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Abstract 

A novel platinum(IV) supramolecular complex; [PtCl2(2,2′-bipy)2](PtCl6) was synthesized in aqueous acetonitrile 
solution at ambient temperature with constant stirring. The structure was confirmed by elemental analysis, FT-IR, 
UV–vis, NMR spectroscopy, and single-crystal X-ray diffraction, revealing a unique distorted octahedral geometry 
and a three-dimensional network stabilized by hydrogen bonding and π–π stacking. DNA binding studies, includ-
ing electronic absorption titration and viscometry, indicated a groove binding mechanism with a binding constant 
(Kb) of 5.00 × 10⁶ M−1. Molecular docking with DNA (PDB ID: 1BNA) and cancer-related proteins (PDB codes: 3ig7, 
3eqm, 4fm9) supports these interactions, while in vitro anticancer assays demonstrated potent cytotoxicity with IC₅₀ 
values of 41.37 μM for HepG2, 47.62 μM for HCT116, and 73.90 μM for MDA-MB-231 cells, outperforming cisplatin 
in selectivity. This study not only advances our understanding of structure–activity relationships in platinum-based 
complexes but also highlights the potential of this complex as a promising candidate for developing more effective 
and less toxic anticancer agents.

Keywords  Anticancer evaluation, DNA binding, Molecular docking, Platinum(IV), Structural characterization, 
2,2′-Bipyridine

*Correspondence:
Doaa Domyati
Dmdomyati@uj.edu.sa
Mohamed M. El‑bendary
mmesmaeel@uj.edu.sa
1 College of Science, Department of Chemistry, University of Jeddah, 
21959 Jeddah, Saudi Arabia
2 Biochemistry Department, Faculty of Science, King Abdulaziz University, 
21589 Jeddah, Saudi Arabia
3 Division of Biochemistry, Department of Chemistry, Faculty of Science, 
Tanta University, Tanta 31527, Egypt
4 Department of Chemistry, Faculty of Science, King Abdulaziz University, 
P.O. Box 80203, 21589 Jeddah, Saudi Arabia
5 Department of Chemistry, Faculty of Science, Port Said University, Port 
Said 42521, Egypt
6 Core Labs, King Abdullah University of Science and Technology (KAUST), 
23955‑6900 Thuwal, Saudi Arabia

7 Biological and Environmental Science and Engineering (BESE) 
Division, King Abdullah University of Science and Technology (KAUST), 
23955‑6900 Thuwal, Saudi Arabia
8 Chemistry Department, Faculty of Science, Tanta University, Tanta 31527, 
Egypt

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13065-025-01472-8&domain=pdf


Page 2 of 17Domyati et al. BMC Chemistry          (2025) 19:102 

Introduction
Cancer is a major health problem worldwide [1]. Chemo-
therapy is one of the primary cancer treatment modali-
ties [2, 3]. One drug being researched to treat cancer is 
clinically approved cisplatin, which has shown promise in 
treating several cancer types [4]. However, cisplatin has 
drawbacks, including severe side effects, lack of selec-
tivity towards cancer cells, and developed resistance 
to cancer cells. Therefore, one of the main objectives of 
scientific study is the design of new materials, such as 
supramolecular complexes with distinctive structures 
that can be used as safe anticancer medications [5, 6]. 
Among the most significant features of supramolecular 
platinum complexes are their structural diversity and 
possible biological and anticancer activities applications 
[7–12]. Therefore, there is a need to design and develop 
good drugs of platinum complexes, which can be done 
through pre-clinical testing and provide information on 
the drug’s mechanism of action. Cancer remains a global 
health challenge, and platinum-based drugs such as cispl-
atin, while effective, often suffer from severe side effects 
and resistance issues.

Following cisplatin’s approval for use in humans, 
other platinum complexes have been developed and 
examined to address some of the drawbacks of the 
medication, including inherent or acquired resist-
ance and serious side effects primarily resulting from 
cisplatin’s lack of selectivity. As a result, in contrast 
to cisplatin, novel platinum complexes with increased 
therapeutic efficacy are being developed globally [12]. 
Platinum compounds, like cisplatin, have been well-
established for their potent anticancer activities, yet 
there is an ongoing need to discover new platinum 
complexes that offer improved therapeutic efficacy with 
fewer side effects [13]. New platinum medicines with 
lower toxicity can be created by attaching the plati-
num coordination moiety to a suitable carrier ligand 
that targets cancer cells preferentially [14]. Investigat-
ing and creating multi-action Pt(IV) complexes with 
possible anticancer properties is a recent trend in this 
field [15, 16]. The square planar Pt(II) complexes with 
two additional ligands positioned in the axial loca-
tions can be considered octahedral Pt(IV) complexes. 
Although octahedral low-spin d6-metal is relatively 
inert to ligand substitution, Pt(IV) is a good prodrug 
that can be triggered inside cancer cells. But the reduc-
tion can be made stronger to produce the original Pt(II) 
medication along with the two free axial ligands [17]. 
DNA and BSA (Bovine Serum Albumin) are strongly 
bound by Pd(II) and Pt(IV) supramolecular complexes 
that include nitrogen pyridine bases [18]. By inducing 
apoptosis, intracellular ROS generation, and S-phase 
cell cycle arrest, some of these complexes significantly 

