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A B S T R A C T

Hydroxyquinolines have garnered considerable attention due to their biomedical potential, particularly their 
ability to coordinate metal ions, which significantly influences their biological activity.

In this study, a series of 8-hydroxyquinoline dimeric derivatives was synthesized and compared to their 
monomeric counterparts. The metal-binding properties of these compounds with zinc(II) and copper(II) ions 
were investigated using ESI-MS spectrometry and UV–Vis spectrophotometry. The results revealed that 8-hydrox
yquinoline dimers form highly stable metal complexes.

Biological studies have demonstrated that the functionalization of the 8-hydroxyquinoline scaffold modulates 
its activity: the introduction of amine chains in monomeric systems decreases the antiproliferative effects, both in 
the ligands and their metal complexes. Notably, the dimer derivative linked via diaminoethane exhibited the 
most potent antiproliferative and antibacterial activities. In contrast, the introduction of a diaminodioxaoctane 
linker reduced toxicity in bacteria and cancer cells, highlighting its promise as a biologically compatible metal- 
chelating agent.

1. Introduction

Metal chelators play an important role in medicinal chemistry [1], 
regulating metal homeostasis [2], detoxifying harmful metals [3], and 
serving as diagnostic [4] or therapeutic agents [5–7].

Chelators can inhibit metalloenzymes [8] or modulate oxidative 
stress [9] with a variety of applications, such as coadjuvants in antibiotic 
therapy [10–12] or in chemotherapy [6,13]. Some common chelators 
used in clinical settings are EDTA, deferoxamine, deferiprone, penicil
lamine and poliazamacrocycles [1]. Other chelators and their metal 

complexes have been widely studied, including terpyridines [14] and 
salens [15,16]. The design of new chelating agents is crucial for devel
oping systems with high stability, biocompatibility and selectivity.

8-Hydroxyquinolines (8-HQs) represent a class of chelators that have 
received significant attention in the field of medicinal and inorganic 
chemistry [17–20]. The 8-HQ scaffold is a well-established pharmaco
phore that has been widely explored for its broad-spectrum biological 
activities, including antibacterial, antifungal, antiviral, and anticancer 
effects, as well as for the development of potent drug candidates 
[19–23]. The stability constants of 8-HQ with a range of metal ions have 
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been determined [24,25], with copper(II) showing log β1 and log β2 
values of 12.0 and 22.9, respectively, while with zinc(II) logβ1 is 8.52 
and log β2 is 15.8 [24,26].

Clioquinol (5-chloro-7-iodo-8-hydroxyquinoline, CQ) is one of the 
most famous 8-HQ derivatives due to its clinical history [27]. During the 
1950s, it was commonly used as an antibiotic for managing diarrheal 
diseases and dermal infections [28]. A significant number of cases of a 
severe and irreversible syndrome called subacute myelo-optic neurop
athy (SMON) were correlated with the overuse of CQ. It has been sug
gested that the CQ ability to chelate copper induced SMON [29]. After 
this epidemiological study, the oral administration of CQ was banned 
[28]. In the 2000s, CQ attracted renewed scientific interest and became 
a prototype of metal-protein attenuating compounds [30]. Successive 
investigations have shown interest in CQ and its successor PBT2 (2- 
(dimethylamino)methyl-5,7-dichloro-8-hydroxyquinoline) as potential 
modulators of metal homeostasis in the context of neurodegenerative 
diseases such as Alzheimer’s and Huntington’s disease [7].

Numerous biological activities of 8-HQs have been associated with 
their ability to form biometal-based complexes [31,32]. Furthermore, 
complexes with non-biological metals have been investigated for their 
biological activities [33–35].

Among the various reported biological activities of 8-HQ derivatives, 
their anticancer properties both in vitro and in vivo preclinical models are 
particularly noteworthy, given the ongoing need for novel anticancer 
compounds [17–19,36–38].

CQ exhibits anticancer properties [14,16,26,27] and has been stud
ied in clinical trials in patients with leukemia, myelodysplasia, non- 
Hodgkin lymphoma, Hodgkin’s lymphoma, and multiple myeloma 
[27]. It has been documented that the interaction with copper(II) ions is 
essential for the manifestation of anticancer activity in both CQ and 
other 8-HQs [16,32–34]. Many hypotheses have been proposed to 
explain the toxicity. Some 8-HQs act as ionophores, transporting metal 
ions (Cu and Zn) across cellular membranes. This dyshomeostasis of the 
metals in cells leads to increased production of reactive oxygen species 
(ROS) and copper complexes of HQs can inhibit proteasome activity 
[16].

Various HQ derivatives have been synthesized over the years, 
incorporating different moieties and exhibiting new properties 
[18,21,39–42]. Furthermore, several bis-8-HQ derivatives with few 
atom linkers have been designed to exploit their complexation ability 
and chelate the metal ion with the two HQ rings in a coordination 
environment similar to HQ in M(HQ)2 species [43].

Dimers inhibited the precipitation of Aβ-peptides induced by Cu2+

and Zn2+ more efficiently than the corresponding monomers and have 
been proposed as potential anti-Alzheimer’s agents [43–46]. Neverthe
less, limited data are available for dimeric systems on the most inves
tigated biological properties of HQs, such as anticancer and antibacterial 
activities [47]. For this reason, we synthesized new 8-HQ dimeric de
rivatives (Fig. 1) and their monomeric analogs with longer linkers to 
study their coordination behavior with copper(II) and zinc(II).

We determined the conditional stability constants of the complexes 

and the speciation using UV–Vis spectroscopy. Complex species were 
characterized by ESI-MS. Speciation is particularly relevant for biolog
ical applications since specific biological activity can be attributed to the 
presence of a given complex species. We also evaluated the anti
proliferative activity of the ligands alone and in the presence of zinc(II) 
and copper(II) against A2780 and MDA-MB-231 cancer cell lines, as well 
as their antibacterial efficacy against both Gram-positive and Gram- 
negative bacteria.

2. Results and discussion

2.1. Synthesis and characterization of the ligands

The ligands were designed to have additional donor atoms in the 
chains based on the hypothesis that this feature would improve the 
stability of the metal complexes compared to 8-HQ. HQen and HQetox 
have, respectively, an diaminoethane and a diaminodioxaoctane chain, 
while HQ2en and HQ2etox have two hydroxyquinoline rings and a linker 
containing two nitrogen atoms.

