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The present work introduces a facile synthetic route to embed phosphorescent K2[{Mo6I8}I6] and
(nBu4N)2[{Mo6I8}(CH3COO)6] clusters (C) onto silica-water interface of amino-decorated silica nanoparti-
cles (SNs, 60 ± 6 nm). The assembled C-SNs gain in the luminescence intensity, which remains stable
within three months after their assembly. High uptake capacity of the clusters (8700 of K2[{Mo6I8}I6]
and 6500 of (nBu4N)2[{Mo6I8}(CH3COO)6] per the each nanoparticle) derives from ionic self-assembly
and coordination bonds between the cluster complexes and ionic (amino- and siloxy-) groups at the silica
surface. The coordination via amino- or siloxy-groups restricts aquation and hydrolysis of the embedded
clusters, in comparison with the parent K2[{Mo6I8}I6] and (nBu4N)2[{Mo6I8}(CH3COO)6. High potential of
the assembled nanoparticles in the ROS generation was revealed by EPR measurements facilitated by spin
trapping. The high positive charge and convenient colloid stability of the assembled C-SNs hybrids are the
prerequisite for their efficient cellular uptake, which is exemplified in the work by MCF-7 cell line. The
measured dark and photoinduced cytotoxicity of the C-SNs hybrids reveals significant photodynamic
therapy effect on the MCF-7 cancer cell line versus the normal cells. This effect is entirely due to the
embedded clusters and is dependent on the chemical composition of the cluster.
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1. Introduction

Multifunctional nanomaterials have gained much attention in
the last decade, not in the least due to their biomedical applicabil-
ity. In this respect, luminescence and therapeutic effect are very
important properties of the multifunctional nanomaterials, in par-
ticular for imaging and therapy of cancer [1–3]. This fits nicely into
the theranostics paradigm, which involves using nanoscience to
unite diagnostic (in our case, luminescent) and therapeutic (photo-
dynamic therapy) applications in a single agent, allowing for
diagnosis, drug delivery and treatment response monitoring. A
major challenge for nanotechnology at this point is to elaborate
non-toxic and aging-resistant phosphorescent nanomaterials emit-
ting above 650 nm in order to fit into the so-called biological trans-
parency window where the interfering effect of light absorption or
fluorescence of biological background is insignificant. Hexanuclear
(hexamolybdenum and hexarhenium) cluster complexes emitting
at 650–750 nm range recently have found their way on the top
of research activity in the area [4–8]. This interest is in particular
sustained by their ability to generate singlet oxygen under light
irradiation, which, in turn, is a promising basis for photodynamic
therapy applications [9]. Their robust and easily assembled struc-
ture features a rigid cluster core {M6X8} (M = Mo, W, Re; X is halide
or chalcogenide) with firmly attached, but exchangeable six termi-
nal ligands, L, giving overall [{M6X8}L6] composition for stable clus-
ter entity, which can be cationic, neutral, or, what is most common,
anionic, depending on the specific nature of M, X, and L. Unfortu-
nately, negative charge of the cluster complexes restricts their cel-
lular uptake. The {Mo6I8L6} clusters are particularly attractive,
given their easy preparation, relative low cost and superior emis-
sive properties. A major handicap here is their tendency to hydro-
lyze already in neutral aqueous solutions, which cancels their
emission [8]. Moreover, formation of sparingly soluble aqua-
hydroxo complexes [Mo6I8(OH)4(H2O)2] leads to microsized aggre-
gates with acute toxicity for living organisms [8].

Fluorophores emitting in red and far-red regions embedded in
silica nanoparticles are highlighted as the best basis for developing
of multifunctional nanomaterials for biomedical purposes [10–12].
Easy silica surface functionalization enables to tune a cellular
uptake behavior by means of convenient surface decoration with
specific functional groups or biomolecules [13–16]. Convenient
size of silica nanoparticles is also highlighted as a factor facilitating
their cell internalization through endocytosis [17–20]. Thus,
molecular or ionic compounds exhibiting required functional prop-
erties but poor cell internalization should be embedded to silica
nanoparticles in order to activate their cellular uptake. In this con-
nection, a series of publications report embedding of the hexam-
olybdenum cluster complexes into silica nanoparticles [21–24].
These reports indicate the possibility of fabrication of silica
nanoparticles with red cluster-centered long-lived luminescence.
Nevertheless, both partial hydrolysis of the cluster complexes in
the process of the cluster-nanoparticle composites preparation
and inaccessibility of a sizeable fraction of the embedded clusters
to oxygen represent major shortcomings of this approach [21].

