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An engineered POSS drug delivery system for copper(ll) anticancer
metallodrugs in selective application toward melanoma cells
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Miguel?, Ana Paula A. de Oliveira?, Felipe Franco de Melo Bagatelli®, Carla
Columbano Oliveira®, Floriana Tuna¢, and Ana Maria da Costa Ferreira*?@

Abstract -

In this work, a polyhedral silsesquioxane (POSS) was used as an engineered drug delivery
system for two oxindolimine-copper(ll) anticancer complexes, [Cu(isaepy)]* and
[Cu(isapn)]*. The interest in hybrid POSS comes from the necessity of developing materials
that can act as adjuvant to improve the cytotoxicity of non-soluble metallodrugs.
Functionalization of POSS with a triazole ligand (POSS-atzac) permitted the anchorage of
such copper complexes, producing hybrid materials with efficient cytotoxic effects.
Structural and morphological characterization of these copper-POSS systems were
performed by using different techniques (IR, NMR, thermogravimetric analysis). A
combination of continuous-wave (CW) and pulsed EPR (HYSCORE) spectroscopies
conducted at X-band have enabled the complete characterization of the coordination
environment of the copperion in the POSS-atzac matrix. Additionally, the cytotoxic effects
of the loaded materials, [Cu(isapn)]@POSS-atzac and [Cu(isaepy)]@POSS-atzac, were
assessed toward melanomas (SK-MEL), in comparison to non-tumorigenic cells (Fibroblast
P4). Evaluation of their nuclease activity or ability to cleavage DNA indicated
concentrations as low as 0.6 pg/mL, while complete DNA fragmentation was observed at
25 upg/mL. By using adequate scavengers, investigations on active intermediates
responsible for their cytotoxicity were performed, both in the absence and in the presence
of ascorbate as a reducing agent. Based on the observed selective cytotoxicity of these
materials toward melanomas, investigations on the reactivity of complexes and
corresponding POSS-materials with melanin, a molecule that contributes to melanoma
resistance to chemotherapy, was carried out. Results indicated a main role of binuclear
copper species, formed at the surface of the silica matrix, in the observed reactivity and
selectivity.
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1. Introduction

The skin is the largest organ in the body, offering
protection as a physical barrier [1]. Melanocytes are
specialized cells in human skin that are responsible for
synthesizing melanin inside melanosomes via a

tyrosinase-dependent pathway [2]. Melanin is an

ubiquitous pigment, formed by heterogeneous
polyphenol-like biopolymers, responsible for the color
of our skin, eyes, and hair [3, 4]. Its syntheses is initiated
L-dopa (L-3,4-

promoted by

tyrosinase, a copper protein exhibiting in its active site

by tyrosine hydroxylation or

dihydroxyphenylalanine) oxidation
a binuclear copper-histidine species, coordinated to
dioxygen [5, 6].
exposure of the skin to ultraviolet light [7], as a

Melanogenesis is stimulated by
response to provide photoprotection against radiation
damage. UV light exposure and genetic traits represent
the main factors associated with melanocyte disorders,
including melanoma development [8-10].

Melanoma is the second most prevalent type of skin
cancer registered worldwide (324,635 cases in 2020),
according to the Global Cancer Observatory, GCO —
WHO [11]), and it has a mortality rate of 17.5%. Surgery
is the primary treatment for all stages of melanoma
[12], but chemotherapy is an important tool for
managing the disease in its advanced form. The
development of specific drugs for the treatment of
melanoma only took off in the past 10 years, and
with the
combination of carboplatin with paclitaxel as one of the

metallodrugs have an important role,

possible therapeutic interventions [13].

In this context, the search for new anticancer

compounds with diverse mechanisms of action
becomes important to improve efficacy and circumvent
resistance. In this study, two copper(ll) compounds
previously studied, [Cu(isapn)]* and [Cu(isaepy)]® [14]
(Fig. 1B), have their anticancer activities explored
(SK-MEL-147).  These

compounds have been extensively investigated, and

against melanoma cells

identified as promising antitumoral agents against
different types of cancer in our group [15-17]. In the
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recent advanced development of metallodrugs beyond
the traditional
complexes [18], copper compounds have deserved a

and already approved platinum

special interest among other stimuli-responsive metal
complexes [19]. Besides having redox activity that
improves its cytotoxicity versus tumour cells, copper
centres are often coordinated to biologically active
ligands as imines, triazoles or dithiocarbamates [20,21]
that stabilize its oxidation states, frequently acting also
as antioxidants or inhibitors of selected proteins in a
synergistic effect [22, 23]. An useful strategy to modify
and improve the cytotoxicity of metal complexes is
loading them in inorganic nanoporous materials that
can contribute significantly to its biological activities
[24-26].

Among several suitable materials for engineered
the

silsesquioxanes (POSSs)

delivery  system, polyhedral  oligomeric

are the most important
members of this kind of family owing to its non-toxicity,
shape persistence, good biocompatibility, longer
degradation time, and inert nature that make them
highly attractive compared to polymers and surfactants
for potential biomedical applications [27, 28]. In
addition, octahedral POSS (RSiO1s)n (n = 8) are the
smallest and precisely defined silica nanoplatforms (1-
3 nm) with one to eight reactive organofunctional
groups (R) attached to its eight possible vertices [29-

31].

Furthermore, the main reasons for the use of
nanocarriers in a drug delivery system is to decrease the
high dosage used for free drugs to reach the designated
targets, controlling the release of the active compound
[32]. Therefore, an engineered drug delivery system
based on POSS for tumorous cells has been attracting
much attention nowadays since most of the anti-cancer

drugs cause serious side effects on healthy cells [33].

Triazoles have attracted much attention since they
represent a scaffold that appears in many commercial
drugs, acting as antiviral, antibiotics, antifungal or
anticancer agents [34—37]. They form metal complexes
with different ions that usually show better biological
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activity than their corresponding ligands [38]. In
particular, the 3-amino-1,2,4-triazole-5- carboxylic acid
ligand (atzac) used in this work to modify the surface of
the precursor material (POSS-Cl) has been reported as
an efficient ligand for copper ion. This ligand can form
mononuclear, binuclear, and even mixed-valence
Cu(l/11), or heterometallic as Cu(l)/Fe(ll) coordination
metal compounds [38]. In the atzac modification, the
electron-rich N atoms of the triazole ring are available
for coordination in addition to the oxygen atoms from
carboxylic group. Therefore, this ligand seems to be

suitable for functionalization of the silica.

Some studies in the literature have reported the use of
different POSS for biological applications, however,
none of them deal with the use of a modified POSS as a
metallodrug carrier against tumor cells. Examples of
organic drugs inserted on POSS include a synthesized
hydrophilic polyhedral oligomeric silsesquioxanes
[POSS(OH)3;] as a carrier for anthracyclines-doxorubicin
(DOX) and daunorubicin (DAU) towards Hela (cervical
and MCF-7

adenocarcinoma) cell lines [39].

cancer endothelial) (human breast
Furthermore, the
biocompatibility in vitro of two water-soluble POSS-
(SB)s and POSS-(QAS)s macromolecules were tested
using mouse embryos osteoblast precursor cells
(MC3T3-E1) treated for 24 h [40]. The cell viability
results (> 80%) demonstrated a good biocompatibility
and usability of each compound up to 500 pg/mL [40].
In other study, a modified POSS was applied in
photodynamic therapy (PDT) [41]. According to the
authors, in vivo imaging-guided photodynamic therapy
has been successfully performed, and the material has
shown no or negligible cytotoxicity. These results make
POSS potentially eligible as a theranostic agent for PDT

in clinical applications.

