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Abstract: The growth of antibiotic resistance is a matter of worldwide concern. In parallel, cancer
remains one of the main causes of death. In the search for new and improved antiproliferative agents,
one of the strategies is the combination of bioactive ligands and metals that are already consoli-
dated in the synthesis of metallopharmaceutical agents. Thus, this work deals with the synthesis,
characterization, and study of naproxen (Nap)-based complexes of copper(Il) and platinum(II) as
antiproliferative agents. The copper complex (Cu-Nap) presents a binuclear paddle-wheel structure
in a 1 Cu:2 Nap:1 HpO molar composition, in which Cu(Il) is bonded to the carboxylate oxygens from
naproxenate in a bidentate bridging mode. The platinum complex (Pt-Nap) was identified as the
square planar cis-[Pt(Nap),(DMSO),] isomer, in which Pt(Il) is bonded to the carboxylate oxygen
atom of Nap in a monodentate fashion. Both complexes were inactive against the Gram-positive and
Gram-negative bacterial strains assessed. Pt-Nap presented low cytostatic behavior over a set of
tumor cells, but good viability for normal cells, while Cu-Nap was cytotoxic against all cells, with a
cytocidal activity against glioma tumor cells.

Keywords: NSAIDs; copper(Il); platinum(Il); naproxen; antibacterial agents; antiproliferative
activities

1. Introduction

An intense search for new broad-spectrum antimicrobial agents active against multidrug-
resistant bacterial strains has been carried out worldwide. The misuse of antibiotics, not
only in humans but also in livestock and agriculture, either to prevent or cure diseases led
to microbial resistance and chronic infections. This situation not only caused the deaths
of millions of people around the world, but also impacted the financial systems of many
countries [1]. Furthermore, the search for new pharmacologically active agents in tumor
cells, with improved activities and reduced adverse reactions, is necessary. By 2025, more
than 20 million new cases of cancer are expected each year, requiring the development of
new drug treatments and personalized therapies [1,2].

To overcome these two major challenges in current medicine, the preparation of bioac-
tive coordination compounds with metals is considered a promising strategy. For a review,
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see Starha and Travnicek [3]. In the 1960s, a new era of development of drugs containing
metals began, with the discovery of the inhibitory activities of cisplatin on the prolifera-
tion of Escherichia coli strains and different tumor cell lines [2,4]. Today, cisplatin and its
derivatives, carboplatin and oxaliplatin, are widely used in clinics as chemotherapeutics
for ovarian, testicular, and melanoma cancers, among others [5]. However, resistance,
combined with poor selectivity, has become an issue in therapy with platinum drugs. Ad-
ditionally, high doses of the drugs became necessary to ensure that the exact concentration
of Pt(II) reached the intracellular medium. This practice can lead to adverse effects, such as
nephrotoxicity, neurotoxicity, ototoxicity, and gastrointestinal reactions, which can, in turn,
lead to interruption of cancer treatment [5-7].

Thus, the search for alternative metals, combined with bioactive ligands, has risen in
recent decades. A typical example is silver sulfadiazine, which has been used since the 1970s
in the treatment of bacterial infections [8]. Metal complexes have unique advantages, such
as their redox properties and their own reaction mechanisms [9,10], and their biological
properties [11-13]. A wide variety of ligands can be used, and some drugs already used
in clinics can be associated with metals. Both cancer and bacterial infections promote an
inflammatory response in the body. Thus, associating anti-inflammatories with metals with
known biological activities seems to be an effective proposal. The combination of antibiotics
with anti-inflammatories is already a widespread practice (polytherapy). Inhibitors of
COXs, and possibly of MMPs as well—such as non-steroidal anti-inflammatory drugs
(NSAIDs)—have been studied for the treatment of cancer [6,14,15].

Several mononuclear-, binuclear, and trinuclear Cu(Il) complexes, in combination
with NSAIDs such as mefenamic acid, diclofenac, diflunisal, indomethacin, aspirin, and
naproxen, among others, are reported in the literature [9,16,17]. Some of these complexes
showed better biological activities in vitro than their parental molecules. A recently syn-
thesized Cu(II)-nimesulide complex, for example, presented a minimum inhibitory con-
centration (MIC) of 3.0 mmol L~! against Staphylococcus aureus and 1.5 mmol L~! against
Escherichia coli and Pseudomonas aeruginosa, while nimesulide alone did not have antibacte-
rial potential [18]. In addition, several platinum(IV) prodrugs with NSAIDs were reported
by Spector et al. [19], Tolan et al. [20], and Chen et al. [15], and many of them presented
higher antiproliferative activity in vitro than that of pure cisplatin.

Naproxen (Nap), (+)-(S)-2-(6-methoxinaphtalen-2-yl)propanoic acid, is an antipyretic
and analgesic NSAID. It is widely used in the treatment of arthritis, spondylitis, bursitis,
gout, and chronic pain [12,21]. Compared to other NSAIDs, it has shown less unwanted
cardiovascular and nephron side effects [15]. It is a COX 1 and COX 2 inhibitor, and has
shown inhibitory activity over MMPs, especially when associated with Pt(IV). Naproxen
reduced carcinogenesis and proliferation of prostate, colon, and bladder tumor cells [15,17].

A great number of articles on naproxenate-based complexes, proving that these com-
pounds may present useful biological activities, can be found in the literature. Studies
related to the synthesis of metal complexes and their anti-inflammatory, antioxidant, and an-
tiproliferative activities were reported [15,22]. In the literature, zinc, cobalt, copper, and iron
complexes with naproxen have also been reported [23-25]. In particular, three binuclear
copper(ll) naproxenate complexes call attention to a paddle-wheel type coordination. The
structures of [CuyL4(H0),] complexes were proposed for the ligands (L) as the NSAIDs
diclofenac, ibuprofen, and naproxen, based on infrared (IR) and Raman spectroscopic
analysis and the crystal structure for the diclofenac complex [26]. In another study, the
[Cuz(Nap)s(H,0O);] presented good binding affinity to bovine serum albumin (BSA) and,
especially, to human serum albumin (HSA) proteins, which take part in the transport of
the metal complexes through the blood stream [27]. A [Cuy(Nap)4(DMSO);] complex that
presented antitumor properties loaded to chitosan beads was characterized, and this system
showed a controlled release in gastric and intestinal pH [28]. Additionally, the monomeric
Cu(Il) complex [Cu(Nap)2(H20)3](H,O) presented a higher anti-inflammatory response
and a lower gastric ulcer than those of free naproxen, acting as urease inhibitors [23].
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Still, most reports of naproxenate-based complexes are compounds with various
3d transition metals (e.g., Co [21], Cu [23,29], and Zn [30]) associated to nitrogen donor
heterocyclic ligands (1,10-phenanthroline, pyridine, and 2,2-bipyridine, among others).
They have been reported as antibacterial [12] or antitumoral agents [31], maintaining the
anti-inflammatory and antioxidant properties.

