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A B S T R A C T

The design of novel chelators for therapeutic applications has been the subject of extensive research to address
various diseases. Many chelators can manipulate the levels of metal ions within cells and effectively modulate the
metal excess. In some cases, chelators show significant toxicity to cells.
We investigated polyimidazole ligands by potentiometry and UV–Vis spectroscopy for their ability to form

copper(II) complexes. We also compared the antiproliferative activity of the polyimidazole ligands and their
copper(II) complexes with polypyridine ligands in CaCo-2 (colorectal adenocarcinoma), SH-SY5Y (neuroblas-
toma) and K562 (chronic myelogenous leukemia) cells and normal HaCaT (keratinocyte) cells.
Polyimidazole ligands are less cytotoxic than their analogous polypyridine ligands. All polyimidazole ligands,

except the tetraimidazole ligand for K562 cells, did not show any significant effect on the viability of cancer and
normal cells. In contrast, the cytotoxic activity of polypiridine ligands was also observed in normal cells with IC50
values similar to those of cancer cells.
Tetraimidazole ligand, the only ligand active on the leukemic K562 cell line, induced caspase-dependent

apoptosis and increased intracellular reactive oxygen species production with mitochondrial damage.
The low cytotoxicity of the polyimidazole ligands, even if it limits their use as anticancer agents, could make

them useful in other medical applications, such as in the treatment of metal overload, microbial infections,
inflammation or neurodegenerative disorders.

1. Introduction

The design of novel chelators for therapeutic applications has been
the subject of extensive research to address various diseases. Many
chelators can manipulate the levels of metal ions within cells and
effectively modulate the metal excess. This ability has spurred the
development of a class of compounds known as Metal Protein-

Attenuating Compounds, which hold promise as potential therapeutic
agents for restoring metal homeostasis [1–3]. Generally, the aim is to
design a non-toxic ligand with a high affinity for essential metals such as
iron, zinc, and copper. Such ligands could serve as candidates for metal-
based drugs or exploit their potential to mobilize these metals from
intracellular storage sites.
Specifically, copper is an essential co-factor of several cuproenzymes
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that have a critical role in the different biological processes in mammals,
such as oxidative phosphorylation (cytochrome c oxidase), antioxidative
activity (SOD1) and signaling. Moreover, Cu ions are involved in Fenton
reactions, which can produce reactive oxygen species (ROS) [4].
Copper is pivotal in promoting angiogenesis, cancer growth, and

metastasis. Recent research has delved into the involvement of copper-
binding proteins in cancer progression [5–7]. Recognizing copper roles
in cancer, disrupting copper trafficking has emerged as a viable thera-
peutic strategy [7–9], leading to the development of copper-specific li-
gands for anticancer therapies [8,10–12].
Some representative examples of well-known Cu chelators include D-

penicillamine (D-pen), tetrathiomolybdate (TM) and trientine (trien)
used in clinical to reduce copper levels in Wilson disease, which also
show anticancer activity [9,13].
Clinical studies have investigated the use of TM as an anticancer

agent. Notably, TM has shown promise in certain types of brain cancer
where copper levels are elevated [14,15].
Moreover, TM has been explored in combination with cancer ther-

apies [15,16]. It has been proven that reducing copper levels with TM
can enhance the effectiveness of existing chemotherapy agents. This
synergy may arise because copper plays a role in DNA repair and anti-
oxidant defenses, and reducing copper levels could sensitize cancer cells
to chemotherapy-induced DNA damage.
D-pen (logβCuL = 18.8) has been studied in combination with

cisplatin to improve its efficacy in platinum-resistant tumors [17]. Trien
(logβCuL = 20.1) can suppress neovascularization and increase apoptosis
in cancer cells [13].
Polypyridine ligand TPEN (N,N,N′,N′-tetrakis(2-pyridylmethyl)eth-

ylenediamine), known for its high affinity for copper ions, has also been
examined for its toxic effects on cancer cells [18–22]. The anti-
proliferative and apoptotic activity of TPEN was previously described in
several cell systems such as lymphocytes [23], malignant epithelial cells
[24], leukemia [20], colon cancer [25], ovarian [26] and breast cancer
[27]. The cytotoxic effect of the other polypyridine ligands, Trispicen
(N,N,N′-tris(2-pyridylmethyl)-ethylenediamine) and Bispicen (N,N′-bis
(2-pyridymethyl)-ethylenediamine) has so far been observed only in
normal peripheral blood lymphocytes [28].
Despite the reported cytotoxicity, polypyridine ligands have found

utility in various biological applications due to their exceptional
complexation capabilities [29–31].
Recently, we synthesized the polyimidazole ligands analogous to the

