues remain monomeric under the same conditions. The
aggregation mode shown by the DIP complexes, where the Ru
(n) core is proposed to be shielded within the aggregate
interior while the hydrophilic polyether chains remain solvent-
exposed, has not, to the best of our knowledge, been described
before and was found to influence both the photophysical pro-
perties and the biological activity of the complexes. The aggre-
gated complexes exhibited at least a two-fold increase in their
emission lifetimes in comparison with their monomeric
forms. We attribute this observation chiefly to the structural
rigidification of the Ru(u) polypyridyl chromophores.
Importantly, the self-assembly behaviour of the DIP-containing
complexes did not compromise their photochemical function,
as the complexes retained type I and type II photosensitising
activity comparable to [Ru(bpy);]**, as evidenced from high
singlet oxygen quantum yields (@, = 0.59-0.64) and robust
ROS generation. Antibacterial studies showed that, upon
irradiation, Ru-DIP-O4 significantly inhibits bacterial growth
at low micromolar concentrations (ECs, = 6.0 pM) while main-
taining minimal dark toxicity, corresponding to a photo-index
of over 16.7. These findings are corroborated by SEM studies,
which revealed that S. aureus cultures treated with Ru-DIP-O4
exhibit significant morphological changes, indicative of mem-
brane disruption, only upon exposure to light.
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In conclusion, this work highlights the potential of Ru(u)
polypyridyl complexes as photodynamic antimicrobial agents
and demonstrates how ligand functionalisation can influence
biological performance without sacrificing their inherent
photochemical activity. Overall, our findings indicate that
alternative design principles can be explored for the develop-
ment of amphiphilic metal-based photosensitisers and lay the
groundwork for future studies aimed at optimising selectivity,
understanding uptake mechanisms in greater detail, and
expanding the scope of photodynamic antimicrobial therapy.

Experimental section
Materials and methods

Unless otherwise specified, common chemicals and solvents
(HPLC grade or reagent grade quality) were purchased from
commercial sources and used without further purification.

General synthetic information

Reactions that were not carried out under standard atmos-
pheric conditions were performed under an Ar atmosphere.
For reactions that required dry conditions, all glassware was
heated to 120 °C for 2 hours and dry solvents were used. The
progress of the reactions was monitored using thin-layer
chromatography (TLC) using Supelco TLC PET plates coated
with silica gel Fys4. Column chromatography purification was
carried out using silica gel 60 (70-230 mesh) or deactivated
aluminium oxide (Grade II, 3% H,O w/w).

The synthesis of compounds 1,10-phenanthroline-5,6-oxide
[1], 5-hydroxy-1,10-phenanthroline [2] and [Ru(DIP),Cl,] was
adapted from literature procedures.’*”*

Synthesis of 2-(2-((1,10-phenanthrolin-5-yl)oxy)ethoxy)ethan-
1-0l (L-03). The reaction was carried out under an Ar atmo-
sphere and under dry conditions. Compound 2 (70 mg,
0.35 mmol, 1 eq.), powdered K,COj3 (484 mg, 3.5 mmol, 10 eq.)
and 2-(2-chloroethoxy)ethanol (41 pL, 0.38 mmol, 1.1 eq.) were
added to dry DMF (5 mL). The resulting mixture was then
heated to 70 °C and stirred for 12 hours. The progress of the
reaction was monitored using TLC analysis (developed with
EtOAc/i-PrOH/NHj(,q), 4:2:1). After the completion of the
reaction, DMF was evaporated and the crude product was
redissolved in a mixture of DCM/brine and transferred to an
extraction funnel. The product was extracted with DCM (3 x
30 mL), dried with MgSO, and evaporated to dryness. For
further purification of the product, column chromatography
(silica gel) was performed with DCM/MeOH 95:5 as the
eluent. The pure product was collected as a white solid (yield:
60%). "H NMR (500 MHz, chloroform-d) § 9.20 (d, J = 4.3 Hz,
1H), 9.02 (d, J = 4.2 Hz, 1H), 8.70 (d, J = 8.2 Hz, 1H), 8.10 (d, ] =
8.1 Hz, 1H), 7.65 (dd, J = 8.2, 4.3 Hz, 1H), 7.56 (dd, J = 8.1, 4.2
Hz, 1H), 6.97 (s, 1H), 4.45-4.41 (m, 2H), 4.08-4.05 (m, 2H),
3.84-3.80 (m, 2H), 3.80-3.75 (m, 2H). ESI-MS theoretical calcu-
lation for [M + H]" = 285.12 - experimental value = 284.85.

