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A B S T R A C T   

The biological activity of Cd compounds has been investigated scarce since Cd has been recognized as a human 
carcinogen. However, the toxicity of cadmium is comparable to the toxicity of noble metals such as Pt and Pd. 
The paradigm of metal toxicity has been challenged suggesting that metal toxicity is not a constant property, yet 
it depends on many factors like the presence of appropriate ligands. Studies on anticancer activity of cadmium 
complexes showed that the complexation of various ligands resulted in complexes that showed better activities 
than approved drugs. In the present study, cadmium complexes with biologically potent thiazolyl/selenazoyl- 
hydrazone ligands have been prepared, and tested for their activity against different types of tumor cell 
models. The complexation of ligands with Cd(II) resulted in a synergistic effect. The antiproliferative activity 
study revealed that all complexes are more active compared to 5-fluorouracil and cisplatin. The mechanism of 
tumor cell growth inhibition reveal that selenium-based compounds induce cell death in T-47D (gland carci-
noma) cells through apoptosis via caspase-3/7 activation. Additionally, their pro-apoptotic effect was stronger 
compared to etoposide and cisplatin. Nuclease activity, detected by gel electrophoresis, may be the possible 
mechanism of anticancer action of investigated complexes.   

1. Introduction 

Nowadays, medicinal chemistry is mainly focused on organic com-
pounds, which represent more than 99% of approved drugs [1]. Despite 
the fact that metal-based compounds (MBCs) are used for the treatment 
of various diseases since the beginning of modern medicine [2], they are 
much less investigated as potential drugs. There are multiple reasons for 
that, such as metal toxicity, low solubility, multi-targeting properties as 
well as high molecular weight (MW > 500 Da) which is not in accor-
dance with Lipinski’s rule of 5 which defines oral bioavailability of 

potential drugs. On the other hand, MBCs show unique mechanisms of 
action, which are not accessible to organic compounds themselves [3]. 
Additionally, MBCs cover different chemical space in comparison to 
organic compounds, which are characterized by higher 3D character. 
The higher 3D character of compounds is recognized as an important 
factor that enhances the possibility of their clinical application [4]. 
Nowadays, there is a paradigm shift regarding the treatment of multi-
factorial diseases from single-targeting to multi-targeting agents [5]. 
Therefore, MBCs are recognized as promising scaffolds for the treatment 
of diseases like cancer [6]. The development of novel delivery systems 
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appears to be a promising strategy to overcome low solubility and low 
bioavailability, as well as the high toxicity of MBCs [7]. 

The usage of MBCs in the modern era of medicinal chemistry started 
with the approval of cis-diamminedichloroplatinum (II) (cisplatin or 
CDDP) for cancer treatment more than 50 years ago (Table S1 is shown 
in Electronic Supplementary Information, ESI). The main target of this 
platinum-based drug, as well as its six structural analogues approved for 
cancer treatment, is DNA. All approved platinum-based drugs, called 
platins, bind covalently to DNA bases, cause mostly intra-strand cross- 
links, and consequently induce apoptosis of cancer cells [8]. Cisplatin, 
oxaliplatin, and carboplatin are applied in almost 50% of second therapy 
regimes and are included in the “list of essential medicines“ published by 
the World Health Organization [2]. The great success of platins in cancer 
treatment triggered an investigation of the anticancer properties of 
non-platinum metal compounds. Because of such efforts, three novels 
MBCs based on Al, Pd, and Lu, for which photoactivation was deter-
mined as the mechanism of action, have been approved for cancer 
treatment (Table S1, ESI). In addition, MBCs based on other metals, 
whose activity relies on various mechanism of action, reached clinical 
trials for cancer treatment worldwide. 

The biological activity of Cd compounds has been investigated scarce 
since Cd has been recognized as a human carcinogen by the Interna-
tional Agency for Research on Cancer (IARC) [9]. Nevertheless, data are 
indicating that the toxicity of cadmium is comparable to the toxicity of 
noble metals such as Pt and Pd [10]. Also, the paradigm of metal toxicity 
has been challenged recently. Egorova & Ananikov [11] suggested that 
metal toxicity is not a constant property, yet it depends on many factors. 
Some results indicate that cadmium, when complexed with appropriate 
ligands, can show favorable anticancer activity [12]. Studies on anti-
cancer activity of cadmium complexes showed that the complexation of 
various ligands resulted in complexes that showed better activities than 
corresponding ligands, complexes with metals different from cadmium, 
and approved drugs [13]. Mechanistic studies showed that Cd com-
plexes target not only DNA, but also several protein targets such as 
proteasomal chymotrypsin-like, proteasomal deubiquitinase, histone 
deacetylase, and telomerase [13]. Cd complexes also inhibit the incor-
poration of 3H-thymidine into DNA and the respiration of tumor cells 
and kill cancer cells via programmed cell death apoptosis [13]. 

(1,3-Thiazolyl-2-yl)hydrazones (THs) are thiazole derivatives known 
for their various biological activities, including antimicrobial and anti-
cancer activity, as well as their antioxidant capacity [14]. In our pre-
vious work, we investigated the biological activity of a focused library of 
three pyridine-based THs (Fig. 1), as well as their selenium analogues (1, 

3-selenazolyl-2-yl)hydrazones (SHs) [14]. Antiproliferative activity 
study conducted on six human solid tumor cell lines showed that the 
potency of THs and SHs against non-small cell lung carcinomas A549 
and SW1573 and spontaneously immortalized breast cell line HBL-100 
cells was comparable to 5-fluorouracil (5-FU), in most cases, while none 
of the compounds was active against colon adenocarcinoma cell line 
WiDr. Activity against gland carcinoma (T-47D) in the low micromolar 
range was observed for HLSe1 and HLSe2, while HLS2, HLSe3, and HLS3 

were not active. 
In the present paper, we report the synthesis of the Cd complexes 

with HLS1–3 and HLSe1–3 ligands and study of the impact of chalcogen 
atom type and substitution on the ligands’ periphery on anticancer 
activity. 

2. Results and discussion 

2.1. Chemistry 

In order to prepare Cd complexes with HLS1–3 and HLSe1–3 ligands, 
methanol solution of the appropriate ligand and Cd(ClO4)2⋅6H2O in the 
molar ratio 2 : 1 was heated under reflux for 1 h. The single crystals of 
complexes 1–S, 3–S, 1–Se, and 3–Se, suitable for X-ray diffraction 
analysis, were obtained after few days from the mother liquor. However, 
the complexes 2‒‒S and 2‒‒Se were obtained in the form of microcrystals, 
and recrystallization did not give quality single crystals. Because of that, 
we used an anion replacement strategy. Single crystals of 2‒‒S and 2‒‒Se 
were obtained after few days from mother liquor when Cd(NO3)2⋅4H2O 
was used instead of Cd(ClO4)2⋅6H2O. All the complexes are 2 : 1 type of 
electrolytes, while results elemental analysis are consistent with the 
formulas given in Fig. 1. The IR, 1H, and 13C NMR spectra of the ligands 
and complexes are shown in ESI (Fig. S1− S42). 

