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A B S T R A C T

This study uncovers the potential of a copper(II) Schiff base complex, CuL2+, to access the Cu(I) oxidation state 
and generate reactive oxygen species (ROS), highlighting its significance in eventual therapeutic applications. 
UV–vis absorption spectroscopy was used to follow the redox stability of the metal complex, also in the presence 
of reducing agents, such as ascorbic acid and glutathione, and of the copper(I) chelator, bathocuproine disul
fonate. Utilizing human tumor cell lines HepG2 (hepatocarcinoma cells), we assessed its efficacy in reducing cell 
viability, increasing the sub-G0/G1 cell fraction, and initiating apoptotic pathways. Cell viability assays 
demonstrated a dose-dependent cytotoxicity with pronounced effects at sub-micromolar concentrations. Flow 
cytometry revealed significant ROS production, followed by mitochondrial membrane potential dissipation, and 
caspase activation, underscoring CuL2+’s mechanism of action. These findings position CuL2+ as a promising 
candidate for cancer therapy, providing insights into copper complexes’ therapeutic application through 
oxidative stress and apoptosis modulation.

1. Introduction

Copper, an essential trace element in the human body, is present in 
quantities of about 100 mg in an average individual [1,2]. In the +2 
oxidation state, this metal ion plays a critical role in various enzymatic 
processes and cellular functions, including growth, cardiovascular 
integrity, lung elasticity, neovascularization, neuroendocrine function, 
and iron metabolism [3–6]. Similarly to other essential metal ions, due 
to copper’s prominent role in the human body, humans have evolved 
mechanisms to overcome its overload [3–5]. Copper can therefore be 
less toxic to humans than non-essential exogenous metals, such as 
platinum containing drugs [7–11]. Leveraging on this and on its unique 
chemical and physical properties, researchers have developed various 
bioactive copper-containing compounds to treat a range of health con
ditions, including copper deficiency, inflammation, rheumatoid 
arthritis, and thrombotic diseases [12,13].

In general, copper homeostasis can be also targeted as a cancer 

vulnerability, with two main therapeutic approaches: i) using chelators 
to deplete copper pools that support tumor proliferation and metastasis; 
ii) using copper ionophores to increase copper ions and induce 
cuproptosis, a form of oxidative stress-induced cell death triggered by 
copper excess [14].

In recent decades, copper complexes have therefore emerged as 
promising candidates in the field of anticancer therapy [6,11,15] with 
the Casiopeinas family being the most clinically advanced, as they 
reached Phase I clinical trials in Mexico [16–18]. It should be noted that, 
together with several copper(II) complexes from phenanthroline-like 
ligands [19,20], many metal compounds from different ligands, 
including bipyridines [21,22], terpyridines [23–26], thio
semicarbazones [27–30], or Schiff bases [31–33], have shown promising 
anticancer properties in vitro.

Overall, copper(II) complexes employ multiple mechanisms to exert 
their anticancer effects, with a notable pathway involving the induction 
of oxidative stress via the generation of reactive oxygen species (ROS) 
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[11,15]. ROS production, which leads to cancer cell death, is facilitated 
by the redox equilibrium of copper complexes between the copper(I) 
and copper(II) oxidation states, under physiological conditions. Addi
tionally, control over speciation of the metal center is crucial for 
achieving the desired anticancer effect, as shown recently in the case of 
CuPhenCl2 (Fig. 1) [34].

Besides ROS generation, potentially anticancer copper complexes 
inhibit topoisomerase I and II, disrupt proteasome function, and bind 
DNA, adding to their cytotoxic arsenal [11,15,35–38]. Moreover, they 
have also shown potent binding to G-quadruplexes (G4-DNA) [39–42], 
peculiar DNA conformations involved in cancer development and sus
tenance [43,44]. Intriguingly, the Schiff base metal complex CuL2+

(Fig. 1) has recently demonstrated tight and selective interactions with 
G4-DNAs, exhibiting binding constants nearly an order of magnitude 
higher than those of analogous compounds, such as ZnL2+ (Fig. 1) [39]. 
Despite this, the metal complex was unable to stabilize the human 
telomeric G4-DNA structure, likely due to the absence of favorable 
stacking interactions with the G4 tetrads. Nevertheless, CuL2+ has also 
shown interesting catalytic capabilities in the oxidation of benzyl alco
hols, when encapsulated in Zeolite Y [45]. Building on this, we propose 
that CuL2+ may hold potential as an anticancer agent, given its catalytic 
activity which suggests the possibility to access to the +1 oxidation 
state, henceforth potentially inducing ROS production in cancer cells. By 
investigating its stability and redox behavior, in this manuscript we 
elucidate CuL2+ capability to generate ROS, which could be exploited to 
induce apoptosis in cancer cells. Through a series of in vitro assays, we 
examine the effects of CuL2+ on cell viability, cell cycle progression, and 
apoptotic pathways, using HepG2 liver cancer cells as a model system. 
Our findings aim to establish CuL2+ not only as a promising candidate 
for cancer therapy but also to provide insights into how copper redox 
equilibrium can be leveraged for therapeutic advantage.

2. Materials and methods

2.1. General

Solvents and reagents (reagent grade) were all commercially avail
able and used without further purification. CuL(ClO4)2 was synthesized 
following a literature reported protocol [39] and its purity assessed via 
elemental analysis as it follows: C14H12Cl2N6CuO8 (CuL(ClO4)2), exp. C 
31.78 %, H 2.21 %, N 15.65 % (calc. C 31.92 %, H 2.30 %, N 15.96 %).

