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ABSTRACT

Cancer is the leading cause of death in the developed world. In the last decades, photodynamic
therapy (PDT) has augmented the number of medical techniques to treat this disease in the
clinics. As the pharmacological active species to kill cancer cells are only generated upon light
irradiation, PDT is associated with an intrinsic first level of selectivity. However, since PDT
agents are also accumulating in the surrounding, healthy tissue and since it is practically very
challenging to only expose the tumor site to light, some side effects can be observed.
Consequently, there is a need for a selective drug delivery system, which would give a second
level of selectivity. In this work, a dual tumor targeting approach is presented based on
mesoporous silica nanoparticles, which act by the enhanced permeability and retention (EPR)
effect, and the conjugation to folic acid, which acts as a targeting moiety for folate receptors
overexpressed cancer cells. The conjugates were found to be non-toxic in non-cancerous human
normal lung fibroblast cells while showing a phototoxic effect upon irradiation at 480 or 540
nm in the low nanomolar range in folate overexpressing cancerous human ovarian carcinoma

cells, demonstrating their potential for cancer targeted treatment.



INTRODUCTION

Photodynamic therapy (PDT) has made its way inside the clinics to treat certain types of cancer.
During such a treatment, a photosensitizer (PS) is exposed to a light source to photo-
catalytically generate reactive oxygen species, which cause cellular damage.!> Next to
tetrapyrrolic compounds, which are currently applied in the clinics, metal complexes,>® and

especially Ru(Il) polypyridine complexes,’ >

are extensively studied to complement the
existing PDT PSs because of their ideal photophysical and biological properties. Due to the
necessity of light activation, PDT treatments have intrinsically a first level of selectivity.
However, since the PS accumulates also in healthy tissue and since it is practically impossible
to strictly expose only the tumor site to the light source, healthy tissue is damaged during
treatment. Consequently, there is a need for cancer selective drug delivery system, which can

prevent these side effects and therefore generate a second level of selectivity.?!"?

The first reported example of a successful drug delivery system was the controlled release of
dextroamphetamine (Dexedrine) in 1952.% Following this, increasing attention has been
devoted towards the development of drug delivery systems to improve the pharmacological
properties of a drug (candidate).2* Next to the delivery of the therapeutic to the target, the ability
and functions of these carriers evolved over time. Today, drug delivery systems are used to 1)
improve water solubility and prevent aggregation, 2) improve chemical stability, 3) enhance
the selectivity to its target tissue, organ, cell or cellular compartment and/or 4) reduce or prevent
side effects.?>26 A variety of different drug delivery systems have been designed. Typically,
these are divided between an active or passive targeting strategy. In an active targeting

approach, a specific biological interaction is utilized like signaling peptides,>’?®

29-30 32-33 34-35

oligonucleotides, oligosaccharides,®! vitamins, proteins, antibodies®® or receptor
targeting moieties.’’° On the contrary, in the passive targeting approach, the nature of the
tumor tissue is tackled through their poor lymphatic tissue and leaky, highly permeable
vasculature properties, also referred to as the enhanced permeability and retention (EPR)
effect,* although this concept is currently controversially discussed based to its limitations in

in vivo models.*! Examples involve the encapsulation into polymeric particles,***” liposomes**-

52-53 54-56

4 or functionalization of nanoparticles based on silver,*® gold,’! selenium,>?3 or silica.

Within this context, some attention has been focused on the application of mesoporous silica
nanoparticles (MSNs) due to their low price, synthetic accessibility as well as tumor targeting
properties. Recent studies have demonstrated the synthetic procedures to covalently attach folic

acid to the outer sphere of MSN functionalized organotin(IV) particles as well as showed an
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increased cellular uptake in folate receptor overexpressing cells, presenting its potential as a

cancer targeting chemotherapeutic drug delivery system.>’-5%

Capitalizing on this knowledge, in this article, Ru(Il) polypyridine complex functionalized
MSNs for cancer targeted PDT are described. The reported approach involves a dual tumor
targeting strategy based on 1) MSNs, which are able to accumulate in tumor tissue through the
EPR effect; 2) folic acid, which is majorly internalized through folate receptors and are
overexpressed in a variety of cancers. To enable a covalent attachment to the particles, the
previously reported and highly efficient [Ru(bphen)2(4,4 -dimethyl-2,2"-bipyridine)][PFs]2
(bphen = 4,7-diphenyl-1,10-phenanthroline)> PS was derivatized with a carboxylic acid (Rul)
or aldehyde group (Ru2) and conjugated to the MSN particles upon amide or imine bond
formation, respectively (See Scheme 1). The generated particles were characterized in-depth
and biologically evaluated for their potential as cancer targeted PDT agents. Promisingly, the
particles demonstrated a cytotoxic effect upon irradiation at 480 or 540 nm in folate
overexpressing cancerous human ovarian carcinoma cells in the low nanomolar range while
being non-toxic in human normal lung fibroblast cells, demonstrating their potential for cancer

targeted therapy.



