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Introduction

Supramolecular self-assemblies of Ru(i)
phototherapeutics: biological activity of
micro- and nano-particles acting as reservoirs

Jérome Laisney, (2 1° Sarah M. Kriger,t® Dmytro Havrylyuk,® Jason M. Unrine, (2 <
David K. Heidary® and Edith C. Glazer (®*°

Ruthenium(i) coordination complexes have many appealing properties as prodrugs, but can suffer from
poor aqueous solubility and short circulation times, drastically decreasing efficiency in vivo. Nanoformulations
using a variety of carriers, such as inclusion in polymers/lipids or adsorption on inorganic nanoparticles have
been applied to overcome this limitation, but unfortunately, these approaches raise additional concerns
regarding the fate of the carriers, with potential long-term toxicity and accumulation in vital organs. Here, we
present an alternative delivery strategy with formation of pure and polymer-supported supramolecular self-
assemblies of Ru(l) complexes acting as “reservoirs”. A facile preparation of size-controlled particles was
achieved using a controlled precipitation method, and the approach was validate using [Ru(bpy)sl(PFg). (bpy:
2,2’ -bipyridine) and [Ru(bpy)>(dmbpy)](PFe), (dmbpy: 6,6'-dimethyl-2,2’-bipyridine) as agents for photodynamic
therapy (PDT) and photoactivated chemotherapy (PACT). Negatively-charged particles ranging from tens of
nanometers to micron scale were obtained by controlling just temperature and precipitation in the presence of
confining polymers. Dissolution rate, biological activity, cellular uptake, and localization were evaluated in vitro in
the dark or after light activation and revealed the progressive dissolution of the particles, associated with a
gradual and sustained cellular uptake compared to the soluble molecule form. Leveraging the ability of the
[Ru(bpy)s] to act as a o, photocatalyst for deposition of an osmiophilic polymer, electron microscopy was
performed and illustrated the delivery of the dissolved complex inside the nucleus of cells. These results open
new possibilities for the pure micro- or polymer-supported nano- formulation of Ru-based compounds, and
provide a strategy for evaluation of subcellular localization using electron microscopy.

application in chemotherapy but often suffer the drawbacks of low
circulation time in the body, and lack of biocompatibility or

Nanotechnology offers opportunities for major advances in
drug delivery, as nanomaterials provide specific properties that
can help to overcome long-standing obstacles to success for
small molecule drugs. These properties include an intrinsic
size that may avoid rapid excretion, but still enabling cellular
uptake; a high surface/volume ratio; and the possibility of
surface functionalization for passivation, drug loading, and
targeting."” These features can be advantageous for ruthenium
(Ru(m)) polypyridyl complexes, which have been explored for
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targeting to specific tumor sites.>™ Intensive research efforts are
underway to develop delivery systems to improve these properties.®
The main strategies rely on the incorporation of Ru(u) complexes
in nanomaterials such as polymers,”™ liposomes'>"" or inorganic
nanoparticles (NPs), including selenium NPs,'? silica NPs,">'* gold
NPs,”>™” carbon nanodots,'® carbon nanotubes," or graphene
oxide.”® These nanosystems act as carriers to deliver and then
release the metal complex to the site of action, and also enhance
the bioavailability and pharmacokinetics properties of Ru com-
pounds. The different nanoformulations have been shown to
provide benefits in terms of targeting, cellular uptake, and efficacy,
compared to the unformulated drug form.*" However, the use of
carriers, particularly inorganic particles, raises important ques-
tions concerning the fate of such materials after injection, and
their possible accumulation in organs (lungs, kidney, spleen, liver,
or brain) that could lead to potential long term toxicity.”>**

As an alternative, we have implemented a method of delivery
that does not involve the use of extrinsic carriers. Ruthenium
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complexes have been shown to undergo spontaneous self-
assembly to form nanoparticles by precipitation in aqueous
medium because of their strong hydrophobic character.>* Several
studies have reported the self-assembly of Ru complex
particles®° but, to the best of our knowledge, none have deeply
investigated and rationalized the biological activity of such
nanoaggregates according to their size, charge, shape and com-
position. Potentially, such controlled particles of Ru(u) complex
would allow for (i) improved delivery to cells and endosomal
escape, due to the highest density of charges present in the
nanoparticulate form; (ii) controlled release of the Ru(u) complex
over time through slow dissolution of nanoparticles; (iii)
increased transport and retention time in vivo; and (iv), the
possibility of surface functionalization to improve targeting and
reduce toxicity. Here we show the careful control and reproduci-
ble generation of size-controlled micro- and nanoparticles
through a fast precipitation (FP) technique. This bottom-up
approach, which relies on the formation and growth of nuclei,
is well suited for molecular materials such as coordination
complexes as it allows for the controlled precipitation of solubi-
lized precursors in solution, and even in the presence of a
confining agent, by combination of appropriate solvent/anti-
solvent conditions (Fig. 1A).>' FP has been used previously to
prepare size-controlled particles of Fe(n)**** and Fe(m)** hybrid
organic-inorganic materials. Due to the similar physio-chemical
properties shared by Fe and Ru, we believed that this technique
could be successfully applied to Ru(u) polypyridyl complexes to
form size-controlled particles of Ru-based theranostic agents.

In this study, we compare and contrast the efficacy of photo-
active Ru-based compound in the form of micro- and nano-
particles vs. soluble small molecules in the application of
photodynamic therapy (PDT) and photoactivated chemotherapy
(PACT). Size-controlled particles of Ru(u) coordination complexes
were generated using FP with the prototypical complex, [Ru(bpy)s]-
(PFe), (bpy: 2,2"-bipyridyl) (compound 1, Fig. 1B),*> and a deriva-
tive, [Ru(bpy),(dmbpy)]** (dmbpy: 6,6'-dimethyl-2,2'-bipyridine)
(compound 2, Fig. 1C). These two compounds exhibit cytotoxi-
city against cancer cell lines after light activation but work by
different mechanisms: compound 1 catalytically generates sing-
let oxygen (*0,) and can be considered an example of a PDT agent,
while 2 releases a ligand from the metal center, and thus functions
via PACT.*® By varying experimental parameters, particles were
made from these complexes that ranged in size from tens of
nanometers to several microns. The particulate forms do not
inhibit the biological activity of the photoactive compound; on
the contrary, they exhibit similar or enhanced in vitro anticancer
properties compared to the soluble molecules.

Variations were observed for PDT or PACT due to the dissolu-
tion of the particles after light activation, leading to the release of
active species directly inside cells and within the nucleus in a more
progressive manner than the unformulated soluble complex.
Detection of subcellular localization of compound 1 can be chal-
lenging, so to observe spatial distribution of the photocatalyst,>~°
we utilized a technique for subcellular imaging via electron
microscopy. This approach relies on the generation of '0,, which
induces the oxidation of diaminobenzene, creating polymer
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Fig. 1 Particle formulation and controlled release of Ru molecules. (A) FP
using controlled temperature or the presence of a confining polymer to
create particles on the micro- and nanoscale. (B) [Ru(bpy)s]®* (compound
1) is a PDT agent and (C) [Ru(bpy)»(dmbpy)1?* (compound 2) is a PACT
agent, where photo-release of a ligand from the metal center causes
collapse of the supramolecular assembly.

Compound 2

deposits which may be stained with osmium and imaged, provid-
ing high resolution cellular details. This strategy has been applied
with organic and protein-based photocatalysts in the past, and
here we have extended the approach to a Ru(u) photosensitizer.
This provides a method for indirect imaging of the subcellular
localization of the photosensitizer via visualization of the osmium-
stained polymer deposition that can be observed using electron
microscopy. As a result, this report provides a simple and general-
izable method to synthesize hybrid organic-inorganic particles, as
well as a process to observe the localization of inorganic photo-
catalysts in sub-cellular regions. The promising results presented
here are a step toward the nanoformulation of more effective, long-
lasting anticancer metallodrugs-based treatments.

