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Graphical Abstract

Abstract
The synthesis of three novel curcumin derivative compounds, featuring aza-crown ether
macrocycles of various sizes (aza-12-crown-4, aza-15-crown-5, and aza-18-crown-6), is
described. The incorporation of these aza-crown macrocycles significantly enhances their
water solubility, positioning them as groundbreaking instances of curcumin derivatives that

are fully soluble in agueous environments. These curcumin ligands (L1, L2, and L3) were
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then reacted with zinc acetate to afford the coordination metal complexes (L1-Zn, L2-Zn,
and L3-Zn). Comprehensive characterization of all compounds was achieved using various
analytical techniques, including 1D and 2D NMR spectroscopy, ATR-FTIR spectroscopy,
mass spectrometry (ESI*), elemental analysis and UV-Vis spectroscopy. The in vitro
cytotoxic activity of both, ligands and complexes were evaluated on three human cancer cell
lines (U-251, MCF-7, and SK-LU-1). Compared to conventional curcumin, these compounds
demonstrated improved antiproliferative potential. Additionally, a wound healing assay was
conducted to assess their antimigration properties. The obtained results suggest that these
modifications to the curcumin structure represent a promising approach for developing

therapeutic agents with enhanced cytotoxic properties.

Keywords: Curcumin Zinc Complexes; Water-Soluble Curcumin Derivatives; Crown Ether

Metallodrugs; Antiproliferative Activity; Molecular Docking.
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1. Introduction

In the ongoing pursuit of effective therapies for proliferative diseases, there has been a
remarkable surge in interest surrounding natural bioactive compounds. Notably, curcumin,
extracted from the rhizomes of Curcuma longa, has emerged as a promising candidate due
to its multifaceted potential in therapeutic intervention. This polyphenol exhibits a wide array
of activities, including anti-inflammatory,! antioxidant,>® antitumoral,*’ antimicrobial,
antiviral, chemotherapeutic® effects, and serves as a wound healing agent.®'® However,
despite these beneficial attributes, its application in medicine is constrained by challenges
such as low stability, limited bioavailability and rapid metabolism.!

As a result, the design of curcumin-based compounds by incorporating various groups into
its framework has become a key area of interest in current research. For instance, efforts to
enhance its transport and bioavailability have led to the incorporation of cyclodextrins,
resulting in curcumin derivative compounds soluble in water and with increased
dispersibility. Additionally, other strategies!? include attaching curcumin to dendrimer
supports and organic polymers® as well as developing co-drugs such as piperine,**° all
aimed at improving its bioavailability.

Given the fact that the p-diketone system within the curcumin structure serves as a chelate
for metal complex formation, this trait has been harnessed to produce a range of curcumin-
metal compounds incorporating diverse divalent and trivalent metals. This approach
enhances the stability and bioavailability of curcumin derivatives, thereby amplifying their
biological activity.*° In this context, the zinc metal center, has been shown to enhance the
activity of these curcuminoids.?® Another successful strategy employed involves structural
modifications of the parent molecule, including substitutions on the OH group of the phenol
with either aliphatic or acetyl chains.?!??

Thus, the structural modification of curcumin has rendered valuable derivatives as
therapeutic agents, achieved by incorporating specific molecules that enhance the stability,
transportation, and bioavailability of its derivatives. In this context, aza-crown ethers that are
supramolecular macrocycles possessing an amphiphilic nature and noted for their antitumor
activity,?* have been selected to be incorporated in the curcumin periphery. The aim is to
develop molecules soluble in physiological environments, potentially boosting their

biological activity and offering new avenues for advancing antitumor treatments. Hence, in
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this study, we detail the synthesis of three novel curcumin derivatives, which incorporate
aza-crown ether macrocycles of various sizes (aza-12-crown-4, aza-15-crown-5, and aza-18-
crown-6), along with their zinc complexes. Additionally, we investigated their in vitro
cytotoxic activity on six human cancer cell lines and conducted a wound healing assay. Our
hypothesis posits that the incorporation of aza-crown ethers into the curcumin structure could

enhance physiological solubility, cytotoxicity, stability, and bioavailability.

2. Results and Discussion

2.1 Synthesis and characterization

The synthesis of L1-L3 is outlined in Scheme 1. Precursors A-C, comprising crown ethers
of various sizes in the form of 2-chloroacetylamides, were synthesized using a modified
procedure previously reported. These precursors were fully characterized by NMR and mass
spectroscopy and structurally confirmed through direct comparison with previously reported
data (detailed information is provided in the experimental section).?® Subsequently, the 2-
chloroacetylamide derivatives were reacted with curcumin in the presence of Kl as the
halogen exchanger and Cs2COs as a base, yielding compounds L1-L3 as semisolids at room
temperature. It was observed that the melting points of L1-L.3 decreased with increasing size