RESULTS AND DISCUSSION
Synthesis

The ligands 4 -methyl-2,2"-bipyridinyl-4-aldehyde®® and 4’-methyl-2,2 -bipyridinyl-4-
carboxylic® were synthesized as previously reported by oxidation of 4,4’-dimethyl-2,2’-
bipyridine with selenium dioxide. The Ru(Il) complex was prepared by reduction of Ru(IIT)Cl3
with ethanol and asymmetric coordination of bphen, yielding the Ru(bphen).Cl2 complex.
Finally, the bipyridine derivative was coordinated to the Ru(Il) center (Scheme S1) upon
replacement of the chloride ligands. The Ru(Il) complexes [Ru(bphen)2(4’-methyl-2,2"-
bipyridinyl-4-carboxylic acid)][PFs¢]> (Rul) and [Ru(bphen)z(4’-methyl-2,2"-bipyridinyl-4-
aldehyde)][PFs]2 (Ru2) were analyzed by 'H, 3C-NMR spectroscopy, HR-MS spectrometry
and their purity confirmed by elemental analysis (Figure S1-S6). We note that the two resulting

enantiomers were not separated and that the racemic mixture was used in this study.

Mesoporous silica nanoparticles (G-MSN) were synthesized (Scheme 1) by a modified sol-gel
method from tetraethyl orthosilicate as a silica precursor in the presence of
hexadecyltrimethylammonium bromide as an agent for micelles formation at 80 °C. The
particles were functionalized with the polyamino linker N'-(3-
trimethoxysilylpropyl)diethylenetriamine (DETATMS) on the surface and inside the pores
upon elimination of methanol by protonolysis of the methoxo groups of the linker to yield the
material G-MSN-DETATMS. The targeting moiety folic acid (FA) was covalently attached
by amide bond formation through N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide coupling,
yielding G-MSN-DETATMS-FA. The Ru(Il) polypyridine complexes (Rul or Ru2) were
covalently linked to the MSN particles upon amide bond formation (G-Ru-1 with folic acid,
G-Ru-3 without folic acid) or imine bond formation (G-Ru-2 with folic acid, G-Ru-4 without
folic acid).



G-Ru-3 G-Ru-1

G-MSN

~ — 2 G-MSN-DETATMS G-MSN-DETATMS-FA

G-Ru-4 G-Ru-2
Scheme 1. Synthesis of Ru(Il) polypyridine complex and folic acid functionalized mesoporous

silica nanoparticles.



Characterization

Following their preparation, the functionalized MSN particles were characterized in-depth.
Using low angle powder X-ray diffraction, the conjugation to the outer sphere of the MSNs was
characterized (Figure 1, Table S1). The diffractogram showed characteristic peaks for
hexagonally distributed mesoporous silica particles. It is important to note that the intensity of
the peaks decreased after successive incorporation of the fragments. For the starting material
G-MSN, the diffractogram showed peaks associated with the Miller indices (100), (110) and
(200) at 26 of 2.45°, 4.20° and 4.8°, respectively. However, after the functionalization with the
DETATMS linker, the intensity of the peak for the (100) Miller plane considerably decreased
(by more than six times compared to the G-MSN peak). Furthermore, the diffraction at the
other two Miller planes (110) and (200) disappeared due to blocking of the dispersion centers
after the incorporation of the polyamino linker. After the functionalization with folic acid and
subsequently with the corresponding Ru complex, the intensities of the main peak (100)
decreased even further, although in a lesser extent than in the case of the incorporation of

DETATMS.
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Figure 1. Powder X-ray diffraction spectra of the G-Ru-1 (left) and the G-Ru-3 (right) series.

The generated materials were further analyzed by Fourier-transformed infrared spectroscopy
(FT-IR). While the spectrum for G-MSN (Figure S7) as well as the functionalized versions G-
MSN-DETATMS (Figure S8) and G-MSN-DETATMS-FA (Figure S9) showed the typical
bands associated with the silica support, the spectra of the Ru(Il) polypyridine complex
conjugated nanomaterials (Figure S10-S11) significantly changed. The FT-IR spectra showed
strong stretching vibration frequencies of the C-H and N-H bonds between 2750 to 3000 cm™.

In addition, bands of low to medium intensity in the area between 1600 to 1700 cm™ were
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detected associated with C=0O/C=N bonds for G-Ru-1/G-Ru-2, respectively, corresponding to
the amide/imide bond, which is formed upon conjugation of the Ru(Il) polypyridine complex
to the MSN particles.

The incorporation of all compounds was also studied by diffuse reflectance UV/Vis
spectroscopy (Figure 2). The silica supported G-MSN-DETATMS particles showed a strong
peak at 205 nm with an absorption tail towards longer wavelengths based on the presence of
the DETATMS linker. Upon conjugation with FA (G-DETATMS-FA, G-Ru-1 and G-Ru-2),
two bands at 295 and 365 nm appeared corresponding to the absorption of the aromatic systems
found in FA. The functionalization of the MSNs with the Ru(Il) polypyridine complexes (G-
Ru-1 - G-Ru-4) showed the typical absorption bands found in this metal complex (absorption
spectrum of Rul and Ru2: Figure S12); a ligand centered absorption with a maximum at 280
nm and a metal-to-ligand charge transfer transition with an absorption maximum in the blue
region (Rul: 462 nm, Ru2: 460 nm). Of special interest, the absorption spectrum of G-Ru-4
shows a very high intensity of the Ru complex-based transitions, indicating a presumably higher

functionalization rate compared to the other studied materials.
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Figure 2. Diffuse reflectance UV/Vis solid absorption spectra, from left to right and from top

to bottom: G-Ru-1 series, G-Ru-2 series; G-Ru-3 series and G-Ru-4 series.