Materials and Methods

Chemicals and instruments

Cis-Dichlorobis(2,2’-bipyridine)Ruthenium(u) dihydrate (99%
purity, Strem Chemicals Inc., Newburyport, MA, USA), 6,6
dimethyl-2,2"-bipyridine (dmbpy, 98% purity, Sigma-Aldrich,
Saint-Louis, MO, USA), 2,2"-bipyridyl (bpy, 99% purity, Sigma-
Aldrich), potassium hexafluorophosphate (99%, Alfa Aesar,
Haverhill, MA, USA), ethylene glycol (Sigma-Aldrich, 99% purity),
acetonitrile (spectrophotometric grade, > 99.5%, Acros Organics,
Thermo Fisher Scientific, Waltham, MS, USA), 1-butanol (HPLC

This journal is © The Royal Society of Chemistry 2026
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grade, Acros Organics), pentane (VWR Chemicals), polyvinylpyr-
rolidone 10 kDa (PVP10, Sigma-Aldrich) or 55kDa (PVP55, Sigma-
Aldrich), polyethylene glycol 6kDa (PEG6000, Sigma-Aldrich) were
purchased and used without any further purification. Complexes
syntheses were performed in a CEM Discover 2.0 microwave
reactor (CEM, Matthews, NC, USA). The purity of the compounds
was verified by high-performance liquid chromatography (HPLC)
using an Agilent 1100 series (Agilent Technologies, Santa Clara,
CA, USA). UV-vis spectra were collected using a Cary 60 spectro-
photometer (Agilent Technologies, Santa Clara, CA, USA)
equipped with a model G1311A quaternary pump, G1315B UV
diode array detector and Chemstation software version B.01.03.
FTIR spectroscopy was performed on the isolated powders using
a Thermo Scientific Nicolet 7500 (Agilent Technologies, Santa
Clara, CA, USA) operated in ATR mode (64 scans, 4 cm '
resolution). Morphology (size, shape, and composition) of the
prepared micro- and nanoparticles were observed using a TALOS
F200X analytical electron microscope (Thermo Scientific, Wal-
tham, MA, USA), operated at 200 keV and equipped with a four-
element silicon drift detector (SDD)-based energy dispersive X-ray
spectroscopy (EDS) system for quantitative chemical composition
analysis and elemental distribution mapping. Zeta potentials in
1x PBS buffer (pH 7.4) were measured by phase analysis light
scattering (PALS) with a Nano-ZS zetasizer (Malvern Instruments,
Malvern, UK) using the Hiickel approximation used to estimate
zeta potential from electrophoretic mobility.

Synthesis of [Ru(bpy);](PFs), (1) and [Ru(bpy),(dmbpy)](PF),
(2) complexes

The synthesis of the Ru(u) complexes was adapted from a pre-
viously described procedure.*® Briefly, 500 mg of Ru(bpy),Cl,-2H,0
and 164.9 mg of 2,2/-bipyridine (for compound 1) or 195 mg of 6,6’
dimethyl-2,2'-bipyridine (for compound 2) were added to a 35 mL
Pyrex reaction vessel with 20 mL of ethylene glycol. The purple
reaction mixture was heated at 190 °C for 1h in the microwave
reactor (300 W). The red solution was then added to 100 mL of
deionized (DI) water and the PF salt was precipitated by adding 6-
8 mL of a saturated solution of KPFe. The precipitates were
collected by filtration, washed with cold water, diethyl ether, and
dried under vacuum and stored in the dark at room temperature.
Purification of the compounds was carried out with a silica gel
column chromatography (eluent: 99% acetonitrile, 1% H,O
ramped to 16%, 0.1% KNO;). The pure fractions were concentrated
under reduced pressure, and the precipitation of the PFs form by
adding a saturated solution of KPFg to the solution of the metal
complex in water. The resulting polycrystalline powders were stored
in the dark at room temperature. Yield: 90% (1), 85% (2). Purity:
99% (1), 97% (2) (see Fig. S1 in SI for HPLC chromatogram).
Characteristic IR vibration bands: 552 and 826 cm™* (v PFs, both 1
and 2), 1389 cm™ ' (v CHj, 2), 1465, 1445 and 1422 cm™* (pyridine
vibration bands, both 1 and 2), 1600 cm™* (v aromatic C-C, both 1
and 2) (see Fig. S2).

Counter-ion exchange

For evaluation of the soluble complexes, compounds 1 and 2 were
converted from PFg salts to Cl™ salts by dissolving 10-50 mg of
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each complex in 1-2 mL of methanol. The dissolved compound
was loaded onto an Amberlite IRA-410 chloride ion exchange
column, eluted with methanol, and solvent was removed in vacuo.

Preparation of microparticles by FP

Ten milligrams of the Ru(u) complex were dissolved in 0.5 mL
of acetonitrile (for precipitation at 0 °C) or 1 mL of acetone (for
precipitation at —75 °C). The solution was added quickly to a
250 mL Erlenmeyer flask containing 20 mL of 1-butanol, which
acts as the anti-solvent. The mixture was maintained at 0 °C in
an ice bath or at —75 °C in a bath containing a mixture of dry
ice and acetone. This mixture is commonly used for performing
reactions at —78 °C. The temperature is reported here as —75 °C
as the temperature of the cooling bath was carefully monitored
using a thermometer, and very particular attention was given to
maintaining this temperature and vigorous stirring during the
reaction time, keeping in mind the increasing viscosity of the
solution as the freezing point of butanol was approached. After
15 min, the precipitation process was stopped by centrifuging
the solution at maximum speed for 10 min using a 5430R
Eppendorf centrifuge (Eppendorf, Hamburg, Germany). The
supernatant was discarded and the precipitated powder washed
three times with pentane, with centrifugation at maximum
speed for 5 min. The collected microparticle powders were
stored at room temperature in the dark or aliquoted in PBS
buffer (redispersion of around 5 mg in 500 pL of PBS) and then
stored immediately at —20 °C until further characterizations.

Preparation of nanoparticles by FP using a confining agent

To reach the nanoscale level, precipitation was triggered in
presence of a polymer acting as confining agent. Two hundred
mg of polymer (PEG6000, PVP10, PVP55) was dissolved in
20 mL of butanol. The concentrated solution of the Ru complex
(10 mg, dissolved in 0.5 mL of acetonitrile) was then added at
room temperature to the butanol-polymer mixture under vig-
orous stirring. After 15 min, the solution was filtered through a
sterilized 0.45 pm MCE membrane (Argos Technologies, Cole-
Parmer, Vernon Hills, IL, USA). The particle-polymer composite
was precipitated by cooling down the filtered solution in an ice
bath (PEG6000 composite) or by addition of 150 mL of pentane
(PVPs composite). The composite powders were then collected
by centrifugation (maximum speed for 10 min) and washed
multiple times with pentane. The powders were stored at room
temperature in the dark or dispersed in PBS buffer (around 100
mg of composite dissolved in 0.5 mL of PBS) for immediate
storage at —20 °C.

Dissolution rate of the particles in PBS medium

The stability of the particles in PBS buffer either kept in the
dark or light-activated (1 min exposure to Indigo LED flood array,
Loctite, A ~450 nm, 29.1 ] cm ™ *) was investigated by dialysis using
Float-A-Lyzer® dialysis devices (Repligen, Waltham, MA, USA) with
molecular weight cut-off membranes of 8-10 kDa and a working
volume of 1 mL. Experimentally, around 1 mg mL™" of particles
were suspended in PBS then loaded in the membrane previously
prepared following the instruction of the manufacturer. In the case
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of the complexes, the samples were prepared by dissolving the
powder in methanol with the addition of a few drops of acetoni-
trile to improve solubilization. The different solutions were dia-
lyzed at 37 °C in DI water as dialysate. Ten microliters of samples
were pipetted from the dialysis device at different time points (¢ =
0h,2h,4h, 16 h, 24 h, 48 h, 72 h) then added to 10 pL of
acetonitrile in order to fully dissolve the particles. The ruthenium
complex concentration in the different samples was then mea-
sured according to the absorbance at 4 = 453 nm. The UV-Vis
spectra were collected using a Varian Carry Bio 50 spectrometer
(Agilent Technologies, Santa Clarita, CA, USA), by dropping 1 pL of
sample on a tray cell (Hellma, Plainville, NY, USA; optical path =
1 mm or 0.2 mm).