Literature sources indicate the ionic assembling method based
on efficient electrostatic attraction of the cluster anions to posi-
tively charged counter-ions as powerful tool to embed the cluster
complexes into hard [25,26] or soft nanoparticles [4]. Such non-
covalent approach results in safe embedding of the cluster com-
plexes into the nanomaterial without any degradation, which is
the reason for the cluster-centered luminescence remaining
unchanged in the nanomaterial. Moreover, wrapping of the cluster
anions by polyelectrolyte or triblock copolymer molecules also
results in high stability of the cluster-centered luminescence, while
the degradation of the cluster complexes in neutral diluted aque-
ous solutions is significant within one day [4,27]. The present
report introduces interfacial adsorption of [{Mo6I8}I6]2� and
[{Mo6I8}(CH3COO)6]2� cluster anions onto amino-modified surface
of silica nanoparticles (SNs) as facile approach of their efficient
loading by the cluster anions. The results indicate the impact of
amino- and siloxy-groups at the SNs surface on the adsorption of
the cluster anions through both ionic self-assembly and coordina-
tion bonds formation. Thus, amino-decorated SNs are introduced
herein as prime reason for hybrid cluster nanoparticles [{Mo6I8}
(CH3COO)6]-SNs and [{Mo6I8}I6-SNs. The well-known enhanced
uptake capacity of amino-decorated compared vs. ‘‘naked” silica
nanoparticles confirms the validity of such approach. Furthermore,
we introduce assembly of the embedded nanoparticles with tri-
block copolymer molecules as a means of enhancing their colloid
stability. High positive charge, stable in time luminescence of the
assembled nanoparticles are highlighted as a prerequisite for their
applicability as cellular contrast agents. The present work also
demonstrates that the luminescence of the assembled nanoparti-
cles enables to quantitatively evaluate the cellular uptake behavior
of C-SNs.

Taking into account that ROS (reactive oxygen species) genera-
tion takes place at nanoparticle/water interface, any surface coat-
ing will dramatically affect ROS generation [21,28,29]. High
potential of the assembled C-SNs in ROS generation is revealed
by EPR measurements with the use of the well-known spin trap
DMPO [30–32]. The C-SNs hybrids show low cytotoxic effect with-
out irradiation, but significant cytotoxicity under the irradiation
which is also represented for the cancer cell line MCF-7, thus ful-
filling another prerequisite for their applicability in theranostics.
Specific incubation time (6 h) is required for significant photody-
namic therapy effect on the cancer versus normal cells exemplified
by HSF cell line. This reflects different cell internalization of the
assembled C-SNs into the cancer and normal cells.
2. Experimental section

2.1. Materials

Tetraethyl orthosilicate (TEOS, 98%), ammonium hydroxide
(28–30%), n-heptanol (98%), 3-aminopropyltriethoxysilane (APTES,
99%), 4-morpholineethanesulfonic acid hydrate (MES, 99%), b-
alanine and fluorescamine were purchased from Acros Organics
and used without further purification. Triton X-100, cyclohexane
(99%) and triblock copolymer (PEO)13(PPO)30(PEO)13 (L64), 5,5-
dimethyl-pyrroline N-oxide (DMPO) were purchased from Sigma-
Aldrich.

[K(diglyme)(CH3CN)]2[Mo6I14] and (nBu4N)2[{Mo6I8}(CH3-
COO)6]2� were synthesized in accordance with the previously pub-
lished procedures [27,33].

TEOS was purified by distillation.
Synthesis of amino-modified silica nanoparticles (SNs) was per-

formed through the water-in-oil microemulsion procedure. The
synthetic mixture from Triton X-100 (8.63 g), cyclohexane
(33.75 mL), n-heptanol (8.1 mL) and 2.16 mL of water was stirred
for 15 min, followed by the addition of 0.27 mL of aqueous ammo-
nia (28–30%). After stirring for 15 min, TEOS (0.23 mL) was added
to the mixture, followed by further stirring for 24 h. Then, TEOS
(0.23 mL) was added again, and the mixture was stirred for
30 min. After addition of APTES (0.045 mL), the mixture was stirred
for another 24 h. The synthesized nanoparticles were separated
from the microemulsion by adding acetone, centrifuging, and
washing with acetone/ethanol mixture (1:1), ethanol (once) and
water (several times).

Fluorescamine-based procedure was applied for quantitative
essay of amino groups on the surface of the aminomodified SNs
[34].
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The ionic assembly of the SNs with [{Mo6I8}I6]2� and [{Mo6I8}
(CH3COO)6]2� cluster anions has been performed according to the
following procedure. An L64-based solution (0.3 mM) of the cluster
complexes (0.035 mM) was mixed with the aqueous colloids of the
SNs (0.5 g�L�1). 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 25 �C (15000 rpm) in order
to get rid of excess cluster units and L64. Afterwards, the assem-
bled nanoparticles were washed by water and dispersed in water
or buffer solutions.

MES buffer (50 mM, pH 7.0) was applied for the sample
preparation.
2.2. Methods

Transmission electron microscopy images of silica nanoparti-
cles were obtained using a Hitachi HT7700 apparatus (Japan).
The images were acquired under an accelerating voltage of
100 kV. Samples were ultrasonicated in absolute ethanol for
10 min and then dispersed on 200 mesh copper grids with contin-
uous formvar support films.

The steady-state emission spectra were recorded on a fluores-
cence spectrophotometer Hitachi F-7100. Excitation of samples
was performed at 380 nm.

The separation of the colloids was performed by centrifuge
MPW-351/R with the temperature control within 20-40 �C.

Mo and Si in the colloids were measured using inductively cou-
pled plasma optical emission spectrometry (ICP-OES) on an iCAP
6300 DUO analyzer by Varian Thermo Scientific Company
equipped with a CID detector. This spectrometer enables simulta-
neous measurement of peak heights within 166–867 nm range.
The optical resolution is <0.007 nm at 200 nm. The working fre-
quency is 27.12 MHz. Together, the radial and axial view configu-
rations enable optimal peak height measurements with
suppressed spectral noises. The experimentally observed Mo (spec-
tral line – 202.030 nm) and Si (spectral line – 251.611 nm) concen-
trations are summarized in Table S3.

