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Abstract: The main goal of this work was to report the synthesis, characterization, and cytotox-
icity study of a novel copper(II)-sunitinib complex, CuSun. It has been synthesized and charac-
terized in solid state and in solution by different methods (such as DFT, FTIR, Raman, UV-vis,
EPR, NMR, etc.). The solid-state molecular structure of trichlorosunitinibcopper(II), where suni-
tinib: N-[2-(diethylamino)ethyl]-5-[(Z)-(5-fluoro-2-oxo-1H-indol-3-ylidene)methyl]-2,4-dimethyl-1H-
pyrrole-3-carboxamide, for short Cu(Sun)Cl3, was determined by X-ray diffraction. It crystallizes in
the triclinic space group P-1 with a = 7.9061(5) Å, b = 12.412(1) Å, c = 13.7005(8) Å, α = 105.021(6)◦,
β = 106.744(5)◦, γ = 91.749(5)◦, and Z = 2 molecules per unit cell. Also, we have found π-π interac-
tions and classic and non-classic H-bonds in the crystal structure by using Hirshfeld surface analysis.
In the speciation studies, the complex has dissociated in protonated sunitinib and chlorocomplex of
copper(II), according to 1HNMR, EPR, UV-vis and conductimetric analysis. Molecular docking of
the complex in both, ATP binding site and allosteric site of VEGFR2 have shown no improvement in
comparison to the free ligand. Besides, cytotoxicity assay on HepG2 cell line shows similar activity
for complex and ligand in the range between 1–25 µM supporting the data obtained from studies
in solution.

Keywords: sunitinib; copper; coordination complexes; docking; VEGFR2

1. Introduction

Cancer is one of the principal motives of death worldwide [1]. Several tyrosine
kinase receptors have been shown to play key roles in tumor growth and angiogenesis [2].
The most important are platelet-derived growth factor receptors (PDGFRs, which include
PDGFRα and PDGFRβ), fibroblast growth factor receptors, and vascular endothelial growth
factor receptors (VEGFRs which include VEGFR1 and VEGFR2). Therefore, many strategies
to inhibit the cell signaling action of VEGF are explored using antibodies [3–5] or VEGFR
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antagonists [6–8]. In this sense, Sunitinib (sunitinib malate; SU11248; SUTENT™; Pfizer Inc,
New York, NY, USA) is a novel oral multitargeted tyrosine kinase inhibitor with antitumor
and antiangiogenic activities that it has been identified as a potent inhibitor of VEGFR1,
VEGFR2, PDGFRα, and PDGFRβ [9,10]. Many scientific reports [11,12] supported the idea
that VEGF is the key mediator of angiogenesis in cancer, in which it is up-regulated by
oncogene expression, hypoxia and several growth factors. The generation and regulation
of VEGF and other growth factors by the tumor results in the ‘angiogenic switch’, where
new vasculature is formed in and around the tumor, allowing it to grow exponentially.
Particularly, VEGFR2 is one of most active VEGF receptors that promote tumorigenesis and
metastasis in gastric, lung, breast and liver cancers [13,14].

Sunitinib (Sun, Figure 1) is a yellow non-hygroscopic powder which low pH-dependent
solubility in aqueous media, it is achiral and exhibits polymorphism [15]. It was formally
approved by the US Food and Drug Administration (FDA) for the indications of treating
renal cell carcinoma (RCC) and imatinib-resistant gastrointestinal stromal tumor (GIST).
Currently, this compound exhibited anticancer activity on in vitro and in vivo models of
thyroid [16], liver and breast [17–19] and it shows to be efficacious as single agent in the
treatment of a broad range of solid tumors such as RCC, GIST and pancreatic neuroen-
docrine tumors (pNET) [20–22].

Figure 1. Structure of Sunitinib (Sun). IUPAC name: N-[2-(diethylamino)ethyl]-5-[(Z)-(5-fluoro-1,2-
dihydro-2-oxo-3H-indol-3-ylidine)methyl]-2,4-dimethyl-1H-pyrrole-3-carboxamide.

Metallodrugs are a family of antineoplastic agents largely used in the treatment of
several types of cancers like lung, prostate, liver, among others [23]. Platinum compounds
(cisplatin, carboplatin and oxaliplatin) are the most successful compounds derived from
metals use in clinic in the treatment of many tumors [24]. However, chemoresistance
to platinum is one of the most relevant clinical problems in the treatment [25] and has
led to many scientists focusing efforts on the development of novel non-platinum-based
compounds [26].

In this sense, copper compounds show promising anticancer effects on different solid
tumors [27–31]. Moreover, the anti-angiogenic and anti-metastatic properties of mono-
nuclear copper (II) complexes have been reported [32–34].

