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g6

2; Abstract

g9

go From the interaction of the vanadyl ion with a ligand (HL), obtained by the condensation reaction

@% of o-vanillin and 2-thiophenemethylamine, a oxodovanadium(lV) complex (VOL;) is obtained. It

5223 is characterized by spectroscopic techniques, including solid state FTIR, Raman, EPR and

24

35 diffuse reflectance and UV-vis and EPR in solutions. Its thermal behavior is analyzed by means
? of TGA and DTA. Theoretical studies based on DFT computational methods are of help in the

%8 interpretation and assignment of spectroscopic data. Cytotoxicity assays (48 h) against bone

%g cancer cells (MG-63, 1Csy = 50.4 + 8.7), breast cancer cells (MCF-7, IC5, = 42.3 + 4.7) and MDA-

%1 MB-231, IC5y = 29.0 £ 1.7) and a normal fibroblast (L929, ICso = 71.0 + 3.5), demonstrate the
2

§3 enhancement of effectiveness and selectivity of the complex compared with both the ligand and

Q

gg the free metal ion. Besides, the compound inhibits the cell migration, increases ROS level and

§6 conveys the cells to apoptosis. As a whole, these results show the main mechanisms of the
;73 deleterious effects of [VOL,] in a triple negative breast cancer cell line (MDA-MB-231),
39 demonstrating that this complex is a promising therapeutic agent for this kind of breast cancer.

40

41

42

43 1. Introduction

44

45 Among the transition metals with biological and therapeutic relevance, vanadium is recognized

4

43 for the wide range of biological roles and therapeutic activities involving its various oxidation

48 states and specially as V(IV) and V(V)."2 As such a versatile metal ion, that can act either as an

49

50 anion or as a cation, vanadium promotes a extensive chemistry and biochemistry, depending on
g; its oxidation state and the electronic and nature of the coordinating ligands.3
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In particular, its coordination chemistry has been extensively explored and some examples of
the interesting properties of vanadium complexes can be found in the literature.*® Among the
variety of therapeutic activities, it appears that vanadium suppresses growth and spread of
tumors by inhibiting cell proliferation, inducing apoptosis, and limiting invasion and the
metastatic potential of neoplastic cells. The vanadium involvement in redox-active ROS-RNS
associated apoptotic processes, interactions with mi RNA, autophagy and cell differentiation
capacities, denotes the potential of this metal as a promising anticancer metallodrug.”

It is expected that the interaction of this bio-metal with active ligands leads to an improvement in
the activity of the ligand or the metal themselves, as it has been extensively described. Ligands
can moderate the adverse effects of metal ion, inhibit selected metalloenzymes or assist in
metal ion distribution. Some of these effects imply modifying reactivity and lipophilicity,
stabilizing specific oxidation states, and contributing to substitution inertness.®

Furthermore, vanadium has been important in the development of metallo-pharmaceuticals with
diverse therapeutic activity in an attempt to lower the side effects. In this sense, the design and
synthesis of suitable multidentate ligands provide a significant contribution to the therapeutic
aspect of vanadium coordination chemistry.®

The interest in combining a metal with poly-functional ligands having diverse potentially
coordinating donor atoms is based on the structural versatility, syntheses accessibility and wide
application of the metal complexes in different fields including food and dye industries or
analytical and agro-chemistry and also due to their catalytic, antioxidant, fungicidal, anti-
inflammatory and antitumor activities 0-12

These chelating ligands can be designed combining precursor reactants that provide active
scaffolds to the product. In the present work, the selected ligand HL (0VATPNH2 , see Figure 1)
is an example of Schiff base derived from primary amines involving a heterocycle and has been
obtained and fully characterized in our laboratory.'? It is the condensation product of o-vanillin
(2-hydroxy-3-methoxybenzaldehyde, hereafter oHVa) and 2-thiophenemethylamine (TPNH2).
The involvement of the different heterocyclic, including thiophene, in the structure of organic
molecules suitable for metal coordination, has been a successful strategy in the development of
new drugs. Many of them have shown a wide range of pharmacological effects, such as
antimicrobial, anthelmintic, anti-inflammatory, analgesic, antipyretic, diuretic, hypoglycemic,
anticonvulsant, anti-HIV, cytotoxic and antitumor activities.'*'> In particular, participation of
thiophene in Schiff bases are of special interest because of the improvement of therapeutic
agents capacity.'® Hence, compounds derived from this ring are good candidates for ligands in
potentially active metal complexes, regardless the coordination capacity of the heteroatom.
Furthermore, oHVa has demonstrated an antioxidant capacity even higher that of its positional

isomer, the well-known natural flavoring agent vanillin.'”
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g Figure 1:0VATPNH2 ligand (2-methoxy-6-{(E)-[(thiophen-2-ylmethyl)imino]jmethyl}phenol).

10

;i; Ligands belonging to the Schiff bases family can coordinate metal centers through the N atom in

53 the azomethine >C=N- moiety, a functional group that is strongly believed to play an important
4

35 role in a broad variety of biological activities, including antibacterial, antitumor, antifungal or

g? antimalarial. Although the imine nitrogen atom itself is capable of acting as a coordinating donor

g8 atom, stability is enhanced when the metal ion is coordinated with other electron donating

%g groups of the molecule giving rise to a five or six-membered chelate ring (coordination ring).