TPEN, Trispicen and Bispicen [32]. Imidazole is a common side chain
found in proteins, often acting as a coordinating site for metal ions.
Additionally, the imidazole moiety is a fundamental structural element
in various medical scaffolds [33].
Polyimidazole ligands may be of interest for their use in biological

systems. Such compound is N,N′-bis(4-imidazolylmethyl)-ethylenedi-
amine (BisIM) and its metal complexes, which have been investigated,

with reported high stability constants, particularly for 3d metal ions
[34]. The copper(II) complex with BisIM exhibits high stability constant
[34], closely paralleling the analogous ligand N,N′-bis(2-picolyl)
ethylene diamine with pyridine moieties (Bispicen, logβCuL 16.30) [35].
Notably, ligands like poly(2-imidazolylmethyl)amine and similar
counterparts have been patented for forming metal complexes with ra-
dionuclides [36]. Recent BisIM, along with tris and tetra-imidazole li-
gands, have also been explored as inhibitors of metallo-β-lactamases
based on their affinity for Zn2+ ions [32].
In this study, we present a potentiometric and spectroscopic analysis

of copper(II)/polyimidazole ligands, TrisIM (N,N,N′-tris((imidazol-4-yl)
methyl)-ethylenediamine), TetraIM (N,N,N,N′-tetra((imidazol-4-yl)-
methyl)-ethylenediamine) (Fig. 1) and an investigation of BisIM, TrisIM
and TetraIM anticancer activities towards CaCo-2 (colorectal adeno-
carcinoma), SH-SY5Y (neuroblastoma) and K562 (chronic myelogenous
leukemia) cell lines. We compared the cytotoxic activity of poly-
imidazole ligands and their copper(II) complexes with the analogous
polypyridine ligands, Bispicen, Trispicen and TPEN. The anti-
proliferative effect of TetraIM on K562 cells was studied further con-
cerning the apoptotic pathway activation.f

2. Materials and methods

2.1. Materials

Bispicen and TPEN have been purchased from TCI. Trispicen, BisIM,
TrisIM and TetraIM have been synthesized as previously reported
[32,37].
Dulbecco’s modified Eagle’s medium (DMEM), RPMI 1640 medium

and fetal bovine serum were from Euroclone. Acridine orange (CCCP,
carbonyl cyanide m-chlorophenylhydrazone), dithiotreitol (DTT),
ethidium bromide, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide], Triton X-100 and tert-butyl hydroperoxide (t-BHP),
were purchased from Sigma-Aldrich. 2′,7′-dichlorofuorescein diacetate
(DCFH2-DA) was purchased from Cayman Chemical and JC-1 was from
Molecular Probes.
Fluorogenic caspase substrates, acetyl-Asp-Glu-Val-

aspaminomethylcoumarin (Ac-DEVD-AMC), acetyl-Ile-Glu-Thr-Asp-
aminotrifluoromethylcoumarin (Ac-IETD-AFC) and acetyl-Leu-Glu-His-
Asp-aminomethylcoumarin (Ac-LEHD-AMC) were from Alexis Bio-
chemicals. All other chemicals were reagent grade.

2.2. Potentiometry

Protonation and complex-formation constants were obtained from
pH-metric titration curves registered at T = 298.2 K and ionic strength
0.1 M (KCl). The potentiometric apparatus was previously described
[38]. Sample solutions containing millimolar concentrations of the re-
agents in different ratios were titrated with 0.1 M carbonate-free KOH.
The electrode was daily calibrated for hydrogen ion concentration by
titrating HCl with the standard base solution under the same experi-
mental conditions as above and potentiometric data were processed
using the SUPERQUAD [39] and Glee [40] programs. The purities and
exact concentrations of the ligand solutions were determined by the
Gran method [41]. The HYPERQUAD [42] program was employed for
the overall formation constant (β) calculations, referred to the following
equilibrium equation: pM + qL + rH ⇆ MpLqHr (charges omitted; p is
0 in the case of ligand protonation; r can be negative). The computed
standard deviations (referring to random errors only) were given by the
program itself and are shown in parentheses as uncertainties on the last
significant digit. Hydrolysis constants for the Cu(II) ion were taken from
the literature [43] (charges omitted): logβ(CuH− 1) = − 7.7; logβ
(Cu2H− 2) = − 10.75; logβ(Cu3H− 4) = − 21.36; logβ(CuH− 4) = − 39.08.
The distribution and competition diagrams were computed using the
HYSS program [44].

