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The present work reports the synthesis of the silica nanoparticles (SNs) incorporated by two photoactive com-
ponents, which are the representatives of Ru" nitrosyl complexes and [{Moelg}(CH3COO)6]2’ cluster units. The
Ru'! nitrosyl complexes are incorporated through the doping procedure into the SNs. The embedding of amino-
groups onto the Ru'-doped SNis facilitates the deposition of the cluster units, thus, resulting in the heterometallic
core-shell SNs. Combination of the two photoactive components in the SNs results in the anti-synergistic effect
on the photochemical and photodynamic activities of the Ru'l and {Moglg}-based complexes correspondingly.
The enhanced leaching of the cluster units from the heterometallic SNs correlates with the nitrosyl — nitro
transformation of the encapsulated Ru'! nitrosyl complexes. The formation of the so-called protein corona onto
the heterometallic SN is revealed as the reason for high colloid stability and efficient cell internalization, which
is visualized through the red emission of the {Moglg}-clusters. The cytotoxicity measurements reveal both syn-
ergistic effect of both components on the cytotoxicity evaluated in the so-called dark conditions and anti-
synergistic effect on the photo-induced cytotoxicity. The significant dark cytotoxicity of the heterometallic
SNs correlates with their high internalization and the enhanced leaching of the cluster units.

1. Introduction

Silica-based nanoarchitectures play an important role in design and
development of functional nanomaterial for therapeutic activity, which
is well exemplified by the recently published reports [1-8]. Silica
nanoparticles (SNs) itself can affect a cell viability due to great activity
of the interfacial silanol groups, although the surface modification by
amino-groups can significantly smooth out this effect [9,10]. Great di-
versity of functional properties of metal complexes incorporated into
silica nanoparticles allows to gain in their therapeutic activities [11,12],
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while the permeability of silica matrix to small molecules and ions
provides a prerequisite for a development of the so-called hollow
nanoarchitectures [13] and drug delivery systems [1-4].

The photo-induced NO release by ruthenium nitrosyl complexes is
represented by great number of reports demonstrating structure impact
on the photo-induced NO release [14-24]. The electrochemical reduc-
tion of Ru"l nitrosyl complexes via electron deficient NO' ligand is one
more trigger of the release of NO [20]. It is also worth noting the
acidification as another factor facilitating the release of NO as it is
demonstrated for [RuNO(NH3)5]3+ complex [25]. Thus, the photo-
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irradiation, electrochemical reduction and acidification are the possible
triggers of the NO release. The release of NO induced by the external
stimuli can be a reason for the cytotoxicity of Ru"l nitrosyl complexes
[14,21,26-28]. Moreover, the interaction of Ru(I) nitrosyl complexes
with DNA molecules can also provide a basis for the cytotoxicity of the
complexes [29].

It is worth noting the reports demonstrating both encapsulation of
ruthenium nitrosyl complexes into phospholipid vesicles [27,28], F-127-
based micelles [23,30] and immobilization of the complexes at the
modified surface of mesoporous silica nanoparticles [31] as the tools for
development of nanomaterial with photo controlled NO release. The
already documented procedures of the incorporation of Rul nitrosyl
complexes into silica nanoparticles are represented by the synthetic
routes avoiding the use of ammonia for a catalysis of hydrolysis of TEOS,
although high polydispersity indices and great size-values are the
shortcoming of such nanoarchitectures [32,33]. For the best of our
knowledge, an inclusion of photochemically active Ru" nitrosyl com-
plexes into SNs via the synthetic routes based on the ammonia-catalyzed
hydrolysis of TEOS is rather poor documented in literature. Moreover,
the specific surface modification of silica nanoparticles loaded with Ru'"
nitrosyl complexes can enhance their intracellular penetration [34,35].
It is also worth noting the synthetic route of the deposition of lumines-
cent cluster complexes onto the surface of amino-decorated SNs [12],
which allows to combine them with Rul nitrosyl complexes included
into the composite SNs.

The choice of [Ru(NO)(NH3)2Py2(NO3)I(NOs3)2 (1), [Ru(NO)
(NH3)4OH]Cl; (2) and [Ru(NO)Py4OH](PF¢), (3) is affected by the
previous reports revealing the efficacy of related complexes in the NO-
generation [36,37]. The complexes are included into amino-modified
SNs (monometallic SNs) followed by the incorporation of luminescent
[{Mogls}(CH3CO0)6]?~ clusters onto the surface of amino-modified
SNs, thus, resulting in the heterometallic SNs. The ability of the com-
plexes to photo- and redox-induced release of NO in the aqueous solu-
tions is compared with that of the complexes incorporated into the
monometallic and heterometallic SNs. The combination of the efficient
red luminescence fitting to the so-called biological window of trans-
parency of [{Moelg}(CH3COO)6]2’ clusters makes them convenient
choice for combination with Ru(II) nitrosyl complexes in the hetero-
metallic SNs.

The cytotoxicity of the monometallic and heterometallic SNs is
demonstrated for the cancer and normal cell lines in both dark and
irradiated conditions. The insignificant cytotoxicity of the SNs loaded
with Ru” nitrosyl complexes is enhanced after the amino-modification of
their surface. The red luminescence of the cluster units deposited onto
the amino-modified surface allows to reveal their cellular internaliza-
tion. The cytotoxicities of the composite SNs measured both under and
without irradiation are correlated with their leaching capacity in the
solutions modeling the biological liquids.

