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A B S T R A C T

Indoloquinolines are potent anticancer agents, but their poor aqueous solubility prevents clinical development. Indoloquinoline-based metal complexes offer an 
opportunity to circumvent this drawback. A series of new indolo[2,3-c]quinoline derivatives HL1–HL8 and their copper(II) complexes were synthesized, compre
hensively characterized and tested for antiproliferative activity against MDA-MB-231, MCF-7, MCF-7 KCR, A549 and DU-145 cancer cells and compared to known 
isomeric indolo[3,2-c]quinolines (HL11–HL14 and 11–14). The Cu(II) complexes were generally as active, or slightly more so, than the proligands. Lead compounds 
HL8 and 8 showed superior anticancer activity compared to isomers HL14 and 14, respectively. Complex 8 was superior to HL8 in ROS generation in A549 cells, 
induced mitochondrial dysfunction as evidenced by JC-1 staining, induced lactate dehydrogenase release in medium, inhibited DNA synthesis and triggered 
apoptosis. DNA-binding studies, supported by molecular docking calculations, showed strong affinity of the compounds for double stranded DNA, to which they bind 
by intercalation.

1. Introduction

Indoloquinolines are plant alkaloids occurring in the West African 
shrub Cryptolepis sanguinolenta. These compounds exhibit antimalarial 
and anticancer activity [1–3]. In terms of molecular structure of the 
main scaffold, these fused four-ring heterocycles can be divided into 
6H-indolo[2,3-b]quinoline, 7H-indolo[2,3-c]quinoline, 10H-indolo[3, 
2-b]quinoline and 11H-indolo[3,2-c]quinoline isomers (see Chart 1) 

[4–6]. It is assumed that the anticancer activity of indoloquinolines is 
due to their ability to intercalate into DNA, resulting in the inhibition of 
the enzyme topoisomerase II, thus preventing cell division and ulti
mately leading to apoptosis [7–9].

One prominent example is 5,11-dimethyl-5H-indolo[2,3-b]quinoline 
(DiMIQ), which showed promising anticancer activity in vivo against 
mice bearing P388 or L1210 leukemia [8–10]. However, this compound 
proved to be poorly water soluble, limiting its clinical value. A liposomal 
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formulation of DiMIQ was found to overcome this drawback [11]. This 
example demonstrates a general problem, when it comes to the devel
opment of novel indoloquinolines as potential drugs. Alternative efforts 
to enhance aqueous solubility and thereby the pharmacological profile 
of indoloquinolines led to the attachment of an amino acid, peptide or 
guanidine moiety at the indoloquinoline backbone [12–15]. The 
aqueous solubility of indoloquinolines can also be improved by complex 
formation with transition metals. Since the indoloquinoline backbone 
itself is not able to chelate metal ions, it was chemically modified to 
install binding sites for a variety of metals, e.g., copper(II), zinc(II), 
ruthenium(II), or osmium(II) (Chart S1, Supplementary Material) 
[16–23]. Some copper(II) complexes based on the indolo[3,2-c]quino
line scaffold modified at the N5=C6 bond (Chart 1) were highly cytotoxic 
against A549, SW480 and CH1 cancer cells, with IC50 values in the low 
micromolar to nanomolar range [16]. Similar structural modifications 
could be performed only with the indolo[2,3-c]quinoline scaffold from 
those shown in Chart 1. Even though copper(II) complexes as anticancer 
drugs are still unavailable on the market, their clinical application has 
advanced significantly [24–28]. A series of mixed-ligand copper(II) 
complexes, known as Cassiopeínas, and copper(II) bis(thiohydrazide) 
amide complex called Elesclomol (ELC) reached clinical trials showing 
potential for the treatment of colorectal cancer and acute myeloid leu
kemia [29–31]. In addition, some copper(II) thiosemicarbazonates have 
reached clinical trials and confirmed their efficacy for diagnostic and 
theranostic applications [27,32,33].

The angular indolo[2,3-c]quinoline backbone is also the only mo
lecular structure of the four indoloquinoline isomers that was not yet 
found in nature, and, as a result, less explored with regard to its bio
logical activity [34,35]. Recent studies revealed potent anticancer ac
tivity of several indolo[2,3-c]quinoline derivatives and their Cu(II) 
complexes (see also Chart S1 in the Supplementary Material) [36–38], 
offering an opportunity for disclosure of novel bioactivity with unex
pected advantages. Therefore, we decided (i) to apply the procedures 
developed previously for the indolo[3,2-c]quinoline scaffold and create 
a metal binding site at the N5=C6 bond of indolo[2,3-c]quinoline with 
the potential to act as a tridentate ligand, (ii) to extend the number of 
such proligands by modifying the substitution pattern at the core scaf
fold, (iii) to synthesize the Cu(II) complexes with the small library of 
potentially tridentate ligands, (iv) to perform antiproliferative activity 
assays both in cancer cell lines and in non-cancer cells, (v) to elucidate 
structure-activity relationships by comparison with isomeric compounds 
reported previously, and (vi) to get initial insight into their mechanism 
of antiproliferative action.

Herein we report on the synthesis and full characterization of eight 
novel indolo[2,3-c]quinoline based ligands and their copper(II) com
plexes (Scheme 1) by ESI mass spectrometry, 1H and 13C NMR spec
troscopy (HL1–HL8) and single crystal X-ray diffraction (SC-XRD) (HL2, 
1, 2, 9 and 10). Solution speciation studies were performed and anti
proliferative activity in both cancer cell lines (MDA-MB-231, MCF-7, 
MCF-7 KCR, A549 and DU-145) and normal cells (MRC-5) was deter
mined. New structure-antiproliferative activity relationships were ob
tained by modifying the indoloquinoline backbone and by installation of 
a bromo substituent at position 8, 9 or 10 of the indolo[2,3-c]quinoline 
backbone.

In addition, for comparison, we prepared four proligands 

(HL11–HL14) and four Cu(II) complexes (11–14) based on isomeric 
indolo[3,2-c]quinolines (see Chart 2) reported previously [16] and 
tested them for antiproliferative activity. We used 2-formylpyridine and 
2-acetylpyridine to create two sets of Schiff bases. Reaction of these 
potentially tridentate proligands with copper(II) chloride afforded dis
torted square-pyramidal complexes of the type [Cu(HLn)Cl2], where 
n = 1–8 (1–8). Moreover, the ligands can be easily deprotonated under 
basic conditions to give distorted square-planar complexes of the type 
[Cu(Ln)Cl], of which we synthesized two (9, 10), also for comparative 
studies.

Finally, the interaction of lead drug candidates with biological re
ductants, DNA in both cell-free medium and in the cells was investi
gated, along with their ability to produce oxidative stress, mitochondrial 
dysfunction and induce apoptosis.

2. Results and discussion

2.1. Synthesis and characterization of the proligands HL1− HL8

The synthesis of the indolo[2,3-c]quinoline backbone and proligands 
HL1¡HL8 was performed starting from the corresponding amino
benzophenones 3a–3d by adapting protocols reported previously [16,
39], as shown in Scheme 1. Since 2-bromo- and 3-bromo-aminobenzo
phenones (3b and 3c) are not commercially available, they were syn
thesized in two steps by known procedures [40,41]. 
Aminobenzophenones 3a–3d were reacted with chloroacetyl chloride to 
give acetylated compounds 4a–4d in 68–95% yields. In the next step, 
the chloro-substituent was replaced by an azido functional group to give 
5a–5d in 78–89% yields. Base catalyzed cyclization of 5a–5d led to 
azido-phenylquinolinones 6a–6c in 83–86% yields. The presence of a 
bromo-substituent in positions 3 and 4 slowed down the reaction rate, 
and, therefore, the reaction time was prolonged from 1 to 5–6 h for a 
complete conversion. Compound 5b, with a bromo-substituent in posi
tion 2, did not undergo the desired cyclization. Attempts to extend the 
reaction time, increase temperature or the amount of base led to unde
sired side reactions. Most likely the bulkier bromo-substituent in the 
ortho position prevented nucleophilic attack at the carbonyl carbon 
atom. Thus, the desired 11-bromo-5,7-dihydro-6H-indolo[2,3-c]quino
lin-6-one was not accessible by this synthetic pathway, but the synthesis 
of precursors is described in the Supplementary Material. The obtained 
azido-phenylquinolinones 6a–6c were not stable at high temperature 
and were converted into the desired indolo[2,3-c]quinolinones in a 
second cyclization step, accompanied by the release of nitrogen, simply 
by refluxing them in toluene to afford indoloquinolines 7a, 7c, as well as 
7b and 7d (as an isomeric mixture), in excellent yields (96–99%). 
3-Azido-4-(3-bromophenyl)quinolin-2(1H)-one 6b gave rise to two iso
mers (8- and 10-bromo-5,7-dihydro-(6H)-indolo[2,3-c]quinolin-6-one, 
7b and 7d) in a ratio of ca. 0.7 : 1. This is due to the rotation of the bromo 
substituted phenyl ring in 6b. The isomers proved to be difficult to 
separate, due to their low solubility in solvents commonly used in col
umn chromatography. However, separation was possible after the next 
step in which the indolo[2,3-c]quinolinones 7a–7d were reacted with 
phosphorus oxychloride to give 6-chloro-substituded indolo[2,3-c] 
quinolines 8a–8d in good yields. Then 6-chloro derivatives 8a–8d were 
reacted with hydrazine monohydrate to give 6-hydrazin-yl derivatives 

 

Chart 1. Indoloquinoline isomers with atom numbering schemes.
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9a–9d in excellent yields (95–99%). 1H NMR spectra of intermediates 
2a¡9d are shown in Fig. S1− S27, Supplementary Material. Finally, the 
hydrazin-yl derivatives 9a–9d were reacted with 2-formyl- or 2-acetyl
pyridine in a Schiff base reaction to give proligands HL1¡HL8 in 
86− 97% yields. 1H and 13C-DEPTq NMR spectra of HL1¡HL8 are shown 
in Fig. S28− S43. We note, that these ligands exist as mixtures of 

tautomers both in solution and in solid state, as also was confirmed by 
1H NMR spectroscopy and X-ray crystallography (for HL2). Two sets of 
signals were observed in the NMR spectra of free ligands HL1¡HL8, but 
the signals were only assigned for the predominant species, containing 
an exocyclic C=N bond. Low signal intensity along with signal over
lapping made assignment of resonances for the minor species 

Scheme 1. Underlined numbers indicate compounds studied by X-ray crystallography. Reagents and conditions: (i) water, Pd(OAc)2, sodium dodecyl sulfate, 
acetanilide, trifluoroacetic acid, tert-butyl hydroperoxide and 2-bromo-benzaldehyde (1a) or 3-bromo-benzaldehyde (1b), room temperature, 25 h; (ii) acetone, 
hydrochloric acid, 70 ◦C, 3–5 h; (iii) chloroacetyl chloride, chloroform, reflux, 30 min; (iv) sodium azide, dimethylformamide, water, 60 ◦C, 30 min; (v) ethanol, aq. 
sodium hydroxide, 60 ◦C, 1–6 h; (vi) toluene, reflux, 2 h; (vii) phosphorus oxychloride, reflux, overnight; (viii) hydrazine hydrate, reflux, overnight; (ix) ethanol, 2- 
formyl- or 2-acetylpyridine, 85 ◦C, overnight; (x) isopropanol, methanol or dimethylformamide, copper(II) chloride dihydrate, reflux, 15 min; (xi) isopropanol, 
methanol or dimethylformamide, triethylamine, copper(II) chloride dihydrate, reflux or 80 ◦C, 15 min.

Chart 2. Indolo[3,2-c]quinoline based ligands and complexes HL11–HL14 and 11–14 [16].
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impossible. The ratios between major and minor species in DMSO‑d6 
were approximately 1 : 0.25, 1 : 0.10, 1 : 0.25, 1 : 0.10, 1 : 0.15 and 1 : 
0.05 for HL1, HL2, HL5, HL6, HL7 and HL8, respectively, and 1 : 0.5 and 
1 : 1 for HL3 and HL4, respectively, in DMF-d7. The predominant species 
of HL2 crystallized as yellow needles from methanol and showed the 
presence of an exocyclic C=N bond, where N5 is protonated (see Scheme 
1 and Fig. 1). The minor species crystallized from the same solvent as 
colorless blocks and contained an endocyclic C=N bond. This species 
resulted from migration of the proton from N5 to N12 (see Fig. 1b). 
Positive ion high resolution ESI mass spectra of HL1¡HL8 showed strong 
peaks with m/z 338.1395, 352.1556, 418.0480, 432.0645, 418.0484, 
432.0642, 418.0475 and 432.0639, respectively, attributed to [M +
H+]+ (Fig. S44− S51). The experimental isotopic patterns fitted well the 
theoretical isotopic distributions. Clearly seen peaks with m/z 675.2717, 
861.1212, 833.0905, 861.1223 and 861.1225 for HL1, HL4, HL5, HL6 

and HL8 were assigned to ions [2M + H+]+, indicating formation of 
dimeric associates in solution under conditions of ESI-MS measure
ments. The IR spectra of HL1¡HL8 are shown in Fig. S52− S59 in Sup
plementary Material). The stretching vibrations νNH are seen between 
3460 and 3310 cm− 1, while Schiff base νC=N vibrations between 1640 
and 1610 cm− 1.

Synthesis of Cu(II) complexes. Free ligands HL1¡HL8 were treated 
with CuCl2⋅2H2O in isopropanol, methanol or DMF to give complexes 
1–8 in 69− 98% yields. The use of different solvents was necessary due to 
solubility issues. Additionally, HL2 and HL8 were treated with 
CuCl2⋅2H2O in methanol in the presence of 2 equiv of triethylamine to 
afford four-coordinate complexes 9 and 10 in 95 and 97% yield, 
respectively. It is worth noting, that apart from the separation of 8b and 
8d, no chromatographic separation was required to obtain the reported 
compounds in analytically pure form. The synthesis of both free ligands 
and Cu(II) complexes can be easily upscaled when required. Positive ion 
high-resolution ESI mass spectra of 1–8 (Fig. S60− S67) showed strong 
peaks with m/z 399.0542, 413.0693, 478.9623, 492.9777, 478.9626, 
492.9775, 478.9614 and 492.9776, respectively, attributed to 
[M− HCl–Cl− ]+, while those of 9 and 10 (Figs. S68 and S69) strong 
signals with m/z 413.0699 and 492.9776 assigned to ions [M− Cl− ]+. 
Specific peaks with m/z 835.0763 and 1269.0985 (for 1), 863.1064 and 
1311.1447 (for 2) could be attributed to dimeric and trimeric associates, 
namely [(CuIIL1)2Cl− ]+ and [(CuIIL1)3(Cl− )2]+ (for 1) and to 
[(CuIIL2)2Cl− ]+ and [(CuIIL2)3(Cl− )2]+ (for 2). The experimental isotopic 
patterns matched well with the theoretical isotopic distributions for the 
ions observed. The IR spectra of 1–10 are shown in Fig. S70− S79. The 
stretching vibrations νNH are seen between 3444 and 3042 cm− 1, while 
Schiff base νC=N at 1648− 1600 cm− 1.

2.2. X-ray crystallography

The results of SC-XRD studies of intermediate species 2a, 3c, 4a, 4b, 
4c, 5b, 7b and 8bþ8d are presented in Fig. S80, while those for proli
gand HL2 in two different configurations, [CuCl2(HL2)]⋅DMF and 
[CuCl(L2)] are displayed in Fig. 1. Fig. 2 shows the structures of the 
complexes 1 and 10. Pertinent metric parameters are quoted in the 
captions to the figures. Details of data collection and refinement are 
presented in Tables S1-S3.

Complexes 1 and 2 are five-coordinate. The coordination geometry 
in both compounds can be described as distorted square-pyramidal (the 
τ5-parameter is 0.34 and 0.35, respectively) [42]. This parameter 
calculated by equation τ5 = β− α/60◦, where α and β (β > α) are the two 
largest valence angles around Cu(II), is 0 for square-pyramidal com
plexes and 1 for trigonal-bipyramidal coordination geometry. The ligand 
is neutral tridentate in 1 and 2 and is bound to Cu(II) via nitrogen atoms 
N5, N13 and N16. The remaining two coordination sites are occupied by 
two chlorido co-ligands. In contrast, complex 9 is four-coordinate with 
distorted square-planar coordination geometry. This is in line with the 
τ4-parameter calculated by equation 360 − (α+β)/141 = 0.263 [43] and 
τ'4-parameter calculated by equation β− α/360− θ + 180− β/180− θ =

0.228 [44], where θ is 109◦, while α and β the two largest valence angles 
about Cu(II). These two parameters are 0 for ideal square-planar com
plexes and 1 for complexes with ideal tetrahedral coordination geome
try. Interestingly, complex 10 forms a 1D polymer [CuCl(L8)]n, a 
fragment of which is shown in Fig. S81. The coordination geometry of 
copper(II) in this infinite chain is distorted square-pyramidal (the 
τ5-parameter is 0.18). The ligand acts as a monoanion in both complexes 
9 and 10 and coordinates to copper(II) via the same three nitrogen 
atoms.

