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In the recent advanced development of metallodrugs beyond
the traditional and approved platinum complexes,® copper
compounds have deserved a special interest among other
stimuli-responsive metal complexes.”> Besides having redox
activity that improves its cytotoxicity versus tumour cells, copper
centres are often coordinated to biologically active ligands such
as imines, triazoles or dithiocarbamates®* that stabilize their
oxidation states, frequently acting as antioxidants or inhibitors
of selected proteins in a synergistic effect.”> A common strategy
to modify and improve its cytotoxicity is inserting them into
inorganic nanoporous materials that can contribute signifi-
cantly to its biological activities.®®

EPR spectroscopy is particularly valuable for the character-
ization of metal complexes, allowing the determination of
oxidation states, and the coordination environment around the
metal centre.”'® Applications of this technique can provide
powerful tools for understanding the diverse mechanisms of
action of metal-based anticancer compounds,* contributing to
the development of new medicinal agents."

Here, we report a new approach for selective cytotoxicity
towards metastatic melanoma cells through a surprising
dimerization of an oxindolimine copper(n) complex immobi-
lized on the surface of modified Polyhedral Oligomeric Silses-
quioxane (POSS) nanoparticles, as demonstrated by Electron
Paramagnetic Resonance (EPR) spectroscopy. At first, the idea
was to extend the previous toxicity studies of imine copper(i)
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(POSS) matrix was developed, as revealed by electron paramagnetic resonance (EPR) spectroscopy. An

(CW) and pulsed EPR spectroscopies provided

a complete characterization of the actual active species, its coordination environment, as well as the
efficiency/selectivity of the bioconjugate materials.

complexes with significant antiproliferative activity already
observed toward human neuroblastoma cells (SH-SY5Y),"* and
melanoma cells* (murine B16F10 and human TM1MNG3).

In these previous studies, binuclear species were more effi-
cient than the analogous mononuclear complexes toward
melanomas (SKMEL-05 and SKMEL 147), and additional
investigations demonstrated that the activity of such complexes
depends on the melanin content in the cells, stimulated by UV
radiation.”®> We also observed that the complex [N,N'[bis-(3,3"-
indolin-2-one)]-1,3-diiminopropane]-copper(u), hereafter
named as compound 1, [Cu(isapn)]ClO, (Fig. S1, ESIT), showed
selective activity toward metastatic melanoma cells (SKMEL-
147) when immobilized on the surface of mesoporous silica
matrices (MCM, and functionalized MCM-atzac).®

The complex used in the present study is the same
compound 1 (see structure in Fig. S1 ESI}) of these previous
investigations. It has been prepared and characterized by
different spectroscopic techniques,'® and showed pro-apoptotic
properties toward different tumor cells.”” The highlight of the
current work is a new inactive matrix based on modified-POSS
nanoparticles, where the cytotoxic effect is only owed to inser-
ted complex species. On the contrary, in the case of MCM, the
matrices also contributed to the cytotoxicity of the copper(u)
complex.

Herein, complex 1 was inserted into a non-active modified-
POSS matrix, hexa[(3-amino-1,2,4-triazole-5-carboxylic acid)
dichloropropyl] octasilsesquioxane (POSS-atzac), giving rise to
a new bioconjugate material, hereafter referred to as compound
2, POSS-atzac-[Cu(isapn)] (Fig. 1). The free-metal POSS-atzac
matrix is diamagnetic and has been therefore characterized by
3C and *°Si solid state-NMR (see Fig. S2 ESI{). By contrary, the
bioconjugate compound 2 is paramagnetic due to presence of
copper(u). Interestingly, its antiproliferative activity against
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Fig. 1 Representation of [Cu(isapn)] complex immobilized in the
modified-POSS matrix, compound 2. Indolinone nitrogen and oxygen
atoms are highlighted in blue (N) and red (O) respectively.

SKMEL-147 cancer cells demonstrated a higher cytotoxicity
compared to both complex 1 and pure modified-POSS. Addi-
tionally, this new material showed enhanced selectivity that is at
least twice greater after 24 h and three times greater in 48 h
incubation, compared to the non-tumour cell line fibroblast P4
(see Table S1 ESIt).