Synthesis of 2-(2-(2-((1,10-phenanthrolin-5-yl)oxy)ethoxy)
ethoxy)ethan-1-ol (L-O4). The reaction was carried out under

Dalton Trans.

View Article Online

Dalton Transactions

an Ar atmosphere and under dry conditions. Compound 2
(80 mg, 0.40 mmol, 1 eq.), powdered K,CO; (552 mg, 4 mmol,
10 eq.) and 2-2-(2-chloroethoxy)ethoxy]ethanol (118 pL,
0.80 mmol, 2 eq.) were added to dry DMF (5 mL). The resulting
mixture was then heated to 80 °C and stirred for 12 hours. The
progress of the reaction was monitored using TLC analysis
(developed with EtOAc/i-PrOH/NHj(aq), 4:2:1). After the com-
pletion of the reaction, DMF was evaporated and the crude
product was redissolved in a mixture of DCM/brine and trans-
ferred to an extraction funnel. The product was extracted with
DCM (3 x 30 mL), dried with MgSO, and evaporated to
dryness. For further purification of the product, column
chromatography (aluminum oxide) was performed with DCM/
MeOH (96.5 : 3.5) as the eluent. The product was collected as a
clear dark yellow oil (yield, 63%). "H NMR (600 MHz, chloro-
form-d) 6 9.19 (d, J = 4.3 Hz, 1H), 9.02 (d, J = 4.2 Hz, 1H), 8.72
(d,J = 8.2 Hz, 1H), 8.10 (d, J = 8.1 Hz, 1H), 7.65 (dd, J = 8.2, 4.3
Hz, 1H), 7.56 (dd, J = 8.0, 4.2 Hz, 1H), 6.97 (s, 1H), 4.45-4.42
(m, 2H), 4.08-4.05 (m, 2H), 3.84-3.81 (m, 2H), 3.76-3.72 (m,
4H), 3.65-3.62 (m, 2H). ESI-MS theoretical calculation for [M +
H]" = 329.14 - experimental value = 328.95.

General synthetic procedures of the Ru(u) complexes

A mixture of cis-[Ru(bpy),Cl,] or cis-[Ru(DIP),Cl,] and each
ligand (L-O3 or L-04) in 2 mL of EtOH/H,O (1: 1) was refluxed
for 12 h under an Ar atmosphere and under dark conditions.
The mixture gradually turned from dark purple to a deep red
solution. Upon completion of the reaction, the reaction
mixture was cooled to room temperature, and the solvent was
removed under reduced pressure. The crude product was puri-
fied via flash column chromatography (silica gel) using a gra-
dient of MeCN/KNOj(,q) (0.05 M) (ranging from 12:1 to 8:1)
as the solvent system. The desired fractions were collected,
concentrated and redissolved in water containing a small
amount of ethanol. To this mixture, a saturated KPF, solution
was added, and the product was collected by filtration as a
PFs~ salt. The solid was washed with water to remove excess
salts and then dried. When required, a portion of the product
was converted to its chloride salt via an ion exchange column
using AmberLite IRA 410 resin.