Reported structures present six homoleptic distorted octahedral 
cadmium complexes, where tridentate ligands are coordinated via three 
nitrogen donor atoms emanating from thiazole/selenazole, azomethine, 
and pyridine moieties. ORTEP molecular structures of the complexes are 
given in Fig. 2. Basic crystallographic data are given in Table S2 (ESI). 
All six complexes crystallize in a monoclinic crystal system but in 
different space groups C2/c (1–S, 1–Se), P21/n (2–S, 3–S, 2–Se), and I2/ 
a (3–Se) (Table S2, ESI). Geometric parameters of the coordination 
spheres are given in Tables S3 and S4 (ESI). The coordination spheres in 
all six complexes are very similar. Their severe distortion from the pa-
rameters characteristic of an ideal octahedron is caused by the small bite 
angles (bold values in Table S4, ESI) imposed by the geometries of tri-
dentate ligands. The geometric features of an octahedron are, to a 
certain extent, retained only by coordination valence angles involving 
pairs of analogous nitrogen donor atoms from the two coordinating 
ligand molecules. The bite angles reported hereby are in accordance 
with the mean value of the bite angles [αmean = 72 (3)◦] revealed by a set 
of 73 structures of cadmium complexes extracted from the current 
version of the Cambridge Structural Database (CSD) [15]. Only the 
extracted structures with the final R factor lower than 0.075 and with 
five-membered coordination rings involving neighboring donor atoms 
were considered. Valence angles N2–Cd–N6 (involving two azomethine 
nitrogen donors) approach 180◦ while valence angles N4–Cd–N8 and 
N1–Cd–N5, involving pairs of thiazole/selenazole and pyridine nitrogen 
donor atoms, respectively, are fairly close to 90◦. All other valence an-
gles reveal severe distortion of the coordination spheres. In the struc-
tures 1–S, 1–Se, and 3–Se, the central Cd(II) ion lies on the 2-fold 
crystallographic axis, with a half of the each complex molecule in the 
asymmetric unit. Crystal packing of all complexes is based on classical 
hydrogen interactions. Description and parameters of interactions are 
shown in ESI (Table S5, Fig. S43). 

All studied ligands exhibit chelating properties towards cadmium 
ions that is reflected in spectral changes during performed titrations: (i) 
a reduction of the intensity of the ligand absorption maxima at ca 260 
and 350 nm and (ii) formation of a new intense absorption maximum at Fig. 1. Labeling of the ligands and complexes used in this study.  
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ca 450 nm. For HLS1–3 ligands (Figs. S44–S46, ESI), an increase in the 
intensity of the ligand band at ca. 205 nm was observed, while for 
HLSe1–3 the opposite trend was observed (Figs. S47–S49, ESI). In the 
case of HLSe1–3 titrations, the shape of the UV–Vis spectra is similar to 
HLS1–3, but the changes in the intensity of absorption maxima are more 
subtle. 

The performed titrations allowed determining the dependence of the 
changes in absorbance on the molar metal: ligand ratio. This enabled the 
assessment of obtained complex ions stoichiometry and the calculation 
of stability constant values. For all studied derivatives, in the absorbance 
vs cM/cL graphs, the curve inflection was observed at the ratio of 0.5. 
This indicates the formation of [M(HL)2]2+ complex ions. Therefore, for 
all [M(HL)2]2+ complexes, the values of the cumulative stability con-
stant β12 were calculated (Table 1). Since the ligands coordinate 
sequentially to the metal ion, the 1 : 1 stoichiometry forms of [M(HL)]2+

complex cations are certainly also present in the solutions. Hence, the 
gradual constant K11 values, describing this equilibrium were also 
calculated. Based on the dependencies between the gradual and cumu-
lative stability constants, the values of the K12 constants, describing the 
equilibrium of attachment the second ligand to the [M(HL)]2+ complex 

cations, were also determined and presented in Table 1. 
Obtained values of cumulative stability constant β12 indicate the 

significant stability of 1–3S and 1–3Se chelate complexes. Despite 
smaller changes in the UV–Vis spectra during titrations, 1–3Se are 
characterized by greater stability of the [M(HL)2]2+ complexes formed 
in the solution, as evidenced by higher values of logβ. Among this group 
of compounds, the derivative with a methoxy substituent (HLSe2) has 
the highest value of the cumulative stability constant, which proves the 
highest stability of the 2-Se complex in solution. In the case of sulfur 

Fig. 2. ORTEP drawings of molecular structures of 1–S (A), 2–S (B), 3–S (C), 1–Se (D), 2–Se (E), and 3–Se (F). Thermal ellipsoids are given at the 30% probability 
level. Hydrogen atoms are omitted for clarity. Disordered perchlorate anions (3–S and 3–Se) and water molecules (3–S) are removed for clarity. 

Table 1 
Values of gradual and cumulative stability constants of studied ligands com-
plexes with cadmium ions.  

Complex log K11 log K12 log β12 

1–S 5.27 ± 0.27 3.99 9.26 ± 0.21 
2–S 6.11 ± 0.32 3.06 9.17 ± 0.59 
3–S 6.09 ± 0.43 3.86 9.95 ± 0.38 
1–Se 5.93 ± 0.22 3.90 9.83 ± 0.66 
2–Se 6.19 ± 0.35 4.70 10.89 ± 0.47 
3–Se 5.89 ± 0.29 4.54 10.43 ± 0.52  
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derivatives, the complex with a methyl-substituted ligand (HLS3) has 
the highest value of the β12 constant. 