2. Materials and method
2.1. Materials

Commercial chemicals tetraethyl orthosilicate (TEOS) 98%, ammo-
nium hydroxide (28-30%), n-heptanol 98%, cyclohexane 99%, hexane
(97%), acetone (99%), 3-aminopropyltriethoxysilane (APTES, 99%),
B-alanine and fluorescamine were purchased from Acros Organics.
Triton X-100 (98%), Bovine serum albumin (>98 %), Dulbecco Phos-
phate Buffered Saline (DPBS), 5,5- dimethyl-pyrroline N-oxide (DMPO),
4',6-Diamidino-2-phenylindole dihydrochloride (DAPI), propidium io-
dide, Griess reagent and L-Glutathione reduced (GSH, 98%)were pur-
chased from Sigma-Aldrich. Mn(NOs)2-4H0 was purchased from Alfa
Aesar. Ethanol and TEOS were purified by distillation.

Ruthenium complexes [Ru(NO)(NHj3)2Py2(NO3)](NOs)2 (1) [38],
[Ru(NO)(NH;5)4OHICl, (2) [39] and [Ru(NO)Py4OH](PFe), (3) [40]
were synthesized according to the reported procedures. The cluster
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complex (n-BuygN)2[{Moglg}(CH3COO)s] ({Moglg}) was synthesized in
accordance with the previously published procedures [41]. IR-spectra
and XRD powder patterns confirmed purity of the samples.

Phosphate (pH 6.85) and acetic/acetate (pH 4.50) buffers were used
to adjust the required pH-values.

Griess reagent was prepared by dissolution of 0.5 g of the reagent,
consisting of 1-naphthylamine, sulfanilamide and tartaric acid
(1%:10%:89%) mixture, in 5 mL of bidistilled water. For the calibration
purposes, the absorbance at 522 nm versus NaNO, concentration was
determined in the presence of Griess reagent (0.12 mL). The solution of
test sample (5010~> M of aqueous solution of Ru nitrosyl complexes 1, 2
or 3; 0.4 goL’1 of silica nanoparticles) and Griess reagent (0.12 mL) was
irradiated by LED 405 nm, 50 mW in a cuvette in order to determine the
nitric oxide yield.

2.2. Synthesis

The synthesis of 1(2 or 3)@SNs through the water-in-oil micro-
emulsion method the synthetic mixture of Triton X-100 (4.76 g), n-
heptanol (4.58 mL), cyclohexane (18.64 mL), NH3 (28-30%, 0.4 mL)
and aqueous solution of Ru nitrosyl complexes 1, 2 or 3 (0.01 M, 2.2
mL). The obtained microemulsion was then mixed for 30 min. After-
wards, the solution formed by mixing of Triton X-100 (4.76 g), n-hep-
tanol (4.58 mL), cyclohexane (18.64 mL) and TEOS (0.4 mL) was added
dropwise to the previously prepared microemulsion. After 24 h of stir-
ring silica nanoparticles were precipitated from microemulsion with
acetone, centrifuged and washed 1 time with ethanol/acetone mixture
(1:1), 1 time with ethanol and 3 times with doubly distilled water. After
each washing step the solution of silica nanoparticles was ultrasonicated
without heating for 10 min.

For synthesis of 1(2 or 3)@SN-NH; the water-in-oil microemulsion
was prepared by mixed of 67.5 mL of cyclohexane, 17.25 g of Triton X-
100, 16.2 mL of heptanol, 4.32 mL of Ru"l nitrosyl complexes 1, 2 or 3 (C
= 0.01 M) in a reaction flask. After 15 min of mixing, 0.54 mL of NHg
(28-30%) was added, and after another 15 min 0.45 mL of TEOS was
added. The obtained solution was left to stir for 24 h, after which 0.45
mL of TEOS and 0.09 mL of APTES were added and stirred for 24 h. The
synthesized silica nanoparticles were precipitated with acetone and
separated by centrifugation. Purification of the as-prepared SNs was
carried out according to the standard procedure. The obtained nano-
particles were washed 1 time with a mixture of ethanol-acetone (1:1), 1
time with ethanol, 3 times with doubly distilled water. After each
washing step the solution of silica nanoparticles was ultrasonicated
without heating for 10 min.

The synthesis of 1(2 or 3)@SN-NHy-{Moglg} was carried out by
adsorption of cluster anions [{M06IS}(CH3COO)6]2_ on 1(2 or 3)@SN-
NH; nanoparticles according to the following procedure: the aqueous
solution of the cluster complexes (0.035 mM) was mixed with the
aqueous colloids of the 1(2 or 3)@SN-NH,, (0.5 g-L’l). The mixture was
stirred by means of Shaker Hei-MIX Multi Reax for 10 min and sonicated
for 15 min with further phase separation by centrifugation at 4° C
(15000 rpm). Afterwards, the assembled nanoparticles were washed by
water and dispersed in water.

The fluorescence procedure with the use of fluorescamine was used
for quantitative analysis of amino groups on the surface of silica nano-
particles (Table S1, Fig. S1) [42].