%1 This condition is generally reached when other electron donating groups, either as ring

%g heteroatoms or as substituents on molecular scaffold, are present in the vicinity of the

>

24 azomethine linkage.®

25
6 Within the multiplicity of therapeutic properties of metal complexes, anticancer activity is one of

%73 the most significant.’® In particular, breast cancer is one of the more frequent causes of

29 premature mortality in female population. One of the most aggressive types is the one known as

g? triple-negative breast cancer. Up to the moment, chemotherapy seems to be the only possible

32 treatment, involving side effects. Then, great efforts are devoted to improving therapeutic agents

33 - =5

% 4 to optimize the treatment.

%5 Recently, we have reported the Zn(ll) and Cu(ll) complexes with oVATPNH2 in the same
6

37 coordination fashion that in the present oxidovanadium(lV) compound and also with formula
;g ML,.2" The structural data, obtained by RDX of monocrystals, was of help in the analysis of
40 the vanadium complex, despite the difference in the environments geometry. The copper
j; complex proved to be active against two breast cancer cells, with IC5, values lower than those
43 of cisplatin. This result encouraged us to continue in the search of new agents against breast
44

45 adenocarcinoma, involving metals less toxic than platinum.
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Scheme 1: Formation reaction of the complex [VO(oVATPNH2),].

The complex is obtained according the reaction depicted in Scheme 1. It is fully characterized
by means of spectroscopic (FTIR, Raman, UV-Vis, diffuse reflectance and EPR) techniques and
its thermal behavior has been explored by TGA and DTA. DFT calculations were performed to
complement experimental results and to assist in their interpretation. The cytotoxic activity of the
complex is essayed against three tumoral cell lines (MG-63, MCF7, MDA-MB-231) and one
normal cell line (L929) and compare with the free ligand and metal ions. Besides, the cell
migration, the ROS production and apoptosis induction is studied in an attempt to get
information about the mechanisms of actions involved in the antitumor action of the complex.
The physicochemical and structural analysis of the present compound can help in the
understanding of its behavior in chemical or biological reactions, with relevance in the

development of new therapeutic agents.
2. Results and discussion

2.1. DFT calculations and conformational analysis

Taking into account the similarities with previously studied Cu(ll) and Zn(ll) complexes with the
same ligand 2! and the characterization results a square pyramidal environment was proposed
for [VO(oVATPNH2),]. Despite the low quality of the crystals obtained prevented an acceptable
X-ray structure determination and refinement, preliminary results agree with the proposed
geometry. Thus, a square pyramidal environment with both ligands coordinating the vanadium
center through the N and O donor atoms and the O atom of the oxovanadium moiety located at
the apical position was used as the starting point in the conformational analysis.

The optimized geometry is depicted in Figure 2. The vanadium atom is coordinated by the two
bidentate ligands in trans position building a nearly planar square O;N, environment. The V
atom lies approximately 0.6 A over the plane and the O atom, located in the apical position,

completes a distorted square-pyramidal coordination sphere.
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Figure 2. Optimized geometry of
[VO(oVATPNH2),] showing the labeling of the non-H atoms for one of the ligands.

As can be seen in Figure 2, the S atoms do not participate in the coordination to the metal and
the thiophene rings are orientated in frans position regarding the N,O, pseudo-plane. In order to
evaluate the possibility of n-interaction between the rings that can contribute to the structure
stabilization, subsequent calculations were performed. A new geometry optimization, starting
from a structure in which the thiophene rings are in a cis conformation allowing the mentioned
interaction, leads to the structure depicted in Figure 3. Even though the energy calculated for
the optimized cis-geometry (Figure 3, right) is only slightly higher than that calculated for the
optimized trans-geometry (Figure 3, left) the relative orientation of the thiophene rings and the

long distance between them are not compatible with the n-interactions.

Figure 3. Optimized geometries of [VO(oVATPNH2),] taking different geometry as starting
points. Left: thiophene rings in trans conformation. Right: thiophene rings in cis conformation.

The distance between the thiophene rings is shown for the latter.

Considering these results and comparing them with those obtained for the Cu(ll) and Zn(ll)
complexes crystal structures 2', we selected the frans-geometry to continue the study.
A list of the more relevant optimized geometrical parameters for the complex is available as ESI

(Table S1). Calculations predict that the two ligands surrounding the metal ion are non-
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equivalent, thus giving two values for each geometrical parameter. For bond distances and
bond angles, the difference among the two values for each ligand is small, and thus average
values are listed in the table. Nevertheless, as significant differences are observed in calculated
dihedral angles of the two ligands, both values are included.

Table 1 shows selected parameters involving the metal center. From previous results in other
complexes using the same computational methodology bond distances and angles around
metal ions are well described. Nevertheless, calculated N-M and O-M bond distances were
slightly overestimated when compared with the crystallographic data.?' Thus, it is expected that

experimental N-V and V-O1 bond distances will be shorter than the values reported in Table 1.

Table 1. Selected geometrical calculated parameters involving the metal center for
[VO(oVATPNH2),]

Bond distance (A) Dihedral angle (°)
N-V 2.140 C5-N-V-0O1 -179.2
V-O1 1.912 C5-N-V-O71 -170.3
V-03 1.603 C5-N-V-O1’ -56.9

C5-N’-V-01 -47.5
Bond C1-C5-N-V 173.7
C5-N-V 114.6 C8-01-V-N -2.3
C6-N-V 125.1 C8-01-V-N’ -5.6
0O1-V-N 86.6 C8-01-V-N’ -171.0
O1-V-N’ 85.8 C8-01-V-N -169.5
N-V-N’ 163.6 C6-N-V-O1 6.4
01-vV-0O1 122.1 C6-N’-V-O71’ 1.7
03-V-01 119.8 C6-N-V-O1’ 128.7
03-V-N 98.0 C6’-N’-V-01 124.6
C8-01-Vv 135.2 C5-N-V-03 58.2

2.2. Vibrational Spectroscopy

FTIR and Raman spectra of the complex were analysed in comparison with the spectra of the
ligand that we have previously reported'® and are shown in Figure 4. Assignments were done
based on reported data,?>?3 results on related species?62'24 and with the help of DFT
calculations. They are included in Table S2 (ESI) together with the complete spectroscopic
results. Selected band positions, calculated frequencies and assignments are listed in Table 2.