Herein an engineered drug delivery system was
developed based on an hexa-triazole-substituted
polyhedral oligomeric silsesquioxane (Figure 1A) as a
copper(ll)
cytotoxicity has been already verified toward different
tumor cells (Figure 1B) [15, 42]. The loaded and free
copper compounds were studied against the melanoma
cell lines SK-MEL-147 and SK-MEL-05. To the best of our

carrier of two metallodrugs whose

This journal is © The Royal Society of Chemistry 20xx

knowledge, this is the first report on POSS materials as
carriers for modified delivery of metallodrugs.
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Figure 1. Molecular structure of (A) POSS-atzac,
and (B) [Cu(isapn)]ClO4 and [Cu(isaepy)H20]ClOa4.

The elucidation of the chemical environment of these
copper(ll) complexes upon loading on the POSS-atzac
was provided recently by spectroscopic approach,
combining continuous wave and pulsed wave EPR
(HYSCORE) [43], indicating the formation of a secondary
species capable to explain the better selectivity verified
toward melanomas.

2. Experimental section

The chemicals 3-amino-1,2,4-triazole-5-carboxylic acid
(2,3-dioxoindole)  (isa), 2-(2-
aminoethyl)pyridine (epy), 1,3-diaminopropane (pn),

(atzac), isatin

and copper(ll) perchlorate hexahydrate, were
purchased and used as received from Sigma-
Aldrich/Merck.

2.1 Instrumentation

13C and 2°Si CP/MAS NMR spectra were registered with
a Bruker Avance 500 spectrometer with MAS@10kHz,
at Institute of Chemistry of UNESP/Araraquara, SP.
Infrared spectra, elemental and metal analyses were
carried out by using Perkin ElImer — Frontier, CHN-
Perkin Elmer-2400 and ICP-OES,
instruments, respectively, at Central Analitica of 1Q-
USP,

Spectro Arcos

University of Sdo Paulo/Brazil
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(https://ca2.ig.usp.br/). Scanning electron microscopy
(SEM) images were obtained using a Jeol — JSM 7401F
(FEG) instrument. Continuous-wave (CW) EPR data
EMX 300 EPR
spectrometer operating at X-band (9.4 GHz, 20 mW

were recorded with a Bruker
power, 100 kHz frequency amplitude), at University of
Sdo Paulo (USP). The magnetic field was calibrated
using DPPH as a standard (g = 2.0036). X-band pulsed
EPR measurements have been performed at 5 K with a
Bruker ElexSys E580X spectrometer operating at X-
band (ca. 9.67 GHz), at University of Manchester, UK.
The temperature were
accomplished with a helium cryostat from Oxford
instruments for CW mode, and a Bruker ER4118HV-
CF58 FlexLine Cryogen-Free System was used for pulse

measurements at low

measurements. The magnetic field was calibrated using
DPPH or Strong Pitch standards. The 2D FFT-HYSCORE
experiments were obtained from baseline corrected
with a hamming window and zero filled. EasySpin in
with  MATLAB 2015a platform
(MathWorks) were used to perform the simulations,
both for CW- and HYSCORE spectra [44].

combination

2.2 Syntheses

2.2.1 Synthesis of the copper(ll)
[Cu(isapn)]ClO4 and [Cu(isaepy)(H20)]CIO,

complexes

Syntheses of [N,N'[bis-(3,3"-indolin-2-one)]-1,3-
diiminopropane]-copper(ll) perchlorate
([Cu(isapn)]ClO,) and aqua[N-[bis-(3-indolin-2-one)]-

2-iminoethylpyridine]-copper(ii) perchlorate
([Cu(isaepy)(H:0)]CIO4) complexes
Compounds [Cu(isapn)]ClO, (1) [14, 45] and

[Cu(isaepy)(H,0)ICIO, (2) were obtained following
methods previously described by us [16]. Briefly, the
imine ligand is obtained by condensation reaction of
isatin with the suitable amine or diamine at pH around
6, followed by metalation with perchlorate salt.

[Cu(isapn)]ClO4-2H,O0 1 (Ci9H19N4OsCICu, 530.38
g/mol): Yield 85%, Calculated: C 43.03, H 3.80, N 10.56
%, Found: C 43.37, H 3.37, N 10.67%. FTIR (KBr pellet,
cm™): v(C=0) 1728, v(C=N) 1595, and v(C-H) 738.

4| J. Name., 2012, 00, 1-3

[Cu(isaepy)(H20)]CIO, -2H,0 2 (C15H19N305CICu, 468.33
g/mol): Yield 75%, Calculated: C 38.47, H 4.09, N 8.97
%; Found: C 38.96, H 3.98, N 8.93%. FTIR (KBr pellet, cm’
1): v(C=0) 1731, v(C=N) 1583, and v(C-H) 744.

2.2.2 Synthesis of hexa[(3-amino-1,2,4-triazole-5-
carboxylic acid) dichloropropyl] octasilsesquioxane
(POSS-atzac)

The synthesis of precursor octakis(3-chloropropyl)
octasilsesquioxane (POSS-Cl) 3 has been reported in
previous work [30, 46]. Similarly, preparation of octa[3-
acid) propyl]
silsesquioxane (POSS-atzac) was firstly reported in our

amino-1,2,4-triazole-5-carboxylic

previous study [47]. However, a new synthesis of the
POSS-atzac was performed again with modification in
order to obtain a compound with six units of the 3-
amino-1,2,4-triazole-5-carboxylic acid ligand bonded to
the POSS-Cl surface.

POSS-CI (5 g, 4.82 mmol) was added into two reaction
flasks containing 100 mL dimethylformamide, and
stirred under reflux until its complete solubilization.
Next, the ligand 3-amino-1,2,4-triazole-5-carboxylic
acid (atzac) (3.66 g, 28.92mmol) was added slowly into
each flask over a period of 3 h and stirred for 3 more
days. At the end of the reaction time, the solid was
obtained after the addition of ethanol to the medium
to precipitate the materials
acid)
octasilsesquioxane (POSS-atzac, white solid). The solid

hexa[3-amino-1,2,4-

triazole-5-carboxylic dichloropropyl]

was separated by filtration and washed with a mixture
of ethanol/H,0 (50:50 v/v).

POSS-Cl [Sis012(CsHeCl)s] 1036.94 g/mol: Yield 49%,
CHN (%), calculated: C 27.80, H 4.67; found: C 27.79, H
4.41. FTIR (KBr pellet, cm™): v(C-H) 2954, v(C-H) 1430,
Vas(Si-0-Si) 1110 and v(C-Cl) 699.

POSS-atzac  [SisO12(CsHoN402)s(C3HsCl)2].(H20)23.(HCl)s
2219.81 g/mol: Yield 95%, CHN (%), calculated: C 22.73,
H5.36, N 15.14; found: C22.62, H5.05, N 14.90. FTIR (KBr
pellet, cm™): v(C-H) 2942, v(C=0) 1674, v(C=N) 1574, v(C-
N) 1449, v,(Si-O-Si) 1114 and v(C-Cl) 696.