To determine the release of both Ru'l nitrosyl and {Moglg} cluster
complexes from the SNs aqueous dispersions of SNs (0.5 gL™!) was
continuously stirred in phosphate buffer (pH 6.8, 0.01 M), in acetate
buffer (pH 4.5, 0.01 M), or in glutathione (GSH, 0.01 M in phosphate
buffer pH 6.8) solution during 24 h. Then, the aqueous dispersions of the
SNs were centrifuged (15 min, 15000 rpm, 4 °C). The transparent su-
pernatant solutions and silica nanoparticles were analyzed separately.
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2.3. Methods

The detailed description of the common methods (ICP-OES, TEM,
UV-Vis, IR, luminescence, ESR spectroscopy, pH- potentiometric and
electrochemical methods), is represented in ESI data.

Cytotoxic effects of samples on human cancer and normal cells were
estimated by means of the multifunctional Cytell Cell Imaging system
(GE Health Care Life Science, Sweden) using the Cell Viability Bio App
which precisely counts the number of cells and evaluates their viability
from fluorescence intensity data [43]. The M-HeLa clone 11 human,
epithelioid cervical carcinoma, strain of HeLa, clone of M-HeLa; WI-38
VA-13 cell culture, subline 2RA (human embryonic lung) from the
Type Culture Collection of the Institute of Cytology (Russian Academy of
Sciences) and Chang liver cell line (Human liver cells) from N. F.
Gamaleya Research Center of Epidemiology and Microbiology were
used in the experiments. The cells were cultured in a standard Eagle’s
nutrient medium manufactured at the Chumakov Institute of Poliomy-
elitis and Virus Encephalitis (PanEco company) and supplemented with
10% fetal calf serum and 1% nonessential amino acids. The cells were
plated into a 96-well plate (Eppendorf) at a concentration of 1 x 10°
cells mLfl, 150 pL of medium per well, and cultured in a CO5 incubator
at 37 °C. Twenty four hours after seeding the cells into wells, the com-
pound under study was added at a preset dilution, 150 pL to each well.
The dilutions of the compounds were prepared immediately in nutrient
media. The experiments were repeated three times. Intact cells cultured
in parallel with experimental cells were used as a control.

Photo-induced cytotoxicity of 1(2 or 3)@SN-NH> and 1(2 or 3) @SN-
NH;-{Moglg} nanoparticles in relation to M-HeLa cancer cell and Chang
Liver cell lines was studied under irradiation light emitting diode (405
nm, 50 mW) for 30 min.

The uptake of 1(2 or 3)@SN-NH,-{Moglg} by M-HelLa and Chang
Liver cells was analyzed using flow cytometry (Guava easy Cyte 8HT,
USA). Flow cytometry was used to generate statistics on the uptake of
the test nanoparticles by cancer and living cells. Untreated cells were
used as negative control. M-HeLa cells at 1x10° cells / well and Chang
Liver cells at 1x10° cells / well were plated into 6-well plates to a final
volume of 2 mL. After a 24-hour incubation, solution of 1(2 or 3)@SN-
NHy-{Moglg} (0.25 gL’l) was added to the M-HeLa cells and Chang
Liver cells and incubated for 24 h in a CO5 incubator.

Fluorescence microscopy images were obtained by using both Nikon
Eclipse Ci-S fluorescence microscope (Nikon, Japan,) at 400x magnifi-
cation and Leica TCS SP5 confocal microscope (Leica Biosystems, Ger-
many) at 1000x magnification and then analyzed using Las AF and Las X
software packages (Leica Biosystems, Germany). Multiphoton laser was
used for detection of fluorescence: for DAPI excitation was 400 nm and
the emission was in a range 430-550 nm, signal from compounds was
excited at 380 nm and the fluorescence emission was collected from 600
to 670 nm. M-HeLa cells at 1 x 10° cells / well in a final volume of 2 mL
were seeded into 6-well coverslip plates at the bottom of each well. After
24 h of incubation, solutions of the studied 1(2 or 3)@SN-NH>-{Moglg}
(0.25 and 0.12 gL’l) were added to the wells and cultured for 24 hin a
CO5, incubator. Then, M-HeLa cells were fixed and stained with DAPI
(blue, cell nucleus staining).

The EDX analysis 1@SN-NH; and 1@SN-NHs-{Moglg} nanoparticles
was examined by electron microscopy using a Hitachi HT7800 trans-
mission electron microscope (Hitachi High-Tech Science Corporation,
Japan). 5 pL of the aqueous dispersions of 1@SN-NH; and 1@SN-NH,-
{Moglg} (0.5 gL‘l) was applied straight to on a 3.05 mm in diameter
copper grid with a formvar film (01700-F, Ted Pella, Inc.) and dried at
room temperature. The grid with the dried sample was placed in the
transmission electron microscope using a special holder, followed by
imaging at an accelerating voltage of 80 kV in the TEM mode. Elemental
analysis of particles was carried out using the Microanalysis system
AZtecEnergy TEM Advanced with detector Ultim Max TEM / AZtecE-
nergy TEM Advanced with Ultim Max TEM (Microanalysis system
mounted on Hitachi HT7800 electron microscope).
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3. 3.Results and discussion