As part of our project, we have synthesized Cu(II) coordination complex with sunitinib
(CuSun). An extensive experimental and theoretical characterization of the compound
was done. The solid-state molecular structure has been determined by single crystal X-ray
diffraction methods. Bands observed in Fourier Transform Infrared (FTIR), Raman and
electronic absorption spectra were assigned with the aid of the results from computational
methods based on the Density Functional Theory (DFT). Docking studies were performed
with the goal of elucidating the interaction between CuSun and VEGFR2. Finally, we
have investigated the effects of Sun, CuSun and copper cation on HepG2 hepatocarcinoma
cell line.
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2. Results and Discussion
2.1. Synthesis and Characterization

Synthesis of complex CuSun: [CuCl3(HSun)] or CuCl3C22H28FN4O2 (Mw: 569.4 g/mol)
was obtained from Sun (0.25 mmol in 40 mL of acetone) that was dissolved under continu-
ous stirring by heating the solution in a water bath at 50 ◦C. Then, a solution of CuCl2·2H2O
(1.25 mmol in 10 mL of acetone) was added to the previous yellow solution. The brownish
solution obtained was slowly evaporated at room temperature, and purple-brownish crys-
tals suitable for X-ray studies were obtained in the mother liquor after a day (yield 57%).
UV-visible spectrum (in dimethyl sulfoxide, DMSO): 270 nm (ε = 2.2 × 104 M−1 cm−1),
478 nm (ε = 6.0 × 104 M−1 cm−1), 920 nm (ε = 94 M−1 cm−1). Diffuse reflectance spectrum:
CuSun, single crystal, 492 nm and 818 nm (Figure S1). 1HNMR (DMSO-d6): 13.74 (s, 1H),
10.92 (s, 1H), 9.84 (br, 1H), 7.79 (m, 1H), 7.76–7.79 (d, 1H), 7.73 (s, 1H), 6.91–6.97 (m, 1H),
6.84–6.87 (m, 1H), 3.52–3.60 (m, 2H), 3.20–3.24 (m, 6H), 2.48 (s, 3H), 2.46 (s, 3H), 1.23–1.27
(t, 6H) (Figure S2).

The complex, CuSun, is slightly soluble in water, ethanol, acetonitrile, and chloroform,
but soluble in DMSO. In this last solvent, it dissociates in different ionic species. The average
molar conductivity (ΛM) measured was 53.7 Ω−1 cm2mol−1 (concentrations in the range
1.3 to 4.3 mmolL−1). If we suppose complete dissociation, this value is in agreement with
1:1 electrolyte in DMSO [35]. Besides, by UV-vis spectroscopy, we have observed the same
maximum at 920 nm in DMSO for both, CuCl2·2H2O and CuSun. Herein, we propose that
these spectra are in agreement with the formation of the complex [CuCl3(DMSO)]− [36].
No changes in the complex spectrum have been observed in 60 min (data not shown).
1HNMR in (DMSO-d6) have shown almost the same pattern for both sunitinib (Figure S3)
and CuSun (Figure S2). The main difference is in a broad singlet observed at 9.84 ppm for
the complex, that corresponds to a proton bonded to the amine group (Figure S2). The
spectrum of CuSun was similar to that reported for sunitinib malate [37,38], since in these
cases Sun is found as HSun+. Lastly, we have measured the EPR spectra of a solution of
CuSun and CuCl2·2H2O in DMSO at room temperature and we have found similar spectra
in both cases (Figure S4). Taking these results into account, we propose that CuSun complex,
once dissolved in DMSO, dissociates mainly in [CuCl3(DMSO)]− (further dissociation are
possible according to [36]) and HSun+.

2.2. Crystal Structure

An Oak Ridge Thermal Ellipsoid Plot (ORTEP) [39] draw of the complex is shown
in Figure 2, with the crystal data and structure refinement results in Table 1 and bond
distances and angles around copper(II) in Table 2. Copper ion is in a distorted tetrahedral
environment, CuOCl3, coordinated by a sunitinib molecule acting as a monodentate ligand
through its oxindole carbonyl group [d(Cu-O) = 2.082(2) Å] and by three chlorine ions [Cu-
Cl bond distances from 2.179(1) to 2.231(1) Å]. The sunitinib ligand is positively charged
through protonation at the amine N-atom.