2.2. Spectroscopic studies

UV–vis spectra were collected using a Varian UV–vis Cary 1E double 
beam spectrophotometer equipped with a Peltier temperature 
controller. A 10 mM stock solution of the complex was prepared in 
DMSO and further diluted with water, ensuring that the organic solvent 
content in the final mixture never exceeded 0.005 %. UV–vis spectra of 
CuL2+ were recorded over 24 h, both alone and in the presence of 10 
equivalents of ascorbic acid (AA) or glutathione (GSH), which were 
previously dissolved in water or in buffer Tris-HCl 1 mM (pH = 7.4) to 
achieve a final stock concentration of 10 mM. Additionally, UV–vis 

spectra of CuL2+ alone or in the presence of 10 equivalents of AA were 
recorded with the addition of 2 equivalents of bathocuproine disulfonate 
(BCS), either at the beginning of the measurements or after 24 h. 
Anaerobiotic experiments were repeated in the same conditions, using 
degassed water purged with N2, and the reaction kept under a constant 
flow of N2.

The UV–vis spectrum of AA was recorded both independently and in 
the presence of 0.1 equivalents of CuL2+ and hydrogen peroxide (H2O2), 
maintained at a 10:1 ratio relative to AA. CuL2+ was prepared as a 5 mM 
stock solution in DMSO, while H2O2 was used as a 30 % solution, serving 
as a positive control. The experiments were conducted in 1 mM Tris-HCl 
buffer (pH = 7.4). The spectrum of AA alone was monitored over 24 h, 
whereas spectra recorded in the presence of CuL2+ and H2O2 were 
measured until the reaction reached completion, approximately one 
hour.

The Fluorescence-based detection of ROS was performed using 2′,7′- 
dichlorodihydrofluorescein (H2DCF) as a probe in a 3.0 mL quartz 
fluorescence cuvette. A 12 mL working solution of H2DCF 10 μM was 
prepared by deacetylation of H2DCF-DA with 0.01 M NaOH and 
neutralization with 1 mM Tris-HCl buffer (pH 7.4). The reaction mix
tures included a negative control with H2DCF alone, a test sample with 
CuL2+ (stock solution in DMSO, final DMSO content ≤0.005 %), and a 
positive control with H₂O₂, both with a final concentration of 10 μM. 
Each mixture was brought to a final volume of 3.0 mL. Fluorescence 
measurements were performed using a spectrofluorometer FP-8300 with 
an excitation wavelength of 488 nm and an emission range of 495–600 
nm and 525 nm band used to track ROS production. Fluorescence 
measurements were performed at two time points: immediately after 
sample preparation (t₀) and after 24 h storage in the darkness (t₂₄).

2.3. Electrochemical studies

Cyclic Voltammetry (CV) and Differential Pulse-Anodic Stripping 
Voltammetry (DP-ASV) experiments were carried out at room temper
ature (T = 298.15 K) by using a Metrohm 663 VA Stand (Series 05) 
workstation, equipped with a three electrode system supplied by Met
rohm, consisting of: a Multimode Mercury Electrode (MME, code 
6.1246.020) working in SMDE mode (Static Mercury Drop Electrode), a 
double junction Ag/AgCl/KCl (3 mol L-1) reference electrode (RE) 
(model 6.0728.120 + 6.1245.010), and a glassy carbon (GC) auxiliary 
electrode (AE) (model 6.1247.000 + 6.1241.020). The MME was filled 
with 99.9999 % Mercury (electronic grade, from Sigma-Aldrich). The 
workstation was connected to an Autolab potentiostat/galvanostat 
(Metrohm) with an IME663 interface (Metrohm). The whole system was 
controlled by NOVA v. 1.10 software (Metrohm). Purified N2(g) was 
bubbled into the solutions for 300 s prior to any experiment.

CV and DP-ASV experiments were performed on 10 mL of solution 
containing the 1 mM CuL2+ solutions, NaClO4 0.1 M as supporting 
electrolyte and at pH = 7. Voltammograms were acquired with the 
freshly prepared CuL2+ solution and with the same solution after 24 h. 
Further CV and DP-ASV experiments were performed replacing the 
CuL2+ with Cu(ClO4)2 at the same concentration. CV experiments were 
carried out with the following scan conditions: starting potential =
ending potential = − 0.300 V, upper vertex potential = 0.200 V, lower 
vertex potential = − 0.600 V, number of stop crossings 3, step potential 
= 0.001 V, scan rate = 20 mV s− 1.

The working conditions of DP-ASV experiments were as follows: 
deposition potential = − 0.600 V, deposition time = 1 s, equilibration 
time 10 s, start potential = − 0.600 V, end potential = 0.200 V, step 
potential = 0.001 V, modulation amplitude = 0.05 V, interval time =
0.5 s, scan rate 20 mV s− 1.

2.4. Cell culture and viability test

HepG2 liver cancer cells were maintained in Dulbecco’s modified 
Eagle medium (DMEM) supplemented with 10 % fetal bovine serum, 

Fig. 1. Chemical structures of CuPhenCl2 (Phen = 1,10-phenanthroline) and of 
the cationic copper(II) Schiff base complexes CuL2+ and ZnL2+ (L = N,N′-(1,2- 
phenylene)bis(1-(1H-imidazol-4-yl)methanimine)), both bearing two perchlo
rate anions as counterions.
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100 U/mL penicillin and 100 μg/mL streptomycin (Sigma, St.Louis, MO/ 
USA), at 37 ◦C in a 5 % CO2 atmosphere. For the viability assay, HepG2 
cells in exponential growth were detached from the flasks with 0.05 % 
trypsin-EDTA, counted, seeded at the concentration of 5500 cells/well in 
96-well plates, allowed to settle overnight, and grown in control con
ditions or in the presence of different concentrations of either CuL2+, 
copper(II) acetate or the sole scaffold ranging from 10− 3 to 102 μM for 
24 h. The trypan blue dye exclusion test was used to evaluate the number 
of viable cells [46,47]. The percent cell viability was determined as the 
ratio of the numbers of unstained cells between the treated and control 
conditions, and the half maximal inhibitory concentration (IC50) was 
evaluated, using the CompuSyn software [48].