3.1. Synthesis of RuNO-based nanocomposites and their irradiation-
induced transformations

The synthesis of the SNs loaded with the complexes 1, 2 and 3 was
performed via the modified microemulsion procedure (for the details see
Experimental Section). The synthesis of the monometallic SNs, which
herein and further will be designated as 1(2 or 3)@SNs is schematically
illustrated by Fig. la. The growth of silica nanostructures in the
framework of the microemulsion procedure requires an aqueous
ammonia, which can trigger a modification of the ruthenium complexes.
The monitoring of the electronic absorption spectra of complexes 1, 2, 3
in aqueous and aqueous ammonia solutions (Fig. 1b-d) argues for their
inner-sphere transformations in the aqueous ammonia, which can derive
from a ligand exchange [30,44] or/and pH dependent NO-NO, equi-
librium (1) [45-47].

{Ru>’"-NO*} + HO™ = {Ru*"-NO7} + HT @

However, the storage of the complexes in the aqueous ammonia
solutions for one day doesn’t induce further significant spectral changes
even when the solutions are not shielded from the sunlight.

The successful loading of the complexes into SNs is evident from the
Si:Ru molar ratios calculated from the data of ICP-OES method
(Table 1). The ICP-OES analysis of the composite SNs revealed the Si:Ru
molar ratios on the level comparable with those previously reported for
the composite SNs loaded with [Ru(dipy)g]2+ complexes [48]. More-
over, the transparency of silica matrix allows to monitor the spectral
features of the complexes within SNs (Fig. 2 a-c, Fig. S2), which reveal
the similarity with the spectra of the complexes in the aqueous ammonia
solutions illustrated in Fig. 1b-d.

The average diameter values of the composite SNs (d™M) evaluated
by transmission electronic microscopy (TEM) data are collected in
Table 1. The data (Table 1) indicate that the size values of 1(2 or 3)@SNs
are smaller than those of 1(2 or 3)@SNs-NH, due to some difference in
the synthetic protocols (for more details see the Experimental Section).
Fig. 2 (panels d, e) exemplifies the TEM images for 2@SNs and 2@ SNs-
NH,, the TEM images of 1(3)@SNs and 1(3)@SNs-NH, are presented in
Fig.S3.

The characterization of 1(2 or 3)@SNs by DLS method indicates the
significant aggregation of 1(3)@SNs derived from the surface neutrali-
zation of the SN, since the electrokinetic potential values of 1(3)@SNs
are close to zero (Table 1), while the colloid behavior of 2@SNs is
similar with that of the pristine SNs due to the negative {-value (about
—30 mV) [49]. Commonly, amino-modified SNs demonstrate high ag-
gregation arisen from (-values close to zero, since the surface exposed
protonated ammonium groups provide the surface neutralization, and
the positive recharging of the amino-modified surface requires the
acidification [12,50]. However, the amino-modified analogues 1(2 or 3)
@SNs-NH; exhibit rather low aggregation due to the high positive sur-
face charging as it is evident from the corresponding {-values (Table 1).
It is worth assuming that the enhanced positive charge of 1(2 or 3)
@SNs-NH;, derives from the protonation of the surface exposed amino-
groups due to the nitrosyl-nitro transformation (1) of the complexes.

The IR spectroscopy analysis reveals the band at 1934, 1844 and
1866 cm ™! peculiar for the nitrosyl ligands v(NO) in complexes 1, 2 and
3 correspondingly, whereas the band shifts to ~1890 cm ™! in the
composite SNs (Fig. 3a). The difference in the ¥(NO) values in complexes
1, 2, 3 derives from the different nature of the ancillary ligands,
whereas, the observed changes in the v(NO) values of the complexes
after their incorporation into the SNs indicate the inner-sphere rear-
rangements, which are beyond the framework of nitrosyl-nito trans-
formations. This confirms the above mentioned assumption on the
ligand exchange as one more reason besides nitrosyl-nitro trans-
formations for the inner-sphere rearrangements evident from the
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Fig. 1. (a) The schematic illustration of the synthesis of the composite SNs. UV-vis spectra of aqueous solutions of complexes 1 (C = 0.05 mM) (b), 2 (C = 0.058 mM)
(c) and 3 (C = 0.044 mM) (d): fresh prepared — 1 (black); after 24 h — 2 (green) and in the presence of NH4OH fresh prepared — 3 (red) and after 24 h — 4 (blue).

Table 1

Values of averaged diameter (d™™) evaluated by TEM method and averaged
hydrodynamic diameter by Volume (dP'S), polydispersity index (PDI) and
{-potential values evaluated by DLS technique for different systems and also Si:
Ru:Mo molar ratio obtained by ICP-OES technique.