of the macrocycle.
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Scheme 1. General synthesis of curcuminoids bearing aza-crown ethers.
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The three ligands were characterized using ATR-FTIR spectroscopy. The absence of the band
at v = 1499 cm, assigned to the -OH (phenol group) from the starting curcumin, along with
the observed band around v = 1581 cm™ in L1-L2, assigned to the carbonyl from the amide
group, confirms the substitution of the alcohol proton by the aza-crown ethers. Additionally,
the frequencies of the carbonyl groups from enol and vinyl fragments (C=0 and C=C) are
observed to be slightly shifted to lower energy vibrations, approximately 20 cm™ lower than
those of curcumin (v = 1626 and v = 1601 cm™, respectively) (see Figures S11, S12, S13).
The proposed structures of L1-L2 were also further confirmed by 'H NMR, where
characteristic signals from the curcumin fragment and proton resonances from the ether
crown were observed in the NMR spectra. Specifically, the proton signal from the methylene
amide group appeared around § = 4.8 ppm in all ligands. In the 13C NMR spectra, the signal
of carbonyl of the amide group was observed around 6 = 168 ppm, while the methylene
groups of ether crown were localized in the range of & = 50-70 ppm (see Figures S20, S21
and S22). Additional evidence for the formation of compounds L1-L.3 was obtained from
mass spectrometric analysis. The ESI™ mass spectra displayed peaks corresponding to the
mass cluster with sodium cation at m/z = 821.3, 908.9, and 996.9 for L1, L2, and L3,
respectively (refer to Figures S14, S15, and S16 in the supporting information). Elemental
analysis studies corroborate the percentages of the elements present in the molecules L1-L3,

despite the nature of crown ethers, which tend to absorb humidity from the environment.

With the ligands in hand and considering that the incorporation of metals into the
curcuminoid backbone could enhance their antitumor activity, as a proof-of-concept, the
ligands L1-L.3 were metalated through a simple reaction with zinc acetate (see Scheme 2) to

yield the coordination metal complexes L1-Zn to L3-Zn.

The Zn(I1) complexes were characterized in solution by *H NMR, revealing a shift in the
resonance of the methine protons to lower frequencies compared to those of the free ligands
L2-L3 (from ¢ = 6.1 to 5.7 ppm) due to the coordination to the metal center through the keto-
enol chelate moiety. Additionally, zinc coordination was also inferred by ATR-FTIR, where
the displacement of the stretching band of the central carbonyl group was shifted to lower
frequencies than those observed in the free ligands (Av =10-15 cm™) (see spectra in the SI).

Furthermore, the mass spectrometry analysis by MALDI-TOF allowed the detection of a
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water adduct for complex L1-Zn, the molecular ion of L2-Zn, while the expected
fragmentation pattern for complex L3-Zn was observed, moreover, results obtained from
elemental analysis also are consistent with the chemical composition of the hydrated zinc

complexes (see Figures S23-S34).

\
/

O O O

L1-Zn n=1
L2 -Zn n=2
L3-Zn n=3

Scheme 2. Coordination of Zinc in curcuminoid derivatives bearing aza-crown ethers.

2.2 Antitumoral activity

The in vitro cytotoxic activity of all ligands and complexes was assessed against six cancer
cell lines: glioblastoma (U-251), prostatic adenocarcinoma (PC-3), chronic myelogenous
leukemia lymphoma (K-562), colorectal adenocarcinoma (HCT-15), mammary
adenocarcinoma (MCF-7), and lung adenocarcinoma (SKLU-1), along with a non-cancerous
green monkey kidney (COS-7) cell line for comparative purposes. The study also included
evaluation of the curcumin molecule and cisplatin. Initially, the cytotoxic activity was
investigated using a concentration of 25 uM. However, all compounds were found to be
highly active on all cell lines, showing total inhibition (Table 1). Therefore, the concentration

was reduced to 5 pM, and the results are shown in Table 1.
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Table 1. Cytotoxic activity of ligands and complexes at 5 uM.

% growth inhibition by cell line
Comp. | U251 | PC-3 | K562 | HCT-15 | MCF-7 SKLU-1 COS7
L1 11.68 | 11.43 NC 25.01 NC 6.27 8.58
L2 21.42 | 1143 | 22.40 18.09 4.69 20.8 12.27
L3 13.82 4.14 34.10 15.74 39.01 39.34 34.70
L1-Zn NC NC 41.22 NC 38.02 29.2 22.20
L2-Zn NC NC 72.77 NC 46.09 46.31 31.30
L3-Zn | 78.82 | 10.61 | 34.61 66.59 70.0 75.19 39.11

NC = No cytotoxicity was observed.

In general, the zinc coordination complexes demonstrated superior cytotoxic activity
compared to the ligands L1-L.3 against three cancer cell lines: U-251, MCF-7, and SKLU-1,
as well as the healthy cell line COS-7. Notably, the highest cytotoxic activity was observed
with L3 and L3-Zn. Given the significant growth inhibition observed across U-251, MCF-
7, and SKLU-1 cell lines, their 1Cso parameters were determined (see Table 2). Notably, as
shown in Table 2, all ligand compounds and their zinc complexes demonstrated significantly
higher cytotoxic activity compared to the pharmaceutical ingredient curcumin. For instance,
in U-251, the activity increased 3 to 5-fold, as depicted in Figure 1. Particularly, the complex
L3-Zn exhibited the best antitumoral activity against U-251 (4.0+0.1), MCF-7 (4.0+0.6), and
SKLU-1 (3.7+0.3). These values are similar to those found for cisplatin (Table 2). The high
activity exhibited by complex L3-Zn could be attributed to the enhancement in cellular
uptake facilitated by the amphiphilic moiety, which is influenced by the size of the crown
ether.