This journal is © The Royal Society of Chemistry 20xx
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2.2.3. Synthesis of binuclear complex [Cu(isapn)(u-
triazole)Cu(isapn)]

The synthesis of the binuclear complex was carried out
by solubilizing the 3-amino-1,2,4-triazole-5-carboxylic
acid ligand (2.25 mmol) in hot water. Then, the
[Cu(isapn)]ClO4 complex (6.2 mmol) solubilized in
DMSO/H20 (20:80) v.v at pH 7 was added to the
reaction medium and left under stirring for 2h. Next,
binuclear complex [Cu(isapn)(p-triazole)Cu(isapn)] was
filtrated and washed several times with a mixture of
DMSO/H20. The sample was dried at 70°C overnight
and stored in glass flasks.

[Cu(isapn)(u-triazole)Cu(isapn)] Ca1H36Cu2N1206
918.15 g/mol: Yield 94%, Calculated (%) C 53.53, H 3.94,
N 18.27, Cu 13.82; Found (%): C 53.39, H 3.88, N 18.16,
Cu 13.75.

2.2.4 Lloading of copper compounds on POSS:
[Cu(isapn)]@POSS-atzac and [Cu(isaepy)]@POSS-
atzac

Both copper complexes loaded on POSS were obtained
following a similar method. Either [Cu(isapn)]* or
[Cu(isaepy)]* (4.5 mmol) were solubilized in DMSO/H,0
(2:8 v/v) at apparent pH 6.4. Next, 2.25 mmol of POSS-
atzac (5 g) were slowly added over a period of 2h under
stirring. The resulting suspension was stirred for 20 h at
room temperature. The materials [Cu(isapn)]@POSS-
atzac and [Cu(isaepy)]@POSS-atzac were isolated as
solids by filtration and washed exhaustively with a
mixture of DMSO/H,0 2:8. The samples were dried at
70°C overnight, ground with mortar and pestle and
stored in amber glass flasks.

[Cu(isapn)]@POSS-atzac
{[Sig012(CsHaN4O2)s(C3HsCl)2].(H20)20.(HCl)6}2[Cu(C1oH15
N40>)]ClIO4 4825.87 g/mol: Yield 96%, Calculated (%) C
25.64, H 4.99, N 15.09, Cu 1.32; Found (%): C 25.19, H
4.01, N 15.56, Cu 1.02. FTIR (KBr pellet, cm™): v(C-H)
2935, v(C=0) 1656, v(C=N) 1568, v(C-N) 1454, v,(Si-O-
Si) 1111, and v(C-Cl) 703.

[Cu(isaepy)]@POSS-atzac
{[Sig012(CsH9gN402)6(C3HeCl)2].(H20)20.(HCl)a}2[Cu(CisH1s
N30,)]ClO4 4617.99 g/mol: Yield 93%, Calculated (%): C

This journal is © The Royal Society of Chemistry 20xx

25.75, H 5.13, N 15.47, Cu 1.38; Found (%): C 25.64 H
5.19, N 15.25, Cu 1.39. FTIR (KBr pellet, cm™): v(C-H)
2942, v(C=0) 1670, v(C=N) 1573, v(C-N) 1460, vas(Si-O-
Si) 1116 and v(C-Cl) 699.

2.3 Release experiments

The release experiments were designed to simulate the
same conditions used for cell experiments. In this
experiment, 200 uL of the 0.5 mg/mL DMEM solutions
of [Cu(isapn)]@POSS-atzac, and [Cu(isaepy)]@POSS-
atzac were placed in a 96-well plate in triplicate. The
plate was kept at 37 °C and at different 180 pL aliquots
were collected over time for each compound and
transferred to a microtube. The tubes were centrifuged
at 14 000 rpm for 5 min, the supernatants were
collected and the total copper content was determined
by ICP-MS.

2.4 Cells and cell culture

SK-MEL-147 (wild type, Cellosaurus, CVCL 3876 -
Human melanoma cells) and SK-MEL-05 were kindly
provided by Professor Roger Chammas from the Cancer
Institute of S3o Paulo State (ICESP, S3do Paulo). The
human foreskin fibroblasts P4 cells (non-tumorigenic)
were isolated from tissues at Faculty of Pharmaceutical
Sciences-USP in the lab of Professor Silvya Stuchi Maria-
Engler. Dulbecco's Modified Eagle's medium - DMEM
(Vitrocell) supplemented with 10% fetal bovine serum
— FBS (Vitrocell) was used to cultivate both cell lines in
an oven with 5% CO,atmosphere and 37°C.

2.4.1 Cell viability analysis

Cell viability was evaluated by the tetrazolium dye
reduction assay (MTT) to verify the cytotoxicity of the
free and attached complexes on two modified-POSS.
1.10* of melanoma and non-tumor cells (SK-MEL-147,
SK-MEL-05 and fibroblast P4, respectively) were placed
in a 96-well plate and growth for 24h. Next, the medium
was removed, and each well was washed three times
with phosphate buffered saline buffer (PBS), pH 7.4.
The solutions and suspensions of each compound were
prepared in culture medium and directly added to the
cells and treated for 24 and 48h. Subsequently, the

J. Name., 2013, 00, 1-3 | 5



medium was replaced by 200 uL of medium containing
0.2 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide reagent (MTT, Sigma
Aldrich) and incubated for 3h. After the incubation, it
was possible to detect the formation of formazan

mg/mL  of

crystals under a microscope, after solubilization by
addition of 100 pL DMSO. Final absorbance was
measured at 570 nm on a microplate reader (Tecan
Infinite M200, Switzerland) and the cytotoxicity was
ICso
concentration-response curve.

expressed as values, determined from the

2.5 Nuclease activity
2.5.1 Plasmid expression and purification

The plasmid pBlueScript Il SK (+), from here on referred
to as pBS, was used as a double strand DNA substrate
(2961 bp-long) to evaluate the nuclease activity of the
materials prepared in this study. It was expressed in E.
coli (DH5a strain) cultivated in 5 ml LB-Ampicillin
(50mg/ml) broth and purified to molecular biology
grade using a QlAprep Spin Miniprep Kit (QIAGEN).
Briefly, bacterial cells were pelleted in microcentrifuge
tubes, resuspended in 250 pL of buffer P1 (composition:
50 mM Tris-Cl, 10 mM EDTA at pH 8.0 supplemented
with 100 pg/ml RNase A) and lysed by addition of 250
pL of buffer P2 (200mM NaOH, 1% SDS) with thorough
mixing. After quenching with 350 uL of neutralization
buffer N3 (proprietary composition, QIAGEN) and
10 min at 13000 the
supernatant obtained was carefully transferred by

centrifugation for rpm,
pipetting to a QlAprep 2.0 spin columns. The system
was centrifuged for 1 min, the first flowthroughs were
discarded and each column was washed with 0.75 mL
buffer PE (proprietary composition, QIAGEN). Finally,
the plasmid were collected by centrifugation (1 min),
eluted with 50 pL elution buffer (10 mM Tris-Cl, pH 8.5)
into clean microcentrifuge tubes, pooled and had the
final concentration determined spectrophotometrically
using a NanoDrop 2000 instrument (Thermo Fisher).
The pBS purity and integrity were further confirmed by
an agarose gel electrophoresis run before treatment
with the compounds of interest.