The morphology and particle size of the MSNs was studied using transmission electron
microscopy (TEM) and scanning electronic microscopy (SEM). Representative for the
functionalization, Figure 3 shows of the TEM image of the starting material G-MSN with the
Ru(Il) polypyridine functionalized MSN particles G-Ru-3 in direct comparison. The quasi-
spherical morphology of the particles with a hexagonal outline is illustrated. In both cases, the
particle size is close to 200 nm (193429 nm for G-MSN and 199+24 nm for G-Ru-3) indicating
that, after the successive functionalization steps, the morphology and particle size of the
nanoparticles has not been significantly affected. It should be noted that recent reports indicate
that this particle size is optimal for drug delivery by maximizing the drug load while enabling
cell membrane penetration.> TEM images (Figure 3 (left) and Figure S13) also visualize the
porosity of the mesoporous particles where the hexagonal distribution of the pores which
corresponds to an MCM-41-like structure is observed. In addition, the porosity of the
unmodified MSNs has also been confirmed by nitrogen adsorption-desorption isotherms
(Figure S14 in the SI), observing a BET surface area of 1045 m%/g, a pore diameter of 2.7 nm

and a pore volume of 0.7 cm®/g.

Within the SEM images (Figure 4, Figure S15) as representatively demonstrated for G-Ru-4,

the homogeneity of the particles as well as overall spherical morphology is shown.



EIGRARPEL

Figure 3. Transmission electron microscopy (TEM) images and histograms with the particle

size distribution (inserts) of G-MSN (left) and G-Ru-3 (right).

mag det HFW WD | mode

Figure 4. Scanning electronic microscopy (SEM) images of G-Ru-4.

Using a thermogravimmetry analysis of the MSN particles, the amount of functionalization
with the DETATMS linker as well as conjugation of folic acid was determined. Upon
measurement of the mass loss in dependence of the applied temperature range from 125-400 °C
(Figure S16), the incorporation of the organic compounds can be determined. The analysis
indicated that the MSN particles are functionalized with 0.47 mmol of DETATMS and 0.10

mmol of FA per g of material (Table 1). For further characterization, the amount of covalently
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attached Ru(Il) polypyridine complexes was quantified using inductively coupled plasma
atomic emission spectroscopy. The particles were found to have a loading rate of 0.0027 —
0.0111 % of ruthenium (Table S2), corresponding to 0.339 — 1.337 mg of the Ru complex per
g material (Table 1). Interestingly, the prepared particle formulation G-Ru-4 was found to have
higher loading than the other materials G-Ru-1 - G-Ru-3. In general, the absence of folic acid
(materials G-Ru-2 and G-Ru-4) , which partially occupies the amino groups of the DETATMS
linker, precludes the subsequent functionalization with the Ru(Il) polypyridine complex,
showing lower Ru-functionalization quantity in materials G-Ru-1 and G-Ru-3, compared with
G-Ru-2 and G-Ru-4, respectively). In addition, the imine formation proceeds with a higher

reaction yield with respect to the amide reaction under the studied conditions.

Following this, the potential release of a Ru(Il) polypyridine complex from the MSN particles
was studied upon incubation in phosphate-buffered saline (PBS, pH=7.4) for 72 h at 37 °C and
the ruthenium content in solution was determined by inductively coupled plasma atomic
emission spectroscopy. These findings suggest that neither the amide (G-Ru-1, G-Ru-3) nor
the imine (G-Ru-2, G-Ru-4) conjugated Ru(Il) polypyridine complex conjugated MSN
particles show a significant release of the metal complex (<0.02 ppm corresponding to <0.002%
of the loaded Ru, Table S3) therefore suggesting their stability in a biological environment.
These findings are in agreement with previously studied metallodrug-functionalized silica-

based systems, which were also found to be stable under biological conditions.?® 3

Table 1. Amount of functionalization with DETATMS and FA determined by
thermogravimetry and with a Ru(Il) polypyridine complex determined by inductively coupled

plasma atomic emission spectroscopy for G-Ru-1 - G-Ru-4.

) mmol DETATMS / mmol FA / mg Ru complex /
Material ) . .
g material ¢ material ¢ material
G-Ru-1 0.339
0.10
G-Ru-2 0.903
0.47
G-Ru-3 - 1.093
G-Ru-+4 - 1.377