New 8-HQ derivatives with two 8-HQ moieties and their corre
sponding mono-derivatives (Fig. 1) were synthesized by reductive 
amination from 8-hydroxyquinoline-2-aldehyde and the amine linker as 
reported in the synthesis scheme (Fig. S1). They were purified by flash 
chromatography using a C18 reversed-phase column. The ligands were 
all obtained in good yields (30 %–70 %) and high purity. They were 
characterized by 1H and 13C NMR, UV–Vis spectroscopy and ESI-HRMS 
spectrometry (Figs. S2-S6). ESI-HRMS data compared with the calcu
lated mass values are reported in Table S1, and the spectra of the mono- 
charged molecular ions of synthesized ligands are shown in Figs. S3-S6. 
The ligand-Na+ adducts are also present in all the spectra.

1H and 13C NMR spectra confirmed the formation of the products. In 
all the spectra, the signals due to the hydroxyquinoline ring are evident, 
together with the signals of the amino chain. In the 1H NMR spectra of 
dimers, the quinoline rings were equivalent and the spectra in the 
aliphatic region were simplified due to the symmetry of the molecule. 
All the methylene groups resonate as singlets (Fig. S2).

In the UV–Vis spectra of the ligands, typical bands of the 8-HQ 
chromophore at 242 nm and 310 nm can be assigned to π-π* and n-π* 
transitions [48]. The spectra depend on the pH due to the deprotonation 
of the phenolic group. The band at 242 nm reduced as the pH increased, 
and a new band appeared at 258 nm. A similar trend was observed for 
the band at 310 nm, which shifted to 350 nm. HQen was monitored in 
the pH range from 1.6 to 12.4. Spectra of HQen at different pH values are 
reported in Fig. S7. Similar results were obtained for the other 
derivatives.

2.2. Metal complexes

2.2.1. UV–Vis spectroscopy and stability constants of Cu2+ and Zn2+

complexes
The metal complexes of the 8-HQ derivatives were investigated using 

Fig. 1. 8-HQ derivatives included in this work.
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UV–Vis spectroscopy in aqueous solution at pH 7.4 (MOPS buffer). The 
experimental conditions were chosen to simulate the physiological 
environment, while the use of MOPS as the buffer minimized/prevented 
metal ion complexation, an issue frequently encountered (but often 
overlooked) when more conventional buffering agents are employed 
[49].

The absorption bands in the spectra of HQen, HQ2en, HQetox and 
HQ2etox at ca 242 nm and 310 nm shifted upon adding Cu2+ or Zn2+ due 
to the deprotonation of the phenol group during the complexation 
(Figs. S8-S11) [48,50]. The UV–Vis spectra are similar to those reported 
for the copper(II) complex of 8-HQ and its derivatives [18,51–53].

As recommended for complexes with very high stability constants 
(log K > 6) [54], the formation of the metal complex species was 
assessed through competition spectrophotometric experiments using 
EDTA, which is commonly proposed as a convenient competitor for such 
strong ligands [46]. Titrations were typically conducted by incremen
tally adding the chelating agent to solutions containing the metal (M =
Cu2+ or Zn2+) and the ligand (L) in the proper stoichiometric ratio to 
examine the following overall equilibrium (charges are omitted for 
simplicity): 

MpLq + pEDTA⇄pM − EDTA+ qL 

In the case of HQ2en, due to the markedly higher affinity of this bis- 
hydroxyquinoline ligand for both metal ions compared to EDTA, the 
ligand solution was titrated with the M-EDTA complex, allowing the 
investigation of the equilibrium below: 

qL+ pM − EDTA⇄MpLq + pEDTA 

A rigorous analysis of the complexation processes enabled over
coming the limitations typically associated with the spectrophotometric 
determination of very high binding constants that are often reported as 
“larger than a certain threshold value”, which ultimately depends on the 
affinity of EDTA for a given metal ion. Representative UV–Vis compe
tition experiments for HQ2en with Cu2+ and Zn2+ are shown in Figs. 2 
and 3, respectively. Competition titrations for the other ligands are in 
the Supporting Information (Figs. S12-S17).

A preliminary indication of the stoichiometry of the metal complex 
species was obtained from the molar ratio plots, which, in most cases, 
displayed two distinct inflection points upon the addition of 0.5 and 1 
equivalents of EDTA to 1:1 or 2:1 metal-to-ligand (M/L) solutions 
(Figs. S12-S17). These features suggest the formation of multiple species 
in the solution, corresponding to ML and ML2 complexes. The 

stoichiometries of all the complex species, along with their conditional 
stability constants at pH 7.4, were determined through a multiwave
length analysis of the spectral data. Despite various speciation models 
and combinations of possible species being evaluated, the analysis 
consistently converged to the species listed in Table 1, which also in
cludes the formation constants of the parent 8-HQ complexes calculated 
at the same pH conditions [26,55].

The HQen ligand forms two complex species, ML and ML2, with both 
Cu2+ and Zn2+ ions (Figs. S18, S19). As expected, and observed for all 
ligands, the higher stability of the Cu2+ complexes compared to those of 
Zn2+ is in keeping with the Irving-Williams series and the values re
ported for other 8-HQ-based ligands [46,50]. The spectrophotometri
cally determined logK values for the ML species with both metal ions are 
larger than those calculated for the unsubstituted 8-HQ [56]. This sug
gests that the coordination of the metal with the nitrogen atom of the 
pyridine ring, the phenolate group and the amino groups of the side 
chain promotes the formation of five-membered chelate rings that 
enhance complex stability, as reported for other amino-8- 
hydroxyquinoline derivatives [50,57]. However, the additional 
nitrogen-coordinating atoms concurrently weaken the formation of the 
ML2 complex, as evidenced by the lower logK2 values compared to 8- 

Fig. 2. UV–Vis titration of HQ2en (1.81 × 10− 5 M) with the Cu2+-EDTA 
complex (CEDTA = 2.20 × 10− 4 M) at 25 ◦C and pH 7.4 (10 mM MOPS); inset: 
molar ratio plot.

Fig. 3. UV–Vis titration of HQ2en (1.81 × 10− 5 M) with the Zn2+-EDTA com
plex (CEDTA = 2.20 × 10− 4 M) at 25 ◦C and pH 7.4 (10 mM MOPS); inset: molar 
ratio plot.

Table 1 
Conditional stability constants for the formation of Cu2+ and Zn2+ complexes of 
HQen, HQ2en, HQetox and HQ2etox at 25 ◦C and pH 7.4 (MOPS 10 mM).