Table 2. 1Cso values obtained for ligands L1-L3, Zn-complexes, curcumin and cisplatin in
KM against human cancer cell lines.

Comp. U-251 MCF-7 SK-LU-1

Curcumin  20.5+1.7 18.4+0.9 12.9+0.7
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L1 6.8£0.1 10.8+0.3 12.7+0.8
L2 5.9+0.4 8.4+0.4 9.3+0.8
L3 54+0.3 4.8+0.8 6.2+0.2

L1-Zn 5.0+0.4  6.4+0.7 6.3+0.7

L2-Zn 44+04  51+03  3.6x0.2

L3-Zn 4.0+0.1 4.0+06  3.7+0.3

Cisplatin 4.7+0.2  9.4+03  4.3+0.3

201184 14129 127
* 12 + +
12: 10 93
s 5 127 10.8 g .
:ﬂ g0 8.4 il U% 6.2 63
Q = 84 6.4 B ° 4.3
: ﬁi‘ ’—X—‘ ’—511—‘ : 4 ’—SXG—‘ ’—317—‘ ’—x—‘
Curcumin L1 L2C°mL;0u:;-§n L2-Zn L3-Zn Cisplatin Curcumin L1 L2 C(I;i"pot:r;s; L2-Zn L3-Zn Cisplatn ~~ Curcumin Compound-sn -Zn -Zn Cisplatin
A B c
Figure 1. Graphics of 1Cso (UM) of the compounds against cell lines: A) U-251, B) MCF-7 and C)
SKLU-1.

2.3 Wound Healing Assay

As is known, cell migration in human cells is a physiological characteristic, but it is also
related to a hallmark in cancer progression, particularly in invasion and metastasis.?® Because
of that the wound healing potential of curcuminoid compounds were investigated in two cell
lines (SK-LU-1 and U-251). In the Figure 2 can be detected that the untreated control cancer
cells migrate in a time-dependent manner due to the metastatic properties of the cell line. In
general, when the cell lines were treated with L1, L2, and L3 and their zinc analogues, a
better performance of the zinc complexes was observed, except for the comparative activity
of L3 and L3-Zn. In the SK-LU-1 cell line, the zinc complex L1-Zn achieved the best

8
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activity, decreasing cell migration by almost 30%. Meanwhile, in the U-251 cell line, the
greatest decrease was observed with L2-Zn. These results strongly suggest that the Zn atom

plays a central role in the cell migration behavior of the curcuminoid complexes.

a) SK-LU-1 ¢) U-251

Control
Control

Curcumin (15pM)
L1 (10pM) Curcumin (10pMm)

L1 (15uM)

L2 (10pM)
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L3 (10pM)
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Figure 2. Curcuminoids effect in cell migration of SK-LU-1 (a-b) and U-251 (c-d) cell lines
by the Wound Healing Assay. Microscopies were captured at 24 and 48 h, and the relative
ratio was calculated. Data expressed as mean £ SEM and ** p < 0.05 (2way ANOVA).

2.4 Molecular docking simulations

The binding modes of compounds L3 and L3-Zn with the target proteins for the K-562,

MCF-7 and SK-LU-1 cell lines were predicted, and the values obtained for the scoring

function are shown in Table 3. All obtained values ranged between -8.2 and -13.0 kcal/mol,

with no drastic differences in affinity scores. However, higher values were achieved for the

L3-Zn complexes in all three cell lines due to the larger size of the complexes and their

flexible structures, which allowed them to adapt to the targets surfaces and enhance

hydrophobic interactions.

Table 3. Score function values were obtained for compounds L3 and L3-Zn, and the target
proteins related to K-562 and MCF-7 cell lines.

Target| L3 L3-Zn Target| L3 L3-Zn
K-562

S5VKM | -9.3 -10.1 2W96 | -10.0 -11.6

5XY1 | -10.9 -10.2 3G33 | -9.7 -11.2

6HM6 | -9.8 -9.8 3NUP | -9.2 -11.6

6HRP | -11.3 -12.0 1QPJ | -11.3 -11.5

3CS9 |-11.7% -10.3 1XZ0 | -9.6 -13.28

1FIN | -10.6 -12.1 2DQ7 | -111 -12.6

1w9o8 | -9.8 -11.0 4X3JS | 9.7 -11.2
MCF-7

2J6M | -9.9 -10.8 40AR | -9.6 -11.98

3HY3 | -94 -9.9 6CHZ | -10.3 -11.8

4FA2 | -11.178 -11.7

SK-LU-1

1M17 | -10.1 -12.0 3ZBF | -94 -11.6

10

This article is protected by copyright. All rights reserved.