To identify the source of such significant improvement in the
reactivity of bioconjugate material 2, we have performed
continuous-wave and pulsed EPR measurements on both 1 and
2, given EPR is powerful in identifying paramagnetic ions and in
probing potential modifications in the environment of
copper(i).

X-band CW-EPR spectrum of 2 at room and low temperature
(10 K) confirmed the insertion of 1 onto the surface-modified
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Fig. 2 Experimental (black) and simulated (red) X-band CW-EPR
spectra of polycrystalline compound 1 at (A) 298 K, and (C) 10 K; and
compound 2 at 298 K (B) and 10 K (D). Inset in (B) and (D) show the

half-field region, with simulation in red. Parameters are provided in the
text.
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POSS (Fig. 2). The signal can be modelled considering a mono-
nuclear copper(m) species with g,, = 2.065(1), g, = 2.271(1) and
AJ" =157 G (500 MHz) = 166.4 x 10 * em ™, giving g/4, =
136 cm. In previous studies, the parameters for the free complex
1 in frozen methanol:water solution (4:1 v/v) at 77 K were
determined as gy, = 2.091, g, = 2.301, Ay = 14.2 G, A" = 111.5
G =126 x 10 * em ', and ratio gj/4; = 183 cm, indicating
a distorted tetrahedral environment around copper ion.*
Differences in g- and A-tensors for 2 confirm that the observed
spectrum is due to the inclusion of 1 on the surface instead of
dispatched 1.

Further evidence of insertion of 1 on POSS in 2 could be
found in CW spectra analysis. The nitrogen hyperfine is smaller
than the linewidth, but the xy component can be extracted from
the derivative of the CW signal (second harmonic, Fig. 3). It can
be simulated considering four equivalent nitrogen-14 nuclei
with A}, = 49 MHz (17 G). We attribute these signals to nitrogen
donor-atoms bonded to the equatorial plane of copper(u) arise
due to the binding to triazole fragment.®

As the sample is cooled to 10 K, a weak signal appears
around 160 mT. This signal is assigned to a forbidden Amg = 42
transition which usually indicates presence of species with S >
1/2 species, indicative that some magnetic interactions between
copper entities may occur within the hybrid material.** The
forbidden transitions get partially relaxed when the energy
levels are not degenerated at zero magnetic due to the presence
of zero-field splitting (ZFS) interactions. Hence, this signal can
be reproduced considering a spin triplet (S = 1) that may arise
from magnetic interaction between adjacent copper(u) ions,
using the spin Hamiltonian (1).

H = upBgS+D(S5 = S(s+1)/3) + E($7 = 87) (1)

where the coefficients D and E are the axial and rhombic ZFS
parameters respectively and the ratio E/D lies between 0 and 1/3,
the other symbols have their usual meaning. As the overall
spectrum is dominated by the contributions of non-interacting
copper(u) (S = 1/2), it is difficult to assess with accuracy the

2" derivative EPR signal (arb. unit)

310 320 330 340

260 280 300 320 340 360 380 400
Magnetic Field (mT)

Fig.3 Second harmonic X-band CW-EPR spectrum of compound 2 at
50 K (black) and its simulation (red). Inset shows the simulation of the
gy, region, evidencing hyperfine couplings with 6365Cy and *N.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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percentage of dimerized species. The half-field transition is
satisfactorily reproduced with eqn (1) and D in the range 0.03-
0.05 cm ™" and E 0.001-0.01 cm ™.

Interaction between copper(n) ions in 2 is not unexpected
given the flexibility of the aliphatic arms of POSS, resulting in
oligomers as attested by EPR spectroscopy. Based on this
evidence, it is assumed that the binuclear compound is the
actual active species, since the free complex or non-metalated
modified-POSS matrices did not show substantial anti-
proliferative activities against SKMEL-147 cancer cells® (see also
Table S1 at ESIT).To test this possibility, a mimetic binuclear
complex [Cu(isapn)(p-triazole) Cu(isapn)] (see Fig. 4) was
prepared and its EPR was measured in similar experimental
conditions. Notably, comparable EPR parameters to compound
2, g = 2.060(1), g, = 2.268(1) and A, = 458 MHz (145 G), were
obtained by simulation.