As can be seen in the tables, calculations predicted a strong coupling of different modes at

some frequencies.
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Figure 4. IR spectra of the ligand (a) and the complex (b). Raman spectrum of the complex (c).

Table 2. Vibrational spectra of the complex and the ligand. Selected experimental bands,
calculated frequencies and assignemnts. Wavenummber in cm-'.

OVATPNH2 (a) VO(oVATPNH2),
IR. Raman _Calc Assignment IR Raman_Calc. Assignment
3003 vw 3005w 3153 v O-H
1631vs 1635vs 1685 v C=N 1613 vs 1621vs 1677/1671 v C=N
1583 sh 1587 m 12(132/ v ring (OVA) + 8 O-H ]gg; f: 1558 < 1639/1636 v ring (0VA)
1313 m 1315 v C-O (ArOH)+ 5 C-H(oVA)|1301s,b 1312m 1370/1349 v C-O (Ar-O) +
8 C-H (Ar-CH) + p,, CH;
1335 v C-O(Ar-0) + p,, CH,
832 ms,b 838w 851 yO-H
587 Vas O-V-O + yring (Tph)
+ y ring (0VA)
581 vs0-V-O + 5 Ar-OCHs
+yring (Tph)
461wb 467sh 460/443 v, N-V-N
444w 464/455 v N-V-N

(a) Data extracted from ref '3. vs: very strong, s: strong, m: medium, w: weak, vw: very weak, b: broad,

sh: shoulder: Tph: thiophene ring.

As expected, after the deprotonation of the phenolic group, the bands related to the O-H

vibrations of the free ligand are absent in the spectra of the complexes. The strong C=N

stretching band at 1631 cm™' (IR) and 1635 cm™' (Ra) in the ligand is shifted to lower frequencies

(1613 and 1621 cm', respectively) in the complex as a consequence of coordination to the

metal through the N atom. Moreover, weak bands assigned to the symmetric and antisymmetric

N-V-N stretchings are observed in the lower frequency region of the complex’s spectra. The O-
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V-O stretching bands are predicted at higher wavenumbers as the calculated V-O distance is
shorter than the V-N one, but they cannot be observed probably because they are overlapped
with rings deformation modes. Additionally, the characteristic V=0 band is observed at 993 cm-'
(IR) and 992 cm' (Ra).

The —N=C-C-C-O- moiety of each ligand bonded to the metal ion gives rise to a six-membered
ring (coordination ring). In the complex, vibrations of these rings are predicted by calculations at
lower frequencies that the respective modes of the ligand rings and coupled with them, giving
rise to a shoulder in the IR and a red shift in the Raman spectrum, around 600 cm-'. A similar
behaviour has been observed in the previously studied related complexes. 2

Modes related to the ligand rings vibrations and those assigned to the —CH, and O-CHj; groups
show minor changes in frequency and/or intensity upon coordination. For each mode of the
ligand in the complex two close, or even coincident, values are calculated. This is explained by

the prediction of two no strictly equivalent ligands in the environment of the metal centre.

2.3. EPR Spectroscopy.

The X-band EPR measurements on a polycrystalline solid of the complex (ESI, Figure S1) show
slight variations of the spectra on decreasing temperature, which could be considered partially
due to the broadening of the components of the hyperfine coupling with temperature. No wholly
successful simulations are obtained for the spectrum at 120 K (see fitting parameters in Figure
5).

dy"/dH

250 300 350 400 450
H (mT)

Figure 5. EPR experimental spectrum (solid line) and fit (dashed line) of [VO(OVATPNH,),] at

room-temperature. Experimental details: modulation frequency = 100 kHz, modulation
amplitude = 0.1 mT, time constant = 40.96 ms, conversion time = 327.68 ms, gain = 6,3 104,
power = 2.0 mW, microwave frequency = 9.4223 GHz. Fitting parameters: (a)

(Lorentzian/Gaussian) (1/1)-type signal, g; = 1.955; A; = 17.5 mT (159.7 x 10~ cm™") (linewidth
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Hy = 14.0 mT), g, = 1.984; A, = 6.1 mT (56.6 x 104 cm-") (linewidth H, = 11.0 mT), g; = 1.986;
A;=6.1mT (56.5 x 104 cm™") (linewidth Hs = 11.0 mT).

In order to complement the results for the solid sample, measurements in solution are carried
out. Thus, a yellow solution of the complex in a (1:1) (ethanol:DMF) mixture of approximately 5 x
104 M is prepared, whose spectrum at 120 K and fitting are depicted in Figure 6. The spectrum
evidences the presence of a unique V(IV) species. The average g and A values, 1.97 and 9.8
mT, respectively, agree well with those calculated from the measurements in solution at room
temperature (1.974 and 9.9 mT, Figure S2 in ESI, Equations 1 and 2). On the other hand, the
values of the parameters in frozen solution are similar to those in the solid state and suggest
that the molecular structure is essentially retained in solution. In addition, these values evidence
a rhombic symmetry in good agreement with the results of the computational studies, which

provide three different metal-ligand average bond lengths around the V(IV) ions.