Sample dTEM, d®'S, nm PDI ¢ Si:Ru:Mo
nm mV
1@SNs 33+2 1570 + 178 0.310 -13 1:0.012
2@SNs 42+5 86 +1 0.111 -30 1: 0.014
3@SNs 35+3 187 + 14 0.170 6 1: 0.014
1@SNs-NH, 40 +3 117 £ 2 0.151 25 1:0.014
2@SNs-NH;, 56 +6 99 +2 0.175 27 1:0.015
3@SNs-NH, 40 + 3 171 £1 0.199 27 1:0.012
1@SNs-NH,- 42+ 4 950 + 50 0.9 13 1:0.013:0.013
{Moelg}
2@SNs-NH,- 56 + 6 655 + 10 and 0.9 7 1:0.014:0.011
{Moglg} 917 + 60
3@SNs-NH,- 40+ 3 868 + 40 0.7 7 1:0.012:0.011
{Moslg}
1@SNs-NH,- - 299 + 15 0.263 -20 -
{Moglg} + BSA
2@SNs-NHjy- - 350 + 20 0.188 -23 -
{Moglg} + BSA
3@SNs-NH,- - 342 + 18 0.228 -20 -

{Moglg} + BSA

spectral changes of the complexes after their incorporation into the SNs
(Fig. 2). It is worth noting that ancillary ligand exchange and nitrosyl-
nitro transformations occur simultaneously, and their mutual influ-
ence is difficult to assess. Unfortunately, all other IR bands corre-
sponding to complexes are overlapped by bands of SiOs.

The photochemical transformations followed by the release of NO
from the complexes in aqueous solutions were manifested by the sig-
nificant changes in their spectral behavior [45,51,52], which are rep-
resented in Fig. 3. The light-induced release of NO is confirmed by the
spectrophotometry technique with the use of Griess reagent (GR) [53].
The photo-induced spectral changes of the complexes and the release of
NO measured by the GR-analysis are represented in Fig. 3b-d and Fig. 4a.

The complexes within 1(2 or 3)@SNs demonstrate poor photo-
induced spectral changes (Fig. S2) with no detectable release of NO

due to the Griess analysis (Fig. 4a). Moreover, the IR-analysis of 1(2 or
3)@SNs separated from the aqueous dispersions after their light irra-
diation for one hour reveals the bands of the nitrosyl ligands (Fig. S4).
This indicates that the release of NO is slowed down for the complexes
located in the interior of the SNs. It is worth noting that loading of SNs
with molecular complexes derives from their dehydration and aggre-
gation in a silica confinement [54,55]. In turn, the insufficient hydration
of the complexes inside silica matrix can be a factor facilitating the
reestablishment of the initial Ru" nitrosyl complex in accordance with
the equilibrium (2).

Ru"NOT L)) + hv + H,0 = [Ru™(L)4(X)(H,0)1> + NO° (2)

It is worth noting that the uploading of SNs by molecular complexes
commonly results in their distribution within both core and shell zones
of silica spheres [56]. In turn, the exterior located complexes should be
greatly hydrated than those located in the interior of the SNs. However,
the exterior complexes contribute very poor if any to the photo-induced
spectral changes. This allows to assume that the exterior complexes due
to the greater exposure to the ammonia-based synthetic solution exhibit
more pronounced nitrosyl-nitro transformation than those localized in
the interior of the SNs. The photo-induced spectral changes of 1(2 or 3)
@SNs-NH;, (Fig. 2a-c) are less pronounced than in the case of 1(2 or 3)
@SNs, which agrees well with their longer (48 h for 1(2 or 3)@SNs-NHy
instead of 24 h for 1(2 or 3)@SNs) exposure to the alkaline synthetic
media. The spectral data are confirmed by the Greiss analysis results
(Fig. 4a).

3.2. Redox-induced transformations of complexes 1-3 and 1(2 or 3)
@SNs-NH;

The redox-induced transformations of complexes 1-3 are charac-
terized by the number of successive reduction stages (Fig. S5). During
the reduction process, an intense gas evolution is observed at the elec-
trode already at the first peak potential, which can be explained by the
evolution of gaseous nitric oxide (NO). This agrees well with the liter-
ature data postulating for similar [Ru-NO]3>* complexes the one-
electron reductive process centered at the nitrosyl ligand [57,58] as
the reason for NO release. The similar electrochemical behavior is
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Fig. 3. (a) Infrared spectra of complexes 1 (black), 2 (red), 3 (blue) and silica nanoparticles 1@SNs-NH; (grey), 2@SNs-NH; (magenta), 3@SNs-NH, (navy) and
pristine SNs-NH,, (green). (b-d) UV-Vis spectra of complexes 1 (b), 2 (c) and 3 (d) in aqueous solutions recorded during 60 min of irradiation (405 nm).
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Fig. 4. (a)The release of NO measured by the Griess
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observed for 1(2 or 3)@SNs-NH,, although some change in the poten-
tials (Fig. 4b) vs the initial complexes can be explained by the influence
of silica matrix as the new environment of the complex. The presence of
the first and second reductive waves is discussed in literature as the
formal reduction of the nitrosyl ligand from NO™ to NO-, and the second
wave represents further reduction to NO~ [57,58]. However, both
vigorous gas evolution and irreversibility of electron transfer at first
stage (EII,) argue for the fact that the first reductive wave is followed by
the rapid subsequent NO evolution. Thus, we assume that the second
reduction peak is metal-centered, given that the ligands of the complex
are not redox active..

Thus, reduction processes, including those arisen from the intracel-
lular glutathione level [16], can favor the NO release even in the absence
of light irradiation.