Photophysical evaluation
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The photophysical properties of the Ru(Il) polypyridine complexes and their functionalized
MSN particles were investigated (Table S4) to determine their potential as PSs for PDT. As
previously shown, the absorption spectra of Rul and Ru2 (Figure S12) has a maximum of the
metal-to-ligand charge transfer transition in the blue region (Rul: 462 nm, Ru2: 460 nm),
which could potentially be utilized to cause the desired phototoxic effect. Furthermore, the
complexes are characterized with a long absorption tail towards the red region of the spectrum.
The absorption spectrum of the recently reported [Ru(bphen)2(4,4’-dimethyl-2,2’-
bipyridine)][PFs]2 complex® showed the same distinctive peaks with only small differences.
These observations indicate that the terminal group on the bipyridine moiety has only a minor
effect on the absorption properties of the complex. It is important to mention that the applied
wavelength directly influences the tissue light penetration depth and consequently the ability to
treat deep seated or large tumors. Following this, the luminescence properties of the Ru(Il)
polypyridine complexes were investigated and compared with their MSN conjugates. Upon
excitation at 450 nm in acetonitrile, all compounds showed a similar emission spectrum (Figure
S17) with a maximum at 629 nm. This results in a large Stokes shift, suggesting minimal
interference between excitation and emission. The luminescence quantum yields (@em) of Rul
—Ru2 (2.1 — 2.3%) were found to be significantly higher than the MSN conjugates G-Ru-1 —
G-Ru-4 (1.0 — 1.2%). This effect was previously observed for other Ru(Il) polypyridine
complex functionalized MSNs.>* All investigated complexes and conjugates were found to have
excited state lifetime values (Figure S18-S23) in the nanosecond scale in an air saturated (111
— 161 ns) and degassed solution (880 — 990 ns). It should be noted that the observed
photophysical properties of the Ru(Il) polypyridine complexes and corresponding conjugates
are in the same range as the previously reported compounds.®® Importantly, the observed
lifetimes strongly decreased in the presence of air, suggesting that molecular oxygen (*02) can
interact with the excited state of the Ru(Il) polypyridine complex to generate singlet oxygen

('02).

For quantification of the 'Oz production, two complementary techniques were used: 1) direct
by measurement of the phosphorescence of 'Oz at about 1270 nm; 2) indirect by following the
absorption properties of imidazole in an organic solvent and histidine in an aqueous solution as
a '02 scavenger and dimethyl-4-nitrosoaniline aniline as a reporter molecule (Figure S24, Table
S5). All compounds were found to efficiently generate 'O2 in acetonitrile with quantum yields
between 25 — 56 % and in an aqueous solution with quantum yields between 2 — 5 % upon

excitation at 450 nm or 540 nm. As expected, due to the stronger photophysical properties of
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the Rul and Ru2 complexes compared to G-Ru-1 — G-Ru-4, these were found to have a higher
02 production than the corresponding MSN conjugates. Nevertheless, all conjugates were
characterized to have strong photophysical properties, including their ability to generate 'Oz,

which is a crucial requirement for PDT agents.

Biological evaluation

Following the in-depth characterization and photophysical evaluation of the MSN particles,
their biological properties was investigated and compared to cisplatin and the PS
Protoporphyrin IX upon irradiation at 480 nm or 540 nm. The potential targeting of folate
receptor overexpressing cancer cells was evaluated by comparison of the cytotoxicity between
non-cancerous human normal lung fibroblast (MRCS5), which have folate receptors in the
normal range, with cancerous human ovarian carcinoma (A2780) cells, which are well-known
to have an overexpressed number of folate receptors.®* It is important to note that the cell media
also contains folate as an essential component, which could potentially compete with the folate
functionalized nanoparticles. The light exposure time towards the cells at the different
wavelengths was optimized based on the cell survival with a minimum of 95% of cell survival
upon treatment purely with the light. No cytotoxic effect was observed upon irradiation at 480
nm for 6 min (8.7 J/cm?) or at 540 nm for 40 min (9.5 J/cm?). Before testing the biological
properties of the nanoparticles formulations, the preferred incubation time (2 h, 4 h, 8 h, 12 h,
16 h, 24 h) of the particles in A2780 cells was investigated upon determination of the
photocytotoxcity of G-Ru-2 and irradiation at 480 nm (Table S6). It is important to note that
after the incubation of the particles, the cells were washed and the media replaced, removing
no internalized particles. While after a 2 h pre-incubation, no cytotoxic effect was observed, an
increased amount of cell death occured with longer pre-incubation times. Comparison shows
that the augmentation of the incubation longer than 12 h did not further reduce the measured
half maximum inhibitory concentrations (ICso). Capitalizing on this, all further biological
evaluations were performed with a 12 h pre-incubation period. Previous studies have shown

that nanoparticles typically require this amount of time to reach their maximum uptake.*> ¢°

The non-formulated Ru(II) polypyridine complexes Rul and Ru2 demonstrated a cytotoxic
effect in the dark in the micromolar range (ICso,dark=23.7-38.1 uM) within the tested cell lines
(Table 2, Figure S25-S26). Other previously published 4,7-diphenyl-1,10-phenanthroline
coordinated Ru(Il) complexes were also reported with a cytotoxic effect in the dark.?* > Upon
irradiation at 480 or 540 nm, the cytotoxicity was reduced to the very low micromolar range
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(ICs0.480nm=1.5-2.7 uM, ICs0,540nm=2.9-5.6 uM) without a preference for cancerous or non-
cancerous cells. This corresponds to phototoxic indices between 4.2-18.9, which is in the same
order of magnitude than for the well-known PS Protoporphyrin IX, which presents phototoxic
indices between >10.3->22.2. In comparison, no cytotoxic effect in the dark for MSN, the
functionalized particles MSN-DETATMS/MSN-DETATMS-FA as well as the covalently
linked Ru(II) polypyridine complex particles G-Ru-1 — G-Ru-4 was observed (ICso.dark>500
pug/mL; >133-549 nM), which presents a crucial property for a PDT agent. Upon irradiation at
480 or 540 nm, the nanoparticle formulations without folic acid G-Ru-3 — G-Ru-4 caused a
phototoxic effect in the low nanomolar range (ICso.4s0nm= 44-72pg/mL; 48-62 nM, ICs0,540nm=
49-83 pg/mL; 54-71 nM) without differentiating between cancerous and non-cancerous cells.
On the contrary, the folic acid functionalized particles G-Ru-1 — G-Ru-2 demonstrated a
different cytotoxic profile. The MSN particles caused no cell death upon irradiation at 480 or
540 nm in non-cancerous MRC-5 cells (ICs0480nm= 1C50,540nm>500 pg/mL; >133-360 nM) while
showing cell death in the low nanomolar range (ICso4sonm= 43-159pg/mL; 31-42 nM,
ICs0,540nm= 61-187pug/mL; 44-50 nM) in cancerous A2780 cells, which are characterized with
an overexpressed number of the folate receptors, demonstrating their potential for cancer