MJW M

280 320 360 400
H (mT)

dy"/dH

Figure 6. EPR spectrum of [VO(OVATPNH;),] in solution in (1:1) (ethanol:DMF) at 120 K (solid
line) together with the best fit (dashed line). Experimental details: modulation frequency = 100
kHz, modulation amplitude = 0.1 mT, time constant = 40.96 ms, conversion time = 327.68 ms,
gain = 6.3 104, power = 20.0 mW, microwave frequency = 9.4185 GHz. Fitting parameters:
Gaussian-type signal, second-order effects, g, = 1.955; A, = 17.6 mT (160.6 x 104 cm™)
(linewidth H; = 0.9 mT); g, = 1.974; A, = 6.0 mT (55.3 10™* cm™) (linewidth H, = 0.8 mT); g; =
1.981; A3 =5.8 mT (53.6 x 1074 cm™") (linewidth H3 = 0.8 mT).

_ g t2g,
8iso —T Equation 1
_ A +24,

iso 3 Equation 2
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Finally, the experimental A, value can be compared with that calculated from the additive
relationship that links the A value in V(IV) coordination compounds with the number and type of
ligands in the equatorial/basal plane.?>?” Considering the proposed structure for complex, A,

value can be estimated by Equation 3.

= 2x44.4-10"* (aliphatic imine) + 2x38.6-10*(ArO ) =166-10*cm™ Equation 3

llcalculated
Taking into account the accepted error ca. £ 1.5 x 10 cm™" per binding group, the calculated

value of 166 10~ cm~' shows a good agreement with the experimental one 160.6 x 10™* cm™".

2.4. Electronic Spectroscopy

Electronic spectra of the complex are recorded in DMSO solution (approximately 10-*M and 105
M) in the 250-800 nm spectral range and diffuse reflectance spectra of the solid is also
measured (see Figure 7).

Spectra of the ligand and the complex in solution do not change during 48 hours, hence
denoting their stability in the selected solvent. The absorption bands in solution were assigned
with the assistance of theoretical calculations. Calculated electronic transitions are selected
according to their oscillator strengths. Experimental and calculated spectra for the complex

show a good accordance, as can be seen in Figure 7.

ybuans I0e|osO

300 400 500 600 700 800
Wavelength (nm)

Absorbance (u.a.)

300 400 500 600 700 800
Wavelength (nm)

Figure 7: Top: Experimental (solid) and calculated (dashed) electronic spectra of the complex
registered for 5x10-®* M DMSO solutions. Higher concentration (5x10-* M) was employed to
register d-d transitions Bottom: Diffuse reflectance spectra of solid sample.
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1

2

3 Table 3 lists experimental bands and calculated electronic transitions for the complex, along
4

5 with their assignment. As can be seen from the assignment proposed, some experimental
? bands are described by more than one single electronic calculated transition. Present
8 calculations show that many-body effects are far from negligible as most of calculated
?0 transitions are described by several one-electron excitations, thus involving several MO’s. To
1 simplify the description of transitions and the corresponding assignment of experimental bands,
32
:cj3 an arbitrary threshold to the one-electron excitation coefficients obtained from the TD-DFT is
gg imposed. This way, the number of one-electron excitations selected to describe the
g6 experimental bands is considerably reduced. Graphical representations of the OM’s involved in
2; the electronic transitions of complex are available as ESI (Figure S3). It can be observed in
39 Figure S3 that the HOMO, — 1 in the complex is localized in the two oVA rings and the four O
@0
31 atoms, whereas the HOMO,, — 2 is located at the V ion with contributions from the O atoms of
%g the coordination sphere. The HOMO,, — 3 is located in the thiophene ring of one ligand only and
>
24 the HOMO, — 6 is strongly delocalized in the two oVA fragments, the two N atoms, one
25

6 thiophene moiety and the metal ion. Interestingly, LUMO,, LUMO,, + 2, LUMO,, + 4 and LUMO,
%73 + 6 are mainly located on the VO group with minor contributions from the C=N bond, the o-VA
29 rings, the N atoms and the thiophene rings. It is also interesting to note that both HOMO; — 3
30
31 and HOMOg, — 6 are localized in the thiophene rings. Finally, the LUMO; + 1 is located at the two
%g 0-VA rings, the O atoms of the coordination sphere, the C=N atoms and the metal ion.
%4 The characteristic three d-d-bands expected for the V(IV) d' ion with a square pyramid
%2 coordination sphere are observed for complex in solution.28-30 In the solid state, however, the
37 bands are less defined, although one absorption at approximately 778 nm and a very broad
38

39 band with two maxima at 626 nm and 553 nm can be identified.
j? The differences in intensity and the shifts in the band positions between the diffuse reflectance
42 and UV-Vis spectra are a consequence of the different physical basis of both measurement
ji method, the way in that data is analyzed and the expected solvent effect.3! The results indicate
45 that there are no significant changes in the metal environment when compared solid samples
46
47 with solutions. Transitions at higher energy are predicted by calculations but they are expected
48 at a lower wavelength than the solvent cut-off.
49

50
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Table 3. Experimental and calculated electronic spectra of the complexes in DMSO solution.
Band maxima (calculated from deconvolution) and transition energies are given in nm. Molar
absorptivity, in M-'.cm', and calculated oscillator strength, in atomic units, in parentheses. The
proposed assignment is also given. H and L are used as short notation for HOMO and LUMO,
respectively, whereas o and f refer to the electronic spin channels, when needed.

