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Abstract: The strong therapeutic potential of an organotin(IV)
compound loaded in nanostructured silica (SBA-15pSn) is
demonstrated: B16 melanoma tumor growth in syngeneic
C57BL/6 mice is almost completely abolished. In contrast to
apoptosis as the basic mechanism of the anticancer action of
numerous chemotherapeutics, the important advantage of this
SBA-15pSn mesoporous material is the induction of cell
differentiation, an effect unknown for metal-based drugs and
nanomaterials alone. This non-aggressive mode of drug action
is highly efficient against cancer cells but is in the concentration
range used nontoxic for normal tissue. JNK (Jun-amino-
terminal kinase)-independent apoptosis accompanied by the
development of the melanocyte-like nonproliferative pheno-
type of survived cells indicates the extraordinary potential of
SBA-15pSn to suppress tumor growth without undesirable
compensatory proliferation of malignant cells in response to
neighboring cell death.

Cisplatin is one of the most effective and commonly used
agents to treat various types of human cancer.!'! Despite the
great therapeutic success of cisplatin, some cancer cells
relatively rapidly acquires resistance or are intrinsically
resistant to cisplatin, leading to relapse and therapeutic
failure.’! The use of high-dose cisplatin regimens in the
treatment of most aggressive malignancies lacking effective
treatment, such as cisplatin-resistant melanoma,” has been
shown to be effective in advanced cases but is always
associated with unacceptable side effects.”! The goal in
developing new metal-based anticancer drugs is to overcome
the main limitations of cisplatin, such as its narrow range of
activity, the development of resistance, and its severe
toxicity.!

Apoptosis is the basic mechanism of the anticancer action
of numerous chemotherapeutics. Alternatively, the most
important action of chemotherapeutics is the induction of
cell differentiation as an opposite process to malignant
transformation. There are numerous naturally occurring
compounds as well as synthetic drugs with antitumor action
based on this process,’® but metal-based compounds causing
this type of transformation are still undiscovered. This
approach has not yet been exploited and the induction of
apoptosis is still the favored mechanism of oncotherapy even
though this means of cell death causes a strong signal for the
proliferation of surrounding anaplastic cells. This phenom-
enon known as compensatory proliferation was found to be
connected with enhanced JNK activation.”’

In recent years, the application of nanotechnology in
medicine has pointed toward drug delivery, imaging, and
other therapeutic and diagnostic applications.”®! Nanoparticles
have been developed to treat diseases at the cellular level and
to apply drug therapies that might be targeted to malignant
tissues.’” Many of these nanomaterials require difficult
synthetic methods and the incorporation of photoresponsive
molecules or target receptors.'”)

Nanostructured silica-based materials are already highly
promising candidates in several fields of medicine, but in
cancer therapy there have been relatively few investiga-
tions."! These materials are nontoxic to cells,'? have large
external surfaces and porous cores, and may be functionalized
with small molecules and used as drug carriers.’¥ However,
the in vivo antitumor effect of nanostructured silica loaded
with metal compounds is still unknown.

Some of us have previously reported that loading of bio-
inactive mesoporous nanomaterials with cytotoxic titanocene

[*] C. Bensing, Prof. D. Steinborn, Dr. H. Schmidt,
Prof. G. N. Kaluderovi¢
Institut fiir Chemie
Martin-Luther-Universitit Halle-Wittenberg
Kurt-Mothes-Strasse 2, 06120 Halle (Germany)
E-mail: goran.kaluderovic@chemie.uni-halle.de

Prof. G. N. Kaluderovi¢

Department of Bioorganic Chemistry

Leibniz Institute of Plant Biochemistry

Weinberg 3, 06120 Halle (Saale) (Germany)

M. Z. Bulatovi¢, Dr. D. Maksimovié-lvani¢, Dr. M. Moji¢,
Dr. M. Momilovi¢, Dr. S. Mijatovi¢

Institute for Biological Research “Sinisa Stankovic”
University of Belgrade

Bulevar despota Stefana 142, 11060 Belgrade (Serbia)

Wiley Online Library

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Prof. S. Gémez-Ruiz, Dr. D. Pérez-Quintanilla
Departamento de Quimica Inorganica y Analitica
E.S.C.E.T., Universidad Rey Juan Carlos

28933 Méstoles, Madrid (Spain)

Prof. A. Koraé, 1. Goli¢

Center for Electron Microscopy, Faculty of Biology
University of Belgrade

Studentski trg 16, 11000 Belgrade (Serbia)

[**] We thank the Ministry of Education, Science and Technological
Development of Serbia (grant no. 173013) and the Ministerio de
Economfia y Competitividad, Spain (grant no. CTQ2012-30762) for
financial support.