To better determine the metal coordination environment of
[Cu(isapn)](ClO,) complex loaded on the matrix surface,
Hyperfine Sublevel Correlation (HYSCORE) spectroscopy*® was
carried out on 1 and 2 at 5 K, at a magnetic field correspondent
to the maximum intensity of the echo-detected field-sweep
(EDFS) spectrum as shown in Fig. S4 (ESI{).

In HYSCORE spectroscopy, when the nucleus is weakly
coupled to the electron, meaning that the hyperfine coupling is
less than twice the nuclear Larmor frequency (|4 < 2»), the
signals appear in the (+, +) quadrant, are centred on the nuclear
Larmor frequency and spread by the hyperfine coupling along
the antidiagonal. On the other hand, when the nucleus is
strongly coupled, i.e. |A| > 2v, the transitions appear in the (—, +)
quadrant, they are centred on half the hyperfine and spread
along the diagonal by twice the Larmor frequency.

The presented HYSCORE spectra were detected at the
maximum of echo intensity. Thus, for compound 1 the spec-
trum shown on Fig. 5A is dominated by signals from nitrogen-
14 nuclei. It can be reproduced according to spin Hamiltonian

(2).19
ﬁ = MBBgS — Z/‘LngniBii + ZSA,;, + Ziipiii (2)

where S = 1/2 is the electronic spin of the complexes, ug is the
Bohr magneton, — the compound's g-tensor and B is the

N 100 200 200 400 500 600
Magnetic Field , mT

Fig. 4 (A) Molecular structure of the mimetic binuclear complex
[Cu(isapn)(p-triazole)Cu(isapn)]; (B) X-band CW EPR spectrum of this
binuclear complex measured on solid-state samples at room
temperature; also showing the signal at 150 mT corresponding to an
interaction between two copper centres.
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Fig. 5 Experimental (blue) and simulated (red: N1, N4; magenta:
Niriazote (N6, N7)) X-band **N HYSCORE spectra of (A) compound 1 and
(B) compound 2, schematically represented below.

magnetic field vector. The subscript i refers to the different spin-
active nuclei. Iy = 1 is the nuclear spin of "N (99.6% natural
abundance), A is the hyperfine tensor, u, is the nuclear
magneton, g, is the nuclear g-value Py is the nuclear quadru-
pole interaction tensor of nitrogen nucleus, described in (3),

P 0 O
Py = 0o P, O
0 0 P
> —(1—m) 0 0
_ _€Ong/h 0 A+n) 0 3)
-1 0",

where Qy = + 0.02044(3) barn is the scalar quadrupole moment
of nitrogen-14, e is the elementary charge, the parameters eQ
and eq are the contributions from nuclear quadrupole moment
and electric field gradient respectively and the quantity e*Qq/h
is the quadrupole coupling constant in MHz, 7 is the asymmetry
parameter and the other symbols have their usual meaning.*
The quadrupole coupling constant (e’Qq/k) can be estimated
from the position of the ridges according to (4),

29 = 4 (+5) (G o W

where »°? are the frequencies of the double-quantum transi-
tions, » is the Larmor frequency of the corresponding nuclei and
the other symbols have the usual meaning. Knowing that the
asymmetry parameter's (n) lower and upper limits are 0 and 1
respectively, eqn (4) gives a range of e*Qq/h.>*

For 1, the signal is mainly observed in the (—, +) quadrant at
about [—2.6, 5.8], [-5.8, 2.6] MHz with a separation of ca. 3.2

RSC Adv, 2023, 13, 9715-9719 | 9717
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MHz, which corresponds to the hyperfine Ay, = 3.9, 3.2, 3.2
MHz (4}, ~ 3.4 MHz). This set of signals has a nuclear quad-
rupole coupling parameter, ¢*Qg/h, of 2.6 MHz and asymmetry
parameter, 7, of 0.

The magnitude of the hyperfine suggests that the observed
cross-peaks in Fig. 5A stem from the remote nitrogen atoms N1
and N4 (Fig. 5) because stronger couplings are expected for
directly bonded nitrogen.”* The hyperfine interactions of N2
and N3 should lie in a strongly coupled range (~45 MHz) and
cannot be detected in HYSCORE.”* In CW EPR spectrum of 1
this super hyperfine splitting is masked by the broadening of
the linewidth in solid state (Table 1).