The dynamic light scattering (DLS) measurements and zeta
potential values of nanoparticles in aqueous dispersions were car-
ried out using Zetasizer Nano ZS (Malvern Instruments). All sam-
ples were prepared in twice distilled water filtered through
0.45 mm Millipore nylon membrane filter. All samples with
nanoparticles were ultrasonicated for 30 min before
measurements.

The ESR experiments were carried out on an ELEXSYS E500 ESR
X-band spectrometer. The ESR spectra were simulated with Win-
Sim free software (version 0.96, National Institute of Environmen-
tal Health Sciences). The irradiation of the samples was done by
light emitting diode (420 nm) or UV-lamp Vilber Lourmat
(365 nm) at a distance of 35 cm from the light source.

pHs of solutions were controlled with Microprocessor pH meter
Hanna Instruments HI 212 (Germany). The pH-meter was cali-
brated with standard aqueous buffer solutions.
2.2.1. Cultivation of the cell lines
MCF-7 (human breast cancer cell line) was obtained from

American Type Culture Collection (ATCC, Manassas, VA). The cell
line was maintained and propagated in RPMI-1640 culture med-
ium supplemented with 10% fetal bovine serum, 50 units/mL peni-
cillin, 50 mg/mL streptomycin, and 2 mM L-glutamine. MCF-7 cells
were maintained at 37 �C in a humidified atmosphere of 5% CO2 as
a monolayer culture. HSF (human skin fibroblast) were isolated by
‘‘skin explant culture” techniques [35]. HSF cells were maintained
at 37 �C in a humidified atmosphere of 5% CO2 as a monolayer
culture.
2.2.2. Cytotoxicity of nanoparticles
The cytotoxicity induced by nanoparticles was investigated by

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. MCF-7 cells were grown in RPMI-1640 at 37 �C under
5% CO2 in a humidified incubator. Cells were trypsinized, har-
vested, counted and seeded in 96-well plates at a density of
5�103 cells in 200 lL medium per well. The medium was then
replaced with the complete cell culture medium RPMI-1640 con-
taining nanoparticles in the concentration range 1.5–121.5 ng/mL
with further incubation for 6 h. After double washing with PBS
the cells were incubated with cell culture medium containing
500 lg/mL MTT solution and were added to the wells. After 3 h
of the incubation the medium was removed by aspiration, and for-
mazan crystals were solubilized with DMSO. The plates were then
shaken for 10 s, and optical density at 565 nm was determined
with a microplate reader (Tecan Infinite 200 Pro, TECAN, Switzer-
land). The relative cell viability in relation to control was calculated
by [A]np/[A]control � 100, where [A]np is the absorbance of the
wells with nanoparticles and [A]control is the absorbance of con-
trol wells containing cell culture medium without nanoparticles.
Three independent experiments and three replicates were per-
formed for each experiment.
2.2.3. Quantitative analysis of nanoparticle uptake
For nanoparticle uptake analysis, MCF-7 cells were seeded into

96-well plates at a density of 5�103 cells in 200 lL of RPMI medium.
The cells were incubated with the nanoparticles (concentration
range 1.5–121.5 ng/mL) for 6 h. The cells were washed twice with
200 lL of PBS, and fresh cell culture media were added. The fluo-
rescence intensity of the nanoparticles in each well was then mea-
sured with a microplate reader (Tecan Infinite 200 Pro, TECAN,
Switzerland) with excitation at 380 nm. The fluorescence intensity
was detected at 750 nm. Cells incubated without nanoparticles
were used for negative control. The fluorescence of the unwashed
wells with the nanoparticles (121.5, 40.5, 13.5, 4.5 and 1.5 ng/mL)
measured in triplicates was used for plotting of the calibration
curves for determination of the amount of nanoparticles internal-
ized in the cells.
2.2.4. Photodynamic treatment
MCF-7 cells were seeded 96-well plates at a density of 3�103

cells in 200 lL RPMI medium per well and incubated for 24 h prior
to the addition of the nanoparticles. The media were then replaced
with complete cell culture medium RPMI-1640 containing the
nanoparticles (121.5 ng/mL). After 6 h the cells were washed twice
with PBS and supplemented with a fresh medium and irradiated by
light emitting diode (LED) at 420 nm for 15 min at a distance of
30 mm to the LED with a light dose of 24 J/cm2. Next, the cells were
washed with fresh medium, and plates were returned to the incu-
bator for 24 h. The viability of the irradiated cells was determined
by the MTT assay (described above) within 24 h after the irradia-
tion. The relative cell viability compared to control wells contain-
ing the cell culture medium incubated with nanoparticles but
non-treated by the irradiation was calculated by [A]irr/[A]con-
trol � 100. Here [A]irr is the absorbance of the irradiated wells
and [A]control is the absorbance of the control wells without irra-
diation. The relative cell viability was calculated by [A]x/[A]con-
trol � 100, where Acontrol is the absorbance of the control cells
(MCF-7 or HSF cells without the SNs) non-treated by the irradia-
tion. [A]x is the absorbance of the cells incubated by the SNs which
are either treated or non-treated by the irradiation. Three indepen-
dent experiments and three replicates for each experiment were
performed. The statistical analysis of the data was done by
Mann-Whitney tests with the statistical significance at p < 0.05.