2.2. Biological assessment 

2.2.1. Antiproliferative activity 
The antiproliferative activity of 1–3S and 1–3Se was evaluated in 

vitro against six human cell lines: non-small cell lung carcinomas A549 
and SW1573, cervical adenocarcinoma HeLa, spontaneously immortal-
ized breast cell line HBL-100, colon adenocarcinoma WiDr, and gland 
carcinoma T-47D, using Sulforhodamine B (SRB) colorimetric assay. A 
non-tumor HEK293 cell line (human embryonic kidney) was also used 
for analyzing the selectivity. The half-maximal growth inhibitory con-
centration (GI50) values were calculated for each compound. For com-
parison, obtained results together with results previously published for 
HLS1–3 and HLSe1–3 [16] are presented in Table 2, while Fig. 3 depicts 
GI50 ranges against human solid tumor cell lines for all investigated 
compounds. Since all ligands were inactive against WiDr cell line (i.e. 
GI50 > 100 μM), the plot does not include GI50 values of the ligands on 
this cell line. All six complexes showed better anticancer activities 
compared to selenium- and sulfur-based ligands. Each tested compound 
showed remarkable anticancer activity against almost all tested cell 
lines, indicating congruous GI50 values around 2 μM. Our previous 
studies showed that selenium- and sulfur-based compounds inhibited 
cell proliferation in human lung, breast, colon, and cervical cells in 
micromolar concentrations [14]. The ligands within two groups differ 
only in the nature of the R substituent. However, this small structural 
difference has a great impact on their antiproliferative activity. As 
already discussed in our previous publication [14], sulfur-based ligands, 
which are generally less active, have higher values of calculated polar 
surface area (PSA). Due to the highest PSA value among all ligands, 
HLS2 is the most polar and inactive against all tested human tumor cell 
lines (Table 2), probably due to incompatibility between its polar sur-
face and hydrophobic surface of active sites of potential biological tar-
gets [14]. Among SH ligands, HLSe1 and HLSe2 possess the most 
pronounced cytotoxic activity, HLSe2 being the two times more active 
on SW1573 and HBL-100 cell lines than HLSe1. The difference in the 
activity can be related to the difference in drug-likeness parameters and 
local reactivity properties, as previously discussed [14]. 

Complexation of selenium-based compounds revealed approxi-
mately two-fold greater antiproliferative potency than metal-free li-
gands in A549, HBL-100, HeLa, SW1573 cells. None of the selenium- 
ligands showed activity against WiDr cells, which have low sensitivity 
to 5-FU (GI50 = 49.0 ± 6.7 μM), unlike their Cd(II) complexes. In the T- 

47D cell line, which is extremely resistant to estrogens and antiestro-
gens, 1–Se and 2–Se complexes showed four-fold and three-fold lower 
GI50, respectively, in comparison to the ligands alone [17]. Complex 
3–Se is a highly active compound (GI50 = 1.9 ± 0.3 μM), while the 
ligand core showed no antiproliferative activity on the T-47D cell line. 

Sulfur-based ligands exhibited generally inferior anticancer potency 
in comparison to selenium-based ligands. Interestingly, the anti-
proliferative capacity of the sulfur-based ligands was significantly 
improved upon complexation to cadmium ions. Indeed, 1–S showed 
similar GI50 values as its corresponding ligand HLS1 on most of the 
tested cell lines, except on T-47D and WiDr cells, where GI50 values for 
the complex were significantly lower. The Cd(II) complex 2–S showed 
GI50 values below 2 μM on all tested cell lines, while its ligand (HLS2) 
was generally inactive in SRB assay. Similarly, the complexation of the 
ligand HLS3 notably improved the anticancer activity of the compound, 
except on SW1573 cell line, where GI50 was only two-fold lower after 
complexation. Noteworthy, the GI50 values obtained for our new com-
pounds (0.7–2.5 μM) in most cases were much lower than those of 5-FU 
(2.2–49 μM) or those of cisplatin (1.9–26.6 μM). Also, significantly 
higher GI50 values obtained for Cd(NO3)2, when compared to the 

Table 2 
The antiproliferative activities (GI50) on six human tumor cell lines and healthy cell line and LC50 values of the A. salina cytotoxic activity test for 1–3S, 1–3Se and 
ligands HLS1–3 and HLSe1–3.  

GI50 (μM) LC50 (μM) 

Label A549 SW1573 HBL-100 HeLa T-47D WiDr HEK293 

HLS1 3.0 ± 1.1 1.2 ± 0.2 5.8 ± 1.7 5.2 ± 1.1 22 ± 0.9 n.a.a 3.7 ± 1.3 60.64 ± 9.23 
1-S 1.1 ± 0.2 0.7 ± 0.2 1.1 ± 0.2 0.4 ± 0.1 1.4 ± 0.3 1.3 ± 0.5 1.0 ± 0.4 85.14 ± 10.29 
HLSe1 2.9 ± 0.4 2.4 ± 0.7 4.0 ± 0.7 3.6 ± 0.7 7.2 ± 0.2 n.a. 30 ± 4 94.73 ± 6.56 
1-Se 2.5 ± 0.7 1.8 ± 0.4 1.6 ± 0.1 1.7 ± 0.3 1.9 ± 0.2 2.4 ± 0.4 8.9 ± 0.1 60.72 ± 9.13 
HLS2 n.a. n.a. n.a. n.a. n.a. n.a. 26.0 ± 0.7 144.99 ± 11.23 
2-S 1.3 ± 0.1 1.1 ± 0.1 1.3 ± 0.3 1.2 ± 0.3 1.4 ± 0.4 1.9 ± 0.2 2.5 ± 0.3 93.48 ± 15.88 
HLSe2 2.1 ± 0.3 1.1 ± 0.1 2.1 ± 0.6 2.8 ± 0.3 5.4 ± 0.2 n.a. 22.0 ± 4.2 137.15 ± 13.10 
2-Se 1.7 ± 0.3 2.5 ± 0.2 1.7 ± 0.1 1.7 ± 0.2 1.7 ± 0.1 2.0 ± 0.2 12 ± 1 70.44 ± 10.36 
HLS3 41 ± 18 4.7 ± 0.4 n.a. 42 ± 11 n.a. n.a. 79 ± 19 70.62 ± 7.04 
3-S 1.3 ± 0.04 1.10 ± 0.08 1.5 ± 0.3 1.1 ± 0.2 1.7 ± 0.3 1.9 ± 0.6 3.0 ± 0.4 97.76 ± 21.06 
HLSe3 4.6 ± 1.3 2.6 ± 0.5 5.5 ± 0.8 3.8 ± 0.3 n.a. n.a. n.a. 120.14 ± 12.45 
3-Se 2.0 ± 0.2 2.2 ± 0.1 2.2 ± 0.5 1.6 ± 0.1 1.9 ± 0.3 2.4 ± 0.1 14.0 ± 1.6 79.05 ± 15.96 
Cd(NO3)2 19.0 ± 1.7 20.0 ± 4.6 15.0 ± 1.1 5.8 ± 1.1 22.0 ± 0.6 20 ± 1 6.2 ± 0.2 602.11 ± 13.37 
5-FU 2.2 ± 0.3 3.3 ± 1.2 4.4 ± 0.7 16.0 ± 4.5 43 ± 16 49.0 ± 6.7 6.2 ± 1.8 n.d.b 

cisplatin 4.9 ± 0.2 2.7 ± 0.4 1.9 ± 0.2 1.8 ± 0.5 17.0 ± 3.3 23.0 ± 4.3 8.2 ± 0.3 269 ± 21  

a n. a. = not active, i.e. GI50 > 100 μM. 
b n. d = not determined. 