Because extended π-bond delocalization, the [(Z)-(5-fluoro-2-oxo-1H-indol-3-ylidene)
methyl]-2,4-dimethyl-1H-pyrrole fragment is nearly planar (rms deviation of non-H atoms
from the best least-squares plane equal to 0.0274 Å). Planarity is also favored by an intra-
ligand H-bond linking the pyrrole >N-H and oxindole >C=O groups [d(N···O) = 2.728(3) Å,
d(H···O) = 1.95(2) Å and ∠(N-H···O) = 151(3)◦]. The metal lay close onto this plane
(at 0.4717 Å). The molecule is further stabilized by another intra-ligand H-bond, now
involving as donor the amine NH+ group and as acceptor the amide >C=O carbonyl group
[d(N···O) = 2.666(4) Å, d(H···O) = 1.87(2) Å and ∠(N-H···O) = 157(3)◦] and also by an intra-
complex H-bond involving the NH group of the 5-fluoro oxindole fragment and a chlorine
ion [d(N···Cl) = 3.240(3) Å, d(H···Cl) = 2.59(4) Å and ∠(N-H···Cl) = 142(3)◦]. Additional
details of the H-bonding structure in the crystal are given in the Supplementary Table S1.
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Figure 2. View of trichlorosunitinibcopper(II) (CuSun) molecule, showing the labeling of the non-H
atoms and their displacement ellipsoids at the 30% probability level. Copper-ligand bonds are
indicated by open lines and intra-molecular H-bonds by dashed lines.

Table 1. Crystal data and structure refinement results for trichlorosunitinibcopper(II) (CuSun).

Empirical formula C22 H28 Cl3 Cu F N4 O2

Formula weight 569.37

Temperature 293(2) K

Wavelength 0.71073 Å

Crystal system Triclinic

Space group P-1

Unit cell dimensions
a = 7.9061(5) Å α = 105.021(6)◦

b = 12.412(1) Å β = 106.744(5)◦

c = 13.7005(8) Å γ = 91.749(5)◦

Volume 1235.4(2) Å

Z, density (calculated) 2, 1.531 Mg/m3

Absorption coefficient 1.243 mm−1

F(000) 586

Crystal size 0.405 × 0.163 × 0.059 mm3

ϑ-range for data collection 3.208 to 29.153◦

Index ranges −10 ≤ h ≤ 10, −16 ≤ k ≤ 16, −18 ≤ l ≤ 15

Reflections collected 9998

Independent reflections 5335 [R(int) = 0.0310]

Observed reflections [I > 2σ(I)] 3879

Completeness to ϑ = 25.242◦ 99.8%

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 5335/3/366

Goodness-of-fit on F2 1.031

Final R indices a [I > 2σ(I)] R1 = 0.0474, wR2 = 0.1112

R indices (all data) R1 = 0.0726, wR2 = 0.1275

Largest diff. peak and hole 0.458 and −0.404 e.Å−3

a R1 = Σ|‖Fo| − |Fc‖/Σ|Fo|, wR2 = [Σw(|Fo|2−|Fc|2)2/Σw(|Fo|2)2]1/2.
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Table 2. Bond lengths [Å] and angles [◦] around copper in for trichlorosunitinibcopper(II) (CuSun).

Bond Lengths [Å] Angles [◦]

O(1)-Cu 2.082(2) O(1)-Cu-Cl(1) 93.48(7)
Cu-Cl(1) 2.179(1) O(1)-Cu-Cl(2) 121.29(8)
Cu-Cl(2) 2.193(1) Cl(1)-Cu-Cl(2) 104.24(4)
Cu-Cl(3) 2.231(1) O(1)-Cu-Cl(3) 100.23(7)

Cl(1)-Cu-Cl(3) 133.95(5)
Cl(2)-Cu-Cl(3) 105.39(5)

2.3. Hirshfeld Surface

Hirshfeld surface analysis can be a valuable tool in the study of intermolecular inter-
actions in a crystalline solid [40]. With the aim of identifying the intermolecular contacts
present in the solid phase structure of the CuSun complex, we have mapped the dnorm
function on the Hirshfeld surface (Figure 3a,b). Blue regions correspond to distances
greater than the sum of the van der Waals radii for the corresponding atoms, while the red
ones show smaller distances. Eight red dots can be seen on the surface, four of them are
considerably larger and more intense than the others.

Figure 3. Front (a) and back (b) view of the Hirshfeld surface of the CuSun complex mapped with
the dnorm function, from −0.10 to 1.68 (the red and yellow circles enclose regions with intermolecular
contacts) and Hirshfeld surface of the CuSun complex mapped with (c) curvedness (values from
−4.0 to 0.4), and (d) shape index (values from −1.0 to 1.0, the circles show regions indicative of
π–stacking interactions).

The most intense dots (in red circles in Figure 3a,b) are due to close contacts of the
C-H/Cl type. These contacts seem to suggest the existence of non-classical hydrogen bonds
of the C–H···Cl type that would stabilize the crystal packing. On the other hand, the
remaining dots (in yellow circles, Figure 3a,b), are smaller, less intense, and in different
regions of the aromatic system of the sunitinib molecule. They represent the contacts of
C/C type.

In addition, the Hirshfeld surface mapped with the curvature function (Figure 3c)
has shown green patches, corresponding to relatively flat regions, separated by dark blue
edges, corresponding to positive curvatures. The presence of these flat regions allows us
to suggest the existence of π–stacking interactions between the conjugated π systems of
different molecules. This can be corroborated by analyzing the shape index (Figure 3d),
which is indicative of the local topology of the surface: red regions are cavities, while the
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blue ones represent bumps. This function is commonly used to identify π–π interactions
in aromatic systems, since they appear as areas of the surface with clusters of small,
approximately triangular, red and blue regions, which correspond to the embedding of
the molecules.

