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Peroxoniobium inhibits leukemia cell growthf
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A new class of polyoxoniobate complex has been synthesized and characterized as a novel anticancer agent
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for photodynamic therapy. The complex inhibits the growth of chronic myelogenous leukemia cells with an

ICsq value of 30 uM, in the dark. However, upon exposure to light (365 nm) there is a fivefold increase in the
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In this work, we prepared a photosensitive peroxoniobium
complex presenting a balance with an active radical phase when
illuminated with radiation of 365 nm. A versatile niobium species
of amorphous structure was obtained by the reaction of niobium
ammonium oxalate with ammonium hydroxide up to pH 7. The
material obtained, a niobium oxyhydroxide (NbO,(OH)) (white
solid),"* can be modified with the generation of NbO,(OH)O, ™
peroxo groups (yellow solid).?> The yellow compound is formed by
treatment with H,0,. The absorption radiation in the visible
region due to the charge transfer transition between the peroxo
group and the niobium is shown in Fig. 1.

This complex with the radical as an intermediate is favored
in the presence of visible and UV radiation. This property is of
interest for photodynamic therapy of cancer (PDT), which
involves the exposure of malignant cells containing a photo-
sensitizer molecule to light irradiation, in the presence of
oxygen species. The photoactivated drug produces reactive
oxygen species that initiate a series of events, resulting in cell
death. Selective light activation allows a preferential tumor
destruction in comparison to healthy tissues.* Several metal
complexes exhibit photocytotoxicity under UV or visible light,*>®
but data about niobium compounds are very scarce in the
literature.”

The polyoxoniobate, generated from niobium oxyhydroxide
described here can be very active in the treatment of diseased
cells when illuminated with visible or UV radiation due to its
light absorption capacity because of the peroxo groups formed.
The peroxoniobium complex has some advantages, such as ease
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cytotoxic activity. Light radiation activate the complex with the formation of radical species capable of
interacting with DNA according to our experimental and theoretical data.

synthesis and in mild conditions, high solubility, low activity
under light off, and resistance to inactivation by thiol reagents.
Moreover, it is nontoxic® and does not employ noble metals like
most of the compounds proposed in the literature. Actually,
niobium oxide was tested as a bone implant component and
showed absence of inflammatory cells or degeneration of the
osteoblasts without any sign of damage to the preexisting bone
tissue, showing compatibility with the bone tissue.”™

The innovative part in the process of obtaining the poly-
oxoniobate complex presented in this work consists in the
leaching of the complex when treating the niobium oxy-
hydroxide with H,0,. With the treatment, a yellow solid and
a leached yellow liquid is obtained, which is the complex con-
taining peroxoniobium in its structure, sensitive to the UV-Vis
radiation generating radical species. This species generated
with the leaching at neutral pH presents high negative charge
and a kinetic volume of 223 nm. The XRD of the lyophilized
polyoxoniobate indicated strong amorphous character.
However, the polyoxoniobate is known to form well defined
polyoxometalates such as Lindqvist ([NbgOyo]°) and dec-
aniobate ([Nb;,0,5]°"). Fig. 2 shows a comparison between the
experimental and PBE/LANL2DZ/aug-cc-pVDZ DFT IR spectra. It
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Fig. 1 UV-Vis profile of the catalysts.
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Fig. 2 Infrared spectra for experimental procedures, Lindqgvist and
decaniobate structures (simulated). The line shape chosen was Lor-
entzian and the half-width is about 20.

is clear that the pattern of the decaniobate structure is closer to
the experimental spectrum. One should keep in mind that DFT
frequencies are normally 10% underestimated with respect to
the experimental values. The broader absorption below
600 cm™" can be attributed to the interaction between different
decaniobate structures forming the amorphous solid. The
calculated peaks at 710, 760 and 860 cm " are related to the
experimental peaks of 800, 870 and 910 cm ™' indicating that
decaniobate is the local arrangement of the polyoxoniobate
complex.