Copper(II) Zinc(II)

Ligand Species logβa logKa logβa logKa

HQen ML 13.38 (3) 13.38 (3) 9.50 (1) 9.50 (1)
ML2 18.33 (2) 4.95 (4)b 15.24 (1) 5.74 (2)b

HQ2en ML 19.2 (1) 19.2 (1) 15.17 (1) 15.17 (1)
ML2 23.6 (4) 4.4 (3)b 20.03 (4) 4.86 (4)b

M2L 33.3 (2) 14.1 (2)c 29.88 (1) 14.7 (1)c

HQetox
ML 12.0 (1) 12.0 (1) 10.80 (5) 10.80 (5)
ML2 18.24 (2) 6.24 (1)b 16.01 (3) 5.21 (6)

HQ2etox
ML 14.30 (5) 14.30 (5) 11.07 (6) 11.07 (6)
ML2 18.8 (1) 4.5 (1)b 16.30 (4) 5.22 (8)b

M2L 26.1 (2) 11.8 (2)c 20.8 (2) 9.7 (2)c

8-HQd ML 9.75 9.75 6.27 6.27
ML2 18.4 8.6b 11.3 5.0b

a Errors in the last significant digit are in parentheses.
b Refers to equilibrium ML + L ⇄ ML2.
c Refers to equilibrium M + ML ⇄ M2L.
d Calculated at pH 7.4 from ref.26
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HQ. This can be attributed to the steric hindrance of the substituent at 
the 2-position of hydroxyquinoline that causes a reduced ability to 
accommodate a second ligand molecule within the metal coordination 
sphere [50,53].

The formation of ML and ML2 complex species with Cu2+ and Zn2+

ions was also observed for the related dimeric HQ2en ligand (Figs. S20, 
S21). Noticeably, this bis-hydroxyquinoline ligand exhibits a selectivity 
for Cu2+ over Zn2+ by 4 orders of magnitude in forming the ML species. 
Moreover, the presence of two hydroxyquinoline units allows the for
mation of an extra M2L species. In general, complexes formed by HQ2en 
exhibit remarkably high thermodynamic stability; the additional coor
dination unit in the molecular scaffold imparts an augmented com
plexing ability (5.7-–5.8 log units for both metal ions, when compared to 
the ML complex formed by HQen) than the simple hydroxyquinoline 
structure. This significant increase may be attributed to the chelation of 
the metal by two 8-HQ units, which, supported by the flexible and 
suitably sized bis-amino spacer, adopt an optimal concerted coordina
tion geometry for an exceptionally stable mononuclear complex. We can 
hypothesize that the formation of the ML species involves the two 8-HQ 
moieties and the amino groups of the ethylene chain. The stability 
constant of ML species is significantly higher than that reported for 
similar ligands with a non-coordinating linker [43,44], in keeping with 
the involvement of the amino groups of the linker in the metal 
coordination.

For both metal ions, the stability of the M2L species with L = HQ2en, 
which refers to the coordination of a second metal ion at the additional 
hydroxyquinoline, is significantly higher than the value determined for 
the ML species formed by HQen. This evidence emphasizes the role of 
the bis-amino linker/double hydroxyquinoline arrangement in forming 
stable dinuclear complexes. As expected, the ML2 species has condi
tional stability constants significantly lower than those calculated for 8- 
HQ.

The formation of ML and ML2 complexes with both Cu2+ and Zn2+

ions also occurs with HQetox (Figs. S22, S23). The logK values deter
mined for ML are larger than those calculated for 8-HQ, indicating the 
favorable contribution of the nitrogen atom in the chain, which in
creases the stability of the complex by fostering the formation of a 
chelating ring. Conversely, in particular for Cu2+, the formation of ML2 
is disfavored when compared to the same complex with 8-HQ.

The corresponding HQ2etox dimer forms very stable mono- and 
dinuclear Cu2+ and Zn2+ complexes along with ML2 species (Figs. S24, 
S25). The logK value for the ML species with Cu2+ is 2.3 log units higher 
than that for the analogous monomer HQetox. The coordination of a 

second metal ion to the additional hydroxyquinoline unit and the for
mation of the M2L species occur with a stability comparable to that 
observed for the formation of the ML complex by the monomeric HQe
tox. This suggests that the two 8-HQ moieties of the dimer HQ2etox, due 
to the increased flexibility and extended length of the linker, act as 
nearly independent binding sites that may form dinuclear species with 
comparable stability as found for HQ2en. Lastly, the ML2 complexes 
exhibit reduced stability, in line with that observed for the other ligands 
studied [50].

While previous studies on dimeric 8-hydroxyquinoline ligands have 
primarily reported [43,44] the formation of highly stable 1:1 (ML) 
complexes with Cu2+ and Zn2+, the HQ₂en and HQ₂etox dimers inves
tigated in this work exhibit distinct coordination behavior, leading to 
the formation of species with variable metal-to-ligand stoichiometries. 
Moreover, HQ2etox forms metal complexes with stability constants 
consistent with those reported for other 8-HQ-based dimers [44], while 
the complexes formed by HQ2en are about four (Cu2+) and two (Zn2+) 
orders of magnitude more stable than those reported elsewhere [44], 
thus highlighting the enhanced chelating capacity of the newly proposed 
ligands. A proposed structure of the metal complexes is reported in 
Fig. S26.

2.3. Mass spectrometry

ESI-MS spectrometry data for the copper(II) and zinc(II) complexes 
of the new ligands HQen, HQ2en, HQetox and HQ2etox provided some 
additional insight into the speciation of the systems. ESI MS data were 
reported in Table 2. Solutions of the complexes at M/L molar ratios of 
1:1, 1:2, and 2:1, in the pH range from 4 to 8, were analyzed.

For the systems in which L = HQen and M = Zn2+ or Cu2+, [MLH− 1]+

was the predominant species detected in the spectra. The [ML2H− 2] +
H+ (with M = Zn2+ or Cu2+) and [ML2H− 2] + K+ (only for Zn2+) species 
appeared only with low intensity across all the pH values and M/L ratios 
explored (Figs. S27, S28).

In the Zn2+ or Cu2+ complexes of HQetox, the [MLH− 1]+ was 
exclusively observed under all M/L ratios investigated (Figs. S29, S30).

For the system L = HQ2en and M = Cu2+, the spectra indicated that 
[MLH− 1]+ was the most abundant species, while a bimetallic species 
[M2L2H− 2] + H+ was present only in low intensity under all tested 
conditions (Fig. S31).