85U80|7 SUOWIWOD dAIERID 3|eotjdde auyy Aq peusenob aJe sejole O ‘8sn JO So|ni J0j ARiq1TaUIIUO A8 |1 UO (SUONPUOD-PUR-SWLBILIOY A8 | 1M A e1q 1 [BUUO//ScY) SUORIPUOD pue SULB | 843 88S *[7202/TT/ST] Uo AriqiTauliuo AB[IM 'SORIOIN 8p OpeIsT P ewiouoiny pepsiBAIun Aq £8020v202 APGO/Z00T 0T/I0p/W0d" Ao 1M Aleld 1 jBul|uo//Sdny wol pepeojumod ‘el ‘088TZT9T



Chemistry & Biodiversity 10.1002/cbdv.202402083

3DKC | -10.1 -11.1 4CKJ | -10.72  -13.0°
3LMG | -8.9 -9.9 5FTO | -10.1 -11.2

2 Best score values per cell line for each compound.

Our results suggest that the best affinities are to be expected for the following cell lines
targets: K562, ABL kinase (3CS9) and the cluster of differentiation L3-Zn (1XZ0); MCF-7,
the mitogen-activated kinase (4FAZ2) and the progesterone receptor (40OAR); and SK-LU-1,
RET tyrosine kinase (4CKJ). The best-interacting poses for the latter interactions are depicted
in Figure 3. As shown, the coordination modes exhibit several hydrophobic interactions, with
H-bondings present in some cases; the latter being established through polar interactions with
the available oxygen atoms present in the ether, central keto/hydroxy, and amide groups of
the ligands. These modes show that both compounds can adapt to the protein target active
site and/or near surface. These score values and their best binding modes suggest that
compounds L3 and L3-Zn can inhibit the target’s biological activity in cancer cells

potentially disrupting their proliferation.

MCF-7 SK-L.U-1

4CKJ (L3)

4FA2 (L3)

Figure 3. Suggested interaction of compounds L3 and L3-Zn with their best-performing target
protein of each cell line. The 3D representation shows the secondary structure of the target in red
(alpha helix) and cyan (beta sheets), and the compounds in green balls & sticks display. The 2D
representations show compound atoms colored in black (C), red (O), blue (N), and green (Zn).
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2.5 Partition coefficient

The water insolubility of curcumin was overcome by its functionalization with crown ethers,
which enhanced its bioavailability and, consequently, increased its cytotoxicity. In this study,
the partition coefficient analysis was also considered to demonstrate the water solubility of
the compounds and assess their distribution capacity in both lipid and aqueous media. This
analysis is crucial in the drug development phase as it helps to evaluate the capacity of the
drug to effectively traverse biological barriers, dissolve in lipid-rich tissues or aqueous
media, and achieve efficient absorption within an organism. The partition coefficient (Log
D) was determined using a physiological phosphate buffer at pH 7.4 in n-octanol by the
shake-flask method and analyzed via HPLC.?" According to the results, the compounds are
more hydrophilic when the oxygens in the crown moiety increase. On the other hand, when
the Log D value of L1-L.3 and their zinc complexes was compared, an insignificant difference
was observed between them (Table 4). The Log D values obtained for all analysed
compounds ranged between 2.6 and 3.2, indicating that the ligands and zinc complexes
possess favourable lipophilicity for potential drug development. This strikes a balance
between water solubility and membrane permeability, which is essential for their

bioavailability and therapeutic efficacy.

Table 4. Partition coefficient (log D o/w) of potent compounds.

Compound L1 L2 L3 L1-Zn L2-Zn L3-Zn

LogD 3.2 2.8 2.7 3.2 2.7 2.6

2.6 UV-Vis studies

All ligands L1-L3 were analysed by UV-Vis spectroscopy using methanol and water as
solvents. A comparative UV-Vis spectra of the ligands and curcumin is shown in Figure 4
(see also S32), while the absorption maxima and molar absorptivity coefficients are
summarized in Table 5. The L1-L3 compounds showed maximum absorptions in methanol
in the range of Amax = 330 - 370 nm owing to the m-n* transitions,?®?° and these increase with

the size of the crown ether substituent, while the molar absorption coefficient decrease.
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Furthermore, a hypsochromic shift of the ligands compared with the value for curcumin (425

nm) was observed. The presence of more than one shoulder in L1 spectra indicates the

possible presence of more than one isomeric form in the ground state.®%3! When the solvent

polarity was increased by using water, the opposite trend was observed; the values of

maximum absorptions increased with the macrocycle size, which agrees with the partition

coefficient.

Table 5. Absorption maxima (A max) and molar absorptivity coefficient (¢) of compounds
L1, L2, L3 and curcumin in methanol and water.

Amax (Nm) / & (Lmol-cm™)

Compound
L1
L2
L3

Curcumin

Methanol
330/13483
365/11738
370/8955

425/23734

Water
325/6384
360/11212
360/14895

ND

2.0

15 -|

1.0

Absorbance

0.5

0.0

ND. Not determinate.