Comparison of the bond lengths around Cu(II) in five-coordinate 
complex 2 and four-coordinate complex 9, as expected, indicates 
significantly longer Cu–N bonds in 2 in accord with VSEPR theory. The 
ligand in 2 preserves the configuration of the metal-free ligand shown in 
Fig. 1a. However, its coordination through N5 is only possible after 
migration of the H atom at N5 to N12 as in Fig. 1c.

2.3. Solution phase studies indicate low aqueous solubility of Schiff bases, 
which is increased upon complex formation with Cu(II), and HL and [Cu 
(L)]+ as predominant species at pH 7.4

First, the thermodynamic solubility (S) of the compounds in water 
was determined. The obtained data showed that the aqueous solubility 
of the ligands HL2− HL8 and HL11¡HL14, but HL1 (1.3 μM), was less 
than 1 μM. The thermodynamic aqueous solubility data for Cu(II) 
complexes 1− 8 and 11¡14 are summarized in Table 1. The collected S 
values clearly indicate an increase of aqueous solubility of the proli
gands upon complex formation with Cu(II) by factors ≥3 to ≥645 
depending on substituents (R1 and R2 on indoloquinoline scaffold in 
Scheme 1). Of note is also the stronger lipophilic character of the metal- 
free ligands when compared to complexes 1− 8 and 11¡14. The solu
bility of complexes 11¡14 is generally higher than that of complexes 
1− 10. Bromination of the Schiff bases in positions 8, 9 or 10 on indole 
moiety strongly reduces the aqueous solubility of the corresponding 
complexes (3¡8 and 13, 14). Remarkably, the apparent aqueous solu
bility of 8 improved when human serum albumin (HSA) was present in 
solution, which is a beneficial feature for both cell culture and in vivo 
applications. More detail about binding of 8 to HSA is given in Sup
plementary Material (see Fig. S82).

Aqueous stability of the metal-free ligands HL1–HL8 and their com
plexes (1–8) was followed by UV− vis spectrophotometry for at least 
71 h in 50% (v/v) DMSO/aqueous HEPES buffer (pH = 7.4) at 298 K and 
all of the proligands and complexes 1 and 2 showed little changes 
(Fig. S83). Spectral changes for 6¡8 are most probably due to partial 
adsorption onto the cuvette wall. The resulting spectra for 3¡5, and 
their moderate changes suggest that the indolo[2,3-c]quinoline-based 
Schiff bases remain coordinated, while Cu–Cl bonds undergo hydrolysis. 
This is further confirmed by monitoring the stability of complexes 2 and 
8 in 50% (v/v) acetonitrile/water and in methanol by HR ESI(+) mass 
spectrometry over 24 h as shown in Fig. S84− S87. The main peaks with 
m/z 449.0465 (calcd m/z 449.0463) and 413.0696 (calcd m/z 
413.0696) in the mass spectra of 2 and with m/z 528.9548 (calcd m/z 
528.9548) and 492.9783 (calcd m/z 492.9783) in the mass spectra of 8 
in 50% (v/v) acetonitrile/water after 24 h are attributed to [M− Cl− ]+

and [M− HCl–Cl− ]+, respectively. A similar picture is characteristic for 
spectra of 2 and 8 in methanol after 24 h (see Fig. S85 and S87).

In addition, proton dissociation processes of the selected proligands 
(HL2, HL8 and HL14) and formation constants of their Cu(II) complexes 
2, 8 and 14 were investigated, given their stronger antiproliferative 
activity (vide infra), and, the data are summarized in Table 2.

Given the limited aqueous solubility of the proligands, we performed 
the solution speciation studies in the presence of a less polar co-solvent, 
namely in a 30% (v/v) DMSO/H2O mixture as in our previous studies on 
structurally related compounds with aza-containing 6- to 9-membered 
rings, which also showed low aqueous solubility [37,45,46].

The proton dissociation processes of the free ligands, as well as the 
formation of complexes, were followed by UV− vis titrations, since this 
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method requires relatively low compound concentrations; representa
tive spectra are shown for HL14 in Fig. 3a. Similarly to the previously 
studied indolo[2,3-d]benzazepine [45,46] and indolo[2,3-c]quinoline 
[37] derivatives, the deprotonation of the free ligands was accompanied 
by spectral changes. In the case of HL2, HL8 and HL14, the increase of the 
pH to 7.4 led to precipitation of the compounds. Therefore, experimental 
data were collected at pH < 7 and used for the calculations. The spectral 
changes of HL14 indicated two processes, as isosbestic points were seen 
in the pH ranges 1.6 − 3.5 (411, 350, 312 nm) and 3.5 − 6.20 (428, 
369 nm), thus two pKa values were computed (Table 2, Fig. 3b). The 
suggested deprotonation steps are shown in Fig. 3c. The other two 
compounds behaved similarly. The species H2(HL)2+ formed at the 
strongly acidic pH via protonation at the nitrogen atoms of the two 
pyridine moieties. Most probably the deprotonation started at the pyr
idinium nitrogen of the 2-acetylpyridine moiety, and this step was 
accompanied by significant spectral changes, as a strong absorption 
band was developed at 456 nm. These changes suggest that the depro
tonation led to a more extended conjugated electron system, most 
probably via a tautomeric rearrangement. It is assumed that the H(HL)+

species, in which an exocyclic C=N bond is present and atom N5 (see 
Chart 2) is protonated, became the major isomer.

Upon the subsequent deprotonation, the intensity of the strong band 
decreased, suggesting the presence of the HL isomer, in which the 
endocyclic C=N bond predominated, as the X-ray crystallographic and 
NMR data also showed for HL2 (vide supra). The obtained pKa H2(HL)2+

values for HL8 and HL14 were slightly lower than that of HL2, most 
probably due to the electron withdrawing effect of the bromo- 
substituent at the indolo[2,3-c]quinoline backbone, while an opposite 
trend was seen for the pKa of the H(HL)+ species. Based on the pKa 
values, these compounds became neutral when reaching the neutral pH 
contributing to their poor aqueous solubility at pH 7.4.

Despite the better aqueous solubility of the complexes, their UV− vis 
spectra could be recorded only at pH < 6.6 without the appearance of 
precipitate (see as an example the spectra for complex 14 in Fig. 4a). 
Formation constants (β) were computed for two kinds of complexes 
formed in the monitored pH range (Table 2), as was also the case for 
other related compounds.

In the complex [Cu(HL)]2+ the neutral ligand is tridentate (Fig. 4b) 
with an endocyclic C=N bond as the X-ray crystallographic results 
showed for 2 (Fig. 3c). Meanwhile, [Cu(L)]+ was formed due to the 
metal-induced deprotonation of the ligand at N5 of the isomeric form 
bearing the exocyclic C=N bond (Fig. 4b) as found in the solid state 
structures of [CuCl(L2)] (9) or [CuCl(L8)] (10). The formation con
stant and the pKa value of [Cu(HL2)]2+ was somewhat higher than those 
of the corresponding complexes of HL8 and HL14, but in all cases [Cu 
(L)]+ is assumed to be the predominant species at pH 7.4. For compar
ison, the equilibrium constants for the analogous compounds of HL2 and 
2, namely for the indolo[2,3-d]benzazepine, the indolo[2,3-e]benzazo
cine and the indolo[2,3-f]benzazonine derivatives [37,45,46] with 
increased 7 to 9-membered central ring size are summarized in Table S4. 

(caption on next column)

Fig. 1. ORTEP views of (a) HL2 with central six-membered ring with exocyclic 
C=N bond, (b) HL2 with central six-membered ring with endocyclic C=N bond, 
(c) [CuCl2(HL2)] (2) and (d) [CuCl(L2)] (9) with thermal ellipsoids at 50% 
probability level. Selected bond distances (Å) and H-bonding parameters in (a): 
N5–C6 1.363(4), C6–N12 1.328(4); in (b): N5–C6 1.314(2), C6–N12 1.3771 
(19); H-bonding parameters: N12–H⋯N16 [N12⋯N16 = 2.6075(18) Å; 
∠N12HN16 = 135.0◦] and N7–H⋯N13 [N7⋯N13 = 2.8373(18) Å; 
∠N7HN13 = 114.9◦]. Selected metric parameters in (c): Cu–N5 2.0348(15), 
Cu–N13 1.9907(14), Cu–N16 2.0211(15), Cu–Cl1 2.4768(5), Cu–Cl2 2.2638(5); 
N5–C6 1.329(2), C6–N12 1.377(2), N12–N13 1.357(2), N13–C14 1.290(2), 
C14–C15 1.478(2), C15–N16 1.356(2), N5–Cu–N13 79.64(6), N13–Cu–N16 
78.56(6), Cl1–Cu–Cl2 112.643(17)◦; in (d): Cu–N5 2.024(3), Cu–N13 1.941(3), 
Cu–N16 2.029(3), Cu–Cl 2.2090(10); N5–C6 1.359(4), C6–N12 1.351(4), 
N12–N13 1.342(4), N13–C14 1.297(4), C14–C15 1.465(5), C15–N16 1.353(4), 
N5–Cu–N13 79.88(11), N13–Cu–N16 79.48(11).
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The collected data indicate that the indolo[2,3-d]benzazepine ligand 
formed similar or somewhat higher stability complexes with Cu(II) than 
the compounds reported herein, while the stability of the complexes 
with the indolo[2,3-e]benzazocine and the indolo[2,3-f]benzazonine 
derivatives was significantly lower.

Interaction of 8 with the intracellular reducing agent glutathione 
(GSH), produced in large amounts in cancer cells, was also studied. 
Reduction of the metal center accompanied by dissociation of the 
complex occurred in the presence of 50 equiv GSH (redox potential 
− 0.24 V vs NHE [47]) within 1 h under anaerobic conditions (Fig. S88). 
Interestingly, reduced nicotinamide adenine dinucleotide (NADH), a 
more potent intracellular reducing agent (redox potential − 0.32 V vs 
NHE [48]), did not interact with 8 under the same conditions, as the 
UV− vis spectrum of the complex remained unchanged. ROS generation 
triggered by 8 and its proligand HL8 was investigated by electron 
paramagnetic resonance (EPR) spin trapping technique. Both com
pounds induced ROS formation in the presence of H2O2 (Fig. S89 and 
S90). Addition of excess GSH prevented ROS generation by 8, while this 
was not the case for ascorbate or NADH. More detail about the nature 
and amounts of the produced radicals can be found in the Supplemen
tary Material [49,50]. The frozen solution experimental and simulated 
X-band EPR spectra of 8 in 30% (v/v) DMSO/H2O mixture are shown in 
Fig. S91, while the Spin Hamiltonian parameters are quoted in the 
legend to figure in the Supplementary Material.

2.4. Comprehensive biological studies of selected compounds

2.4.1. Both free ligands and their Cu(II) complexes showed higher 
cytotoxicity than cisplatin in various cancer cells

Prior to conducting biological studies, a preliminary toxicity 
screening was performed using the MTT colorimetric assay. The 72 h 
cytotoxicity of proligands and their Cu(II) complexes within the two 
groups (indolo[2,3-c]quinoline and indolo[3,2-c]quinoline) was evalu
ated against human breast cancer cell lines (MDA-MB-231, MCF-7), as 
well as a non-cancerous human fibroblast cell line (MRC-5). The drug 
selectivity index (SI) for all compounds was calculated by comparing the 
IC50 values between the normal cell line and the cancerous cell lines. The 
resulting IC50 and SI values, with cisplatin as positive control, are pre
sented in Table 3, and the concentration-effect curves are shown in 
Fig. S92. Overall, all the compounds exhibited potent cytotoxic activity, 
with significantly lower IC50 values compared to cisplatin in both cancer 
cell lines.

The MDA-MB-231 and MCF-7 cells showed comparable, but some
times moderately divergent sensitivity to the compounds investigated in 
this work. The metal-free ligands and the corresponding metal com
plexes revealed a broad range of activities, with IC50 values ranging from 
low micromolar to nanomolar concentrations, depending on the sub
stituents on four-ring scaffolds from which Schiff bases were derived and 
on azomethine carbon of the corresponding Schiff base and its proton
ation state in the Cu(II) complex (Table 3). The most potent in MDA-MB- 
231 and MCF-7 cancer cells are the R1 and R2-substituted HL8 and its Cu 
(II) complex 8, while the least active are the unsubstituted Schiff base 
HL1 and its Cu(II) complex 1.

2.4.1.1. Structure-antiproliferative activity relationships. Specific sub
stituents on the proligand framework were installed, and isomerization 
of the main scaffold was performed, to explore the following structure- 
activity relationships: 

(i) Flip Effect of the Indole Moiety vs Quinoline Unit

Comparison of the cytotoxic activity of proligands and copper(II) 
complexes derived from indolo[2,3-c]quinoline, namely HL1, HL2, HL7, 
HL8 and 1, 2, 7, 8 vs those originated from indolo[3,2-c]quinoline 
scaffold, i.e. HL11, HL12, HL13, HL14 and 11, 12, 13, 14, respectively 
(Table 3), indicates that, overall, the 2,3-c systems are somewhat more 
cytotoxic than 3,2-c ones against both cancer cell lines (MDA-MB-231 
and MCF-7) and non-cancer cells (MRC-5). In contrast, the indolo[3,2-c] 
quinoline-derived Schiff bases and their copper(II) complexes showed 
slightly superior selectivity towards cancer cell lines with selectivity 
indices varying from 1.6 to 5.3 vs 1.1− 3.5 for MDA-MB-231 cells and 
1.3− 1.8 vs 0.9− 1.5 (MCF-7) for proligands and from 2.6 to 3.0 vs 
1.1− 1.8 for MDA-MB-231 and 1.7− 3.2 vs 1.1− 1.6 for MCF-7 for Cu(II) 

Fig. 2. ORTEP views of (a) [CuCl2(HL1)] (1) and (b) [CuCl(L8)] (10) with 
thermal ellipsoids at 50% probability level. Selected bond distances (Å), bond 
angles (deg) and torsion angles (deg) in (a): Cu–N5 2.039(4), Cu–N13 1.999(4), 
Cu–N16 2.037(4), Cu–Cl1 2.4227(16), Cu–Cl2 2.2623(16); N5–C6 1.332(7), 
C6–N12 1.378(6), N12–N13 1.341(6), N13–C14 1.293(7), C14–C15 1.455(7), 
bite angles N5–Cu–N13 78.62(17) and N13–Cu–N16 77.89(18)◦; in (b): Cu–N5 
2.018(6), Cu–N13 1.947(7), Cu–N16 2.031(16), Cu–Cl1 2.319(2), Cu–Cl1i 

2.510(2); N5–C6 1.343(10), C6–N12 1.363(11), N12–N13 1.374(10), N13–C14 
1.292(10), C14–C15 1.493(12), C15–N16 1.336(10); bite angles N5–Cu–N13 
79.9(3) and N13–Cu–N16 79.0(3)◦.

Table 1 
Thermodynamic solubility (S/μM) of Cu(II) complexes 1¡14 in water.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

73 10 9 8 11 3 7 14 3 8 645 385 54 15

Table 2 
Proton dissociation constants (pKa) of the proligands and formation constants 
(logβ) of their Cu(II) complexes determined by UV− vis spectrophotometric ti
trations in 30% (v/v) DMSO/H2O {T = 298 K; I = 0.10 M (KCl)}.

HL2 HL8 HL14

pKa1 H2(HL)2+ 2.60 ± 0.03 2.32 ± 0.03 2.33 ± 0.03
pKa2 H(HL)+ 4.86 ± 0.03 5.06 ± 0.03 5.17 ± 0.03
logβ [Cu(HL)]2+ 10.07 ± 0.03 9.40 ± 0.06 9.45 ± 0.03
logβ [Cu(L)]+ 6.33 ± 0.06 6.08 ± 0.06 6.09 ± 0.03
pKa [Cu(HL)]2+ 3.74 3.32 3.36
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complexes, respectively. 

(ii) Effect of complex formation of indolo[2,3-c]quinoline- and 
indolo[3,2-c]quinoline-derived Schiff bases with Cu(II)

Generally, the Cu(II) complexes showed similar or higher anti
proliferative activity than the corresponding proligands in both series of 
compounds against both cancer cell lines and the normal cells, but the 
enhancement is overall moderate. The maximal increase of cytotoxicity 
by factors 2.2 and 3.6 is observed for 6 when compared to HL6 in both 
MDA-MB-231 and MCF-7 cancer cells, respectively, in the first series of 
compounds, and, by factors 2.5 and 3.4 for 12 when compared to HL12 

in MDA-MB-231 and MCF-7 cells, respectively, in the second series of 
compounds. The most unfavorable effect of Cu(II) complex formation on 
antiproliferative activity in normal MRC-5 cells was observed for com
plexes 3 and 8. The increase was similar for both compounds (by factors 
4.0 and 3.8), when compared to that of Schiff bases HL3 and HL8, 
respectively.

It is well documented in the literature that the antiproliferative ac
tivity of biologically active ligands is often substantially enhanced upon 
coordination to copper(II) [51–53], due to improved cellular uptake, 
altered redox activity, or enhanced DNA interaction. The solution 
speciation studies showed that both the [Cu(L)]þ species and the 
neutral Schiff base (HL) are predominant in solution at pH 7.4. Given 
that Cu(II) complexes 2 and 8 are more effective intercalators than HL2 

and HL8, and that the Schiff bases HL2 and HL8 are strong chelating 
agents, we admit that the active species of Schiff bases in cell culture 
medium with available pool of Cu(II) is likely [Cu(L)]þ. This may lead 
to comparable cell uptake and antiproliferative activities for complexes 
and metal-free ligands. 