For the HQ2en/Zn2+ system, the [MLH− 1]+ species was more 
abundant at pH 5, while the dimeric species [M2L2H− 4] + H+ became 
more prominent at neutral pH (Fig. S32). Additionally, the ESI-MS data 

Table 2 
ESI-MS data of the Cu2+ and Zn2+ complexes with HQen, HQetox, HQ2en, and HQ2etox.

Ligand (L) Species Formula Calculated (m/z) Experimental (m/z)

HQen

[CuLH− 1]+ [C12H14N3OCu]+ 279.1 279.3
[CuL2H− 2] + H+ [C24H29N6O2Cu]+ 496.2 496.1

[ZnLH− 1]+ [C12H14N3OZn]+ 280.1 280.4
[ZnL2H− 2] + H+ [C24H29N6O2Zn]+ 497.2 497.4
[ZnL2H− 2] + K+ [C24H28N6O2ZnK]+ 535.1 535.1

HQ2en

[CuLH− 2] + H+ [C22H21N4O2Cu]+ 436.2 436.3
[Cu2L2H− 4] + H+ [C44H41N8O4Cu2]+ 871.2 871.4
[ZnLH− 2] + H+ [C22H21N4O2Zn]+ 437.1 437.4
[ZnLH− 2] + Na+ [C22H20N4O2ZnNa]+ 459.1 459.0
[Zn2L2H− 4] + H+ [C44H41N8O4Zn2]+ 873.2 873.2
[ZnL2H− 2] + H+ [C44H43N8O4Zn]+ 811.3 811.3

HQ2etox

[CuLH− 2] + H+ [C26H29N4O4Cu]+ 524.2 524.3
[CuLH− 2] + Na+ [C26H28N4O4CuNa]+ 546.2 546.3
[Cu2L2H− 4] + H+ [C52H57N8O8Cu2]+ 1047.4 1047.1
[ZnLH− 2] + H+ [C26H29N4O4Zn]+ 525.2 525.2
[ZnLH− 2] + Na+ [C26H28N4O4ZnNa]+ 547.1 547.3

[ZnL2H− 1]+ [C52H59N8O8Zn]+ 987.4 987.2
[Zn2L2H− 4] + H+ [C52H57N8O8Zn2]+ 1049.3 1049.3

HQetox
[CuLH− 1]+ [C16H22N3O3Cu]+ 367.1 367.3
[ZnLH− 1]+ [C16H22N3O3Zn]+ 368.1 368.3
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revealed the formation of the ML2 complex of Zn2+ at pH 5 and the Na+

adduct of the ML complex at pH 7 (Fig. S32).
In Zn2+ and Cu2+ HQ2etox complexes, a similar trend of the HQ2en 

systems was found and the same species ML2H− 2 were identified at all 
M/L molar ratios explored. [CuLH− 2] + H+ was the dominant species at 
pH 7, while [Cu2L2H− 4] + H+ increases in intensity at pH 8 (Fig. S33). 
The Na+ adduct of ML complex was also detected under the same pH 
conditions for the HQ2etox/Cu2+ system (Figs. S33). The complex 
[ZnLH− 2] + H+ showed higher intensity at pH 7 with its Na+ adduct 
([ZnLH− 2] + Na+) (Fig. S34). Under neutral pH conditions, even the 
dimeric species [Zn2L2H− 4] + H+ was also observed, whereas 
[ZnL2H− 1]+ species was only identified at low intensity at pH 8 
(Fig. S34).

The main species detected by ESI-MS are consistent with those 
identified through spectroscopic titrations for all the ligands. ML₂ spe
cies were also detected in the ESI-MS spectra for HQ2etox and HQ2en. 
The M2L species determined for HQ2en and HQ2etox by UV–vis spec
troscopy was not detected in the ESI-MS spectra under the conditions 
explored. Due to its +2 charge, the species may be difficult to observe by 
ESI-MS, or a higher M/L ratio may be necessary to promote its forma
tion. However, excess metal may cause precipitation of metal hydroxide, 
so we did not investigate this condition further. The species M2L2 for 
dimeric HQ derivatives was detected only at low intensity in ESI-MS 
spectra.

2.4. Antiproliferative activity

The antiproliferative activity of the derivatives was also tested in the 
presence of zinc(II) or copper(II) in A2780 and MDA-MB-231 cell lines 
(Table 3). The graphical representation of IC50 values is shown in 
Fig. S35. IC50 values higher than 30 μM were considered pharmaco
logically irrelevant. Data were compared to those of 8-HQ, which we 
previously studied in A2780 [58].

The data showed that HQ2en was the most effective derivative (6.7 
μM in A2780), similar to other 8-HQ derivatives [44].

IC50 values in both cell lines with HQ2etox alone and in the presence 
of the metal ions were greater than 30 μM.

These results show that the HQ2etox and HQetox derivatives were 
the least toxic in all the cell lines. The behavior of the new ligands 
studied in this work differs from that of other HQs, such as 8-HQ and CQ 
reported in Table 3 for comparison. For 8-HQ and CQ, IC50 significantly 
decreased in the presence of metal ions such as copper(II) [58], while for 
the new ligands, the complexation reduced their toxicity as reported for 
chelators such as TPEN [59,60].

The new ligands exhibit higher stability constants with copper and 
zinc than simple 8-HQ and this may induce a different toxicity mecha
nism. In Table S2, overall stability constants and IC50 values are sum
marized. Data suggest that stronger chelation alone cannot fully account 
for the observed biological activity. HQ2en has the highest stability 
constants for Zn2+ and Cu2+, and it is also the most effective inhibitor of 
cell proliferation. It is plausible to hypothesize that HQen and HQ₂en act 

predominantly as chelators rather than ionophores. The chelation of 
essential metal ions can disrupt intracellular metal homeostasis, leading 
to toxic effects on cells. However, this effect was reduced upon the 
addition of copper(II) and zinc(II). This diminished efficacy may also be 
attributed to the formation of stable metal–ligand complexes, which 
lower the availability of the free ligand and limit its interaction with 
cellular targets.

In the case of HQ2etox and HQetox, which form also very stable Zn2+

and Cu2+ complexes (Table 1), the linker may confer polarity to the li
gands, reducing their cellular uptake. The antiproliferative activity be
cames pharmacologically irrelevant in the presence of copper or zinc 
ions (IC50 > 30 μM).

2.5. Antimicrobial activity

The antimicrobial activity of the compounds was evaluated using the 
broth microdilution method. MIC values are summarized in Table 4 and 
the corresponding graphical representation is reported in Fig. S36.