In this context, other metals such as Pt(II) [7,32], Pd(II) [7], and Ru(II) [31] have also
been combined with naproxen and nitrogen-donor ligands. Pt(II) naproxenate complexes
with ethylenediamine and diaminocyclohexane presented selective antiproliferative activity
against epithelial (MCFy) and human cervical carcinoma cells (HeLa), respectively [32,33].

This work expands upon the studies on the synthesis and spectroscopic characteriza-
tions of Cu(Il) and Pt(II) complexes with naproxen, and also explores the antiproliferative
activities of the complexes over pathogenic bacterial strains and tumor cells, seeking new
drug candidates. A combination of experimental and theoretical (DFT) data were applied
to propose the most probable structural formulae for the complexes.

2. Results
2.1. Infrared and Raman Spectroscopic Measurements

The main bands on the ATR-FTIR spectra of Cu-Nap, Pt-Nap and NaNap are pre-
sented in Figure 1. As a complement, the Raman spectra of Cu-Nap, Pt-Nap, NaNap, and
cis-[PtCl(DMSO);] are presented in Figure 2. The far-IR spectra from 100-500 cm 1 of
Cu-Nap and Pt-Nap are presented in Supplementary Figure S1 (Supplementary Materi-
als). In the FTIR spectra, the main absorption bands of NaNap and attributions were at
3564-3143 cm ! (VOH, broad band), 3057-2830 cm ™! (vCH), 1585 cm ™! (vCOQasym), and
1390 cm ™! (vCOOsym), which were in good agreement with the literature [26]. Meanwhile,
the Cu-Nap FTIR spectrum presented a sharp strong band at 3601 cm~! (vOH), instead
of the broad band observed for NaNap. Other main signals (in cm~!) for Cu-Nap were
3064-2800 (vCH), 1554 (vCOOQOasym), and 1403 cm ! (vCOOgsym)- Thus, the difference be-
tween the vCOO asymmetric and symmetric stretchings A(VCOO,sym — vCOQOsym) for
the Cu-Nap was 151 cm ™!, whereas for the free ligand the difference was 195 cm~!. The
weak signals from 100-600 cm ! occurred for Cu-O stretching [27,34]. The broad medium
intensity band with a maximum at ~1670 cm~! may be assigned to the bending mode &
(HOH) of the coordination water molecule in the complex.
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Figure 1. ATR-FTIR spectra of NaNap, Cu-Nap, and Pt-Nap (recorded from 4000 to 400 cm~1) and
identification of main bands.
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Figure 2. Raman spectra of the Cu—Nap and Pt-Nap complexes and their starting materials NaNap
and cis-[PtCl,(DMSO),].

Pt-Nap, for instance, showed FTIR bands for the respective wavenumbers (in cm™ ),
as follows: 3064-2821 (vCH), 1637 (vCOOgsym), and 1341 (vCOOsym). Thus, a A value of
296 cm~! for Pt-Nap was observed. Additionally, a band and a shoulder were seen at
1144/1129 cm !, as shown in Supplementary Figure S2 in the Supplementary Materials. It
corresponds to sulfoxide (vSO) stretching from DMSO. This result matches the one reported
for cis-[PtCl,(DMSO),] in the literature, attesting to the presence of DMSO in the structure
in a cis-configuration [35]. In the Raman spectrum the Pt-S (Pt-DMSO), vibration was
confirmed by the presence of a band and a shoulder at 480 cm ! and 452 cm ™!, respectively,
which also appeared for cis-[PtCl,(DMSO);]. In the far-FTIR of Pt-Nap, it was also possible
to see the Pt-S stretching at 453 /430 (Figure S1) [35]. The Pt-O stretching at 523 cm ! in
Raman was also seen, as well as in the FTIR spectrum of Pt-Nap [36]. However, it was
not seen in Pt-Nap the Pt-Cl stretch identified for the precursor in Raman at 349 cm ™!,
proving the substitution of both chlorides. Furthermore, the absence of a broad band of
around 3400-3600 cm ! in the IR spectrum of Pt-Nap indicated the absence of hydration
water in its composition.

2.2. UV-Vis Spectroscopic Analysis and Kinetic Studies for the Cu—Nap Complex

The UV-Vis spectrum of Cu-Nap exhibited three absorption bands at 240 nm (seen
only in chloroform), 260 nm, and 320 nm (chloroform and dimethylsulfoxide, respetively),
which may be attributed to intraligand transitions. For Cu-Nap, a band in the visible region
with its maximum at 715 nm was also observed and was attributed to d—d transitions. This
band was in accordance with the obtained results obtained by Dimiza et al. [27] for a
paddle-wheel copper(Il) complex with naproxenate, as previously described, which was
obtained in this work by a different synthetic method. While Cu-Nap is reported to retain
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structure in either solid form or in solution [27], it was observed that, in DMSQO, there
was a minor change in the absorbance behavior throughout 24 h, indicating some solvent
exchange. This is seen in Supplementary Figure S3, especially for the absorbance peaks of
260 nm and 275 nm during the first eight hours.

2.3. TGA Measurements

The TG/DTA thermograms of Cu-Nap and Pt-Nap are shown in Figure 3a,b, respec-
tively. For Cu-Nap, an exothermic event was noticed in the range of 210 to 453 °C, which
was responsible for two major mass losses, together totaling 79.32%. This was likely related
to the oxidation of two naproxenate molecules (Caled. 78.95%). The residue of 17.25% was
attributed to the formation of copper oxide, CuO (Calcd. 14.74%). Additionally, a small loss
of 3.43% slightly over 100 °C was observed, which indicated the loss of one water molecule
(Calcd. 3.34%). The presence of one water molecule corroborated the FTIR results.