Experimental Calculated Transition Assignment
H,—-2—L

753 (11.4) 713.4 (0.0002) HZ o L: » d—d

595 (31.2) 534.0 (0.0001) H,-2— L, +4 d—d

528 (37.2) 477.6 (0.0008) H,- 2— L, +6 d—d

372 (5.3x10%)  372.4 (0.0398) H,-1- L, Ligand-to-metal charge transfer
281.0 (0.0258) Hp—3 — Lg+1 Intra- and interligand

285 (sh) 280.1(0.0261) H,—-6— L, Ligand-to-metal charge transfer
275.7 (0.0497) Hp—6 — Ly +1 Intra- and interligand

258 * 258.6 (0.0891) H,-3— L, +2 Ligand-to-metal charge transfer

(*) Poorly-defined maximum due to the solvent cut-off.

2.5. Thermal analysis

The thermal behavior of the complex was studied analyzing the TG and DT data obtained
through the incineration of solid in oxygen and nitrogen flux, in order to avoid V(IV) oxidation in
the latter case. Thermograms are depicted in Figure S5 (ESI).

The TG and DT curves of the ligand, previously described 2!, show the melting point at 70.5°C.
Decomposition involving several exothermic processes starts at 165°C with a mass loss of 59%
in a first step, assignable to the removal of the substituted benzene ring. In a second step, the
loss of the remaining ligand’s fragments lead to a total weight loss of 97%.

For the complex, the TG and DT curves obtained under O, flow show two decomposition steps.
The first one begins at 211°C (before reaching the melting point), and involves two exothermic
processes, with a weight loss of 17.6%. The second step occurs at 370°C with a weight loss of
66.2%. In this case it is observed that the residue corresponds to V,0s, as it is confirmed by
FTIR. When run under N,, the thermograms show an endothermic peak corresponding to the
melting point of the compound (229°C), followed by an incomplete exothermic decomposition
with a weight loss of 78.6% at 800°C.

Results indicate that, even in presence of oxygen, the complex has a good thermal stability.

The melting point value of the complex measured in a Bockmonoscop “M” instrument has some
difference with that determined by TG due to the thermal inertia during the heating process in

this experiment.


https://doi.org/10.1039/c9nj02092f

Page 13 of 25 New Journal of Chemistry

View Article Online
DOI: 10.1039/C9NJ02092F

; 2.6. Cytotoxicity Assays.

.

5 Cytotoxicity studies, determined by the MTT assay, were carried out for [VO(oVATPNH2),], free
? ligand (0VATPNH2) and VO?* ion with three tumor cell lines: MG-63 (human osteosarcoma),
g MCF7 (breast adenocarcinoma) and MDA-MB-231 (triple negative breast adenocarcinoma) and
10 one normal cell line L929 (mouse derived fibroblast).

;i; Table 4 shows the ICs, values and the selectivity index (SI) of [VO(oVATPNH2),]. As it can be
53 seen, the complex impaired cell viability on MCF7 and MG-63 cells in the range of concentration
gg (25-75 uM) and in the range of 10-45 uM for MDA-MB-231 cells. Besides, [VO(oVATPNH2),],
g? displayed an acceptable value of S| (2.45) on triple negative breast adenocarcinoma cell line
g8 (MDA-MB-231) since the ICsy on tumor cells decreases by 2 times compared to non-tumoral
%g cells.

21 On the other hand, the ICs, values of the free ligand and free metal cations are greater than 100
%g MM for the three cell lines tested, hence revealing the important role of complexation to
24 modulate the antitumor properties of this kind of compounds.

26

27 Table 4. IC5, values and Sl of complex [VO(oVATPNH2),]. on MG-63, MCF7, MDA-MB-231 and
%g L929 cell lines after 48 h of incubation.

%(1) Cell lines IC5q SI

32 MG-63 50.4 £8.7 1.41

%3 MCF7 423 +4.7 1.68

%4 MDA-MB-231 29017 2.45

B5 L929 71.0+35

26

;73 As a whole, our results exhibit the beneficial influence of metal complexation on the anticancer
39 activity as compared with the free ligand and the free metal ion independently. This
j? enhancement has been described for other metal-based compounds.32-34

42 Moreover, these results indicate that the complex displayed a selective action on breast cancer
ji cells mainly on triple negative breast adenocarcinoma cell line. Moreover, the 1Cs, values
jg observed in Table 4 show a good correlation with the anticancer activity compared to other
47 vanadium compounds reported in the literature. In this sense, different oxidovanadium(lV)
jg complexes of salicylaldimines and aromatic heterocycles showed ICs, in the range from 53 to 90
50 MM on MCF-7 cells.®® Besides, the vanadium(IV) complex with morin exert anticancer activity
g; showing ICs, values in the range of 55-65 uM for several breast cell lines.3¢

gi Nevertheless, some vanadium compounds exhibit lower ICs, than [VO(oVATPNH2),], as in the
55 case of oxidovanadium(lV) complexes with Knoevenagel condensate Schiff base ligands that

g? have ICs, around 20 uM on MCF-7 cells.®” Besides, different oxidovanadium(lV) compounds