Determination of the Ru(u) complex concentration in the
DMSO stocks and PBS particle suspensions

The concentration of the Ru(u) complex in DMSO stock solu-
tions or dispersed particles in 1x PBS (pH 7.4) was determined
by UV-Vis spectroscopy by measuring the absorbance at 453 nm
(MLCT band, ¢ (compound 1) = 14890 M ' em ™, ¢ (compound
2) = 13780 M~ ' em™"). The measurement was performed in
acetonitrile by adding 10-50 pL of the solution of the complex
or particle suspensions to 2 mL of acetonitrile to ensure the
complete dissolution of the particles and the full release of the
constituent small molecules.

Cytotoxicity assays

HL60, HeLa, A549, and HEK cells were plated in extracellular
buffer at 30 000 or 2000 cells per well for suspended or adherent
cells, respectively, in a 96 well flat bottom transparent micro-
plate (Greiner Bio-One). Compounds were serial diluted in
extracellular buffer with a 1:3 ratio and added to the cells such
that the final concentration ranged from 0-100 pM. The cells
were then incubated for 1 hour at 37 °C. Photoactivation was
then carried out with an Indigo LED flood array (Loctite,
~450 nm, 29.1 ] cm *) with a total light exposure time of
1 minute. Following this, OptiMEM supplemented with 4% FBS
and 50 U mL™" penicillin/streptomycin was added to all wells,
and the cells were returned to the incubator. After 72 hours,
resazurin was added and the plate was incubated for an
additional 3 hours at 37 °C. The fluorescent intensity was read
on a SpectraFluor Plus plate reader (Tecan) with an excitation
filter of 535 nm and emission of 595 nm. Dark controls were
run in parallel. The data was normalized to the untreated cells
control and fitted to a sigmoidal dose response equation using
GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA) to
determine the ECs, values.

Cellular association by ICP-MS

HelLa or A459 cells were seeded at a density of 2 x 10° cells per
mL in 6 well plates and grown overnight in DMEM containing
10% FBS, 100 U penicillin and 100 pg mL ™" streptomycin at
37 °C with 5% CO,. Cells were then incubated with 24 uM of
complex 1, or the particles (1.6 um, 0.8 pm, 40 nm PVP10, or
20 nm PEG) diluted in extracellular solution. After 1 hour the
cells were irradiated with indigo light for 1 minute using a
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450 nm Loctite Flood Array with 144 individually reflectorized
LEDs (item No. 1167593; regulated by an LED Flood System
Controller, item No. 1359255) or kept in the dark. Opti-MEM
containing 4% FBS was added and the cells were incubated for
72 hours. Following incubation, the cell medium was trans-
ferred to 15 mL centrifuge tubes. Cells were washed twice with
PBS, trypsinized, and pelleted by centrifugation at 1000 xg for 10
minutes in separate 15 mL tubes. Cell pellets and 1/25 fractions
of the cell medium were digested with 150 uL of concentrated
nitric acid (HNOj3), 50 puL of cold hydrogen peroxide (H,0,), and
heated to 100 °C for 1 hour. Then 50 pL of hydrochloric acid
(HCl) was added, samples were heated to 100 °C for 15 minutes,
and volume was adjusted to 5 mL with DI water. The metal
content was analyzed using an inductively coupled plasma mass
spectrometer equipped with octopole reaction system with the
octopole operated in standard mode (ICP-MS; Agilent 7500cx,
Santa Clara, CA, USA). National Institute of Standards and
Technology (NIST) trace-able external matrix matched standards
for Ru were used and all samples and standards contained
10 ug L' In as an internal standard. Monitored masses were
m/z 101 and 102 for Ru and m/z 115 for In. The acceptance
criteria for the calibration curve was an observed concentration
+/— 10 of the expected concentration of an independent stan-
dard from a different lot. Spike recovery, procedural blanks, and
replicates were evaluated using randomly selected samples
throughout the analytical run. The cellular association (in %)
was calculated according to the formula:

% Cell association = (Ru found in the cell pellets/

total amount of Ru in cell pellets and medium) x 100

The cellular association values were determined for different
treatments to compare dark vs. photo-activated, and soluble
molecules versus particles.

Cell culture and treatment for fluorescence microscopy

HeLa cells were cultured at 37 °C, 5% CO, in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% Fetal
Bovine Serum (FBS) and 100 U penicillin and 100 pug mL "
streptomycin. Cells were seeded at 1 x 10° cells in 6-well plates
containing poly-p-lysine treated Zeiss high-performance #1 1
glass cover slips and incubated overnight. PBS solutions of Ru
particles were added to the cell extracellular solution at a final
concentration of 20 pM. The cells were then incubated with the
particles for 1 hour followed by irradiation for 1 minute using a
450 nm Loctite Flood Array with 144 individually reflectorized
LEDs (item No. 1167589; regulated by an LED Flood System
Controller, item No. 1359255). Cells were counterstained with
5 uM DRAQ5 nuclear dye (Thermo Scientific, No. 62251).
Samples were washed twice with extracellular solution in
between each step and kept in Opti-MEM supplemented with
2% FBS until mounting on glass slides for imaging.

Imaging and quantification

Images were captured using a Zeiss Plan-Apochromat 63x/1.4
NA oil objective mounted on a Zeiss 880 upright confocal

This journal is © The Royal Society of Chemistry 2026
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microscope equipped with an airyscan detector and Zeiss Zen
software. Particles of 1 were imaged using a 488 nm excitation
laser line with DRAQ5 imaged using a 640 nm excitation laser
line. Airyscan processing and quantification of Ru(bpy); locali-
zation and intensity was performed using Zeiss Zen Blue 3.0.
Regions of interest (ROI) were defined based on the 2.5D surface
plot and pixel intensity values for each ROI were averaged to
obtain the arithmetic mean intensity. Data are represented as a
bar chart generated using PRISM GraphPad 9.3.1.

Cell culture and treatment for Seahorse MitoStress test

A549 cells were cultured at 37 °C, 5% CO, in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% Fetal Bovine
Serum (FBS) and 100 U penicillin and 100 pg mL ™" streptomycin.
Cells were seeded at 2 x 10* cells per well in Seahorse XF 96-well
plates (Agilent), set at room temperature for 1 hour to allow cells
to settle, and incubated overnight. PBS solutions of Ruthenium
particles were added to the cells in Opti-MEM supplemented with
2% FBS at two different concentrations based on cytotoxicity
results. Treatment concentrations were selected from the 16-hour
ECs, of compound 1 particles in A549 cells, a maximum dose of
100 puM, and an estimated ECs, to ECg, concentration of 10 uM
for compound 2 particles in A549 cells. The particles were added
to n = 8 replicates at each treatment concentration. The cells were
then incubated with the particles for 16 hours. Following incuba-
tion, the medium was exchanged for extracellular buffer. The
light plate was irradiated for 1 minute using a 450 nm loctite
flood array with 144 individually reflectorized LEDs (item No.
1167589; regulated by an LED flood system controller, item No.
1359255) and the dark plate remained in the dark for the entirety
of the experiment. Opti-MEM supplemented with 4% FBS was
added to all samples.

Seahorse mitochondrial stress test and analysis

Medium was aspirated from the cells and replaced with Sea-
horse XF DMEM (pH 7.4) supplemented with 25 mM XF Glucose,
2 mM XF Glutamine, and 1 mM Pyruvate. The standard seahorse
MitoStress Test was initiated and the inhibitors were injected as
follows: oligomycin (1.0 uM final concentration) at 18 minutes,
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP,
1.2 uM final concentration) at 36 minutes, and rotenone/antimycin
A (1.0 uM final concentration) at 54 minutes. Hoechst 33342 (20 uM
final concentration) was included in the final injection of rotenone/
antimycin A in order to measure cell viability and normalize results
across samples. Data was exported from the Seahorse Analytics
program to PRISM GraphPad 9.3.1 for plotting and statistical
analysis. Data were analyzed by oneway ANOVA followed
by Dunnett’s multiple comparisons test (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001; n.s. = not significant).