6 | J. Name., 2012, 00, 1-3

2.5.2 Nuclease Activity in the absence of a reducing
agent

The nuclease activity of [Cu(isapn)]@POSS-atzac and
[Cu(isaepy)]@POSS-atzac was evaluated by agarose gel
mobility shift. 200 ng of pBS were exposed to increasing
concentrations of the materials in 1x PBS (10 mM
phosphate, 137 mM NaCl, 2.7 mM KCl, pH 7.4) for 24h
at 37 °C (20 pL total sample volume). After incubation,
4 ul of loading buffer were added to each microtube,
homogenized, and 10 uL of each sample were loaded in
a well of a 1% agarose gel containing ethidium bromide.
Electrophoretic separation was run at 100V in 1x TAE
buffer (in around 1 h), along with a control well loaded
with 1kb plus DNA ladder (Thermo Fisher). The gels
were photo documented in a UV chamber.

2.5.3 Nuclease Activity in the presence of ascorbate as
a reducing agent

The formation of reactive oxygen species (ROS) induced
by [Cu(isapn)]@POSS-atzac and [Cu(isaepy)]@POSS-
atzac was probed in the presence of added ascorbate
as a reducing agent. This experiment followed the same
protocol described in section 2.4.3, but in the presence
of added 1 mM ascorbic acid. With this experiment, we
determined the minimum concentration of each
compound where complete DNA fragmentation was
observed, and the minimum concentration where at
least single-strand formation could be
detected. the

optimized in a per-compound basis.

(nicking)

Therefore, concentrations were

2.5.4 Assignment of ROS species related to the
nuclease activity

This experiment was carried out to identify the ROS
families related to nuclease activity of materials
[Cu(isapn)]@POSS-atzac and [Cu(isaepy)] @POSS-atzac.
200 ng of pBS were pre-mixed with 4 families of ROS
scavengers: NaN; (500 mM; singlet oxygen); superoxide
dismutase (40U; superoxide); dmso (10%; hydroxyl)
and catalase (60U, peroxide). Next, an amount of each
compound that was identified to cause complete DNA
the
(experiment described in 2.5.3) was then added to each

fragmentation in presence of ascorbate

This journal is © The Royal Society of Chemistry 20xx



corresponding sample. Lastly, ascorbate was added for
a final concentration of 1 mM, in 1x PBS and a total
sample volume of 200 pL. The samples were incubated
for 24 h at 37 °C, and 4 uL of loading buffer were added
to each microtube. Gel run and photo documentation
followed the same protocol given in 2.4.3.

2.6 Oxidative stress

To monitor the effect of the compounds on the
redox state of SK-MEL-147, a flow cytometry assay
was performed using the Muse Oxidative Stress Kit
(MCH100111) (Merck Millipore). This assay
simultaneously counts and determines the
percentage live cells (ROS-) and cells undergoing
oxidative stress (ROS+) based on the intracellular
detection of superoxide radicals by the probe
dihydroethidium (DHE). 1x10° cells were seeded into
each well of a 6-well plate containing 1 mL of DMEM
culture medium supplemented with 10% SFB for 24
h at 37°C under 5% CO, atmosphere. After this
treatment period, the cells were washed three times
with PBS and a new DMEM culture medium was
added containing each compound at their
respective 1Cso values, at 37 °C and atmosphere of
5% CO,. The control group being maintained under
the same conditions, however, in the absence of the
compounds. After this period, the cells were re-
suspended with trypsin-EDTA and transferred to an
Eppendorf, then centrifuged at 300 g for 5 minutes.
The supernatant was discarded, and the pellet was
washed one time with the 1X buffer and centrifuged
again at 300 g for 5 minutes. The supernatant was
again discarded and 1X buffer pellet was added to
the pellet until the solution remained at 1 x 10° x 1
x 107 cells/mL. Then, 10 uL of this cell suspension
was collected and transferred to another Eppendorf
where 190 pL of Muse Oxidative Stress Working
Solution was added, which was previously diluted 1:
8000 in the 1X buffer. The mixture was incubated for
30 min at 37 °C, and after this period, the Muse Cell
analyzer was read.

2.7 Melanin oxidation assays

This journal is © The Royal Society of Chemistry 20xx

A microplate reader-compatible melanin oxidation
assay was developed under physiological pH
inspired by classical methods based on the detection
of fluorescent oxidation product [48]. A 200 pg/mL
stock solution of synthetic melanin was prepared in
1x PBS, pH 7.4. In a black walled 96-well plate, 100
ug/mL samples of melanin were then exposed to
[Cu(isapn)]@POSS or [Cu(isaepy)]@POSS (final
concentrations of 2.5 or 25 pg/mL) and the free
compounds [Cu(isapn)]* or [Cu(isaepy)]* (final
concentrations of 1 or 10 uM). Each compound was
assayed in triplicate in PBS 1x pH 7.4, either in the
absence or in the presence of 1 mM ascorbate, or
1.2 mM H;0,. Controls with free melanin, and
melanin exposed to the same concentrations of
ascorbate and H,0; were also prepared, as well as
the free matrix POSS-atzac (2.5 and 25 pg/mL) either
in the absence or in the presence of ascorbate and
H,0,. Further, a triplicate of 100 pug/mL melanin
samples (250 pL) were incubated with 10% H,0, for
at least two hours. These samples were used to set
the gain of the instrument. The bottom read of
fluorescence ware taken over time (24h, 30 min
cycles, 37 °C) with a microplate reader (Tecan
Infinite M200, Switzerland) set with Aex= 470 nm and
Aem= 550 nm. The data were normalized to the
maximum fluorescence reads.

3. Results and Discussion
3.1 Synthesis and characterization of POSS-atzac

The precursor material POSS-Cl was synthetized by
acid hydrolytic condensation of the silylating agent
3-(Chloropropyl)triethoxysilane (CPTES) as
previously reported [49]. Subsequent, POSS-Cl was
modified stoichiometrically with a triazolic ligand, 3-
amino-1,2,4-triazole-5-carboxylic acid (atzac), in a
molar ratio of 1:6 so that a maximum of six units of
each ligand were bound on the POSS surface. This
stoichiometry was used, based in preliminary
studies showing that the matrix with more than six
units of ligands on its surface exhibited a high
cytotoxicity, and no selectivity between tumor and
non-tumorigenic cell lines. In contrast, the hybrid
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material functionalized with six or less ligands
showed a higher cytotoxicity toward melanoma
tumor cells with high selectivity index. According to
nitrogen elemental analysis of POSS-atzac, the
degree of functionalization was 2.66 mmol of atzac
groups per g of material, attesting that six units of 3-
amino-1,2,4-triazole-5-carboxylic acid were linked
to the POSS-Cl. Additionally, the existence of 3-
amino-1,2,4-triazole-5-carboxylic acid ligand on
POSS-CI was certified by 3C solid-state NMR
spectroscopy (Figure 2).