Table 1
Mean size (d), electrokinetic potential (f) values, and polydispersity indices (PDI) for
the SNs in water and aqueous solution of L64 (0.06 mM), for the SNs in the presence
[{Mo6I8}I6]2� and [{Mo6I8}(CH3COO)6]2� in aqueous solutions, and for the assembled
C-SNs [{Mo6I8}I6]-SNs and [{Mo6I8}(CH3COO)6]-SNs, where the assembly was facil-
itated by adding L64, as well as for [{Mo6I8}(CH3COO)6]-SNs* synthesized without
L64.

db, nm PDIb fb, mV

SNs 1291 ± 232 0.657 +24 ± 0.7
SNsa 341 ± 1 0.222 +26 ± 0.5
[{Mo6I8}(CH3COO)6]-SNs 228 ± 6 0.201 +53 ± 1
[{Mo6I8}(CH3COO)6]-SNs* 784 ± 18 0.401 +48 ± 0.4
[{Mo6I8}I6]-SNs 235 ± 5 0.145 +42.3 ± 7.6
[{Mo6I8}(CH3COO)6]2� + SNs 3225 ± 135 1.000 +13 ± 0.5
[{Mo6I8}(CH3COO)6]2�* + SNs 1658 ± 221 0.882 �16 ± 1
[{Mo6I8}I6]2� + SNs 361 ± 3 0.168 �40 ± 0.6

a In aqueous solution of L64.
b d, f and PDI values were averaged from three independent experiments with

the use of multiple scans (6–20) within each measurement.
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3. Results and discussion

3.1. Preparation of the nanobeads and their assembly with the clusters

As it has been mentioned above, convenient decoration of silica
nanoparticles is the main prerequisite for both efficient cellular
uptake and ionic assembly with the cluster anions. For these pur-
poses silica nanoparticles (60 ± 6 nm) decorated by average 3500
amino-groups per each nanoparticle (evaluated by the
fluorescamine-based procedure [34]) (Fig. S1, in Supporting Infor-
mation (SI)) were synthesized through the well-known water-in-
oil microemulsion procedure. The size of the nanoparticles was
intentionally kept below 100 nm in order to ensure sufficient cel-
lular uptake [17,18]. The TEM images of the synthesized silica
nanoparticles (SNs) along with the simplified synthetic scheme
are presented in Fig. 1.

Amino-decorated silica nanoparticles commonly demonstrate
high aggregation in neutral aqueous media [36]. Indeed, the aggre-
gation behavior of our SNs is significant in aqueous solutions at
neutral pHs. The electrokinetic potential values collected in Table 1
indicate that the SNs are positively charged, although the charging
does not prevent their aggregation. The high basicity of amino-
groups is the well-known reason for their protonation in neutral
conditions. Thus, the presence of ammonium in the equilibrium
with amino groups explains the positive charging of the SNs. Inter-
particle interactions through amino-ammonium hydrogen bonding
are the reason for aggregation of the SNs, as revealed by DLS data
(Table 1).

Aggregation of nanoparticles is a well-known factor decreasing
their surface activity, which can both prevent ionic assembly of
SNs with the cluster units and restrict cell internalization of the
assembled nanoparticles. It is worth noting in this connection that
PEGylation of nanoparticles is efficient route to increase their col-
loid stability [37,38]. Triblock copolymers are documented as
promising alternate to PEGs in hydrophilic coating of nanoparticles
for their colloid stabilization [39–41]. Electrostatic attraction of the
ammonium groups at the surface of the SNs with triblock copoly-
mer molecules is worth assuming as driving force of their assembly
at the SNs surface. The choice of the triblock copolymer L64 with
the formula (PEO)13(PPO)30(PEO)13 as the building block for coat-
ing has been determined by our previous results on interaction
of L64 molecules with [{Mo6I8}I6]2� cluster units as the reason
for increased water solubility of the cluster, as well as for its the
strong and stable luminescence in aqueous solutions [27]. The
water solubility of [{Mo6I8}(CH3COO)6]2�, stability and lumines-
cence of the cluster in aqueous solutions is indifferent to the pres-
ence of L64 (Fig. S2a,c in SI). Thus, the effect of L64 on both
uploading of the cluster into the SNs and aggregation of the assem-
bled nanoparticles was exemplified by [{Mo6I8}(CH3COO)6]2�.

The synthetic procedure is worth preceding by the evaluation of
the interaction between the SNs and oppositely charged cluster
units. Average particle size and electrokinetic potentials of the
SNs in aqueous solutions of the cluster complexes, as measured
Fig. 1. Schematic representation of the s
by DLS, are presented in Table 1. The data (Tables 1 and S1) point
to the charge neutralization and recharging of the SNs in the aque-
ous solutions of the cluster complexes.