Cellular uptake and imaging by electron microscopy

Sample preparation and staining was adapted from a prior
report.*! A549 cells were seeded at 350000 cells per well on a
Costar 3506 well-plate and incubated for 24 hours at 37 °C with
5% CO, to reach 70-80% confluency. The cells were then
exposed to solubilized complex or particles (20 uM) dispersed
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in PBS for 16 h then fixed in 3.0% paraformaldehyde/glutar-
aldehyde mixture in 0.2 M Sorensen’s buffer (pH 7.2) for 45 min
on ice. The cells were washed multiple times with 0.2 M
Sorensen’s Buffer and 5% sucrose and let sit for 5 min. The
endogenous enzyme activity was then blocked with 50 mM
potassium cyanide and 100 mM glycine in PBS for 1.5 h to
eliminate 3,3’-diaminobenzidine (DAB) oxidation background
that occurs as a consequence of mitochondrial respiration. The
role of glycine is to reduce auto fluorescence and background
DAB precipitation and to prevent compound diffusion from the
cells during the incubation step. The cells were washed three
times with tris buffered saline (TBS, pH 7.4) followed by 2 mL of
oxygen enriched 2 mg mL ™" DAB solution in TBS. The samples
were photobleached and the DAB photo-polymerized by irra-
diating the plate 3 min with Indigo (450 nm) then 3 min with
405 nm light at maximum power. After washing with Soren-
sen’s buffer, the cells undergone dehydration, resin infiltration
(LX-112 resin) and staining (Osmium tetroxide, uranyl acetate).
The resin blocks were ultra-microtomed and 90 nm thin sec-
tions were finally mounted on 300 mesh formvar gold grids.

Results and Discussion

Preparation of microparticles and nanoparticles of
[Ru(bpy);](PF), by FP

In previous work, FP was used to generate size-controlled
particles from complexes of Fe(n)*** and Fe(m).** To apply
the FP technique to compound 1, the complex was dissolved at
a concentration close to saturation using a minimum volume of
solvent. Acetonitrile was used for FP at temperature above
—40 °C, and acetone for lower temperatures to prevent freezing.
This solution was then added to a large volume of an anti-
solvent, 1-butanol, to reach a saturated concentration of the
complex, triggering nucleation and growth of nuclei in the
reaction medium.*! The growth of the particles was controlled
using temperature by performing FP at 0 °C and —75 °C, and by
the inclusion of two different confining agents, PEG or PVP
polymers, in the anti-solvent. The particles were then isolated
and suspended in PBS before characterization by transmission
electron microscopy (TEM) and scanning transmission electron
microscopy (STEM) to quantify the size distribution of the
materials. High-angle annular dark-field (HAADF) images were
obtained, and elemental mapping was performed by energy
dispersive X-ray (EDS) spectroscopy of the particles to visualize
G, N, O, P, F, and Ru, as shown in Fig. S9-S12.

When FP was performed at 0 °C, platelet shaped micropar-
ticles formed, with dimensions of 1.60 £ 0.78 pm in length,
0.52 + 0.22 pm width, and 0.11 £ 0.05 pm height (Fig. 2A).
Decreasing the temperature to —75 °C resulted in a 2-fold
decrease in the length of the platelet (0.76 + 0.42 pm) with a
similar width (0.45 £+ 0.20 pm) but increased height (0.24 +
0.10 um). This result agrees with LaMer’s model describing the
general mechanism of nucleation and growth.*” Indeed, lower
temperatures enhance supersaturation due to reduced solubi-
lity, favoring nucleation overgrowth and leading to smaller
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Fig. 2 High-angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images of (A) compound 1 and (B) 2 particle
formulations. Different conditions were used, as indicated by the variation in temperature (0, —75 °C) and the inclusion of confining agents (PVP, PEG).
Time dependent release of (C) compound 1 particles in the dark and (D) 2.6 um particles of compound 2 under dark and light conditions during dialysis in
PBS. A MWCO membrane of 8—10 kDa was used, and the temperature was maintained at 37 °C. The soluble Ru(i) complexes were dissolved in methanol
atlmg mL~%, and the Rui) particles were suspended at 1 mg mL~tin PBS. Samples were kept in the dark or photo-activated (1 = 450 nm, t = 1 min, for a

light dose of 29.1 J cm™2).

particles formation. Simultaneously, decreased thermal energy
and increased medium viscosity limit particle mobility (Brow-
nian motion) and interaction, thereby slowing down coales-
cence and promoting the formation of uniformly smaller
particles. Given the freezing points of acetone and 1-butanol
(=95 °C and —89.6 °C, respectively) and the significant rise in
medium viscosity near these temperatures, the system was cooled
to the lowest experimentally feasible temperature. However, this
approach did not yield particle sizes below 100 nm. Polymers were
introduced as confining agents as a means to prevent the growth
of the nuclei by introducing steric hindrance, thus allowing for
size-controlled particle formation at the nanoscale. The polymers
were dissolved in butanol prior to the addition of the saturated
solution of the Ru(u) complex precursor, with a Ru(u) complex/
polymer weight ratio (Wru/Wpolymer) Of 5 Wt%. Polyethylene glycol
(PEG) and polyvinylpyrrolidone (PVP) were selected because
of their biocompatibility and degradability,"*** regular use in
nanoparticles synthesis,”™’ their previous use for controlled
precipitation,?* and the stability that they provide in aqueous
medium, which could increase the circulation time of drugs in the
bloodstream.*®*° In addition, PVP can adhere to different types of

724 | J Mater. Chem. B, 2026, 14, 719-734

surfaces through multiple weak interactions mediated by its
pyrrolidone groups, such as hydrogens bonds and van der Waals
contacts, resulting in the formation of amorphous films.*

The encapsulation of Ru particles within the polymeric
matrix hindered imaging by TEM. Switching to STEM in HAADF
mode enabled clearer visualization of regions with highest
electron density and thus disentangled the particles composed
of ruthenium, phosphorus, and fluorine atoms from the con-
fining polymers, composed of carbon and oxygen (Fig. S9-S12).
FP at room temperature in the presence of PEG drastically
decreased the particle size to 20 nm (Fig. 2A), and the nano-
materials possessed an elongated spherical shape with an
average length of 21.8 + 9.2 nm. The PVP particles had a clear
spherical shape, with average diameters of 37.3 £+ 11.2 nm and
21.6 =+ 9.8 nm for PVP of 10 kDa and 55 kDa, respectively.
Notably, the use of the highest molecular weight polymer, with
the longest polymeric chains, decreased the particles diameter
by inducing stronger steric hindrance to the nuclei. Polymer
addition provided further steric stabilization by forming a
physical barrier that inhibits particle interaction and aggrega-
tion, with the effect intensifying at higher molecular weights.

This journal is © The Royal Society of Chemistry 2026
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Polymers, particularly PVP, also increased medium viscosity,
reducing molecular diffusion and limiting particle growth and
coalescence as discussed previously. The smallest nano-
particles could be obtained either by increasing the molecular
weight of the confining agent (MW > 50 kDa) or by decreasing
the Ru/polymer weight ratio (Wry/Wpolymer < 5 Wt%).

The elemental composition of the particles was analyzed using
HAADF coupled with EDS, as shown in Fig. S9-S12. The results
indicated the presence of C, N, O along with P, F, and Ru,
elements characteristic of the [Ru(bpy);](PFs), compound. To
further confirm their chemical nature, FTIR was performed on
the complex used for FP, and compared to the particle/nanocom-
posite powders formed by FP and collected after centrifugation
(Fig. S2). The spectrum of the polycrystalline powder corre-
sponded well to the experimental and simulated spectra provided
by DFT calculations of the [Ru(bpy)s]*" complex reported in the
literature.”™>* Signals observed at 828 cm™ " and 552 cm™ ', which
are associated with the asymmetric and symmetric vibrations of
PF,, respectively, were among the most intense and character-
istic vibrational bands. The FTIR spectra of the microparticles
matches well with those of the [Ru(bpy)s](PFs), complex, confirm-
ing the controlled precipitation of [Ru(bpy);](PFs), particles.
Minor changes in the relative intensity and patterns of some
vibrational bands were observed. For example, one single peak
observed at 763 cm™ " in the microparticles spectrum appeared as
a doublet at 773 cm ' and 758 cm ' for the polycrystalline
powder, which can possibly be attributed to the crystallites
orientation (anisotropy) or pressure effect in Attenuated Total
Reflectance (ATR) mode. The nanocomposite spectra of 5 wt% of
Ru complex showed strong overlapping of the bands associated
with the polymer, with vibrations modes of C—0, C-C, CH,, C-N
in the mid-IR range. Nevertheless, in the 800-600 cm ' region
where the polymers weakly absorb, a few markers of the complex
can be observed, especially at 763 cm™" and 731 cm™ ", corres-
ponding to vibration modes of the pyridine aromatic rings, as well
as at 553 cm ™, reflecting the symmetric vibration of the PFg .