POSS-atzac spectrum (Figure 2A) displays four peaks at
8.77 (CH,-Si) (1), 22.62 (CH,-CH,Si) (2), 47.66 ppm (CHa-
N) (3) and 63.22 (CH,-Cl) (4), which are allocated to the
carbon of the propyl chain. However, a similar chemical
environment can be seen among carbons 1/1* and 2/2*
which reflects in the greater intensity of these signals.
Additionally, it is observed a difference in the chemical
displacement for carbons 3 and 4. Furthermore, four
new peaks appear at 154.62 (5), 148.79 (6) and
139.55(7) derived from carbons of the aromatic ring,
and the assigned 5* peak may be assigned to the
deprotonation of -COOH group leading a change in the
chemical environment of the carbon 5. The %°Si NMR
spectrum of POSS-atzac (Figure 2B) exhibits a single
peak at -67.38 ppm; confirming that the core remains
closed due to a single silicon environment.
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Figure 2. Structure, 3C (A) and #Si (B) solid-state NMR
spectra of the hexa[3-amino-1,2,4-triazole-5- carboxylic
acid) chloropropyl] octasilsesquioxane (POSS-atzac).

loaded materials
[Cu(isaepy)]@POSS-

of the
and

3.2 Characterization
[Cu(isapn)]@POSS-atzac
atzac

Preliminary loading tests of [Cu(isapn)]* on POSS-atzac
was performed and evaluated by EPR spectroscopy as
can been seen in Figure S1A. The results showed that
the loading of the [Cu(isapn)]* on the POSS-atzac matrix
is a function of time (vide Figure. S1B), and the
equilibrium condition was reached at 16 h of incubation
at room temperature. From these preliminary data, it
was also assumed that the maximum loading of
[Cu(isaepy)]* complex on the PQOSS-atzac would be
between 16 and 20 h of exposure.

Next, the  oxindolimine-copper(ll)  complexes
[Cu(isapn)]ClO4 and [Cu(isaepy)(H20)]ClO4 were loaded
on POSS-atzac matrix and characterized by a range of
techniques. Elemental analyses and ICP-OES data
indicated the presence of 1 equivalent of
[Cu(isapn)]ClOs or [Cu(isaepy)(H.0)]CIO, for 2
equivalents of POSS-atzac. The morphology of each
material was investigated by Scanning Electron
Microscopy (MEV). At a magnification of 10,000x
(Figure 3), it can be observed that the free matrix POSS-
atzac (Figure 3, panel A) has clearly smaller grains than
both loaded materials [Cu(isapn)]@POSS-atzac and
[Cu(isaepy)]@POSS-atzac. with
[Cu(isapn)]* or [Cu(isaepy)]*, differences in size became

Upon loading

negligible (Figure 3, panels B and C). The magnifications

This journal is © The Royal Society of Chemistry 20xx
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of 1,000x and 50,000x (Figure S2 and S3) display the
same behavior.

As can be seen in Figure S4, the FTIR spectra of each
material show strong and broad bands around 3500 cm"
! assighed to OH-stretching of silanol groups along with
adsorbed water. The intense band about 1100 cm™ is
typical of siloxane groups (Si-O-Si) present in each
compound and in precursor material (POSS-CI) [49,50].
Additionally, the bands vC-H nearby 2957 and 2877 cm”
! come from and it is due to the propyl chain of the
precursor POSS-Cl, as shown in Figure S4A [50]. The
presence of the bands of atzac ligand functionalized on
POSS-Cl appear at 1674, 1574 and 1449 cm?, and at
2500, 1636, 1541, 1442 and 1250 cm™ relative to the
binding v(C=0), v(C=N) and v(C-N) for POSS-atzac
(Figure S4B), respectively [51, 52]. Since only six units of
atzac ligand were inserted on functionalized POSS-CI,
the bands assigned to v(C-Cl) remain in their structure
at 696 cm™. On the other hand, the bands of pure
copper(ll) S5A S5B)
attached/bonded on POSS-atzac are not clearly evident
due to these bands appear in the same range as the

complexes (Figures and

functionalized atzac ligand. However, it is possible to
observe slight band shifts in the spectra of metal-
compound (Figures S4C and S4D) confirming the
coordination of the complexes to the atzac group.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Scanning electron micrographs of materials
(A) POSS-atzac, (B) [Cu(isapn)]@POSS-atzac and (C)
[Cu(isaepy)]@POSS-atzac at 10,000x magnification.

The precursor material POSS-atzac along with the
metal-compounds subjected to
thermogravimetric analyses (TGA) to investigate
their stability. All
silsesquioxane core have shown to be thermally
stable up to about 250 °C. As can be seen in Figure
S6, in general all first mass loss occurs up to 100 2C
concerning the loss of physiosorbed water [53-56].
The second mass loss occurs in two steps. The first
starts from 100 °C to 365 °C and the second step
from 365°C to 946 °C attributed to the
decomposition of the organic part that includes the
chloro- and atzac-propyl chain for POSS-atzac. In
addition, the combustion profiles of
[Cu(isapn)]@POSS-atzac and [Cu(isaepy)]@POSS-
atzac compounds also refer to losses of the chloro-

two were

compounds due to their

and atzac-propyl chains along with isapn and isaepy
ligands derived of complexes 1 and 2, respectively.

J. Name., 2013, 00, 1-3 | 9
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Continuous-wave EPR spectroscopy was used to A
probe the environment of the copper(ll) ions in the

loaded materials, given Cu(ll) has a 3d° (s =1/2) _ \__/JNJ)

configuration and is therefore paramagnetic. X-band /"—_—_
EPR spectra at room temperature of
[Cu(isapn)]@POSS-atzac and [Cu(isaepy)]@POSS-

atzac materials are presented in Figure 4. These are

EPR Signal / u.a

dominated by the expected characteristics of the

respective copper(ll) complexes, confirming the
successful loading and attachment to the POSS-
atzac surface of both complexes. Best simulation of

0 100 200 300 400 500 600
. . Magnetic Field / mT
the spectra was achieved with the set of parameters o

presented in Table 1. Analysis of the data indicates 8

that the copper coordination environment in all

loaded materials is quite different from that found Q.

in free complexes as evidenced by gis, values (Table 3 (

1). This may be due to tetra- and tri-coordinate i

complexes ([Cu(isapn)]* and [Cu(isaepy)*, E

respectively) bond covalently to nitrogen or oxygen w

atoms on POSS-atzac. In contrast, previous studies

in our lab using similar Schiff base copper(ll) ——— Experimental
. . . —— Simulated

complexes inserted in smectite clays [57] showed 3 3 < : ; :

0 100 200 300 400 500 600

giso values for free (giso = 2.111) and loaded
complexes (giso = 2.105), that demonstrated a weak
electrostatic interaction of copper compounds in

Magnetic Field /mT
Figure 4. Experimental (black) and simulated (red) EPR
spectra at X-band (9.4 GHz) and 298 K of solid state
samples of (A) [Cu(isapn)]@POSS-atzac, and (B)
[Cu(isaepy)]@POSS-atzac (B). Simulation parameters

the lamellae. Further, the [Cu(isapn)]* has been

previously loaded in a modified-MCM matrix and

the EPR parameters displayed were also distinct for are displayed in Table 1.

the free (giso = 2.180) and loaded complexes (giso =

2.151) [25]. To provide a conclusive evidence regarding the final
coordination environment of the loaded material
[Cu(isapn)]@POSS-atzac, HYSCORE experiments
were previously conducted, as recently reported
[43]. Results pointed to a major single symmetrical
copper(ll) species, containing a keto-keto or enol-
enol form, surrounded by five nitrogen atoms, and
the corresponding parameters were determined. N1
and N2 donor atoms from the di-imine group have a
stronger coupling in comparison to non-coordinated
N3 and N4 atoms from indole rings.

Completing the coordination sphere, N5 can be
assigned to one of the nitrogen atoms of the triazole
moiety in the matrix, showing the weakest coupling

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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among the five atoms. However,
experiments also pointed to a minor binuclear
species (see Figure 5) where the triazole moiety acts

as a bridge between two copper centers, that can

nitrogen

explain the selectivity toward melanoma cells [43,
58]. The preparation of a mimetic binuclear complex
[Cu(isapn)(p-triazole)Cu(isapn)] very
similar EPR parameters attested this statement [43].