Fingerprint plots for the CuSun complex (Figure S5) show that the greatest contribution
to the Hirshfeld surface area arises from intramolecular contacts of the H/H type (38.6%),
a fairly common feature in compounds where H is the most abundant atom type [41].
However, the second prominent contact is H/Cl, with almost 30%. This has reinforced the
hypothesis that non-classical C-H···Cl hydrogen bonds may have a role in the stabilization
of the structure of the complex in solid phase. In addition, a non-negligible number of
H/F type contacts is observed. Both the C/C and C/N contacts are in the same region of
the fingerprint plot, with (di, de)~1.8–2.0 Å. This is a typical range of interplanar spacing
for aromatic hydrocarbons associated with the presence of π–stacking interactions in their
crystal structure [40]. The contacts mentioned above, represent 92.8% of the total; 7.2% are
contacts between the remaining elements. Individually, they represented less than 5% of
the total.

Herein, it is proposed that the existence of the π–stacking interactions and non-classic
H bonds have an important contribution in the stability of the solid crystalline structure.
On the contrary, the lack of this interactions in solution could be one of the reasons of the
instability and further dissociation as described in Section 2.1.

2.4. Vibrational Spectroscopy

FTIR (Figure S6) and Raman (Figure S7) spectra were measured for CuSun and were
compared with FTIR of sunitinib (the Raman spectrum of this ligand have exhibited
fluorescence in our conditions and no bands were observed). In addition, vibrational
frequencies calculated from the optimized geometries, and multiplied by a scaling factor
of 0.9530 as suggested in the literature for the level of theory used [42], are shown for
sunitinib and CuSun complex in Table 3. The assignations for the ligand are in agreement
with literature [43].

The absorption in the range 4000–2000 cm−1 corresponds to the stretching vibrations
of the N-H and C-H bonds. In particular, the broad band with maxima in 3422, 3284 cm−1

and a shoulder in 3178 cm−1 observed in the experimental FTIR spectrum of Sun has
been assigned to NH stretching of the different groups in the molecule. A broad band
between 3600–2500 cm−1 was observed in CuSun, similar to the band reported in sunitinib
malate [44], where Sun is also protonated (as HSun+). There is only one intense band
observed in 2790 cm−1 assigned to NH protonated, and discrete bands for the remain
NH stretching (3445 (oxindole), 3436 (pyrrole) and 3387 cm−1 (amide)). Also, in CuSun,
calculated CH stretching frequencies were between 3076–3060 cm−1 for C(sp2)-H and
3030–2908 cm−1 for C(sp3)-H.

Then, in the region from 1700 to 1500 cm−1, several changes have been observed,
mainly due to C=O, C=N and C=C stretching modes. For sunitinib, the carbonyl stretching
mode of oxindole and amide groups were found in the same region, at 1677 cm−1. This is
between the two bands calculated, 1685 cm−1 for oxindole (coupled to other vibrational
modes) and 1656 cm−1 for amide group. In the complex, the polarization produced in C=O
bond due to the intramolecular hydrogen bonding (in amide moiety) or coordination to the
metal center (in oxindole moiety) leads to an elongation of the C=O bond, and therefore, a
shifting in the stretching modes to lower frequencies (Figure S6). In CuSun, the carbonyl
stretching modes were found at 1645 cm−1 (oxindole) and 1615 cm−1 (amide) with strong
intensity in FTIR (1649 and 1615 cm−1 in Raman, with a lower intensity, as expected). In this
case, the calculated frequencies were 1668 cm−1 (also coupled to other vibrational modes)
and 1596 cm−1. On the other hand, C=N and C=C stretching modes have shown several
shifts but, since both molecules (sunitinib and CuSun) present extended π-conjugated
systems, many bands are assigned to combined vibrational modes. Tentative assignations
in this region are shown also in Table 3, in agreement with calculated frequencies.
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Table 3. Comparison of the main changes observed in the experimental and calculated vibrational
frequencies, assignments and FTIR and Raman intensities for sunitinib (Sun) and its copper(II)
complex (CuSun). Wavenumbers are in cm−1 and the experimental intensities are relative.