The charge of the particles was evaluated by measuring the
zeta potential (¢) by Phase Analysis Light Scattering (PALS) of
the particles in PBS medium (pH 7.4). The results indicated
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negatively charged particles at physiological pH, with an
increasing net negative charge corresponding to a decrease in
particle size, as shown in Table 1 (¢ = —12.2 &+ 7.7 mV for 1.6 pm
particles vs. —20.2 &+ 11.6 mV for the 20 nm PEG particles). The
increase of the net charge with reducing size can be associated
with a higher density of charge on the surface, resulting from
the highest surface/volume ratio for the smallest particles. As
the zeta potential measures the electric potential between the
surface and the electric double layer,”® the origin of these
negative charges could either be associated with the highest
presence of PFs counter-ions at the surface of the particles,
buffer-related interactions of the supramolecular framework
with the cationic Ru(u) complexes, or structural defects at the
surface.

Preparation of microparticles and nanoparticles of photolabile
[Ru(bpy),(dmbpy)](PFe), by FP

The FP technique was applied to compound 2 with the exact
same conditions of temperature and weight ratio of confining
agents (5 wt% Ru:polymer) as for compound 1. This resulted in
the formation of particles of similar shape (spheroids, platelets)
but with larger sizes (300-2800 nm range) compared to 1, as
illustrated in Fig. 2. The size of the different particles and their
properties are reported in Table 1. As with 1, the charge of the
particles measured by PALS was negative at physiological pH,
with the net charge increasing as the size of the particles
decreases. Particles prepared at 0 °C without any confining agent
gave plates of 2.76 £ 0.95 um length, 1.16 £+ 0.45 pm width and
0.38 £ 0.20 pm thickness (Fig. 2B). Decreasing the temperature to
—75 °C led also to the reduction by 2-fold of the platelet length
(1.60 + 45 pm) while the width and thickness remained nearly
identical (1.12 £+ 0.35 um and 0.46 + 0.20 pm, respectively).
The use of confining agents reduced the size of the particles,
but was not sufficient to reach the nanoscale level. Spheroid-
like particles exhibiting an intermediate morphology between a
perfect sphere and a platelet of 380 + 160 nm and 295 + 75 nm
diameters were formed with PVP55 and PEG, respectively. FTIR
spectra and HAADF-EDS confirmed the formation of particles of
the [Ru(bpy),(dmbpy)](PFs), compound (Fig. S2 and S13-516).

Table1 FP conditions applied to compounds 1 and 2, and the properties of the particles. Zeta potential measured in 1x PBS buffer (pH 7.4). ty»: half-life
for release; n.d.: not determined. The half-life for release was extracted for the different samples from fitting the experimental data using a one phase

exponential decay function. (*) Each soluble complex of 1 and 2 are the chloride forms. The particles of each complex are made from PFg salt. (—) is not
applicable

Zeta potential ~ Dark t;,,  Light ¢,
Sample FP Temp.  FP polymer  Shape Diameter (TEM) (mv) (hours) (hours)
Complex 1*  — — — — — 0.40 n.d.
1.6 ym 0°C — Platelet 1.60 £ 0.78 x 0.52 + 0.22 x 0.11 £+ 0.05 um3 —12.2 + 7.7 14.0 11.4
0.8 um -75°C — Platelet 0.76 + 0.42 x 0.45 4+ 0.20 x 0.24 £ 0.10 pm3 —16.7 + 15.6 n.d. 16.9
40 nm Ambient PVP Sphere 37.3 £11.2 nm —14.9 £ 8.2 21.9 10.3
20 nm Ambient PEG Sphere 21.8 + 9.2 nm —20.2 £ 11.6 17.4 17.5
Complex 2*  — — — — — 1.0 n.d.
2.6 pm 0°C — Platelet 2.76 + 0.95 x 1.16 £ 0.45 x 0.38 + 0.20 um3 —8.2 £ 6.0 15.3 5.0
1.8 um -75°C — Platelet 1.60 + 0.45 x 1.12 4+ 0.35 x 0.46 £ 0.20 pm3 —41.0 + 9.4 n.d. 8.0
380 nm Ambient PVP Sphere 380 + 160 nm —10.6 £ 12.6 9.4 7.3
300 nm Ambient PEG Sphere 295 £ 75 nm —21.2 £ 6.2 9.7 1.4

This journal is © The Royal Society of Chemistry 2026
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Applying the same FP conditions used for compound 1 resulted
in a more rapid growth rate for compound 2, likely due to
differences in solubility between the two compounds. The lower
solubility of compound 1 under these FP conditions increases
supersaturation, accelerating nucleation and producing a
greater population of smaller particles. The preparation of small
nanoparticles (<100 nm) of 2 required adjustments to the
solvent/antisolvent couple, reduction of the stirring time, the
use of polymers with highest molecular weight, or an increase of
the Ru:polymer weight ratio. Nevertheless, it was possible to
apply the FP technique to another Ru(ur) complex to obtain size-
controlled particles.

Supramolecular structure stability and dissolution of PDT
particles in PBS medium

The stability and dissolution rates of the Ru(u) particles
were investigated. Particle suspensions in PBS at 37 °C
(~1 mg mL™") were dialyzed using an 8-10 kDa Molecular
Weight Cut Off (MWCO) membrane to separate the dissolved
species from the particles. The quantity of Ru complex inside
the dialysis bag was evaluated over time by removing a small
volume of the particle suspension, dissolving the particles in
acetonitrile, and quantifying the absorbance at 453 nm. The
UV-Vis spectra collected in the dark or after light irradiation are
presented in Fig. S18 and S19, and the percentage of Ru(u)
released was determined as shown in Fig. 2C. As a control, the
solubilized complexes in methanol were subjected to the same
conditions. As expected, the solubilized complex rapidly dif-
fused through the dialysis bag (¢,, (complex) = 0.4 h) and
migrated completely into the dialysate after less than 6 h. A
slower release of Ru(u) complexes was observed for the parti-
cles; for 1.6 um particles in the dark, ¢;/, = 14.0 h, and an almost
complete release of the complex/dissolution of the particles was
observed after 72 h. Notably, this corresponds to the incubation
time used during the in vitro assays. The nanoparticles
embedded in polymers exhibited a slower dissolution rate than
the bare particles; for 40 nm PVP in the dark, ¢;,, = 21.9 h; for
20 nm PEG in the dark, ¢, = 17.4 h. This suggests that the
polymers form a protective coating around the nanoparticles,
prolonging their resistance to dissolution in the surrounding
medium. Light irradiation of the particles slightly enhanced the
dissolution rate of the particles. After light exposure, the 1.6 pm
systems exhibited ¢, = 11.4 h; for 40 nm PVP, t;,, = 10.3 h. The
exception was the particles coated with PEG, which exhibited
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very similar ¢, values both in dark and after light-exposure
(20 nm PEG, light t;,, = 17.5 h). PEG is a semi-crystalline
polymer and its presence on the surface or in the medium can
diffract the light and decrease the light-activation efficiency.’*
From these data, we considered the particles as a reservoir of
complexes organized in a crystalline supramolecular structure,
releasing the photo-active molecules over time in a progressive
manner. Furthermore, in contrast to small molecules, the release
rate of the particles could be tuned either by modifying the
polymeric coating and/or by changing the photo-irradiation
parameters such as time or power.

Light-induced dissolution of PACT particles

The stability of compound 2 particles was studied using the
same dialysis method as for 1, both in the dark or following
light exposure. The dissolution rate of the particles in the dark
was similar for particles of both 1 and 2, but it was anticipated
that the irradiation of particles of 2 would cause a rapid
collapse of the edifice resulting from the fragmentation of the
metal complex. Indeed, the red-orange suspensions turned
deep red with irradiation, indicative of the release of a dmbpy
ligand and the generation of [Ru(bpy),(H,0),]*" complexes. The
UV-vis spectra of the suspensions collected during dialysis are
shown in Fig. S20, and the percentage of Ru released over time
and the extracted half-release times for the different samples
are presented in Fig. 2D and Table 1. Light treatment drastically
increased the release and dissolution rate of the particles, with
ty, values close to the soluble molecule form (¢, < 8 h
depending on the samples). The dataset confirms the more
rapid collapse of the supramolecular structure with the depar-
ture of the photo-labile ligand as a result of photo-irradiation.