(iii) Effect of bromination in position R1 of Schiff bases derived 
from indolo[2,3-c]quinoline and indolo[3,2-c]quinoline 
scaffolds and their Cu(II) complexes

The bromination of indolo[2,3-c]quinoline-derived Schiff bases was 

Fig. 3. (a) UV− vis spectra of HL14 measured at different pH values; (b) concentration distribution curves and A465 measured ( × ) together with the fitted line; (c) 
proton dissociation steps of the diprotonated H2(HL)2+ with the possible tautomeric forms of the H(HL)+ and HL species {cligand = 10 μM, T = 298 K, l = 4 cm, 
I = 0.10 M (KCl), 30% (v/v) DMSO/H2O}.

Fig. 4. (a) UV− vis spectra of 14 at different pH values; (b) Proton dissociation 
steps of the complex [Cu(HL)]2+ along with a tautomeric rearrangement 
{ccomplex = 10 μM, T = 298 K, l = 4 cm, I = 0.10 M (KCl), 30% (v/v) 
DMSO/H2O}.

F. Bacher et al.                                                                                                                                                                                                                                  European Journal of Medicinal Chemistry 315 (2026) 118882 

7 



performed in positions 8, 9 and 10 (R1 in Scheme 1), while bromo- 
substitution of indolo[3,2-c]quinoline-derived Schiff bases in position 
10. The favorable effect of bromination in positions 8, 9 and 10 on 
antiproliferative activity of Schiff bases is evident from comparison of 
the IC50 values of HL1 with those of HL3, HL5 and HL7 (with R2=H in 
Scheme 1), and that of HL2 with those of HL4, HL6 and HL8 (with 
R2=CH3 in Scheme 1). The same trend is also observed for Cu(II) com
plexes, where the cytotoxicity of 1 in both cell lines is compared to that 
of 3, 5 and 7, and that of 2 with the activity of 4, 6 and 8 (see data 
collected in Table 3). Further inspection of the data shows that bromi
nation in position 10 of the Schiff base with R2=CH3 has the most 
favorable effect on antiproliferative activity of both Schiff base and its 
Cu(II) complex. A 1.7- and 2.2-fold decrease of the IC50 values is evident 
for HL8 in MDA-MB-231 and MCF-7 cells, respectively, vs HL2 (see 
Scheme 1 and Table 3), while even stronger decrease by factors 3.1 and 
2.3, respectively, was found for complex 8 when compared to 2.

The effect of bromination of HL11 and HL12 in position 10 is less 
clear-cut for the two cancer cell lines and even divergent. While HL13 

showed similar or slightly higher antiproliferative activity in both can
cer cell lines than HL11 (R2=H in Scheme 1), HL14 revealed slight 
enhancement of cytotoxicity against MDA-MB-231 cells and decrease of 
activity against MCF-7 cells when compared to HL12 (R2=CH3 in Scheme 
1). The situation is different for Cu(II) complexes. A 2-fold enhancement 
of antiproliferative activity for complex 13 in MDA-MB-231 cell line is 
observed, while slight decrease against MCF-7 cells when compared to 
that of 11. Complex 14 was somewhat less cytotoxic than 12 in both 
cancer cell lines. Slight decrease of antiproliferative activity was 
observed against MDA-MB-231 cells and more evident decrease in MCF- 
7 cells. 

(iv) Effect of methyl substituent at the carbon atom of the azome
thine group (R2)

A favorable and clear-cut effect of the methyl group in position R2 

(Scheme 1) for both series of the proligands HL1¡HL8 and HL11¡HL14 

and their Cu(II) complexes is evident from experiments with MDA-MB- 
231 cells (Table 3). In particular, a 4.9- and 4.6-fold improvement of 
cytotoxicity is observed for HL2 (R2=CH3) vs HL1 (R2=H) and for 
complex 8 vs complex 7, respectively, while a 7.1-fold increase for both 
HL14 (R2=CH3) vs HL13 (R2=H) and for 14 vs 13. In MCF-7 cells the 
enhancement of antiproliferative activity is clearly seen in the indolo 
[3,2-c]quinoline series of proligands and their Cu(II) complexes, while 
divergent effects are characteristic for indolo[2,3-c]quinoline-derived 
Schiff bases and their Cu(II) complexes. 

(v) Effect of the original protonation state of the ligand

Interestingly, despite assuming close antiproliferative activities for 
complexes 8 (with the ligand in its neutral form HL8) and 10 (with 
deprotonated monoanionic ligand (L8)¡) as the measurements were 
performed under the same conditions (pH 7.4), complex 8 exhibited 
significantly higher cytotoxicity when compared to 10. This difference 
in activity may be attributed to variations in their kinetic solubility, 
resulting in decreased cellular uptake and lower activity for 10. This is in 
agreement with the propensity of the latter for association and forma
tion of a polymeric 1D chain (see Fig. S81), which might impart its 
uptake into the cells by the drop in solubility. Conversely, no similar 
difference was observed for the pair 2 and 9 as both showed better ac
tivities than their proligand (HL2). Complex 9 with monoanionic ligand 
(L2)¡ is only slightly more active or equally active with complex 2 with 
the protonated ligand HL2 in MDA-MB-231 and MCF-7 cancer cells, 
respectively. Based on these findings, complex 8, the most cytotoxic 
compound, with its free ligand (HL8) and their non-substituted coun
terparts (2 and HL2), were selected for further detailed biological in
vestigations from the indolo[2,3-c]quinoline series. Similarly, from the 
indolo[3,2-c]quinoline group, compounds 14 and HL14, which are 
isomeric analogues of HL8 and 8, were also included in this more 
comprehensive study.

Table 3 
Cytotoxic effects of HL1–HL8 and HL11–HL14 as well as their Cu(II) complexes 1–14 and cisplatin on two human cancer cell lines and on a non-cancerous fibroblast cell 
line (MRC-5).

Compounds IC50 (μM)a

MDA-MB-231 MCF-7 MRC-5 SIi SIii

HL1 2,3-c 0.93 ± 0.40 1.0 ± 0.1 1.5 ± 0.2 1.6 1.5
1 2,3-c 0.89 ± 0.19 1.0 ± 0.04 1.6 ± 0.3 1.8 1.6
HL2 2,3-c 0.19 ± 0.07 0.55 ± 0.03 0.48 ± 0.07 2.5 0.9
2 2,3-c 0.22 ± 0.07 0.21 ± 0.07 0.26 ± 0.06 1.2 1.2
HL3 2,3-c 0.58 ± 0.08 0.70 ± 0.12 0.72 ± 0.18 1.2 1.0
3 2,3-c 0.51 ± 0.08 0.9 ± 0.1 0.18 ± 0.07 0.4 0.2
HL4 2,3-c 0.17 ± 0.03 0.94 ± 0.16 0.45 ± 0.08 2.6 0.5
4 2,3-c 0.12 ± 0.02 0.31 ± 0.06 0.28 ± 0.11 2.3 0.9
HL5 2,3-c 0.59 ± 0.17 0.26 ± 0.03 0.92 ± 0.19 1.6 3.5
5 2,3-c 0.41 ± 0.15 0.28 ± 0.04 0.45 ± 0.14 1.1 1.6
HL6 2,3-c 0.22 ± 0.04 0.51 ± 0.14 0.65 ± 0.16 3.0 1.3
6 2,3-c 0.10 ± 0.01 0.14 ± 0.02 0.58 ± 0.18 5.8 4.1
HL7 2,3-c 0.38 ± 0.08 0.47 ± 0.12 0.41 ± 0.08 1.1 0.9
7 2,3-c 0.32 ± 0.05 0.32 ± 0.05 0.35 ± 0.07 1.1 1.1
HL8 2,3-c 0.11 ± 0.01 0.25 ± 0.04 0.38 ± 0.03 3.5 1.5
8 2,3-c 0.07 ± 0.02 0.09 ± 0.001 0.10 ± 0.03 1.4 1.1
9 2,3-c 0.12 ± 0.04 0.19 ± 0.01 0.09 ± 0.03 0.8 0.5
10 2,3-c 4.4 ± 0.4 1.3 ± 0.3 >15 - -
HL11 3,2-c 1.9 ± 0.5 2.5 ± 0.6 4.29 ± 0.85 2.3 1.7
11 3,2-c 2.5 ± 0.5 1.3 ± 0.2 >3.6 - -
HL12 3,2-c 0.37 ± 0.11 0.48 ± 0.11 0.6 ± 0.1 1.6 1.3
12 3,2-c 0.15 ± 0.04 0.14 ± 0.05 0.45 ± 0.08 3.0 3.2
HL13 3,2-c 1.7 ± 0.4 1.8 ± 0.3 >30 - -
13 3,2-c 1.2 ± 0.4 1.6 ± 0.3 >2.3 - -
HL14 3,2-c 0.24 ± 0.06 0.7 ± 0.1 1.26 ± 0.44 5.3 1.8
14 3,2-c 0.17 ± 0.04 0.26 ± 0.05 0.44 ± 0.16 2.6 1.7
Cisplatin ​ 21.4 ± 5.2 9.6 ± 2.5 6.2 ± 1.1 0.3 0.6

a 50% inhibitory concentration after 72 h exposure in the MTT assay. Data are represented as mean ± SD (n ≥ 3). SIi = IC50 (MRC-5)/IC50 (MDA-MB-231); SIii = IC50 
(MRC-5)/IC50 (MCF-7).
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Extended antiproliferative activity assays. In order to obtain a 
broader view on the efficiency and cancer-specificity of the selected li
gands and complexes, the compounds were further tested on cancer cells 
of different origins. For this, besides the drug-sensitive breast cancer 
MCF-7, the multidrug resistant breast cancer cell line MCF-7 KCR, the 
prostate adenocarcinoma DU-145, and the lung adenocarcinoma 
A549 cell lines were used. As the compounds were dissolved in DMSO, 
vehicle control was included. The final concentration of DMSO never 
exceeded 1% (v/v). DMSO treatment did not influence viability and 
induced no toxic effect in any of the tested cell lines (Fig. 5).

The toxicity tests revealed that proligand HL8 was quite effective on 
lung, prostate and breast adenocarcinoma cells, as it decreased the cell 
viability of the A549, DU-145 and MCF-7 cancer cells in a concentration 
dependent manner. On the other hand, HL8 did not affect the MDR MCF- 
7 KCR cells nor the non-cancerous MRC-5 fibroblasts. Complex 8 
significantly decreased the viability of A549, DU-145, MCF-7 cells 
generally in a concentration dependent manner, as well as of the MDR 
MCF-7 KCR cells. This implies that complex 8 is capable of overcoming 
chemotherapy resistant cancer cells and it was more efficient than its 
ligand. When applied at higher concentrations, 8 decreased the viability 

of the non-cancerous fibroblasts as well. Importantly, these results imply 
that the copper(II) complex 8 showed significantly higher toxicity 
compared to the Schiff base HL8 on most tested cells, except for the 
A549 cell line. HL2 decreased the cell viability of all the tested cell lines 
in a concentration dependent manner, the weakest effect was observed 
on DU-145 and MRC-5 cells. Surprisingly, this proligand alone was very 
effective against breast-derived adenocarcinoma cells, as it significantly 
diminished the viability of the multidrug resistant (MDR) MCF-7 KCR as 
well as drug-sensitive MCF-7 cell line.

As expected, 2 showed significantly higher toxicity than HL2. At the 
lowest concentration used, complex 2 reduced the viability of most cell 
cultures below 10%. The only exception was the MCF-7 KCR cell line, 
where the complex reduced viability by ca. 50%. Moreover, the free 
ligand HL2 at the highest concentration (10 μM) exhibited a much 
stronger cytotoxic effect than 2.

HL14 showed significant cytotoxicity on A549 and MCF-7 cells, but 
only moderate or weak activity was observed on the other tested cell 
lines (Fig. 5). Complex 14 decreased the viability of A549, MCF-7 and 
MRC-5 cells, but it was ineffective or just slightly effective for the other 
two cell types. A significant difference was observed between the effect 

Fig. 5. Toxicity of the selected proligands and their corresponding copper(II) complexes on various cancer and non-cancerous cells. Viability measured by MTT assay 
on (a) A549, (b) DU-145, (c) MCF-7, (d) MCF-7 KCR and (e) MRC-5 cells following treatment with Cu(II) complexes 2, 8, 14 and their corresponding ligands HL2, 
HL8, HL14 at various concentrations (2, 4, 6, 8, 10 μM) in addition to the DMSO blank after a 24 h incubation. The viability of the untreated control samples was 
considered as 100%. The viability (%) of the treated cells was calculated by comparing the obtained absorbance to the absorbance of the untreated control. Data are 
expressed as the mean ± SD; n ≥ 3. Tukey's multiple comparisons test, *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.
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of HL14 and 14 on MCF-7 cancer cells and MRC-5 fibroblast cells, where 
14 was more effective in decreasing viability compared to the free 
ligand. IC50 values were calculated from the dose-response curves for 
each free ligand and corresponding Cu(II) complex on every cell line 
(Table 4). The differences in the cytotoxicity of the compounds between 
drug sensitive MCF-7 cell line and MDR MCF-7 KCR cell line are repre
sented by resistance factors (RF). The selectivity to cancer cells over 
noncancerous cells is represented by selectivity index (SI). These results 
indicate, that among the studied Cu(II) complexes, 2 showed the highest 
selectivity for A549 and DU-145 cancer cells. Among the ligands, HL8 

and HL2 showed the highest selectivity for A549 cancer cells. It is also of 
note that HL2 was remarkably effective against both the drug sensitive 
and the MDR MCF-7 KCR cells, showing a RF value close to 1. In fact, all 
other compounds including complexes 2, 8 and 14 were much less 
potent in growth inhibition of MCF-7 KCR cells, which is reflected by 
their RF values.

Data from cellular accumulation experiments in A549 lung cancer 
cells by ICP-MS (Table 5) suggest that methylation at Schiff base azo
methine carbon atom is advantageous for cellular uptake of the corre
sponding complexes, as measured Cu content per cell was by factor 1.9 
higher upon exposure to compound 2 compared to 1 and 4.2 times 
higher upon exposure to 8 compared to 7. Bromination at position 10, 
however, was unfavorable for cellular accumulation, as Cu content per 
cell was 4.8 times lower upon exposure to compound 7 compared to 1 
and 2.1 times lower upon exposure to 8 compared to 2, corresponding to 
a ten times higher IC50 value of 8 compared to 2 in the same cell line.

2.4.2. Fluorescent intercalator displacement assays, circular dichroism 
(CD) spectroscopy and agarose gel electrophoresis indicate interaction of 
lead drug candidates with DNA via intercalation

The previously studied Cu(II) complexes of indolo[2,3-e]benzazo
cine and the indolo[2,3-f]benzazonine derivatives as well as of indolo 
[2,3-c]quinoline- and indolo[2,3-d]benzazepine-morpholine hybrids 
[37,45] displayed strong binding to calf thymus DNA (ct-DNA) via 
intercalation. However, different binding strengths were disclosed 
depending on the substituents and the size of the central N-containing 
ring of the four-ring scaffold. As the binding of the complexes to ct-DNA 
increased significantly with decreasing the central N-containing ring 
size [45] a strong interaction with the Cu(II) complexes of the indolo[2, 
3-c]quinoline- and indolo[3,2-c]quinoline-derived Schiff bases was 
anticipated.

To find out whether the selected compounds are able to intercalate 
into DNA, the interaction between ct-DNA and the complexes 2, 8 and 
14 and metal-free ligands HL2, HL8, and HL14 was investigated via 
ethidium (cationic dye used as bromide salt) displacement by spectro
fluorometry. Highly diluted conditions (0.5 μM ct-DNA and 0.25 μM 
ethidium) were applied due to the limited solubility of the compounds. 
The addition of each of the six selected compounds decreased the high 
fluorescence of the ct-DNA – ethidium system (Fig. 6).

This decrease was more pronounced for the Cu(II) complexes, 
reaching a plateau at the emission intensity of the free ethidium cation. 
Conditional displacement constants determined by the computer pro
gram PSEQUAD [54] are listed in Table S5. The actual displacement of 
ethidium by 8 was confirmed in fluorescence lifetime measurements 

(see details in Fig. S93). In fact, the complexes replaced ethidium quite 
effectively; ca. 5 equiv of 8 and 14 were sufficient to completely displace 
the bound ethidium. For the same effect, 8 equiv of 2 were needed. 
Interestingly, the respective free ligands also partially replaced the 
ethidium cation at the concentrations that were used. The most effective 
competitor of the ethidium cation among the metal-free ligands was 
indolo[3,2-c]quinoline-derived Schiff base HL14 followed by isomeric 
indolo[2,3-c]quinoline-based ligands HL8 and HL2. The four-ring aro
matic scaffold of the free ligands makes them capable of intercalation, 
although apparently they were not as efficient as ethidium. It is of note 
that both intercalation and covalent bonding to DNA are possible for the 
Cu(II) complexes, which, in addition to a more rigid and flat structure 
contain chlorido co-ligands. However, the fact that the complexes 
showed a similar binding trend with ct-DNA (14 ~ 8 > 2) as the 
respective free ligands (HL14 >HL8 >HL2) implies the importance of 
intercalation of the complexes rather than formation of covalent bond 
(s).