suppress the proliferation of MCF-7, T47D breast can-
cer cells, and HCT116 colon cancer cells [18]. The effec-
tiveness of platinum complexes in oncology is largely 
due to their ability to bind to DNA, thereby interfering 
with cell replication and triggering apoptosis. Under-
standing, the molecular docking and DNA binding 
mechanisms of Pt complexes is crucial for developing 
new and more effective drugs with fewer side effects.

Molecular docking and DNA binding studies play 
essential roles in evaluating the anticancer potential of 
these novel complexes [19]. Molecular docking allows for 
the prediction and visualization of how these complexes 
interact with specific biological targets, such as proteins 
or DNA. DNA binding studies are equally important, 
as they help to determine how the platinum complex 
interacts with DNA, a critical target for many anticancer 
drugs [20]. The efficacy of a platinum complex is often 
linked to its ability to bind to DNA, leading to DNA dam-
age, interference with replication processes, and trigger-
ing of apoptosis in cancer cells [21]. By examining the 
DNA binding affinity and mode of interaction (such as 
intercalation, groove binding, or covalent attachment), 
these studies enhance our understanding of the com-
plex’s mechanism of action and its potential as an anti-
cancer agent [20–22].

Therefore, a novel Pt(IV) supramolecular complex 
with 2,2′-bipyridine (2,2′-bipy) ligand [PtCl2(2,2′-bipy)2]
(PtCl6), (SC 1) was created and given a structural char-
acterization to look into how it affected the growth of 
various cancer cell lines; HepG2, HCT116, MDA. Fur-
thermore, the cytotoxicity of the synthesized SC 1 will be 
examined towards a normal cell line. DNA binding and 
molecular docking were examined.

Experimental
Materials and instrumentation
The analytical grade chemicals, (2,2′-Bipyridine 99% and 
Chloroplatinic acid 98%) solvents, and reagents utilized 
in the synthesis were all acquired from Sigma-Aldrich 
and used exactly as supplied, requiring no additional 
cleaning. A PerkinElmer Spectrum 100 instrument was 
used to obtain the infrared (IR) spectra of SC 1, which 
was formulated as a KBr disk. The reported bands are in 
cm−1. The Bruker Avance 800 MHz spectrometer was 
used to obtain the 1H (800 MHz) and 13C (151 MHz) 
NMR spectra, which were referenced to residual DMSO 
signals {DMSO-d6: 1H (2.50)/13C (39.5). An automatic 
elemental analyzer, the Perkin-Elmer 2400, was used to 
conduct elemental analyses (C, H, and N). An electronic 
spectrometer (Shimadzu UV-310 l PC) recorded the 
absorption spectra. A Cary Eclipse Fluorescence Spectro-
photometer was used to measure the fluorescent spectra.
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Synthesis of [PtCl2(2,2′‑bipy)2](PtCl6), (SC 1)
In aqueous acetonitrile (30 mL) at ambient temperature, 
a solution of chloroplatinic acid hydrate; H₂PtCl₆·xH₂O 
(0.102 g, 0.25 mmol) was mixed with 2,2′-Bipyridine 
(2,2′-bipy) (0.078 g, 0.5 mmol), Scheme  1. After stir-
ring for 30 min, the mixture was sealed and allowed to 
evaporate gradually. Yellow prismatic crystals appeared 
after 10 days, which were washed with acetonitrile and 
air-dried. The yield was 135 mg (60% mass yield). Ana-
lytical data for the molecular formula C20H16N4Cl8Pt2, 
1: Calcd. C, 24.36; H, 1.64; N, 5.68; Found: C, 24.55%; 
H, 1.59; N, 5.87. IR, KBr (cm−1) (s, strong; m, medium; 
w, weak): 3056 w, 1617 m, 1590 m, 1542 s, 1507 s, 1415 
s, 1340 w, 1219 s, 1139 m, 1092 m, 843 vs, 768 m, 710 
vs.