Tentative
Assignations

Sun/cm−1 CuSun/cm−1

FTIR Calculated FTIR Raman Calculated

ν(N-H)a 3455 (w),
3300 (m),
3228 (m)

3516 (w) 3422 (br,s)
3284 (br,s)

3178 (sh,m)

- 3387 (w)

ν(N-H)o 3506 (w) - 3445 (m)

ν(N-H)p 3160 (m) - 3436 (w)

ν(N-H)k - - 3600–2500 *
(m, vb) - 2790 (s)

ν(C-H)o,en,p 3138–3078 (w) 3076–3030 (w) 3048 * (w) - 3076–3060 (w)

ν(C-H)e,m 2969–2814 (m) 3004–2787 (m) 2983–2853 * (m) - 3030–2908 (m)

ν(C=O)o + ν(C=C)en + δ(CNH)o
1677 (s)

1685 (s) 1645 (s) 1649 (w) 1668 (s)

ν(C=O)a 1656 (s) 1615 (s) 1615 (w) 1596 (s)

ν(C=C)o,en + δ(CNH)a,p + ν(CN)o,p

1589 (s),
1543 (s),
1480 (m)

1570 (s),
1541 (m),
1504 (m)

1564 (s),
1536 (s),
1513 (m)

1553 (s),
1530 (m),
1512 (sh)

1577 (s),
1552 (m),
1506 (m)

δ(CCH)o + δ(CCC)o,p 1445 (m) 1462 (m) 1478 (m) 1481 (w),
1460 (w) 1463 (m)

δ(HCH)e,m 1385 (w) 1409 (w) 1427 (m) 1428 (m) 1408 (w)

ν(CN)o + δ(HCC)en 1330 (s) 1304 (m) 1319 (s) 1300 (s) 1315 (m)

t(HCCH)o +ω(CH2)e 1295 (m) 1276 (s) 1261 (w) 1250 (m) 1260 (w)

ν(CN)o + δ(HCC)o 1190 (m) 1160 (m) 1193 (m) 1190 (m) 1169 (w)

ν(Cu-Cl) - - - 226 (m) 338 (w)–251 (w)

Subindex, a: amide; o: oxindole; p: pyrrole; k: amine group; en: methylene bridge; e: ethyl group; m: methyl
group. Vibrational modes, ν: stretching; δ: bending in-plane; ω: wagging; t: twisting. Intensity, s: strong; m:
medium; w: weak; br: broad; vb: very broad; sh: shoulder. * No clear assignation could be done because of
the width.

Lastly, in the region below 1500 cm−1, there were only slight changes between ligand
and complex in the FTIR. Related to Cu-ligand stretching modes, we have observed some
bands in Raman spectrum below 400 cm−1 (Figure S7). We have assigned the band in
226 cm−1 to Cu-Cl stretching, while no Cu-O stretching was observed. Since there are
three different Cu-Cl bonds, with different lengths, the calculated values were between
338 y 251 cm−1, while Cu-O was expected at 157 cm−1.

2.5. Molecular Docking with VEGFR2

In order to assess the effects of sunitinib complexation on the activity of this com-
pound on tyrosine kinase receptors, we have performed molecular docking simulations by
selecting VEGFR2 as a significant physiological target.

In addition to CuSun, sunitinib in its free form was docked to the VEGFR2, for the
purpose of estimating its binding energy. Due to the fact that this molecule has an amino
group with a pKa~10 [45], the main form present under physiological conditions should
be the HSun+ cation. Nevertheless, and for the sake of completeness, we have carried out
the docking methodology using the protonated form (HSun+), as well as, the basic one
(Sun). Figure 4a,b show the lowest energy conformations found for HSun+ and CuSun
with VEGFR2, respectively. The results for the three ligands, Sun, HSun+, and CuSun, are
shown in Table 4.
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Figure 4. Left: Most favorable binding mode in the ATP binding pocket of the tyrosine kinase domain
of VEGFR2 for (a) HSun+ and (b) CuSun. Right: Residues that interact with the ligand, through close
contacts or through hydrogen bonds (shown as green dots) for (a) HSun+ and (b) CuSun.

Table 4. Binding energies (kcal mol−1) and inhibition constants (Ki, µM) for the lowest energy
conformations obtained by molecular docking, with VEGFR2 as rigid receptor and Sun, HSun+ and
the CuSun complex as ligands.

Ligand Binding Energy/kcal mol−1 Ki/µM

Sun −4.71 355
HSun+ −4.94 238
CuSun −3.67 2030
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The most favorable binding modes for Sun and HSun+ found by the docking simula-
tions were in good agreement with the crystallized structure of sunitinib with the tyrosine
kinase domain of VEGFR2, obtained by McTigue et al. [46]. The results in Table 4 show
that HSun+ possess the most negative binding energy of the three compounds studied.
Although Sun and HSun+ show very similar interactions between almost the same residues
in the protein, slight conformational differences cause a more positive energy for the non-
protonated state. Furthermore, while Sun forms only two hydrogen bonds in its lowest
energy conformation, with Glu917 and Cys919 residues, HSun+ can form two additional
hydrogen bonds, with Leu640 and Pro839 residues (Figure 4a), which explains, at least
partially, its greater affinity for the receptor than Sun.