The generation of reactive oxygen under radiation was
confirmed by the reaction of the complex with an organic dye,
which was monitored by UV-Vis spectroscopy (Fig. 3). The
spectrum of the dye solution shows the characteristic peak of
the methylene blue (MB) at 663 nm (black trace). It can be
clearly seen that in the presence of the peroxoniobium complex
and radiation (365 nm) the signal decreased indicating the
reaction of the peroxoniobium complex with the dye (blue

= Methylene Blue dye (MB)
— NbO,(OH)O,--MB (UV 3h)
= NbO,(OH)O,~-(UV 3h)
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Fig. 3 UV-Vis profile of the reaction of the Nb complex with the
organic dye (10 mg LY.
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trace). In the absence of light, there is no decrease in the signal
related to the dye, indicating the need of the radiation to acti-
vate the oxidation action of the peroxoniobium complex. The
equilibrium in which the radical species forms it is not neces-
sary to use a photosensitizer agent, such as porphyrins.* A
further investigation was carried out by *'P NMR (Fig. S1t)
using guanosine as model molecule able to react with the per-
oxoniobium complex. The *'P NMR spectrum shown in Fig. S1-
at corresponds to 5-GMP and revealed that the phosphorus
atom in the structure exhibits a chemical shift at 6 5.93. When 5-
GMP and the polyoxoniobate are in contact, no significant
changes are observed in the *'P spectrum, only a small
displacement of the phosphorus signal to ¢ 5.90 (Fig. S1-b¥).
However, when the 5-GMP and polyoxoniobate mixture is
submitted to radiation (Fig. S1-ct), an interaction between the
compounds occurs, giving rise to a new species that presents
a different chemical shift in the P spectrum (6 5.27).

The effect of the peroxoniobium on the growth of K562 cells
was evaluated after 4 h of incubation. The compound inhibits
K562 cell growth in a concentration-dependent manner, with an
ICs of 30.0 & 1.5 umol L™'. Ammonium niobate(v) oxalate was
also tested and it has no effect on K562 cells up to 100 uM. The
cytotoxic activity of polyoxoniobate increases by 5 times upon
5 min of UV-A light irradiation, with an ICs, value of 6.2 £ 0.4 umol
L~ (Fig. 4). The higher activity, when exposed to light, associated
to the low toxicity of niobium compounds place the perox-
oniobium complex as a candidate for photodynamic therapy.

There are few reports in the literature about the cytotoxic
activity of niobium compounds. A peroxo niobium complex
with ascorbic acid (K3[Nb(Asc)(O,);]) is moderately active in
HL60 human leukemia cells but not in K562 human myeloge-
nous leukemia cells."”” A tetrameric Nb28-containing cluster
inhibits the growth of the human breast cancer MCF-7 cells line
with an ICs, value of 5.21, after 48 h of incubation.™

Methylene blue (MB) is one of the main photosensitizing
agents used in PDT due to its good tissue penetration and low

100

80 -

Cell growth inhibition / %

0 10 20 30 40 50
[NbO,(OH)-0,1/ uM

Fig. 4 Photocytotoxic effect of the peroxoniobium complex. K562
cells were incubated for 4 h in the presence of different complex
concentrations, in the dark (black bars) and after 5 min of UV-A light
exposure (red bars). The values are the average of three independent
experiments.
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cytotoxicity." It is active in several types of tumors upon irra-
diation with red laser light.* This fact allied to the ability of the
peroxoniobium compound to interact with MB (Fig. 3) promp-
ted us to investigate its effect in the MB photocytotoxicity. We
have first checked that exposure to UV-A light did not affect the
cytotoxicity of MB in K562 cells (Table 1). Afterwards, the pho-
tocytotoxicity of MB in K562 cells was assessed in the presence
of the peroxoniobium complex at its ICs, value. Cells were
incubated with increasing concentrations of MB and irradiated
for 5 min with UV-A light, in the absence and the presence of 6.5
uM of the peroxoniobium complex. Upon light irradiation, 6.5
uM of peroxoniobium complex doubles the effect of MB.
Therefore, the peroxoniobium compound prepared is a prom-
ising candidate for PDT therapy, alone or in combination with
other sensitizing agents, such as methylene blue dye (Table 1).

The peroxoniobium complex (Fig. S21) and the DNA/complex
systems were thus fully optimized at DFT level,*® with conjugate
gradient and quasi-Newton-Raphson algorithms. The final
geometries were obtained with the density functional Becke's
three-parameter exchange functional and the gradient-
corrected functional of Lee, Yang and Paar (B3LYP),"”
LanL2DZ basis set.