Anticancer activity of Ru(un) microparticles and nanoparticles

The in vitro anticancer activity of compound 1 microparticles
and nanoparticles was evaluated in HL60, HeLa, and A549
cancer cell lines. Table 2 reports the ECs, values after treating
the cells with the different formulations in the dark and upon
exposure to light. No toxicity was observed related to the
presence of the polymers (Fig. S27) within the concentration
window used in the composite dispersions (5 w% Ru complex:-
polymer). When the cells were incubated in the dark, no
cytotoxicity was observed in all cell lines and formulations.
After light activation, the Ru(u) compounds displayed anti-
cancer potential. Compound 1 possessed ECs, values of 1.1 uM,

Table 2 Cytotoxicity of soluble compound 1 and particles in HL60, Hela, and A549 cell lines with no irradiation (dark) or indigo light (450 nm). ECsq
values were determined after 72 hours of incubation with the various treatments, either in the dark or following 1 minute of irradiation using an indigo LED

(4 = 450 nm, 29.1 J cm™2). (n.d.) is not determined

ECs, in HL60 cells (uM)

ECs, in HeLa cells (uM)

ECs, in A549 cells (uM)

Samples Dark Light Dark Light Dark Light
Complex >100 1.09 £ 0.10 >100 10.69 + 1.4 n.d. 41.37 =+ 10.1
1.6 um >100 0.65 4+ 0.03 >100 5.64 + 1.3 >100 8.23 £ 0.4

0.8 um >100 0.45 + 0.07 >100 5.75 + 4.1 >100 17.21 £ 5.7
40 nm PVP10 >100 1.18 £ 0.02 >100 15.88 £ 0.7 >100 34.3 + 2.0

20 nm PVP55 >100 0.98 £ 0.20 >100 13.87 £ 1.6 n.d. n.d.

20 nm PEG >100 0.89 £+ 0.01 >100 13.49 £ 4.4 >100 26.5 + 1.9
726 | J Mater. Chem. B, 2026, 14, 719-734 This journal is © The Royal Society of Chemistry 2026
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10.7 uM and 41.37 uM in HL60, HeLa, and A459 cells, respec-
tively. Interestingly, the micro- and nanoparticle forms do not
inhibit the anticancer activity but on the contrary, exhibit
similar or lower ECs, values compared to the soluble complex
form. Enhanced potency occurred in the case of the uncoated
1.6 pm and 0.8 um microparticles in all cell lines. In particular,
> 2-fold reduction of the EC5, was observed for the 0.8 pm
microparticles (0.45 pM and 5.75 pM in HL60 and HeLa cells,
respectively). The nanoparticles confined in polymers pre-
sented values similar to the soluble small molecules. This could
be explained by an incomplete photo-activation due to the
presence of the polymer either associated at the surface of
the particles or in the medium, or by a less effective cellular
internalization of the encapsulated nanoparticles. No signifi-
cant differences between the PEG- and PVP-containing particles
were noted.

Many photosensitizers localize or accumulate in the mito-
chondria because of electrostatic and hydrophobic properties.
Upon light activation, PDT agents generate reactive oxygen
species (ROS), particularly singlet oxygen (*O,), which are
damaging to mitochondrial membranes, disrupt the electron
transport chain, and trigger cell death.”® The mitochondrial
stress test (Seahorse MitoStress Test) measures mitochondria
function by analyzing oxygen consumption rate (OCR) in live
cells. It sequentially introduces compounds, including oligo-
mycin, FCCP, and rotenone/antimycin A, to assess key para-
meters such as basal respiration, ATP production, maximal
respiration, and spare respiratory capacity. For PDT agents, this

Table 3 Cytotoxicity comparison of soluble compound 2 and particles
prepared from PFg and BF,4 precursors in HL60 cells with no irradiation
(dark) or indigo light (450 nm). ECsq values were determined after 72 hours
of incubation with the various treatments, either in the dark or following 1
minute of irradiation using an indigo LED (4 = 450 nm, 29.1 J cm™2).
Cytotoxicity dose responses were evaluated in triplicate and ECsq values
were calculated using a sigmoidal regression. (*) Complex 2 is the
solubilized chloride form. The particles of 2 were prepared from PFg or
BF 4 salt precursors

Compound 2 (PFy) Compound 2 (BF,)

Samples Dark (uM) Light (uM)  Dark (uM)  Light (uM)
Complex 2* >100 1.21 £ 0.02 >100 1.05 £ 0.04
3.6 pm >100 1.06 + 0.10 >100 1.10 £+ 0.01
2.8 pm >100 1.35 £ 0.02 >100 1.08 £ 0.06
380 nm PVP  62.13 £15.1 0.88£0.20 >100 0.97 £ 0.18
300 nm PEG  98.06 + 1.2 1.29 £ 0.04 >100 1.10 £+ 0.03
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test can determine how they affect mitochondrial health and
bioenergetics,”® revealing mechanisms of action related to
oxidative phosphorylation, mitochondrial stress, or oxidative
cellular dysfunction. The bioenergetics of A549 cells treated
with both the soluble complex and the particle formulations
was assessed using the Seahorse Mito Stress Test, under both
dark and photoactivated (indigo light) conditions (Fig. S35). In
the absence of light, neither the soluble complex nor the
particles at tested concentrations significantly altered cellular
respiration. Basal respiration, ATP production, and spare
respiratory capacity remained comparable to untreated con-
trols, indicating minimal mitochondrial toxicity in the dark.
However, upon exposure to indigo light, a loss of mitochondrial
function was observed across all treatment groups for com-
pound 1 and particles. At both 100 pM and concentrations
between the ECs, and ECg,, mitochondrial respiration was
nearly abolished, as shown by a significant decrease in oxygen
consumption rate (OCR). This suggests that both the free
complex and micro-/nanoparticle formulations are highly effec-
tive at disrupting mitochondrial activity when photoactivated.
The extent of inhibition suggests that the mitochondria are a
primary target of the photosensitized damage, likely due to the
generation of ROS. Moreover, the results suggest that nanofor-
mulation does not impede ROS generation.

In contrast, compound 2 and its corresponding particles
exhibited much smaller changes in OCR following light expo-
sure. Samples treated with both 100 uM and concentrations
between the ECs, and ECg, maintained basal respiration levels
and caused only a minimal decrease in maximal respiratory
capacity, indicating a substantially lower degree of mitochon-
drial disruption (Fig. S36). This is an expected result given that
compound 2 is a PACT agent;® it functions primarily through
DNA damage, not ROS production.”®

The anticancer activity of complex 2 and particles were only
evaluated in HL60 cells, as the compound showed no potency
in HeLa cells (Fig. S41). HL60 cells were treated with each
particle formulation for 1 hour prior to light activation and
then incubated for an additional 72 hours before evaluating the
cell viability (Tables 3 and 4). In the absence of light, the
soluble complex exhibited no cytotoxicity, whereas the nano-
particle formulations displayed some dark toxicity as particle
size decreased, particularly in the PEG- and PVP-based systems.
The counterion of a metal complex can influence its solubility,
stability, and interaction within the particle assembly, affecting
how the complex is loaded, released, and distributed in

Table 4 Cytotoxicity (ECso) values and zeta potentials of compound 2 particles post-functionalized with PLR, PLK, and PLO positively-charged
polymers. ECsq values were determined after 72 hours of incubation with the various treatments, either in the dark or following 1 minute of irradiation
using an indigo LED (4 = 450 nm, 29.1 J cm~2). Cytotoxicity dose responses were evaluated in triplicate and ECsq values were calculated using a sigmoidal

regression. All zeta potential values were measured in 1x PBS (pH 7.4)

None PLR PLK PLO
Samples ¢ (mv) Light EC5, (1M) ¢ (mv) Light EC5, (1M) ¢ (mv) Light EC5, (1M) ¢ (mv) Light ECso (UM)
3.6 pm -7.0 1.68 + 0.09 +11.4 1.11 + 0.09 +15.4 1.14 + 0.1 +15.1 1.24 + 0.02
0.5 pm —-4.0 1.48 + 0.04 +2.0 0.54 + 0.02 +4.0 0.52 + 0.03 +2.0 0.80 + 0.24
250 nm —-10.9 1.35 4+ 0.02 +20.7 1.27 + 0.08 +10.2 1.17 4+ 0.06 +4.4 1.43 + 0.08

This journal is © The Royal Society of Chemistry 2026
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biological systems. These factors can impact cellular uptake and
biological activity of the particle formulations and further demon-
strate the tunability of this approach using counter ion selection.>®
To investigate this effect, particles derived from the BF, form of
compound 2 - considered more soluble than the PFy analogue —
were also evaluate. Notably, polymer-supported nanoparticles pre-
pared from the BF, precursor exhibited no dark toxicity, in contrast
to the PF¢ particles (Table 3), consistent with more complete
dissolution. Upon light exposure, both the PFs and BF, particles
demonstrated phototoxicity with EC5, values closely matching that
of the soluble complex (Table 3). Notably, a slight enhancement in
potency was observed for the PVP particles, with an ECs, of 0.88 uM
and 0.97 pM, for PF, and BF, particles respectively. The similarity in
ECs5, values between the free complex and its particle-based for-
mulations supports the conclusion that the particles fully dissolve
upon irradiation, releasing the photo-labile ligand.