Next, the interaction with DNA was studied by circular dichroism 
(CD) spectroscopy. This method provides useful information on the 
double stranded DNA (dsDNA) structure in solution and its changes 
upon interaction with various chemical agents. DNA at 25 μM 

Table 4 
IC50 values (μM) of the complexes and the free ligands determined on various cancer cell lines and on non-cancerous cells.

Sample A549 DU-145 MCF-7 MCF-7 KCR MRC-5 SIi SIii RFi SIiii

HL2 2.95 >10 5.19 4.87 >10 >3.4 − 0.9 >2.1
2 0. 30 0.15 0.03 9.26 2.29 7.6 15.3 309 0.2
HL8 2.82 5.69 2.69 >10 >10 >3.5 >1.8 >3.7 −

8 2.96 3.27 2.48 >10 >10 >3.4 >3.1 >4.0 −

HL14 4.40 >10 5.92 >10 >10 >2.3 − >1.7 −

14 2.48 >10 0.58 >10 2.63 1.1 − >17.2 −

DMSO >10 >10 >10 >10 >10 ​ ​ ​ ​

SIi = IC50 (MRC-5)/IC50 (A549); SIii = IC50 (MRC-5)/IC50 (DU-145); RFi = IC50 (MCF-7 KCR)/IC50 (MCF-7); SIiii = IC50 (MRC-5)/IC50 (MCF-7 KCR).

Table 5 
Cellular accumulation (fg Cu per cell) upon 2 h exposure of A549 cells to com
pounds 1, 2, 7 and 8. Values are means ± standard deviations from three inde
pendent experiments.

Compound 1 2 7 8

Cellular Accumulation (fg Cu per 
cell)

181 ± 46 338 ± 15 38 ± 6 158 ± 11

Fig. 6. Fluorescence intensity values of the ct-DNA–ethidium with various 
compound systems. Symbols denote complexes 2 (▴), 8 (■), and 14 (●) and 
ligands HL2 (Δ), HL8 (□), and HL14 (○). Red dashed line denotes the emission 
signal of free ethidium cation. At the indicated ratios, precipitate formation was 
not observed. {cDNA = 0.5 μM, cethidium bromide = 0.25 μM; λEX = 510 nm, 
λEM = 610 nm; T = 298 K; 10 mM HEPES, pH = 7.40}.
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deoxynucleotide (dnt) was titrated with the sets of selected free ligands 
and their Cu(II) complexes, so that the drug/dnt ratios (0, 0.25, 0.5 and 
1.0) were varied. As the stock solutions of the potential drugs were 
prepared in DMSO, the concentration of the DMSO also varied between 
0 and 5% (v/v) in the final solutions. Therefore, the effect of DMSO on 
the measurable wavelengths cut-off CD spectra was taken into account. 
DMSO did not change the shape and intensity of the CD spectra 
(Fig. S94).

The CD spectra of dsDNA in the presence of HL2, HL8, and HL14 as 
well as complexes 2, 8 and 14 are presented in Fig. 7.

The incremental increase of concentration of HL2 (Fig. 7a) had a 
negligible effect on the DNA spectrum. Only a very slight intensity 
decrease at the negative band was observed, indicating that DNA 
conformation remained intact. Notably, this compound exhibited the 
weakest intercalation ability based on the results of fluorometric ex
periments (Fig. 6). On the other hand, the CD spectra of dsDNA titrated 
with HL8 and HL14 (Fig. 7b and c) showed a significant decrease of the 
intensity of the positive band, while the negative band intensity 
decreased to a smaller extent. This may be due to a change of DNA 
conformation from B to a C-like structure [55]. For the latter two 
compounds, an apparent isodichroic point was observed at ~257 nm, 
suggesting a continuous change of the DNA conformation between the 
two states.

The CD spectra of the dsDNA titrated with the Cu(II) complexes 
(Fig. 7d− f) exhibited a significant and gradual decrease of both the 
negative and positive band intensities with increasing complex con
centration. The complexes 2 and 8 blue-shifted the zero ellipticity value 
by a few nanometers, thereby changing the shape of the spectra. The 
strongest effect for 8 was observed at a molar ratio of 1:1, while the shift 
of the positive band was already achieved at the lowest complex-to-DNA 
ratio with 2. These effects can be associated with the change of the DNA 
conformation, clearly indicating the interaction with Cu(II) complexes. 
Thus, the Cu(II) complexes 2, 8, and 14 and the metal-free ligands HL8 

and HL14 caused changes in the CD spectra of a short dsDNA, providing 
evidence of modifications of DNA conformation, and this effect was 
more pronounced for the complexes than for the free ligands.

In addition, the interaction of the selected drug candidates with a 
circular plasmid dsDNA was also studied by agarose gel electrophoresis 
monitoring the shift of the DNA band upon a binding event or DNA 
cleavage. As can be seen in Fig. 8, there was no significant change in the 

band of the DNA in the presence of the added compounds (10 μM) up to 
a 24 h incubation time with or without the use of the Chelex® 100 (a 
styrene-divinylbenzene co-polymer containing iminodiacetate groups) 
metal chelating resin prior to incubation of the reaction mixture.

These experiments were repeated at 20 μM concentrations of the 
drug candidates without Chelex® 100 treatment (Fig. 9a).

Increasing amounts of the open circular (OC) form of the plasmid 
DNA were observed upon prolonged incubation times up to 24 h in the 
presence of 8 and 14, along with a decrease of the supercoiled (SC) form. 
The changes in intensity are considered significant in comparison with 
the control experiment carried out with free Cu(II) ions or with the free 
ligands. These results suggest that there is a significant effect on the 
electrophoretic mobility of the plasmid DNA when using the Cu(II) 
complexes in comparison to metal-free ligands.

The effect of the concentration of tested compounds on the interac
tion with DNA prompted us to investigate this phenomenon more 
thoroughly. Therefore, the plasmid DNA was incubated with increasing 
amounts of 14 (Fig. 9b). This experimental series confirmed the con
centration dependence. Furthermore, it revealed that the supercoiled 
form of the DNA completely disappeared after 24 h in the presence of 
50 μM 14. Although, the supercoiled DNA is converted into the open 
circular form to almost the same extent by Cu(II) ions under the same 
conditions, the high stability of the complex did not allow for such high 
Cu2+ concentration in the presence of the free ligand. Thus, the observed 
effect should be related to the DNA-binding and eventual single strand 
cleavage by the metal complex.

In conclusion, the selected complexes, which are characterized by 
high stability in solution, showed significant interactions with DNA, 
which may underlie their anticancer activity.

2.4.3. Molecular docking further supports the stronger ability of Cu(II) 
complexes to intercalate into DNA

The metal-free ligands HL2, HL8 and HL14 and their Cu(II) complexes 
2, 8 and 14 were docked into the dsDNA intercalated with the trioxa
triangulenium ion (TOTA+), i.e., [d(CGATCG)]2⋅TOTA+

2 [56]. The 
scoring functions GoldScore (GS) [57], ChemScore (CS) [58,59], 
Piecewise Linear Potential (ChemPLP) [60] and Astex Statistical Po
tential (ASP) [61] were used with the GOLD (v2024.1) docking algo
rithm, which is considered an excellent molecular modelling tool [62,
63]. The binding scores for the compounds are given in Table 6. For the 
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Fig. 7. Circular dichroism spectra of a 42 base pairs (bp) dsDNA with the free ligands and Cu(II) complexes. 25 μM (dnt) of dsDNA was titrated with ligands (a) HL2, 
(b) HL8 or (c) HL14 or with Cu(II) complexes (d) 2, (e) 8, or (f) 14 at M ratios r = c(complex or ligand)/c(dnt) = 0, 0.25, 0.5, and 1.0. The spectra were recorded with 
1 nm spacing. Each symbol represents the average of three scans. The noise level is shown with error bars (and approximately by the size of the symbols).
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metal complexes only GS was used, because it is the only scoring func
tion calibrated for metal complexes.

The GS values were higher for the Cu(II) complexes and the corre
sponding metal-free ligands than for the co-crystallized TOTA+. Simi
larly, the other three scoring functions for the HL2, HL8 and HL14 were 

superior to those for TOTA+, which has a Kd of 24 μM against ct-DNA 
[56], and also IC50 of 0.45 μM against the breast cancer cell line 
MDA-MB-231 and 0.71 μM for HCT116 (colon) [64].

Fig. 10 shows the binding mode of complex 8 to the DNA fragment. It 
fits well into the intercalation site, completely overlapping with TOTA+

(Fig. 10b); multiple π-π stacking is predicted between the complex and 
the DNA bases indicating good binding. Compound 8 is intercalated via 
the major groove, with the metal center exposed to the water environ
ment. Complexes 2 and 14 have similar binding modes (see Fig. S95); for 
complex 2 the π – π interactions are predicted as: 2⋅⋅⋅G2 3.15 Å; 2⋅⋅⋅C5 
3.51 Å, 2⋅⋅⋅G6 3.6 and 4.2 Å, and for complex 14 only: 14⋅⋅⋅G6 3.46 Å; 
14⋅⋅⋅C5 3.7 Å.

2.4.4. Lead drug candidates induce oxidative stress, mitochondrial 
dysfunction and potential DNA damage in various cancer cell types

The toxic effect exerted by the free ligands or their Cu(II) complexes 
might be due to oxidative stress and reactive radical formation. There
fore, the level of reactive oxygen species (ROS) in various cancer cell 
lines was determined by using 2′,7′-dichlorodihydrofluorescein diac
etate (H2DCF-DA) as a probe (Fig. 11). All treatments of A549 cells 
triggered the generation of ROS inducing oxidative stress. However, 

Fig. 8. Nuclease activity of the drug-like molecules monitored by 1% (w/v) agarose gel electrophoresis: 10 ng/μL DNA; 10 μM of (a) Chelex® 100-treated and (b) 
untreated compounds; 30% (v/v) DMSO; pH 7.4; incubation was carried out at 37 ◦C; Marker: 1 kb Gene Ruler Plus.

Fig. 9. Nuclease activity of the drug-like molecules monitored by 1 % (w/v) agarose gel electrophoresis: (a) 10 ng/μL DNA; 20 μM drug-like molecules and Cu2+ in 
the control experiment; 30% (v/v) DMSO; pH 7.4; incubation was carried out at 37 ◦C; Marker: 1 kb Gene Ruler Plus. It is worth noting that the lack of the band of the 
supercoiled DNA at the initial point of the HL14 lane is a mistake of sample loading, since the band is visible at later incubation times. (b) The effect of increasing 
concentrations of 14 from 10 to 50 μM on plasmid DNA. The further measurement conditions are the same as in (a). The control experiments included 10 and 50 μM 
Cu2+ without the ligand molecule.

Table 6 
The binding affinities as predicted by the scoring functions for dsDNA fragment 
in [d(CGATCG)]2⋅TOTA+

2 . TOTA+, the intercalated co-crystallized ligand cation 
was re-docked reproducing well the conformation established by protein crys
tallography with acceptable RMSD values (Root Mean Square Deviation).

Compound GS ASP PLP CS

HL2 75.7 58.7 82.9 76.4
2 67.5 - - -
HL8 78.6 57.4 84.7 78.8
8 74.8 - - -
HL14 82.3 58.3 82.7 82.1
14 71.9 - - -
TOTA 65.9 54.5 77.9 65.7

RMSD (Å) 2.096 0.875 3.294 2.200

F. Bacher et al.                                                                                                                                                                                                                                  European Journal of Medicinal Chemistry 315 (2026) 118882 

12 



there was no difference between the effect of the free ligands and the 
corresponding Cu(II) complexes. This means that the radical formation 
in these cells is mostly attributed to the presence of the ligand, either 
added individually or bound to Cu(II) as a complex. A very similar re
action occurred in DU-145 cells, where all compounds administered 
induced ROS generation. In contrast to A549 cells, complex 2 out
performed the free ligand HL2 in the ability to produce ROS, suggesting 

that for a more robust anticancer effect the ligand should be bound in the 
Cu(II) complex. These findings are in accordance with the toxicity re
sults obtained for complex 2 and ligand HL2 on DU-145 cells (Fig. 5).

In MCF-7 cells the Cu(II) complexes (2, 8 and 14) and ligand HL14 

induced significant oxidative stress, showing an increased 2′, 7′- 
dichlorofluorescein (DCF) fluorescence intensity compared to the un
treated control samples (Fig. 11). Complexes 2 and 8 were significantly 

Fig. 10. (a) Co-crystallized TOTA+ in the DNA double stranded hexamer ([d(CGATCG)]2⋅TOTA+) (ref. [54]); (b) The docked conformation of complex 8, with the 
adjacent G-C base pairs; π-π stacking is predicted to all the bases except for one cytosine. The co-crystallized cation TOTA+ is shown as green sticks.

Fig. 11. Generation of reactive oxygen species by the selected free ligands and corresponding Cu(II) complexes on various cancer cell lines. Level of ROS measured 
by H2DCF-DA staining on A549, DU-145, MCF-7 and MCF-7 KCR cells upon treatment with Cu(II) complexes 2, 8, or 14 and their corresponding proligands HL2, HL8, 
or HL14 (4 μM) following a 3 h incubation and compared to those for a control experiment with DMSO. Data are expressed as the mean ± SD; n ≥ 3. Data were 
statistically analyzed using Tukey's multiple comparisons test, *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.
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more effective in ROS generation than their ligands, similarly to what 
was observed during the toxicity screening. As far as the drug-resistant 
MDR MCF-7 KCR cells are concerned, only one complex, namely 2, 
could increase ROS significantly, and it was therefore more effective 
than its ligand (HL2).

Secondly, mitochondrial damage following the drug treatments was 
investigated by JC-1 staining, as JC-1 (shows green fluorescence in 
monomeric and red fluorescence in aggregated form) is a mitochondrial 
membrane potential indicator. Mitochondrial depolarization is indi
cated by a decrease in the red/green fluorescence intensity ratio. The 
red/green fluorescence ratio was significantly decreased upon every 
treatment in A549 and MCF-7 cells. Only complexes 2, 14, and free li
gands HL8 and HL14 were effective in DU-145 cells. None of the com
pounds affected the mitochondrial membrane potential of MCF-7 KCR 
cells (Fig. 12). In the case of the MDR MCF- KCR cells, verapamil a P- 
glycoprotein inhibitor was added to the samples before JC-1 staining to 
avoid dye export due to the overexpressed efflux pumps.

The JC-1 staining results supported the toxicity data, which indi
cated that A549 and MCF-7 cells were the most sensitive to the cellular 
effects of the compounds, and, as expected, MCF-7 KCR cells were the 
most resistant to most of the tested compounds. Moreover, complex 8 
outperformed its free ligand HL8 in A549 cells in inducing mitochondrial 
depolarization. Similarly, complex 2 was significantly more detrimental 
than its free ligand HL2 in DU-145 cells. Nevertheless, none of the 
complexes was able to alter the mitochondrial membrane potential of 
MCF-7 cells more than its corresponding ligand or could affect the MDR 
MCF-7 KCR cells.

Since ROS formation might lead to DNA damage, and the complexes 
as well as the free ligands are able to interact with DNA, we performed 
γH2AX immunostaining on A549 cells exposed to the drug candidates to 
detect and quantify the amount of DNA double strand breaks. Such DNA 
damage appears as bright foci in the nucleus of individual cells. We 
found that none of the treatments led to serious DNA damage (Fig. S96). 
The representative images showed that the free ligand- or Cu(II) 
complex-treated cells stained similarly as the untreated control cells. 
The number of γH2AX foci was also very low in every sample, indicating 
that the decrease in cell viability was not due to severe DNA damage but 
probably due to mitochondrial damage induced by the treatments. Even 
though, current experiments do not distinguish between nuclear DNA 
and mitochondrial DNA (mtDNA), the mitochondrial dysfunction (JC-1 
staining, Fig. 12) and ROS generation (Fig. 11) are clearly demonstrated. 
It is well known that mtDNA is particularly susceptible to oxidative 
damage due to its proximity to the electron transport chain and limited 
repair capacity [65–67]. Therefore, it is likely that these compounds 
cause mtDNA damage even without the formation of detectable γH2AX 
foci in the nucleus.