2.5. Flow cytometry

HepG2 cells were seeded in 6-well plates at a concentration of 88,000 
cells/well and grown in control conditions or exposed to IC50 of CuL2+

for 24 h. Triplicate flow cytometric assays were performed as already 
reported [49,50] in a FACSCanto equipment (BD Biosciences, Franklin 
Lakes/NJ, USA), and 10,000 events were evaluated in each test. The 
obtained fcs files were analyzed with the Floreada tool available online 
at https://floreada.io (accessed on September 20th 2024). Gating in the 
FSC vs. SSC plot was performed to exclude cell debris, displaying low 
FSC values, from the results, whereas gating in the FSC-H vs. FSC-A plot 
was performed to exclude cell doublets and multiplets from the data of 
cell cycle analyses.

2.5.1. Cell cycle analysis
For the evaluation of the distribution of control and treated cells in 

the cycle phases, HepG2 cells were fixed with cold 70 % ethanol, 
exposed to 40 μg RNase A/mL, and stained with 20 μg propidium iodide 
(PI)/mL before analysis.

2.5.2. Apoptosis assay
The onset of apoptosis was checked through the binding of Annexin 

V-fluorescein isothiocyanate (FITC) to externalized phosphatidylserine. 
To this purpose, control and treated cells were labeled with Annexin V- 
FITC and PI as described by the manufacturer of the kit (Canvax Biotech, 
Cordoba, Spain). The percentages of live cells (Annexin V− and PI− ), 
necrotic cells (Annexin V− and PI+) early-stage apoptotic cells (Annexin 
V+ and PI− ) and late-stage/dead apoptotic cells (Annexin V+ and PI+) 
were determined.

2.5.3. Reactive oxygen species (ROS) assay
ROS generation in control and treated cells was determined with the 

ROS Detection Assay kit (Canvax Biotech), monitoring the extent of 
deacetylation and oxidation of the probe 2′,7’dichlorodihydro
fluorescein diacetate into the fluorescent 2′,7’dichlorodihydro
fluorescein, according to the manufacturer’s instructions.

2.5.4. Mitochondrial membrane potential (MMP) measurement
To estimate their MMP status, control and treated cells were incu

bated with JC10 (Abcam, Cambridge, UK), a ratiometric fluorescent 
indicator sensitive to modifications of MMP, which aggregates in the 
mitochondrial matrix and undergoes a fluorescence emission shift from 
green (520 nm) to red (570 nm) in healthy cells, whereas it remains 
monomeric and stains cells green in the case of dissipation of MMP. A 
positive control containing 1 μM valinomycin, a K+ ionophore which 
dissipates MMP, was included in the assay.

2.6. Caspase activity assay

HepG2 cells were seeded in 6-well plates at a concentration of 88,000 
cells/plate and grown for 24 h in control conditions or exposed to IC50 of 
CuL2+. Caspase activity was investigated using the Caspase Family 
Colorimetric Substrate kit II Plus (Abcam), following the manufacturer’s 

instructions [46].

2.7. Detection of LDH release

For this assay the Lactate Dehydrogenase (LDH) Cytotoxicity 
Colorimetric Assay kit (Elabscience, Houston/TX, USA) was employed 
according to manufacturer’s instructions. In brief, HepG2 cells were 
grown in control conditions or exposed to IC50 of CuL2+ for 24 h and 
then the supernatants of control and treated cells were drawn and 
incubated with the reaction working solution at 37 ◦C for 10 min. The 
optical density of each sample was determined at λ = 450 nm in a 
microplate reader.

2.8. Preparation of cell lysates and Western blot

Western blot analysis was performed as described elsewhere [46]. 
Essentially, trypsinized control and treated HepG2 cells were resus
pended in a lysis buffer containing 7 M Urea, 2 % CHAPS, and 10 mM 
DTT, supplemented with a protease inhibitor cocktail (Sigma). Equal 
amounts of proteins were separated by 13 % sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis (SDS-PAGE) and the protein bands 
transferred to nitrocellulose membranes. The blots were incubated with 
either primary antibody, i.e., rabbit gasdermin E (GSDME) antibody 
(A7432–20, ABclonal, Woburn/MA, USA; working dilution 1:750) or, as 
an endogenous control, rabbit actin antibody (Ab8227, Abcam; working 
dilution 1:1000) at 4 ◦C overnight. After exhaustive washing, the 
membranes were then incubated with the peroxidase-conjugated anti- 
rabbit secondary antibody (Ab6721, Abcam; working dilution 1:3000) 
at room temperature for 1 h. The protein bands were detected in a 
molecular imager (Versadoc MP Imaging System, Bio-Rad, Hercules, CA, 
USA) using the SuperSignal West Pico Plus substrate (ThermoFisher, 
Waltham, MA, USA) and quantitated used the Quantity One v.4.6.6 
software (Bio-Rad).