The aim of the co-treatment experiment was to evaluate the potential 
modulatory effect of Cu2+ or Zn2+ ions on the antimicrobial efficacy of 
HQen, HQ2en, HQetox and HQ2etox against four bacterial strains. 
HQ2etox was excluded from the MIC table due to its substantially lower 
antibacterial activity compared to other compounds.

Under standard conditions, HQ2en was the most effective compound, 
exhibiting a MIC of 16 μg/mL against all tested strains, comparable to 
the activity of 8-HQ [23]. HQen showed moderate antimicrobial activ
ity, with MIC values of 256 μg/mL for S. aureus and E. coli, and 512 μg/ 
mL for P. aeruginosa and E. faecalis. Finally, HQetox showed MIC values 
of 256 μg/mL for all tested strains, except for P. aeruginosa, which 
showed a MIC of 512 μg/mL. These findings indicated that HQ2en 
possessed broad-spectrum antibacterial activity with low MIC values, 
whereas HQen and HQetox were significantly less potent under the same 
conditions.

In the co-treatment experiments with copper(II) and zinc(II), several 
notable patterns emerged. A general trend of reduced antibacterial ef
ficacy was observed for all compounds, evidenced by increased MIC 
values. This behavior differs from that reported for 8-HQ, which in
creases its antibacterial activity in the presence of Cu2+ [52].

In S. aureus, co-treatment with HQ2en with Cu2+ and Zn2+ yielded 
MICs of 64 μg/mL and > 64 μg/mL, respectively, indicating diminished 
activity compared to HQ2en alone. HQen, in combination with copper or 
zinc, displayed even higher MIC values of 1024 μg/mL for both metals, 
indicating a strong antagonistic effect. Similarly, HQetox also showed no 
improvement when combined with metals.

In E. coli, HQ2en MICs increased to >64 μg/mL with both metal ions, 
further supporting the trend of reduced antimicrobial activity. Co- 
treatment of HQen with copper or zinc resulted in MICs of 2048 μg/ 
mL and MBCs >2048 μg/mL, respectively, while HQetox displayed MICs 
of 512 μg/mL and MBCs >512 μg/mL under both conditions, indicating 
no improvement over single-agent treatment.

The pattern was similar for P. aeruginosa: MICs raised to >64 μg/mL 

Table 3 
IC50 values (μM) of HQ2en, HQen, HQ2etox and HQetox alone and in the presence of Cu2+ (20 μM) or Zn2+ (50 μM).

Cell line

Compound A2780 MDA-MB-231

L + Cu2+ + Zn2+ L + Cu2+ + Zn2+

HQ2en 6.7 ± 0.9 24.1 ± 4.1 24.2 ± 1.7 19.4 ± 5.9 >30 >30
HQen 24.0 ± 3.2 30.1 ± 2.6a >30 26.5 ± 5.5 >30 >30
HQ2etox >30 >30 >30 >30 >30 >30
HQetox >30 >30 >30 >30 >30 >30
8-HQ [58] 2.17 0.33 ND
CQ [58] 55.31 5.98 ND

a p < 0.01, as compared to the treatment with HQen alone.
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for HQ2en, 2048 μg/mL for HQen and 512 μg/mL for HQetox. Moreover, 
the MBCs for all compounds in combination with either metal increased, 
with HQ2en exceeding 64 μg/mL, HQen reaching 2048 μg/mL for zinc 
co-treatment and over 2048 μg/mL for copper co-treatment, and HQetox 
showed MBCs of 512 μg/mL in both metal conditions.

The most intriguing results were obtained with E. faecalis, particu
larly when HQ2en was combined with copper. While the MIC was 4 μg/ 
mL, the MBC rose to over 512 μg/mL. The same pattern was observed for 
HQen, where the MIC value decreased to 128 μg/mL, but the MBC value 
increased to over 512 μg/mL, suggesting a potential bacteriostatic effect 
of the copper complex, specifically against this bacterium.

Conversely, HQetox demonstrated the same pattern observed with 
other strains, where the addition of metals resulted in MIC values of 512 
μg/mL and MBC values exceeding 512 μg/mL for both metals (Table 4).

The data suggest that the antimicrobial activity of HQ₂en was 
generally diminished in the presence of the metal ions. The behavior of 
HQ2en in bacteria is similar to that found in cancer cells. HQ2en is the 
most effective ligand and it showed the highest toxicity for cancer cells 
and bacteria (Table S2).

HQen and HQEtox, already less effective as stand-alone agents, 
showed consistently diminished antimicrobial properties in the presence 
of copper(II) or zinc(II). The only notable exception was E. faecalis 
treated with copper, which showed a decrease in the MIC value of 
HQ2en and HQen. This behavior suggests that metal ion chelation may 
act as a mechanism of toxicity of the ligands in the bacterial strains 
investigated.

These findings highlighted the potential antibacterial properties of 
HQ2en, which showed broad-spectrum and low MIC values across all 
tested strains.

3. Experimental

3.1. Materials and methods

Commercially available reagents were used directly unless otherwise 
noted. 8-Hydroxyquinoline-2-carboxaldehyde (HQCA) was purchased 
from Sigma-Aldrich; Boc-ethylenediamine (Boc-en), ethylenediamine 
(en), and 1,2-Bis(2-aminoethoxy)ethane (etox) were obtained from TCI 
(Tokyo Chemical Industry Co., Ltd).

Thin-layer chromatography (TLC) was performed on silica gel plates 
(Merck 60-F254).

The purity of the ligands (> 95 %) was verified with HPLC (column 
reversed-phase C18, eluent H2O → CH3CN).

All ligand stock solutions were prepared by dissolving properly 
weighed amounts in a 25–90 % v/v MeOH/H2O mixed solvent. Solutions 
for spectrophotometric titrations were prepared by diluting the stock 
into a 10 mM aqueous solution of 3-N-morpholinopropanesulfonic acid 
(MOPS, pH 7.4), ensuring that the final methanol concentration was 
always below 3 %. Copper and zinc stock solutions were prepared by 
solubilizing Cu(ClO4)2 or Zn(ClO4)2 in water and titrating the resulting 
solutions with standardized EDTA.

3.2. NMR spectroscopy

NMR spectra were recorded on a Bruker Avance™ 400 spectrometer 
at 25 ◦C. Chemical shift values were referenced to the solvent signal or 

TMS. 8-HQ atoms were numbered according to standard IUPAC 
nomenclature [61].