2.4.5. Cell cycle analysis and LDH release in the medium indicate that Cu 
(II) complex 8 inhibits DNA synthesis more effectively than proligand HL8, 
while both HL8 and 8 induce apoptosis in A549 cells

For metal-based drugs, and, in particular, for Pt(IV), Co(II) or Ru(II) 
complexes, the effect on the cell cycle and the formation of blocks at 
single checkpoints is often observed [68–70]. The effect of HL8 and 8 on 
the cell cycle was studied using EdU/FxCycle™ Violet Stain double 

Fig. 12. Mitochondrial dysfunction induced by the selected free ligands and corresponding Cu(II) complexes on various cancer cells. Alterations in mitochondrial 
membrane potential were detected by JC-1 staining of A549, DU-145, MCF-7 and MCF-7 KCR cells after exposure to Cu(II) complexes 2, 8, or 14 and corresponding 
free ligands HL2, HL8, or HL14 (4 μM) for 3 h. Red to green fluorescence ratio was determined by fluorescence microscope image analysis. Data are expressed as the 
mean ± SD; n ≥ 3. Data were statistically analyzed using Tukey's multiple comparisons test, *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.
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staining to distinguish cells actively synthesizing DNA. After 48 h of HL8 

exposure, a statistically significant increase in the proportion of 
A549 cells in G0/G1 phase was observed, as well as a decrease in the 
proportion of cells in active S phase (Fig. 13). At the same time point, 
exposure to 8 also caused a significant decrease in the proportion of cells 
in active S phase, as well as a visible, although not statistically signifi
cant, increase in the number of cells in inactive S phase. Although the 
proportion of cells in the active S phase is similar in cells treated with 
HL8 and 8, the rate of incorporation of EdU into new DNA, and thus the 
intensity of the fluorescence of the label used to detect it, is significantly 
lower after exposure to 8 than to HL8. This indicates that Cu(II) complex 
8 inhibits DNA synthesis with greater efficiency than HL8.

Viability of cells. Delays in the cell cycle or cell cycle arrests often 
lead to cell death. The effect of HL8 and 8 on viability of A549 cells was 
measured. Following 48 or 72 h of treatment with IC50 concentrations of 
the compounds the cell number, protein content and lactate dehydro
genase (LDH) release into the medium were analyzed. LDH assay is a 
well-established and widely used marker of loss of plasma membrane 
integrity, specifically associated with necrotic or late-stage apoptotic 
processes [71]. Herein, we studied LDH release to judge whether the 
observed decrease in cell viability is accompanied by cell membrane 
damage. Both HL8 and 8 decreased live cell count after 48 and 72 h of 
treatment (Fig. 14a). Furthermore, the protein content decreased, indi
cating that a reduced number of viable cells was present after exposure 
to both compounds (Fig. 14b). Based on the detection of LDH activity in 
the medium, a statistically significant increase in the proportion of dead 
cells in the population was observed after treatment with both com
pounds. The effect of 8 was more significant (Fig. 14c). These results 
demonstrate that both HL8 and 8 decrease cell viability.

Apoptosis of cells. The potential of HL8 and 8 to induce apoptosis in 
A549 cells was analyzed by flow cytometry after 48 or 72 h of treatment 
with IC50 concentrations of the compounds, following Annexin V-FITC/ 

propidium iodide (PI) dual staining and compared to DMSO (0.03%) 
used as vehicle control. The experimental data obtained are presented in 
Fig. 15 with percentages of early apoptotic cells (Annexin V+/PI− , Q3), 
late apoptotic and necrotic cells (Annexin V+/PI+, Q2), dead cells 
(Annexin V− /PI+, Q1) and live cells (Annexin V− /PI− , Q4) in Table S6. 
By the current test (BD Pharmingen protocol) [72] we cannot reliably 
distinguish the type of cell death that occurred (i.e., apoptosis or ne
crosis) in the Q1 (Annexin V -/PI+) and Q2 (Annexin V+/PI+) pop
ulations, so they are shown together as “late apoptotic + dead” cells.

Compared with the vehicle-treated control cells, the CuCl2-treated 
cells showed a slight decrease in the percentage of viable cells (87.5%), 
with no change of the proportion of cells in early apoptosis (2.4%), and a 
slight increase in the percentage of late apoptotic cells (10.0%), indi
cating that CuCl2 had only a weak effect on cell survival after 48 h of 
treatment (Figs. 14a and 15a, Table S6). A slight increase of the per
centage of early apoptotic and late apoptotic cells is found after 72 h 
incubation time (Table S6). The likely reason for the weak effect 
observed is that the 50 μM concentration of CuCl2 used in A549 cells is 
too low to significantly induce apoptosis [73–75].

Both HL8 and 8 induced a substantial rise of early apoptotic cells 
(18.8 and 15.8%, respectively) compared to 2.5% and 2.4% for DMSO 
(0.03%) and CuCl2 (50 μM) in A549 cells after 48 h of treatment 
(Fig. 15a–Table S6). The proportion of late apoptotic and necrotic cells 
upon the same treatment increased moderately to 13.6% and 14.2% 
compared to 8.5% and 10.0% for DMSO and CuCl2 treated cells. Pro
longed incubation (72 h) led to a further increase of early apoptotic cells 
(Annexin V+/PI− ). A slight increase of late apoptotic/necrotic (Annexin 
V+/PI+) and dead cells (Annexin V− /PI+) after exposure to 8 was 
detected as well (Fig. 15a,Table S6). In addition, 8 became more effec
tive than HL8 in triggering apoptosis (Fig. 15a).

Cleavage of PARP (poly (ADP-ribose) polymerase) is one of the 
hallmarks of apoptosis [76]. None of the treatments significantly 

Fig. 13. Inhibition of A549 cell cycle: (a) Cell cycle analysis after 48 and 72 h exposure to HL8 and 8 by EdU/FxCycle™ Violet Stain double stain of DNA. Data are 
shown as means ± SEM of percentage of cells in respective cell cycle phase; n = 4; data were analyzed using two way ANOVA followed by Dunnett's test; * = p <
0.05, ** = p < 0.01; (b) Representative dot plots of cell cycle at 48 h time-point.
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changed PARP expression (Fig. 16a,d). Exposure to both compounds 
increased cleaved PARP (c-PARP) at 48 h time-point. Higher concen
tration of the compound resulted in higher PARP cleavage and 8 was 
more effective in comparison to HL8 (Fig. 16b). At the 72 h time-point, 
an increase of c-PARP was observed as well, however because of the 
variation between experiments only IC50 of 8 was statistically significant 
(Fig. 16e).

H2A is a part of the core histone octamer around which DNA is 
wrapped. H2AX is one of the variants of H2A and is involved in sensing 
DNA double strand breaks. When DNA double strand breaks occur H2AX 

is rapidly phosphorylated on the serine 139 residue resulting in γH2AX 
[77–80]. During γH2AX immunostaining of A549 cells exposed to the 
drug candidates the number of γH2AX foci was also very low indicating 
that the decrease in cell viability was not due to severe DNA damage 
(Fig. S96). On the contrary, Western blot analysis showed a significant 
increase of γH2AX after 48 h exposure to both compounds, with 8 being 
more effective than HL8 (Fig. 16c). However, at 72 h only higher con
centration of 8 remained effective, while the increase observed for the 
higher concentration of HL8 was not statistically significant (Fig. 16f). 
Taken together, both compounds have the capacity to increase the 

Fig. 14. Viability of A549 cells upon treatment with HL8 and 8: (a) Live cell count after 48 and 72 h treatment compared to solvent control (DMSO). Data are shown 
as means ± SEM; n = 3− 5; data were analyzed using one-way ANOVA followed by Dunnett's test; * = p < 0.05, ** = p < 0.01; (b) Protein content measured using 
BCA assay after 48 and 72 h exposure. Data are shown as means ± SEM; n = 4− 5; data were analyzed using one-way ANOVA followed by Dunnett's test; * = p < 0.05, 
** = p < 0.01; (c) Release of LDH was measured in medium after 48 and 72 h exposure. The results are shown as a mean ± SEM of percentage of solvent control 
(DMSO); n = 3− 7; data were analyzed using one sample t-test with a hypothetical value 100; * = p < 0.05, ** = p < 0.01.

F. Bacher et al.                                                                                                                                                                                                                                  European Journal of Medicinal Chemistry 315 (2026) 118882 

16 



phosphorylation of H2AX, with compound 8 being more potent, 
particularly at the 48 h time-point, and at higher concentrations. The 
discrepancy between the immunostaining and Western blot results may 
be attributed to differences in treatment duration (3 vs 48 h), the anti
bodies used, and/or the sensitivity of the respective methods.

Collectively, all the above-mentioned results demonstrate that both 
HL8 and 8 may induce cell death through the activation of apoptotic 
pathways, with compound 8 being more effective.

3. Conclusions

In this study, we synthesized Cu(II) complexes with ligands based on 
the indolo[2,3-c]quinoline scaffold. The new Schiff bases and complexes 
showed prominent anticancer activity against several cancer cell lines 
with IC50 values in the nanomolar concentration range for the most 

potent compounds. Ligands and complexes derived from 2-acetylpyri
dine were significantly more active than those derived from 2-formyl
pyridine, which is in accordance with data previously reported with 
isomeric indolo[3,2-c]quinolines [16]. Copper(II) complexes showed 
improved solubility in aqueous media, and, comparable cytotoxicity 
with that of proligands. Bromo-substitution at different positions of the 
D-ring revealed that position 10 was favored for maximizing activity, 
thus making HL8 and 8 the lead compounds. Comparison of the indolo 
[2,3-c]quinoline-based compounds with previously studied isomeric 
indolo[3,2-c]quinolines showed that the former were overall more 
cytotoxic. Interestingly, ligand HL2 and the corresponding copper(II) 
complex 2 showed activity against the MDR breast cancer cell line 
MCF-7 KCR. Despite being more cytotoxic, the indolo[2,3-c]quinolines 
showed a somewhat weaker affinity towards dsDNA than the isomeric 
indolo[3,2-c]quinolines. Exposure to 8 caused a significant decrease in 

Fig. 15. Induction of apoptosis in A549 cells by HL8 and 8 measured by flow-cytometry: (a) percentage of live, early apoptotic, and late apoptotic + dead cells after 
48 and 72 h treatment compared to solvent control (DMSO). Data are shown as mean percentage of cells in respective cell death stage ±SEM; data were analyzed 
using two-way ANOVA followed by Dunnett's test; * = p < 0.05, ** = p < 0.01 (b) Representative dual parametric dot plots combining Annexin V-FITC and PI of 
72 h treatment.
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the proportion of cells in the active S phase. In addition, the LDH release 
in the medium caused by 8 in A549 cells was consistent with enhanced 
ROS production and mitochondrial dysfunction, while a statistically 
significant increase of the proportion of dead cells after the 48 and 72 h 
exposures of A549 cells to 8 was also observed. Annexin FITC/PI assay 
revealed that both HL8 and 8 induce apoptosis in A549 cells, which is 
mediated by ROS generation and mitochondrial disfunction. Strong 
interaction of Cu(II) complexes 2, 8 and 14 with DNA accompanied by 
single strand cleavage may also play a role in their anticancer activity.

4. Experimental section

4.1. Chemicals

N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES), 
tris(hydroxymethyl)aminomethane (Tris), calf thymus DNA (ct-DNA, 
type I, fibers) and ethidium bromide (EB) were purchased from Sigma- 
Aldrich in puriss quality. DMSO, KCl, KOH, KCl and potassium 

hydrogen phthalate were obtained from VWR International (Hungary) 
and used without further purification. Milli-Q water was used for the 
preparation of all solutions.

4.2. Synthesis of ligands HL1–HL8

HL1⋅0.5H2O. 6-Hydrazin-yl-7H-indolo[2,3-c]quinoline (9a) (1.00 g, 
4.03 mmol) was suspended in ethanol (21 mL) in a 50 mL Schlenk tube. 
The suspension was deoxygenated by bubbling a stream of argon 
through the reaction mixture for 10 min. Then 2-formylpyridine 
(422 μL, 4.43 mmol) was added, and the resulting mixture was stirred 
at 86 ◦C overnight. The next day, the reaction mixture was allowed to 
cool to room temperature, and the yellow microcrystalline product was 
recovered by filtration, washed with cold ethanol and dried in air. Yield: 
1.28 g, 94%. Anal. Calcd for C21H15N5⋅0.5H2O (Mr = 346.39): C, 72.82; 
H, 4.66; N, 20.22. Found: C, 72.66; H, 4.65; N, 19.99. 1H NMR 
(600 MHz, DMSO‑d6) δ 12.19 (s, 1H, H7), 11.08 (s, 1H, H5), 8.64 – 8.59 
(m, 2H, H20, H17), 8.53 (s, 1H, H14), 8.42 (d, J = 8.2 Hz, 1H, H11), 8.38 

Fig. 16. Induction of apoptosis in A549 cells by HL8 and 8 measured by Western blot: analysis of PARP cleavage and γH2AX phosphorylation in A549 cells after 48 
and 72 h exposure to IC50 of HL8 (1.24 μM), 3 × IC50 HL8 (3.72 μM), IC50 of 8 (1.61 μM) and 3 × IC50 of 8 (4.83 μM) measured by western blotting. (a) PARP after 48 
h, (b) cleaved PARP after 48 h, (c) γH2AX after 48 h, (d) PARP after 72 h, (e) cleaved PARP after 72 h, (f) γH2AX after 72 h. As a house-keeping protein, β-actin was 
used. The results are shown as a mean ± SEM of protein of interest/β-actin ratio; n = 3-4; data were analyzed using one-way ANOVA followed by Dunnett's test; * =
p < 0.05, ** = p < 0.01; (g) representative blots of 48 h treatment, (h) representative blots of 72 h treatment.
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(d, J = 7.1 Hz, 1H, H1), 7.94 – 7.89 (m, 2H, H19, H4), 7.67 (d, J = 8.2 Hz, 
1H, H8), 7.46 – 7.42 (m, 1H, H9), 7.42 – 7.38 (m, 2H, H18, H3), 7.32 – 
7.28 (m, 2H, H2, H10). 13C NMR (151 MHz, DMSO) δ 154.55 (Cq, C15), 
151.89 (CH, C14), 149.28 (CH, C17), 146.66 (Cq, C6), 139.28 (Cq, C7a), 
136.26 (CH, C19), 134.71 (Cq, C4a), 126.59 (Cq, C6a), 125.95 (CH, C3), 
125.30 (CH, C9), 123.70 (CH, C18), 122.89 (CH, C1), 122.30 (Cq, C11a), 
122.24 (CH, C2), 121.67 (CH, C11), 121.18 (CH, C20), 120.66 (CH, C10), 
118.83 (Cq, C11c), 116.52 (CH, C4), 116.13 (Cq, C11b), 112.93 (CH, C8). 
ESI-MS (acetonitrile/methanol + 1% water), positive: m/z 338.1395 [M 
+ H+]+; calcd m/z 338.1400.

HL2⋅0.3MeOH⋅0.5H2O. 6-Hydrazin-yl-7H-indolo[2,3-c]quinoline 
(9a) (1.00 g, 4.03 mmol) was suspended in methanol (17 mL) in a 50 mL 
Schlenk tube. The mixture was deoxygenated by bubbling argon through 
the reaction mixture for 10 min. Then 2-acetylpyridine (497 μL, 
4.43 mmol) was added, and the resulting mixture was stirred at 76 ◦C 
overnight. The next day, the reaction mixture was allowed to cool to 
room temperature, and the yellow product was removed by filtration, 
washed with methanol and dried in air. Yield: 1.37 g, 97%. Anal. Calcd 
for C22H17N5⋅0.3CH3OH⋅0.5H2O (Mr = 370.02): C, 72.38; H, 5.23; N, 
18.93. Found: C, 72.24; H, 5.21; N, 18.95. 1H NMR (600 MHz, DMSO‑d6) 
δ 11.96 (s, 1H, H7), 10.77 (s, 1H, H5), 8.73 (dt, J = 8.1, 0.9 Hz, 1H, H20), 
8.63 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H, H17), 8.40 (d, J = 8.2 Hz, 1H, H11), 
8.33 (d, J = 7.0 Hz, 1H, H1), 7.90 – 7.85 (m, 2H, H19, H4), 7.70 (d, 
J = 8.2 Hz, 1H, H8), 7.46 – 7.42 (m, 1H, H9), 7.41 – 7.34 (m, 2H, H18, 
H3), 7.32 – 7.25 (m, 2H, H2, H10), 2.69 (s, 3H, H21).13C NMR (151 MHz, 
DMSO‑d6) δ 158.32 (Cq, C14), 156.47 (Cq, C15), 148.47 (CH, C17), 
144.78 (Cq, C6), 139.15 (Cq, C7a), 135.88 (CH, C19), 134.90 (Cq, C4a), 
127.40 (Cq, C6a), 125.81 (CH, C3), 125.09 (CH, C9), 123.40 (CH, C18), 
122.80 (CH, C1), 122.53 (Cq, C11a), 121.97 (CH, C2), 121.59 (CH, C11), 
121.31 (CH, C20), 120.60 (CH, C10), 118.81 (Cq, C11c), 116.51 (CH, C4), 
115.46 (Cq, C11b), 112.89 (CH, C8), 13.20 (CH3, C21). ESI-MS (acetoni
trile/methanol + 1% water), positive: m/z 352.1556 [M + H+]+; calcd 
m/z 352.1557. X-ray diffraction quality single crystals were obtained by 
slow evaporation of methanolic solutions of HL2.