2.9. Statistics

The normality tests were performed with SigmaPlot 11.0 software 
(SYSTAT, San Jose, CA, USA). For Western blot experiments, the data 
were analyzed by unpaired two-tailed Student’s t-test using GraphPad 
Prism 9 software (GraphPad, San Diego, CA, USA).

3. Results and discussion

3.1. Stability, cu(I) accessibility, and redox potential of CuL2+

As redox-activity is a key step for the antiproliferative effect of 
copper(II) complexes - according to our hypothesis - we assessed the 
stability of CuL2+ in water by monitoring the evolution of its UV–vis 
spectrum over time. To mirror the biological experimental conditions, 
CuL2+ was dissolved in DMSO, ensuring the percentage never exceeded 
0.005 % in the experiments. The UV–vis spectrum of CuL2+ in water is 
characterized by two intense peaks at 305 and 315 nm, likely due to 
intraligand π-π* transitions, and a broad shoulder with three maxima at 
347, 371, and 385 nm, attributable to infra-ligand transitions (black line 
in Fig. 2a-c).

Over 24 h, all these bands experienced a mild hypochromic effect, 
with the broad shoulder decreasing by approximately 14 % (Fig. 2a), 
indicating substantial stability of the compound under these experi
mental conditions. Interestingly, the absorbance decrease remained 
consistent regardless of whether the experiment was conducted in the 
presence or absence of O2 (Fig. S1), demonstrating that the extent of the 
decrease is independent of oxygen availability. However, despite not 
being pronounced, the appearance of such an event can be attributed to 
several phenomena, ranging from solvent coordination to the 2+ → 1+
reduction of the metal center. To deepen the latter aspect, we examined 
the stability of CuL2+ in the presence of 10 equivalents of two reducing 
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agents: AA and GSH, the latter chosen as model of physiologically 
relevant human reducing agents. Over 24 h, the UV–vis spectra of CuL2+

showed again a hypochromic effect, this time more pronounced than the 
one observed with the metal complex alone, with the band at 347 nm 
decreasing by nearly 57 % regardless of the reducing agent used (Fig. 2b 
and c). Intriguingly, the three solutions pH never changed during the 
experiments. Overall, this result suggests that in water, even in the 
absence of reducing agents, CuL2+ undergoes a spontaneous, very mild, 
one electron reduction of the metal center, as reported for other copper 
(II) complexes as those of phenantroline-like ligands [24]. Additionally, 
a comparison of the 347 nm band evolution in the three different 
experimental conditions is presented in Fig. 2d, while its normalized 
graph is plotted in Fig. 2e. These graphs confirm a comparable extent of 
hypochromism in the presence of both reducing agents but show that the 
decrease rate of the 347 nm band is much faster with AA, reaching a 
plateau after ca. 8 h. In contrast, with GSH the rate is similar to that of 
the compound alone, reaching a plateau only after ca. 19 h. Several 
factors contribute to the interpretation of this intriguing similarity, such 
as the redox mechanisms and the various species involved in the redox 
reactions.

Furthermore, the UV–vis spectra at 24 h for CuL2+ alone and in the 
presence of ascorbate or GSH revealed distinct features (Fig. S2). Despite 
the absorbance decrease, the shape of the CuL2+ UV–Vis spectrum (blue 
line in Fig. S2) remained relatively unchanged, while that in the pres
ence of ascorbate exhibited a similar profile (red line in Fig. S2), sug
gesting an analogous overall behavior between these conditions. In 
contrast, the spectrum with GSH (green line in Fig. S2) showed a more 
pronounced change around 350 nm, indicating the formation of new 
species in solution: this behavior suggests that GSH likely displaces the 
Cu(I) ion, upon its formation, from the ligand, forming a Cu(I)-GSH 
complex [51], with the resulting UV–vis spectrum representing a com
bination of Cu(I)-GSH and unreacted CuL2+. On the other hand, the 
similarity between the spectra of CuL2+ alone and CuL2+ with AA sug
gests that, in the latter case, the Cu(I) ion is formed without binding to 
AA.

To confirm the formation of Cu(I) species, following literature re
ported protocols [23,24,26], we repeated the stability kinetics in water 
in the presence of 2 equivalents of BCS, a well-known copper(I) chelator 
that forms a 2:1 (BCS:Cu+) complex with a characteristic UV–vis band at 
490 nm in water [23,24,26]. The addition of BCS to the CuL2+ solutions, 
either alone or with AA, resulted in the instantaneous appearance of the 
490 nm band in the UV–vis spectra, reaching a plateau in both cases 
after 7 h (Fig. 3a-c). This confirms the formation of Cu(I) species, readily 
chelated by BCS. Intriguingly, however, the extent of Cu(BCS)2 forma
tion was comparable, with or without AA, which apparently contrasts 
with the weak decrease of the 347 nm band observed for the copper(II) 
complex when not exposed to any reducing agent.

To further investigate this aspect, the kinetics were repeated adding 
the BCS only after 24 h. The results, shown in Fig. 3d and e, clearly 
indicate that while the hypochromism is more pronounced with AA, as 
also observed in the previous experiments, the addition of BCS after 24 h 
equalizes the effect, resulting in similarly intense bands at 490 nm. Thus, 
it could be concluded that the use of BCS promotes the formation of Cu+

ions even in the absence of reducing agents: the presence of Cu+ stabi
lizing ligands, such as BCS, indeed, shifts towards right the Cu2+ ⇋ Cu+

reduction equilibrium, to a similar extent than the presence of a strong 
reducing agent, such as AA.