3.3. Synthesis of heterometallic nanocomposites and their photo-induced
transformations

Both positively charged surface and the great number of the surface
exposed amino-groups make 1(2 or 3)@SNs-NH, nanoparticles good
basis for the deposition of [{M0618}(CH3COO)6]2’ cluster units. The
deposition of the cluster units onto 1(2 or 3)@SNs-NH;, was performed
through the previously published technique [12] based on the treating
of the nanoparticles in the aqueous solution of [{Moélg}(CHg,COO)s]z’
({Moglg}) with further phase separation in the specific conditions
(Fig. 1a; for the details see the Exp. Section). The luminescence analysis
of the separated colloids and supernatants reveals the transfer of the
luminescent cluster units from the aqueous solutions to the separated
colloids. The deposition of the cluster onto 1(2 or 3)@SNs-NH; is
manifested by the appearance of the emissive band peculiar for {Moglg}
(Fig. 4c). It is worth noting that the ligand exchange is possible in the
aqueous solutions of [{MOGIS}(CH3COO)6]2’, and some of apical posi-
tions can be aquated under their deposition onto the SNs. Thus, herein
and further the cluster units will be designated as [{M06Ig}L6]2’ or
{Moglg}. The surface charge neutralization followed by the enhanced
aggregation of the composite SNs (Table 1) provides one more evidence
of the adsorption of {Moglg} onto 1(2 or 3)@SNs-NH; with the

formation of 1(2 or 3)@SNs-NH,-{Moglg}. The Si:Ru molar ratios
calculated from the data of ICP-OES method are collected in Table 1,
while the EDX analysis of the dried samples of 1(2 or 3)@SNs-NHj-
{Moglg} confirms the combination of Ru and Mo in the SNs (Fig. S6).

The high aggregation of 1(2 or 3)@SNs-NHy-{Moglg} can restrict
their ability to be taken by cells. However, the protein corona formation
can affect both aggregation and cellular uptake behavior of nano-
particles [59]. Indeed, the aggregation of 1(2 or 3)@SNs-NHy-{Moglg}
colloids is significantly decreased after their treating with BSA (Table 1).
The treating was performed through the centrifugation and washing
steps in order to wash out the residual amounts of BSA. Thus, the
observed negative electrokinetic potential values derives from the well-
known protein corona.

The poor irradiation-induced spectral changes of 1(2 or 3)@SNs-
NHj,-{Moglg} are similar with those of 1(2 or 3)@SNs-NH, (Fig. 4d,
Fig. S7). The Griess analysis confirms the aforesaid tendency (Fig. 4a).

Hexamolybdenum cluster complexes with specific structure are
promising basis for efficient ROS-generation [60]. It has been previously
reported that the deposition of the similar cluster units onto amino-
modified SNs results in SNs-NHy-{Moglg}, which exhibit high level of
ROS generation and high photodynamic activity manifested by the
photo-induced cell death [12,61]. However, the poor level of the
generated ROS in the aqueous dispersions of 1(2 or 3)@SNs-NHo-
{Moglg} (Fig. S8) can be explained by the inner-filter effect arisen from
the absorptivity of 1(2 or 3)@SNs-NHb.

3.4. Release of the complexes from 1(2 or 3)@SNs-NH> and 1(2 or 3)
@SNs-NH,-{Moglg}

The insignificant responsivity of the composite SNs to the irradiation
is a prerequisite for very poor if any irradiation-induced cytotoxicity.
However, the analysis of cytotoxicity of 1(2 or 3)@SNs-NHj; and 1(2 or
3)@SNs-NHj-{Moglg} should be preceded by the analysis of the release
of both Ru™ nitrosyl and {Moglg} cluster complexes from the SNs. The
ICP-OES analysis allows the quantitative comparison of Si:Ru molar
ratios before and after continuous stirring of 1(2 or 3)@SNs-NH, in the
buffered solutions (Table 2) with the following appearance of the
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Table 2

ICP-OES data for 1(2 or 3)@SNs-NH, and 1(2 or 3)@SNs-NHj-
{Moglg} after treatment by phosphate buffer (pH 6.8) and acetate
buffer (pH 4.5) (see details in Exp. section).

Sample Si:Ru:Mo
1@SNs-NH,, pH 6.8 1:0.010
2@SNs-NH;, pH 6.8 1:0.010
3@SNs-NH; pH 6.8 1:0.010
1@SNs-NH,-{Mog¢lg} pH 6.8 1:0.013:0.010
2@SNs-NH2-{Moglg} pH 6.8 1:0.014:0.005
3@SNs-NH,-{Moglg} pH 6.8 1:0.012:0.006
1@SNs-NH,-{Moglg} pH 4.5 1:0.011:0.002
2@SNs-NH,-{Moglg} pH 4.5 1:0.010:0.004
3@SNs-NHy-{Moglg} pH 4.5 1:0.010:0.001

ruthenium complexes in the supernatants (Table S2). The leaching is
about 40%, although the IR analysis of the dried samples of 1(2 or 3)
@SNs-NH; after the leaching still remains the presence of nitrosyls
(Fig. S9). Thus, the leaching predominantly occurs for the complexes
undergone the nitrosyl-nitro transformation via the equilibrium (1),
while the Ru" nitrosyl complexes located in the interior of the SNs
exhibit the low tendency to leaching.