On the other hand, it can be seen from the data in Table 4 that the binding energy of
CuSun is significantly more positive than that associated with the free ligands. Therefore,
the results of the docking simulations seem to suggest that the complexation of sunitinib
has a negative effect on the interactions between this drug and VEGFR2. Due to the
mechanism of action of sunitinib, which competes with adenosine triphosphate (ATP)
for the binding site analyzed here [47], the inhibitory activity of CuSun is expected to be
lower than that associated with the free species. Although these results suggest that the
complex obtained is not suitable for enhancing the antineoplastic effects of sunitinib with
respect to its action on VEGFR2, a better understanding of this system could be gained
by using molecular dynamics on CuSun and VEGFR2 since the latter considers not only
the flexibility of the ligand, but also the ability of the receptor to move and react to it, and
the results obtained in this way could potentially differ from those obtained by molecular
docking. However, we have decided not to continue our studies in this direction, due to
the poor affinity of the complex for the receptor compared to the free ligand, observed by
the studies presented here.

A second binding site of VEGFR2 was tested using CuSun as a ligand. In this case, we
have studied an allosteric site where certain inhibitors (such as sorafenib) bind, stabilizing
an inactive form of the protein [48]. However, the binding energies calculated for the lowest
energy conformations were even higher than those found for the ATP binding pocket,
indicating poor affinity between the complex and this allosteric site, may be due to the
proximity of a majority of hydrophobic residues like Leu840, Phe918, Leu1035, Leu1034,
Val865, Val848, Val914, Phe1047, Ala866 and Cys919.

2.6. Cytotoxicity Study

Cytotoxicity studies were determined by the MTT assay for CuSun, Sun and Cu(NO3)2
(Biopack, Zárate, Argentina) as copper salt with HepG2 (hepatocarcinoma cells). Clinical
agent sorafenib was used as clinical reference. Figure 5 shows that CuSun and Sun reduced
the cell viability in the micromolar range of concentration (2.5–25 µM) on HepG2 cells whilst
Cu+2 did not exert anticancer effects. It is important to highlight that the anticancer activity
of CuSun and Sun is quite similar. This result is in agreement to the speciation studies in
which the complex dissociates in [CuCl3(DMSO)]− and HSun+. Besides, sorafenib impaired
cell viability from very low concentration (2.5 µM) according to reported in literature [49].



Inorganics 2022, 10, 3 10 of 16

Figure 5. Cell viability of CuSun, Sun, Cu(NO3)2 and Sorafenib on HepG2 cancer cells. HepG2 cells
were incubated in Dulbecco’s modified Eagle’s medium (DMEM) alone (control) or with different
concentrations (1 to 25 µM) of Cu-SUT, SUT, Cu+2 and Sorafenib. The results are expressed as the
percentage of the basal level and represent the mean ± the standard error of the mean (SEM) (n = 18).
* p < 0.01 differences between control and treatment.

3. Materials and Methods
3.1. Instruments, Reagents and Materials

All chemicals CuCl2·2H2O (Riedel de Häen, Seelze, Germany), acetone (Cicarelli, San
Lorenzo, Argentina) and DMSO (Anedra, Buenos Aires, Argentina) were of analytical grade
and used without further purification. Sunitinib: C22H27FN4O2 (Sun, Mw: 398.5 g/mol),
was obtained from Shanghai Send Pharmaceutical Technology Co. Ltd. (Shanghai, China)
and used without further purification. The polymorphic form A was identified in the
yellow solid, since its DRX (Figure S8) was similar to reported in [50]. Diffuse reflectance
spectrum: 295 nm and 428 nm (Figure S1). 1HNMR (DMSO-d6): 13.68 (s, 1H), 10.88 (s, 1H),
7.74–7.77 (m, 1H), 7.71 (s, 1H), 7.43–7.45 (m, 1H), 6.90–6.95 (m, 1H), 6.82–6.86 (m, 1H),
3.29 (m, 2H), 2.53–2.57 (m, 6H), 2.44 (s, 3H), 2.42 (s, 3H), 0,97–1,00 (t, 6H) (Figure S3).