The synthetic procedure for an assembly of the cluster units
with the SNs was based on the mixing of the nanoparticulate and
ionic components followed by centrifugation-mediated phase sep-
aration in order to remove excess of water soluble components
from the separated colloid phase (for more details see Experimen-
tal). The efficiency of the cluster transfer (E%) from the solution to
the nanoparticulate phase was evaluated from the UV–Vis spectral
changes of aqueous solutions before and after their mixing with
the nanoparticles followed by the phase separation through the
centrifugation at various temperature conditions (Fig. S3 and
Table S2 in SI). The presented E%-values (Table S2 in SI) were aver-
aged from three independent experiments at the specific tempera-
ture conditions with the standard deviation about 1%. The data
(Table S2 in SI) indicate significant dependence of the E%-values
on temperature conditions of the centrifugation-induced phase
separation. Thus, 25 �C is revealed as the optimal temperature of
the centrifugation procedure to achieve highest E%-values (92.5%
and 76% for [{Mo6I8}I6]2� and [{Mo6I8}(CH3COO)6]2�,
correspondingly).

The transfer is evident visually, because white silica nanoparti-
cles become colored after their ionic assembly with the cluster
complexes. This is illustrated by photos at Fig. 2a, while the simul-
taneous de-coloration of the supernatant solutions was confirmed
by the UV–Vis spectral measurements (Fig. S3 in SI). The separated
nanoparticulate phase was re-dispersed in water or in the buffer
solution. The assembled hybrid nanoparticles incorporate
0.0322 mmol of [{Mo6I8}I6]2� and 0.0266 mmol of [{Mo6I8}(CH3-
COO)6]2� per 0.5 g�L�1 of the SNs. The weight of one nanoparticle
was calculated by equation m = 4/3�q�p�r3, where density of the
nanoparticles (q) is equal to pure silica (1.96 g/cm3) and r is their
average radius [42,43]. Assuming that m is 2.2�10�16 g, we obtain
ynthesis and TEM image of the SNs.



Fig. 2. (a) Photos of SNs in aqueous solution (1), SNs in the cluster solutions (2) and assembled SNs with clusters (3) before and after irradiation; (b) Schematic representation
of self-assembly of the clusters complexes on silica surface; (c) TEM images of the SNs and [{Mo6I8}(L)6]-SNs.
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that each SN is decorated, in average, by 8700 [{Mo6I8}I6]2� and
7100 [{Mo6I8}(CH3COO)6]2� cluster anions.

The assembled SNs will be further designated as [{Mo6I8}I6]-SNs
and [{Mo6I8}(CH3COO)6]-SNs where the charges are omitted for
clarity, while the nanoparticles designated as [{Mo6I8}(CH3COO)6]-
SNs* will refer to those synthesized without L64.

The assembled nanoparticles exhibit high positive charge
(Table 1), while the charge neutralization of the SNs is observed
in the aqueous solutions of the cluster at the same concentrations
(Tables 1 and Fig. S1). The returning of the positive charge of SNs
after the centrifugation step (Table 1) points to the centrifugation
as a factor facilitating physical adsorption of the cluster complexes
onto silica surface. Moreover, the centrifugation of the naked silica
nanoparticles in aqueous solutions of K2[{Mo6I8}I6] and (nBu4-
N)2[{Mo6I8}(CH3COO)6] results in the detectable transfer of the
cluster units from aqueous to silica phase, as manifested by the E
%-values, 27% and 50% for (nBu4N)2[{Mo6I8}(CH3COO)6] and
K2[{Mo6I8}I6] correspondingly. The naked silica nanoparticles are
negatively charged, which restricts their interaction with the anio-
nic cluster units but facilitates adsorption of potassium ions. Thus,
these results point to the centrifugation as the reason for adsorp-
tion of both cluster salts onto the surface of the SNs and their
naked analogues, but the efficiency of the cluster complexes trans-
fer depends on the surface modification of the nanoparticles, being
higher for the SNs decorated by amino groups. Nevertheless, both
attraction of the cluster anions by ammonium groups and potas-
sium ions by Si-O�-groups are the driving forces for the efficient
loading. The cartoon images in Fig. 2b illustrate both interactions.

The TEM-images of the assembled nanoparticles in Fig. 2c
reveal the outgrowths at the silica surface which most probably
derive from the attached cluster complexes. The lack of the out-
growths in the TEM images of the SNs separated from the L64-
based aqueous solutions without the clusters confirms this
assumption (Fig. S4 in SI). The recharging of the SNs in the solu-
tions of the clusters indicate that the interaction between the neg-
atively and positively charged groups at the silica surface with the
cluster complexes tends to concentrate the latter at the silica/
water interface. Thus, the reestablishment of the positive charge
on the assembled SNs after the centrifugation step indicates
switching of the interaction mode from the electrostatically driven
cluster-silica interactions to the self-assembly of the clusters com-
plexes at the silica/water interface (Fig. 2b).

The presence of L64 in the synthetic mixture causes insignifi-
cant effect on the E%-values for the uploading of (nBu4N)2[{Mo6I8}
(CH3COO)6] (Table S2 in SI). However, the DLS measurements
reveal significant improvement of the aggregation behavior of
the assembled nanoparticles in this case, which is evident from
the lower polydispersity index (PDI) and mean particle size values,
measured by DLS for [{Mo6I8}(CH3COO)6]-SNs where the ionic
assembly was facilitated by L64 against L64-free [{Mo6I8}(CH3-
COO)6]-SNs* (Table 1).