Synthesis of [Ru(bpy),(L-03)]Cl, (Ru-bpy-03). According to
the general procedure, cis-[Ru(bpy),Cl,] (25 mg, 0.051 mmol)
and L-03 (14.7 mg, 0.051 mmol) were used. Ru-bpy-O3(PF),
was obtained as a red solid (41 mg, 0.042 mmol, 82%). 'H
NMR (400 MHz, MeOD) 6 8.94 (d, J = 9.6 Hz, 1H), 8.72 (dd, J =
15.2, 8.2 Hz, 4H), 8.54 (d, J = 9.4 Hz, 1H), 8.20-8.12 (m, 3H),
8.06 (t, J = 7.3 Hz, 2H), 7.95 (d, J = 6.3 Hz, 1H), 7.92 (t, J = 5.5
Hz, 2H), 7.82 (dd, J = 8.4, 5.3 Hz, 1H), 7.71 (dd, J = 8.3, 5.2 Hz,
1H), 7.65 (s, 1H), 7.63 (d, J = 5.6 Hz, 2H), 7.56-7.50 (m, 2H),
7.32 (t, J = 8.7 Hz, 2H), 4.61-4.55 (m, 2H), 4.09-4.05 (m, 2H),
3.70 (s, 4H). "*C NMR (101 MHz, MeOD) § 157.51, 157.26,
154.17, 152.48, 151.64, 151.60, 151.40, 151.37, 149.36, 148.18,
143.65, 137.96, 137.85, 135.63, 132.23, 131.95, 127.60, 127.51,
126.10, 126.03, 125.70, 124.36, 124.33, 124.31, 124.27, 103.35,
72.63, 69.42, 69.02, 60.91. HRMS (ESI) calculated for m/z [M]**
= 349.08; found 349.07.

This journal is © The Royal Society of Chemistry 2026
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Synthesis of [Ru(bpy),(L-04)]Cl, (Ru-bpy-O4). According to
the general procedure, cis-[Ru(bpy),Cl,] (25 mg, 0.051 mmol)
and L-04 (16.7 mg, 0.051 mmol) were used. Due to its high
solubility in water, [Ru-bpy-O4](PF;), was not collected by fil-
tration; instead, the solvent was fully evaporated. Next, the
complex was re-dissolved in DCM and washed with water to
remove excess salts (3 x 10 mL). The organic phase was dried
with MgSO, and filtered and the solvent was removed under
reduced pressure, leaving the pure product as a red solid
(45 mg, 0.044 mmol, 85%). "H NMR (400 MHz, MeOD) § 8.98
(d, J = 9.6 Hz, 1H), 8.76 (dd, J = 15.3, 8.2 Hz, 4H), 8.57 (d, J =
7.3 Hz, 1H), 8.23-8.16 (m, 3H), 8.10 (t, / = 8.4 Hz, 2H),
8.01-7.94 (m, 3H), 7.86 (dd, J = 8.4, 5.3 Hz, 1H), 7.75 (dd, J =
8.3, 5.2 Hz, 1H), 7.69-7.65 (m, 3H), 7.59-7.54 (m, 2H), 7.36 (t, ]
= 8.1 Hz, 2H), 4.65-4.60 (m, 2H), 4.13-4.08 (m, 2H), 3.87-3.80
(m, 2H), 3.73-3.70 (m, 2H), 3.66-3.62 (m, 2H), 3.61-3.55 (m,
2H). *C NMR (101 MHz, MeOD) § 157.51, 157.29, 157.25,
154.14, 152.47, 151.64, 151.59, 151.40, 151.37, 149.36, 148.18,
143.66, 137.95, 137.84, 135.63, 132.22, 131.94, 127.59, 127.51,
126.09, 125.70, 124.34, 124.31, 124.29, 124.25, 103.34, 72.40,
70.58, 70.18, 69.32, 69.07, 60.88. HRMS (ESI) calculated for m/z
[M]J** = 371.09; found 371.09.

Synthesis of [Ru(DIP),(L-O3)]Cl, (Ru-DIP-O3). According to
the general procedure, cis-[Ru(DIP),Cl,] (25 mg, 0.029 mmol)
and L-03 (8.5 mg, 0.029 mmol) were used. Ru-DIP-O3(PF),
was obtained as a red solid (33 mg, 0.024 mmol, 85%). 'H
NMR (400 MHz, MeOD) & 9.02 (d, J = 7.4 Hz, 1H), 8.62 (d, J =
7.6 Hz, 1H), 8.41-8.35 (m, 3H), 8.33 (s, 4H), 8.28 (dd, J = 5.5,
2.7 Hz, 2H), 8.15 (d, J = 4.3 Hz, 1H), 7.85 (dd, J = 8.4, 5.3 Hz,
1H), 7.80-7.57 (m, 26H), 4.69-4.60 (m, 2H), 4.15-4.10 (m, 2H),
3.75 (s, 4H). "*C NMR (101 MHz, MeOD) § 154.25, 152.96,
152.22, 152.17, 151.98, 149.84, 149.54, 148.67, 148.63, 148.61,
148.56, 144.05, 135.76, 135.74, 135.65, 132.25, 132.02, 129.72,
129.57, 129.06, 128.97, 126.35, 126.32, 126.14, 126.11, 125.72,
103.38, 72.65, 69.45, 69.05, 60.92. HRMS (ESI) calculated for
m/z [M]** = 525.14; found 525.14.