FTIR spectra of powdered samples (as pressed KBr pellets) were measured with a
Perkin Elmer (Waltham, Massachusetts, US) Spectrum BX FTIR-spectrophotometer from
4000 to 400 cm−1, 32 scans, resolution ± 4 cm−1. The dispersive Raman spectra were
collected on a Horiba-Jobin-Yvon (Bensheim, Germany) T64000 Raman spectrometer, with a
confocal microscope (100× objective) and CCD detection from 1770 to 100 cm−1. A Kr laser
with 647.1 nm of excitation wavelength and 50 mW power was used, resolution ± 1.5 cm−1.
Calibration was performed using the 459 cm−1 band of CCl4. For UV-vis determinations,
a Shimadzu (Kyoto, Japan) UV-300 instrument, from 200 to 900 nm, spectral resolution
1 nm was used for both, diffuse reflectance (using MgO as an internal standard) and
electronic absorption spectra (using 1 cm quartz cells). For conductimetric analysis, a
digital Hanna edge EC conductivity meter was used, previously calibrated with KCl
standard in 1413 µS cm−1. Powder XRD was performed with a Rigaku (Tokyo, Japan)
Microservo SR6402 diffractometer (wavelength 1.5405 Å), using the software Mercury 4.1.3.
A Bruker (Billerica, Massachusetts, US) ESP300 spectrometer operating at the X-band was
used to record the EPR spectrum of the complex at room temperature in the solid state
and in solution. NMR spectra were acquired in a Bruker (Billerica, Massachusetts, US)
with 1H resonance of 400 MHz in DMSO-d6. NMR chemical shifts are reported in ppm
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with solvent residual signal as internal reference. Results were analyzed with the program
MestReNova 14.2.0 (Mestrelab, Santiago de Compostela, Spain).

3.2. X ray Diffraction Data

The measurements were performed on a Rigaku-Oxford Gemini (Tokyo, Japan), Eos
CCD diffractometer with graphite-monochromated MoKα (λ = 0.71073 Å) radiation. X-ray
diffraction intensities were collected (ω scans with ϑ and κ-offsets), integrated and scaled
with CrysAlisPro [51] suite of programs. The unit cell parameters were obtained by least-
squares refinement (based on the angular setting for all collected reflections with intensities
larger than seven times the standard deviation of measurement errors) using CrysAlisPro,
Oxford Diffraction /Agilent Technologies UK Ltd., Yarnton, England. Data were corrected
empirically for absorption employing the multi-scan method implemented in CrysAlisPro.

The structure was solved by intrinsic phasing with SHELXT [52] and the molecular
model refined by full-matrix least-squares procedure with SHELXL [53]. All hydrogen
atoms but the ones of methyl groups were located in a difference Fourier map and refined
at their found positions with isotropic displacement parameters. The N(i)-H (i = 2–4) bond
distances were restrained to a target value of 0.86(1) Å. The methyl H-atoms were positioned
at their expected geometrical locations and refined with the riding model. These H-atoms
were treated as rigid groups allowed to rotate around the corresponding C-CH3 bonds
such as maximize the residual electron density at their respective calculated H-positions.
Crystal data and structure refinement results are summarized in Table 1 and additional
information are found in Tables S2–S5.

3.3. Computational Simulations
3.3.1. Hirshfeld Surface Analysis

The Hirshfeld surface of the CuSun complex was mapped with its different asso-
ciated functions. In addition, the corresponding fingerprint plots were performed by
using the CrystalExplorer 17.5 software [54], with the refined structure obtained by X-ray
crystallography as the input.

3.3.2. Geometry Optimization of the CuSun Complex and FTIR Spectra Simulation

The electronic structure calculations were performed using Gaussian 16 (Rev. A03)
package [55], by means of the Density Functional Theory (DFT). The starting geometry of
the complex was obtained by X-ray crystallography. The results of several combinations of
exchange-correlation energy functional and basis sets were assessed. We have considered
the CAM-B3LYP functional, introduced by Yanai et al. [56], with LANL2DZ basis set on
the Cu atom, and 6-311+G(d,p) on the non-metallic atoms, as the most suitable level of
theory for the analysis of the CuSun complex. Sun was optimized at the same level. Then,
the vibrational frequencies of their normal modes were calculated. The FTIR spectra of
both, complex and free ligand in gas phase, were obtained from the results of the DFT
calculations, by using Molden 5.8 software [57].

3.3.3. Molecular Docking with VEGFR2

The tyrosine kinase domain of VEGFR2 (PDB ID 3WZE, cocrystallized with sorafenib)
was used as receptor. The protein was preconditioned, by removing the water molecules
and other crystallized compounds (including sorafenib) and by checking for the presence
of all amino acid residues in the vicinity of the binding sites. The polar hydrogen atoms
were added using the Autodock 4.2.6 software package [58], and the protonation states of
the histidine residues were checked individually. The atomic charges were assigned by
using the Gasteiger model.

All ligands were previously optimized with Gaussian 16, at the CAM-B3LYP/6-
311+G(d,p) level. Since Autodock 4.2.6 lacks a suitable model for the assignment of atomic
charges on metal atoms, we have calculated them for all ligands (including those without
Cu atoms), by means of the MK method using UFF atomic radii [59]. Due to the use of a
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non-standard model for the partial charges, the binding energies obtained are suitable only
for qualitative comparisons of the affinity of the ligands for the receptor.

To validate the proposed docking methodology, sorafenib was removed from its
binding site in the crystallographic model, and this molecule was used as a flexible ligand
in a first simulation. The grid box used had dimensions of 20.3 × 20.3 × 20.3 Å3, and a
spacing of 0.203 Å, centered on the allosteric site of the VEGFR2 kinase domain. The most
favorable conformation observed was in excellent agreement with the crystallographic
structure (Figure S9).