Fig. 3. GI50 range plot against human solid tumor cell lines of investigated 
ligands, corresponding Cd(II) complexes, reference drugs and Cd-salt. 
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complexes and the ligands, indicate that the antiproliferative potential 
of the complexes is a result of synergistic action between Cd(II) ions and 
corresponding ligands. 

Regarding activity on the non-cancerous HEK293 cell line, sulfur- 
based ligands showed higher toxicity than their selenium counterparts 
did. This observation is in accord with the previous data obtained from a 

comparative toxicity study of selenosemicarbazones and thio-
semicarbazones, the precursors of SHs and THs, conducted by Agrawal 
et al. [18]. Complexation with Cd resulted in species that are more toxic. 
GI50 values for the complexes are in the low micromolar range, but 
comparable to the GI50 values of 5-FU and cisplatin. The application of 
drug delivery systems developed for cationic metal complexes, such as 

Fig. 4. Effect of tested compounds on the cell cycle of 
T-47D cells after 24 h of treatment. DMSO, etoposide, 
and cisplatin were used as reference compounds. (A) 
Representative histograms after PI staining measured 
by flow cytometry (B) The quantitation of analysis 
presented on a graph bar. Error bars represent the 
SEM of data obtained in n = 3 independent experi-
ments. Statistical differences were analyzed with a 
two-way ANOVA test. ns > 0.05, *p < 0.01, **p <
0.001, ***p < 0.0001 compared to DMSO.   
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inorganic nanoparticles, MOFs, amphiphilic copolymers-based micelles 
and liposomes, etc. [7] capable to deliver metal complexes directly to 
tumor sites may address this drawback. 

2.2.2. Acute toxicity 
As a preliminary toxicity screening, in vivo acute lethality of 1–3S, 

1–3Se, and reference compound cisplatin was tested on brine shrimp 
A. salina after 24 h incubation. Obtained results, expressed as LC50 
values, are presented in Table 2, together with the previously published 

results for HLS1–3 and HLSe1–3 [19]. Dimethyl sulfoxide (DMSO), as a 
negative control, did not cause changes in the viability of treated 
nauplii. Obtained results indicate that complexes are more toxic than 
corresponding ligands, while 1–3Se are more toxic than 1–3S. There is 
the same trend of toxicity within both series: 1S(e) > 2S(e) > 3S(e). 
Although investigated compounds are more toxic than cisplatin, ob-
tained LC50 values are up to 212-fold higher (for 1-S) in comparison to 
GI50 values from cancer cytotoxicity (Table S7, ESI). Many studies report 
a strong correlation between the brine shrimp lethality assay and 

Fig. 5. Effect of tested compounds on the cell cycle of 
T-47D cells after 48 h of treatment. DMSO, etoposide, 
and cisplatin were used as reference compounds. (A) 
Representative histograms after PI staining measured 
by flow cytometry (B) The quantitation of analysis 
presented on a graph bar. Error bars represent the 
SEM of data obtained in n = 3 independent experi-
ments. Statistical differences were analyzed with a 
two-way ANOVA test. ns > 0.05, *p < 0.01, **p <
0.001, ***p < 0.0001 compared to DMSO.   
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cytotoxicity assays and in vivo acute oral toxicity assay in mice [16,20, 
21]. Thus, we conclude that our compounds do not exhibit significant 
toxic effects. 

2.2.3. Changes in the distribution of cell cycle phases and DNA content 
Due to the high cytotoxic activity against the T-47D breast cell line 

and its frequent resistance to conventional anticancer therapy, further 
experiments were conducted on this cell line to elucidate the molecular 
mechanism of these compounds [22]. Compounds HLS2, HLS3, and 
HLSe3 do not exhibit anticancer activity, so they were not further 
assessed in biological evaluation. To examine whether the high cyto-
toxic activity of the investigated compounds (HLS1, 1–3S, HLSe1–2, 
1–3Se) was caused by the cell cycle arrest, DNA content was analyzed by 
flow cytometry (Figs. 4 and 5). After 24 h of treatment with GI50 of all 
compounds, we generally observed slight changes in the proportion of 
cells in the G0/G1 phase. Ligands HLS1, HLSe1, and HLSe2 significantly 
increased the number of cells in this phase (p-value < 0.05) unlike its 
counterparts after complexation, except 1–S, which elevated G0/G1 
phase cell to 39.4%. However, observed G0/G1 arrest was only tem-
porary, as evidenced by parallel to the vehicle distribution of cell cycle 
phases after 48 h of exposure. Treatment with 3-S decreased the per-
centage of cells in the S phase from 27.7% (control) to 18.3%, but this 
effect was observed merely after 24 h of the treatment. Interestingly, the 
reference compounds, 5-FU, and cisplatin did not cause significant 
changes in the cell cycle of the T-47D cell line. Compared with the 
control, 48 h of treatment with 2–Se and 3–Se led to the arrest cell cycle 
at the S phase, and the accumulation of cells in this phase was elevated 
about 1.5-fold and 1.4-fold with 2–Se and 3–Se, respectively. This in-
crease was coupled with a decreased percentage of cells in the G0/G1 
phase. Because DNA replication occurs during the S-phase, we assumed 
that 2–Se and 3–Se S-phase arrest could be the result of the abrogation 
of DNA replication. 

2.2.4. Compounds effectively inhibit the growth of breast cancer cells 
through the induction of apoptosis 

Apoptosis, autophagy, and necrosis are the dominant types of 
cellular death [23]. Among these three major cell death pathways, most 
of the small-molecule anticancer drugs employ their cytotoxic effect via 
apoptosis, which is monitored by the Annexin-V-FITC/PI dual staining 
method. Annexin V-FITC is a fluorescent probe exhibiting a high affinity 
for phosphatidylserine, which is translocated to the outer leaflet of the 
cellular membrane in the initial step of apoptosis [24]. While PI allows 
to detection of late apoptotic and necrotic cells with disrupted integrity 
of the plasma and nuclear membranes by its capacity to pass through the 
membranes and intercalate to nucleic acids [25]. The populations of 
Annexin V-FITC negative/PI negative cells (live), Annexin V-FITC pos-
itive/PI negative cells (early apoptosis), Annexin V-FITC positive/PI 
positive cells (late apoptosis), and Annexin V-FITC negative/PI positive 
cells (necrotic) were evaluated by flow cytometry. Representative 
dot-plots and quantitative analyses are presented in Figs. 6 and 7. 