(@) s -
—— Cu-Nap DTA

80 80
- 2
3 601 60 &
(2]
= 2
O 404 L40 =
R

20 -20

0 0

100 200 300 400 500 600 700 800

Temperature (°C)

(b) 100 - —PtNap TG| [ 100
—— Pt-Nap DTA
80 80
< 2
3 60 60 ﬁ
< 2]
= ©
O 404 L40 =
S
204 20
0

T T T T T T T 0
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 3. TG/DTA of Cu-Nap and Pt-Nap, from 20 °C to 800 °C, with an increase rate of 10 °C/min
of (a) Cu—Nap and (b) Pt-Nap.

For Pt-Nap, TGA indicated a mass loss of 70.61%, from 160 to 350 °C, which likely
corresponded to the oxidation of two naproxenate and two DMSO molecules (Calcd.
75.89%). The residue was 26.11%, which matched the composition of PtO (Calcd. 26.08%).

2.4. ESI Mass Spectrometric Analysis

Mass spectrometric analysis of Cu-Nap was conducted to confirm the most prob-
able composition of the complex. The main signals identified in the positive mode
(Figure 4a) were at m/z 179.0171 [(SO(CHj3);)2Na]*, seen as [DMSO; + Nal*, at m/z
448.0435 [CuCgHp5055;]* or [CuNap(DMSO);]*, and at m/z 522.0665 [CuCysHy606 + HY]
or [Cu(Nap), + H*] for z = 1. Additionally, some important signals were identified in the
negative mode (see Figure 4b): 229.0869 [C14H1303]~ or Nap~, 750.1894 [Cu(C14H1303)3]~
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179.01711

@ 100

DMSO,+Na*
80

60

40
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44804346

or [Cu(Nap)3] . The signals at m/z 134.8654 and 185.0910 also appeared in the naproxen
mass spectrum reported by Zayed et al. [37]. For Pt-Nap (Figure 4c), in the positive mode,
the main signals identified were at m/z 231.1011 [(C14H1403) + H]* or [(NapH) + H'],
which is the protonated form of naproxen, and at m/z 253.0830 [(C14H130;5Na) + H]* or
[(NapNa) + H*], corresponding to the protonated form of the NaNap. The [Pt(C14H;303),
+ H]* or [Pt(Nap), + H*] was observed at m/z 653.1401, which corroborated the 1:2
Pt:Nap composition.

(b) 1007 169.06584
LN A
804
(0] ]
o 4
c 3
s |
g 60 ]
N 2 e
CuNapDMSO,* g 40_f 229.08687 459.18140
L 1 32518414 -
&’ 7 387.96826 [CuNapg]
[Cu(Nap),+H"] 20 ] 750 13;
50300018 5 2206647 3 566.10046
55062823 75005957 AT 0 | ouspesse
500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
m/z m/z
(c) 100 231.10114 O\
=~ 1]
80 “Ho
8 0.
[ 253.08300 O ~
3 o
c 60 185.09582 \ ‘
3 NaO’
Ne]
<
(0]
é 40 331.28358
©
o) 381.29650 [Pt(Nap),]
x 653.14006
20 P
543.08970 e e
0 {hf . 'LL eL / z 860.37160
100 200 300 400 500 600 700 800 900 1000

m/z

Figure 4. ESI-MS spectra of (a) Cu-Nap in the positive mode, (b) Cu-Nap in the negative mode, and
(c) Pt-Nap in the positive mode.

2.5. NMR Measurements

To further evaluate the structure of the Pt-Nap, 1D and 2D NMR spectra were acquired
for the complex and sodium naproxenate. The 'H NMR spectrum of the complex is
presented in Figure 5, together with the result for the kinetic study of the solvent exchange
(DMSO), with measurements at t = 0, 12, and 24 h. The 3C NMR spectra of the complex
(DMSO-dg) and the ligand (D,0) are presented in Figures 6a and 6b, respectively. The shifts
are numbered according to the attributions for the naproxenate portion corresponding
to the schematized molecular structure. The most remarkable information from the 'H
NMR spectrum of the complex was the presence of two signals for DMSO. The signal at
2.50 ppm (quintet, 1H) was attributed to the residual peak of the solvent (CHD,(SO)CD3)
used in the experiment. The other signal at 2.55 ppm was referred to as DMSO bonded to
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platinum (singlet, 6H, CH3(SO)CHjs). To facilitate the visualization of both DMSO signals,
Supplementary Figure S4 shows the 'H signals. Moreover, when analyzing the 1*C spectra
of the complex and the ligand, it was noted that the C1 (carboxylate group) in the complex
shifted to a high field with a A5 of —4.88. In addition, a small downshift was seen for C2.
This observation led us to confirm the coordination of the Nap to Pt(Il) by the oxygen atom
of the carboxylate group, as will be discussed in the next session.

24 h
14
6
10
" 435 8 2 3
o*  H,0/DMSO-d6 12h
el ; T I Oh
— T ' T T v T T T T T T T T T T \
78 7.8 74 72 DMSO/DMSO-d6
: . . : : : : : : : . : , . : :
8 6 4 2 ppm 0

(a) .

183.91 ppm

1 9 4

|

(b)

14 DMSO/DMSO-dé

N

3
179.03 ppm

——————FF 77— 71—
150 100 50 0 [ppm]

Figure 6. (a) 3C NMR (500 MHz, D,0) of NaNap; (b) 1*C NMR (500 MHz, DMSO-d;) of Pt-Nap.

Moreover, 1Pt NMR spectroscopic data were also acquired for Pt-Nap (Figure 7)
and its starting Pt(II) complex, cis-[PtCl,(DMSO),]. Potassium hexachloridoplatinate(IV),
K,PtCly was used as a reference, being in accordance with the procedure reported by
Quintanilha et al. in the literature [4]. For the precursor, a single peak at —3452.8 ppm was
obtained, which was similar to the value of —3445.96 ppm found in the literature [4]. For
Pt-Nap, a single peak at —3105.4 ppm was observed, with delta Ad = —347.4, in comparison
to the single peak observed for its precursor.
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Figure 7. 1Pt NMR spectra for Pt-Nap (top) and cis-[PtCl,(DMSO);] (bottom).