—1L1
— L2
— L3
—— Curcumin

200

T T T
300 400
wavelength (nm)

T T 1
500 600

Figure 4. Overlapped UV-Vis spectra of compounds L1-L3 in methanol at 5x10° Molar

concentration.
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On the other hand, the sensing properties against monovalent and divalent metals were also
investigated to observe the response to different cations. The behavior of the three ligands
with different monovalent and divalent metal cations was found to be very similar (see
Figures S36, and S37). However, slight changes upon the addition of iron and copper were
observed, with bands appearing at 445 nm and 490 nm, respectively. Additionally, when the
compound L1 was treated with manganese, an increase in the band at 490 nm was detected
(Figure 5). These results suggest that these compounds could be used as sensors for

manganese, iron, and copper detection.

—L1
— Mn
—Fe
2.0 1 —Co
—Ni
—Cu
—Li

— Na
—K

1.5+

Absorbance

1.0 1

0.5+

0.0 T T T T T T T 1
200 300 400 500 600

wavelength (nm)

Figure 5. UV-Vis titration of the L1 ligand with different cations.

3. Conclusion
Three new curcuminoids substituted with aza-crown ethers and their zinc complexes were
synthesized and characterized using common analytical techniques. All compounds were
found to be soluble in water. The antitumoral activity of all curcumin derivatives, including
the parent curcumin, was tested against six cancer cell lines. It was found that L3 and L3-Zn
were active against three cell lines: U-251, MCF-7, and SKLU-1. Molecular docking
simulations showed that L3 and L3-Zn have similar binding score values towards a series of

protein targets for each cancer cell line considered. Their best scoring coordination modes

14
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exhibit multiple interactions, including hydrophobic and hydrogen bonds in some cases, and
demonstrate good adaptation to the active sites and/or surrounding surface of the targets due
to their flexibility and size, suggesting a capability to disrupt cancer cell proliferation.
Furthermore, UV-Vis studies revealed that m-n* transitions occur in the ligands L1-L3. From
this analysis, it was detected that these ligands could offer a new alternative for cation
sensing, specifically for manganese, iron, and copper.

This investigation opens new avenues for potential therapeutic applications of water-soluble
curcumin derivatives in the treatment of proliferative disorders, especially in the context of
their selective targeting toward U251, MCF7, and SKLU cell lines. The amplified
antiproliferative potential exhibited by these derivatives offers promising prospects for
targeted and effective interventions, bringing us closer to combating uncontrolled cell

proliferation and improving patient outcomes.

4. Experimental
Aza-crowns (aza-12-crown-4, aza-15-crown-5, and aza-18-crown-6) and 2-chloroacetyl
chloride were commercially available and purchased from Sigma-Aldrich. Pure curcumin
was obtained from synthesis as previously reported.®? All solvents were purified by

conventional methods prior to use.

4.1 Synthesis of compounds

4.1.1 General synthesis of precursors (A-C).

0.2 g of the corresponding aza crown ether and 1.1 equivalents of sodium carbonate were
dissolved in 40 mL of dichloromethane. Then, 1.5 equivalents of 2-chloroacetyl chloride
were added, and the mixture was stirred overnight at -10 °C. Afterward, the solids were
removed by filtration, and the solution was washed with 30 mL of 1 N HCI, followed by a
wash with a solution of saturated Na,COs. The organic phase was dried with sodium sulfate,

resulting in the formation of a colourless oil.

4.1.2 General synthesis of ligands L1-L.3.
Curcumin and 3 equivalents of cesium carbonate (Cs2COs) were dissolved in 30 mL of

acetone in a round-bottom flask. In another round-bottom flask, the precursors (A-C) with an
15
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equimolar quantity of potassium iodide (KI) were dissolved in 20 mL of acetone and stirred
for about 30 minutes. This suspension was then added dropwise to the first flask and refluxed
overnight. Finally, the solids were removed by filtration, and the solution was evaporated.
The residue was extracted at least three times with ethyl acetate and water (1:1). The organic
phase was dried with sodium sulfate and evaporated under reduced pressure. The solid was

dried under high vacuum.

L1 was obtained from 0.133 g (0.529 mmol) of precursor A, 0.098 g (0.265 mmol) of
curcumin, 0.519 g of caesium carbonate (1.59 mmol), and 0.088 g of potassium iodide (0.53
mmol). Yield: 142 mg (67 %). MP = 80-83 °C. ATR-FTIR v = 1656 (C=0), 1623 (C=C),
1581 (C=0) cm™. IH NMR (500 MHz, DMSO-ds) & = 7.57 (d, J = 15.8 Hz, 2H), 7.35 (d, J
= 2.0 Hz, 2H), 7.18 (dd, J = 8.5, 2.0 Hz, 2H), 6.95 (d, J = 8.4 Hz, 2H), 6.80 (d, J = 15.9 Hz,
2H), 6.15 (s, 1H), 4.98 (s, 4H), 3.85 (d, J = 8.3 Hz, 6H), 3.68 — 3.64 (m, 4H), 3.58 (dq, J =
13.6, 4.8 Hz, 16H), 3.48 (dt, J = 12.3, 4.7 Hz, 8H), 3.42 (d, J = 4.6 Hz, 4H). 3C NMR (126
MHz, DMSO-ds) 6 = 183.2, 167.3, 150.0, 148.9, 140.4, 127.6, 122.7, 122.0, 112.8, 110.6,
100.8,70.1, 69.5, 69.2, 69.0, 68.8, 67.9, 65.8, 55.7, 49.1, 48.8 ppm. MS (ESI*) [C41H54N2014]
m/z, Actual mass = 798.36. Found mass = 821.3 [M+Na]*. Elemental Analysis:
[C41H54N2014] Calculated: C, 61.64; H, 6.81; N, 3.51. Experimental: C, 61.28; H, 6.94; N,
3.27.