@ Supporting information for this article (including materials, prep-
aration of Ph;Sn(CH,),OH, SBA-15p, and SBA-15pSn, cell lines,
animals, and used) is available on the WWW under http://dx.doi.
org/10.1002/anie.201400763.

Angew. Chem. Int. Ed. 2014, 53, 5982 -5987


http://dx.doi.org/10.1002/anie.201400763
http://dx.doi.org/10.1002/anie.201400763

derivatives enhances their activity in tumor cells.""! In the
current study, we selected SBA-15 mesoporous silica as
a carrier, because of its higher cytotoxicity upon loading with
titanium compounds (compared to that of MCM-41 loaded
with titanium compounds).!" Because triphenyltin(IV) com-
pounds express high activities (compared both to titanocene
derivatives and cisplatin),"*!*! we present here the strong
therapeutic potential of the nanostructured material SBA-15
loaded with an organotin(IV) compound.

SBA-15 was synthesized by a sol-gel method and a sub-
sequent calcination step (see the Supporting Information).!*"
SBA-15p particles were prepared by covalent grafting of
SBA-15 with 3-chloropropyltriethoxysilane (CPTS). The
extent of the functionalization with attached = Si(CH,);Cl
units was calculated from the chlorine content (XRF) as
0.76 mmol Cl per g SiO,. The content of carbon is higher than
expected from the Cl content, pointing to an incomplete
substitution of ethoxy groups in the reaction of CPTS with
SBA-15. This was further confirmed by *C CP MAS and *Si
MAS NMR spectroscopic investigations. Besides functional-
ization of the external surface of the nanomaterial, the inner
surface was also functionalized, as confirmed by *C CP MAS
and #Si MAS NMR spectra, by the decrease of pore size and
BET surface, and the increase of the wall thickness in direct
comparison to SBA-15 (Table S1). Based on the calcination
temperature of SBA-15 (500°C) it could be estimated that the
functionalization gave a mixture of singly and doubly grafted
molecules.') SEM and TEM images of SBA-15p did not show
any significant difference to those of SBA-15, implying that
the morphology of the material was not affected by function-
alization with CPTS (Figure 1).

Treatment of SBA-15p with 6-triphenylstannylhexan-1-ol
yielded SBA-15pSn particles, which are loaded with the
organotin(IV) compound. XRD analysis showed a loading of
0.324 mmol Sn per gSiO,. As expected, the pore size
observed in SBA-15pSn (4.80 nm) was smaller than that in
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SBA-15p (4.88 nm) and in SBA-15 (4.97 nm). A small amount
of Ph;Sn(CH,);OH is located on the external surface of the
material, as evident by the decrease of the surface area.
Organotin(IV) loading was confirmed by solid-state NMR
spectroscopy. Besides the resonance pattern (*C CP MAS) of
3-chloropropyl groups, aromatic and methylene resonances
were found corresponding to Ph;Sn(CH,);OH. In the '“Sn
MAS NMR spectrum, a singlet resonance (—106 ppm) arises
from Ph;Sn(CH,);OH (for further details see the Supporting
Information). SEM and TEM images of SBA-15pSn
(Figure 1) showed a uniform morphology of nanostructured
rods (particle size ca. 720 x 460 nm, calculated from SEM
data) and a uniform pore size (hexagonal form).

For investigations of the in vitro activity, B16 tumor cells
were cultivated in the presence of Ph;Sn(CH,);OH, SBA-
15pSn, and SBA-15p at a wide range of dosages, and cell
viability was estimated by MTT and CV tests after 48 and
72 h. Treatment of cells with Ph;Sn(CH,);OH resulted in
dose-dependent inhibition of cell viability (Figure S7). Inter-
estingly, the ICs, value calculated from MTT experiments
(ICsp=20 um) was half of that obtained from the CV test
(ICso=40 um). This discrepancy lays in the fact that disturb-
ance of mitochondrial respiration as a consequence of toxic
stimulus results in the reduction of cellular viability (Fig-
ure S7). On the other hand, treatment of cells with SBA-
15pSn (3.85% Sn) resulted in a remarkable decrease of cell
viability (Ms;=2 ugmL~" from MTT and 2.6 pgmL™"' from
CV assay). The advantage of the novel SBA-15pSn over the
most active titanium-loaded mesoporous material (SBA-15
loaded with the [Ti{Me,Si(n’-CsMe,)(n’-CsH,)}CL], Ms,=
309 +42 pgmL™!) from the previous study,!' is that its in
vitro activity is more than 150 times higher.