The cytotoxic effects of compound 2 and its nanoparticle
formulations were also evaluated to determine the influence of
surface charge and polymer composition on biological activity.
The negatively-charged Ru particles were post-functionalized
with polycationic polymers commonly used as transfecting
agents, particularly for the delivery of nucleic acids.”” By vary-
ing the type of polymer—specifically incorporating PLR, PLK, or
PLO into the suspension—the net surface charge of the particles at
physiological pH was modulated with zeta potentials ranging from
+2 mV to +20.7 mV depending on the particle size and polymer
used (Table 4). This allowed for examination of how surface
properties impact cellular interactions and toxicity. Under photo-
activation, all post-functionalized particle formulations exhibited
lower ECs, values than the unmodified negatively-charged parti-
cles, suggesting improved cellular uptake. However, no clear
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correlation could be observed between ECs, and zeta potential
values, mostly because of a notable increase in dark cytotoxicity
for most of the particles modified with the cationic polymers (Fig.
S30-32). This unintended toxicity in the absence of light points to
possible off-target interactions driven by the surface properties of
the particles, such as enhanced cellular uptake or membrane
disruption caused by the positive charges.>® Free polycations, ie.
not bound to the surface, may also interfere with accurate surface
charge measurements, necessitating alternative approaches.
Titrating the zeta potential of bare particles across varying pH
and buffer conditions would allow the determination of the
isoelectric point, enabling assessment of biological activity for
positively and negatively charged particles while minimizing cyto-
toxicity and measurement artifacts from unbound polycationic
species. The results highlight a trade-off between modulating
surface characteristics to optimize delivery and the need to main-
tain biocompatibility in the dark. From the dissolution and
cytotoxicity data, one fundamental question remained: whether
the dissociation of the particles and the release of dissolved species
occurred in the extracellular or intracellular environment.

Cellular association, accumulation, and localization of the
compound 1 particles

Accumulation rate of the particles in the cells. The cellular
association in HeLa cells exposed to 20 pM of compound 1 as a
soluble molecule or in the particulate form was quantified by
measuring the amount of Ru present in both the cell pellets
(associated Ru) and incubation medium (unassociated Ru). The
experimental conditions mimicked those used during the
cytotoxicity assays and the net Ru content found in the cells
after exposure are shown in Fig. 3. Ru was found in the

Cellular Uptake

I Dark
[T Light

Ru in Hela cells (ng)
N w S

Fig. 3 Biological activity of compound 1 and particles in live cells. (A) Representative cytotoxicity plots of HL60 cells treated with 1 and particles in the
dark and with indigo light exposure quantified after 72 hr incubation. (B) Quantification of Ru associated with Hela cells at 72 hr by ICP-MS. The colors
of the data plots for each condition for (A) match the colors for the conditions on the x-axis of the ICP-MS based association plot in (B). The one exception is the
purple squares, which indicate PVP55. (C) Confocal microscopy of compound 1 microparticles in HelLa cells. The surface plot was used to illustrate the differences
in signal intensity in different cell locations, with particles of 1 showing concentrated and more intense signal than the dissolved complex.
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nanogram and microgram range in both the cell pellets and
in the medium, respectively. Associated Ru was detected in
the dark with similar values for the different treatments
([RU](I(C])’ dark) = 0.054 + 0.0060/0; [Ru](l.Gp.m, dark) = 0.047 +
0.005%; [Ru]onm pEG, dark) = 0.057 £ 0.013%). However, the
PVP particles showed a lower amount compared to the other
treatments ((40 nm PVP10, dark) = 0.029 + 0.005%). Because
PVP is a film-forming polymer, its presence in the medium
could potentially prevent the cellular uptake of the nano-
particles by forming a polymeric film on the cells surface.

Notably, the amount of associated Ru with the cells signifi-
cantly increased after light activation ([Ru]y(cy, iighg = 0.104 £
0.009%; [RU](1.6,um, tight) = 0163 = 0.066%; [R](40 nm pvp10, light) =
0.141 £ 0.017%, [Ru]2o nm pEG, light) = 0.134 % 0.005%). The data
also showed enhanced cellular association for the nanoparticles
compared to the soluble complex, particularly when the particle
size is small, which yielded the highest Ru content and percent
association values. This improvement may be attributed to the
higher net charges carried by the particles, resulting from
electron transfer after photo-excitation within the MLCT band.
The increase in charge, especially in the case of small nano-
particles, could enhance the potential for uptake by endocy-
tosis or diffusion through the lipid bilayer membrane.’® As
demonstrated previously, the release of Ru complexes during
photo-activation could also favor the cellular uptake of the
compound.

To gain insight into the transport mechanism of the parti-
cles, inductively coupled plasma mass spectrometry (ICP-MS)
was used to measure the cell-associated Ru content in A549
cells over time under dark conditions (Fig. S33). The results
showed that the soluble complex reached its highest cellular Ru
level after just one hour of incubation, followed by a rapid
decrease, suggesting release from the cells or dissociation, with
the implication of potential limitations for tissue retention. In
contrast, the particles exhibited slower cellular association, but
maintained high levels of cellular Ru over an extended period of
time. Both the decline in Ru content from the soluble complex and
the accumulation from the particles followed linear trends (Fig.
S33). The curves intersected at 24 hours, which coincides with the
half-life for release observed in the dark during the dissolution
assays. ICP-MS verified the interaction between Ru particles and
the cells but did not distinguish whether the Ru materials were
adsorbed on the surface, internalized, or both. Accordingly, com-
plementary imaging techniques were employed to precisely loca-
lize the distribution of the particles in cells.

Localization of the particles in cells. Complex 1 is emissive
with photo-excitation in the MLCT band (Lex = 453 nm; ey =
606 nm). Fig. S21 presents the excitation and emission properties
of the [Ru(bpy)s]Cl, form, as the Cl™ salt is fully soluble in water.
The properties of 10 uM aqueous suspensions of the different
[Ru(bpy);](PFs), particles were also recorded and compared to the
fully solubilized [Ru(bpy);]CL, compound (Fig. S22). The emission
spectra of the particles show increased intensity when the size of
the particles increased, which could be related to aggregation
effects reported previously in the literature.®>®" Recently, Sheet
et al.®* reported the enhancement of emission when increasing the

This journal is © The Royal Society of Chemistry 2026
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CH;CN-water mixture ratio due to the spontaneous formation of
nanoaggregates in water.

Internalized Ru complexes were localized by treating HeLa
cells with compound 1 microparticles then imaging by confocal
microscopy (Fig. 3C). The imaging results showed compound 1
emission in both the cytosol and the nucleus. Unfortunately, a
comparison between the localization of the soluble complex,
the nanoparticles, and the microparticles could not be achieved
due to high background signal in the channel used to detect the
ruthenium emission. Using image analysis software, the two-
dimensional image of the microparticles was converted into
2.5D view, where the signal intensity corresponds to the height
in the z-plane. The surface plot shows high intensity foci within
the cytoplasm that are indicative of aggregates or intact parti-
cles. Diffuse lower intensity signal in the nucleus likely corre-
sponds to the released complex. Together, these results suggest
that the particles can be taken up by the cell and the complex
can be released in the cytoplasm or nucleus.