After 24 h of treatment T-47D cells with sulfur-based compounds at 
its GI50 concentration, apoptotic and necrotic cells were barely detected. 
More prolonged exposure to sulfur-based compounds (48 h) increased 
the Annexin V-FITC (+)/PI (+) cells fraction, from 10.9 ± 1.4% (con-
trol) to 20.3 ± 0.8% and 22.1 ± 1.9% for 2–S, and 3–S, respectively, 
indicating a late apoptosis state. None of the sulfur-based ligands or 
complexes induces necrotic cell death. All selenium-based compounds 
after 24 h of treatment displayed a significant decrease in the percentage 
of surviving cells. Moreover, a significant increase in late cellular 
apoptosis was observed. HLSe1, 2–Se, and 1–Se exhibit similar elevation 
of late apoptotic cells at the level of ~20%. The strongest pro-apoptotic 
properties were exhibited by HLSe2 and 3–Se, which was observed 
accordingly in 37.4 ± 3.4% and 41.8 ± 5.3% late apoptotic cells. As 
depicted in Figs. 7 and 48 h of treatment by HLSe1 and HLSe2 caused a 
1.7-fold and 1.9-fold decrease of the percentage of apoptotic cells for the 
increase of necrotic fraction up to accordingly 15.8 ± 1.5% and 31.8 ±

4.3% of cells. Whereas compounds 1–Se, 2–Se, and 3–Se increased a 
percentage of apoptotic cells, where the most conspicuous elevation was 
observed for 1–Se, indicating a 2.1-fold increase in comparison to 24 h 
of treatment. It should be noted that the complexation of selenium-based 
ligands results in a decrease of necrotic cells without altering the pro- 
apoptotic properties of these compounds, except 1–Se, which elicited 
twice the apoptosis before complexing. Additionally, it is worth 
emphasizing that in the case of cisplatin and etoposide, the percentage 
of apoptotic cells after 48 h of treatment (early + late) was only 16.8 ±
1.4% (cisplatin) and 15.3 ± 1.7% (etoposide). The obtained results of 
apoptosis are also confirmed by the microscopic imaging shown in 
Fig. 8. To visualization the structure of the cytoskeleton, cells were 
labeled with β-tubulin, a component of microtubules and with actin- 
binding protein cortactin, involved in signal transduction pathways 
and the cytoskeleton, enabling migration [26,27]. Treatment of T-47D 
cells with GI50 of compounds for 24 h showed evident morphological 
changes, including cell shrinkage, nuclear fragmentation, chromatin 
condensation, and finally formation of apoptotic bodies, characteristics 
of apoptotic cells. There were no apparent changes in the structure of the 
cytoskeleton after exposure to compounds. However, a significant 
decrease in cortactin fluorescence was noted in 2–Se and 3–Se com-
pounds, indicating a 2.1-fold and 3.4-fold decrease in comparison to 
control (Fig. 9). This may suggest that the ability to form lamellipodia is 
disturbed, and thus the migration of the cells may be reduced, but 
indeed additional studies should be carried out in the future to confirm 
the anti-migratory properties of these compounds. 

Apoptotic signaling pathways generally function through two major 
pathways – the death receptor-mediated (extrinsic) pathway and the 
mitochondria-mediated (intrinsic) pathway [28]. The extrinsic and 
intrinsic apoptosis pathways both involve caspases with specific cysteine 
protease activity, which trigger cell death by cleaving specific proteins 
in the cytoplasm and nucleus [29]. Since, caspase-3 and -7, together are 
a molecular key effector between these apoptotic pathways, the effect of 
compounds on activation of caspase-3/7 was tested by flow cytometry 
after treatment of T-47D cells with investigated compounds [30]. The 
results are shown in representative histograms and a bar chart in Fig. 10. 
For sulfur-based compounds and reference compounds (cisplatin, eto-
poside) the results were nearly identical to those observed when staining 
with Annexin-V-FITC/PI at the same time points: cells showed caspase 
fluorescence at a similar level as in the control. Selenium-based com-
pounds strongly activated caspase-3/7 after 24 h of treatment and 
remained permanent for the next 24 h, except HLSe2, which decreased 
caspase level by 19.1 ± 0.4%. A 48 h of treatment with compounds 2–Se 
and 3–Se most increased the expression of caspases 3/7, resulting in 
accordingly 10.7-fold and 13.0-fold elevation of caspase level in com-
parison to the vehicle, which is consistent with the results obtained in 
the Annexin-V-FITC/PI assay. Overall, these results point to the 
conclusion that selenium-based compounds led T-47D cells to apoptotic 
cell death associated with caspases. 

Autophagy is an important mechanism for cell death regulation, by 
sequestering cytoplasmic proteins into the lytic component, which is 
associated with the formation of acidic vesicular organelles (AVOs). 
Thus, we investigated the effect of tested compounds on autophagy in-
duction/repression by Acridine Orange (AO) staining. AO is a pH- 
sensitive lysotrophic fluorescence dye, with a green emission band 
when is co-localized with cytoplasm, but when is trapped within acidic 
vehicles, like lysosomes or Golgi Apparatus, forms aggregates that emit 
bright red fluorescence [31]. AO staining revealed that compounds 
1–Se, HLSe2, 2–Se, and 3–Se significantly decrease red fluorescence 
(Figs. 11 and 12). Interestingly, in the case of 2–Se and 3–Se, the pro-
nounced disappearance of the red fluorescence is noticeable, which in-
dicates the potent alkalization of acid cell organelles. Alteration of 
extracellular pH of a tumor could be an effective target for cancer 
therapy because the cancer microenvironment plays an important role 
in the development of tumors, including response to therapy and che-
moresistance [32,33]. During the late stage of autophagy, 
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Fig. 6. Flow cytometry analyses of T-47D cells after 24 h. DMSO, etoposide, and cisplatin were used as reference compounds. (A) Representative dot-plots after 
labeling with Annexin-V-FITC/PI. (B) The quantitation of analysis is presented on a graph bar. Error bars represent the SEM of data obtained in n = 4 independent 
experiments. Statistical differences were analyzed with a two-way ANOVA test. ns > 0.05, *p < 0.01, **p < 0.001,***p < 0.0001 compared to DMSO. 
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Fig. 7. Flow cytometry analyses of T-47D cells after 48 h of treatment. DMSO, etoposide, and cisplatin were used as reference compounds. (A) Representative dot- 
plots after labeling with Annexin-V-FITC/PI. (B) The quantitation of analysis is presented on a graph bar. Error bars represent the SEM of data obtained in n = 4 
independent experiments. Statistical differences were analyzed with a two-way ANOVA test. ns > 0.05, *p < 0.01, **p < 0.001,***p < 0.0001 compared to DMSO. 
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Fig. 8. Representative confocal images of T-47D cells morphology 24 h after treatment with tested compounds. The microtubule is depicted in red, cortactin in green, 
and the nucleus is stained DAPI (blue). Scale bars: 10 μm. 
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autophagosomes maturate and fuse with lysosomes forming autolyso-
somes for degradation of cellular components [34]. To further confirm 
the influence of compounds on autophagy, double immune-staining 
with microtubule-associated protein (LC3B) and lysosomal-associated 
membrane protein 1 (LAMP-1) was performed after 24 h of treatment 
T-47D cells with tested compounds or chloroquine, as reference com-
pound (Fig. 13). The co-localization of punctate LC3 and LAMP-1 was 
assayed using confocal microscopy and presented on a violin graph 
using Mander’s overlap coefficient (Fig. S52, ESI). All tested ligands 
decreased a co-localization of punctate LC3 and LAMP-1, but mostly not 
significant (p value > 0.05), besides HLS1 (p value < 0.0001) and HLSe1 