Fig. 1. Investigated polyimidazole ligands.
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2.3. Spectrophotometric measurements

The absorption spectra of Cu2+ solutions were recorded on a Varian
Cary50 Probe spectrophotometer, in the range 350–850 nm, using a
quartz cuvette with an optical path of 1 cm at room temperature. The
composition of the sample solutions was similar to that employed in
potentiometry.

2.4. Cell culture

The human CaCo-2 (colorectal adenocarcinoma), SH-SY5Y (neuro-
blastoma), K562 (chronic myelogenous leukemia) and HaCaT (kerati-
nocyte) cell lines were obtained from the American Type Culture
Collection. The CaCo-2, SH-SY5Y and HaCaT cells were grown in DMEM
medium, while the K562 cells were cultured in RPMI 1640 medium. The
media were supplemented with 10% heat-inactivated fetal bovine
serum, 100 U/mL penicillin, 100 μg/ mL streptomycin and 2 mM
glutamine. Cells were maintained at 37 ◦C in a humidified 5% CO2 at-
mosphere. Cell viability was determined by trypan blue exclusion test.

2.5. Cytotoxicity assay

The effects of compounds on cell viability were evaluated in vitro
using the MTT colorimetric method [45]. Exponentially growing cells
were seeded in 96-well plates and, after 24 h of growth, were exposed to
increasing concentrations of compounds for 48 h in the presence or
absence of 20 μM CuCl2. After treatment, the MTT reagent, at a final
concentration of 0.5 mg/mL, was added to each well and the cells were
incubated for an additional 3 h at 37 ◦C. The formazan crystals were
dissolved by the addition of acidified isopropanol (0.04 N HCl in iso-
propanol). The absorbance at 570 nm was quantified on a microplate
reader (Infinite M Plex, Tecan). Cell survival was determined by
comparing the absorbance of treated and untreated cells; the viability of
untreated cells was considered 100%. The IC50 was calculated using
graphs generated from Microsoft Excel.

2.6. Apoptosis evaluation

Acridine orange/ethidium bromide double staining was used to
visualize nuclear morphological changes characteristic of apoptosis.
After washing with PBS, cells were stained with a fluorescent solution
containing 100 μg/mL ethidium bromide and 100 μg/mL acridine or-
ange in PBS and immediately observed under a fluorescence microscope.
A minimum of 400 cells were counted to quantify apoptosis for each
sample. Cells showing condensed and fragmented chromatin were
considered apoptotic.

2.7. Caspase activity

After treatments, cells were washed three times with ice-cold PBS
and solubilized in lysis buffer containing 50 mM Tris-HCl, pH 7.4, 10
mM EGTA, 1 mM EDTA, 1% (v/v) Triton X-100, for 30 min at 4 ◦C. The
lysates were clarified by centrifugation at 4 ◦C at 13,000 x g for 15 min.
Protein aliquots (60 μg) were incubated with 20 μM fluorogenic caspase
peptide substrate, Ac-DEVD-AMC (for caspase-3) for 30 min, Ac-IETD-
AFC (for caspase-8) and Ac-LEHD-AMC (for caspase-9) for 1 h, in the
reaction buffer (50 mM Tris–HCl, pH 7.4, 10 mM EGTA, 1 mM EDTA, 10
mM DTT), at 37 ◦C [46]. Fluorescence was measured on a Perkin-Elmer
LS-50B spectrofluorometer, setting excitation at 380 nm and emission at
460 nm for caspase-3 and -9 and setting excitation at 400 nm and
emission at 505 nm for caspase-8.

2.8. Detection of intracellular reactive oxygen species (ROS)

DCF fluorescence was used to detect the generation of cellular ROS
[47]. K562 cells were exposed to 50 and 100 μM TetraIM for 48 h at

37 ◦C and to 100 tert-butylhydroperoxide (t-BHP) for 1 h at 37 ◦C as a
positive control. After treatments, 2 × 105 cells were incubated with
DCFH2-DA to a final concentration of 20 μM at 37 ◦C for 30 min. After
washing with PBS, the fluorescence intensity of cells was analyzed with
a Perkin–Elmer LS-50B spectrofluorometer, setting excitation at 502 nm
and emission at 523 nm.