58

59
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with imine ligands show very low IC5, on MCF-7 cells in the range of 3 to 15 uM but no
information available-about the cytotoxic effects of these kind of compounds on non-tumoral
cells is available.®® However, some dioxidovanadium(V) complexes with thiosemicarbazones
shows variable IC5, (range 15-90 uM) on MCF7 cells.®®

Compared with complexes of the same ligand and other metals, tested in our laboratory ,
[VO(oVATPNH2),], showed higher anticancer activity than [Zn(oVATPNH2),], (ICsq mpa-mB.231 =42
t 3, ICs0 mcr7= 44 £ 0.2) but lower antitumor actions than [Cu(oVATPNH2),], (ICso mpa-ms.231= 23
2, 1Cs0 mcr7= 14 £ 3).2

2.7. Cell migration

Migration is an important property of live cells and critical for normal development, immune
response and disease processes such as cancer metastasis and inflammation.4® The study of
cell migration in cancer investigation is of interest as the main cause of death in cancer patients
is related to metastatic progression. Therefore, we evaluated the inhibition effect of
[VO(oVATPNH2),] on cell migration (wound healing assay) on MDA-MB-231 breast cancer
cells. Our previous results shows that MDA-MB-231 is the most drug sensitive cell line,
therefore we choose it to perform cell migration assay.

Figure 8 shows the wound healing results. As it can be seen, the compound inhibited MDA-MB-
231 cell migration in a 60% (10 pM) and 40% (25 pM) compared to the untreated cells. These
results are in agreement with our previous findings in which we demonstrated that vanadium-
chrysin and vanadium-clioquinol complexes inhibit the cell migration in human cancer cells by

inactivation of Focal Adhesion Kinase (FAK).41:42
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Figure 8. Cell migration study (Wound healing assay) on MDA-MB-231 cells. * p<0.01

differences between control and treatment with compounds.

Mechanism of action
The putative cell death mechanisms triggered by [VO(0VATPNH2),] on the most drug sensitive
cell line (MDA-MB-231) were investigated through the determination of the oxidative stress and

an exhaustive study of apoptosis.

2.8. ROS production

Oxidative stress has been reported as one of the most important factors that intervenes in the
antitumor activity of vanadium compounds.'® For a better understanding of the possible
mechanism involved in the cytotoxicity of [VO(oVATPNH2),] in MDA-MB-231 cells, we
evaluated the effect of this complex on oxidative stress through the oxidation of the probe DHR-
123, a mitochondria-associated probe that selectively reacts with hydrogen peroxide.*3
Incubation of MDA-MB-231 cells with the complex produced an increment in the ROS
production from 10 to 50 uyM (p<0.01). Figure 9 shows that after incubation with 10 uM, the
complex induced the ROS production (% 150 over basal) whilst at 50 uM this value it increases
until 270% (p< 0.01). There results show that the ROS production is, at least partially, one of
main mechanisms of action involved in the anticancer activity of [VO(oVATPNH2),]. Different

scientific reports showed similar values of ROS production for other vanadium compounds.444%
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In this way, it can be assumed that the free radicals decrease the concentration of important
cellular compounds and impair the antioxidant system, making cells more vulnerable to

oxidative damage.

400 -
S 300 -
5
P_] *
& 2004 *
e,
$
100
0_
& % RN © &
&

Concentration [pM]

Figure 9. Induction of ROS by [VO(oVATPNH2),]. in the MDA-MB-231 cell line. The results
represent the mean = SEM (n = 12). Asterisk significant difference versus the control (*p <0.01)

2.9. Apoptosis study

Many scientific articles have shown the important relationship between high levels of ROS and
apoptosis induction.64” Regulated cell death requires severe oxidative stress and cytosolic
Ca?* overload.*® Apoptosis is a physiological process of cell death enhanced in the presence of
injurious agents. It is characterized by some morphological changes in the nucleus and the
cytoplasm. One of the first alterations that can be defined is the externalization of
phosphatidylserine at the outer plasma membrane leaflet. Annexin V-FITC is a fluorescent
probe with high affinity for phosphatidylserine.

To elucidate the mechanism of cell death induced by the vanadium complex we performed flow
cytometry assays using Annexin V=FITC and propidium iodide (PI) staining.

Figure S6 (ESI) depicts the flow cytometry results of the apoptotic process in the presence of
[VO(oVATPNH2),] (2.5, 5, 10 and 25 uM).

In Table 5, it can be seen that the control cultures showed that 9 % of early apoptotic cells were
annexin V positive and 2 % of late apoptotic cells were annexin V positive/PI positive. These
results denoted an increase in the early and late apoptotic cellular fractions in a concentration
dependent manner. At 5 pM, [VO(oVATPNH2),] resulted in approximately 23 % of early
apoptotic cells and 16 % of late apoptotic cells, whereas at 10 uyM, the compound produced a
striking increase in the fraction of early (34%) and late (28%) apoptotic cells. Besides, at 25 uM,

the compound increased the early apoptotic cell fractions up to 43%.
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; As can be seen, the percentages of apoptotic cells increased with the concentration of
i vanadium complex. These results are in accordance with the viability assays, confirming that
5 the deleterious action of [VO(oVATPNH2),] is dependent on its concentration in the breast
? cancer cell line.