L2 was obtained from 0.276 g of precursor B (0.93 mmol), 0.172 g of curcumin (0.466
mmol), 0.455 g of caesium carbonate (1.4 mmol), and 0.155 g of potassium iodide (0.93
mmol). Yield: 304 mg (74 %). MP = 75-78 °C. ATR-FTIR v = 1657 (C=0), 1623 (C=C),
1582 (C=0) cm™. *H NMR (500 MHz, DMSO-ds) & = 7.58 (d, J = 15.9 Hz, 2H), 7.36 (s,
2H), 7.20 (d, J = 8.3 Hz, 2H), 6.88 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 15.9 Hz, 2H), 6.13 (s,
1H), 4.93 (s, 4H), 3.84 (s, 6H), 3.72 (t, J = 5.6 Hz, 8H), 3.55 (ddt, J = 23.2, 11.0, 5.6 Hz,
24H), 3.44 (t, J = 6.0 Hz, 8H). 13C NMR (126 MHz, DMSO-ds) & = 183.2, 167.3, 149.9,
149.0, 140.4,127.8,122.7,122.1,113.0, 110.8, 101.0, 70.4, 70.2, 69.6, 69.4, 69.4, 69.3, 68.1,
66.0, 55.7, 48.7, 48.3 ppm. MS (ESI*) [CasHs2N2016] m/z, Actual mass = 886.41. Found
mass = 908.9 [M+Na]". Elemental Analysis: [C4sHs2N2016], Calculated: C, 60.94; H, 7.05;
N, 3.16. Experimental: C, 59.74; H, 7.05; N, 3.29.
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L3 was obtained from 0.115 g of precursor C (0.339 mmol), 0.0625 g of curcumin (0.169
mmol), 0.165 g of caesium carbonate (0.5 mmol), and 0.0562 g of potassium iodide (0.338
mmol). Yield: (132 mg) 40%. MP = 65-68 °C. ATR-FTIR v =1655 (C=0), 1624 (C=C),
1582 (C=0) cm™. 'H NMR (500 MHz, DMSO-ds) & = 7.57 (d, J = 15.8 Hz, 2H), 7.36 (d, J
= 1.8 Hz, 2H), 7.22 (dd, J = 8.5, 1.8 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 15.9 Hz,
2H), 6.11 (s, 1H), 4.94 (s, 4H), 3.85 (s, 6H), 3.69 (t, J = 5.4 Hz, 8H), 3.63 — 3.46 (m, 40H).
13C NMR (126 MHz, DMSO-ds) 6 = 183.2, 167.2, 149.8, 149.0, 140.4, 127.8, 122.6, 122.1,
112.9, 110.9, 101.0, 70.3, 70.1, 70.0, 70.0, 69.9, 69.9, 69.8, 69.1, 68.3, 66.0, 55.7, 47.6, 46.1
ppm. MS (ESI¥) [CasH70N201g] m/z, Actual mass = 974.46. Found mass = 996.9 [M+Na]".
Elemental Analysis: [C49H70N201g] Calculated: C, 60.36; H, 7.24; N, 2.87. Experimental:
C,5941; H, 7.27; N, 2.95.

4.1.3 General synthesis of complexes L-Zn

The respective L1-L.3 were dissolved in 20 mL of methanol, and 0.5 equivalents of anhydrous
zinc acetate, previously dissolved in 10 mL of methanol, were added dropwise. The reaction
was stirred for 24 hours. Afterward, the solvent was removed under reduced pressure,

resulting in orange solids, which were then dried under high vacuum.

L1-Zn was obtained from 50 mg of L1 (0.062 mmol) and 5 mg of zinc acetate anhydrous
(0.031 mmol). Yield = 98%, MP = 116-119 °C. ATR-FTIR v = 1646 (C=0), 1622 (C=C),
1581 (C=0) cm™. *H NMR (500 MHz, DMSO-ds) = 7.4 (t, J = 14.9 Hz, 2H), 7.3 (d, J =
7.1 Hz, 2H), 7.1 (s, 2H), 6.9 (d, J = 8.3 Hz, 2H), 6.8 — 6.7 (m, 2H), 5.7 (s, 1H), 5.0 (s, 4H),
3.8 (s, 6H), 3.7 — 3.4 (m, 32H). MS (MALDI-TOF) [Cg2H116N4O25Zn] m/z, Actual mass =
1620.72. Found mass = 1620.510 [M+H20]*. Elemental Analysis: [Cs2H10sN4O28Zn-5H,0],
Calculated: C, 56.24; H, 6.68, N, 3.20. Experimental: C, 56.49; H, 6.41, N, 3.0.