3.3. Mass spectrometry

ESI-MS measurements were performed using a linear ion trap elec
trospray mass spectrometer (LTQ, Thermo Finnigan, Milan, Italy). The 
samples were introduced by direct infusion at a flow rate of 5 μL/min 
into the electrospray ion source (ESI). After appropriate tuning processes 
to optimize the signal-to-noise ratio, mass spectra were acquired in 
positive ion mode using a spray voltage of 5 kV and introduced into the 
mass spectrometer through a heated ion transfer tube (275 ◦C). The 
sheath gas flow rate and the auxiliary gas flow rate were set to 10.0 and 
3.0 (arbitrary units), respectively. Mass spectrometer calibration was 
performed using the Pierce® LTQ Velos ESI Positive Ion calibration 
mixture (Thermo Fisher Scientific). MS data acquisition was performed 
using Xcalibur software v.2.2.0.48 (Thermo Fisher Scientific).

Sample solutions of metal complexes were diluted in water and/or 
methanol for LC/MS analysis (OPTIMA® LC/MS grade, Fisher Scientific, 
Milan, Italy) with 0.1 % formic acid, and the pH was adjusted with 
NaOH. Copper(II) and zinc(II) complexes for ESI-MS studies were pre
pared by adding a solution of copper(II) or zinc(II) to water/methanol 
solutions of the ligands. Solutions of the complexes at 1:1, 1:2, and 2:1 
M/L molar ratios, in the pH range from 4 to 8, were analyzed.

ESI-HRMS measurements were performed using an Orbitrap Fusion 
Tribrid (Q-OT-qIT) mass spectrometer (ThermoFisher Scientific, Bre
men, Germany). The samples were introduced by direct infusion at a 
flow rate of 3 μL/min into the ESI ion source (Thermo Scientific). After 
optimizing the signal-to-noise ratio through appropriate tuning pro
cesses, mass spectra were acquired in positive ion mode under the 
following conditions: spray voltage, 3.8 kV; capillary temperature, 
275 ◦C; sheath gas and auxiliary gas, 6.0 and 2.0 (arbitrary units), 
respectively. Mass spectrometer calibration was carried out using the 
PierceTM FlexMixTM Calibration Solution (Thermo Fisher Scientific, 
A39239).

MS data acquisition was performed using the Xcalibur v. 4.6.67.17 
software (Thermo Fisher Scientific). Simulated isotope distributions 
were made using the Molecular Mass Calculator (MS Tools-EPFL, 
https://ms.epfl.ch/applications/theoretical-calculations/).

3.4. UV–Vis spectroscopy and spectroscopic titrations

UV–Vis spectra were recorded with a Cary 3500 UV-Vis spectro
photometer equipped with a Peltier temperature control module. The 
metal complexes were prepared by mixing a metal ion solution with the 
ligand in a 1:1 M/L molar ratio.

UV–Vis competition titrations were performed at 25 ◦C in a buffered 
aqueous medium (pH 7.4, 10 mM MOPS) using an Agilent 8453 diode- 
array spectrophotometer. In the case of HQen, HQetox and HQ2etox, 
increasing amounts of a standardized EDTA solution (3.8–8.5 × 10− 4 M) 
were added with a precision burette into the cell containing 2 mL of 
either a M/L 1:1 (L = HQen or HQetox; CL = 4.9–6.0 × 10− 5 M) or a M/L 
2:1 (L = HQ2etox, CL = 2.0–3.0 × 10− 5 M) complex solution. For HQ2en, 
increasing amounts of a M2+-EDTA 1:1 complex solution (CEDTA = 3.0 ×
10− 4 –1.0 × 10− 3 M) were added into the cell containing 2 mL of a 
1.8–3.0 × 10− 5 M ligand solution. Various titrant/titrate ratios were 

Table 4 
MIC (μg/mL) and MBC (μg/mL, in brackets) of HQ2en, HQen and HQetox alone and in the presence of Cu2+ or Zn2+ (100 μM) against reference bacterial strains.

HQ2en HQen HQetox

L + Cu (MBC) + Zn (MBC) L + Cu (MBC) + Zn (MBC) L + Cu (MBC) + Zn (MBC)

S. aureus 16 64 (>64) >64 (>64) 256 1024 (>1024) 1024 (2048) 256 >512 512 (512)
E. coli 16 >64 (>64) >64 (>64) 512 2048 (>2048) 2048 (>2048) 256 512 (>512) 512 (>512)

P. aeruginosa 16 >64 (>64) >64 (>64) 512 2048 (>2048) 2048 (2048) 512 512 (512) 512 (512)
E. faecalis 16 4 (>512) >64 (>512) 256 128 (>512) >2048 (>2048) 256 512 (>512) >512 (>512)
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explored to optimize the formation of each complex species during the 
titration. 60–70 spectra were recorded for each titration, and at least 
three independent runs were collected for each system. Spectra were 
analyzed with Hyperquad, which allows for a multi-wavelength and 
multi-titration treatment of the data [62]. The conditional stability 
constant for the M2+-EDTA complexes (log KCu-EDTA = 15.9; log KZn-EDTA 
= 13.63) at pH 7.4 was calculated from the literature values [26] and 
included in the model as a fixed/known parameter.

3.5. Synthesis of 2-(((2-aminoethyl)amino)methyl)quinolin-8-ol (HQen)

HQCA (0.05 g, 0.289 mmol), Boc-en (46 μL, 0.289 mmol) and 
CH3ONa (0.03 g, 0.578 mmol) were dissolved in 3 mL of methanol at 
25 ◦C, under stirring.

After 1 h, NaBH₄ (0.055 g, 1.44 mmol) was added to the solution and 
the mixture was refluxed. After 5 h, the crude product was isolated and 
treated with trifluoroacetic acid overnight to remove the Boc protecting 
group. The final product was isolated by reversed-phase flash chroma
tography (eluent H2O/CH3CN, linear gradient 0–80 % CH3CN). The 
product was eluted at 30 % CH3CN.

TLC: Rf = 0.24, PrOH/AcOEt/H2O/NH3 4:3:1:2. Yield: 60 %.
ESI-HRMS m/z [Found (Theoretical)] = 218.1265 (218.1293) (L +

H)+; 240.1089 (240.1113) (L + Na)+.
1H NMR (400 MHz, D2O, pD = 5.0 DCl): δ 8.40 (d, J = 8.6 Hz; 1H, H- 

4), 7.53 (d, J = 8.6 Hz; 1H, H-3), 7.51 (d, J = 5.7 Hz; 1H, H-7), 7.51 (d, J 
= 3.2 Hz; 1H, H-5), 7.24 (dd, J1 = 5.7 Hz, J2 = 3.2 Hz; 1H, H-6), 4.69 (s, 
2H, CH2), 3.60 (t, J = 6.8 Hz; 2H, CH2NH), 3.48 (t, J = 6.8 Hz; 2H, 
CH2NH2).