8

9

10 Table 5. Percentage of apoptotic cells treated with [VO(oVATPNH2),]. * significant difference

11 versus the control (p <0.01)

gg ANNEXIN V+/Pl- ANNEXIN V+/PI+ ANNEXIN V-/Pl+

Jd4 0 pM 8.4%13 21106 1.0£0.2

gg 2.5 uM 128104 44+0.8 1.7£0.2

§l7 5 uM *23.5+5.1 *16.4+ 3.1 5813

gg 10 uM *33.9+44 *28.2+ 4.7 5214

20 25 uyM *42.9+ 3.0 *23.6 £ 10.1 3217

21

L)

gi 3. Conclusions

25

_? The ligand oVATPNH2 (HL), obtained from the condensation reaction of o-vanillin and 2-
%g thiophenemethylamine is a good chelating agent for vanadyl(IV) ion, leading to the formation of
%0 the stable complex [VO(oVATPNH2),]. HL acts as the monoanion L- after deprotonation of the
%; OH moiety and coordinates to the metal trough the the phenoxo oxygen and the imine nitrogen
%i atoms, in frans position.

B5 Based on spectroscopic analysis and theoretical calculations, a distorted square base pyramidal
%? environment is stablished for the V(IV) ion, with the ligands in the equatorial plane and the oxo
38 group in the apical position.

zg The relative orientation of thiophene rings prevents the participation of the S atom in the
41 coordination sphere. A trans conformation with respect to the pyramid base was proposed as
fé the more stable geometry.

jg The vibrational (FTIR and Raman) modes of the free ligand are consequently changed upon
46 coordination to the metal and new bands appear as a consequence of metal binding to the
j; donor atoms. EPR spectroscopy results describe the square pyramidal environment for the
49 geometry for the oxidovanadium(IV) monomeric paramagnetic centre. In the electronic spectra
g? the expected d-d transitions of complex were identified. Charge transfer and intra- and/or inter-
gg ligand transitions could be assigned in the spectra of the complex. Electronic and EPR results
54 indicate that the coordination environment in the solid is retained in solution.

gg Cytotoxicity studies on bone (MG-63) and breast cancer cell lines (MCF7 and MDA-MB-231)
57 show that the complex has the strongest anticancer activity on triple negative breast
2
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adenocarcinoma cell line (MDA-MB-231 cells). Furthermore, the compound inhibits breast
cancer cell migration, increases ROS level and induced the activation of programed cell death.

Considering the low toxicity of [VO(oVATPNH2),] and the limitations in the treatment of triple
negative breast adenocarcinoma, our results indicate that this complex is an interesting
candidate for potential anticancer applications and it would be attractive to test this complex in

further in vivo studies for cancer treatments.

4. Experimental

4.1. Synthesis

The solvents and reactants, methanol and acetonitrile (Carlo Erba) and oxovanadium(lV)
acethylacetonate (Fluka), were used as provided with no further purification The ligand
oVATPNH2 was prepared according with previously reported data.'?

Elemental analyses were performed in an Exeter CE 440 analyser and melting points were
determined in a Bock monoscop “M” instrument.

The complex [VO(oVATPNH,),] was prepared according the following procedure: 0.50 mmol
(0.12369) of ligand (HL) were dissolved in 10 mL of methanol under stirring and heating. The
solution was transferred to a round bottom flask in a reflux set up. Once achieved the reflux
temperature, a methanolic solution (5 mL) of VO(acac), (0.0658 g, 0.25 mmol) was dropwise
added. The system was kept under reflux for one hour and then let to cool gradually until room
temperature. A microcrystalline green solid was formed, isolated by filtration and dried in
dissector. (Yield: 56%, 0.0779 g, m.p: 236-237°C). Anal. Found: C, 55.72; H, 4.41 N, 4.92; S,
11.38 % Calc. for CxH24N,OsS,V: C, 55.81; H, 4.32; N, 5.01; S, 11.46 %.

4.2. Spectroscopy

Infrared spectra of solid samples (KBr pellets) were recorded with a Bruker Equinox 55
instrument in the 4000-400 cm' region. Raman spectra were measured with a WITEC alpha
300 RA spectrophotometer, using laser excitation wavelength of 532 nm and a 20x objective
lens.

Electronic spectra of the ligand and the complex were recorded in solution of dimethyl sulfoxide
(DMSO), using 10 mm quartz cells in the spectral range from 190 to 800 nm. Diffuse reflectance
spectra (convert in absorbance from Kubelka-Munk function) in the 250 - 800 nm range were
recorded using BaSO, pellet as a reference with an integrating sphere attachment. Both spectra
were registered in a Shimadzu UV-2006 spectrophotometer.

X-band EPR spectra were acquired on a polycrystalline samples and frozen glassy solutions by