The efficiency of the assembly procedure is confirmed by deter-
mination of Mo and Si contents by inductively coupled plasma
optical emission spectrometry (ICP-OES) techniques. The data are
listed in Table S3 in SI. The Mo:Si molar ratios calculated from
the E% values (1:46 and 1:52 for [{Mo6I8}I6]-SNs and [{Mo6I8}(CH3-
COO)6]-SNs) confirm the ratios calculated from the ICP-OES data
(1:46 and 1:61 correspondingly).

3.2. Photophysical characteristics of [{Mo6I8}(CH3COO)6]-SNs and
[{Mo6I8}I6]-SNs and their stability in aqueous solutions.

Stability in time of the cluster-centered luminescence is one of
the key requirements for their applicability in bioanalysis. Presen-
tation of the photophysical characteristics of the assembled hybrid
nanoparticles and discussion of their stability in time is worth



Table 2
The excited state lifetime values (s) of [{Mo6I8}I6]-SNs, [{Mo6I8}(CH3COO)6]-SNs,
[{Mo6I8}I6]2� and [{Mo6I8}(CH3COO)6]2� in MES buffer solutions in the aerated
conditions measured within few minutes after the sample preparation and after the
storage for ten days and three months, Ccluster = 0.035 mM, CSNs = 0.5 g�L�1, CMES = 50 -
mM (pH 7).

s, ms s (10 days), ms s (3 months), ms

[{Mo6I8}I6]-
SNs

0.03167 ± 0.00026 0.02215 ± 0.00017 0.02956 ± 0.00031

[{Mo6I8}I6]2� 0.03479 ± 0.00073 0.02533 ± 0.0004 –
[{Mo6I8} (CH3COO)6]-

SNs
0.01534 ± 0.00024 0.02099 ± 0.00007

0.02717 ± 0.00011 [{Mo6I8}
(CH3COO)6]2�

0.01324 ± 0.00051

0.02438 ± 0.00104 –
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preceding by similar results for free cluster complexes in aqueous
solutions. The luminescence of the both clusters suffers from the
degradation in the MES-based buffer solutions (Fig. 3a and b). It
is also worth noting that dissolution of [{Mo6I8}(CH3COO)6]2� in
the buffer solution is accompanied by greater shifting of the emis-
sion band in the comparison with [{Mo6I8}I6]2� under the same
conditions (Fig. 3a and b).

The cluster-centered luminescence of [{Mo6I8}(CH3COO)6]-SNs
is shifted to red (�10 nm) versus the luminescence of [{Mo6I8}
(CH3COO)6]2� in the buffer solution (Fig. 3c), while the emission
band of [{Mo6I8}I6]-SNs is very similar to that of [{Mo6I8}I6]2� in
the aqueous solutions. The steady state and time resolved lumines-
cence measurements were performed for the cluster complexes
and C-SNs ([{Mo6I8}I6]-SNs and [{Mo6I8}(CH3COO)6]-SNs) in the
MES-buffered solutions, both within few minutes after the sample
preparation and after long (within 10 days and 3 months) storage.
The steady state spectra are shown in Fig. 3 and Fig. S2 in SI. The
excited state lifetime values (s) of the cluster complexes and C-
SNs are collected in Table 2, the corresponding decay curves are
shown in Fig. S5 in SI. The storage for 10 days of C-SNs is enough
for detectable changes in both steady state luminescence spectra
(Fig. 3) and s-values (Table 2). The luminescence of the free cluster
complexes in the solutions significantly decreases after the longer
storage (Fig. S2 in SI), while only insignificant changes in the steady
state spectra are observed for [{Mo6I8}I6]-SNs and [{Mo6I8}(CH3-
COO)6]-SNs after their storage even for three months in the buf-
fered solutions (Fig. S2 in SI). The s-values of the clusters in
molecular and nanoparticulate forms presented in Table 2 confirm
the time-induced changes in cluster-centered luminescence for the
both forms. Taking into account the well-known essential inert-
ness of the apical ligands in hexamolybdenum clusters [44–47]
the time-induced changes in both steady state and time resolved
luminescence of the clusters in molecular and nanoparticulate
forms can be explained by slow apical ligands (iodide or acetate)
Fig. 3. Luminescence spectra of: [{Mo6I8}(CH3COO)6]2� (a) and [{Mo6I8}I6]2� (b) in MES
solution at various time after the sample preparation: 5 min (1), 90 min (2), 1 day (3), 5 da
7), kex = 380 nm.
substitution. However, the difference between substitution pro-
cesses in solutions and at the surface of the nanoparticles is worth
noting. Quenching of the cluster-centered luminescence in solu-
tions can be explained by both aquation and hydrolysis of the clus-
ter complexes, while the substitution of the apical ligands by the
plentiful amino and siloxy groups restricts aquation and sup-
presses hydrolysis of the clusters in C-SNs, which leads to the
observed stability of the cluster-centered luminescence for
[{Mo6I8}I6]-SNs and [{Mo6I8}(CH3COO)6]-SNs. The cartoon image
in Fig. 4 illustrates the anchoring of the cluster units at the silica
surface via amino and siloxy groups through the apical ligand
substitution.