QS

N/NH

showing

SI’\/\NJ\ %

/ \ /j fj

= POSS-atzac-[Cu(isapn)]

structure for the minor
binuclear copper(ll) species formed inside the POSS
matrix.

Figure 5 — Proposed

the same period of time was around 15% (red line).

Owing to a stronger interaction between
[Cu(isapn)]* complex and the POSS-atzac matrix, a
positive careful release could be seen for

[Cu(isapn)]@POSS-atzac to reach its target. The
total released for [Cu(isapn)]@POSS-atzac material
after 2 h was close to 25 %. In contrast, the copper
release for [Cu(isaepy)]@POSS-atzac proved to be
faster, reaching 85 % of total complex released after
2 h. Based on these data, the POSS-atzac studied
here is a promising anticancer drug delivery system,
as it has the necessary properties for the release of
both complexes [Cu(isapn)]* and [Cu(isaepy)]* to
their appropriate site of action.

Table 1. EPR parameters estimated through simulation for free [Cu(isapn)]* and
[Cu(isaepy)]* complexes in frozen dmso solution at 77K, and loaded materials in solid-state

at 298 K.
Compounds Temp. 8iso gL g/ A/,G
[Cu(isapn)]ClO4 77K 2.1800 2.1140 2.3110 118
[Cu(isaepy)H20]CIO4 77K 2.1530 2.0750 2.3090 154
[Cu(isapn)]@POSS-atzac 298K 2.1346 2.0644 2.2751 148
[Cu(isaepy)]@POSS-atzac 298K 2.1363 2.0720 2.2651 154
3.3 Metallodrug release experiments 1254 -»- [Cu(isapn)]
The release curves of both copper complexes f 100 - [Cu(tanpy)]
[Cu(isapn)]* and [Cu(isaepy)]* loaded on POSS-atzac -4 ;
o 4
was studied in DMEM at 37 °C, under continuous % 78 1
stirring on a rocking table (dissolutor). Copper was g 50
determined by ICP-MS and the time-courses for the 2 - e
release of both compounds are shown in Figure 6. g 251 4 ‘./} caf R
[Cu(isaepy)]* (blue line) release reached released 0 «
1 1 1 1
from POSS-atzac surface (~60%), during the first 0 2 4 6 8
hour. On the other hand, the rate release of Time / h

[Cu(isapn)]* complex from POSS-atzac matrix within

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Release of copper from [Cu(isapn)]@POSS-
atzac and [Cu(isaepy)]@POSS-atzac as determined
by ICP-MS. Experiments were carried out in DMEM
to simulate the conditions used for cellular
experiments, at 37 °C with continuous shaking on a
rocking table.

Similar mesoporous delivery systems have been
reported in the literature [59] describing a
molecularly imprinted polymer and the release of
paclitaxel (PTX) by LC POSS NIPs (N3) that reached
100 % delivering in 6h. Maximum delivery in a short
period of time may be related to the drug's polarity
resulting in a weak interaction between the drug
(organic or inorganic) and the carrier [60]. In
contrast, a synthesized mesoporous silica
nanoparticles with folic acid (FA) showed a different

release profile reaching 30 % FA delivery in 72 h [61].

loaded complexes on modified-matrix:
[Cu(isapn)]@POSS-atzac and [Cu(isaepy)]@POSS-
atzac were evaluated toward the NRASQ61R
mutated SK-MEL-147 cells [62] and compared to
by the
tetrazolium dye reduction assay (MTT). Growth
inhibition on SK-MEL-147 and Fibroblast P4 cells
induced by the free copper(ll) complexes and their

non-tumorigenic Fibroblast P4 cell line,

loaded species on the POSS-atzac surface are shown
in Figures S8-S10, at either 24 or 48h exposure
times.

Table 2: Results of the antiproliferative assay determined by MTT assay of the two
modified-POSS matrices used, and of loaded complexes on them, toward tumor and non-
tumor cell lines. ICso values for the free and loaded matrices (as a single compound) are
expressed in pug/mL and the corresponding values in pmol/L (considering 100% of

complexes delivered) are given in parentheses.

. SK-MEL-147 Fibroblast P4
Material
24h 48h 24h 48h
POSS-CI > 500 (> 482) | >500 (>482) | >500 (> 482) > 500 (> 482)
POSS-atzac 161 +£10(73) | 141 +5 (64) > 500 (> 225) > 500 (> 225)
[Cu(isapn)]@POSS-atzac 111 £ 4 (23) 49 + 3 (10) 336 +5(71) 267 =7 (56)
[Cu(isaepy)]@POSS-atzac | 93 + 2 (20) 62 +2(13) 197 £ 6 (43) 111 £ 5 (24)

However, despite the differences observed between
[Cu(isapn)]@POSS-atzac and [Cu(isaepy)]@POSS-
atzac release profiles, the cytotoxicity values (/Csq) of
both loaded compounds are close, and present a
remarkable improvement in relation to the free
complexes, mainly in relation to the [Cu(isapn)]*
complex.

3.4 Antiproliferative activity

Cell viability of the free complexes: [Cuisapn)]ClOg;
[Cu(isaepy)H,0]CIOs; non-functionalized matrix:
POSS-Cl; functionalized matrix POSS-atzac; and

12 | J. Name., 2012, 00, 1-3

As can be seen in Table 2, the matrix POSS-CI
presents little (> 500 uM) or no toxicities toward SK-
MEL-147 and fibroblast P4 cell lines. The
functionalized matrix POSS-atzac exhibits a greater
cytotoxicity against SK-MEL-147 in comparison to
POSS-Cl; however, it does not lead to an observed
increase in cytotoxicity against Fibroblast cells line.
This can indicate that the triazole ligand (atzac) have
some effect on toxicity toward SK-MEL-147 cells. In
addition, POSS-atzac has equivalent cytotoxicities
after 24 and 48h incubation toward these cells. A

This journal is © The Royal Society of Chemistry 20xx



clear selectivity between tumor and non-tumor cell
lines for POSS-atzac has already been observed.

In general, the matrices loaded with a metal complex
display a significant increase in cytotoxicity for both
studied cell lines in 24 h of exposure, and the selectivity
between tumor and non-tumor cells was maintained. In
48 h of treatment, the materials [Cu(isapn)]@POSS-
atzac and [Cu(isaepy)]@POSS-atzac show ICsg values of
10 and 13 uM respectively against SK-MEL-147,
becoming twice as much cytotoxic compared to 24 h.

Table 3 shows that although a low amount of either
[Cu(isapn)]* or [Cu(isaepy)]® was loaded on the POSS-
atzac, these materials still exhibit a higher cytotoxicity
as indicated by the 1Cso values expressed in terms of the
relative amount of complex in each material. For
comparison, the determined ICso value for the binuclear
complex [Cu(isapn)(u-triazole)Cu(isapn)], around 80
UM, was lower than for the analogous mononuclear,
[Cu(isapn)]ClO4 (> 100 uM), as expected.

works by one-electron transfer reactions, while the
binuclear ones can act by two-electron transfers, in
[5, 6]. This
comparison, along with the cytotoxic data presented

analogy with tirosinase activity

here, highlights the success of the strategy of
combining a copper compound with the POSS-atzac as
a matrix to increase the cytotoxicity and selectivity of
the copper metallodrug.