The specificity of cytoplasmic and lysosomal conditions of tumor
cells can create a favorable environment for reduction processes, which
favors NO release from Ru™l nitrosyl complexes [16]. Thus, the lysosomal
environment was modeled by the acidification to pH 4.5, however, the
initial complexes remain unchanged in the acidified solutions (Fig. S9).
The aforesaid excludes specific transformations of the complexes in the
lysosomal environment as a driving force for a release of NO. No
detectable enhancement of the leaching extent is observed for 1(2 or 3)
@SNs-NH;, in either acidified (Fig. S10 a-c) or GSH neutral solutions
(Table S3).

The UV-Vis spectra of the supernatants after the continuous stirring
of 1(2 or 3)@SNs-NHa-{Moglg} in neutral solutions and further phase
separation indicate the lower intensity bands than in the case of 1(2 or
3)@SNs-NH;, (Fig. S10 a-c). This agrees well with the ICP-OES analysis
of the heterometallic SNs after the stirring at pH 6.8 (Table 2), thus,
indicating that the exterior deposition of {Moglg} restricts the leaching
of the ruthenium complexes. The leaching of the cluster units becomes
greater under their stirring in the acidified solutions, which is evident
from both increased intensity of the UV-Vis bands in the supernatants
(Fig. S10 d-f) and the Si:Ru:Mo ratios evaluated by the ICP-OES method
(Table 2). This allows to explain the leaching of the cluster units by the
production of the neutral cluster form [{Moglg}L4(H20)2], in turn,
arisen from the aquation of the apical positions through the equilibrium
(3) [62].

[{Mogls)Lel*™ + 2H" + 2H,0 = [{Moglg} La(H,0)] + 2HL 3

3.5. “Dark”and photo-induced cytotoxicity of the complexes and the SNs

The incubation of the cell samples of cancer (M-HeLa) and normal
(Chang Liver) cell lines with complexes 1-3 induces poor effect on the
cell viability in both “dark” and light irradiation conditions (Fig. 5 a-c,
Table S4, Fig. S11). The similar effects are observed after the incubation
of the cell samples with 1(2 or 3)@SNs (Fig. 5 a-c, Fig. S11). This can be
explained by the poor cell internalization of the initial complexes and
their negatively charged nanoparticulate forms. The cell viability results
reveal the similar effect of the complexes and their nanoparticulate
forms on M-HelLa and Chang Liver cell lines (Fig. 5 a-c, Table 54,
Fig. S11), thus, the comparative analysis of the different nanoparticulate
forms is represented for M-HeLa cell line.

The amino-modified counterparts of the aforesaid nanocomposites
(1(2 or 3)@SNs-NHj) demonstrate greater “dark” cytotoxicity than that
of 1(2 or 3)@SNs, which is demonstrated in Fig. 5a-c by plotting of the
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cell viability vs concentrations of complexes 1-3 in both initial molec-
ular and the nanoparticulate forms. The results (Fig. 5a-c) correlates
with the well-known tendency that the embedding of amino-groups onto
the surfaces of the SNs increases their cell internalization [27,29]. The
cell viability values of both 1(2 or 3)@SNs and 1(2 or 3)@SNs-NH; do
not reach ICsg in the studied concentration range (Fig. 5). However, the
effect of the SNs on the cell viability is greater than that of the complexes
in aqueous solutions (Fig. 5 a-c). The significant increase in the cyto-
toxicity of 1(2 or 3)@SNs-NHy-{Moglg} vs 1(2 or 3)@SNs-NH; looks
rather unexpected, since the previously published work [61] reveals the
low cytotoxicity of amino-modified silica nanoparticles deposited with
{Moglg}. The cell viability data of 1(2 or 3)@SNs-NHy-{Moglg} allow the
determination of the ICsy values, which are represented in
Table included into Fig. 5.

The red emission of the cluster units allows to evaluate the cell
internalization and intracellular trafficking of 1(2 or 3)@SNs-NHp-
{Moglg} by flow cytometry and fluorescent microscopy measurements
(Figs. 5, 6, S12). The efficient cell marking demonstrated by the confocal
microscopy images (Fig. 5 d) correlates with the high level of the cell
internalization (Fig. 6 a, b). The internalized heterometallic SNs localize
in cell cytoplasm with the detectable entering the cell nuclei as it is
visualized by the confocal microscopy images (Fig. 5d).

The efficient cell internalization of 1(2 or 3)@SNs-NHy-{Moglg}
disagrees with their high aggregation in aqueous dispersions (Table 1).
However, it agrees well with the aggregation behavior of the colloids
treated with BSA (Table 1). Thus, the presence of BSA in the nutrient
media applied for the incubation of the cell samples with the SNs can be
considered as the factor facilitating their cell internalization due to the
formation of the protein corona.