Thus, both stability of the photophysical properties of [{Mo6I8}
(CH3COO)6]-SNs, [{Mo6I8}(CH3COO)6]-SNs* and [{Mo6I8}I6]-SNs
nanoparticles and their specific morphology with the interfacial
localization of the cluster units are worth regarding as promising
basis for fluorescent cellular imaging and photodynamic therapy
applications in the case of their high cell internalization and low
cytotoxicity.
buffer solutions (a, b), [{Mo6I8}(CH3COO)6]-SNs (c) and [{Mo6I8}I6]-SNs (d) in buffer
ys (4), 8 days (5), 10 days (6). CCluster = 0.035 mM, CSNs = 0.5 g�L�1, CMES = 50 mM (pH



Fig. 4. Schematic representation of the anchoring of the cluster units at the silica surface via amino and siloxy groups.

Fig. 5. Irradiation-generated ESR spectra in aqueous solution of DMPO (0.1 M) and
[{Mo6I8}(CH3COO)6]-SNs (0.1 mM of the cluster units).

Fig. 6. Cell viability of MCF-7 incubated by [{Mo6I8}I6]-SNs (SN1), [{Mo6I8}(CH3-
COO)6]-SNs* (SN2) and [{Mo6I8}(CH3COO)6]-SNs (SN3).
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3.3. Monitoring of the ROS generation by EPR measurements in
aqueous solutions of [{Mo6I8}I6]-SNs and [{Mo6I8}(CH3COO)6]-SNs

Generation of the highly reactive singlet oxygen O2(1Dg)
through energy transfer between excited triplet states of the clus-
ter complexes and oxygen has attracted great attention in the
recent decade due to its bactericidal [26,48] and antitumor activity
[49,50]. Generation of ROS can be visualized by different tech-
niques based on the use of specific luminophores, chromophores
or magnetic probes able to change their functional properties in
the presence of ROS [51]. The greater activity of [{Mo6I8}(CH3-
COO)6]2� versus [{Mo6I8}I6]2� in the ROS-generation has been
already documented by the use of the spectral assays for monitor-
ing of O2(1Dg). To the best of our knowledge, the cluster-mediated
ROS-generation has been never monitored by the ESR technique
facilitated by the spin traps, although the technique is highlighted
as the most sensitive among others [30,31]. Moreover, the ESR
technique enables to monitor generation of ROS under different
regimes of the sample irradiation straight in the cell of the ESR
spectrometer. The well-known spin trap DMPO (0.1 M) was
applied for detection of the short-living radicals, since O2(1Dg)
itself is silent in X-band ESR spectroscopy, while its interaction
with DMPO generates long-living spin adducts DMPO-OH [52], as
manifested by peculiar ESR pattern.

The ESR measurements with the clusters in molecular and
nanoparticulate forms were preceded by measuring the
irradiation-induced changes in the ESR spectra of aqueous solution
of DMPO in order to find optimal irradiation regime where the
photolysis of water molecules would be insignificant [28]. The gen-
eration of spin-adducts in the aqueous solution of DMPO under
irradiation at 365 nm by UV-lamp, and the lack of the paramag-
netic species under the irradiation at 420 nm point to the latter
irradiation conditions as optimal for the lack of water molecules
photolysis.

The irradiation of aqueous solutions of DMPO in the presence of
the clusters in both molecular and nanoparticulate forms gives rise
to four resolved ESR signals. They can be simulated with the fol-
lowing parameters: g = 2.0055, aN = 14.8 G, aH = 14.8 G, DH = 0.7
G, which are characteristic for the DMPO-OH spin adduct [53].
Fig. 5 exemplifies the ESR spectrum for [{Mo6I8}(CH3COO)6]-SNs,
the spectra generated with [{Mo6I8}(CH3COO)6]-SNs* and [{Mo6I8}
I6]-SNs (Fig. S6 in SI) being very similar to that in Fig. 5. The ESR
signal appears at the beginning of irradiation and tends to increase
in intensity within 10–15 min, which points to attainment of the
steady state condition when rates of generation and decay of the
spin-adducts become equal. When the irradiation is stopped, the
signal gradually disappears, but is restored after repeated irradia-
tion. Thus, irradiation within 15 min is enough for detectable
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ROS generation. Similarity in the appearance of the ESR signal for
the clusters in both molecular and nanoparticulate forms is also
worth noting.
3.4. Cellular uptake and cytotoxicity of [{Mo6I8}(CH3COO)6]-SNs and
[{Mo6I8}I6]-SNs

The cell viability data measured for MCF-7 cell line are pre-
sented in Fig. 6. No significant toxicity is observed within the indi-
Fig. 7. Cell internalization of [{Mo6I8}I6]-SNs (SN1), [{Mo6I8}(CH3COO)6]-SNs* (SN2)
and [{Mo6I8}(CH3COO)6]-SNs (SN3) into MCF-7 after the incubation for 6 h (a) and
24 h (b).

Fig. 8. The cell viability of irradiated (black) and non-irradiated (white) MCF-7 (a) a
121.5 ng�mL�1 of the C-SNs: [{Mo6I8}I6]-SNs (SN1), [{Mo6I8}(CH3COO)6]-SNs* (SN2) and
cated concentration range, and the cell viability data reveal no
difference between the nanoparticles.