2.9. Detection of Mitochondrial Transmembrane Potential (ΔΨm)

The fluorescent dye JC-1 was used to analyze changes in mitochon-
drial membrane potential. After treatments, 5 × 105 cells were labeled
with 2 μM JC-1 for 30 min at 37 ◦C; then cells were washed twice with a
warm serum-free medium and resuspended in 500 μL RPMI 1640
without phenol red for spectrofluorimetric analysis [48].
The red fluorescence in excitation/emission (488 nm/595 nm) and

green fluorescence in excitation/emission (488 nm/535 nm) were
measured using a Perkin-Elmer LS-50B spectrofluorometer. Then, the
red/ green fluorescence intensity ratio, which allows the characteriza-
tion of mitochondrial function, was determined. The protonophore
carbonyl cyanide m-chlorophenylhydrazone (50 μM CCCP) was used as
a positive control for potential disruption.

2.10. Statistical analysis

Biological data are reported as mean ± SD. Statistical differences
were calculated using the Student’s t-test. Results were considered sta-
tistically significant at p-value <0.05.

3. Results and discussion

The complexing properties of TrisIM and TetraIM were studied by
potentiometry and UV–Vis spectroscopy. Protonation and complexation
constants of BisIM have been reported elsewhere [34,35].
Cu/polypyridine systems have been widely investigated elsewhere,

and complex stability constants and complex copper(II) structures have
been reported [21,35,49,50].

3.1. Protonation equilibria of TrisIM and TetraIM

Four protonation constants have been measured for both investi-
gated ligands (Table 1); the third and fourth imidazoles of TrisIM and
TetraIM are too acidic to be protonated in the explored pH range
(2.5–10.5) and the corresponding equilibria could not be detected by
potentiometry.

3.2. Complex-formation equilibria with Cu2+

3.2.1. Spectrophotometry
Differently from Cu2+/BisIM complex (λmax = 580 nm, Martins et al.

[34]), the absorption bands for Cu2+/TrisIM solutions, recorded at
variable pH, are located around 640–660 nm, almost unchanged from
pH 4 to pH 10, with only a modest blue shift; this behaviour is the same
at both 1:1 and 2:1 metal/ligand ratios (Fig. 2). This λmax value, higher
than that recorded in the case of [Cu(BisIM)]2+ complex, is in keeping
with the pentaamine effect reported elsewhere [51], and it is also

Table 1
Protonation constants at I = 0.1 M (KCl), T = 25 ◦C.

BisIMa TrisIM TetraIM

Species logK logβ logK logβ logK group

HL+ 9.05 8.97(2) 8.97 8.42(2) 8.42 amine
H2L2+ 6.56 15.39(2) 6.42 14.99(3) 6.58 amine
H3L3+ 4.26 20.14(2) 4.75 20.36(3) 5.37 Im
H4L4+ 3.21 22.71(3) 2.57 24.03(4) 3.67 Im

a Protonation data for BisIM are from [34,35].
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compatible with the hypothesis of a mixture of (Nim, Namine, 2H2O),
(2Namine, 2H2O) and (2Nim, Namine, H2O) planar or elongated octahedral
structures (predicted λmax = 673, 663 and 617 nm, respectively) [52].
Spectrophotometric data exclude the formation of (4 N) species, with
four nitrogen atoms bound to the same metal ion (predicted λmax < 580
nm).
Otherwise, in the case of the Cu2+/TetraIM system, we observed two

different spectrophotometric behaviours. When the M/L concentration
ratio is 1:1 (Fig. 3, left), the position of the absorption band is fixed
around 700 nm, thus suggesting a (2 N) geometry in the equatorial plane
(predicted λmax = 663–687 nm, eventually “red-shifted” to higher
wavelengths by the axial coordination of further imidazole nitrogens
[52]). On the basis of the present experimental data, it is not possible to
identify the specific groups involved in complexation, but, most likely, a
mixture of species exists with different nitrogen combinations. The
binding of three or four nitrogen atoms in the equatorial plane of the
complex seems to be excluded throughout all the pH range.
On the other hand, when the M/L concentration ratio is 2:1 (Fig. 3,

right), a not negligible blue shift is observed when the solution pH is
increased (along with precipitation at pH higher than 9). This behaviour
could be ascribed to the formation of binuclear species, where the sec-
ond Cu2+ ion can bind up to three nitrogen atoms in the squared
equatorial plane, possibly with coordination (Nim, 2Namine, H2O) (pre-
dicted λmax = 605 nm). A similar species has been reported for TPEN
copper complexes [50].