Synthesis of [Ru(DIP),(L-04)]Cl, (Ru-DIP-O4). According to
the general procedure, cis-[Ru(DIP),Cl,] (25 mg, 0.029 mmol)
and L-04 (9.8 mg, 0.029 mmol) were used. Ru-DIP-O4(PF),
was obtained as a red solid (35 mg, 0.025 mmol, 87%). 'H
NMR (400 MHz, MeOD) § 9.02 (d, J = 7.4 Hz, 1H), 8.62 (d, ] =
7.6 Hz, 1H), 8.41-8.35 (m, 3H), 8.33 (s, 4H), 8.28 (dd, J = 5.5,
2.7 Hz, 2H), 8.15 (d, J = 4.3 Hz, 1H), 7.85 (dd, J = 8.4, 5.3 Hz,
1H), 7.80-7.57 (m, 26H), 4.69-4.60 (m, 2H), 4.15-4.10 (m, 2H),
3.75 (s, 4H). *C NMR (101 MHz, MeOD) § 154.25, 152.96,
152.22, 152.17, 151.98, 149.84, 149.54, 148.67, 148.63, 148.61,
148.56, 144.05, 135.76, 135.74, 135.65, 132.25, 132.02, 129.72,
129.57, 129.06, 128.97, 126.35, 126.32, 126.14, 126.11, 125.72,
103.38, 72.65, 69.45, 69.05, 60.92. HRMS (ESI) calculated for
mfz [MJ** = 525.14; found 525.14.

Nuclear magnetic resonance (NMR) spectroscopy

'H, C APT and 2-D correlation spectra were recorded at
ambient temperature on either Agilent 500 MHz or Bruker
400-WB 400 MHz spectrometers using deuterated solvents as
internal deuterium locks. The residual protic signals of CDCl;,

This journal is © The Royal Society of Chemistry 2026
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MeCN-d;, DMSO-d¢ and CD;0D were used as references in 'H
and ®C NMR spectra. Chemical shifts of the protons of the
final products were assigned based on COSY and HSQC corre-
lations. The data were analyzed using MestReNova software.

Mass spectrometry

Liquid chromatography-mass spectrometry (LC-MS) analysis
was performed on a Thermo Scientific™ Vanquish™ Flex
Quaternary UHPLC column C18 type, coupled with a Thermo
Scientific LCQ Fleet Ion Trap mass spectrometer with ESI. The
compounds were eluted with a gradient of 10% to 90% MeCN/
H,0 0.1% TFA in 12.5 minutes. High resolution mass spec-
trometry (HRMS) spectra were recorded with a Thermo
Finnigan LTQ Orbitrap.

Dynamic light scattering (DLS) studies

The self-assembly of the complexes was investigated via DLS
analysis. Particle size distribution analysis of the complexes
was performed using an Anton Paar Litesizer 500 at 25 °C
(light source; 658 nm). Samples were prepared with aqueous
solvents filtered with 0.22 pm filters (50 uM).

Lipophilicity assessment

The lipophilicity of the compounds was assessed by determin-
ing their log P, values using the shake-flask method.>® Water
and n-octanol were stirred overnight at room temperature to
ensure saturation of each phase with the other. The two
phases were then separated for solution preparation. Each
compound was dissolved in the aqueous phase (50 uM, 5 mL)
and then the octanol phase (5 mL) was introduced. The
mixture was vigorously stirred overnight at room temperature
and then left to separate. By measuring the absorbance at
450 nm of each phase separately and using the following
equation, the log P,, values were determined:

log PO/W _ IOg (A450(n-octanol))

A450(water)