The HYSCORE spectrum of the hybrid compound 2, POSS-
atzac-[Cu(isapn)] is characterized by cross peaks in both the
(+, +) and (—, +) quadrants, arising from transitions associated
with the remote nitrogen-14 nucleus (Fig. 5B) and can be
reproduced according to the spin Hamiltonian (2) assuming
two distinct signals in the Poss-immobilized sample.

In contrast to compound 1 HYSCORE spectrum of
compound 2 shows elongated cross peaks appearing at low
frequency range [+0.5, +3.5], [£3.5, +0.5], [+2.5, +0.5], and
[£0.5, +2.5] MHz, which correspond to the hyperfine AxNyz =1.5,
1.7, 1.7 MHz (A}, ~ 1.6 MHz), a nuclear quadrupole coupling
€*Qq/h = 1 MHz, and an asymmetry parameter, 7, of 0.85. Such
values are typical for remote **N atoms in metal ion coordinated
imidazoles reported by Mims and Peisach.* This together with
observed in CW super-hyperfine splitting allow us to assign
these transitions to remote nitrogen of triazole ligand N6 or N7
(Fig. 5B). In addition to these signals we observe cross peaks at
about [—5.6, 0.8], [-0.8, 5.6], [£5.6, +3.3], [£3.3, +5.6], [£5.0,
+2.5] and [+2.5, +5.0] MHz. The simulation showed reasonable
agreement using to the hyperfine of Ay, = 2.7, 2.2, 2.2 MHz
(A}, ~ 2.4 MHz), a nuclear quadrupole coupling e*Qq/h = 3.8
MHz, and an asymmetry parameter, 7, of 0.32. This can be
assigned again to the remote N1 and N4 atoms (Fig. 5B) and the
reduction of hyperfine value with increase of quadrupole
coupling and asymmetry can be attributed to the covalent
bonding of compound 1 to triazole ligand in 2.>*

Additional results were obtained and added to ESIL{ In
Fig. S4,T echo-detected absorption spectra for pure complex 1 in
solution, and immobilized copper(u) species in solid complex 2,
measured at 5 K, are displayed. Spin-lattice relaxation time (73)
for [Cu(isapn)]ClO, 1 and POSS-atzac-[Cu(isapn)] 2 were deter-
mined at three different fields at 5 K, as shown in Fig. S5 ESL.f
Long T, values were found for both compounds, varying from
145 to 867 ps for 1 and 940 to 1540 ps for 2. The longer

Table 1 Extracted HYSCORE parameters from simulations
Ay," (MHz) A" (MHz) €’Qq/h (MHz) 7 Compounds
N1,N4 3.9,3.3,3.3 ~3.5 2.6 0.00 1
N1,N4 2.7,2.2,22 ~2.4 3.8 0.32 2
Neiazole 1.5,1.7,1.7 ~1.6 1.0 0.85 2

% N2, N3 and N5 were not detected.
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relaxation time in 2 is likely due to the higher magnetic dilution
provided by the diamagnetic POSS matrix. Finally, two-pulse
electron spin echo decays for complexes 1 and 2 were
measured at three different fields (Fig. S6 and S7 ESI{). Again,
Longer T, times of 0.95-1.19 ps were observed for 2, compared
to 0.56-0.67 pus for 1. In addition, the echo decay traces are
marked by strong nuclear modulation due to N, further con-
firming the binding of additional triazole nitrogen to Cu(u) in
the hybrid material.

In short, the data described in this work made it possible to
understand the increase in the cytotoxicity of supported
compound 2 regarding free complex 1, due to the formation of
a binuclear species that are more reactive than the corre-
sponding mononuclear one (Fig. 2, and S3 ESIt).

These results can help in establishing a new approach to
obtain efficient and selective cytotoxic agents against mela-
noma cells. According to our knowledge, this is the first time
where modified nuclearity of metal species was verified by EPR
spectroscopy inside a modified-Polyhedral Oligomeric Silses-
quioxane (POSS) matrix. Further relevant results complement-
ing these preliminary data will be reported in due course.
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