The cell viability of M-HeLa cells incubated with 1(2 or 3)@SNs-NH,
decreases to 20% after the irradiation for 30 min (Fig. S11), while the
photo-effect on the cell viability is on the same level or even smaller for
1(2 or 3)@SNs-NHy-{Moglg}. This fact agrees well with the above
mentioned tendency that the incorporation of both Ru™ nitrosyl and
{Moglg} complexes into 1(2 or 3)@SNs-NHy-{Moglg} significantly sup-
press their photochemical and photodynamic activities. The low level of
the photo-induced cytotoxicity disagrees with the significant leaching of
the complexes from 1(2 or 3)@SNs-NHj, (Table 2, Table S2). However,
this agrees well with the above mentioned tendency that the leaching
predominantly occurs for the complexes undergone the nitrosyl-nitro
transformation, while the photochemically active Ru' nitrosyl com-
plexes exhibit the low tendency to leaching.

The release of protons following the nitrosyl-nitro transformation via
the equilibrium (1) can trigger the back nitro-nitrosyl transformation of
the complexes located at the exterior of 1(2 or 3)@SNs-NH,. However,
the basicity of the surface exposed amino-groups prerequisites the
binding of the released protons as it is schematically illustrated in
Fig. 6¢. The extra-protonation of the amino-groups provides a reason for
enhancing both adsorption of {Moglg} cluster units onto 1(2 or 3)@SNs-
NH; and their aquation through the equilibrium (3). It is worth noting
that commonly reported low cytotoxicities of {Moglg} clusters derive
from either low cell internalization [63] or insignificant leaching of the
cluster units from the nanocomposites [12,61]. This allows to correlate
the observed high cytotoxicity of 1(2 or 3)@SNs-NHy-{Moglg} with the
leaching of the {Moglg} units undergone the aquation. As it was previ-
ously demonstrated [62] the aquated cluster units tend to form the ag-
gregates, which exhibit the pronounced cytotoxicity.

4. Conclusion

In summary, Rul nitrosyl complexes ([Ru(NO)(NH3)2Py2(NOs3)]
(NO3)2, [Ru(NO)(NH3)4OH]Cl; and [Ru(NO)Py4OH]1(PF¢),) exhibiting
photo- and redox-induced release of NO in aqueous solutions are
introduced as metal complex blocks for incorporation into interior zone
of amino-modified silica nanoparticles (SNs). The spectral profiles of the
incorporated Ru"" nitrosyl complexes differ from those of the initial
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Fig. 5. (a-c) Cell viability of M-HeLa incubated by various concentrations of complexes 1 (a), 2 (b) and 3 (c) in both molecular and nanoparticulate forms: 1 (black) —
molecular complex, 2 (green) — 1(2 or 3)@SNs, 3 (red) — 1(2 or 3)@SNs-NHj, 4 (blue) — 1(2 or 3)@SNs-NH,-{Moglg}. (d) Confocal microscopy images of M-HeLa
cells after 24 h incubation with 1(2 or 3)@SNs-NH,-{Moglg} (0.12 g-L’l); scale bar 20 pm. ICsg values for 1(2 or 3)@SN-NH,-{Moglg} are represented in the Table.

complexes in the aqueous solutions due to the ligand exchange pro-
cesses, including those arisen from nitrosyl-nitro transformation. The
latter transformation is followed by the release of protons, which en-
hances the conversion of the surface exposed amino-groups into the
ammonium-groups followed by the increase in the positive charging of
the amino-modified Ru"-doped SNs. The IR spectra of the SNs reveal the
Ru! nitrosyl complexes, but their interior localization suppresses their
ability to photo-induced release of NO. The surface decoration of the
Ru'-doped SNs by amino-groups enhances their cell internalization.

This along with the leaching extent of the ruthenium complexes from the
SNs explains the greater suppression of the cell viability in comparison
with the initial complexes.

The exterior deposition of {Moglg}-cluster units onto the SNs doped
with Ru® nitrosyl complexes is represented as a route to synthesize
heterometallic SNs. The combination of the two photo-active compo-
nents as Ru!! nitrosyl and {Moglg}-based cluster complexes in the SNs
results in the antisynergistic effect on their photochemical and photo-
dynamical properties. The red emission of the heterometallic SNs arisen
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Fig. 6. (a, b) Study of cellular uptake of 1(2 or 3)@SNs-NH,-{Moglg} (0.25
goL’l) by M-HeLa cells (a) and Chang Liver cells (b): Control (1); 1@SNs-NHj-
{Moglg} (2); 2@SNs-NH,-{Moglg} (3); 3@SNs-NH,-{Moglg} (4). (c) The sche-
matic illustration of how the surface exposed amino-groups capture the protons
released due to nitrosyl-nitro transformations of the complexes inside 1(2 or 3)
@SNs-NHs.

from the luminescent {Moglg}-clusters allows the visualization of the
efficient cell internalization of the SNs. The low photo-activities of the
both components explain the low photo-induced cytotoxicity of the
heterometallic SNs.

The red emission of the cluster units reveals the efficient cell inter-
nalization of the heterometallic SNs followed by their distribution
within the cell cytoplasm and entering the cell nuclei. It is also
demonstrated that the presence of BSA in the nutrient media applied in
the incubation of the cell samples by the heterometallic SNs facilitates
their cell internalization through the protein corona formation.

The so-called dark cytotoxicity measurements reveal the synergistic
effect of the components, which correlates with the detectable leaching
of {Moglg}-clusters from the heterometallic SNs at pH 6.8. This allows to
propose that the exterior Ru” complexes and their transformations can
be a factor facilitating the leaching of the {Moglg}-clusters.
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