Determination of a single crystal structure
Single-crystal X-ray diffraction experiments were used 
to produce and describe the structure of single crystals 
of C20H16N4Cl8Pt2, SC1. The single crystal data col-
lection was carried out on IuS 2 microsource Bruker 
D8 Venture diffractometer using Mo Kα (λ = 0.71073 
Å) radiation at 120.00 K. After employing Olex2 [23], 
the structure was solved using the Intrinsic Phasing 
method in the SHELXT [24] structure solution tool, 
and the Least Squares minimization method in the 
SHELXL [25] refinement package. Many crystals from 
different batches were screened and the best quality 
crystal was used for the full data collection. The quality 
of the crystal was not very good as the final refinement 
still shows largest difference peak/hole pair of 1.58/1.18 
e Å−3, near the Pt atoms. We assume that this could be 
related to the quality of the crystal, absorption correc-
tion due to heavy Pt atom. Inspection of the reflection 
file did not suggest presence of any twining. However, 

the presence of a small fraction of intergrown domain 
could not be rule out.

Studies of DNA binding
DNA binding studies were conducted using electronic 
absorption titration and viscometric techniques. The 
results indicate groove binding with a binding constant 
(Kb) of 5.00 × 10⁶ M−1.

Determination of binding affinities spectroscopically
To assess the binding affinity of the SC 1 with CT-
DNA, absorption spectra were measured with DNA’s 
intrinsic absorption subtracted. Solutions were pre-
pared using 5  mM Tris–HCl buffer (pH 7.40) and 50 
mM NaCl, preserving a constant concentration of 20 
µM for SC1. Since SC1 has poor solubility in aqueous 
solutions, 5% DMSO was added to improve solubility. 
The ratio of [DNA]/[SC 1] was varied from 0 to 8.0. The 
(Kb) was calculated using the equation from the titra-
tion process:

as ɛA, ɛB and ɛF represent the extinction coefficients of 
the SC 1 at a specific DNA addition, before DNA addi-
tion, and at the fully bound state. By plotting [DNA]/(ɛA 
− ɛF) against [DNA], Kb can be obtained [26].

Viscometry‑based binding mode determination
Viscosity study conducted by an Ostwald viscometer. 
(10 µL) of platinum(IV) complex added to a ct-DNA 
solution, maintaining a [SC 1]/[DNA]ratio between 
0.02 and 0.2. The mixtures incubated for 5  min at 26 
°C in a water bath. Flow times for the solutions verified 

([DNA])/((εA− εF))

= ([DNA])/((εB− εF))

+ 1/Kb(εB− εF)

Scheme 1  Synthetic pathway of SC 1 
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and repeated at least three times for accuracy. The rela-
tive viscosity (η/ηo)1/3 was plotted against the [SC 1]/
[DNA] ratio, where η is the specific viscosity of ct-DNA 
alone and ηo is the specific viscosity of the ct-DNA-SC 
1. Specific viscosities were calculated [27, 28].

Molecular docking study of SC 1 with DNA and three 
different cancer proteins
The study explored the molecular interactions of SC 1, a 
compound theoretically binding to DNA, with three dis-
tinct active proteins, analyzing their effects on cell prolif-
eration, receptor functions, cell membrane reliability, and 
DNA conformation. Molecular docking techniques were 
employed using the DNA sequence 1BNA [29], cyclin-
dependent kinase 5 (Cdk5) in colon cancer (PDB code: 
3ig7) [29], aromatase cytochrome P450 in breast cancer 
(PDB code: 3eqm) [30], and topoisomerase in liver cancer 
(PDB code: 4fm9) [31]. All docking simulations were con-
ducted on the MOE 2019.102 platform, modeling inter-
actions in both 2D and 3D. The binding energies (E) and 
chemical interactions between SC 1 and the targets were 
analyzed.

The 3D structures of all proteins are reclaimed as PDB 
files from (https://​www.​rcsb.​org/; accessed on June 3, 
2024), were processed by removing solvent molecules 
and correcting structures and charges according to prior 
methods [32]. Active sites, distinct by the attendance of 
active drugs or co-crystallized ligands, and isolated as 
dummy atoms. The molecular docking was performed 
using Triangle Matcher with rigid protein, and scores 
were calculated with the top 5 poses selected. The results 
were assessed based on the docking score (S), the root-
mean-square deviation (RMSD) between the co-crystal-
lized and docked conformations.