The amount of Ph;Sn(CH,);OH (3.85%) in SBA-15pSn
with this Mj, is approximately 60 times lower than the ICs,
dosage of free Ph;Sn(CH,);OH. At this concentration, free
Ph;Sn(CH,)cOH does not affect tumor cell viability. Impor-
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Figure 1. SEM images: A) SBA-15, B) SBA-15p, C) SBA-15pSn; TEM images: D) SBA-15, E) SBA-15p, F) SBA-15pSn.
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tantly, carrier SBA-15p alone had no influence on cell
viability (Figure S7 A and B). Moreover, in contrast to tests
with free Ph;Sn(CH,);OH, SBA-15pSn does not affect
mitochondrial respiration (according to MTT and CV tests),
and thus, the observed decrease of cell respiration is a clear
reflection of the decreased number of viable cells (Fig-
ure S7 A and B).

To investigate the effectiveness of the tested drugs in vivo,
B16 cells were inoculated in syngeneic C57BL/6 mice and
intraperitoneal treatment started (10th day) when tumors
were palpable. At the 28th day, animals were sacrificed. In the
control group, four of five animals developed the maximum
allowed tumor volume. The tumor growth determined in
SBA-15p-treated animals was similar to that of the control. At
the same time, two animals of the cisplatin group died during
the experiment while two developed tumors of the maximum
allowed volume (Figure2). Whereas in the presence of
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Figure 2. Efficiency of Ph;Sn(CH,),OH, SBA-15p, SBA-15pSn, and
cisplatin against mouse melanoma in vivo. B16 cells (1x10°) were
inoculated into C57BL/6 mice (n=>5 per group); tumor volume after
28 days is shown. | two animals died.

Ph;Sn(CH,),OH alone, the tumor grows more slowly,
indeed, application of SBA-15pSn almost completely abol-
ished the tumor. Biochemical analysis of urine revealed that
only cisplatin-treated animals showed serious signs of nephro-
toxicity indicated by the presence of erythrocytes and
leukocytes in urine as well as elevated level of protein.
Based on the apparent absence of toxicity and nephrotoxicity
in the SBA-15pSn group in comparison to the cisplatin group,
it can be concluded that the tin-loaded mesoporous silica is
very well tolerated.

To elucidate the mechanism of antimelanoma action, cells
were treated with ICs/Ms, doses of Ph;Sn(CH,);OH and
SBA-15pSn (obtained from in vitro screening for 72 h), and
cell cycle distribution, proliferation, and different types of cell
death were evaluated by flow cytometry. Ann/PI double
staining revealed the remarkable presence of early apoptotic
cells (Ann*PI"), while subsequent DNA fragmentation was
further confirmed by the accumulation of cells in the subG
phase of the cell cycle (Figure S8 A and B). The apoptotic
process, accompanied by caspase activation in the Ph;Sn-
(CH,);OH- and SBA-15pSn-treated cultures, was dominant in
cells exposed to free Ph;Sn(CH,);OH alone (Figure S8C).
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Interestingly, exposure to SBA-15pSn led to a strong
autophagic process manifested through the higher number of
autophagosomes in the cytoplasm (Figure S8 D). Neutraliza-
tion of this process by the specific inhibitor 3-MA clearly
indicated that autophagy did not contribute to the decrease
in cell viability (Figure S8E). Moreover, evaluation of the
proliferative potential of surviving cells in cultures exposed to
SBA-15pSn by CFSE revealed a strong blockage in first and
second division, pointing out the remarkable presence of
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Figure 3. Differentiation of melanoma cells: Cell proliferation (A; R1:
first division, R2: second division, R3: undivided cells), granularity of
cytoplasm (B), Mayer's hematoxylin-stained cells (C), melanin synthe-
sis and tyrosinase activity (D), galactosidase expression (E), ROS/RNS
production (F).
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undivided cells (Figure 3A). In concordance with this, an
enhanced granularity of cells exposed to SBA-15pSn was
observed (Figure 3B). Compared to untreated cells with
a round morphology, cells incubated with Ph;Sn(CH,)sOH or
SBA-15pSn displayed a flat morphology with an increased
volume of cytoplasm and membrane growth resembling
dendrites (Figure S9). Microscopic analysis of hematoxilin-
stained melanoma cells exposed to tested compounds for 4,
24, 48, and 72 h showed significant differences between
cultures treated with SBA-15pSn and free Ph;Sn(CH,);OH
(Figure 3C). While application of Ph;Sn(CH,);OH mainly
promoted apoptosis with all the typical morphological signs,
melanoma cells treated with SBA-15pSn underwent differ-
entiation toward melanocytes, marked by the presence of
primary and secondary melanosomes,”® as confirmed by
electron microscopy (Figure S10). This was further supported
by measurement of tyrosinase activity as well as melanin
content (Figure 3D).