The DICKERSON-DREW B-DNA DODECAMER was obtained
from the Protein Data Bank (PDB), with code 4C64 and resolu-
tion: 1.32 A (ref. 18 and 19) and it was chosen as model
according to previous works, and has shown suitable for our
calculations.” As previously discussed, the Nb complexes
(Fig. S21) were entirely optimized at the DFT level, to obtain the
most stable initial geometries to perform the calculations with
the DNA structure. It is important to mention that the more
stable complex/DNA system is related to a higher cytotoxicity
potential. The following species were considered for this theo-
retical investigation: Complex a (no radical groups), Complex
b (protonated structure) and Complex ¢ (radicals formation).
The natural charges of all atoms were elucidated, and according
to these data, it is possible to realize more pronounced negative
charges referred to the radical species. The protonated
substituent (OOH) presented a charge value equals to —0.534
a.u., while the corresponding radical (deprotonated) has shown
a charge value significantly lower (—1.170 a.u.). The same is
observed for the substituent (OH), with a charge value of —0.379
a.u., and the corresponding radical (—0.739 a.u.). The formation
of more negative charges suggests to the highest reactivity of
Complex ¢, in relation to the other complexes. Complex a was

using

Table 1 Effect of the peroxoniobum complex on the photo-
cytotoxicity of methylene blue (MB) in K562 cells

Compound ICs0” ICs, irradiated”
MB 7.3 1+0.4 7.0 £ 0.5
MB + NbO,(OH)-0, 6.3 +£0.3 3.0 £0.1

% ICso Methylene blue concentration required to inhibit 50% of cell
growth under dark conditions. ® IC;, Methylene blue concentration
required to inhibit 50% of cell growth after 5 min of UV-A irradiation.
“ Assays were performed in the presence of 6.5 pM of the
peroxoniobium complex.
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put together with DNA in three distinct regions (Fig. S37), and
after performing the optimization, the Nb complex reactivity
was analyzed in these zones.

PM6 calculations were performed in order to evaluate the Nb
complex (Complex a) affinity in different DNA regions. These
results are presented in Table S1.f as relative interaction energy
values. The Complex a, when put into different regions of DNA,
presented quite relevant changes in relation to the intermo-
lecular interaction energy. Thus, Complex a, when docked into
the central region of DNA, showed a more favorable energy
(Fig. 5). After the optimization structure, the region with the
highest interaction between DNA and Nb complexes was
considered for other calculations.

According to our theoretical methodology, we have the
energy minimizations for the systems: free DNA (Epna), free
complex (Ecomplex) and DNA-complex system (Egystem). In line
with those systems, the affinity energy was calculated using the
following equation:

E= EDNA/complex - Ecomplex — Epna (1)

The results from this methodology are described in Table
S2,1 also as relative interaction energy values. By using the
strategy described at the ESI,} it was possible to analyze the
efficiency of Nb complexes towards DNA, evaluating which
factors contribute most to this reactivity. Our first results indi-
cate that the Nb complex, in general, presents a significant
affinity with DNA, with a pronounced increase in the affinity/
reactivity in the presence of radical groups (-OO". radical for
example). According to our calculations, Complex a showed an
intermediate reactivity towards DNA, presenting a significantly
higher energy value than that obtained for Complex c. The
energy difference between Complex a and ¢ was 2.88 kecal mol .
On the other hand, the energy difference between Complex
b and ¢ was remarkable, about 5.01 kcal mol . Complex ¢
presented good interaction potential with DNA, undoubtedly
due to the radical groups added to the complex structure,
coherent with the experimental observations. According to the
computational investigation, we can conclude that all Nb
complex species (without and with radical groups) presented
reactivity and stability when docked into the DNA crystallo-
graphic structure. These results corroborate with the experi-
mental data observed in the reaction of guanosine with the
niobium complex shown in the *'P NMR of Fig. S1.} Further-
more, the addition of radical groups substantially increases the

Fig. 5 Representation of the DNA-complex system.
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affinity of the complex towards DNA, supported by the obtain-
ing of more stable structures for the complex/DNA system
(lowest energy values), suggesting higher levels of cytotoxicity.
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