We next evaluated the stability of the copper(II) complex in a near- 
physiological pH buffer, 1 mM Tris–HCl, pH 7.4. Under these condi
tions, the effects of AA and GSH on the complex’s UV–Vis spectrum were 
largely consistent with those observed in water: both reductants caused 
a ~ 52 % decrease in the complex’s 347 nm absorption band. Notably, 
even in the absence of any added reductant, the complex alone under
went a substantial loss (~50 %) of its 347 nm band intensity in the pH 
7.4 buffer, essentially matching the decrease seen with AA or GSH 
(Fig. S3). After 24 h, addition of BCS led to the immediate appearance of 
a 490 nm band, confirming the formation of Cu(I) species from the 
complex (See inset in Fig. S3).

These observations indicate that the copper(II) center in CuL2+ can 
be spontaneously reduced to copper(I) even under mild, near- 

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 2. UV–vis spectra of CuL2+ alone (a, [CuL2+] = 62.9 μM, pH = 7.00) and in the presence of 10 equivalents of AA (b, [CuL2+] = 58.0 μM, pH = 4.10) or GSH (c, 
[CuL2+] = 49.2 μM, pH = 3.68) recorded in water over 24 h. The evolution of the 347 nm band and its normalization are shown in (d) and (e) respectively.
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physiological conditions, suggesting that the complex could be inher
ently capable of oxidizing substrates of biological relevance under these 
in vitro conditions. To further probe this redox behavior, we monitored 
the oxidation of AA in the presence of CuL2+ by UV–Vis spectroscopy, 
using the same 1:10 CuL2+:AA molar ratio as before (Fig. 4a,b and 
Fig. S4). We performed the experiment in 1 mM Tris–HCl (pH 7.4) to 
maintain physiological pH, and subtracting the complex UV–Vis spec
trum to avoid spectral overlap with AA’s absorbance. Under these 
conditions, AA alone exhibits a characteristic absorption maximum at 
264 nm, which decreased by ~30 % over 24 h in the absence of the 
complex (Fig. S4). In the presence of CuL2+, however, the 264 nm AA- 
band diminished completely within about 25 min. This rapid loss of 
AA absorbance is markedly faster than the effect of an equimolar 
amount of H2O2, which required roughly 40 min to produce a similar 
decrease at 264 nm (Fig. 4a,b). Thus, CuL2+ accelerates AA oxidation 
significantly, indicating efficient Cu2+ → Cu1+ reduction during the 
process and demonstrating a redox activity comparable to that of H2O2 
under the same conditions.

Although the accelerated AA oxidation underscores the complex’s 
strong redox activity, one could argue that the presence of a reducing 
agent (AA) might bias the system. We therefore employed a reactive 
oxygen species (ROS) detection assay (the H2DCF /DCF fluorescence 
assay) to evaluate whether CuL2+ alone can generate ROS. In this assay, 
non-fluorescent H2DCF is oxidized to fluorescent DCF, providing a 
validated readout of ROS generation. Samples containing H2DCF were 
incubated with or without CuL2+ (1 or 5 equivalents) in 1 mM Tris–HCl 
(pH 7.4), and fluorescence (Ex = 488 nm, Em = 525 nm) was measured 
at t = 0 h and after 24 h. The experiment was further repeated using an 
equivalent amount of H2O2 as a positive control. Full emission spectra 
are provided in Fig. S5, and the increases in DCF fluorescence are 
summarized in Fig. 4c. As expected, in the absence of the complex, 

fluorescence remained negligible, confirming that H2DCF does not 
oxidize to DCF on its own. By contrast, with 1 equivalent of CuL2+, the 
DCF fluorescence increased by approximately 200-fold over 24 h. Using 
5 equivalents of the complex did not produce a substantially higher 
signal, suggesting that the oxidative conversion reaches a plateau at 
around 1 equivalent of CuL2+. Importantly, the magnitude of fluores
cence increase observed with CuL2+ was comparable to that produced 
by H₂O₂, demonstrating that the complex can oxidize the H2DCF sub
strate to a similar extent as a classical oxidant under these experimental 
conditions. Collectively, these experiments demonstrate that the copper 
(II) center in CuL2+ is readily reduced to copper(I) in aqueous solution at 
physiological pH, and that this enables ROS-mediated oxidation of 
substrates (including biologically relevant molecules like AA) under our 
experimental conditions.

To further investigate the redox behavior of CuL2+, we com
plemented our spectroscopic analyses with electrochemical measure
ments using DP-ASV and CV techniques. These approaches are widely 
employed to probe metal–ligand interactions and redox stability by 
analyzing shifts in the deposition potential of electroactive metal centers 
[52,53]. In our study, DP-ASV measurements were performed on Cu 
(ClO4)2, a freshly prepared CuL2+ solution, and the same CuL2+ solution 
after 24 h, using 0.1 M NaClO4 as supporting electrolyte. As shown in 
Fig. S6a, the freshly prepared CuL2+ solution displayed a negative shift 
in peak potential and a decrease in its height compared to free copper 
(II), indicating successful coordination with the ligand. After 24 h, the 
voltammogram revealed the disappearance of the initial peak in favor of 
two new signals, which are consistent with changes in the redox envi
ronment of the metal center, likely due to partial copper(II) reduction 
over time.