L2-Zn was obtained from 34 mg of L2 (0.038 mmol) and 3.5 mg of zinc acetate anhydrous
(0.019 mmol). Yield = 99%. MP = 120-123 °C. ATR-FTIR v = 1643 (b, C=0 and C=C),
1589 (C=0) cm™. 'H NMR (500 MHz, DMSO-dg) § 7.4 (d, J = 17.1 Hz, 2H), 7.3 (s, 2H),
7.1(d, J = 7.9 Hz, 2H), 6.8 (d, J = 8.5 Hz, 2H), 6.7 (d, J = 15.6 Hz, 2H), 5.7 (s, 1H), 4.9 (s,
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4H), 3.8 (s, 6H), 3.7 (t, J = 5.4 Hz, 8H), 3.6 — 3.4 (m, 24H). MS (MALDI-TOF)
[CooH122N4032ZNn] m/z, Actual mass = 1834.73. Found mass = 1836.84 [M+2]". Elemental
Analysis: [CooH122N4032Zn-8H20], Calculated: C, 54.56; H, 7.02; N, 2.83. Experimental: C,
54.30, H, 6.54, N, 3.11.

L3-Zn was obtained from 30 mg of L3 (0.03 mmol) and 3 mg of zinc acetate anhydrous
(0.016 mmol). Yield = 98%. MP = 91-94 °C. ATR-FTIR v =1641 (b, C=0 and C=C), 1588
(C=0) cm™. H NMR (500 MHz, DMSO-ds) & = 7.6 (d, J = 15.7 Hz, 2H), 7.5 7.4 (m, 1H),
7.3 (s, 1H), 7.2 (d, J = 7.5 Hz, 1H), 7.1 (d, J = 7.4 Hz, 1H), 6.9 (d, J = 8.5 Hz, 2H), 6.7 (d, J
= 15.7 Hz, 2H), 5.7 (s, 1H), 4.9 (d, J = 8.3 Hz, 4H), 3.8 (s, 6H), 3.8 — 3.4 (m, 48H). MS
(MALDI-TOF) [CogH148N4O33Zn] m/z, Actual mass = 1972.93. Found mass = 1971.581
[CogH148N4O33Zn]". Elemental Analysis: [CosH138N4O36Zn-12H20], Calculated: C, 52.79,
H, 7.32; N, 2.51. Experimental: C, 52.96, H, 6.52; N, 2.55.

4.2 Physical Measurements
Melting points were determined using an Electrothermal Engineering 1A9100 x 1 melting

point apparatus and are uncorrected.

4.3 Spectroscopic Determinations

The ATR-FTIR absorption spectra were recorded in the 4000-400 cm™ range on a FT-IR
NICOLET IS-50, Thermo Fisher Scientific spectrophotometer. Mass spectra were recorded
in a Bruker Esquire 6000 with electrospray, atmospheric pressure chemical ionization and
ion trap (ESI-TI, APCI-TI), Bruker Microflex with MALDI-Time of Flight (MALDI-TOF),
and DART analysis was recorded in an AccuTOF JMS-T100LC equip. The *H, BC{*H}
NMR spectra were recorded on a Bruker 500 Ascend spectrometer, using DMSO-ds as
solvent for the ligands and complexes. Elemental analyses were performed on a Thermo

Scientific/Flash 2000 and a microbalance Mettler Toledo, XP6 model was used.

UV-Vis studies were performed using a Thermo Scientific Genesys 10S UV-Vis
spectrophotometer in 3.5 mL quartz cells with a 1 cm path length, using methanol and water

as solvents. All data treatments were analyzed with Origin software.®® The molar absorption
18
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coefficient was calculated using molar concentrations of 5x107°, 4.6x107°, 4.54 x10°, 4.35
x10°, 4.16 x107°, 4 x107°, 3.85 x10™° and 3.7 x10°. The cation metal sensing was carried out
using equimolar solutions 5x10° M of curcumin derivatives (L1-L3) and cation metal
(MnCly, FeCly, CoCly, NiCly, CuCly, LiClO4, NaClO4 and KCIOa4).

4.4 Biological assays

The cytotoxicity activity of ligands L1-L3 and complexes L1-Zn, L2-Zn and L3-Zn were
tested against six cancer cell lines (purchased from Sigma-Aldrich): U-251 (human
glioblastoma cell line), PC-3 (human Caucasian prostate adenocarcinoma), K562 (human
Caucasian chronic myelogenous leukaemia), HCT-15 (human colon adenocarcinoma), MCF-
7 (human mammary adenocarcinoma), and SK-LU-1 (human lung adenocarcinoma). The
cell viability in the experiments exceeded 95%, as determined with trypan blue. The human
tumour cytotoxicity was determined using the protein-binding dye sulforhodamine B (SRB)
in @ microculture assay to measure cell growth, as described in the protocols established by
the NCI. A dose—response curve was plotted for each complex and the concentration (ICso),
resulting in an inhibition of 50% estimated through non-linear regression analysis. Results

were expressed as inhibitory concentration 50 (1Csp) values.