Viability assessments of human cell lines treated with SC 1
King Abdulaziz University’s Tissue Culture Unit in the 
Department of Biochemistry provided three human 
breast cell lines: HepG2, HCT116, and MDA. These cell 
lines were cultured in T75 flasks with complete media 
DMEM (bought from Gibco Life Technologies) for 24 
h. The media contained 10% fetal bovine serum (FBS) 
and 1% antibiotic. After that, the flasks were kept in an 
incubator with 5% CO2 at 37 °C and 95% humidity. To 
separate the adherent cells, 4  mL of 0.25% Trypsin was 
added to the T75 flask after the cells had grown to 90% 
confluency. The mixture was then incubated for 5 min at 
37 °C. The pellets were suspended in complete media and 
counted by hemacytometer after staining by 0.4% trypan 
blue.

Each well of a 96-well microplate received 5000 cells 
in 0.1 mL of the complete media. The plate was then 

incubated for a full day. The SC 1 was soluble in DMSO 
and stable under light and air. DMSO is used to stop the 
degradation of biological materials that are sensitive to 
temperature, such as organic compounds and serum. 
It can also be used on heat and light stabilizers to pre-
vent changes in their physicochemical characteristics 
caused by heat and light. Each well containing attached 
cells received varying quantities of SC 1 (range from 6.25 
to 100 µg/mL) dissolved in full DMEM medium. Every 
complex concentration resulted in the repetition of three 
wells and incubated in a CO2 incubator for 48 h. After 
adding 100 µL of 0.5 mg MTT/mL free media to each 
well, the incubation was left in the dark for 3 h. Each well 
was filled with 100 µL of MTT medium, then filled with 
100 µL of DMSO and incubated for 15 min. The wells 
were read using a Japanese Bio-RAD microplate reader 
that was calibrated to 595 nm. The complex’s half maxi-
mum inhibitory concentrations (IC50 s), which prevented 
50% of cells from developing, were determined using the 
software GraphPad Prism 9. This was ascertained using 
a curve that plotted the proportion of viable cells against 
the concentrations of SC 1. [33, 34].

The SC 1 and cisplatin were assessed for cytotoxicity 
against normal MRC5 cell lines in  vitro. To determine 
the cytotoxic selectivity of cancer cells relative to normal 
cells (MRC5), the selectivity index was calculated using 
the following formula:

Results and discussion
Description of crystal structure of [PtCl2(2,2′‑bipy)2](PtCl6), 
SC 1
At room temperature (25 °C), 2,2′-bipy and chloroplatinic 
acid hydrate mixed to produce a supramolecular complex 
(SC 1). In DMF, SC 1 dissolves readily and is stable in 
both air and light. In the monoclinic system, SC 1 crys-
tallizes with space group C2/c. Table  1 shows the crys-
tallographic characteristics parameters, while, Table  2 
displays bond lengths and angles. One 2,2′-bipy ligand, 
one chloride ion, one platinum (IV) atom, and one half 
of a [Pt(Cl)6]2− anionic complex constitute the asymmet-
ric unit of SC 1 (Fig. 1a). The half formula unit builds up 
the asymmetric unit of SC 1, since the Pt atoms serve as 
the center of inversion. Two repeating asymmetric units 
of the molecular structure of SC 1, which includes plati-
num (IV), two chloride ions, two 2,2′-bipy ligands, and 
[Pt(Cl)6]2– complex, are depicted in the ORTEP diagram 
in Fig.  1b. The supramolecular complex 1 is comprised 
of two ionic complexes; [Pt(Cl)6]2– an anionic complex, 
and [PtCl2(2,2′-bipy)2]2+, a cationic complex (Fig.  1b). 
The anionic complex of [Pt(Cl)6]2– consists of six chloride 
ions that coordinate Pt2 in an octahedral environment 

SI = IC50 normal cells/IC50 cancer cells

https://www.rcsb.org/
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that is slightly distorted. The Pt(IV) atom acts as the 
center of inversion, as shown in Fig. 1b. The cis ∠Cl–Pt–
Cl lies in the range of 89.23(5)°–91.46(5)°, and the three 
crystallographically independent Pt–Cl bond lengths are 
almost similar within the range of 2.327(13)–2.329(13) 
Å, Table  2. On the other hand, in the second cationic 
complex of [PtCl2(2,2′-bipy)2]2+, the platinum (IV) ion 
chelated to two 2,2′-bipy ligands through four nitrogen 
atoms creating a five-member ring and two chloride ions 
in cis geometry, Fig.  1b. Moreover, a distorted octahe-
dral can be utilized to describe the coordination geom-
etry around the Pt1. With dihedral angles of 79.66°, the 
2,2′-bipy ligands are almost perpendicular to one another 
plane. The length of Pt1–Cl1 is 2.302(13) Å, similar to 
other platinum chloride complexes [35, 36]. On the other 
hand, Pt1–N distances range from 2.027(4) Å to 2.044(4) 
Å, which are similar to those reported in Pt complexes 
related to those containing a 2,2′-bipyridyl fragment 
[37, 38]. Table 2 shows the range of cis ∠N–Pt–N bond 
angles: 80.54(16)° to 96.56(15)°.