These findings were further supported by CV analysis (Fig. S6b), 
which showed shifts in both anodic and cathodic peaks for the CuL2+

Wavelength (nm) Wavelength (nm)

Wavelength (nm)Wavelength (nm)

Fig. 3. UV–vis spectra of CuL2+ alone (a) and in presence of 10 equivalents of AA (c) in the presence of 2 equivalents of BCS, recorded in water over 24 h. (b) 
Normalized evolution of the 490 nm band. UV–vis spectra of CuL2+ alone (d) and in presence of 10 equivalents of AA (e) in recorded in water at 0 h (black curves), 
24 h (red curves) and upon addition of 2 equivalents of BCS at 24 h (blue curves). (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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complex compared to the free copper(II) salt, confirming coordination. 
The voltammogram recorded after 24 h indicated a modification in the 
complex redox profile, while still maintaining features consistent with a 
coordinated metal center. Additionally, the redox process appeared to 
be quasi-reversible under the experimental conditions, as reported for a 
similar copper(II) salen complex [54]. However, due to the use of a 
mercury drop working electrode, the accessible potential window was 
narrow, limiting the voltametric studies to the solely copper(II) - copper 
(I) couple. Overall, these electrochemical results are in excellent 
agreement with our UV–Vis and fluorescence-based data, further con
firming the redox-active nature of CuL2+ and its ability to access the Cu 
(I) oxidation state over time.

In light of the reducing conditions present in some cancer and their 
capabilities to deplete Cu+ ions by forming ROS, we chose to investigate 
next the anticancer effects of the copper(II) complex.

3.2. CuL2+ induces the dose-dependent decrease of HepG2 cell viability

To gain information on these properties, we decided to test CuL2+

antiproliferative effects on HepG2 cells viability via trypan blue exclu
sion test and compare them with those of copper(II) acetate and the sole 
Schiff base ligand (L). It should be noted that, even though UV–Vis 
measurements were performed in 1 mM Tris–HCl buffer (pH 7.4), 
similar studies in DMEM could not be carried out due to medium 
instability under irradiation (see Fig. S7). Cell exposure for 24 h to 
CuL2+ at concentrations ranging from 0.001 to 100 μM resulted in a 
dose-dependent decrease in cell viability (Fig. 5). The mean IC50 was 
estimated as 0.078 μM and such concentration was utilized in all the 
subsequent biological experiments aimed to gather more detailed in
formation on the molecular aspects of CuL2+-induced toxicity on HepG2 
cells. Notably, this value is respectively two and three orders of 
magnitude lower than the IC50 determined on the same cells for 

phenantroline-based copper(II) complexes, including CuPhenCl2 
[55,56], and cisplatin [57]. This result highlights a potent anticancer 
effect of the copper(II) complex. Furthermore, no viability-restraining 
effect was exerted by the sole ligand at all the concentrations tested, 
whereas a prominent viability decrease was observed only with the 

Fig. 4. UV–vis spectra of 10 eq. of AA in the presence of 1 eq. of CuL2+ (a) or H2O2 (b) recorded in buffer Tris-HCl 1 mM, pH = 7.4, every 5 min. (c) Fluorescence 
intensity of the 525 nm of DCF recorded in buffer Tris-HCl 1 mM, pH = 7.4, at t = 0 and 24 h in the presence of CuL2+ (1 or 5 eq.) or H2O2 (5 eq.); DCF fluorescence 
evolution when alone is reported in the black histogram.

Fig. 5. Dose-response effect of CuL2+, ZnL2+, copper(II) acetate and the Schiff 
base ligand (L) on the viability of HepG2 cells. Cells were treated for 24 h with 
the compounds at the concentration range from 10− 3 to 102 μM and cell 
viability was assessed by trypan blue exclusion assay. The error bars correspond 
to the standard error of the mean (s.e.m.) of three independent measurements. 
*normality test vs. control passed. (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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highest concentration of copper(II) acetate (i.e., 100 μM), which was not 
included in the following assays. These results collectively indicate that 
the anticancer properties of CuL2+ are not merely a simple combination 
of the effects of the ligand and metal ion alone. Instead, the entire 
complex, with its distinct physicochemical properties, plays a significant 
role in its anticancer activity. Unlike CuL2+, a much flatter dose- 
response curve was obtained after cellular exposure to different doses 
of the redox inactive complex ZnL2+, being cell viability reduced only by 
about 45 % at the highest concentration tested. Thus, the biological 
effect of ZnL2+ on the cell model under study appears more limited, 
likely based upon a different molecular impairment and/or restricted 
only to a subpopulation of the tumor cell line.

3.3. CuL2+ induces the accumulation of HepG2 cells in the sub-G0G1 
fraction

In a further set of experiments, we checked whether perturbation 
was induced on HepG2 cell cycle by treatment with CuL2+. To this 
purpose, the cells exposed to the IC50 of the compound for 24 h were 
stained with propidium iodide and submitted to flow cytometric analysis 
of the distribution of cells in the different cycle phases. Untreated cells 
showed a normal cell cycle with low sub-G0/G1 DNA peak. The presence 
of the CuL2+ determined the increase in sub-G0/G1 cell fraction and the 
global decrease in the population of cells in G0/G1, S and G2/M phases 
(Fig. 6a). Analysis of the distribution of cell fractions in the cycle phases 
in triplicate assays underscored that CuL2+ did not affect the cycle 
progress as shown by the absence of significant variations of the percent 
distribution of live cells in G0/G1, S and G2/M phases (Fig. 6b). On the 
other hand, after exposure to CuL2+ a six-fold ca. increase of the sub-G0/ 
G1 cells amount, which includes dying cells that have undergone DNA 
fragmentation and the quota of cellular debris, could be observed 
(Fig. 6c).