HL3⋅0.1H2O. 8-Bromo-6-hydrazin-yl-7H-indolo[2,3-c]quinoline 
(9b) (330 mg, 1.01 mmol) was suspended in ethanol (7 mL) in a 25 mL 
Schlenk tube. The mixture was degassed by bubbling argon through the 
reaction mixture for 10 min. 2-Formylpyridine (140 μL, 1.46 mmol) was 
then added, and the reaction mixture was stirred at 86 ◦C overnight. The 
reaction mixture was cooled to room temperature and stored at +4 ◦C 
overnight. The product was recovered by filtration, washed with cold 
ethanol and dried in vacuo. Yield 320 mg, 93%. Anal. Calcd for 
C21H14BrN5⋅0.1H2O (Mr = 418.07): C, 60.33; H, 3.42; N, 16.75. Found: 
C, 60.19; H, 3.32; N, 16.51. 1H NMR (600 MHz, DMF- d7) δ 12.13 (s, 
broad, 1H, H7), 11.65 (s, broad, 1H, H12), 8.83 (d, J = 4.1 Hz, 1H, H17), 
8.76 (d, J = 8.0 Hz, 1H, H11), 8.72 (d, J = 6.5 Hz, 1H, H1), 8.44 (s, 1H, 
H14), 8.06 – 8.03 (m, 1H, H19 (overlapped DMF peak)), 8.01 – 7.98 (m, 
1H, H20 (overlapped DMF peak)), 7.92 – 7.86 (m, 2H, H9, H4), 7.60 (t, 
J = 7.4 Hz, 1H, H3), 7.57 – 7.52 (m, 1H, H2), 7.47 – 7.42 (m, 2H, H18, 
H10). 13C NMR (151 MHz, DMF- d7) δ 154.73 (Cq, C15), 153.92 (CH, 
C14), 151.41 (CH, C17), 147.96 (Cq, C6), 138.34 (Cq, C7a), 138.10 (CH, 
C19), 136.71 (Cq, C4a), 129.87 (CH, C9), 128.97 (Cq, C6a), 127.47 (CH, 
C3), 124.84 (CH, C2), 124.57 (CH, C18), 124.48 (Cq, C11a), 123.99 (CH, 
C1), 123.24 (CH, C11), 123.17 (CH, C11), 122.34 (CH, C20), 119.70 (Cq, 
C11c), 118.78 (Cq, C11b), 117.56 (CH, C4), 106.40 (Cq, C8). ESI-MS 
(acetonitrile/methanol + 1% water), positive: m/z 418.0480 [M +
H+]+; calcd m/z 418.0487.

HL4⋅0.5H2O. 8-Bromo-6-hydrazin-yl-7H-indolo[2,3-c]quinoline 
(9b) (225 mg, 0.69 mmol) was suspended in ethanol (5 mL) in a 25 mL 
Schlenk tube. The mixture was deoxygenated by bubbling argon through 
the reaction mixture for 10 min. 2-Acetylpyridine (85 μL, 0.76 mmol) 
was added, and the resulting mixture was stirred at 86 ◦C overnight. 
Then the solution was cooled to room temperature and stored at 4 ◦C 
overnight. The yellow precipitate was recovered by filtration, washed 
with cold ethanol and dried in vacuo. Yield: 256 mg, 86%. Anal. Calcd for 
C22H16BrN5•0.5H2O (Mr = 438.06): C, 60.14; H, 3.90; N, 15.94. Found: 

C, 59.90; H, 3.78; N, 15.58. 1H NMR (600 MHz, DMF-d7) δ 11.83 (s, 
broad, 1H, H7), 11.07 (s, 1H, H5), 8.69 – 8.62 (m, 1H, H17), 8.60 (d, 
J = 8.0 Hz, 1H, H20), 8.55 (d, J = 8.0 Hz, 1H, H11), 8.45 (d, J = 7.8 Hz, 
1H, H1), 7.92 (t, J = 7.1 Hz, 1H, H4), 7.87 – 7.82 (m, 1H, H19), 7.73 (d, 
J = 7.6 Hz, 1H, H9), 7.43 – 7.37 (m, 2H, H3, H18), 7.35 – 7.28 (m, 2H, H2, 
H10), 2.70 – 2.66 (m, 3H, H21). 13C NMR (151 MHz, DMF-d7) δ 159.57 
(Cq, C14) 156.97 (Cq, C15), 148.70 (CH, C17), 145.19 (Cq, C6), 138.09 
(Cq, C7a), 137.12 (CH, C19), 135.95 (Cq, C4a), 129.01 (Cq, C6a), 128.38 
(CH, C9), 126.62 (CH, C3), 125.02 (Cq, C11a), 123.42 (CH, C18), 123.12 
(CH,C1), 122.19 (CH, C10), 122.08 (CH, C2), 121.28 (CH, C20, C11 

(overlapped signals)), 118.68 (Cq, C11c), 117.12 (Cq, C11b), 116.54 (CH, 
C4), 105.32 (Cq, C8), 12.91, (CH3, C21). ESI-MS (acetonitrile/methanol 
+ 1% water), positive: m/z 432.0645 [M + H+]+; calcd m/z 432.0644.

HL5⋅0.2H2O. 9-Bromo-6-hydrazin-yl-7H-indolo[2,3-c]quinoline 
(9c) (290 mg, 1.01 mmol) was suspended in ethanol (6 mL) in a 25 mL 
Schlenk tube. The resulting mixture was deoxygenated by bubbling 
argon through the reaction mixture for 10 min. 2-Formylpyridine (120 
μL, 1.72 mmol) was then added, and the reaction mixture was stirred at 
86 ◦C overnight. The reaction mixture was cooled to room temperature 
and stored at +4 ◦C overnight. The product was removed by filtration, 
washed with cold ethanol and dried in vacuo. Yield: 350 mg, 96%. Anal. 
Calcd for C21H14BrN5⋅0.2H2O (Mr = 419.88): C, 60.07; H, 3.46; N, 
16.68. Found: C, 60.11; H, 3.33; N, 16.43. 1H NMR (600 MHz, DMSO‑d6) 
δ 12.31 (s, 1H, H7), 11.10 (s, 1H, H5), 8.64 – 8.59 (m, 2H, H17, H20), 8.53 
(s, 1H, H14), 8.39 (d, J = 8.5 Hz, 1H, H11), 8.34 (d, J = 7.7 Hz, 1H, H1), 
7.95 – 7.88 (m, 2H, H4, H19), 7.80 (s, 1H, H8), 7.44 – 7.37 (m, 3H, H18, 
H3, H10), 7.30 (t, J = 7.3 Hz, 1H, H2). 13C NMR (151 MHz, DMSO‑d6) δ 
154.45 (Cq, C15), 152.26 (CH, C14), 149.29 (CH, C17), 146.40 (Cq, C6), 
140.05 (Cq, C7a), 136.26 (CH, C19), 134.88 (Cq, C4a), 127.28 (Cq, C6a), 
126.34 (CH, C3), 123.79 (CH, C11), 123.52 (CH, C18), 123.48 (CH, C10), 
122.94 (CH, C1), 122.29 (CH, C2), 121.32 (Cq, C11a), 121.21 (CH, C20), 
118.27 (Cq, C11c), 118.13 (Cq, C9), 116.57 (CH, C4), 116.10 (Cq, C11b), 
115.30 (CH, C8). ESI-MS (acetonitrile/methanol + 1% water), positive: 
m/z 418.0484 [M + H+]+; calcd m/z 418.0487.

HL6⋅0.5H2O. 9-Bromo-6-hydrazin-yl-7H-indolo[2,3-c]quinoline 
(9c) (300 mg, 0.92 mmol) was suspended in ethanol (11.5 mL) in a 25 
mL Schlenk tube. The resulting mixture was degassed by bubbling an 
argon stream through the solvent for 10 min. 2-Acetylpyridine (110 μL, 
1.18 mmol) was then added, the reaction mixture was stirred at 86 ◦C 
overnight, then cooled to room temperature and stored at +4 ◦C over
night. The product was recovered by filtration, washed with cold 
ethanol and dried in vacuo. Yield: 320 mg, 80%. Anal. Calcd for 
C22H16BrN5⋅0.5H2O (Mr = 439.31): C, 60.15; H, 3.90; N, 15.94. Found: 
C, 60.50; H, 3.68; N, 15.82. 1H NMR (600 MHz, DMSO‑d6) δ 12.06 (s, 
1H, H7), 10.79 (s, 1H, H5), 8.72 (d, J = 8.0 Hz, 1H, H20), 8.63 (d, 
J = 4.6 Hz, 1H, H17), 8.37 (d, J = 8.6 Hz, 1H, H11), 8.31 (d, J = 7.8 Hz, 
1H, H1), 7.90 – 7.82 (m, 3H, H4, H19, H8), 7.44 – 7.34 (m, 3H, H18, H10, 
H3), 7.26 (t, J = 7.5 Hz, 1H, H2), 2.68 (s, 3H, H21). 13C NMR (151 MHz, 
DMSO‑d6) δ 158.64 (Cq, C14), 156.34 (Cq, C15), 148.47 (CH, C17), 
144.49 (Cq, C6), 139.93 (Cq, C7a), 135.89 (CH, C19), 135.05 (Cq, C4a), 
128.04 (Cq, C6a), 126.19 (CH, C3), 123.47 (CH, C18), 123.46 (CH, C10), 
123.36 (CH, C11), 122.84 (CH, C1), 122.01 (CH, C2), 121.53 (Cq, C11a), 
121.33 (CH, C20), 118.22 (Cq, C11c), 117.87 (Cq, C9), 116.55 (CH, C4), 
115.43 (Cq, C11b), 115.28 (CH, C8), 13.21 (CH3, C21). ESI-MS (acetoni
trile/methanol + 1% water), positive: m/z 432.0642 [M + H+]+; m/z 
432.0662.

HL7⋅0.2EtOH. 10-Bromo-6-hydrazin-yl-7H-indolo[2,3-c]quinoline 
(9d) (0.30 g, 0.92 mmol) was suspended in ethanol (10.0 mL) in a 25 mL 
Schlenk tube. The mixture was deoxygenated by bubbling argon through 
the reaction mixture for 10 min. 2-Formylpyridine (96 μL, 1.01 mmol) 
was added, and the reaction mixture was stirred at 85 ◦C overnight. The 
reaction mixture was cooled to room temperature, and the yellow pre
cipitate was recovered by filtration, washed with ethanol and dried in 
vacuo. Yield: 0.36 g, 93%. Anal. Calcd for C21H14BrN5⋅0.2C2H6O 
(Mr = 425.49): C, 60.41; H, 3.60; N, 16.46. Found: C, 60.42; H, 3.33; N, 
16.37. 1H NMR (600 MHz, DMSO‑d6) δ 12.39 (s, 1H, H7), 11.09 (s, 1H, 
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H5), 8.64 – 8.56 (m, 3H, H20, H17, H11), 8.52 (s, 1H, H14), 8.37 (d, 
J = 7.6 Hz, 1H, H1), 7.94 – 7.91 (m, 1H, H19), 7.89 (dd, J = 8.2, 0.8 Hz, 
1H, H4), 7.61 (d, J = 8.7 Hz, 1H, H8), 7.57 (dd, J = 8.7, 1.8 Hz, 1H, H9), 
7.43 – 7.39 (m, 2H, H18, H3), 7.32 – 7.27 (m, 1H, H2). 13C NMR 
(151 MHz, DMSO‑d6) δ 154.45 (Cq, C15), 152.37 (CH, C14), 149.32 (CH, 
C17), 146.42 (Cq, C6), 137.92 (Cq, C7a), 136.29 (CH, C19), 134.78 (Cq, 
C4a), 127.94 (CH, C9), 127.64 (Cq, C6a), 126.28 (CH, C3), 123.86 (CH, 
C11), 123.83 (CH, C18), 123.72 (Cq11a), 123.15 (CH, C1), 122.38 (CH, 
C2), 121.25 (CH, H20), 118.27 (Cq, C11c), 116.51 (CH, C4), 115.47 (Cq, 
C11b), 114.84 (CH, C8), 113.15 (Cq, C10). ESI-MS (acetonitrile/methanol 
+ 1% water), positive: m/z 418.0475 [M + H+]+; calcd m/z 418.0487.

HL8. 10-Bromo-6-chloro-7H-indolo[2,3-c]quinoline (9d) (0.30 g, 
0.92 mmol) was suspended in ethanol (10.0 mL) in a 25 mL Schlenk 
tube. The suspension was deoxygenated by bubbling argon through the 
reaction mixture for 10 min. 2-Acetylpyridine (114 μL, 1.01 mmol) was 
then added, and the reaction mixture was stirred at 85 ◦C overnight. The 
reaction mixture was cooled to room temperature, and the yellow- 
orange precipitate was recovered by filtration, washed with ethanol 
and dried in vacuo. Yield: 0.34 g, 86%. Anal. Calcd for C22H16BrN5 
(Mr = 430.31): C, 61.41; H, 3.74; N, 16.28. Found: C, 61.11; H, 3.47; N, 
15.94. 1H NMR (600 MHz, DMSO‑d6) δ 12.14 (s, 1H, H7), 10.78 (s, 1H, 
H5), 8.72 (d, J = 8.0 Hz, 1H, H20), 8.63 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H, 
H17), 8.58 (d, J = 1.7 Hz, 1H, H11), 8.33 (d, J = 7.2 Hz, 1H, H1), 7.91 – 
7.82 (m, 2H, H4, H19), 7.65 (d, J = 8.7 Hz, 1H, H8), 7.56 (dd, J = 8.7, 
1.8 Hz, 1H, H9), 7.42 – 7.33 (m, 2H, H3, H18), 7.30 – 7.21 (m, 1H, H2), 
2.68 (s, 3H, H21). 13C NMR (151 MHz, DMSO‑d6) δ 158.78 (Cq, C14), 
156.36 (Cq, C15), 148.49 (CH, C17), 144.47 (Cq, C6), 137.80 (Cq, C7a), 
135.91 (CH, C19), 134.96 (Cq, C4a), 128.45 (Cq, C6a), 127.69 (CH, C9), 
126.12 (CH, C3), 124.08 (Cq, C11a), 123.62 (CH, C11), 123.50 (CH, C1), 
123.03 (CH, C18), 122.09 (CH, C2), 121.36 (CH, C20), 118.22 (Cq, C11c), 
116.49 (CH, C4), 114.80 (2C, (Cq, C11b), (CH, C8), signals overlapped), 
113.09 (Cq, C10), 13.22 (CH3, C21). ESI-MS (acetonitrile/methanol + 1% 
water), positive: m/z 432.0639 [M + H+]+; calcd m/z 432.0641.

4.3. Synthesis of copper(II) complexes 1–10

Complex 1⋅0.2iPrOH⋅0.3H2O. To a solution of HL1 (150 mg, 
0.44 mmol) in hot isopropanol (105 mL) CuCl2⋅2H2O (76 mg, 0.44 
mmol) in methanol (1 mL) was added. The color of the solution changed 
from yellow to red, and the mixture was refluxed for 15 min. Then the 
mixture was allowed to cool to room temperature and stored at +4 ◦C 
overnight. The red product was recovered by filtration and washed with 
isopropanol. Yield: 204 mg, 98%. Anal. Calcd for C21H15Cl2CuN5⋅0.2
C3H8O⋅0.3H2O (Mr = 489.25): C, 53.03, H, 3.54; N, 14.31. Found: C, 
53.18; H, 3.43; N, 14.03. ESI-MS (acetonitrile/methanol + 1% water), 
positive: m/z 399.0542 [M − Cl− – HCl]+; calcd m/z 399.0540. X-ray 
diffraction quality single crystals were obtained by slow diffusion of 
diethyl ether into a DMF solution of 1 (c ≈ 3 mg/mL).

Complex 2⋅0.8H2O. To a solution of HL2 (300 mg, 0.85 mmol) in 
boiling methanol (70 mL) CuCl2⋅2H2O (146 mg, 0.85 mmol) in methanol 
(5 mL) was added. The color of the solution changed from yellow to 
orange-red, and the mixture was refluxed for 15 min. The mixture was 
allowed to cool to room temperature, and the orange-red precipitate was 
recovered by filtration, washed with methanol and dried in air. Yield: 
392 mg, 95%. Anal. Calcd for C22H17Cl2CuN5⋅0.8H2O (Mr = 500.27): C, 
52.82; H, 3.75; N, 14.00. Found: C, 52.80; H, 3.46; N, 13.88. ESI-MS 
(acetonitrile/methanol + 1% water), positive: m/z 449.0458 
[M − Cl− ]+; calcd m/z 449.0463. X-ray diffraction quality single crystals 
were obtained by slow diffusion of diethyl ether into a DMF solution of 2 
(c ≈ 3 mg/mL).

Complex 3⋅H2O. To a solution of HL3 (150 mg, 0.36 mmol) in 
boiling methanol (35 mL) CuCl2⋅2H2O (70 mg, 0.43 mmol) in methanol 
(1 mL) was added. The color of the solution changed from yellow to dark 
red, and the mixture was refluxed for 15 min. Then the mixture was 
cooled to room temperature and stored at +4 ◦C overnight. The product 
was recovered by filtration, washed with a small amount of methanol 

and dried in vacuo. Yield 180 mg, 90%. Anal. Calcd for 
C21H14BrCl2CuN5⋅H2O (Mr = 568.74): C, 44.35; H, 2.84; N, 12.31. 
Found: C, 44.51; H, 2.60; N, 12.07. ESI-MS (acetonitrile/methanol + 1% 
water), positive: m/z 478.9623 [M − Cl− – HCl]+; calcd m/z 478.9627.