(p value < 0.01), and chloroquine (p value < 0.001). This observation 
can be associated with blocking the degradation of autolysosomes, and 
thereby inhibition of autophagy by these compounds. However, the 
complexation of these ligands results in the formation of autolysosomes, 
to the same extent as in control, despite the significant increase in pH of 
cells treated with these complexes. Thus, the determination of molecular 
machinery of intracellular pH dysregulation and the consequent effects 
in T-47D cells by these compounds should be the subject of further 
research. 

2.2.5. DNA interactions 
We investigated the effect of HLS1–3, HLSe1–3 ligands and 1–3S, 

1–3Se complexes on pBlueScript SK (− ) plasmid in 5 mM Tris buffer 
(pH = 7.2) within 90 min of incubation/exposition in the range of 
concentrations (50–1000 μM). As it is shown in (lane 9) Fig. S53 (ESI) 
and Fig. 14, pBlueScript SK (− ) plasmid DNA consists mainly of super-
coiled circular (SC) form, while the presence of the other two forms has 
been also observed. Our results indicate that there is no nuclease activity 
or covalent binding of investigated ligands on plasmid DNA after 90 min 
of incubation (Fig. S53, ESI), while significant nuclease activity was 
detected for all Cd complexes with pyridine-based chalcogenazoles 
(Fig. 14). The strongest nuclease activity of all Cd complexes with 
pyridine-based chalcogenazoles was obtained at a concentration of 200 
μM (lane 4). Interestingly, higher concentrations of Cd complexes 
exhibit lower nuclease activity. This might be due to formation of 
oligomeric structures of the complexes through stacking interactions of 
aromatic rings. Since we were able to detect nuclease activity even at the 
lowest tested concentrations of Cd complexes, we can assume that the 
possible mechanism of antiproliferative activity is their nuclease activ-
ity, which was not detected by any of the tested concentrations of the 
corresponding ligands (Fig. S53, ESI). 

3. Conclusion 

Cadmium complexes (1–3Se) with SHs ligands HLSe1–3 containing 
four heteroatoms (three nitrogen atoms and one selenium atom) were 
prepared. Characterization of 1–3Se by a single-crystal XRD revealed 
that SHs ligands act as NNN tridentates. Two ligands coordinated to 
every Cd center are arranged in an octahedral geometry. Stability con-
stants of all complexes, determined by spectrophotometric titrations, 
indicate their significant stability in solution, while 1–3Se were more 
stable than their counterparts. 

Investigation of anticancer activity of HLS1–3 and HLSe1–3 ligands 
and corresponding Cd complexes was conducted to evaluate the impact 
of substitution at ligands’ periphery, chalcogen atom type, as well as 
complexation on the activity of the tested species. An antiproliferative 
activity study performed at six cancer cell lines revealed that all com-
plexes are more active compared to 5-FU and cisplatin. The complexa-
tion of ligands with Cd resulted in a synergistic effect. This is the most 
obvious for HLS2, which was non-active against all investigated cell 
lines. In addition, all six ligands were not active on WiDr cells. Gener-
ally, obtained GI50 values indicate that complexes 1–3S are more active 
than their counterparts. On the other hand, GI50 values determined on 
healthy cell line indicate that both selenium-based ligands and com-
plexes are less toxic in comparison to their sulfur-based counterparts. 
Acute toxicity studies indicated that the complexation marginally 
increased the acute toxicity of the tested compounds. However, it should 
be noted that the obtained LC50 values are significantly higher than the 
GI50 values. Overall, the complexation of compounds elevated anti- 
tumor activity with a slight increase in acute toxicity. 

More detailed studies on the mechanism of tumor cell growth inhi-
bition reveal that selenium-based compounds induce cell death in T-47D 
cells through apoptosis via caspase 3/7 activation. Additionally, the pro- 
apoptotic properties of these compounds are more pronounced after 
their complexation. It is worth noting that the pro-apoptotic effect of 
selenium-based compounds was stronger compared to etoposide and 
cisplatin, used as references. The mechanism of action of investigated 
sulfur-based compounds has not been identified in this work. Never-
theless, the high cytotoxic activity of these compounds is certainly worth 
additional research in the future in order to determine the exact mo-
lecular path that leads to cancer cell death. Nuclease activity of 1–3S and 
1–3Se, detected by gel electrophoresis, may be the possible mechanism 
of anticancer action of investigated complexes. The same activity was 
not observed in the case of HLS1–3 and HLSe1–3. 

In summary, our results indicate the significant anticancer potency of 
Cd complexes with THs/SHs ligands. The results indicate the importance 
of chalcogen atom type and ligands peripheral substitution on activities 
studied herein. Taking into account the fact that Cd complexes with 
THs/SHs ligands induce favorable cell death in cancer cells, and despite 
the fact that these compounds also manifest significant activity against 
healthy cells, the current state of the development of delivery systems 
were a metal-based drug is delivered directly to tumor sites indicates 
their suitability for future studies. 

4. Experimental selection 

4.1. Materials and methods 

4.1.1. General procedures 
The chemicals which were used in the synthesis: 2-Pyridinecarboxal-

dehyde 99%, 2-Bromoacetophenone 98%, 2-Bromo-4′-methyl-
acetophenone and 2-Bromo-4′-methoxyacetophenone 98% by Acros 
Organics, Thiosemicarbazide 99% by Alfa Aesar, Cadmium nitrate tet-
rahydrate 98% by Sigma Aldrich, Cadmium perchlorate hexahydrate by 
Fisher Scientific. All solvents (96% ethanol, methanol, dimethyl sulf-
oxide) were of reagent purity and used without further purification. 

Elemental analyses (C, H, N, S) were performed by the standard 
micro methods using the ELEMENTAR Vario EL III CHNS/O analyzer. 