3.4. CuL2+ leads HepG2 cells to apoptotic death involving the activation 
of caspase-3 and -5

To get more insight into the mechanism of CuL2+ cytotoxicity, the 
apoptosis-related surface exposure of phosphatidylserine in treated and 
control cell samples was investigated through its affinity to FITC-labeled 
annexin V. The cell suspension was counterstained with PI before the 
flow cytometric assay as a marker of the intactness of cell membranes. 
As shown in Fig. 7, in line with the previous data regarding the increase 
of the sub-G0/G1 cell population, after 24 h of exposure to CuL2+ IC50 the 
percentage of the viable annexin V− /PI− cells decreased from about 88 
% of the controls to about 59 % and, on the other hand, the percentage of 
the apoptotic annexin V+/PI+ cells increased from about 6 % of the 
controls to about 35 %, to a similar extent than the above-mentioned 
copper(II) phenantholine-based complex [55]. No significant differ
ences were found between both the early apoptotic annexin V+/PI− and 
the necrotic annexin V− /PI+ cell populations whose percentage 
remained low (below 4 %) under any experimental condition, overall 
suggesting the apoptotic death occurrence of the treated cells.

Furthermore, to get more information on the activity of the caspase 
proteases involved in CuL2+-triggered cytotoxicity, treated and control 
cell lysates were submitted to the spectrophotometric quantitation (λ  =
405 nm) of the free para-nitroaniline (pNA) release by cleavage of the 
pNA-labeled substrates for caspase-1, − 2, − 3, − 5, − 6, − 8 and − 9. As 
shown in Fig. 8, CuL2+ treatment induced the activation of the apoptotic 
caspase-3 and the inflammatory caspase-5, whereas no statistically 
relevant result was obtained for the other enzymes.

Caspase-3 is an executioner caspase and its activation by both the 
extrinsic and intrinsic apoptotic pathways determines the occurrence of 
apoptosis-associated cellular events, including the observed trans
location of phosphatidylserine to the external leaflet of the membrane. 
An interaction between caspase-3 and -5 leading to their mutual 

Fig. 6. A) Cell cycle profiles of control and CuL2+-treated HepG2 cells. B) and C) Bar graphs showing the distribution of control and CuL2+-treated HepG2 cells in the 
cell cycle phases (B) and the increase of the percentage of treated cells in the sub-G0/G1 fraction compared to control (C). The error bars indicate the standard error of 
the mean (s.e.m.) of three independent measurements. *normality test vs. control passed.
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activation in apoptosis has been reported; in addition, both caspases has 
been found involved in the switching-on of the pyroptotic pathway 
[49,50]. Pyroptosis is a form of programmed cell death promoted by 
proteins of the gasdermin (GSDM) family whose pore-forming N-ter
minal domains, when activated by cleavage, induce plasma membrane 
permeabilization followed by cell swelling and release of inflammatory 
factors [58]. To check the possible contribution of pyroptosis in the 
cytotoxic effect of CuL2+ on HepG2 cells we measured by Western blot 
the expression and cleavage of GSDME, the effector protein of caspase-3 
in pyroptosis, liberating the GSDME-N domain. Additionally, we also 
evaluated the possible increase of LDH release due to the GSDME-N- 
mediated breakdown of the plasma membrane. The obtained results 
(Fig. 9) showed that, following treatment, a moderate increase of 
GSDME-N could be observed whereas no increase of LDH release was 

found (treated/control ratio = 99.05 +/− 2.25). This suggests that the 
modest amount of generated GSDME-N was not sufficient to trigger the 
pyroptotic damage leading to cell swelling, and that the activity of 
caspase-3 and -5 under the experimental conditions used was conceiv
ably addressed to the realization of the sole apoptotic program.

3.5. CuL2+ induces the dissipation of the mitochondrial membrane 
potential (ΔΨm) and the up-regulation of reactive oxygen species (ROS)

Considering the described ability of GSDME-N to permeabilize the 
mitochondrial membrane, thereby potentiating the activation of the 
intrinsic pathway of apoptosis [59], we investigated whether cell 
exposure to the compound could impair the mitochondrial function. 
Extensive damage to the mitochondria may indeed address cells to 

Fig. 7. Flow cytometric assays for apoptosis in HepG2 cells cultured in control conditions or exposed to CuL2+ IC50 for 24 h. The plots show the results of repre
sentative experiments and the percentages, indicated as the mean ± s.e.m. of three independent experiments, refer to viable annexin-V− /PI− cells (bottom left 
quadrant), early apoptotic annexin-V+/PI− cells (bottom right quadrant), late apoptotic annexin-V+/PI+ cells (top right quadrant) and necrotic annexin-V− /PI+ cells 
(top left quadrant).

Fig. 8. Caspase activity determination in HepG2 cells cultured in control conditions or exposed to the IC50 of CuL2+ for 24 h. The error bars indicate the standard 
error of the mean (s.e.m.) of three independent measurements. * normality test vs. control passed.
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apoptotic death [60]. The mitochondrial membrane potential ΔΨm 
status was therefore monitored with the cationic lipophilic JC10 dye 
which reversibly changes its fluorescent colour depending on mito
chondrial polarization state, thereby evaluating the percentage of cells 
with intense red emission (indicative of intact ΔΨm) and of those ones 
with bright green/dim red emission (indicative of ΔΨm collapse). As 
shown in Fig. 10, cell treatment with IC50 CuL2+ for 24 h resulted in 
ΔΨm dissipation. In particular, the intense red-emitting cells were found 
to decrease from about 60 % of the negative controls (Fig. 10a) to about 
3 % of the treated samples (Fig. 10b), closely matching the value ob
tained with the positive control treated for 24 h with valinomycin (about 
0.16 %, Fig. 10c), a gold standard for ΔΨm evaluation [61].