13C NMR (100 MHz, D2O, pD = 5.0 DCl): δ 150.79 (C-8), 149.46 (C- 
2), 139.29 (C-10), 136.63 (C-4), 128.78 (C-9), 128.48 (C-3), 120.42 (C- 
6), 119.48 (C-5), 112.88 (C-7), 50.97 (CH2 py), 44.40 (CH2NH), 35.72 
(CH2NH2).

3.6. Synthesis of 2,2′-((ethane-1,2-diylbis(azanediyl))bis(methylene))bis 
(quinolin-8-ol) (HQ2en)

HQCA (0.05 g, 0.289 mmol), en (10 μL, 0.145 mmol) and CH3ONa 
(0.03 g, 0.578 mmol) were dissolved in 3 mL of methanol at 25 ◦C under 
stirring. After 5 h, NaBH₄ (0.055 g, 1.44 mmol) was added, and the re
action was stirred for an additional 12 h. The reaction produced a yellow 
precipitate, which was separated from the solution by filtration. The 
product was isolated by reversed-phase flash chromatography (eluent 
H2O/CH3OH, linear gradient 0–100 % CH3CN).

TLC: Rf = 0.68, PrOH/AcOEt/H2O/NH3 2:2:3:3. Yield: 70 %.
ESI-HRMS m/z [Found (Theoretical)] = 375.1784 (375.1821) (L +

H)+; 397.1598 (397.1640) (L + Na)+.
1H NMR (400 MHz, CD3OD): d 8.16 (d, J = 8.5 Hz; 2H, H-4), 7.58 (d, 

J = 8.5 Hz 2H, H-6), 7.36 (d, J = 8.5 Hz, 2H, H-3), 7.27 (d, J = 8.5 Hz; 
2H, H-5), 7.04 (dd, J1 = 8.5 Hz, J2 = 1.2 Hz; 2H, H-7), 4.07 (s, 4H, CH2 
py), 2.92 (s; 4H, CH2 en).

13C NMR (100 MHz, CD3OD): δ 148.7 (C-2), 145.7 (C-8), 136.01 (C- 
10), 135.59 (C-4), 126.64 (C-6), 117.21 (C-7 and C-3), 110.37 (C-5), 
58.02 (CH2NH), 45.98 (CH2NH).

3.7. Synthesis of 2,2′-(5,8-dioxa-2,11-diazadodecane-1,12-diyl)bis 
(quinolin-8-ol) (HQ2etox)

HQCA (0.05 g, 0.289 mmol), etox (21 μL, 0.145 mmol) and CH3ONa 
(0.03 g, 0.578 mmol) were dissolved in 2 mL of ethanol under stirring at 
25 ◦C. After 5 h, NaBH₄ (0.055 g, 1.44 mmol) was added and the reaction 
mixture was stirred for 12 h. The product was isolated by reversed-phase 
C18 flash chromatography eluted with H2O/CH3CN (linear gradient 
0–100 % CH3CN). The product was eluted at 100 % CH3CN.

TLC: Rf = 0.58, PrOH/AcOEt/H2O/NH3 2:2:3:1. Yield: 30 %.
ESI-HRMS m/z [Found (Theoretical)] = 463.2303 (463.2345) (L +

H)+; 485.2123 (485.2165) (L + Na)+.

1H NMR (400 MHz, CD3OD): δ 8.00 (d, J = 8.6 Hz, 2H, H-4), 7.33 (d, 
J = 8.2. Hz,  2H, H-6), 7.23 (m, 4H, H-3 and H-7), 7.03 (d, J = 8.6 Hz, H- 
5), 4.02 (s, 4H, CH2 py), 3.49 (m, 8H, CH2O), 2.87 (t, J = 4.7 Hz; 4H, 
CH2NH).

13C NMR (100 MHz, CD3OD): δ 156.42 (C-2), 152.63 (C-8), 139.29 
(C-10), 136.12 (C-4), 127.67 (C-9), 126.59 (C-6), 120.51 (C-3 or C-7), 
117.21 (C-7 or C-3), 110.53 (C-5), 69.87 (CH2O), 69.49 (CH2O), 53.24 
(CH2NH), 47.87 (CH2NH).

3.8. Synthesis of 2-(((2-(2-(2-aminoethoxy)ethoxy)ethyl)amino) 
methyl)quinolin-8-ol (HQetox)

The product was synthesized as reported for HQ2etox using a 
different molar ratio: HQCA (0.05 g, 0.289 mmol), etox (85 μL, 0.577 
mmol) and CH3ONa (0.03 g, 0.578 mmol). After 5 h, NaBH₄ (0.055 g, 
1.44 mmol) was added and the reaction mixture was stirred for 12 h. The 
derivative was isolated by reversed-phase C18 flash chromatography 
using a linear gradient of H2O/CH3CN (0–100 % CH3CN). The product 
was collected at 80 % CH3CN.

TLC: Rf = 0.54, PrOH/AcOEt/H2O/NH3 4:3:2:1. Yield: 40 %.
ESI-HRMS m/z [Found (Theoretical)] = 306.2000 (306.1818) (L +

H)+; 328.1819 (328.1637) (L + Na)+.
1H NMR (400 MHz, CD3OD): δ 8.17 (d; J = 8.5 Hz; 1H, H-4), 7.42 (d; 

J = 8.5 Hz; 1H, H-3), 7.39 (t; J1 = 8.5 Hz; 1H, H-6), 7.31 (dd; J1 = 8.5 
Hz, J2 = 1.3 Hz; 1H, H-5), 7.08 (dd; J1 = 8.5 Hz, J2 = 1.3 Hz; 1H, H-7), 
4.10 (s, 2H, CH2 py), 3.68 (t, J = 5.3 Hz; 2H, CH2O), 3.65 (m, 4H, CH2O), 
3.55 (t, J = 5.3 Hz; 2H, CH2O), 2.89 (t, J = 5.3 Hz; 2H, CH2NH), 2.81 (t, 
J = 5.3 Hz; 2H, CH2NH2).