3.2.2. Potentiometry of Cu2+/TrisIM complexes
Potentiometric studies on Cu2+/TrisIM solutions suggested the for-

mation of only variously protonated, mononuclear complexes, with 1:1
stoichiometry (see Table 2), also in the presence of an excess of ligand or
metal ion. The distribution diagram of Fig. 4 shows that the main spe-
cies, formed in a wide pH range around neutrality, is the complex
[CuL]2+, in good agreement with what was reported in previous studies
on BisIM copper complexes [34]. Precipitation was observed in the case
of a metal/ligand ratio of 2:1 (CM = 1 mM), around pH 6.5.
The first species detected at the lowest limit of the pH range is

[CuHL]3+; this complex reaches its formation maximum around pH 3
where it bounds about the 60% of all the Cu(II) ion available in solution
(Fig. 4). Its stoichiometry implies that only one nitrogen atom of the

Fig. 2. Uv-Vis spectra at variable pH of Cu2+/TrisIM solutions. On the left: M/L concentration ratio = 1:1, C◦M = 0.65 mM; on the right: M/L concentration ratio =
2:1, C◦M = 0.85 mM.

Fig. 3. Vis spectra at variable pH of Cu2+/TetraIM solutions. On the left: M/L concentration ratio = 1:1, C◦M = 0.66 mM; on the right: M/L concentration ratio = 2:1,
C◦M = 0.86 mM.

Table 2
Complex-formation constants with Cu2+ at I = 0.1 M (KCl), T = 25 ◦C.

BisIM(a) BisIM(b) TrisIM TetraIM

Species logβ logβ logβ logK logβ logK

[CuH2L]4+ – – – – 23.3(5) –
[CuHL]3+ – – 19.05(3) – 21.1(4) 2.2
[CuL]2+ 16.5 16.65 15.77(2) 3.28 15.7(4) 5.4
[CuH− 1L]+ – – 5.84(3) 9.93 5.4(4) 10.3
[Cu2L]4+ – – – – 18.4(7) –
[Cu2H− 2L]2+ – – – – 5.8(4) –
np 200 250
σ 3.5 5.3

(a) [35]; (b) [34].
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ligand is protonated, most likely that of the most basic amino group of
the backbone. Nonetheless, if the second amine and all the imidazole
side groups are deprotonated at a pH as low as 3, two or three of them
should be bound to the metal ion. This behaviour can justify the spec-
trophotometric results showing a wide absorption band centred around
a λmax value of 653 nm.When pH is increased, the last proton is released,
with a logK value of 3.28 (Table 2). Since this proton was bound to the
second amino group, the logK value suggests the coordination to copper
in substitution of one imidazole. In fact, only a modest blue shift is
observed (from 653 to 640 nm), as expected by the substitution of a
“weaker” imidazole nitrogen atom by a “stronger” amine nitrogen; on
the other hand, this blue shift is too low to suggest the formation of a 4 N
complex, whose wavelength of maximum absorption would be much
lower than 600 nm, as observed in the Cu2+/BisIM system [34]. The last
deprotonation step, observed in the alkaline pH range, can be ascribed to
a water molecule of the inner hydration sphere of Cu2+.
If the metal-to-ligand ratio is raised to 2:1, the behaviour is the same,

taking into account that the excess of copper remains uncomplexed,
giving rise to precipitation at pH 6.5 (not shown).

3.2.3. Potentiometry of Cu2+/TetraIM complexes
In the case of the Cu2+/TetraIM system, when the metal ion and

ligand concentrations are equimolar, the situation is similar to that
described above for TrisIM (from the point of view of the stoichiometry

of the formed complexes), except for the fact that the additional di-
protonated [CuH2L]4+ species has been detected at the most acidic pH
values. This is not surprising since TetraIM contains one more imidazole
group than TrisIM. The main species at neutral pH is again the [CuL]2+

complex (Fig. 5, left).
In the presence of an excess of copper ion, binuclear species are

formed, which can bind the additional metal ion and avoid the forma-
tion of insoluble species till pH 9 (Fig. 5, right). The species distribution
is deeply affected by the formation of the binuclear complex
[Cu2H− 2L]2+ above pH 6, which quickly becomes the most abundant
species in solution, practically involving all the metal ions in the alkaline
pH range. This species is certainly responsible for the unexpected
changes in the Vis spectra described above.

3.3. Comparison of the complexing ability of polyimidazole ligands

An evaluation of the overall strength of the investigated ligands to
stably coordinate the Cu2+ ion can be obtained through a competition
diagram, calculated - in the whole explored pH range - from the deter-
mined stability constants of the binary metal complexes with each
ligand. The diagram reported in Fig. 6 refers to a hypothetical solution

Fig. 4. Distribution diagram of Cu2+ complexes with TrisIM and corresponding
λmax values of the Vis spectra (diamond symbols scaled on the right axis). C◦M
= C◦L = 0.65 mM.