targeted treatment.

Table 2. Half maximum inhibitory concentrations (ICso) of the nanoparticle formulation in
pg/mL (nM of the corresponding compound) in the dark and upon light expsosure at 480 nm (6
min, 8.7 J/cm?) and 540 nm (40 min, 9.5 J/cm?) for MSN, MSN-DETATMS, MSN-
DETATMS-FA, Rul, Ru2, G-Ru-1 — G-Ru-4 in comparison to the PS Protoporphyrin IX
(PpIX) and the anticancer drug cisplatin in non-cancerous human normal lung fibroblast (MRC-
5) and cancerous human ovarian carcinoma (A2780) cells. Average of three independent

measurements. 1) contains 2% dimethyl sulfoxide, n.d. = not determinable.

MRC-5 A2780
dark 480 nm PI 540 nm PI dark 480 nm PI 540 nm PI
MSN! >500 pg/mL - - - - >500 pg/mL
MSN-DETATMS ! >500 pg/mL - - - - >500 pg/mL
MSN-DETATMS-
FAD >500 pg/mL - - - - >500 pg/mL
>500 pg/mL >500 pg/mL >500 pg/mL >500 pg/mL 159421 pg/mL 187432 pg/mL
G-Ru-1" He he n.d. he n.d. He He 3.1 He 2.7
(>133nM) (>133 nM) (>133nM) (>133nM) (4246 nM) (509 nM)
>500 pg/mL >500 pg/mL >500 pg/mL >500 pg/mL 43+7 pg/mL 6111 pg/mL
G-Ru-2" He He n.d. He n.d. He He 11.6 He 8.2
(>360 nM) (>360 nM) (>360 nM) (>360 nM) (31£5 nM) (448 nM)
>500 pg/mL 66+12 pg/mL 74+8 pg/mL >500 pg/mL 72+9 pg/mL 83+11 pg/mL
G-Ru3) ug ng/ 76 I 68 ug I 69 ng/ 60
(>430 nM) (5710 nM) (64+7 nM) (>430 nM) (6248 nM) (71 9nM)
>500 pug/mL 44+7 ug/mL 4948 pug/mL >500 pug/mL 51=11 pg/mL 64+12 pg/mL
G-Ru-4" He 1e 114 ue 10.2 He b/ 9.8 b/ 7.8
(>549 nM) (48+8 nM) (5449 nM) (>549 nM) (5612 nM) (70£13 nM)

Rul!

28300+3400 nM

1500£290 nM

18.9

3700+880 nM

7.6

36900+4800 nM

2200+800 nM

2900£600 nM

12.7

Ru2"

23700+2700 nM

2400+360 nM

9.9

5600+1000 nM

4.2

38100+4100 nM

2700+900 nM

14.1

3300+800 nM

11.5

PpIX)

>100000 nM

4500+800 nM

>22.2

7300+1100 nM

>13.7

>100000 nM

5300+1800 nM

>18.9

9700+2100 nM

>10.3
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Cisplatin 12400+2700 nM - - - - 3800+900 nM
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CONCLUSION

In summary, highly efficient Ru(Il) polypyridine complexes as photosensitizers for
photodynamic therapy were covalently attached to mesoporous silica nanoparticles with and
without folic acid by amide and imine bond formation in view of targeted photodynamic
therapy. The generated conjugates were characterized using low angle powder X-ray
diffraction, infrared spectroscopy, diffuse reflectance UV/VIS spectroscopy, transmission
electron microscopy and scanning electronic microscopy. The Ru(Il) polypyridine complex
functionalized particles were found to be strongly luminescent and to produce high amounts of
singlet oxygen upon light irradiation. All particles were found be non-toxic in the dark in the
tested cell lines, which is crucial property for a PDT agent. The particles without attached folic
acid caused a phototoxic effect upon irradiation at 480 or 540 nm in the low nanomolar range
without differentiating between cancerous and non-cancerous cells. On the contrary, the
nanoformulation with folic acid did not trigger significant cell death upon irradiation in non-
cancerous human normal lung fibroblast cells, while causing cell death in the low nanomolar
range in cancerous human ovarian carcinoma cells. The comparison between the conjugation
strategies by amide or imine bond formation generally showed that the imine conjugated

nanoparticles have a higher ruthenium loading, resulting in a higher therapeutic efficiency.
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EXPERIMENTAL SECTION
Materials