using a Bruker EMX spectrometer, equipped with a Bruker ER 036TM NMR-teslameter and an
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1
2 Agilent 53150A microwave frequency counter. Variable temperature experiments were precisely
2 controlled by a Bruker ER 4131VT accessory by using the combined action of a liquid nitrogen
5 evaporator, a heater and the BVT3000 temperature controller. A flat quartz cell was used for
6
7 room-temperature studies in solution, whereas the solvents mixture was quickly frozen inside
g the standard quartz tube in the experiments at 120 K. SimFonia program 4° was used to perform
10 the simulated spectra and graphics were carried out with Kaleidagraph v4.1.5° Experimental
;i; details are given in figure captions.
33
g4 .
35 4.3. Computational methods.
g? The structures of the complex was optimized using the Becke's three parameters hybrid density
g8 functional 5" with the gradient-corrected correlation functional due to Lee, Yang, and Parr %2 as
%g implemented in of the ORCA program.5® The Def2-TZVP basis set of triple-zeta quality was
%1 used for all the atoms.>* Based on spectroscopic results, a square pyramidal geometry were
%g taken as starting geometry. Optimizations were conducted in the gas phase.
>
24 To verify whether the optimized geometries are local minima or saddle points on the potential
25
6 energy surface of the molecules the eigenvalues of the Hessian matrix of the total energy with
§; respect to the nuclear coordinates were calculated. Those eigenvalues were then transformed
29 to harmonic vibrational frequencies, which were further used to aid in the assignment of the
g? experimental vibrational frequencies. No factors were used to scale calculated frequencies.
32 The electronic spectrum of the complex was calculated using the hybrid PBEO functional % as
3
54 implemented in the ORCA program. The Def2-TZVP basis sets were used for the calculation,
%5 too. Solvent effects were included implicitly through the Conductor-like Screening Model
6
37 (COSMO)%¢ as implemented in the ORCA program.
38
39
40 4.4. Thermal analysis.
j; The thermal analysis (TG and DT) has been performed using Shimadzu TG-50 and DT-50 units,
43 in a 25° to 800 °C temperature range at a heating rate of 5 °C min-'. Oxygen flow of 80 mL min-’!
44
45 was employed in every measurement and nitrogen flow was also used for the complex sample.
46
47
48 4.5 Biological assays.
49
50
51 4.6.1. Cell line and growth conditions
52
53 MCF-7 (breast) cancer cells were grown in DMEM (Gibco, Gaithersburg, MD, USA) containing
54
55 10 % FBS (Internegocios), 100 U/mL penicillin, and 100 pg/mL streptomycin at 37° Cina 5 %
g? CO, atmosphere whilst MDA-MB-231 (triple negative breast) were grown in F12-DMEM (Gibco,
58
59
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Gaithersburg, MD, USA). Cells were seeded in a 75-cm? flask, and when 70-80 % of
confluence was reached, cells were subcultured using 1 mL of TrypLE ™ per 25-cm? flask. For
experiments, cells were grown in multiwell plates. When cells reached the desired confluence,
the monolayers were washed with PBS and were incubated under different conditions according
to the experiments. All the cell lines were purchased from ATCC (American Type Culture

Collection).

4.6.2. Cell viability study: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay

The MTT assay was performed according to Mosmann.%’ Briefly, cells were seeded in a 96-well
dish for 24 h, and treated with different concentrations of the tested compound (1-50 uM) at 37°
C for 48 h. Afterward, the medium was changed and the cells were incubated with 0.5 mg/mL
MTT under normal culture conditions for 3 h. Cell viability was marked by the conversion of the
tetrazolium salt MTT to a colored formazan by mitochondrial dehydrogenases. Color
development was measured spectrophotometrically with a microplate reader (model 7530,
Cambridge Technology, USA) at 570 nm after cell lysis in DMSO (100 uL per well). Cell viability

was plotted as the percentage of the control value.
4.6.3 Wound healing assay

Cells were grown in a 12 well cell culture plates with complete DMEM including 10% FBS, until
100% of confluence. The monolayer was scratched and washed with PBS to remove non-
adherent cells. Then, the cells were treated with the complex for 48 hours. After this time, the
monolayer was washed with PBS and stained with Giemsa. Digital images were taken using an
Olympus BX51 inverted microscope with a digital camera. The inhibition of cell migration was
analyzed with Imaged software. The percentage (%) of migration was calculated using the

following formula: 100-(final arealinitial area x 100%).

4.6.4 Determination of ROS production

Oxidative stress in MDA-MB-231 cells was evaluated by measurement of intracellular
production of ROS after incubation of the cell monolayers with different concentrations of
[VO(oVATPNH2),] for 24 h at 37 °C. ROS generation was determined by oxidation of DHR-123
(Sigma-Aldrich, San Luis, USA) to rhodamine by spectrofluorimetry, as we have previously

described. %8
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1

2 4.6.5 Apoptosis study

3

4 Cells in early and late stages of apoptosis were detected with annexin V-FITC and PI staining.
5

6 Cells were treated with 0, 2.5, 5, 10 and 25 pM of [VO(oVATPNH2),] and were incubated for 48
7 h prior to analysis. For the staining, cells were washed with PBS and adjusted to a
8

9 concentration of 1 x 10 ¢ cells per milliliter in binding buffer.

1(1) Cells were analyzed using a BD Accuri C6 Plus ™ flow cytometer (BD Biosciences, USA) and

32 BD Accuri C6 Plus Software. For each analysis, 10,000 counts, gated on a forward scatter

gi versus side scatter dot plot, were recorded. Four subpopulations were defined in the dot plot:

3_3;5 the undamaged vital (annexin V negative/P| negative), the vital mechanically damaged (annexin
6

§7 V negative/Pl positive), the apoptotic (annexin V positive/Pl negative) and the secondary

gg necrotic (annexin V positive/P| positive).

20

%; Electronic Supplementary Information

25 Relevant geometrical parameters for the complex (Tables S1), Vibrational (FTIR, Raman)
? spectroscopic data (Table S2), EPR spectra (Figures S1 and S2), MOs involved in relevant

%8 electronic transitions of the complex (Figure S3), TG/DTA thermograms (Figure S4) and

%g apoptosis plots (Figure S5) are available as ESI.
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New  vanadium  complex was synthesized and fully characterized showing
promising anticancer activity orriplenegative breast cancecells.

A DWWWWWWWW
0oV oOoNOULEDdWN


https://doi.org/10.1039/c9nj02092f