2.6. EPR Spectra Analysis

The registered spectra for the complex Cu-Nap (see Figure 8) indicated a paddle-
wheel structure, with two copper centers, bridged by four molecules of naproxenate, as
observed in the literature [26,27]. The naproxenate molecules were coordinated by the
carboxylate groups to both copper centers. At low temperature (77 K), only an isotropic
signal was observed, with no hyperfine structure, but at room temperature (293 K), a typical
paddle-wheel signal in a binuclear species was detected. Additionally, at room temperature
(RT), a radical signal appeared at 350 mT. In the frozen DMSO solution, a central signal
probably indicated the formation of a mononuclear species formed by the cleavage of the
paddle-wheel structure through the coordination of solvent molecules, with spectroscopic
parameters that were quite different from the original binuclear species, as shown in Table 1.
The weak signals at ~150 mT and ~470 mT could be attributed to the binuclear species.
However, a good fitting with experimental data was not achieved by simulation.

Table 1. EPR parameters determined for the complex Cu-Nap in a solid state and in a frozen
DMSO solution.

Temperature 8x 8y gz Ay Ay A,
Solid at room 1.9072 2.0430 2.5026 187G 17G 200G
temperature
Solid at 77 K Ziso 2.1780 Ao 16 G

In DMSO

solution gL =2.0355 g/ =2.3479 A, =137G

at77 K
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(a)

experimental (b) —— experimental
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/\ //

.

100 200 300 400 500 600 100 200 300 400 500 600
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(C) experimental

100 200 300 400 500 600
Magnetic Field (mT)

Figure 8. EPR spectra of complex Cu-Nap, registered in a solid state (a) at 77 K and (b) at RT (293 K)
and (c) in a DMSO frozen solution at 77 K. In black, experimental results; in red, simulation data.

2.7. Evaluation of Biological Activities

In the disc diffusion assay, the respective masses of each compound added to the
discs were calculated, based on the initial concentration of their solutions and molar
masses. In these experimental conditions, none of the naproxenate complexes induced
growth inhibition of Gram-positive (S. aureus and B. cereus) or Gram-negative (E. coli and
P. aeruginosa) strains. Considering the starting materials, only copper(II) chloride showed
inhibition zones against S. aureus, B. cereus, and E. coli (Table 2).

Table 2. Disc diffusion assay for the naproxenate complexes (Pt-Nap and Cu-Nap) and the starting
materials (CuCl,-2H,0, NaNap and cis-[PtCl,(DMSO),]).

Inhibition Zone (mm)

Compounds MW Mass
S. aureus B. cereus E. coli P. aeruginosa
CuCl,-2H,0 170.48 1.549 11.0 (£0.5) 14.0 (£1.0) 11.0 (£0.3) NI
NaNap 252.24 1.088 NI NI NI NI
cis[PtCl(DMSO);] 422.25 1.353 NI NI NI NI
Cu—Nap * 1080.12 0.965 NI NI NI NI
Pt-Nap 809.85 1.042 NI NI NI NI

MW = g/mol; Mass = in disc (mg); NI = no inhibition; * (binuclear).

When evaluated against a panel of human tumor cell lines, the copper(II) naproxenate
complex Cu-Nap showed a cytostatic effect against glioblastoma (U251, Gl5g = 15 pg/mL,
SI =5.7), and multidrug resistant ovarian adenocarcinoma (NCI-ADR /Res, Gl5y = 44.3 ug/mL,
SI = 1.9) (Figure 9e, Table 3), while platinum naproxenate complex Pt-Nap was inac-
tive (Glsp > 150 pg/mL). Both platinum chloride and sodium naproxenate were inactive
(Gl50 > 150 pg/mL), while cooper(Il) chloride showed an unspecific cytostatic activity
against all tumor cell lines evaluated (Glsg = 15 ug/mL, TGI = 105.9 ug/mL or 98.0 umol/L,
SI =2.8) (Figure 9, Table 3).
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Figure 9. Anti-proliferative profile (%) of (a) doxorubicin (positive control); (b) CuCl,-2H,0O; (c) cis-
[PtCl,(DMSO);]; (d) NaNap; (e) Cu-Nap; (f) Pt-Nap. Human tumor cell lines: U251 = glioblastoma;
NCI-ADR/RES = multidrug resistant ovarian adenocarcinoma; 786-0 = adenocarcinoma of kidney;
PC-3 = adenocarcinoma of prostate; HT-29 = adenocarcinoma colorectal. Human non-tumor cell line:
HaCaT (immortalized keratinocyte). Sample concentration: 0.15-150 pg/mL (naproxenate complexes
and starting material); 0.015-15 pug/mL (doxorubicin). Time exposure = 48 h.
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Table 3. Anti-proliferative effect expressed as concentration required to inhibit 50% of growth (Glsg,
in pg/mL) for NaNap, CuCl,-2H,0, Cu-Nap, cis-PtCl,(DMSO),, Pt-Nap, and doxorubicin.

Cell Line NaNap CuCl,-2H,0 Cu-Nap [PtCl,(DMSO),] Pt-Nap Doxorubicin
U251 >150 15* 15% >150 >150 0.05 £ 0.03
NCI/ADR-RES >150 15* 44.3 + 62.7 >150 >150 0.8+0.3
786-0 >150 15* >150 >150 >150 >15
PC-3 >150 15* 1472 £ 0.1 >150 >150 0.25 £ 0.01
HT29 >150 15* 127.6 £ 0.1 >150 >150 04+0.1
HaCaT >150 423 +14.2 86.0 +£37.8 >150 >150 0.092 + 0.006

Results expressed as concentration required to elicit 50% (Glsp) in pg/mL followed by standard error, calculated
by sigmoidal regression using Origin 8.0 software; * approximated effective concentration (standard error higher
than calculated concentration). Human tumor cell lines: U251 = glioblastoma; NCI-ADR/RES = multidrug
resistant ovarian adenocarcinoma; 786-0 = adenocarcinoma of kidney; PC-3 = adenocarcinoma of prostate; HT-
29 = adenocarcinoma colorectal. Human non-tumor cell line: HaCaT (immortalized keratinocyte). Sample
concentration: 0.15-150 pg/mL (naproxenate complexes and starting material); 0.015-15 pg/mL (doxorubicin).
Time exposure = 48 h.