The Ru(II) complex dichlorobis(4,7-diphenyl-1,10-phenanthroline)ruthenium(Il)
Ru(bphen)>Cl> was synthesized as previously published using the respective ligand.*® The
ligands 4’-Methyl-2,2"-bipyridinyl-4-aldehyde®® and 4 ’-Methyl-2,2"-bipyridinyl-4-carboxylic
acid®! were prepared as previously reported. The reagents used in the preparation of the starting
material (G-MSN), hexadecyltrimethylammonium bromide and tetraethyl orthosilicate were
purchased from Acros Organics and Sigma Aldrich respectively. The linker trimethoxysilyl-
propyldiethylenetriamine (DETATMS) was purchased from Fluorochem. The reagents
necessary for coupling, 2-(N-morpholino)ethanesulfonic acid, N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide, N-hydroxysuccinamide, 2-mercaptoethanol and folic acid (FA) were
purchased from Sigma Aldrich. Roswell Park Memorial Institute 1640 Medium (RPMI 1640),
Dulbecco’s Modified Eagles Medium (DMEM), Gibco Penicillin-Streptomycin-Glutamine
(Penstrep), fetal bovine serum, Dulbecco’s Phosphate-Buffered Saline were purchased from

Fisher Scientific. Resazurin was purchased from ACROS Organics.

Instrumentation and methods

"H and *C NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer. Chemical
shifts (3) are reported in parts per million (ppm) referenced to tetramethylsilane (& 0.00) ppm
using the residual proton solvent peaks as internal standards. Coupling constants (J) are reported
in Hertz (Hz) and the multiplicity is abbreviated as follows: s (singlet), d (doublet) and m
(multiplet). ESI-MS experiments were measured with a LTQ-Orbitrap XL (Thermo Scientific)
apparatus in positive ionization mode. The spray voltage was set at 3.6 kV without used sheath
or auxiliary gas. The ion transfer capillary was set at 40 V and held at 275°C. The tube lens was
setat 100 V. 10 pL of the sample were injected into a Thermo Finnigan Surveyor HPLC system
with a continuous flow of methanol at 100 pL'min"!. Using an Orbitrap in profile mode with a
m/z range between 150-2000, the ionized molecules were detected. The spectrum was analyzed
with XCalibur 2.1. Using a Thermo Flash 2000 elemental analyzer, elemental analyses were
performed. A Philips Diffractometer (PW3040/00 X'Pert MPD/MRD) using the Cu Ka
(A=1.5418 A) wavelength at 45 kV and 40 mA was used to measure the X-ray diffraction
pattern. The samples for FT-IR measurements were prepared as standard KBr pellets and

analyzed with a spectrophotometer Termo Nicolet Avatar 380 FT-IR with a Michelson filter
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interferometer. Using a Varian Cary-500 spectrophotometer equipped with an integrating
sphere and polytetrafluoroethylene as reference, the diffuse reflectance UV/Vis spectra were
recorded. Thermogravimmetry (TG) analyses were obtained with a Shimadzu mod. DSC-50Q
operating between 30 and 800 °C (ramp 20 °C/min) at an intensity of 50 A in nitrogen. N2 gas
adsorption—desorption isotherms (BET) were performed using a Micromeritics ASAP 2020
porosimeter and with a degasification step of 12 hours at 90 °C under high vacuum (1-107 bar).
Transmission electron microscopy (TEM) was carried out on a JEOL JEM 1010, operating at
100 kV morphological analyses were carried out with the software ImageJ®. Scanning electron
micrographs (SEM) were carried out on a XLL30 ESEM Philips with an energy-dispersive
spectrometry system (EDS).

Synthesis
[Ru(bphen):(4’-methyl-2,2"-bipyridinyl-4-carboxylic acid)][PF¢]. (Rul)

Ru(bphen)2Cl2 (200 mg, 1.0 equivalents) and 4’-Methyl-2,2"-bipyridinyl-4-carboxylic acid
(57 mg, 1.2 equivalents) were dissolved in a 1:1 mixture of water/ethanol (10 mL) and were
refluxed overnight under nitrogen atmosphere. The solvent was evaporated and the residue
redissolved in 10 mL of water. A saturated, aqueous ammonium hexafluorophosphate solution
was added and the resulting precipitate was collected by vacuum filtration. The solid was
washed with water (50 mL) and diethyl ether (50 mL). The product was dried in high vacuum.
Yield: 83%. 'H NMR (400 MHz, CD3CN) & = 9.09 (s, 1H), 8.67 (s, 1H), 8.35 (1H,d, ] =5.5
Hz), 8.32 (1H, d, J =5.5 Hz), 8.23 (2H, d, J = 1.5 Hz), 8.22 (2H, d, J = 2.0 Hz), 8.16 (2H, d, J
=5.5Hz),8.03 (1H, d, ] = 5.8 Hz), 7.82-7.74 (m, 4H), 7.67-7.62 (m, 22H), 7.28 (1H, d, J=5.5
Hz), 2.58 (s, 3H). 1*C NMR (100 MHz, CD3CN) § =166.5, 159.2, 157.3, 153.8, 153.1, 153.0,
152.2,151.7,150.1, 150.1, 150.0, 150.0, 149.4, 149.3, 149.3, 149.1, 142.9, 136.7, 136.7, 136.6,
130.8, 130.7, 130.6, 130.6, 130.1, 130.1, 129.9, 129.9, 129.9, 129.5, 127.2, 127.2, 127.1, 127.0,
126.5, 124.1, 21.1. ESI-HRMS (pos. detection mode): calcd for CsoH42N6O2Ru m/z [M]**
490.1215; found: 490.1201. Elemental analysis calcd for CeoH42F12N6O2P2Ru (%): C 56.74, H
3.33, N 6.62; found: C 56.80, H 3.24, N 6.39.