Fig. 5. Distribution diagrams of Cu2+ complexes with TetraIM and corresponding λmax values of the Vis spectra (diamond symbols scaled on the right axis). On the
left: C◦M = C◦L = 0.66 mM. On the right: C◦M = 0.86 mM; M/L 2:1 ratio.

Fig. 6. Calculated competition diagram on a solution containing Cu2+, BisIM,
TrisIM and TetraIM, all of them 1 mM. Only the formation of binary complexes
is hypothesized.
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containing equimolar concentrations of the metal ion, BisIM, TrisIM and
TetraIM. At the most acidic pH values, TetraIM proves to be the most
effective ligand, most likely due to its higher number of imidazole
groups acting as anchoring sites for the copper ion. However, at pH >4,
the [CuL]2+ complex formed by BisIM dominates the system due to the
ability of this ligand to bind the metal ion in a very stable (4 N) mode.
TetraIM is a better ligand than TrisIM around neutral pH, and this
property can be again ascribed to its higher number of imidazole groups,
which allow more different combinations of binding atoms in the
complex-formation equilibria.

3.4. Effects on cancer cell growth and viability

The effect of polyimidazole ligands, BisIM, TrisIM, and TetraIM, on
the growth and viability of CaCo-2, SH-SY5Y and K562 cancer cells was
compared to that of polypyridine ligands, Bispicen, Trispicen and TPEN.
The ligands were studied alone and in the presence of CuCl2. Stability
constants for polyimidazole ligands reported above were used to obtain
speciation in the presence of copper(II). As for polypyridine ligands,
stability constants reported elsewhere were used [21,35].
The calculations at different ligand concentration values in the range

6.25–100 μM, with a Cu2+ concentration of 20 μM at pH 7.4, showed
that, for all the polyimidazole and polypyridine ligands, the only formed
complex is always the species [CuL]2+, which involves all the metal ion
in solution when the ligand is equimolar to copper or in excess; only in
the case of TetraIM, the binuclear species [Cu2H− 2L]2+ is also formed at
the lowest ligand concentration.
Cells were exposed to increasing concentrations (from 6.25 to 100

μM for BisIM, TrisIM and TetraIM; from 5 to 80 μM for Bispicen; from 1
to 16 μM for Trispicen and TPEN) of compounds for 48 h, in the presence
or absence of 20 μMCuCl2. Then, cell survival, compared with untreated
controls, was evaluated using the MTT assay. The IC50 values obtained
are summarized in Table 3.
Cell viability of all cell lines was almost unaffected by the presence of

BisIM and TrisIM.
BisIM, despite IC50 values>100 μM, showed a mild cytotoxic activity

only on SHSY-5Y cells at the concentrations of 50 and 100 μM, with a
24% and 28.3% reduction of viability, respectively. TetraIM induced a
significant antiproliferative effect in K562 cells with an IC50 value of 53
μM, but it did not show any relevant cytotoxic activity in the other cell
lines.
A stronger antiproliferative effect was instead induced by poly-

pyridine ligands, mainly by Trispicen and TPEN, with IC50 values
ranging from 6.2 to 8.7 μM for all tested cells. A different behaviour
among the cell lines was observed in the cytotoxic effect of Bispicen; a
higher susceptibility was found in K562 cells with an IC50 value of 10.6
μM, while CaCo-2 cells were less responsive to the Bispicen activity.
Although the effect of these ligands on normal peripheral blood

lymphocytes has previously been studied [28,32], the experiments were
also carried out under the same experimental conditions on a different
type of normal cells, the human keratinocyte HaCaT cell line. Poly-
imidazole ligands showed no significant effects on HaCaT cell viability,
whereas, with polypyridine ligands, cytotoxic activity was also observed
in normal cells with IC50 values similar to those of cancer cells. This
result confirms the toxic behaviour of polypyridine ligands described
towards normal peripheral blood lymphocytes [28,32], while BisIM and
TetraIM proved to be less active on HaCaT cells than on lymphocytes.
Since cytotoxicity induced by both TetraIM and polypyridine ligands

was always reduced by the addition of 20 μM CuCl2, which prevents the
chelation of intracellular metals, it can be hypothesized that their ac-
tivity was mainly due to the extraction of essential metals, especially
copper, but also iron and zinc, from enzymes involved in several bio-
logical processes.
As for TPEN complex with copper, iron and zinc have been investi-

gated and copper complex showed the highest stability (logβCuL = 20.6,
logβZnL = 15.6 and logβFeL = 14.6) [53]. A similar trend can be hy-
pothesized for other ligands in keeping with the Irving Williams series
[54].
Polypiridine ligands were the most active compounds in this study

and their antiproliferative mechanism has been investigated
[19–21,55]. We studied the selective antiproliferative mechanism of
TetraIM that induced cell death only in leukemic K562 cells without
affecting the viability of normal keratinocyte cells.