Photophysical studies

Absorption spectra were measured using a JASCO V-750 UV-vis
spectrophotometer. Emission and excitation spectra were
recorded on an Edinburgh Instruments FS5 spectrofluorom-
eter equipped with a red-sensitive Hamamatsu R13456 photo-
multiplier tube (PMT) using a 150 W xenon arc lamp as an
excitation source. All spectra were corrected for detector
response using the software (Fluoracle) provided by the manu-
facturer. Emission lifetime measurements were performed
using an Edinburgh Instruments mini-r lifetime spectrometer
with a bandpass filter (+40 nm) at 650 nm on the emission
side. The excitation source was an Edinburgh Instruments
picosecond pulsed LED (EPLED-320) with a peak wavelength
of 326.8 nm and a pulse width of 910 ps, and the detector was
a thermoelectrically cooled, high-speed red-sensitive photo-
multiplier tube (Hamamatsu H10720-01). The data were ana-
lysed using the software (Fluoracle) provided by the
manufacturer.
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The molar absorptivity of each complex was calculated from
absorbance values according to the Beer-Lambert law in
MeCN and Tris-HCl aqueous buffer (0.05 M, pH = 7.4) solu-
tions (50 pM). The luminescence quantum yields of the com-
plexes were measured in MeCN and Tris-HCI buffer, using
optically dilute conditions with an air-equilibrated aqueous
solution of [Ru(bpy);]Cl, (@em = 0.04, Aeye = 436 nm)®® as the
reference. The energies of the emissive states were calculated
from the maxima of the highest energy vibronic components
observed in the emission spectra (Aey = 450 nm) recorded at
77 K in a frozen glass matrix (EtOH/MeOH, 4:1). Excitation
spectra were recorded with a monitoring wavelength of
620 nm. The emission lifetimes were recorded in MeCN and
water or aqueous buffers. All the above measurements were
carried out on 3 mL quartz cuvettes with a path length of
1 cm, in air-equilibrated samples and, unless otherwise stated,
at ambient temperature.

Direct measurement of photoinduced 'O, generation

The direct measurements of photoinduced 'O, generation
quantum yields in MeCN were performed using a previously
reported custom-built setup.”* The production of 'O, was eval-
uated spectroscopically by measuring the phosphorescence
signal of the generated 'O, with a NIR detector at ca. 1270 nm.
The NIR spectra were acquired from 1100 nm to 1400 nm
within 20 seconds at 298 K with an Avantes NIR256-1.7TEC
spectrometer. Isoabsorbing samples of the complexes (4 = 0.1)
were prepared in MeCN and irradiated with a 450 nm laser
(80 mW). The 'O, generation quantum yield (®,) values were
calculated using [Ru(bpy);]’* as a reference (®,, = 0.57 in
MeCN)"” and the following equation:

A450.r) (Is)
Dpg =D ) (=
as ar (A450.s Iy

where @, is the quantum yield of 'O, generation, A4s, is the
absorbance at 450 nm, and I is the integrated 'O, emission
intensity, while the “s” and “r” subscripts correspond to the
sample and the reference compound, respectively.

Indirect measurement of photoinduced '0,-ROS generation
and photochemical stability

For the indirect ROS generation measurements and photo-
stability assessment, all absorption spectra were recorded on
an Agilent Technologies Cary 60 UV-Vis spectrometer equipped
with a Cary Single Cell Peltier Accessory for temperature
control. The NewEnergy LEDs that were utilized for the
irradiation of the systems were purchased from Mouser
Electronics and the surface power densities at the irradiation
wavelength were measured using an optical Nova Power Meter
from Ophir Photonics. The following experiments were per-
formed in duplicate.

The indirect determination of the photoinduced 'O, gene-
ration quantum yield was performed via the ABDA (9,10-
anthracenediyl-bis(methylene) dimalonic acid) assay. Each
solution contained ABDA (100 pM) and the studied compound
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(25-50 uM, the concentration was adjusted in order for each
solution to be iso-absorbing at 450 nm and under 0.1 absor-
bance) in PBS at 37 °C. Two series of experiments were con-
ducted, one under dark conditions and the other upon
irradiation with a blue LED source (450 nm, 19.9 mW cm™2,
total light dose = 5.958 J cm™?) placed directly on top of the
cuvette while an absorption spectrum was recorded every 60
seconds, for a total of 5 minutes. During both experiments UV-
vis spectra were recorded every 10 s and the reduction of the
intensity of the characteristic absorption peak of ABDA at
380 nm was plotted against time (4, — A4; vs. t).