[Ru(bphen)z(4’-methyl-2,2"-bipyridinyl-4-aldehyde)][PFs]. (Ru2)

Ru(bphen)2Cl2 (200 mg, 1.0 equivalents) and 4'-Methyl-2,2"-bipyridinyl-4-aldehyde (57 mg,

1.2 equivalents) were dissolved in a 1:1 mixture of water/ethanol (10 mL) and were refluxed
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overnight under nitrogen atmosphere. The solvent was evaporated and the residue redissolved
in 10 mL of water. A saturated, aqueous ammonium hexafluorophosphate solution was added
and the resulting precipitate was collected by vacuum filtration. The solid was washed with
water (50 mL) and diethyl ether (50 mL). The product was dried in high vacuum. Yield: 79%.
"H NMR (400 MHz, CD3CN) & = 10.18 (s, 1H), 8.93 (s, 1H), 8.64 (s, 1H), 8.29 (1H,d, J = 5.5
Hz), 8.27 (1H, d, J = 5.5 Hz), 8.20 (4H, d, ] = 2.2 Hz), 8.15 (1H, d, ] = 5.8 Hz), 8.11 (1H, d, J
=3.2 Hz), 8.10 (1H, d, J = 3.2 Hz), 7.78-7.69 (m, 4H), 7.67-7.57 (m, 22H), 7.29-7.27 (m, 1H),
2.60 (s, 3H). 3C NMR (100 MHz, CD3CN) § = 191.5, 160.3, 157.0, 154.9, 153.2, 153.1, 152.9,
152.3,151.8,150.4, 150.3, 150.2, 149.4, 149.3, 149.2, 148.9, 142.8, 136.6, 136.6, 130.8, 130.7,
130.7, 130.6, 130.1, 130.1, 130.0, 129.9, 129.8, 127.2, 127.0, 126.7, 126.2, 122.9, 21.2. ESI-
HRMS (pos. detection mode): caled for CeoHa2NsO1Ru m/z [M]** 482.1236; found: 482.1226.
Elemental analysis calcd for CeoH42F12N6O1P2Ru (%): C 57.47, H 3.38, N 6.70; found: C 57.56,
H 3.22, N 6.64.

Synthesis of mesoporous silica nanoparticles (G-MSN)

The synthesis of the mesoporous silica nanoparticles was carried out using a modified method
based on the experimental procedure reported by Zhao et al.’’ For this, the surfactant
hexadecyltrimethylammonium bromide (1 g, 2.74 mmol) was dissolved in 480 mL of Milli-Q
water under rigorous stirring at room temperature. Subsequently, 3.5 mL of a 2 M aqueous
sodium hydroxide solution (7 mmol) was added dropwise and the solution was heated to 80 °C
under stirring. Subsequently, tetraethyl orthosilicate (5 mL, 22.4 mmol) was added dropwise
and the suspension stirred for two hours at 80 °C. After this time, the mixture was cooled to
room temperature, filtered and washed with water and methanol. The obtained solid was

calcinated at 550 °C (heating ramp of 1 °C/min) for 24 hours.

Functionalization with amino groups

The functionalization of the MSNs with the polyamino linker DETATMS was carried out
following a similar procedure as previously described.®® 1.6 g of G-MSN was dried in a Schlenk
tube under vacuum at 80 °C overnight and was then dispersed under inert atmosphere in 40 mL
of dry toluene. The mixture was then sonicated in a ultrasound for 20 minutues and,
subsequently, 3.11 mL (12.07 mmol) of trimethoxysilyl-propyldiethylenetriamine
(DETATMS) was added and the suspension reacted for 72 hours at 80 °C under nitrogen
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atmosphere and vigorous stirring. After this time, the mixture was cooled to room temperature
and the resulting suspension was centrifuged (6000 rpm, 10 minutes). The solid was isolated
by decantation and subsequently washed with toluene (2 x 10 mL) and diethyl ether (2 x 10

mL) and dried in a stove at 80 °C overnight.

Functionalization with folic acid (FA)

The incorporation of folic acid was carried out following a similar procedure as described using
an amido-coupling reaction with a carbodiimide as catalyst.”” 100 mL of MES buffer (pH 6.0)
was prepared from a solution of 2-(N-morpholino)ethanesulfonic acid 0.1 M and a solution of
sodium chloride 0.5 M. In parallel, 100 mg (0.23 mmol) of FA were dissolved in 25 mL
dimethyl sulfoxide (with the help of an ultrasound bath). This solution was then added to a
solution of 40 mg (0.21 mmol) of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide and 60 mg
(0.52 mmol) of N-hydroxysuccinamide in 100 mL of the MES buffer previously prepared. The
obtained mixture was vigorous stirred at room temperature for 15 minutes. Subsequently, 1 g
of G-MSN-DETATMS suspended in 10 mL water was added and the mixture stirred for an
additional 30 minutes. Then, 175.3 uL (2.50 mmol) of 2-mercaptoethanol measured with a
micropipette was added to the reaction mixture and the suspension was then stirred for two
additional hours at room temperature. The resulting suspension was centrifuged at 6000 rpm
for 10 minutes and the resulting solid separated by decantation and subsequently washed with
dimethyl sulfoxide (2 x 10 mL), Milli-Q water (2 x 10 mL) and ethanol (2 x 10 mL). The final

solid was then dried in a stove at 40 °C overnight.