Complex 4⋅MeOH. To a solution of HL4 (130 mg, 0.36 mmol) in 
boiling methanol (30.0 mL) CuCl2⋅2H2O (60 mg, 0.37 mmol) in meth
anol (1 mL) was added. The color changed from yellow to dark red, and 
the mixture was refluxed for 15 min. Then the solution was cooled to 
room temperature and stored at +4 ◦C overnight. The red product was 
removed by filtration, washed with methanol (3 mL) and dried in vacuo 
for 3 days. The product was obtained as a dark red powder. Yield 
190 mg, 92%. Anal. Calcd for C22H16BrCl2CuN5⋅CH3OH (Mr = 596.79): 
C, 46.29; H, 3.38; N, 11.74. Found: C, 46.39; H, 3.40; N, 11.50. ESI-MS 
(acetonitrile/methanol + 1% water), positive: m/z 492.9777 [M − Cl− – 
HCl]+; calcd m/z 492.9783.

Complex 5. To a solution of HL5 (150 mg, 0.36 mmol) in boiling 
methanol (60 mL) CuCl2⋅2H2O (70 mg, 0.43 mmol) in methanol (1 mL) 
was added. The color changed from yellow to dark red, and the mixture 
was refluxed for 25 min. Then the mixture was cooled to room tem
perature and stored at +4 ◦C overnight. The precipitated product was 
recovered by filtration, washed with methanol (2 mL) and dried in 
vacuo. Yield 190 mg, 93%. Anal. Calcd for C21H14BrCl2CuN5 (Mr =

550.72): C, 45.80; H, 2.56; N, 12.72. Found: C, 45.60; H, 2.51; N, 12.45. 
ESI-MS (acetonitrile/methanol + 1% water), positive: m/z 478.9626 
[M − Cl− – HCl]+; calcd m/z 478.9627.

Complex 6⋅0.8H2O. To a solution of HL6 (150 mg, 0.35 mmol) in 
boiling methanol (60 mL) CuCl2⋅2H2O (70 mg, 0.43 mmol) in methanol 
(1 mL) was added. The color changed from yellow to dark red, and the 
mixture was refluxed for 15 min. Then the mixture was cooled to room 
temperature and stored at +4 ◦C overnight. The precipitated product 
was recovered by filtration, washed with cold methanol and dried in 
vacuo. Yield 190 mg, 94%. Anal. Calcd for C22H16BrCl2CuN5⋅0.8H2O 
(Mr = 579.16), %: C, 45.62; H, 3.06; N, 12.09. Found, %: C, 45.91; H, 
2.72; N, 11.82. ESI-MS (acetonitrile/methanol + 1% water), positive: m/ 
z 492.9775 [M − Cl− – HCl]+; calcd m/z 492.9783.

Complex 7⋅0.2DMF. To a solution of HL7 (100 mg, 0.24 mmol) in 
DMF (10 mL) CuCl2⋅2H2O (41 mg, 0.24 mmol) in methanol was added. 
The mixture was stirred at 80 ◦C for 5 min and then cooled to room 
temperature and stored at 4 ◦C overnight. The red-purple precipitate 
was recovered by filtration, washed with methanol and crystallized from 
DMF. Yield: 91 mg, 69%. Anal. Calcd for C21H14BrCl2CuN5⋅0.2C3H7NO 
(Mr = 565.34): C, 45.89; H, 2.74; N, 12.88. Found: C, 46.28; H, 2.62; N, 
12.59. ESI-MS (acetonitrile/methanol + 1% water), positive: m/z 
478.9614 [M − Cl− – HCl]+; calcd m/z 478.9627.

Complex 8⋅H2O. To a solution of HL8 (150 mg, 0.35 mmol) in 
boiling methanol (135 mL) CuCl2⋅2H2O (60 mg, 0.35 mmol) in methanol 
(10 mL) was added. The mixture was refluxed for 15 min, and, after 
cooling to room temperature, the red precipitate was recovered by 
filtration and washed with methanol and dried in air. Yield: 194 mg, 
98%. Anal. Calcd for C22H16BrCl2CuN5⋅H2O (Mr = 582.77): C, 45.34; H, 
3.11; N, 12.02. Found: C, 45.44; H, 2.94, N, 11.84. ESI-MS (acetonitrile/ 
methanol + 1% water), positive: m/z 492.9776 [M − Cl− – HCl]+; calcd 
m/z 492.9783.

Complex 9⋅0.8H2O. To a solution of HL2 (100 mg, 0.28 mmol) and 
triethylamine (79 μL, 0.56 mmol) in boiling methanol (30 mL) 
CuCl2⋅2H2O (48 mg, 0.28 mmol) in methanol (5 mL) was added. The 
color of the solution changed from yellow to red, and the mixture was 
refluxed for 15 min. Then the mixture was allowed to cool to room 
temperature and the red precipitate was recovered by filtration, washed 
with methanol and dried in air. Yield: 119 mg, 95%. Anal. Calcd for 
C22H17ClCuN5⋅0.8H2O (Mr = 463.81): C, 56.97; H, 3.82; N, 15.10. 
Found: C, 57.05; H, 3.66; N, 15.04. ESI-MS (acetonitrile/methanol + 1% 
water), positive: m/z 413.0699 [M − Cl− ]+; calcd m/z 413.0696.

Complex 10. To a solution of HL8 (100 mg, 0.23 mmol) and trie
thylamine (64 μL, 0.46 mmol) in boiling methanol (75 ml) CuCl2⋅2H2O 
(40 mg, 0.23 mmol) in methanol (5 mL) was added. The mixture was 
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refluxed for 15 min. After cooling to room temperature, the red pre
cipitate was recovered by filtration, washed with methanol and dried in 
air. Yield: 118 mg, 97%. Anal. Calcd for C22H15BrClCuN5 (Mr = 528.29): 
C, 50.02; H, 2.86; N, 13.26. Found: C, 49.81; H, 2.84; N, 13.01. ESI-MS 
(acetonitrile/methanol + 1% water), positive: m/z 492.9776 
[M − Cl− ]+; calcd m/z 492.9783.

4.4. Physical measurements

All compounds reported are >95% pure by elemental analysis. 
Elemental analysis was carried out in a Carlo-Erba microanalyzer at the 
Microanalytical Laboratory at the Faculty of Chemistry of the University 
of Vienna. The samples for low resolution electrospray ionization mass 
spectrometry (ESI-MS) were measured on an amaZon speed ETD Bruker 
instrument. Expected and experimental isotope distributions were 
compared. 1D (1H, 13C) and 2D (1H–1H COSY, 1H–13C HSQC, 1H–13C 
HMBC) NMR spectra were acquired on a Bruker AV NEO 500 or AV III 
600 spectrometers in DMSO‑d6 or DMF-d7 at 25 ◦C.

4.5. Crystallographic structure determinations

The measurements were performed on Bruker D8 Venture and 
Bruker X8 APEX-II CCD diffractometers. Single crystals were positioned 
at 30, 30, 27, 35, 30, 27, 30, 30, 27, 25, 27, 30, 30 and 30 mm from the 
detector, and 939, 360, 486, 1826, 345, 972, 325, 180, 1200, 1164, 
1200, 2990, 360 and 412 frames were measured, each for 8, 3, 20, 5.5, 5, 
7, 60, 8, 20, 2, 25, 15, 5 and 20 s over 1, 0.5, 1, 0.38, 1, 0.5, 1, 1, 0.5, 0.4, 
0.5, 0.5, 0.5 and − 0.7◦ scan width for species 2a, 3c, 4a, 4b, 4c, 5b, 7b, 
8bþ8d, HL2⋅1.5MeOH, HL2′⋅MeOH, 1⋅DMF, 2⋅1.5DMF, 9 and 
10⋅0.75DMF⋅0.9H2O, respectively. Crystal data, data collection pa
rameters, and structure refinement details are given in Tables 1–3. The 
structures were solved by direct methods and refined by full-matrix 
least-squares techniques. Non-H atoms were refined with anisotropic 
displacement parameters. H atoms were inserted in calculated positions 
and refined with a riding model. The following computer programs and 
hardware were used: structure solution, SHELXS-2014 and refinement, 
SHELXL-2014 [81]; molecular diagrams, ORTEP [82]; computer, Intel 
CoreDuo. CCDC 2364792 (2a), 2364793 (3c), 2364794 (4a), 2364795 
(4b), 2364796 (4c), 2364797 (5b), 2364798 (7b), 2364799 (8bþ8d), 
2364800 (HL2⋅1.5MeOH), 2364801 (HL2′⋅MeOH), 2364802 (1⋅DMF), 
2364803 (2⋅1.5DMF) and 2364804 (9) and 2364805 
(10⋅0.75DMF⋅0.9H2O).

4.6. Spectrophotometric titrations, stability and solubility tests

Aqueous stability of HL2 – HL8 and complexes 1–8 were followed by 
UV− vis spectrophotometry on a Peltier controlled (298 K) 8-channel 
Agilent Cary 3500 photometer at 5 μM concentration over at least 71 h 
in 50% (v/v) DMSO/aqueous HEPES buffer (pH = 7.4, 10 mM). The 
UV− vis spectra for the ligands (HL2, HL8, and HL14) and complexes (2, 
8, and 14) were recorded using an Agilent Cary 8454 diode array 
spectrophotometer. The path length was 4 cm. The samples containing 
the ligands or the complexes at 10 μM in 30% (v/v) DMSO/H2O were 
titrated by a KOH solution (with 30% (v/v) DMSO) at 25.0 ± 0.1 ◦C in 
the pH range from 1.5 to 10.0 using 0.1 M KCl ionic strength. An Orion 
710A pH-meter equipped with a Metrohm combined electrode (type 
6.0234.100) and a Metrohm 665 Dosimat burette were applied for the 
pH measurements and titrations. The electrode system was calibrated to 
the pH = − log[H+] scale in the DMSO/H2O solvent mixture according 
to the Irving method [83] as described in our previous studies [37,45,
84]. The average water ionization constant (pKw) was 14.52 ± 0.05. 
During the titrations, argon gas was passed over the solutions. Proton 
dissociation constants (pKa) of the ligands, overall stability constants 
(logβ) of the Cu(II) complexes and the individual spectra of the various 
species present in solution were computed by the computer program 
PSEQUAD [54]. β(MpLqHr) is defined for the general equilibrium pM +

qL + rH ⇌MpLqHr as β (MpLqHr) = [MpLqHr]/[M]p[L]q[H]r, where M 
denotes the Cu(II) ion and L the completely deprotonated ligand. The 
calculations were always made from the experimental titration data 
measured in the absence of any precipitate in the solution.

The thermodynamic solubility (S) of the compounds was determined 
for the saturated solutions by using samples containing 0.5 mg of com
pound in 1 mL water after sonication for 6 min, followed by standing at 
298 K for 2 h and centrifugation for 15 min. The concentration of the 
saturated solutions was determined by UV− vis spectrophotometry using 
stock solutions of the compounds of known concentration dissolved in 
100% DMSO and 50% (v/v) DMSO/water for the calibration.

The human serum albumin (essentially globulin free, Sigma Aldrich) 
binding studies were carried out in 10 mM HEPES pH = 7.4 buffer at 
298 K; the maximal DMSO content was 2% (v/v). UV-vis spectra were 
recorded in 1 cm quarz cells, the complex concentration varied between 
5 and 22 μM or it was kept constant at 5 μM and the albumin concen
tration was varied (1− 50 μM). The fluorometric measurements were 
done at 0.25 μM albumin concentration and 0− 10 μM complex con
centration at λEX = 295 nm.

4.7. Interaction with intracellular reducing agents and ROS generation

Interaction with reduced glutathione and NADH was followed by 
UV− vis spectroscopy, in 50% (v/v) DMSO/aqueous buffer (pH = 7.4, 
10 mM HEPES); samples contained 10 μM 8 and 500 μM reducing agent 
under air-free conditions, T = 298 K. In the ROS generation experiments 
the spin trapping agent 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, 
Sigma-Aldrich) was distilled before use (70 Pa; 80− 90 ◦C). Standard 
settings during EPR spin trapping experiments were microwave fre
quency ~9.448 GHz; power of the microwave radiation 2 mW; sweep 
width 200 G; center field 3350 G; modulation amplitude 2 G; time con
stant 20.5 ms; and sweep time 42 s, series of 10 spectra with 3 scans for 
each measurement. Optical spectra were measured on a Shimadzu 3600 
UV− vis− NIR spectrometer (Japan). EPR measurements were performed 
using an X-band Bruker EMX spectrometer (Germany).

4.8. MTT assay

Two sets of MTT assays (a and b) were performed in this work. 

(a) All compounds were tested against MDA-MB-231, MCF-7 and MRC- 
5 cell lines.

The cytotoxicity of the compounds was determined using the MTT 
colorimetric test. The cells were harvested from culture flasks by tryp
sinization and seeded into 96-well microculture plates at a seeding 
density of 6000 cells per well (6 × 104 cells/mL). After the cells were 
allowed to resume exponential growth for 24 h, they were exposed to 
drugs at different concentrations in media for 72 h. The drugs were 
diluted in a complete medium at the desired concentration and added to 
each well (100 μL) and serially diluted to other wells. After exposure for 
72 h, the media was replaced with MTT in media (5 mg/mL, 100 μL/ 
well) and incubated for an additional 50 min. Subsequently, the medium 
was aspirated, and the purple formazan crystals formed in viable cells 
were dissolved in DMSO (100 μL/well). Optical densities were measured 
at 570 nm using the BioTekH1 Synergy microplate reader. The quantity 
of viable cells was expressed in terms of treated/control (T/C) values by 
comparison to untreated control cells, and 50% inhibitory concentra
tions (IC50) were calculated from concentration− effect curves by 
interpolation. The evaluation was based on means from at least three 
independent experiments, each comprising three replicates per con
centration level. 

(b) Selected compounds HL2, HL8, HL14, 2, 8, and 14 were further 
investigated.
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The biological effect of Cu(II) complexes and their proligands were 
investigated in A549 lung adenocarcinoma (ATCC), DU-145 prostate 
cancer (ATCC), MCF-7 sensitive (ATCC) and and MCF-7 KCR multidrug- 
resistant breast cancer cell lines (gift kindly provided by Eva Balint 
(HUN-REN)), and on MRC-5 non-cancerous human fibroblast cells 
(ATCC). Human cancer cell lines were maintained in RPMI-1640 cell 
culture media (Biosera, Nuaille, France) complemented with 10% fetal 
bovine serum (FBS, Biosera, Nuaille, France), 2 mM L-glutamine (Bio
sera, Nuaille, France), 0.01% streptomycin and 0.005% penicillin (Bio
sera, Nuaille, France), and were cultured in a 37 ◦C incubator with 5% 
CO2 and 95% humidity.

The viability of human cancer cells was assessed by the MTT assay 
after the treatments with Cu(II) complexes and with their ligands. For 
this, 10,000 cells/well (A549, DU-145, MCF-7, MCF-7 KCR and MRC-5) 
were seeded into 96-well plates and left to grow. On the following day 
cells were exposed to 0, 2, 4, 6, 8 or 10 μM compound. After 24 h, cells 
were washed with PBS and were incubated with 0.5 mg/mL MTT re
agent (Sigma-Aldrich, St Louis, MO, USA) for 1 h at 37 ◦C. Then the 
formazan crystals were solubilized in DMSO (Molar Chemicals, 
Halásztelek, Hungary), and the absorbance of samples was measured at 
570 nm using a Synergy HTX plate reader (BioTek, Winooski, VT, USA). 
IC50 values were calculated in GraphPad Prism 6 software. The viability 
measurements were repeated three times using 3 independent biological 
replicates.

4.9. Cellular accumulation

A549 cells were seeded at densities of 2.1 × 105 cells/well in 1 mL of 
minimum essential medium (MEM) supplemented with 1 mM sodium 
pyruvate, 4 mM L-glutamine, 1% (v/v) nonessential amino acids from 
100-fold stock (all purchased from Sigma-Aldrich) and 10% fetal bovine 
serum (FBS, purchased from Serana, Pessin, Germany) per well into 12- 
well plates (CytoOne™, Starlab, Hamburg, Germany). After 24 h, com
pounds dissolved in DMSO and diluted in MEM were added to the wells 
to a final concentration of 10 μM, and plates were incubated at 37 ◦C for 
2 h. During incubation, the cell number was determined from three 
control wells of a plate seeded in parallel to the treatment plates. After 
the 2-h incubation, the medium was removed and all wells were washed 
with 3 × 1 mL PBS, and cells were lysed by adding 400 μL HNO3 per well 
for 1 h at room temperature. 300 μL of each lysate were added to 7.7 mL 
MilliQ water to obtain a total volume of 8 mL, and determination of 
copper content was carried out by an Agilent 7800 ICP-MS instrument 
(Agilent Technologies). Data from three independent experiments were 
normalized to the corresponding cell number and are given in fg Cu per 
cell.