As for general ROS photogeneration assessment, mixtures
of the dye DHR-123 (10 pM) with each compound (1 pM) were
prepared in a PBS buffer (1% DMSO) and then irradiated for
5 min with a blue LED source (450 nm, 20.0 mW cm™2, total
light dose = 6.00 ] cm™?) as described above. Emission spectra
were recorded every minute (ley. = 500 nm) in the range of 520
to 600 nm to track the enhancement of the emission of
DHR-123  (Amax 528 nm), which is indicative of ROS
production.

The photochemical stability of the complexes in water at
37 °C was assessed using UV-vis spectroscopy. Each complex was
irradiated for 1 h at 450 nm with a blue LED source (19.9 mW
cm?, total light dose = 71.3 ] cm™?) as described above.

Antibacterial photodynamic activity assessment

Escherichia coli and Staphylococcus aureus were grown in LB
medium for 18-20 hours at 37 °C with shaking (180 rpm). The
precultures were transferred into sterile M9 medium and incu-
bated at 37 °C until an optical density of ODggy = 0.5-0.6 was
reached. The cultures then diluted with fresh
M9 medium to ODggg = 0.1.

The antibacterial activity of the complexes was evaluated in
sterile 96-well plates, under irradiation as well as under dark
conditions. Each plate contained untreated bacterial controls,
bacterial cultures treated with test complexes across a concen-
tration range of 1-100 pM, and wells containing the complexes
in M9 medium without bacteria for background correction.
The remaining wells were filled with sterile M9 or double-dis-
tilled water to minimize evaporation effects.

For dark controls, plates were incubated for 12 hours at
37 °C without light exposure. For photodynamic assessment,
plates were incubated for 20 minutes after compound treat-
ment to allow sufficient uptake and then irradiated for
10 minutes (using an array of Osram T8 Fluora G13 L 18 W/77
lamps) while being incubated, followed by an additional
12 hours of incubation in the dark. Following incubation, the
bacterial growth was quantified by measuring the ODgq, value
of each well. The ECs, values were obtained by fitting dose-
response curves to the normalized growth data. Finally, the
photodynamic activity index (PI = PhotoIndex) was calculated,
defined as:

were

_ [EC50]dark

PI
[ECs0Jiigne
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The optical density of the bacterial cultures was routinely
monitored using a Jenway 6305 UV-vis spectrophotometer.
Dark incubation of the cultures was carried out in a LABTECH
shaking incubator, while irradiation of the plates with simul-
taneous incubation was performed in a Sartorius Certomat
BS-T incubator. Optical density measurements of the 96-well
plates were recorded using a BioTek ELx800 Absorbance
Microplate Reader. Antibacterial activity was evaluated in three
independent biological experiments, with each including four
technical replicates per concentration. Data are presented as
mean + standard deviation.

SEM sample preparation of treated bacterial cells

S. aureus was cultured and treated according to the antibacter-
ial photodynamic activity protocol described above using a
single concentration (50 pM) in 24-well plates. A circular cover-
slip was placed in each well prior to incubation to allow bac-
terial adhesion. After 24 h of incubation, the supernatant was
carefully removed, and the wells were washed three times with
1 mL of 1x PBS. Cells attached to the coverslips were chemi-
cally fixed by adding 0.5 mL of 2.5% (v/v) glutaraldehyde solu-
tion in water and incubating for 20 minutes at room tempera-
ture. Following fixation, the samples were gently rinsed with
0.5 mL of distilled water to remove excess fixative. Dehydration
was performed through a graded ethanol series by sequential
immersion in 70%, 90%, and 100% ethanol for 20-30 minutes
at each concentration. After dehydration, the samples were
allowed to air-dry overnight at room temperature. The dried
specimens were subsequently subjected to SEM analysis,
where they underwent standard pre-imaging preparation,
including mounting and conductive coating, prior to examin-
ation in the scanning electron microscope (FESEM-JSM-7610
FPlus).
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