4.5 Wound Healing Assay

To evaluate the effect of the curcumin derivatives in cell migration, a Wound healing assay
was carried out, SK-LU-1 and U-251 cells were seeded in a 24-well plate at a density of 2.5
x 10% and 2 x 10° cells per well respectively, cultured 48 h at 38 °C and 5% CO2, when
confluence reached 90-100%, an artificial wound was generated on the cell monolayer using
a 200 pL sterile micropipette tip and then washed with PBS to remove detached cells, PBS
was removed and replaced with new supplemented medium or compounds dissolutions,
different concentration were evaluated based on the 1Cso values. For ICsq values between 0-
4.9 uM a concentration of 5 uM was evaluated, between 5-9.9 uM a concentration of 10 uM
was chosen and for values between 10-14.9 uM a concentration of 15 uM was tested, for
curcumin concentration we considered the highest concentration of curcumin derivatives (15
uM in SK-LU-1 and 10 uM in U-251). The images were captured by an inverted microscope
(DIAPHOT 300 Nikon®, Japan) with a digital camera (AmScope MD500) at 0 h, 24 h and
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48h treatment. Wound areas were obtained using polygon selection and the Measure tool of

ImageJ software. The relative migration ratio (%) was calculated by:

(wound area t0O—wound area t24 or t48)

Relative migration ratio (%)= * 100

wound area t0

Results expressed triplicated experiments and significance was obtained by a 2way ANOVA

with Tukey’s multiple comparisons tests.

4.6 Computational details

Molecular docking

Performed docking simulations with them using potential protein targets for each cell line
were one as follows: for chronic myelogenous leukemia (K-562) we used 14 targets among
membrane receptors, tyrosine kinases, and cyclin-dependent kinases 337 (PDBs: 5VKM,
5XY1, 6HM6, 6HRP, 3CS9, 1FIN, 1W98, 2W96, 3G33, 3NUP, 1QPJ, 1XZ0, 2DQ7, and
4XJS);%8 for breast cancer (MCF-7) we used 5 targets among synthetases and progesterone
and estrogen receptors “°°! (PDBs: 2J6M, 3HY3, 4FA2, 40AR, 6CHZ);>>°% and 6 targets
for lung cancer (SK-LU-1) among the epidermal growth factor and tyrosine kinases °"*
(PDBs: 1M17, 3DKC, 3LMG, 3ZBF, 4CKJ, and 5FTO)*%4 These protein targets were
prepared in the software Maestro 10.3 to a physiological pH of 7, removing water molecules
and previous ligands.®® Structures of compounds L3 and L3-Zn were constructed on
Gausview. Gasteiger charges were finally added in AutoDock Tools 1.5.6 for
macromolecules and ligands. The docking simulations were carried out on AutoDock Vina
1.1.2 with an exhaustiveness parameter of 20,%® and the results were analyzed. The binding
site 3D representations were obtained with Maestro 10.3 whereas the 2D representations were

made using LigPlot+ 5768

4.7 Determination of partition coefficients

Partition coefficients of Log D were measured according to the procedure 1b (hydrophobic
compounds) method previously reported,?” and the quantitation of the ligands and complexes
was about 6.67 mg/mL was recorded by HPLC.

Procedure:
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1. A buffer solution was prepared at pH 7.4 by dissolving 8.0 g of NaCl, 0.2 g of KClI, 1.44
g of Na2HPOg4, and 0.24 g of KH2PO4 in 1000 mL of Milli-Q water. The pH was adjusted to
7.4 using HCI.

2. Saturating the mediums involves gently combining n-octanol with a pH 7.4 buffer solution
and the buffer solution with n-octanol, allowing the two phases to equilibrate. This step is
crucial to perform before conducting partition coefficient experiments.

3. Stock dissolution was prepared with 5 mg of ligand or complex in 750 puL of acetonitrile
(6.67 mg / mL).

4. In a new vial was added 100 pL of stock solution and 1000 pL of buffer at pH 7.4
previously prepared, and a dilution 1:2 (r=2) was performed with acetonitrile to ensure that
the compounds remained soluble <water standard solution>.

5. In a different vial, was added 100 pL of stock solution, 1000 pL of buffer pH 7.4 (Vw=
1000) and 20 uL of saturated n-octanol (Vo= 20). The mixture was stirred for 12 hours with
a magnetic stir after the aqueous phase was separated and collocated in a new vial <water-
partition solution>

Solutions: <water standard solution (Ast)> and < water-partition solution (Aw)> were
chromatographed for analysis by HPLC.

6. The measurements were performed in an HPLC instrument with a UV-Vis Diode Array
Waters 2996 Detector, Column: Kinetex 5 mm EVO C18 100 A 100 x 2.1 mm. Vinj: 1 pL.
The eluent was a mixture of acetonitrile/0.1% Formic acid (v/v) in water (4:6) in a Flow of
0.3 mL/min at room temperature. A= 262 nm.

7. Calculate de Log (D) with the following formula:

Ast Vinjw

Log (D) = log (0

Vw
*(r =152
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