13C NMR (100 MHz, CD3OD): δ 158.19 (C-8), 154.65 (C-2), 139.45 
(a), 137.82 (C-4), 129.42 (b), 128.31 (C-3), 122.08 (C-6), 118.57 (C-5), 
112.22 (C-7), 72.58 (CH2 py), 71.31 (CH2O), 71.24 (CH2O), 71.07 
(CH2O), 55.15 (CH2O), 49.52 (CH2NH), 41.78 (CH2NH2).

3.8.1. Antiproliferative activity assay
Human tumor cell lines A2780 (ovary, adenocarcinoma) and MDA- 

MB-231 (breast, carcinoma) were plated into flat-bottomed 96-well 
microtiter plates at the appropriate numbers in 180 μL per well of 
complete media (RPMI 1640 for A2780, DMEM for MDA-MB-231), 
added with 10 % fetal bovine serum (FBS) and 1 % penicillin- 
streptomycin (all media and additives were obtained from EuroClone 
spa, Pero, MI, Italy) and 20 μM Cu2+ or 50 μM Zn2+ when required. 
Plates were then centrifuged and after 6–7 h, 20 μL of the appropriate 
solvent (FBS plus DMSO at different concentrations depending on the 
specific solubility) containing five 1:4 concentrations of the compounds 
starting from 50 μM were administered to cells. HQ derivatives alone 
and in the presence of Cu2+ and Zn2+ were studied. After 3 days of 
treatment (performed in duplicate) the cells, resuspended in 200 μl of 
medium per well, were supplemented with 50 μL of MTT solution (3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 2 mg/mL 
in PBS; Sigma, St. Louis, MO, USA). The plates were then still incubated 
for an additional 4 h at 37 ◦C. Following incubation, the cells were 
centrifuged at 275 ×g for 2 min. The supernatant was then carefully 
aspirated, and 100 μL of pure DMSO was added to each well. Formazan 
crystals were fully solubilized by gentle shaking after a 30-min incu
bation at room temperature. The concentrations inhibiting 50 % cell 
growth (IC50) were calculated based on the analysis of the 
concentration-response curves. Each experiment was repeated 4–6 
times.

3.8.2. Antibacterial activity assay
The antimicrobial activity of the compounds was tested against four 

bacterial strains: Staphylococcus aureus ATCC 25213, Pseudomonas aer
uginosa ATCC 27853, Enterococcus faecalis ATCC 29212, and Escherichia 
coli ATCC 25922.

The minimum inhibitory concentration (MIC) for each compound 
was determined using the broth microdilution method. The MIC was 
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defined as the lowest concentration at which no visible bacterial growth 
was observed. To evaluate bactericidal activity, the minimum bacteri
cidal concentration (MBC) was also determined. For samples showing 
complete inhibition of growth, aliquots from wells without visible 
turbidity were subcultured onto agar plates and incubated for 24 h. The 
MBC was defined as the lowest concentration at which no colony growth 
was detected. Bacterial strains were cultured overnight on Mueller- 
Hinton (MH) agar plates at 37 ◦C under aerobic conditions. From 
these cultures, a 0.5 McFarland standard suspension was prepared for 
each strain and further diluted to achieve a final inoculum of approxi
mately 1.0 × 106 CFU/mL. In parallel, stock solutions of the compounds 
were prepared by dissolving them in MH broth and serial dilutions were 
made to obtain final concentrations ranging from 512 to 16 μg/mL.

Subsequently, an aliquot of the bacterial suspension was added to 
each well of the microdilution plate, yielding a final bacterial concen
tration of 1.0 × 105 CFU/mL. Wells containing only the bacterial inoc
ulum served as positive controls, while wells containing only MH broth 
served as negative controls. A second set of experiments was conducted 
to assess the effect of metal co-treatment on the antibacterial activity of 
the same compounds. In these experiments, 100 μM Cu2+ or Zn2+ so
lutions were added to each well along with the compound of interest. 
Each experimental condition was tested in quadruplicate to ensure 
reproducibility. The plates were incubated at 37 ◦C for 24 h.

4. Conclusions

New hydroxyquinolines were synthesized, characterized and evalu
ated for their metal complex stability and biological activity.

The dimeric derivatives, with the hydroxyquinoline units linked by 
the diaminoethane chain, formed highly stable complexes with copper 
(II) (logβCuL = 19.2) and zinc(II) (logβ ZnL = 15.17), and can also form 
bimetallic species with two hydroxyquinoline coordination sites that are 
almost independent and exhibit comparable stability constants 
(logβCu2L = 33.3, logβZn2L = 29.88) at physiological pH. A similar 
behavior was observed for the diaminodioxaoctane chain. Notably, the 
functionalization of the 8-hydroxyquinoline ring can efficiently modu
late the toxicity of the derivatives. This is particularly relevant given the 
longstanding interest in hydroxyquinoline-based ligands for their metal- 
chelating capacity and biological versatility. Remarkably, the ethyl
enediamine 8-hydroxyquinoline dimeric derivative forms the most sta
ble complexes and exhibits the highest cytotoxicity. It exhibited 
micromolar antiproliferative activity in cancer cells (IC50 6.7 μM in 
A2780 and 19.4 μM in MDA-MB-231) and good antibacterial activity 
(MIC 16 μg/mL in S. aureus, E. coli, P. aeruginosa and E. faecalis), 
consistent with the performance of 8-hydroxyquinoline. These biolog
ical activities were reduced in the presence of copper(II) or zinc(II), 
unlike simple 8-hydroxyquinoline. This behavior suggests that HQen 
and HQ₂en can act predominantly as chelators rather than ionophores. 
The chelation of essential metal ions may disrupt intracellular metal 
homeostasis, thereby leading to toxicity.

Interestingly, the dimer and monomer with the diaminodioxaoctane 
chain showed the lowest antiproliferative activity (IC50 > 30 μM and 
MIC >2048 μg/mL).

The low toxicity of the two ligands for cancer cells and bacterial 
strains, also in the presence of metal ions, together with their ability to 
coordinate with high stability constants biologically relevant metal ions 
such as Cu2+ and Zn2+, makes the new ligands ideal for studying metal- 
dependent cellular processes, metal-based therapeutic strategies and 
other applications, such as chelation therapy.

This finding highlights that ligand design critically influences metal 
complexation, demonstrating how new chelating agents can modulate 
metal bioavailability. Such control has broad implications in medicinal 
inorganic chemistry for developing metal-based drugs that either 
deprive cells of essential metals (as in antimicrobial or anticancer stra
tegies) or fine-tune metal homeostasis for therapeutic benefit (neuro
protection, treatment of metal overload).
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