3. Discussion
3.1. Structure, Composition, and Coordination Sphere

Altogether, the results provide insights into the compositions and the coordination
sites of naproxenate to the metal ions in the Cu—Nap and Pt-Nap complexes. It is worth
mentioning that the formula suggested by elemental analyses and TGA for Cu-Nap was
[Cuz(Nap)4(H20)2], using either Cu(NO3), or CuCly as the starting material. This indicates
that the anion did not affect the composition of the complex in the synthetic procedure.
The proportion of 1 Cu:2 Nap was also identified in the mass spectrum (Figure 4a), with a
signal at m/z 522.0665, corresponding to [Cu(Nap), + H]*. Moreover, the mass spectrum
showed signals with significant abundance in the negative mode and the presence of
signals above m/z 520 in the positive mode. Even in low abundance, the signals could
be evidence of polymeric or dimeric forms of Cu-Nap. This would explain the poor
solubility of the complex in most of the solvents evaluated. The TGA (Figure 3a) indicated
that the water molecule was lost at slightly over 100 °C, suggesting that it could be a
coordination water rather than a hydration water. This hypothesis was reinforced in the
FTIR (Figure 1), with the sharp signal at 3601 cm !, which was reported in the literature
as a coordination water [27]. In addition, when comparing the FTIR spectra of Cu—-Nap
and NaNap, the Av(COO) of 151 cm~! for the complex was a bit lower than that of the
ligand, Av(COO) = 195 cm™~!. Such data suggests a bidentate bridging coordination mode
of carboxylate to copper, just as proposed by Dimiza et al., where a Av value was of
170 cm~! for the same complex [27]. This proposition of a paddle-wheel complex differs
from the mononuclear copper(Il) naproxenate complex [Cu(Nap),(H>O)3]-HpO reported
by Chu et al., in which Cu(Il) was coordinated by two molecules of nap in the monodentate
mode, and three water molecules plus a hydration water [23]. Finally, EPR studies (Figure 8)
presented a typical pattern of paddle-wheel structure, confirming our hypothesis.

Furthermore, in the UV spectrum Cu-Nap preserved the naproxenate bands with
no significant shifts. The broad low-intensity band that appeared for Cu-Nap at around
700 cm ™! corresponded to absorption in red, which matched the greenish color observed in
the material. The UV-Vis kinetic study of the Cu—Nap complex in DMSO suggested little
ligand exchange of a water molecule by DMSO throughout time (Supplementary Figure S3).

For instance, Pt-Nap presented higher solubility than Cu-Nap in various solvents. Its
composition of PtC3yH3zgOgS,, or [Pt(DMSO),(Nap),] determined by elemental analysis,
was confirmed in TGA measurements (Figure 3b), with the loss of two Nap and two DMSO.
The proportion of 1 Pt:2 Nap was also confirmed by mass spectrometric data with the
presence of the [Pt(C14H1303), + H]* ion or [Pt(Nap),+H]* (Figure 4c), at m/z 653.1401. The
presence of DMSO in the complex was also reinforced by the FTIR (Figure 1) and Raman
(Figure 2) spectroscopic data. Bands attributed to the v(SO) at 1144/1129 cm~! and v(PtS)
at 523 cm ! stretching modes were identified. Due to the presence of a band and a shoulder
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for the stretching mode of the sulfoxide group, a cis configuration was proposed [35].
Finally, the presence of coordinated DMSO molecules to Pt(I) was confirmed by 'H NMR
spectroscopic measurements, as shown in Figure 5 and Figure S4.

The final evidence of the coordination sphere of Pt(Il) in Pt-Nap comes from the FTIR
(Figure 1, Figures S1 and S2) and Raman (Figure 2) stretchings. When analyzing the FTIR
spectra of Pt-Nap, the A(COO) of 296 cm ! was higher than that of the ligand (A195 cm™1).
This suggested a monodentate mode of coordination between the carboxylate and Pt(II),
according to Dendrinou-Samara et al. [32]. Evidence of Pt(II) bonding to the carboxylate
was seen in Raman and far-FTIR, with the presence of v(PtO) stretching. The coordination
of Pt(Il) to the DMSO molecules occurred by the sulfur atom, which was confirmed by the
presence of v(PtS) stretchings on Raman spectra [35].

Additionally, the '*C NMR spectrum of the Pt-Nap complex exhibited a significant
shift of the carbon atom of the carboxylate group in Pt-Nap when analyzing both ligand
(183.91 ppm, D,0O) and complex (179.03 ppm, DMSO-dg) spectra (Figure 6). Thus, the
former cis-[PtCl,(DMSO);] used in the synthesis had the substitution of both its chlorides
for naproxenate molecules. This was evidenced in 195pt NMR (Figure 7), with the shift
of —347.4 ppm relative to the signal for cis-[PtCl,(DMSO);]. In other words, there was
less shielding effect and narrower electronic density around Pt(Il) in Pt-Nap than in its
starting complex. Nevertheless, the presence of a single Pt peak for Pt-Nap proved that
the sample consisted in only one of the geometric isomers.

3.2. Molecular Modeling

As discussed above, Cu—Nap was proposed in a dimeric/polymeric structure, with a
bidentate bridging coordination mode of carboxylate to Cu(Il). The paddle-wheel structure
(Figure 10) was already suggested for Cu(ll) complexes combined to NSAIDs, in studies
by Trinchero et al. [26] and Mikuriya et al. [38]. The minimum molar composition of
1Cu(II):2Nap:1H,O suggested by elemental analysis, TGA, and mass spectrometric data
was considered in the construction of this structure. According to the literature, the water
molecules should be placed in apical sites of binuclear Cu(Il) paddle-wheel structures [39].
Thus, polymerization occurs by the water molecules, with a Cu-Ow interaction, where Ow
refers to the oxygen of water molecules. A polymer with compositions [CuyNaps], was
previously reported by Abuhijleh et al., where the units were linked via Cu-carboxylate in-
teractions from neighboring units [40]. DFT simulations for the dimeric form are presented
in Figure 10b and the bond lengths are presented on Table 4. The results show that the
distance between the copper atoms (Cul-Cu2) was 2.870 A and that the bonding distance
between the oxygen atoms of the ligands and the Cu atoms (Cu-O) ranged from 1.872
A t0 2.556 A. This was in accordance with the values reported in the literature for Cu(II)
paddle-wheel complexes [17,34].

Table 4. Bond lengths for Cu-Nap complex formation.