Table 3
Cytotoxic activities of polyimidazole and polypyridine ligands. The given values
are the IC50 (concentration of compounds that inhibited cell growth by 50%)
expressed in μM.

Compound K562 CaCo-2 SH-SY5Y HaCaT

BisIM > 100 > 100 > 100 > 100
BisIM +20 μM CuCl2 > 100 > 100 > 100 > 100
TrisIM > 100 > 100 > 100 > 100
TrisIM +20 μM CuCl2 > 100 > 100 > 100 > 100
TetraIM 53.0 ± 5.3 > 100 > 100 > 100
TetraIM +20 μM CuCl2 > 100 > 100 > 100 > 100
Bispicen 10.6 ± 0.5 > 80 59.3 ± 2.1 22.1 ± 2.1
Bispicen +20 μM CuCl2 34.6 ± 3.1 > 80 72.4 ± 3.2 57.0 ± 6.3
Trispicen 7.3 ± 0.7 6.9 ± 0.4 8.7 ± 1.7 6.2 ± 0.3
Trispicen +20 μM CuCl2 > 16 > 16 > 16 14.8 ± 1.0
TPEN 6.5 ± 0.2 6.9 ± 0.2 7.8 ± 0.3 6.5 ± 0.4
TPEN +20 μM CuCl2 > 16 > 16 > 16 > 16

Results represent the mean ± SD of three independent experiments.

Fig. 7. Effect of 50 and 100 μM TetraIM on K562 cell growth (A) and viability
(B). Untreated or TetraIM-treated cells were counted at the indicated time and
the percentage of trypan blue negative K562 cells after exposure to TetraIM was
determined. Results represent the mean ± SD of three independent experi-
ments. *Data are significantly different from untreated control (p < 0.05). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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The effect of 50 and 100 μM TetraIM on K562 cell growth and
viability was also evaluated by trypan blue exclusion test after 24, 48
and 72 h of treatment.
During the first 24 h of incubation, 50 and 100 μM TetraIM treat-

ments induced only a mild decrease of cell growth compared to un-
treated cells; afterward, an almost full block of growth was observed
(Fig. 7A). After 72 h of 50 and 100 μM TetraIM exposure, the amount of
dead cells was around 20% and 40%, respectively (Fig. 7B).

3.5. TetraIM-induced apoptosis in K562 cells

To determine the mechanism by which TetraIM inhibited K562 cell
growth and exerted its cytotoxic effects, treated K562 cells were
analyzed for changes in nuclear morphology typical of apoptosis.
TetraIM-treated K562 cells exhibited a progressive increase of

apoptotic cells upon 24 h of treatment, which reached about 30% and
57% of apoptotic cells after 72 h with 50 and 100 μM, respectively
(Fig. 8).
The occurrence of the apoptotic process was confirmed by measuring

the activity of the caspase-3 enzyme, which plays a crucial role during
the apoptotic process and is a key element in the execution phase of
apoptosis. In K562 cells, TetraIM treatment induced a significant in-
crease of caspase-3 activity that reached a 22.5-fold value with a con-
centration of 50 μM and a 48.4-fold value with a concentration of 100
μM, as compared to control untreated cells after 72 h of incubation
(Fig. 9A).
Since apoptotic cell death is regulated by either the extrinsic and the

intrinsic pathways, activated by the “initiator”, caspase-8 or caspase-9,
respectively, to examine further the mechanism of TetraIM-induced
apoptosis, its effect on the activation of initiator caspases was investi-
gated. Significant increases, with similar time courses, of both caspase-8
and caspase-9 activities were observed (Fig. 9B, C). The near simulta-
neous activation of both caspase-9 and caspase-8 in K562 cells suggests

that apoptosis could be induced through a cross-talk between the
extrinsic and the intrinsic pathways that led to mitochondrial depolar-
ization and activation of effector caspase-3.