4.10. DNA binding studies: fluorescence spectroscopy

Fluorescence measurements were carried out on a Fluoromax 
(Horiba Jobin Yvon) fluorometer. Stock solutions of the metal com
plexes and proligands were made in pure DMSO (c = 1 or 0.5 mM). Stock 
solution of ct-DNA was prepared as described previously [45]. The 
sample volume was 20.0 mL that contained 0.5 μM ct-DNA expressed in 
base pairs, 0.25 μM ethidium bromide and different concentrations of 
complexes or ligands in 10 mM HEPES buffer (pH 7.40). DMSO content 
of the samples varied between 0 and 1% (v/v). The excitation wave
length was 510 nm, and the fluorescence emission was measured in the 
wavelength range of 530–750 nm. Corrections for self-absorbance and 
inner filter effect were done as previously described [45]. Conditional 
binding constants were calculated for the compound-(ct-DNA) adduct 
(K’) as described recently [85].

4.11. DNA binding studies: circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded on a Jasco J-1500 CD 
spectrometer at room temperature (298 K). The measurement parameters 

were adjusted as follows: wavelength range, 320 – 220 nm; path length, 
1.0 cm (Jasco cuvette); D.I.T., 2 s; bandwidth, 1.0 nm; scanning speed, 
50 nm/min (continuous scanning mode). Each spectrum is the average of 
three accumulated scans. The concentration of deoxynucleotide (dnt) units 
in the solution of the dsDNA formed from two 42 dnt long deoxy- 
oliogonucleotides (Ars-N-F: 5′-CTAGCATCCACGAATATTTCTTGCAGT 
ATTGACAAGATATCG-3′ and Ars-N-R 5′-CTAGCGATATCTTGTCAA
TACTGCAAGAAATATTCGTGGATG-3′) (Life Technologies Japan LTD. 
Tokyo Japan) was adjusted to 25 μM (dnt) in 10 mM Tris-HCl (pH 7.5), 
5 mM NaCl. For the investigation of the effect of the ligands and metal 
complexes, 25 μM (dnt) concentration of the dsDNA was mixed with Cu(II) 
complexes (2, 8, or 14), or ligands (HL2, HL8, or HL14) to adjust molar 
ratios r = c(complex or ligand)/c(dnt) = 0.00, 0.25, 0.50, and 1.00. The Cu 
(II) complexes as well as the ligands were dissolved in DMSO. The final 
concentration of DMSO in the buffered solution was 1.25% (v/v) for 
r = 0.25, 2.5% (v/v) for r = 0.5, and 5% (v/v) for r = 1.

The dsDNA was prepared by hybridization of the above two single 
strand DNAs (ssDNA). 50 μL of 200 μM aqueous solution from both 
deoxy oligonucleotides in the presence of ~10 mM NaCl was mixed and 
incubated in a programmed thermocycler. The hybridization was car
ried out using the following conditions: step 1, denaturation at 95 ◦C for 
2 min; step 2, decrease the temperature by 1 ◦C each, 1 min, 85 times; 
step 3, keep at 10 ◦C. Then the diluted solution of the dsDNA for the CD 
experiment was prepared in 10 mM Tris-HCl (pH 7.5) adjusting the NaCl 
concentration to 5 mM.

4.12. Agarose gel electrophoretic mobility shift assays (EMSA)

Electrophoretic mobility of circular plasmid DNA in the presence or 
absence of the studied ligands or the metal complexes was studied. The 
DNA bands of the superhelical, relaxed open circular, and linear forms 
were separated in 1% (m/v) agarose gels containing 500 ng/mL 
ethidium bromide (EtBr) at 100 V for 45 min using a Cleaver Scientific 
MultiSUB Wide Midi tank combined with a Biorad PowerPac 300 power 
supply. GeneRuler™ 1 kb Plus DNA Ladder (Thermo Scientific) served as 
a reference. Gel images were photographed by a Uvitec BTS 20MS gel 
documentation system.

Each 40 μL reaction mixture contained 400 ng plasmid DNA, one of 
the investigated compounds at 10 – 50 μM concentrations in a 30% (v/v) 
DMSO/H2O solvent mixture. Control experiments were carried out 
under the same conditions with the plasmid DNA itself, as well as in the 
presence of Cu(II) provided at equal concentrations to those of the drug- 
like molecules. The pH was adjusted to 7.4 by HEPES so that the buffer 
concentration was 10 mM. The mixtures were incubated at 37 ◦C up to 
24 h. At each investigated time point 10 μL aliquots were taken, flash 
frozen in liquid N2 and stored at − 80 ◦C until the gel electrophoresis 
experiment was performed.

4.13. Molecular docking

The metal-free ligands and Cu(II) complexes were docked against the 
DNA double strand intercalated with the trioxatriangulenium ion 
(TOTA+), {[d(CGATCG)]2⋅TOTA+

2 } [56]. The GOLD (v2024.1) software 
suite was used to prepare the crystal structures for docking, i.e., the 
hydrogen atoms were added, water molecules deleted and the 
co-crystallized TOTA+ ions identified. The docking centre for the bind
ing pocket was defined as the position of the co-crystallized ligand with 
a 10 Å radius. Fifty docking runs were allowed for each ligand with 
default search efficiency (100%). The scoring functions GoldScore (GS) 
[57], ChemScore (CS) [58,59], Piecewise Linear Potential (ChemPLP) 
[60] and Astex Statistical Potential (ASP) [61] were used in the GOLD 
(v2024.1) docking algorithm. The complexes were built in the Hyper
Chem8.0.7 software (Hypercube, Inc. Copyright 1995-2009), and the 
geometries were optimized with the MM + force field [86].
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4.14. ROS generation

The level of intracellular reactive oxygen species (ROS) generated 
upon the treatments with HL2, HL8, HL14, 2, 8 or 14 was measured by 
DCFDA staining on A549, DU-145, MCF-7 and MCF-7 KCR cells. For this, 
1 × 105 cells/well were seeded onto glass coverslips (VWR International, 
Radnor, PA, USA) placed in 24-well plates and left to grow. On the 
following day, the cells were treated with 4 μM of copper complexes and 
of their ligands or with equivalent amounts of DMSO (Thermo Fisher 
Scientific, Waltham, MA, USA) for 3 h. After treatments, cells were 
washed twice with PBS then incubated for 30 min with 10 μM DCFDA 
solution (Thermo Fisher Scientific, Waltham, MA, USA) diluted in PBS. 
After the incubation, the cells were washed 3 times with PBS, and the 
fluorescence of the samples was visualized with an OLYMPUS BX51 
microscope with an Olympus DP70 camera (Olympus Corporation, 
Shinjuku, Tokyo, Japan). The fluorescence intensity was quantified 
using ImageJ software.

4.15. JC-1 staining

The mitochondria damaging effect of the compounds was verified 
using JC-1 staining on A549, DU-145, MCF-7 and MCF-7 KCR cells 
following treatments with HL2, HL8, HL14, 2, 8 or 14. For this, 
1 × 105 cells/well were seeded onto glass coverslips (VWR International, 
Radnor, PA, USA) placed in 24-well plates and left to grow. Next day the 
cells were treated with 4 μM of each compound for 3 h. After the treat
ments, the cells were washed twice in PBS, and JC-1 dye (Thermo Fisher 
Scientific, Waltham, MA, USA) was added in a 10 μg/mL final concen
tration diluted in cell culture media for 10 min. In case of MCF- KCR 
cells, 1 h prior to JC-1 staining 20 μM verapamil, a P-glycoprotein (Pgp) 
inhibitor was added to the samples, since JC-1 dye is a Pgp substrate, 
and the Pgp efflux pump is overexpressed by MCF-7 KCR cells. Then the 
fluorescence of the samples was detected using an OLYMPUS BX51 
microscope with an Olympus DP70 camera (Olympus Corporation, 
Shinjuku, Tokyo, Japan), and the red and green fluorescence intensity 
was quantified using ImageJ software.

4.16. γH2AX immunostaining

To determine the degree of DNA damage induced by the treatments, 
DNA double strand breaks were visualized by γH2AX immunostaining. 
For this, 1 × 105 A549 cells/well were seeded onto glass coverslips in 24- 
well plates. On the following day, the samples were treated for 3 h with 
4 μM of copper complexes or with their ligands or with equivalent 
amounts of DMSO. Then the cells were fixed with 4% formaldehyde 
(Molar Chemicals, Halásztelek, Hungary), permeabilized with 0.3% 
Triton-X-100 (Calbiochem, Merck Millipore, Darmstadt, Germany) and 
were blocked using 5% BSA diluted in PBS (Sigma-Aldrich, St. Louis, 
MO, USA). Then the samples were incubated with anti-γH2AX primary 
antibody (Thermo Fisher Scientific, Waltham, MA, USA) in 1:300 dilu
tion followed by Alexa 488 fluorophore-conjugated goat anti-mouse 
secondary antibody (Abcam, Cambridge, UK) in a 1:600 dilution. The 
fluorescence intensity of the stained samples was detected with an 
Olympus FV10i confocal microscope Olympus Corporation, Shinjuku, 
Tokyo, Japan).

4.17. Cell culture

A549 cells were grown in high glucose Dulbecco's Modified Eagle 
Medium (DMEM; Gibco – Thermo Fisher Scientific) supplemented with 
10% heat-inactivated low endotoxin fetal bovine serum (LE FBS; v/v, 
PAA – GE HealthCare), 2 mM L-glutamine (Gibco) and 100 U/ml of 
penicillin and 100 μg/mL of streptomycin (Sigma-Aldrich). Cells were 
sub-cultured three times per week (until approximately 80% confluency 
was reached). Cells were maintained at 37 ◦C in an atmosphere of 5% 
CO2 and 95% air. Cells were seeded onto 6-well tissue culture plates 

(TPP) at a density of 5.5 × 104 cells/cm2 (5 × 105 cells/well) in 2 mL of 
cultivation media. For Western blot assay cells were seeded onto 24-well 
tissue culture plates (TPP) at a density of 5.5 × 104 cells/cm2 

(1 × 105 cells/well) in 0.5 mL of cultivation media. Cells were allowed to 
attach to the bottom of the plate overnight. The next day, the cultivation 
media was changed to a fresh one containing IC50 of HL8 (1.24 μM), 
3 × IC50 of HL8 (3.72 μM), 8 (1.61 μM) or 3 × IC50 of 8 (4.83 μM). Note 
these IC50 values differ slightly from those quoted in Table 4 because 
MTT assays were performed in different laboratories. Cultivation media 
containing the respective amount of DMSO was used as the negative 
control. Cells were collected after 48 h and 72 h exposure and used for 
cell cycle, Western blot and apoptosis Annexin V/PI analyses. The 
methods are described below.

4.18. LDH assay

The potential cytotoxic effect was determined by measuring the ac
tivity of lactate dehydrogenase (LDH) released from the cytosol of dying 
cells in a culture medium using the Cytotoxicity Detection KitPLUS 
(Roche). Briefly, 80 μL of the medium was mixed with the reaction 
mixture in a ratio of 1:1 and incubated at room temperature. A490 was 
measured using a SPECTRA Sunrise microplate reader (Tecan). A posi
tive control was prepared by applying supplier-provided lysis buffer to 
untreated cells for 30 min before media collection.

4.19. Cell cycle

2 h before collection, EdU (5-ethynyl-2′-deoxyuridine, a nucleoside 
analog of thymidine) was added to cells for a final concentration of 
10 μM. Cells were harvested, and 5 × 105 cells/sample were used for 
staining. Incorporation of EdU was determined using Click-iT™ EdU 
Alexa Fluor™ 488 Flow Cytometry Assay Kit (Thermo Fisher Scientific). 
Total DNA was stained using FxCycle™ Violet Stain (Thermo Fisher 
Scientific). Briefly, cells were washed with 1% BSA in PBS and fixed 
using Click-iT™ fixative. After washing, cells were permeabilized using 
Click-iT™ saponin-based permeabilization and wash reagent and 
stained by Click-iT™ EdU reaction cocktail (PBS, CuSO4, Alexa 
Fluor488™ azide and Click-iT™ EdU buffer additive). After washing, 
cells were resuspended in 1 μg/mL FxCycle™ Violet Stain in PBS and 
incubated for 30 min at 4 ◦C in the dark. Cells were visualized using BD 
FACSVerse™, and the results were analyzed using FlowJo™ v10.10.0 
Software (BD Life Sciences).

4.20. Western blot

Cells were lysed in lysis buffer (1% sodium dodecyl sulfate (SDS); 
100 mM Tris, pH 7.4; 10% glycerol; phenylmethanesulfonyl fluoride. 
The samples were heated at 95 ◦C for 10 min, and the protein concen
tration was determined using the BCA™ protein assay (Pierce, Rockford, 
IL, USA), with BSA used as a standard. The expression of target proteins 
was quantified by Western blot. Briefly, cell lysates were supplemented 
with 5 × Laemmli buffer (200 mM Tris–HCl (pH 6.8), 3% SDS, 30% 
glycerol, 0.03% bromophenol blue, 3% 2-mercaptoethanol, and 200 mM 
dithiothreitol). 10 μg of protein per sample was loaded on a 10% 
acrylamide gel. To ensure equal protein loading, β-actin protein was 
used as a housekeeping loading control. After the SDS-polyacrylamide 
gel electrophoresis, proteins were transferred on polyvinylidene 
difluoride membrane (Immobilon-P, Millipore), blocked in 5% non-fat 
dry milk in 1 × Tris-buffered saline supplemented with 0.1% Tween 
for 1 h. The membranes were incubated at 4 ◦C overnight with the pri
mary antibodies for the targeted proteins PARP 113 kDa (1:1000, 
#ab191217, Abcam), cleaved PARP 89 kDa (1:1000, #9541, Cell Sig
nalling), γH2AX (phospho S139) 15 kDa (1:2000, #ab11174, Abcam) 
and ß-actin (1:5000, #A5441, Sigma Aldrich). After that, they were 
counterstained using the horseradish peroxidase-conjugated anti-mouse 
or anti-rabbit IgG secondary antibodies (both from Cell Signalling 
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Technology, 1:5000) at room temperature for 1 h. Proteins were visu
alized by the SuperSignal West Pico/Femto Chemiluminescent Substrate 
(Pierce) using Amersham Imager 680 (GE HealthCare). Relative protein 
levels were quantified by ImageJ software. The level of the protein of 
interest was normalized to the respective β-actin level.

4.21. Annexin V/PI assay

A549 cells were harvested and 1 × 105 cells/sample were used for 
staining. Culture medium, 0.03% DMSO and 50 μM CuCl2 were used as 
control treatments. The cells were also treated with IC50 of HL8 

(1.24 μM) or 8 (1.61 μM). Apoptosis was determined using ApoFlowEx 
FITC Kit (Exbio). Briefly, cells were washed twice with cold PBS and 
pellet was resuspended in Annexin V Binding Buffer. Then cells were 
stained with Annexin V-FITC and Propidium Iodide (PI) for 15 min at 
room temperature in the dark. After incubation cells were centrifuged. 
Pellet was resuspended in Annexin V Binding Buffer and samples were 
kept on ice in the dark. Cells were visualized using BD FACSVerse™, and 
the results were analyzed using FlowJo™ v10.10.0 Software (BD Life 
Sciences).
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H2DCF-DA 2′,7′-dichlorofluorescein diacetate
DMEM Dulbecco's Modified Eagle Medium
dsDNA double stranded DNA
dnt deoxynucleotide;
EdU 5-ethynyl-2′-deoxyuridine;
EPR electron paramagnetic resonance
FBS fetal bovine serum
GS GoldScore
GSH glutathione
HEPES N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)
ICP-MS induced coupled plasma mass spectrometry
LDH lactate dehydrogenase
MDR multidrug resistant
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide;
NADH nicotinamide adenine dinucleotide, reduced
PBS phosphate-buffered saline;
Pgp, P-glycoprotein
ROS reactive oxygen species
SC-XRD single crystal X-ray diffraction
SDS sodium dodecyl sulfate
SI selectivity index
TOTA+ trioxatriangulenium ion
Tris tris(hydroxymethyl)aminomethane
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[20] L.K. Filak, S. Göschl, P. Heffeter, K. Ghannadzadeh Samper, A.E. Egger, M. 
A. Jakupec, B.K. Keppler, W. Berger, V.B. Arion, Metal–arene complexes with 
indolo[3,2-c]quinolines: effects of ruthenium vs osmium and modifications of the 
lactam unit on intermolecular interactions, anticancer activity, cell cycle, and 
cellular accumulation, Organomet. 32 (2013) 903–914.

[21] L.K. Filak, D.S. Kalinowski, T.J. Bauer, D.R. Richardson, V.B. Arion, Effect of the 
piperazine unit and metal-binding site position on the solubility and anti- 
proliferative activity of ruthenium(II)- and osmium(II)-arene complexes of isomeric 
indolo[3,2-c]quinoline− piperazine hybrids, Inorg. Chem. 53 (2014) 6934–6943.

[22] S.M. Emam, I.E.T. El Sayed, N. Nassar, Transition metal complexes of 
neocryptolepine analogues. Part I: synthesis, spectroscopic characterization, and in 
vitro anticancer activity of copper(II) complexes, Spectrochim. Acta, Part A Mol. 
Biomol. Spectrosc. 138 (2015) 942–953.
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[71] B. Méry, J.-B. Guy, A. Vallard, S. Espinol, D. Ardail, C. Rodriguez-Lafrasse, 
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