Bond Distance (A) Bond Distance (A)
Cul-O1 2.295 Cu2-02 1.875
Cul-03 2.124 Cu2-04 1.888
Cul-O6 2.134 Cu2-O5 1.895
Cul-O8 2.556 Cu2-07 1.872

Cul-Owl 2.158 Cu2-Ow2 2.343

Cul-Cu2 2.870




Inorganics 2023, 11, 331

13 of 21
Q Q
\
S \ \ R=
. '. '. o .
\
“OH ' ] .-
2 \ \ - \
NN \ V-
e
N -
NS S
Say LT \
_--Cuc, 4
- R \ /,—O
- \ ~ \ -
-~ ~ 1 -
- \ < -
(o] | SV LT
\ Q-
\ U
\ -7 [N
PPlad \ N
L N
PR \ So
X " H,0
- \
R o} \ ! 255,
\ \ N
\ J SS
\ \ =
\
\
\
0 ‘ 0

(b)

Figure 10. (a) Structural formula for the Cu-Nap complex; (b) molecular model for Cu—Nap.

Furthermore, as previously discussed, it was possible to suggest that Pt-Nap could
be seen as [Pt(DMSO),(Nap);], with coordination in a monodentate mode of two nap

molecules and two DMSO and with the absence of hydration water. Indeed, this coordina-
tion mode was also reinforced by the DFT studies. For the Pt-Nap complex, the possibilities

of formation of cis and trans configurations were evaluated, and the structures are presented
in Figure 11 with the bond lengths between the central atoms.
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Figure 11. Structural parameters for the complexes: (a) trans-[Pt(DMSO),(Nap),]; (b) cis-
[Pt(DMSO)z(Nap),].

Analyzing the bond lengths for the trans-[Pt(DMSO),(Nap),] and cis-[Pt(DMSO),(Nap), ]
configurations, it was possible to observe that the Pt-O and Pt-S bonds length were very
close between the structural configurations and the values were in accordance with the
distances typically found in complexes in the literature [41].

The electronic energies values were calculated at the M06-2X/6-31 + G(d,p)/LANL2DZ
level for the two conformations. It was possible to determine that the energy differ-
ence between the complexes cis and trans was 0.9 kcal mol~!. This allowed us to infer
that both isomers may occur. It should be noted that Pereira et al. [42] studied the for-
mation of amantadine (atd), rimantadine (rtd), and memantine (mtn) complexes with
platinum [PtCl,(atd)(DMSO)], [PtCly(mtn)(DMSO)], and [PtCl,(rtd)(DMSO)], and the crys-
tallographic data showed the cis configuration for the complex [PtCl,(mtn)(DMSO)] and
trans for [PtCl,(atd)(DMSO)] and [PtCl,(rtd)(DMSO)]. Together with the X-ray data, the
theoretical results showed that both cis and trans isomers are equally possible to occur,
because the energy difference between the complexes was less than £2.0 kcal-mol !, which
corroborated with the results found in the present work. However, 1Pt NMR showed
a single peak and 'H and 3C NMR spectra did not show the existence of both isomers,
suggesting that only one isomer was formed. With insight into Raman (Figure 2) and FTIR
(Supplementary Figure S1) spectra, while comparing Pt-Nap to cis-[PtCl,(DMSO),], also
presented in literature [35,36], the bands corresponded to the cis isomer for Pt-Nap.

3.3. Biological Activity Assays

Antibacterial activities were not observed for the Pt-Nap and Cu-Nap complexes
or for NaNap and cis-[PtCl,(DMSO);] under the considered experimental conditions. As
expected [43], CuCl,-2H,0O showed antibacterial activity against S. aureus, B. cereus, and E.
coli. Considering the stability assay results that showed that Cu—Nap appeared to exhibit
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only a small ligand exchange in DMSO, especially during the first 8 h (Supplementary
Figure S3), the lack of effect can be partially explained by the impaired diffusion rate of
Cu-Nap in agar medium [44].

Moreover, the unspecific cytostatic effect observed for copper chloride against tumor
cell lines was modulated by the ligand naproxenate, as Cu—-Nap selectively inhibited the
proliferation of U251 (glioblastoma) and NCI-ADR/Res (multidrug resistant ovarian ade-
nocarcinoma) cell lines (Figure 9). Copper ions have been described as inducing differently
regulated cell death mechanisms, such as apoptosis and cuproptosis [45]. Despite the ab-
sence of an anti-proliferative effect, naproxen has been regarded as an efficient agent against
different in vivo cancer models, by modulating the inflammatory microenvironment [46].

Furthermore, the promising cytostatic effects of Cu—Nap against the U251 and NCI-
ADR/Res cell lines were accompanied by a weak anti-proliferative effect on the non-tumor
cell line (Figure 9). As an on-target toxicological parameter [47], the selectivity index
(SI > 2) indicated that Cu—Nap may inhibit tumor proliferation in preclinical models,
without affecting normal tissues such as mucosa and bone marrow.

It is important to note that Pt-Nap showed stability in DMSO throughout 24 h
(Figure 5). Thus, the lack of biological activities observed for Pt-Nap (Figure 9) could
not be attributed to instability under experimental conditions. Indeed, no unwanted
precipitation or color change was observed during the experimental procedures.