3.6. ROS generation and alteration in mitochondrial membrane potential
(ΔΨm)

To investigate the mechanisms associated with TetraIM cytotoxicity,
the involvement of reactive oxygen species (ROS) and changes in
mitochondrial membrane potential were studied. Intracellular ROS
accumulation was tested by using the ROS-sensing fluorescent probe
DCFH-DA. A significant dose-dependent increase of intracellular ROS,
about 3 and 7.5-fold, after 48 h of treatment with 50 and 100 μM Tetra-
IM, respectively, was observed (Fig. 10). This result suggests that
TetraIM-induced apoptosis could be due not only to metal depletion but
also to the significant increase in intracellular ROS with a mechanism
like that described for TPEN [25]. TetraIM-Cu complexes could be
redox-active and react with O2 to produce anion superoxide and H2O2,
contributing to alteration in the redox homeostasis and triggering cell
toxicity and death. The involvement of mitochondria in TetraIM-
induced apoptosis was determined by measuring alteration in the
mitochondrial membrane potential (MMP) by JC-1 dye.
JC-1 is a dual-emission dye that can exist as either a green fluores-

cence monomer in depolarized mitochondria of unhealthy/apoptotic
cells or a red fluorescence aggregate in polarized mitochondria of
healthy cells, allowing the measurement of the degree of mitochondrial
polarization status through the red/green fluorescence ratio [48].
A significant dose-dependent decrease in the ratio of red-green

fluorescence intensity, indicating depolarization of mitochondrial
membranes, was observed after 48 h of treatment (Fig. 11).
This result confirms the involvement of the intrinsic pathway in

apoptosis activation.

Fig. 8. Effect of TetraIM on K562 apoptosis. Analysis of nuclear morphological features of apoptosis. The percentage of condensed and fragmented nuclei was
estimated by fluorescence microscope analysis of acridine orange and ethidium bromide double-stained cells observed at the indicated times. Results represent the
mean ± SD of three independent experiments. *Data are significantly different from untreated control (p < 0.05). The insert shows representative microscope pictures
of K562 cells after 72 h of treatments; arrows indicate apoptotic cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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4. Conclusions

We studied the complexation properties of tris and tetraimidazole
ligands, which can form copper complexes with high stability constants.
Although their copper-complexation capability, the polyimidazole li-
gands are less cytotoxic than the analogous polypyridine ligands. The
toxicity of polyimidazole and polypyridine ligands was reduced in the
presence of copper(II). Nevertheless, polypyridine ligands carry out
their activity extensively and not selectively, being equally active on

cancer and normal cells. TetraIM, the only polyimidazole ligand active
on a cancer cell line, induced caspase-dependent apoptosis with an in-
crease in intracellular ROS production and mitochondrial damage in
leukemic K562 cells. This mechanism may be associated with copper
chelation, leading to redox dyshomeostasis, as widely reported [56,57].
The chelation of iron or zinc cannot be excluded even if the reported
stability constants of polypyridine ligands are lower than those for

Fig. 9. Caspase-3 (A), caspase-8 (B) and caspase-9 (C) activities. The caspase
activities were measured in the cytosol of K562 untreated and TetraIM-treated
cells by using Ac-DEVD-AMC, Ac-LEDH-AMC and Ac-IETD-AFC as substrates,
respectively. Results represent the mean ± SD of three independent experi-
ments. *Data are significantly different from untreated control (p < 0.05). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 10. ROS production in K562 cells untreated or treated for 48 h with
TetraIM or for 1 h with 100 μM tert-butylhydroperoxide (t-BHP) as the positive
control. After incubation with 10 μM DCFH2-DA for 30 min, DCF fluorescence
was determined by spectrofluorimetric analysis. Results represent the mean ±

SD of three independent experiments. *Data are significantly different from
untreated control (p < 0.05).

Fig. 11. Analysis of changes in mitochondrial membrane potential of K562
cells after TetraIM treatment. Red/green fluorescence ratio analysis after JC-1
staining. Incubation with 50 μM CCCP for 5 min was used as a positive con-
trol for potential disruption. Results represent the mean ± SD of three inde-
pendent experiments. *Data are significantly different from untreated control (p
< 0.05).
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copper(II), in keeping with the Irving Willimas series.
The low cytotoxicity of the polyimidazole ligands, even if it limits

their use as anticancer agents, makes them promising for other medical
applications, such as in the treatment of metal overload, microbial in-
fections, inflammation, or neurodegenerative disorders. Further studies
will be necessary to evaluate other possible uses of these compounds.
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