Subsequently, Sun was docked in its basic and protonated form, but in this case the
grid box was centered on the ATP binding site of VEGFR2, also with a spacing of 0.203 Å.

Certain inhibitors of VEGFR2 work by binding to the region that would otherwise be
occupied by the adenine ring of an ATP molecule prior to the phosphorylation process, the
ATP binding pocket (type I inhibitors, e.g., Sun). Others induce a conformational change in
VEGFR2, stabilizing a non-active form of the protein, by binding to an allosteric site of it
(type II inhibitors, e.g., sorafenib) [48,60]. CuSun was docked at both sites, using the same
grid boxes mentioned above for sorafenib (allosteric site) and Sun (ATP binding pocket).

Due to the lack of copper parameters in Autodock 4.2.6 package we have used those
proposed by Kathiresan et al. [61]. To assess the sensitivity of the results obtained with
the parameters assigned to the metal atom, new docking simulations were carried out, but
assigning the parameters associated with Zn and Mn (included in Autodock 4.2.6) to the
Cu(II) atom of the CuSun. Because of this, no significant differences were observed in the
most favorable poses, nor in the calculated binding energies (Table S6). This suggests that
the results obtained are not very sensitive to the parameters used for the metal ion.

For every ligand, we have performed 1500 runs of a Lamarckian genetic algorithm,
with a population of 300 individuals each, a maximum of 105 generations, one survivor
per generation and a limit of 5 × 106 energy evaluations. The remaining parameters of
the search algorithm were used by default. The standard Autodock 4.2.6 estimate for
inhibition constants and binding energies was reported after cluster analysis with a RMSD
of 2.5 Å. The analysis and visualization of the results was performed using MGLTools and
VMD 1.8.7 [62].

3.4. Cell Culture Conditions and Viability Studies
3.4.1. Cell Line and Growth Conditions

Human hepatocarcinoma cell line (HepG2, ATCC, HB-8065) was grown in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) containing 10% fetal bovine serum (FBS, Internegocios S.A, Mercedes, Argentina),
100 IU/mL penicillin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
100 µg/mL streptomycin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at
37 ◦C in 5% CO2 atmosphere.

3.4.2. Cell Viability Study

The MTT (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide, Sigma Aldrich,
Steinheim am Albuch, Germany) assay was performed according to Mosmann et al. [63]
Briefly, cells were seeded in a 96-multiwell dish, allowed to attach for 24 h and treated with
different concentrations of complex, ligand and free metal at 37 ◦C for 72 h. Afterward,
medium was changed and 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 in a microplate reader (model 7530, Cambridge
technology, Inc., Cambridge, MA, USA) at 570 nm after cell lysis in DMSO (100 µL/well).
Cell viability was plotted as the percentage of the control value.
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4. Conclusions

In this work, we have synthesized and crystallized a tetrahedral coordination complex
with copper(II) and protonated sunitinib (Cu(HSun)Cl3). By analyzing Hirshfeld surface,
we have found π–π interactions and classic and non-classic H-bonds in the crystal structure.
DFT calculations allowed us to predict the normal vibrational modes of the coordination
complex and to propose a vibrational assignment for the experimental FTIR and Raman
spectra. In DMSO solution, the complex has dissociated in protonated sunitinib and chloro-
complex of copper(II), according to 1HNMR, EPR, UV-vis and conductimetric analysis. In
HepG2 cell line, no difference in cytotoxicity, by MTT assay, were found between complex
and ligand in the range between 1–25 µM. Molecular docking of the complex in both, ATP
binding site and allosteric site of VEGFR2 have shown no improvement in comparison to
the free ligand.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/inorganics10010003/s1, Figure S1: Additional figures are UV-visible reflectance diffuse spectra,
Figure S2: 1H-NMR spectrum of CuSun, Figure S3: 1H-NMR spectrum of Sun, Figure S4:band-X
EPR spectra, Figure S5: fingerprint plots for CuSun, Figure S6: experimental and calculated FTIR
spectra, Figure S7: experimental and calculated Raman spectra, Figure S8: XRD pattern, Figure S9:
comparison between the docked and crystallographic structure for the VEGFR2-sorafenib complex.
Table S1: Additional tables are H-bond distances and angles, Table S2: full bond distances and angles,
Table S3: fractional coordinates and equivalent isotropic displacement parameters of the non-H atoms,
Table S4: atomic anisotropic displacement parameters, Table S5: hydrogen atoms positions, Table
S6: binding energy and inhibition constant for CuSun on VEGFR2 by molecular docking by using
different parameters for the metal atom. Crystallographic structural data have been deposited at the
Cambridge Crystallographic Data Centre (CCDC). Any request to the Cambridge Crystallographic
Data Centre for this material should quote the full literature citation and the reference number
CCDC 2088138.
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