3.5 Nuclease Activity Assays

To start probing potential biological applications of the
materials developed
cleavage of plasmid DNA (Bluescript) was explored. The
nuclease activity of the loaded materials
[Cu(isapn)]@POSS-atzac and [Cu(isaepy)]@POSS-atzac
was probed either in the absence and in the presence

in this study, the oxidative

of ascorbate (Figure 7).

Table 3: Estimated ICso (LM) values expressed in terms of the relative amount of

each complex in the POSS-atzac matrix, considering the experimentally determined
release of 25% and 85% for [Cu(isapn)]@POSS-atzac and [Cu(isaepy)]@POSS-atzac,

respectively, based on ICP-MS data.

SK-MEL-147 Fibroblast P4
Compound

24h 48h 24h 48h
[Cu(isapn)]ClOa4 > 100 > 100 > 100 > 100
[Cu(isaepy)H20]CIO4 38+4 12+3 51+2 23+2
[Cu(isapn)(u-triazole)Cu(isapn)] | 80 + 2 > 100
[Cu(isapn)]@POSS-atzac 0.63+£0.02 |0.27+£0.02 |1.95+£0.03 | 1.54+£0.04
[Cu(isaepy)] @POSS-atzac 1.72+£0.04 | 1.12+0.04 | 3.71+£0.11 | 2.07 £0.09

Comparatively, a binuclear similar copper(ll)

compound containing imine ligands was found to have
an ICso value of 20.0 £ 7.0 uM vs. SKMEL-147 [63]. Also
in this case, a better efficiency against melanoma cell
was verified with the binuclear species regarding the
analogous mononuclear species [58, 63]. Possibly, the
mode of action of such copper complexes are also
modulated by its nuclearity. The mononuclear species

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Nuclease activity assay of the loaded materials
[Cu(isapn)]@POSS-atzac and [Cu(isaepy)]@POSS-atzac
probed in the absence and in the presence of
ascorbate. (A) In the ascorbate-free experiment, 200 ng
of pBluescript (Bluescript plasmid) were exposed to
concentrations of the compounds ranging from 25 to
100 pg mLt in 1x PBS buffer (10 mM phosphate, 137
mM NaCl, 2.7 mM KCI, pH 7.4) at 37 °C for 24 h. (B) In
the ascorbate-activated experiment, 200 ng of
pBluescript were exposed to the compounds in
concentrations ranging from 0.6 to 25 pg mL™ in the
presence of 1 mM ascorbate in 1x PBS buffer at 37 °C
for 24 h. (C) ROS tied to the nuclease activity of each
material was identified in the presence of scavengers.
NaN; was used as singlet oxygen ('0,) scavenger,
superoxide dismutase (SOD) as superoxide (0x")
scavenger, DMSO as an HO® scavenger and finally
catalase was used as a H,O; scavenger. Plasmid DNA
forms: sc, supercoiled; oc, open circular; linear.

Figure 7A shows that the loaded materials
[Cu(isapn)]@POSS-atzac and [Cu(isaepy)]@POSS-atzac
had no prominent nuclease activity in the absence of
ascorbate. On the other hand, in the ascorbate-

activated experiment (Figure 7B), both materials lead

14 | J. Name., 2012, 00, 1-3

to complete DNA fragmentation at 25 pg/mL. The effect
observed for [Cu(isaepy)]@POSS-atzac seems to be
somewhat more prominent, based on the smearing
clearly present at 2.5 ug/mL. The free matrix POSS-
atzac has no nuclease effect, either in the absence or in
the presence of ascorbate (Figure S11).

Furthermore, the reactive oxygen species (ROS)
responsible for the AA-activated nuclease activity of
both loaded materials were assigned (Figure 7C). In this
experiment, pBS was exposed to a concentration of the
loaded materials that led to total DNA fragmentation in
the presence of ascorbate (25 pg/mL, as determined in
the experiment shown in Figure 7B, but in the presence
[Cu(isapn)]@POSS-
atzac and [Cu(isaepy)]@POSS-atzac induced reduced

of four different ROS scavengers.

DNA fragmentation in the presence of catalase (DNA
present in supercoiled and open circular form; major
effect) and NaNs (DNA in open circular e linear form).
This observation indicates that H,0, and singlet oxygen
(*0,) participate in the mechanism of ascorbate-
activated nuclease activity of both compounds.
Influence of H,0; is more important than that of singlet
oxygen, as pre-exposure to catalase leads to intact pBS
(Figure 7C).

3.6 Oxidative stress induced in SK-MEL-147

A flow cytometry assay was used to evaluate the
connection between the redox-active nature of copper,
and the significative antitumoral activity observed for
the hybrid copper materials loaded on the POSS-atzac
matrix. The oxidative stress assay is based on the
the
dihydroethidium probe. Upon oxidation, the highly

intracellular detection of superoxide by
fluorescent ethidium is formed allowing the distinction
between live cells (ROS-) and cells undergoing oxidative
stress (ROS+). SK-MEL-147 cells exposed to the free
matrices or the matrices loaded with the copper(ll)
complexes showed an increase in the percentage of the
ROS+ populations, indicating that such stimuli trigger
the presence of oxidative species in the cells (Figure 8
and S12). Finally, this experiment revealed that the
loaded [Cu(isapn)]* or
[Cu(isaepy)]® have a similar effect on the intracellular

materials  containing

This journal is © The Royal Society of Chemistry 20xx



ROS state in SK-MEL-147 cells to that observed for the
free POSS-atzac matrix. This pro-oxidant effect of the
free matrix was also observed by the enhanced
oxidation of melanin observed in the presence of POSS-
atzac.

- | . g ‘; !' /’ r X »
. l | 3 'f'_/‘”’

Figure 8. Analysis of the oxidative stress induced on SK-

¥ 5 8 3 B

MEL-147 cells upon 24h treatment at ICso concentration
of  POSS-atzac,  [Cu(isapn)]@POSS-atzac
[Cu(isaepy)]@POSS-atzac in comparison to untreated
cells (control). The bar graph shows the percentage of

and

cells identified with low intensity (ROS-, marked in blue)
or high intensity (ROS+, marked in red) based on the
oxidation of dihydroethidium. # significance in relation
to the control ROS(+): # 0.05, ## 0.01. Statistical analysis
was performed by one-way ANOVA by Tukey post-test.

For comparison, it was showed previously that the free
in  SH-SY5Y
neuroblastoma cells [15]. Intracellular ROS production

[Cu(isapn)] induced oxidative stress
was determined in a similar assay, based on 2’,7'-
dichlorodihydrofluorescein diacetate. Cytofluorimetric
analyses showed that [Cu(isapn)] was a pro-oxidant,
with ROS production

untreated cells. [Cu(isapn]) was a potent upstream ROS

increased with respect to
inducer, with increase of fluorescence detectable as
early as 3 h after treatment.

3.7 Melanin oxidation

Melanin synthesis and chemiexcitation are central
regulators of melanoma progression and resistance to
photodynamic therapy. Melanin itself can exhibit a dual
rule being pro- or antioxidant, and thus interfering in
[64]. Their
properties include binding to metal ions [65] and crucial

cellular redox homeostasis chemical

molecules as DNA [66], and displaying of redox activity.

This journal is © The Royal Society of Chemistry 20xx

Considering the remarkable selectivity for melanoma
cells (SK-MEL-147) of the loaded materials that contains
addition to
mononuclear ones, the possibility of interactions

binuclear species in corresponding
between these complexes with melanin was explored.
Previous studies in our lab reported the higher activity
of similar binuclear di-imine-copper(ll) complexes
when compared to analogous mononuclear species
against melanomas [58, 63]. Further, the binuclear
complexes show a significant increase in their
cytotoxicity by action of UV light, which is not observed
with the complexes with a single central copper. Results
indicated that cells with higher level of melanin
(activated or not by light) are more susceptible to these

binuclear copper(ll) complexes [63].