Noteworthy, most intracellular ROS, which are known to play mul
tiple roles in the maintenance of redox balance and in the regulation of 
intracellular signalization, are produced in the mitochondrial respira
tory chain, although protein components located in other subcellular 
compartments, such as the endoplasmic reticulum, are involved in ROS 
generation [62]. Interestingly, due to their poor level of expression of 
CYP2E1, coding for cytochrome P450 family 2 subfamily E member 1, a 
ROS-generating enzyme of the endoplasmic reticulum, HepG2 cells 
represent a useful model to examine almost exclusively ROS generation 
from mitochondrial sources [63]. As CuL2+ has shown in vitro the po
tential accessibility to the +1 metal oxidation state, we deduce that the 
metal compound could have affected the mitochondrial respiratory 
chain by increasing the ROS levels. Hence, the production of diverse 
types of ROS (hydrogen peroxide, peroxynitrite, hydroxyl radicals, nitric 
oxide, and peroxy radicals) after 24 h of exposure to the metal complex 
IC50 was examined by flow cytometric analysis of the oxidation extent of 
the cell-permeant non-fluorescent 2′,7′-dichlorodihydrofluorescein 
diacetate (H2DCFDA) to the poorly-permeant green fluorescence- 
emitting 2′,7′-dichlorofluorescein (DCF). The representative flow cyto
metric profile and the bar graphs shown in Fig. 11, demonstrate an about 

three-fold up-regulation of ROS in the presence of CuL2+ (average 
control cells’ MFI vs. treated cells’ MFI = 4309 vs. 13,080), strongly 
suggesting their involvement in HepG2 cells death.

4. Conclusions

In conclusion, this study demonstrates the dynamic redox behavior 
of the copper(II) complex CuL2+ and highlights its potential implications 
for anticancer activity. UV–Vis spectroscopy revealed that the complex 
undergoes a spontaneous reduction to Cu(I) over time, indicating an 
intrinsic redox activity capable of supporting ROS generation even in the 
absence of external reductants. While this process is notably accelerated 
in the presence of biological reducing agents such as ascorbic acid or 
glutathione in aqueous solution, experiments conducted under near- 
physiological conditions (1 mM Tris–HCl, pH 7.4) revealed a 

Fig. 9. A) Western blot analysis for GSDME and GSDME-N in control (C) and 
CuL2+-treated (T) HepG2 cells (refer to Fig. S8 for the full view). B) Bar graph 
depicting the relative quantification obtained by band densitometry, normal
ized to actin, of three independent experiments of which the panel in (A) is 
representative. The error bars indicate the standard error of the mean (s.e.m.). * 
normality test vs. control passed.

Fig. 10. Flow cytometric assays for MMP in HepG2 cells cultured for 24 h in 
control conditions (A), in the presence of 1 μM valinomycin (B), and of CuL2+

IC50. The plots show the results of representative experiments and the per
centages in each frame, indicated as the mean ± s.e.m. of three independent 
experiments, are referred to bright red-emitting cells that retain an intact MMP. 
(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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comparable extent of spectral change, regardless of whether a reducing 
agent was present. The BCS experiments further confirmed Cu(I) species 
formation, showing that even when the CuL2+ spontaneous reduction is 
limited, BCS effectively dissipates Cu(I) presence, shifting the reduction 
equilibrium to favor its production. These findings suggest that the 
redox activity of CuL2+ is not only robust but also enhanced in envi
ronments mimicking biological conditions, supporting its potential role 
in ROS-mediated cytotoxic mechanisms.

These in vitro results align with the mechanistic insights derived 
from cell-based studies, where CuL2+ was observed to induce substantial 
cellular stress in HepG2 cells. This is evidenced by significant ROS 
production, which disrupts cellular homeostasis. ROS generation leads 
to the dissipation of the mitochondrial membrane potential and initiates 
the apoptotic cascade through the activation of key caspases such as 
caspase-3 and -5. The increased accumulation of cells in the sub-G0/G1 
phase, alongside the activation of apoptotic pathways, underscores the 
potent cytotoxic effects driven by CuL2+ redox transformation. These 
cellular disruptions highlight a promising strategy for targeting rapidly 
dividing cancer cells, offering a potential approach to overcoming 
oncogenic resilience by exploiting oxidative stress mechanisms.

Furthermore, optimizing CuL2+ offers a promising path for 
enhancing its selectivity and therapeutic potency. Structural modifica
tions to the ligand framework represent a compelling strategy to fine- 
tune the redox properties of the complex. For instance, substituting 

differently decorated phenylene diamines or introducing electron- 
donating or electron-withdrawing groups o48n the ligand can influ
ence the redox activity of the complex, improving its efficiency in 
generating ROS under biologically relevant conditions. Additionally, 
such modifications can enhance the complex’s affinity for G-quadruplex 
DNA by altering its geometric and electronic properties. The use of 
planar aromatic ligands with extended π-conjugation, for example, 
could strengthen π-π stacking interactions with G4 structures, enabling 
dual-action efficacy through both redox-driven cytotoxicity and targeted 
DNA interactions. In parallel, synergistic combinations with existing 
chemotherapeutics could amplify the anticancer effects of CuL2+, inte
grating the metal complex into multifaceted treatment regimens.

By linking the redox properties of CuL2+ to its biological effects and 
outlining strategies for its future development, this study provides new 
insights into the design of redox-active metal complexes as anticancer 
agents. These findings lay a strong foundation for further research aimed 
at improving the selectivity and efficacy of CuL2+.
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