Fig. 9. Bar graph representation of the quantitation of the mean cortactin 
fluorescence intensity in control and compounds-treated T-47D cells. Error bars 
represent the SEM of data obtained in at least n = 15 randomly selected loca-
tions on the slide. Statistical differences were analyzed with a two-way ANOVA 
test. ns > 0.05, ***p < 0.0001 compared to DMSO. 
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Infrared spectra (IR) were recorded with a Spectrum Two instrument 
(PerkinElmer) in the wavenumber range 4000− 450 cm− 1, using the 
universal attenuated total reflection (UATR) technique. The method 
used was insensitive to sample thickness or shape due to the presence of 
the UATR hard crystal material. The apparatus was equipped with a 
diamond material with a measurable surface of about 4 mm2, allowing 
good contact with samples. Abbreviations used in IR spectroscopy are w- 
weak; ms-medium strong; s-strong; vs-very strong. 1D and 2D nuclear 
magnetic resonance (NMR) spectra were recorded at 298 K in DMSO‑d6 

with tetramethyl-silane (TMS) as an internal standard on a Bruker 
Avance III 500 spectrometer. Chemical shifts (δ) are given in ppm. Ab-
breviations used for NMR spectra: s-singlet; d-doublet; t-triplet, m- 
multiplet; dd-doublet of doublets; ddd-double-double doublet. Molar 
conductivity measurements were performed at ambient temperature 
(298 K) on a Crison Multimeter MM41 instrument. 

All X-ray crystallography data collections were performed at room 
temperature on an Xcalibur Ruby Nova diffractometer with copper ra-
diation (λ = 1.54183 Å). Data reduction and cell refinement were 

Fig. 10. Modulation of caspase-3/7 in T- 
47D cells after 24 h and 48 h treatment with 
compounds. DMSO, etoposide, and cisplatin 
were used as reference compounds. (A) 
Representative histograms after staining 
with CellEvent Caspase-3/7 Green Flow 
Cytometric Assay Kit measured by flow 
cytometry. (B) The quantitation of analysis is 
presented on a graph bar. Error bars repre-
sent the SEM of data obtained in n = 3 in-
dependent experiments. Statistical 
differences were analyzed with a two-way 
ANOVA test. ns > 0.05, *p < 0.01, ***p <
0.0001 compared to DMSO.   
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Fig. 11. Representative microscopic images of T-47D cells after 24 h of treatment with tested compounds after staining with Acridine orange and Hoechst 33342. 
Scale bar: 50 μm. DMSO and chloroquine (CQ) were used as reference compounds. 
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carried out using the CRYSALIS PRO software [35], and standard 
multi-scan absorption correction was applied. Structures were solved by 
direct methods with SIR2014 [36] and refined by a full-matrix least-s-
quares refinement based on F2, with SHELXL [37]. Molecular illustra-
tions were prepared with MERCURY [38] included into the WinGX 
package [39]. Calculations of molecular geometries and crystal packing 
parameters were performed with PLATON [40]. Hydrogen atoms were 
either included in their geometrically calculated positions and refined 
according to the riding model, or, in some cases, located in the differ-
ence maps. CCDC 2077634–2077,639 contain the supplementary crys-
tallographic data. These data can be obtained free of charge via 
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cam-
bridge Crystallographic Data Center, 12 Union Road, Cambridge CB2 
1EZ, UK; fax:(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 

Determination of the stability constants of the formed complexes was 
done by spectrophotometric titration at a constant concentration of the 
ligands. A UV–Vis Evolution 300 spectrophotometer was used to record 
electronic spectra in the 200–600 nm range with a spectral bandwidth of 
1 nm. The samples were prepared in methanol directly before mea-
surements. Cadmium perchlorate and cadmium nitrate were used as the 
source of Cd2+ ions. The spectrophotometric monitoring of complex 
formations was carried out on samples containing appropriate ligands 
with Cd2+ ions. During the experiments, the ligands’ concentration was 
kept constant, which allowed the observation of spectral changes caused 
by the interaction of metal cation and ligands. A magnetic stirrer was 
placed in the measuring cuvette to continuously mix the titrant with the 
analyte. The spectrophotometric titration procedure was performed 
using the CerkoLab System automatic titrator equipped with a 1 mL 
Hamilton syringe. A single titration step was 8.74 μl. During each 
titration cycle, the constants temperature (25 ◦C) was kept by a jacketed 
titration cell connected to Lauda circulating thermostatic system (temp. 
accuracy ±0.10 ◦C). Measurement data was processed in the OriginLab 
program. The gradual and cumulative stability constants of complex 
compounds were determined using the EQUID computational program 
by A. Liwo and J. Kostrowicki [41,42]. 

4.1.2. Antiproliferative activity 
For the antiproliferative tests, we applied our implementation of the 

National Cancer Institute (NCI) screening protocol [43]. We used as a 
model of human solid tumor cells the following cell lines: A549 (non--
small cell lung), HBL-100 (breast), HeLa (cervix), SW1573 (non-small 

Fig. 12. Bar graph representation of the quantitation of the mean red fluo-
rescence intensity in control and compounds-treated T-47D cells. Error bars 
represent the SEM of data obtained in at least n = 15 randomly selected loca-
tions on the slide. Statistical differences were analyzed with a two-way ANOVA 
test. ns > 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 compared to DMSO. 

Fig. 13. Representative confocal images of T-47D cells after 24 h of treatment 
with tested compounds. LC3B is depicted in green, LAMP-1 in red, and the 
nucleus is stained DAPI (blue). Scale bars: 10 μm. 
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cell lung), T-47D (breast), and WiDr (colon). The antiproliferative ac-
tivity was tested also on the non-cancerous HEK293 cell line. Cell 
seeding densities were 2500 (A549, HBL-100, HeLa, SW1573 and 
HEK293) or 5000 (T-47D and WiDr) cells/well. Cells were treated ac-
cording to the protocol described earlier [43]. Tested compounds were 
dissolved in DMSO at an initial concentration of 40 mM. DMSO was used 
as negative control (0.25% v/v). The results were expressed as GI50, i.e. 
the dose that causes 50% growth inhibition after 48 h of exposure. 

4.1.3. Artemia salina cytotoxicity test 
A teaspoon of lyophilized eggs of the brine shrimp Artemia salina was 

added to 1 l of the artificial seawater and the air was passed through the 
suspension thermostated at 301 K, under illumination for 24 h. The 
tested substances were dissolved in DMSO, while cisplatin was dissolved 
in phosphate-buffered saline (pH 7.4). In a glass vial, filled with 1 mL of 
artificial seawater containing 10–20 freshly hatched nauplii, finally so-
lutions of all tested compounds to the appropriate concentrations were 
added. For each concentration, three determinations were performed. 
The vials were left at 301 K under illumination for 24 h, and afterward, 
live and dead nauplii were counted. LC50 was defined as the concen-
tration of a drug that causes the death of 50% nauplii. Potassium di-
chromate served as a positive control and DMSO was inactive under 
applied conditions. 