Fluorescent measurements of MCF-7 cellular samples after
incubation with the hybrid nanoparticles for 6 and 24 h indicate
that 6 h of incubation is enough for efficient cellular uptake, which
decreases after the longer incubation (Fig. 7). Cell internalization is
detectably less for the normal cells, as is exemplified by HSF cell
line after 6 h of the incubation (Fig. S7 in SI).

Thus, the assembled hybrid nanoparticles efficiently internalize
the cells with rather low cytotoxic effect. This is the prerequisite
for the applicability of the assembled nanoparticles as both cellular
imaging and therapeutic agents. The latter function correlates with
the ability of the clusters assembled to the SNs to generate ROS.

3.4.1. Generation of ROS and photodynamic therapy effect
The cytotoxic effect from the generation of ROS was exemplified

by the measurements of the cell viability data for MCF-7 and HSF
cell lines by MTT assay. After incubation with nanoparticles the
cells were irradiated at 420 nm for 15 min (for more details see
Experimental).

The viability of the HSF cells incubated with nanoparticles and
treated with 420 nm light was found to be around 65–80% for all
three types of C-SNs (Fig. 8), i.e., the effect of the photodynamic
treatment on the cell viability is rather low. By contrary, incubation
with led to significant reduction in MCF-7 cells viability, up to 20
and 10% respectively (Fig. 8). The viability of MCF7 cells incubated
with [{Mo6I8}I6]-SNs was also reduced under the irradiation,
although the reduction is less pronounced than for the cells incu-
bated with [{Mo6I8}(CH3COO)6]-SNs and [{Mo6I8}(CH3COO)6]-SNs*

(Fig. 8). The greater photodynamic effect of the SNs loaded by
[{Mo6I8}(CH3COO)6]2� versus [{Mo6I8}I6]-SNs on the cancer cells
is in good agreement with the greater luminescence quantum yield
and oxygen quenching constant of [{Mo6I8}(CH3COO)6]2� versus
[{Mo6I8}(I)6]2� [7,21]. Light treatment of the cells with nanoparti-
cles led to the formation of ROS and a marked decrease in the via-
bility of the cells of the breast cancer line. Thus, the generation of
ROS is a main mechanism of the nanoparticles cytotoxicity, that
causes DNA and RNA damage, oxidations of amino acids in pro-
teins, increased lipid peroxidation and elevated expression of
ROS responsive genes. Since the degree of internalization in the
MCF-7 cells of all the investigated nanoparticles was very close,
the different photodynamic effects are to be explained by
different levels of ROS generation. What is important, is that lack
of the toxic effect of the irradiation on human fibroblast cells incu-
bated with the nanoparticles was observed (Fig. 8). This remark-
able specificity of the cluster-generated photodynamic therapy
allows targeted use of nanoparticles [{Mo6I8}(CH3COO)6]-SNs and
nd HSF (b) cell lines both non-treated by the SNs (No SN) and incubated with
[{Mo6I8}(CH3COO)6]-SNs (SN3) after the irradiation at 420 nm.
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[{Mo6I8}(CH3COO)6]-SNs* for therapy of oncological diseases. It is
also worth noting that longer irradiation (for 30 min) and greater
amount of the nanomaterial (about 0.1 mg�mL�1) is required to
produce significant killing of the cancer cells for the silica nanopar-
ticles where {Mo6I8}-based cluster units are encapsulated into the
silica matrix [50].
4. Conclusion

The present report introduces deposition of the luminescent
hexamolybdenum cluster complexes onto amino-decorated silica
nanoparticles as more facile and efficient loading technique versus
the previously reported encapsulation of the cluster complexes
into silica nanoparticles [7,8]. The deposition is initiated by elec-
trostatic attraction of the cluster anions and their counter-ions to
ammonium and siloxy groups at the silica surface. The
centrifugation-induced separation of the nanoparticulate phase
from the aqueous solution facilitates the deposition resulting in
the positively charged nanoparticles loaded by �8700 and �7100
of K2[{Mo6I8}I6] and K2[{Mo6I8}(CH3COO)6] cluster complexes per
the nanoparticle. Both time-induced changes of the cluster-
centered luminescence and the lack of the cluster complexes
degradation point to an anchoring of the cluster units at the silica
surface via amino and siloxy groups through the apical ligand sub-
stitution as the slow process which follows initial fast electrostatic
binding. In this way we have achieved stable in time cluster-
centered luminescence of the nanoparticles, arisen from the
interfacial localization of the cluster units, which is a prerequisite
for fluorescent cellular imaging and photodynamic therapy
applications. The high cell internalization and low dark cytotoxic-
ity of the loaded nanoparticles results from their positive charge
and high stability of the cluster units. Localization of the cluster
units at the silica/water interface exhibit some advantages in pho-
todynamic effect on the cancer cells versus the nanoparticles
where the {Mo6I8}-based cluster units are encapsulated into the
silica matrix [50]. Moreover, the less irradiation-induced
cytotoxicity is revealed for the non-cancerous cells. The
specificity of the cluster-generated photodynamic therapy high-
lights [{Mo6I8}(CH3COO)6]-SNs and [{Mo6I8}(CH3COO)6]-SNs* as
promising basis for photodynamic therapy of oncological diseases.
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