For these studies, a fluorescence-based microplate
assay was developed to evaluate the oxidation of
melanin induced by the compounds of interest under
physiological
exposed to the loaded materials [Cu(isapn)]@POSS and
[Cu(isaepy)]@POSS (final concentrations of 2.5 or 25
ug/mL) and the free compounds [Cu(isapn)] and

conditions. Melanin samples were

[Cu(isaepy)]* (final concentrations of 1 or 10 uM). Each
compound was assayed in triplicate in PBS 1x pH 7.4,
reproducing the physiological conditions used in the
cell-based assays and the copper release assays. The
compounds were evaluated in the presence of H,0,,
the oxidizing agent classically used in melanin bleaching
experiments [48, 67], and in the presence of ascorbate,
in analogy to the conditions used for the nuclease
activity assay (section 3.4.1). The time course of the
oxidation was followed over 24 h, with 30 min intervals.
The results are shown in Figure 9.

Among the loaded materials, [Cu(isaepy)]@POSS had a
distinguished behavior. On its own at 25 pg/mlL,
melanin oxidation (albeit low) can already be observed
over time. This effect is even more pronounced in the
presence of ascorbate, and the compound further
potentiates the strong oxidative effect induced by H,0,.
Interestingly, in the presence of H,O, the compound
[Cu(isapn)]@POSS seems to protect melanin from
oxidation (the corresponding oxidation curve appears
below that of free melanin), highlighting the dichotomic
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nature of copper-containing compounds as either pro-
or anti-oxidants in physiological conditions [68, 69].

The free matrix POSS-atzac also seems to affect the
oxidation of melanin (Figure S13). No effect is observed
for the free matrix in the absence of a reducing agent.
However, some oxidation occurs by addition of
ascorbate, and even higher level of oxidation can be
observed in the presence of H,0,.
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Figure 9. Melanin oxidation assay in PBS 1x pH 7.4,
evaluating the loaded materials [Cu(isapn)]@POSS-
atzac and [Cu(isaepy)]@POSS-atzac (assayed at 2.5 or
25 pg/mL), in comparison to the free compounds
[Cu(isapn)]* and [Cu(isaepy)]* (assayed at 1 or 10 uM)
The formation of the melanin oxidation product was
followed by fluorescence, either in the absence of a
Fenton-like reaction starter, or in the presence of
ascorbate or H,0..

The free compounds [Cu(isapn)]* and [Cu(isaepy)}" had
no effect on the oxidation of melanin when assayed
either in the absence or in the presence of ascorbate
(Figure 9, bottom). However, in the presence of H,0,,
both complexes [Cu(isapn)]* and [Cu(isaepy)]’, seem to
lead to alternative oxidation pathways. At
concentration 1 uM the oxidation curves appear slightly
below that of free melanin, during the progress of the

reaction, although reaching an identical final endpoint.

16 | J. Name., 2012, 00, 1-3

At higher concentration (10 uM) both complexes show
increased oxidation of melanin in the reaction induced
by HzOz.

Taken collectively, these experiments demonstrate
that the POSS-atzac matrix has a non-passive role in the
the loaded
biomolecules. The matrix seems to improve the

reactivity of compounds toward

reactivity of the loaded compounds, mainly by

formation of additional binuclear copper species.

Conclusions

In this work, an engineered hexatriazole-substituted
polyhedral oligomeric silsesquioxane (POSS-atzac) was
synthesized and applied as a drug delivery system for
two cytotoxic copper(ll) complexes that previously had
shown to be efficient against tumor cells.

According to nitrogen elemental analysis of POSS-atzac
matrix, six chlorine atoms of the POSS-C| precursor
material were replaced by six 3-amino-1,2,4-triazole-5-
carboxylic acid ligands. Additionally, the existence of
two different arms (-CH,-CH,-CH»-Cl and -CH,-CH,-CH:-
NR) was further confirmed by 3C solid-state NMR
spectroscopy. The Si solid state NMR spectrum of
POSS-atzac also confirmed that the SisO1, core remains
intact upon functionalization, as observed by the single
29Si signal.

Continuous-wave EPR spectroscopy of both hybrid
materials confirmed the presence of copper(ll)
complexes on the POSS-atzac surface, interacting
magnetically. Further, both loaded materials display a
second minor species owing to the dipolar interaction
between two copper centers, provided by the flexible
atzac arms. This second binuclear minority species are
acting as an adjuvant factor to increase the cytotoxicity
and selectivity between the loaded matrices and the

free complexes or free matrices.

Additional HYSCORE data [43] for [Cu(isapn)]@POSS-
atzac was used as a diagnostic for the interaction of a
single copper(ll) species, surrounded by five nitrogen
Four of them come from the

atoms. ligand in

[Cu(isapn)* complex, and the fifth nitrogen atom

This journal is © The Royal Society of Chemistry 20xx



belongs to the triazole ring of the functionalized-POSS.
HYSCORE experiments
coordination of this complex to one of the nitrogen

Therefore, confirmed the
atoms of the triazole ring. The final biological outcome
investigated was the cytotoxicity against the melanoma
cells SK-MEL-147. The loading of the two copper
compounds [Cu(isapn)]* and [Cu(isaepy)]* on the POSS-
atzac matrix dramatically affected the cytotoxicity of
these compounds. Firstly, the cytotoxic potencies were
increased. As an example, ICsp values expressed in
terms of copper molar concentration (UM, 24h
incubation) decreased from >100 to 0.66 for
[Cu(isapn)]* and from 38 to 1.76 for [Cu(isaepy)]*. It
represents a >150-fold increase for [Cu(isapn)]’.
Furthermore, the loading also led to better selectivity
indexes, when comparing the I[Cso
tumorigenic SK-MEL-147 vs. the non-tumorigenic
fibroblast P4. The free POSS-atzac matrix has itself

some cytotoxicity against SK-MEL-147, while being non-

against the

toxic against the fibroblast P4.

In vitro assays demonstrated the excellent ability of the
hybrid materials to promote the oxidative cleavage of
DNA, with total
observed in concentrations as low as 25 pg/mL for both
the
[Cu(isaepy)]@POSS also exhibits an oxidative activity

plasmidial fragmentation being

loaded materials. At same concentration,
against melanin, which acts as a resistance factor

against chemotherapy in melanoma cells.

A flow cytometry-based assay was used to probe for
intracellular oxidative stress. This assay demonstrated
that the loaded materials and the free POSS-atzac lead
to a statistically significant increase of detectable ROS
species in the population of SK-MEL-147 cells after
treatment with those materials. This oxidative stress
can be assigned both to DNA damage, and to melanin
with
Therefore, these preliminary results indicate that the

oxidation by interaction copper species.

preferential mechanism of cytotoxicity of these

materials is ROS-dependent.

In this proof-of-concept study, POSS-based materials
appear as promising matrices for the drug delivery of
cytotoxic metallodrugs, allowing a modulation of the

This journal is © The Royal Society of Chemistry 20xx

With the desirable
cytotoxicity observed for the loaded materials, POSS

present species. increase in
should receive further attention by the medicinal
inorganic chemistry community.
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