4.1.4. Apoptosis and caspase-3/7 assay 
Briefly, T-47D cells were seeded in Petri dishes to attach overnight. 

In total, 2 × 105 cells were treated with GI50 concentrations of investi-
gated compounds or etoposide and cisplatin for 24 and 48 h. Cells were 
stained with fluorescein isothiocyanate (FITC) - Annexin V, Alexa 
Fluor™ 488 conjugate (Thermo Fisher, #A13201) for apoptosis assay 
and with CellEvent™ Caspase-3/7 Green Flow Cytometry Assay Kit 
(Thermo Fisher, #C10427) for caspase-3/7 activation test according to 
the manufacturer’s protocols. Thereafter, cells were stained with Pro-
pidium Iodide (PI) (Sigma Aldrich) and analyzed by flow cytometry 
using a Guava easyCyte 8 cell sorter (Merck Millipore) and FlowJo v10 
software. 

4.1.5. Cell cycle distribution analysis 
The effect of ligands and complexes on T-47D cell cycle distribution 

was determined by flow cytometric analysis. Etoposide (Sigma-Aldrich) 
was used as a reference compound. Cells were exposed to compounds in 
their GI50 concentrations for 24 and 48 h and then harvested, fixed with 
ice-cold 75% ethanol, and stored overnight at − 20 ◦C. Cells were then 

rehydrated with Phosphate-buffered saline (PBS), stained with 20 μg/μl 
PI (Sigma-Aldrich) and 50 μg/μL RNaseA (Thermo Fisher), and analyzed 
by flow cytometry using a Guava easyCyte 8 cell sorter (Merck Milli-
pore) and FlowJo v10 software. 

4.1.6. Live-cell imaging 
For the detection of basification of acidic organelles T-47D cell line 

was treated with ligands and complexes in their GI50 concentrations for 
24 h. 1% DMSO (Merck) and 70 μM chloroquine (Sigma-Aldrich) were 
used as references. After treatment, Acridine orange (Sigma-Aldrich) 
and Hoechst 33,342 (Thermo-Fisher) were added at 1 μg/mL to the 
culture media 30 min before image acquisition. Subsequently, cells were 
washed twice with warm Hank’s Balanced Salt Solution (Thermo-Fisher) 
and imaged by inverted fluorescence microscope BX60 (Olympus) using 
x20 XC50 objective. 

4.1.7. Immunofluorescence 
T-47D breast cells were treated with ligands and complexes in their 

GI50 concentrations for 24 h, fixed with 4% paraformaldehyde for 15 
min, permeabilized with 0.2% Triton-X 100 for 10 min, and then 
blocked with 3% BSA (Sigma-Aldrich) in PBS-T (PBS with 0.1% Triton X- 
100) for 1 h at RT. β-Tubulin (Sigma-Aldrich, #T8328), Cortactin 
(H222) (Cell Signaling, #3503), LC3B (Cell Signaling, #2775), and 
LAMP1 (D4O1S) (Cell Signaling, #15665) antibodies were added at 1 : 
250 for 1 h in a humidified chamber at 37 ◦C, followed by Alexa-Fluor- 
594-conjugated anti-rabbit IgG (Santa Cruz Biotechnology, #sc- 
516,250) or Alexa-Fluor-488-conjugated anti-mouse IgG (Invitrogen, 
#SA5-10166) at 1:1000 for 1 h in a humidified chamber at 37 ◦C. After 
labeling, nuclei were stained with 1 μg/mL DAPI (Sigma-Aldrich) for 10 
min. Images were acquired with an LSM 800 inverted laser-scanning 
confocal microscope (Carl Zeiss), airyscan detector for higher resolu-
tion confocal scanning using a × 63 1.4 NA Plan Apochromat objective 
(Carl Zeiss). Correlations of overlapping pixel intensities were calculated 
using thresholded Mander’s (MCC) colocalization coefficient using the 
JACoP plugin for Image J as previously described [44]. 

4.1.8. Gel electrophoresis study of interactions with plasmid DNA 
The interactions of complexes with plasmid DNA were investigated 

by agarose gel electrophoresis. pBlueScript SK (− ) plasmid (0.01 M) in 5 
mM Tris buffer (pH = 7.2) was treated with complexes at 37 ◦C. The 
samples were incubated for 90 and 120 min, and then a loading buffer 
was added to stop the reaction. The samples were then examined by 
electrophoresis at 6 V cm− 1 on 1% agarose gel using Tris–boric 

Fig. 14. Interaction result on 1% 
agarose electrophoresis of pBlueScript 
SK (− ) plasmid DNA with tested 
thiazole-based complexes: 1–S (A), 2–S 
(B), 3–S (C), and selenazole-based 
complexes: 1–Se (D), 2–Se (E) and 
3–Se (F) after 90 min of incubation at 
37 ◦C. Lane M − Gene Ruler DNA Lad-
der Mix 0.1–10 kb (Thermo Fisher Sci-
entific), lane 1, 2, 3, 4, 5, 6, 7 and 8 – 
plasmid pBlueScript SK (− ) DNA with 0, 
50 μM, 100 μM, 200 μM, 300 μM, 500 
μM, 750 μM and 1000 μM of the corre-
sponding complex, respectively; lane 9 – 
control plasmid pBlueScript SK (− ) 
DNA; lane 10 – control plasmid pBlue-
Script SK (− ) DNA + 3 μM of DMSO.   
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acid–EDTA buffer. After electrophoresis, the bands were visualized 
using UV light and photographed. The cleavage reaction was initiated by 
the addition of the complex and quenched with 2 μL of the loading 
buffer. 

4.2. Chemistry 

4.2.1. Preparation of the ligands 
Ligands HLS1–3 and HLSe1–3 were synthesized according to the re-

ported literature method [19]. Ligands were prepared in two steps by 
condensation reaction between 2-pyridinecarboxaldehyde with thio-
semicarbazide or selenosemicarbazide. The resulting thio/-
selenosemicarbazon is further condensed with the corresponding 
α-halocarbonyl compounds by the Hantzsch reaction. Elemental anal-
ysis, IR, and NMR spectra of ligands are in agreement with the previ-
ously published results [19]. 

4.2.2. General procedure for the synthesis of Cd complexes 
Into suspension of the corresponding ligand (0.18 mmol for 1-S; 0.16 

mmol for 2-S; 0.17 mmol for 3-S; 0.15 mmol for 1-Se and 3-Se; 0.14 
mmol for 2-Se; 1.0 equiv.) in MeOH (10 mL), a solution of Cd(II) salt in 
MeOH (10 mL) was added (0.5 equiv. of Cd(ClO4)2⋅6H2O for 1-S, 3-S, 1- 
Se and 3-Se or 0.5 equiv. of Cd(NO3)2⋅4H2O for 2-S and 2-Se). The re-
action mixture was refluxed for 1 h. The single crystals of the complexes, 
obtained from the mother liquor, were filtered off and washed with cold 
MeOH. 
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