To investigate this more deeply, a higher resolution imaging
approach was utilized. As compound 1 is a known photosensi-
tizer for the creation of 'O,, it was investigated as a photo-
catalyst to cause the oxidative polymerization of DAB, which
can then be stained with 0s0,** (Fig. 4A) for high resolution
EM. Previously, genetically engineered fusion proteins with
mini-SOG have been used in this way,>” and the approach
provides the complementary and higher resolution imaging
than can be achieved with light microscopy.®” A549 cells were
exposed to complex 1, either as the soluble compound or as
particles, to serve as a photocatalyst. After cell fixation, DAB was
added, and irradiation of the photocatalyst triggered the pro-
duction of 'O, resulting in the polymerization reaction of the
DAB. The polymer was then stained with osmium, which
allowed for imaging by EM. This process reveals the sites within
the cell where the high concentrations of 'O, were produced,
and thus reports on the localization of dissolved 1 species (Fig.
S37). Both TEM and STEM were performed on 90 nm thick
cross sections and permitted the imaging of the cells with
nanoscale resolution, clearly revealing the nucleus and orga-
nelles such as mitochondria, liposomes, and Goli apparatus.
Polymeric DAB deposits were not observed in the untreated
control cells (Fig. 4B), confirming that the presence of Ru was
essential for the photocatalytic process.

Cells treated with compound 1 in its solubilized complex
form (Fig. S40C and D) exhibited a sparse distribution of micro-
and nanoaggregates inside the cells. As mentioned previously,
spontaneously formation of aggregates in the stock solution can
occur because of the poor solubility of the Ru complex.** In
addition to the presence of aggregates, diffuse bright spots,
attributed to DAB polymeric deposit reveals the localization of
the Ru complex in the cytosol. This confirmed the cellular uptake
of the compound, either as soluble molecules or microparticles
and nanoparticles. For cells treated with FP 1.6 pm particles,
intact particles were observed near the cell membrane. Multiple
particles were observed within the cell membranes and DAB
deposits were observed at the vicinity of the particles, illustrating
the dissolution process of the supramolecular structures within
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Fig. 4 STEM imaging of compound 1 induced oxidative DAB polymerization in cross sections of A549 cells. (A) Schematic of the sample preparation

process: excitation of compound 1 with 450 nm light produces 'O, that

polymerizes the DAB, which is stained with OsO, for visualization electron

microscopy. The insoluble deposits are formed at the site of the particle. (B) STEM of cells untreated and (C) treated with 20 uM of 1.6 um particles for

16 hours.

the cytosol and the subsequent release of the Ru complex. These
dissolved species were then transported and found in high
quantity inside the nucleus of the cells (Fig. 4C). Elemental
analysis confirmed the presence of Ru, P, F and Os, characteristic
of the Ru compound and staining of DAB with OsO,. Fig. S38
shows images of the cells treated with 40 nm PVP 1 particles. The
biodegradable PVP polymeric films can clearly be seen in differ-
ent part of the cells including the nucleus and on the cell
membrane. The observed polymeric films are composed of
40 nm particles that progressively release Ru over time. However,
a substantial number of particles remained embedded in the PVP
polymeric matrix, indicating a slower release and accumulation
rates compared to the bare 1.6 pm particles. In conclusion, the
different formulations of compound 1, as soluble molecule, bare
particles, and as nanocomposites, are all cell permeable. The
aggregates and composites dissolve within the cytoplasm and
accumulate inside the nucleus, where ROS can be produced upon
light irradiation. Moreover, DAB polymerization in the presence
of a ROS generator like compound 1 is an efficient way to identify
the location of molecules inside the cells using electron micro-
scopy. The particle uptake in cancer cells may be favored by their
distinct biological features compared to healthy cells such as an
enhanced permeability and retention (EPR) effect leading to a
greater accumulation of particles in tumor tissues.** This so-
called passive targeting could reduce the off-target toxicity of Ru
prodrug particles compared to the solubilized form. However,
further in vivo studies need to be conducted to validate this

730 | J Mater. Chem. B, 2026, 14, 719-734

hypothesis. Finally, one additional benefit of using these systems,
especially the pure microparticle forms, is that the materials fully
dissolve over time. As a result, they are not anticipated to cause
issues associated with long-term micro- and nano-particle accu-
mulation in tissues and organs.”>*?

Conclusion

We reported a method using the benefits of nanotechnologies
to deliver Ru-based compounds in cancer cells. In marked
contrast to the approaches mainly used in the literature, this
macro-, nano- formulation relies on the growth and transport of
Ru complex particles assembled as a supramolecular edifice
and forming a “reservoir” of molecules, instead of the grafting
of single molecules on an external nanocarrier. We showed that
the FP technique is particularly suitable and can be applied
successfully to cationic Ru(u) polypyridyl complexes to form
particles ranging from tens of nanometers to several micro-
meters. By varying experimental parameters such as the tem-
perature or the presence of a confining agent, we were able to
control the particle’s size and shape properties. Other para-
meters not exploited in this study, including but not limited to
different solvent/anti-solvent couple and volumes ratio, reac-
tion time, coating agents, could also help to lower the size and
modify the properties of the particles, including surface chem-
istry and charge.
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The biological activity of [Ru(bpy)s](PFs), (compound 1) and
[Ru(bpy),(dmbpy)](PFe), (compound 2) particles were evaluated
in HeLa, HL60 and A459 cell lines. Importantly, cytotoxicity data
in the dark and after light activation showed similar potencies as
the soluble small molecule forms, demonstrating that the parti-
culate forms do not inhibit activity or generate toxicity. Instead,
the formation of particles seemed to enhance the cellular asso-
ciation, as revealed by ICP-MS data. Fluorescence and electron
microscopy studies revealed that the particle assemblies are
easily internalized, and dissolve within the cancer cells to release
the complex in the cytosol and nucleus. We also determined that
the dissolution rate of the particles is an important feature to
evaluate for the stability and the kinetic release of the soluble
complex from particles in aqueous medium. The investigation of
both PDT and PACT Ru formulations showed that light irradia-
tion can be used for spatiotemporal control of the particle
dissolution and release of soluble complex in cells.

This work serves as proof of concept that could be applied to
more hydrophobic compounds to prevent premature dissolution
of the particles and improve their efficacy. Alternatively, surface
functionalization, such as the use of transfecting agents (polymers,
proteins, and receptor ligands), could provide a protective shell to
the particles, modify the charge, and enhance the target delivery.
While the current understanding in the field is that the controlled
release of Ru(u) complexes should confer important features to the
particles to increase the transport and retention time of Ru
complexes in vivo, ultimately, the intrinsic benefits of the particle
form over soluble molecules would need to be evaluated in vivo to
confirm the potential of this original approach. However, the
simple FP method we detail facilitates the production of hybrid
organic-inorganic particles, and the promising in vitro results
provide proof of efficacy. This report opens new possibilities for
pure nanoformulations as an approach towards more effective
anticancer metallodrugs for clinical applications.
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Abbreviations

PDT Photodynamic therapy
PACT Photoactivated chemotherapy
FP Fast precipitation

bpy 2,2/-Bipyridine

dmbpy 6,6’-Dimethyl-2,2’-bipyridine

'0, Singlet oxygen

TEM Transmission electron microscopy
STEM Scanning transmission electron microscopy
HAADF High-angle annular dark-field

EDS Energy dispersive X-ray

PEG Polyethylene glycol

PVP Polyvinylpyrrolidone

DMSO Dimethyl sulfoxide

FTIR Fourier transform infrared spectroscopy
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DFT Density functional theory
ATR Attenuated total reflectance
£ Zeta potential

PALS Phase analysis light scattering

PBS Phosphate buffered saline

TBS Tris buffered saline

wt% Weight percent

MWCO Molecular weight cut off

UV-Vis Ultraviolet-visible spectroscopy

ECso Half maximal effective concentration

OCR Oxygen consumption rate

FCCP Carbonyl cyanide 4-(trifluoromethoxy)phenyl-
hydrazone

ROS Reactive oxygen species

PLR Poly-L-arginine

PLK Poly-1-lysine

PLO Poly-r-ornithine

ICP-MS Inductively coupled plasma mass spectrometry

DAB 3,3’-diaminobenzidine
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