4. Materials and Methods
4.1. Materials and Equipment

Sodium naproxenate (NaNap) (98%), CuCl,-2H,0 (99%), and cis-[PtCl,(DMSO),]
(97%) were purchased from Sigma-Aldrich Laboratories (St. Louis, MO, USA). Dimethyl-
sulfoxide (99.9%) was purchased from Synth (Diadema, Brazil). Elemental analyses were
performed on a Perkin Elmer 2400 CHNS/O Analyzer (Shelton, CT, USA). Electronic ab-
sorption spectra in the range of 190 to 1100 nm were acquired using a 1.0 cm quartz cuvette
in a diode array Hewlett Packard HP8453 UV /Vis absorption spectrophotometer (Shanghai,
China). Infrared spectroscopic measurements (FTIR) were performed by using Agilent
Cary 630 and 660 FTIR spectrometers (Penang, Malaysia) in the attenuated total reflectance
(ATR) method. The FTIR spectra were recorded from 100 to 4000 cm~1, with resolution of
2 cm~!. Raman spectra from 0 to 1500 cm ™! were recorded using a Horiba Labram Soleil
spectrometer (Loos, France). The thermal stability of the complexes was analyzed using a
TGA/DTA simultaneous analyzer SEIKO EXSTAR 6000 (Oyama, Japan). The compounds
were evaluated in oxidant atmosphere using an x-alumina crucible, at 25 to 900 °C with a
heating rate of 10 °C/min. The 1H, 13C and the {13C,'H} HSQC and HMBC nuclear mag-
netic resonance (NMR) spectra of NaNap and Pt-Nap were recorded in a Bruker Avance
III 500 MHz (11.7 T) spectrometer, while kinetic study of the Pt-Nap was conducted in a
Bruker Avance III 400 MHz (9.4 T) NMR spectrometer (Wissembourg, France). Samples
were analyzed at 298 K. NaNap was analyzed in D,0O, while the Pt-Nap was dissolved in
DMSO-dg, due to its solubility in this solvent. The chemical shifts for all solution measure-
ments were provided, relative to tetramethylsilane (TMS). Electrospray ionization mass
spectrometry (ESI-MS) measurements were conducted in a Thermo Q-Exactive using a
Q-Orbitrap (Bremen, Germany). Samples were evaluated in the positive mode. Cu-Nap
was also evaluated in the negative mode. Each solution was directly infused into the
instrument’s ESI source with capillary potential of 3.50 kV and a source temperature of
300 °C. The dilution used was of 50x with MeOH:H,O 1:1 v/v, adding, when necessary,
a second injection with 0.1% of formic acid. For Cu-Nap, direct preparation in methanol
was not possible due to the low solubility of the material, so a solubilization in DMSO was
carried out prior to the dilution in MeOH:H,O. The prepared copper complex Cu-Nap was
characterized by EPR spectroscopy, registering spectra in a CW-Bruker spectrometer model
EMX (Ettlingen, Germany), working at X-band (9.5 GHz, 20.12 mW, 100 kHz modulation
frequency) in solid state, and in frozen DMSO solutions. Samples were analyzed at RT
(293 K) and at low temperature (77 K) in Wilmad (Vineland, NJ, USA) quartz tubes (4 mm
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internal diameter), using a quartz Dewar (Vineland, NJ, USA) with liquid nitrogen for the
low temperature measurements. DPPH («,«’-diphenyl-B-picrylhydrazyl) was used as the
frequency calibrant, with g = 2.0036. Simulations of spectra were performed with EasySpin
software (version 5.2.35) in the MATLAB environment [48].

4.2. Synthesis of Cu(1l) Complex with Naproxenate (Cu—Nap)

To synthesize Cu-Nap, CuCl,-2H,0O (0.25 x 103 mol) was first dissolved in 5.0 mL
of deionized water. This solution was added dropwise to 5.0 mL of an aqueous solution
of NaNap (0.50 x 1073 mol) and maintained under constant stirring for 2 h at room
temperature. The solid formed was filtered off under vacuum, washed with distilled water,
and dried in a desiccator under P,Oj¢. Anal. Calcd. for [Cup(Nap)s(H20)2] (%): C, 62.27;
H, 5.23. Found (%): C, 62.24; H, 5.42. Yield 79.04%. Nap refers to naproxenate. Additionally,
the same procedure was performed by using Cu(NOj3),-3H,O as the starting material and
the elemental analysis was similar to the first method. Anal Calcd. for [Cuy(Nap)s(H20),]
(%): C, 62.27; H, 5.23. Found (%): C, 61.93; H, 5.40. Yield 71.32%. The complex is soluble in
DMSO, and poorly soluble in methanol and chloroform. It is insoluble in water.

4.3. Synthesis of Pt(1I) Complex with Naproxenate (Pt—Nap)

For the synthesis of Pt-Nap, cis-[PtCl,(DMSO),] (0.25 x 1073 mol) was first dissolved
in 5.0 mL of DMSO. This solution was added dropwise to 10 mL of an aqueous solution of
NaNap (0.50 x 1073 mol) and kept under constant stirring for 45 h at room temperature.
The solid obtained was collected by filtration under vacuum, washed with distilled water,
and dried under P4O19. Anal Calcd. for PtC3;H33OgS; or [Pt(DMSO),(Nap)2] (%): C, 46.33;
H, 4.86. Found (%): C, 47.46; H, 4.73; Yield 72.61%. Nap refers to naproxenate, while
DMSO is dimethylsulfoxide. H NMR(500 MHz, DMSO-dg) & (in ppm): 7.74 (d, ] = 8.9 Hz,
1H), 7.68 (d, ] = 8.5 Hz, 1H), 7.57 (s, 1H), 7.32 (dd, ] = 8.6 Hz, 1H), 7.26 (s, 1H), 7.13 (dd,
] = 6.3 Hz, 1H), 3.85 (s, 3H), 3.54 (q, ] = 7.2 Hz, 1H), 2.55 (s, 6H), 1.28 (d, ] = 7.2 Hz, 3H);
13C NMR (500 MHz, DMSO-dg) 6 (in ppm): 179.03, 157.40, 137.94, 133.51, 129.54, 128.87,
127.15, 126.88, 125.80, 118.92, 106.28, 55.58, 47.05, 19.41. Although the percentage of carbon
in the elemental analysis was outside the 0.4% range when compared to the expected
results, the composition of the complex seemed to be the most reasonable one based on
the hydrogen experimental percentage and the thermogravimetric and mass spectrometric
data (Sections 2.3 and 2.4).

The complex is soluble in DMSO, dichloromethane, acetone, acetonitrile, and chloro-
form, and it is poorly soluble in methanol. The complex is insoluble in water.

4.4. Antibacterial Activity Assays In Vitro

Gram-positive Staphylococcus aureus (ATCC 25923) and Bacillus cereus (ATCC 14579),
and Gram-negative Escherichia coli (ATCC 25922) and Pseudomonas aeruginosa (ATCC 27583)
were acquired from the cell culture collection of Funda¢ao André Tosello (Campinas, Brazil).
The bacterial strains were inoculated in tubes containing BHI (Brain Heart Infusion FASVI)
and incubated for 18 h at 35-37 °C. The disc diffusion method (antibiogram) was applied
following the protocol described in the literature [49]. Sterile filter paper discs (Whatman
3 with 10.0 mm in diameter) were impregnated with 50 pL of Pt-Nap, Cu-Nap, and starting
material solutions in triplicate. The amount of compound in each disc ranged from 0.96 to
1.55 mg. The impregnated discs were placed on the surface of the solid agar inoculated
with a suspension, on the McFarland nephelometric scale 0.5 (~1.5 x 108 CFU/mL), of
each strain, using a sterile cotton swab. The plates were incubated for 18 h at 35 °C. The
sensitivity of the complexes was evaluated from the diameter of the zones of inhibition (in
millimeters). CuCl, 2H,O was used as the positive control.