SBA-15p and SBA-15pSn particles were clearly seen
within the cytosol of B16 cells even after 4 h of incubation.
This is in agreement with previous studies on the mesoporous
SBA-15 and MCM-41 particles efficiently ingested by cells.!'”
Importantly, their presence in the cell did not promote any
visible organelle damage (Figure S10).
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Furthermore, loss of malignant properties coincided with
enhanced galactosidase expression (Figure 3E), indicating
that cells are in the state of senescence. Observed normo-
genesis could be triggered by reactive oxygen and nitrogen
species (ROS/RNS)."¥l With this in mind, we analyzed the
intracellular level of ROS/RNS and the intensive production
of free radicals was detected in cultures exposed to SBA-
15pSn (Figure 3F). This phenomenon could be in direct
relation with melanoma cell maturation observed upon
treatment with SBA-15pSn.

The influence of Ph;Sn(CH,);OH and SBA-15pSn on the
major signaling pathways of B16 melanoma cells was
evaluated. Western blot analysis revealed the well-synchron-
ized regulation of Akt and downstream p70S6 kinase in
Ph;Sn(CH,);OH and SBA-15pSn exposed cells. After the
initial enhancement in Akt phosphorylation at Ser473 as well
as phosphorylation at Thr389 in p70S6k, a site crucial for
enzyme activation, this signaling pathway becomes silenced.
Its shutting down is also confirmed by the progressive
inhibition of autoinhibitory domain phosphorylation at posi-
tion Thr421/Ser424 which is necessary for maintaining the
active p70S6K conformation. This finding is in correlation
with the previously found decrease of proliferative potential
in cultures treated with SBA-15pSn. Furthermore, ERK1/2
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Figure 4. Differentiation of melanoma cells: Intracellular signaling pathways. Western blot analysis of the expressed signaling molecules.
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phosphorylation was permanently diminished in response to
Ph;Sn(CH,),OH treatment, while SBA-15pSn (ICs, calcu-
lated from My, of SBA-15pSn/ICs, of Ph;Sn(CH,);OH = 1/60)
triggered more potent but transitory ERK1/2 inhibition
(Figure 4). A similar pattern of Akt and ERK activity was
previously described in B16 melanoma cells in response to the
NO-modified HIV protease inhibitor saquinavir, which
induces permanent trans-differentiation of these cells into
Schwann-like phenotype.l® The differentiation of melanoma
toward the glial phenotype accompanied with myelin gene
expression was previously reported.”

Interestingly, in the MAP kinase family, only p38 was
affected by free Ph;Sn(CH,);OH and SBA-15pSn in different
ways. While Ph;Sn(CH,)cOH alone continuously inhibited
p38 phosphorylation, SBA-15pSn strongly activated this
protein (Figure 4). A similar pattern was previously reported
as responsible for B16 differentiation.”” Finally, the last
representative member of the MAP kinase family, SAPK/
JNK was inhibited by Ph;Sn(CH,);OH and even more
strongly by SBA-15pSn. The down-regulation of JNK activity
is very important for the evasion of the compensatory
proliferation of cells in apoptotic cell environment. Namely,
the induction of apoptosis in the oncotherapy of anaplastic
tumors is a “double-edged sword” because dying cells
promote the proliferation of their neighbors.*!! This phenom-
enon was explained by the JNK-dependent production of
mitogen mediators which involve JAK/STAT as well as Wnt
and Notch signaling " Furthermore, it was documented that
JNK inhibition by SP600125 blocked the L-threonine-induced
expression of the stem cell marker OCT4 and several cell
proliferative molecules, such as cyclin D1, cyclin E, and c-
Myec.

In conclusion, we have reported the strong therapeutic
potential of organotin(IV)-loaded nanostructured silica
(SBA-15pSn) which almost completely abolish B16 tumor
growth in syngeneic C57BL/6 mice. More than the drug or the
carrier material alone, SBA-15pSn demonstrated dramati-
cally amplified—much more than an additive effect—anti-
tumor activity. Under these conditions, nontoxic doses of the
tested drug became highly efficient against melanoma cells. In
contrast to the general approach in oncotherapy (induction of
apoptosis), SBA-15pSn triggers JNK-independent apoptosis
followed by the development of a nonproliferative melano-
cyte-like phenotype of surviving cells. This pattern of action
leads to the nonaggressive suppression of tumor growth with
yet nonrecognizable toxicity toward normal tissue.
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