Preparation of the ruthenium-containing materials

Functionalization of MSNs with the ruthenium complexes Rul and Ru2 was carried out using

two different methods.

Method 1 - Amide Formation:

The synthesis was carried out through an N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
coupling. 25 mL of a reaction buffer was prepared with a final concentration of 0.1 M 2-(N-
morpholino)ethanesulfonic acid and 0.5 M sodium chloride with pH 6.0. Subsequently, 10 mg
(0.05 mmol) of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide, 15 mg (0.13 mmol) of N-
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hydroxysuccinamide and a solution of 40 mg (0.03 mmol) of Rul in 6 mL dimethyl sulfoxide
was added. The mixture was vigorously stirred at room temperature for 15 minutes. After this
time, 250 mg of G-MSN-DETATMS / G-MSN-DETATMS-FA suspended in 20 mL of water
was added and stirred for an additional 30 minutes. 49 pL (0.70 mmol) of 2-mercaptoethanol
was added to the solution and the mixture stirred for 2 hours at room temperature. The resulting
suspension was centrifuged at 6000 rpm for 10 minutes and the resulting solid washed with
dimethyl sulfoxide (2 x 10 mL), Milli-Q water (2 x 10 mL) and ethanol (2 x 10 mL). The

obtained solid was dried in a stove at 40 °C overnight.

Method 2 — Imine Formation:

250 mg of G-MSN-DETATMS / G-MSN-DETATMS-FA were dried under vacuum at 80 °C
overnight. Subsequently, the solid was dispersed in 20 mL of Milli-Q water and the pH adjusted
to 4.5 with nitric acid. A solution of 40 mg (0.03 mmol) Ru2 in 2 mL of dimethyl sulfoxide
was added to the suspension. The mixture was then stirred for 2 hours at 50 °C. After this time,
the mixture was centrifuged at 6000 rpm for 10 minutes and the resulting solid decanted and
washed with dimethyl sulfoxide (2 x 10 mL), Milli-Q water (2 x 10 mL) and ethanol (2 x 10

mL) and dried in a stove at 40 °C overnight.

Determination of DETATMS and FA content in MSN particles

For the quantification of DETATMS and FA in the silica materials, a thermogravimetric study
was carried out. Thermogravimetry analyses were performed with a Shimadzu mod DSC-50Q
instrument operating between 30 and 800 °C (ramp 20 °C/min) at an intensity of 50 A under
nitrogen atmosphere. DETATMS or FA functionalization was determined by mass loss of the
silica material between 125-400°C from the molecular weight of the compound covalent

conjugated to the silica.

Determination of Ruthenium content in MSN particles

For quantification of the ruthenium content, the functionalized silica materials were digested.
5 mg of each material was suspended in 4 mL of concentrated nitric acid (60% wt.). The
solution was kept under vigorous stirring for 48 hours. Subsequently, 1 mL of concentrated

hydrofluoric acid (48% wt.) was added and the suspension stirred for an additional 24 h. The
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resulting solution was centrifuged (6000 rpm, 10 minutes), filtered through a nylon filter (0.2
um) and analyzed directly by inductively coupled plasma atomic emission spectroscopy in
triplicate with a Varian Vista AX Pro (Aru = 267.876 nm) instrument. The ruthenium content

was determined upon comparison with a ruthenium standard solution.

Release of Ru(Il) polypyridine complexes from the MSN particles

A release study was carried out to determine the stability of the amide and imine conjugated
Ru(Il) polypyridine complex conjugated MSN particles under biological conditions. The
complexes (2.5 mg) were incubated in phosphate-buffered saline buffer at pH 7.4 (2.5 mL) at
37 °C for 72 hours with slight shaking (30 rpm) using a Roto-Therm incubator (Benchmark).
Subsequently, the suspension was filtered through a nylon filter (0.2 um) and the obtained
solution analyzed by inductively coupled plasma atomic emission spectroscopy in triplicates.

The ruthenium content was determined upon comparison with a ruthenium standard solution.

Photophysical measurements

The absorption and emission spectra were recorded, lifetime and singlet oxygen measurements

were performed as previously described.?”-*

Cell culture

Human normal lung fibroblast (MRC-5) cells were cultured in DMEM/F10 media containing
0.65 mg/L folic acid. The human ovarian carcinoma (A2780) cells were cultured in RPMI 1640
media containing 1.00 mg/L folic acid. All cell lines were complemented with 10% of fetal
bovine serum, 100 U/mL penicillin-streptomycin mixture and maintained in humidified

atmosphere at 37°C and 5% of COso.

(Photo-)cytotoxicity

The (photo-)cytotoxicity of the compounds was assessed as previously described.?”-
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