4.5. Antiproliferative Activity Assay over Tumor and Normal Cells

The anti-proliferative activities of the Pt-Nap and Cu-Nap complexes were evaluated
against five human tumor cell lines (U251 = glioblastoma, NCI-ADR/RES = multidrug
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resistant ovarian adenocarcinoma, 786-0 = adenocarcinoma of kidney, PC-3 = adenocarcinoma
of prostate, and HT-29 = adenocarcinoma colorectal) and one human non-tumor cell line
(HaCaT, immortalized keratinocyte). The tumor cell lines were kindly provided by the
Frederick Cancer Research & Development Center, National Cancer Institute, Frederick, MA,
USA, while the non-tumor cell line was provided by Dr. Ricardo Della Coletta (UNICAMP).

Stock cultures were grown in RPMI-1640 (Vitrocell, Brazil) supplemented with 5%
fetal bovine serum (Vitrocell, Brazil) (complete medium) at 37 °C in 5% CO,. For the
experiments, complete medium was supplemented with a 1% penicillin:streptomycin
mixture (Nutricell, Brazil, 1000 U/mL:1000 mg/mL). Aliquots of CuCly, cis-PtCl,, Pt-Nap,
Cu-Nap, and NaNap were dissolved in DMSO (1.0 mg material: 10 uL DMSO). Afterwards,
each sample solution (50 uL) was diluted in the complete medium (5000 pug/mL), followed
by a serial dilution affording the final concentrations of 0.15, 1.5, 15, and 150 pg/mL.
Doxorubicin (0.015, 0.15, 1.5, and 15 pg/mL) was used as the positive control. The DMSO
final concentration (<0.15%) did not affect cell viability [50].

Cells in 96-well plates (100 pL cells/well, inoculation density: 3.5 to 6 x 10% cell/ mL)
were exposed to four concentrations of each sample and doxorubicin (100 uL/well), in
triplicate, for 48 h at 37 °C and 5% of CO,. Before (Tj plate) and after (T; plates) the sample
addition, the cells were fixed with 50% trichloroacetic acid (50 uL/well), and the cell
proliferation was determined by the spectrophotometric quantification of cellular protein
content using the sulforhodamine B assay [51]. The measurements were taken at 540 nm in
a VersaMax Molecular Devices spectrometer (San Jose, CA, USA). The sample concentration
that inhibits 50% cell growth (Gls, cytostatic effect) was calculated via sigmoidal regression
using Origin 9.0 software (OriginLab Corporation, Northampton, MA, USA) [52]. The
selectivity index [47] was calculated as described in Equation (1).

SI = (G5 gacat/ Glsg Tcr), where TCL = tumor cell line €))

4.6. Computational Simulations

Gaussian 09 [53] and GaussView [54] programs were used for the computational
simulation and to generate the structures of the compounds, respectively. Density func-
tional theory (DFT) was used to evaluate the complexation of platinum and copper metal
atoms with the sodium naproxenate ligand, Cu-Nap, and Pt-Nap complexes. For the
simulations, the functional M06-2X [55] with 6-31 + G(d,p) [56-58] basis set for hydro-
gen, carbon, oxygen, and sulfur atoms and the LANL2DZ [59] effective core basis set for
copper and platinum atoms were used. Frequency calculations were performed, and no
imaginary frequency was found, which confirmed that the optimized structures were at
minimum energy.

5. Conclusions

Our study described an efficient strategy to synthetize platinum(II) and copper(Il)
complexes, with naproxenate as the ligand. The complexes were successfully synthesized
and characterized by chemical, spectroscopic, and molecular modeling analyses. Antiprolif-
erative studies were conducted for bacteria and tumor cells, for evaluation of the biological
activities of each complex.

Molecular formulae of the complexes were determined, by elemental and thermal
analyses, as [Cuy(Nap)4(H0);] for Cu—Nap and [Pt(DMSO),(Nap);] for Pt-Nap. The
coordination of Nap to Cu(Il) occurred by the oxygen atoms of the carboxylate group
in a bridging bidentate fashion. Mass spectrometric data, EPR, and molecular modeling
optimization suggested the formation of a binuclear species for the Cu—Nap complex in a
dimeric, or even polymeric, form, which explains its low solubility in most solvents. EPR
spectra reinforced the existence of a binuclear species. In the DMSO solution, formation of
mononuclear species occurred via the cleavage of the binuclear complex.

Conversely, infrared and NMR spectroscopic data permitted a proposal of a monoden-
tate coordination of two Nap molecules to Pt(II). The square—planar coordination sphere
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was completed by two DMSO molecules, as indicated by elemental, infrared, and NMR
spectroscopic analyses.

Preliminary antibacterial activity assays showed that the bacterial strains considered
in the experiment were resistant to both complexes at the concentrations tested. However,
while Pt-Nap did not present inhibition over 50% of the tumor cell lines” growth, Cu-Nap
presented a significant cytostatic effect against HT-29 and PC-3 and a low but significant
cytocidal effect over the U251 tumor cell line. The cell viability of the complexes was
assessed against the HaCaT cell line, and Pt-Nap presented extremely low cytostatic effect
at all concentrations assessed, as did its precursor NaNap. However, Cu—-Nap presented
a cytostatic effect of over 50%, with a Glsg of 86 ug/mL (79.6 pmol/L). Still, it showed
some selectivity over U251 tumor cells. Altogether, while the Pt(II) complex seems to be
poorly effective, the obtained data concerning the biological activity of the Cu(II) complex
with naproxen open new perspectives about its use as a cytotoxic agent over tumor cells.
Further in vitro and in vivo studies are needed to confirm this hypothesis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics11080331/s1, Figure S1: ATR-FTIR of Pt-Nap and
NaNap from 1300 to 500 cm~!. Figure S2: ATR-FTIR of Pt-Nap and NaNap from 1300 to
500 cm L. Figure S3: Kinetic UV-Vis of Cu-Nap in 24h at absorbances peaks 260, 275, 320, and
335 nm. Figure S4: 'H NMR with integrals. Inset shows both DMSO signals, coordinated in Pt-Nap
and solvent.
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