In the crystal structure of SC 1, the anionic com-
plex of [Pt(Cl)6]2– is linked to the cationic complex; 
[PtCl2(2,2′-bipy)2]2+ through H-bonds forming linear 
1D chains. The chloride ions in the anionic complex; 
[Pt(Cl)6]2–and hydrogen atoms of the 2,2′-bipy ligand in 
the cation complex of [PtCl2(2,2′-bipy)2]2+ participate in 
intermolecular hydrogen bonds, C6–H6⋯Cl4 = 2.740 Å, 
C7–H7⋯Cl4 = 2.897 Å, C3–H3⋯Cl3 = 2.883 Å, Fig. S1, 
Table 3. Furthermore, the 1D chain is extended to the 2D 
layer via hydrogen bonds formed between the hydrogen 
atoms of 2,2′-bipy ligands in one chain and the chloride 
ion in another adjacent chain, C3–H3⋯Cl4 = 2.885 Å, 
C4–H4⋯Cl2 = 2.779 Å, Fig. 2, Table 3. Thus, the struc-
ture is extended into a three-dimensional network by the 
strong, widespread hydrogen bonding, Fig.S2. Within one 
edge of the six-membered rings of the 2,2′-bipy ligands 
exhibit staggered (parallel displaced) intermolecular π-π 
stacking interactions in the supramolecular complex 1; 
(C7–C8 = 3.672 Å, C7–C9 = 3.760 Å, C3–C4 = 3.942 Å), 
Fig. 3a. So, the 3D supramolecular network structure of 
1 that connects the cation and anionic complexes is sta-
bilized by the π-π stacking interactions with centroid–
centroid distance 4.125 Å, and intermolecular hydrogen 
bonds, Fig. 3a, b.

In comparison, the SC 1 with previously reported 
[PtCl2(C10H8N2)2] Cl2.H2O, (2), the mononuclear com-
plex 2 was synthesized by slow evaporation from a 
CH2Cl2 solution [39]. Pt4+ ion is six-coordinated in a 
distorted octahedral environment by four N atoms from 
the two 2,2′-bipyridine ligands and two chloride atoms as 
in the cationic complex [PtCl2(2,2′-bipy)2]2+ in complex 
(2). However, in our binuclear SC 1 there is another ani-
onic complex (counter ion) of [Pt(Cl)6]2− with distorted 

Table 1  Crystallographic parameters and unit cell dimensions, 
space group, density, and refinement statistics for SC 1 

Empirical formula C20H16N4Cl8Pt2

CCDC number  2307870

Formula weight 986.15

Temperature/K 120.00

Crystal system monoclinic

Space group C2/c

a/Å 21.842 (9)

b/Å 7.398 (3)

c/Å 17.062 (6)

α/° 90

β/° 103.944 (12)

γ/° 90

Volume/Å3 2675.6 (18)

Z 4

ρcalcg/cm3 2.448

μ/mm−1 11.264

F(000) 1824.0

Crystal size/mm3 0.225 × 0.127 × 0.112

Radiation MoKα (λ = 0.71073)

2Θ range for data collection/° 3.842 to 53.992

Index ranges − 27 ≤ h ≤ 27, − 9 ≤ k ≤ 9, − 21 ≤ l 
≤ 21

Reflections collected 22,532

Independent reflections 2888 [Rint = 0.0759, Rsigma = 0.0474]

Data/restraints/parameters 2888/0/157

Goodness-of-fit on F2 1.081

Final R indexes [I > = 2σ (I)] R1 = 0.0323, wR2 = 0.0710

Final R indexes [all data] R1 = 0.0349, wR2 = 0.0733

Largest diff. peak/hole/e Å−3 1.58/− 1.18

Table 2  Geometric parameters of selected bond lengths (Å) and 
bond angles (°) for SC 1 

a 1-X, + Y, 1/2-Z
b 1/2-X, 3/2-Y, 1-Z

Bond Å d Bond Deg, º

Pt1-Cl1a 2.3025 (13) Cl1-Pt1-Cl1a 89.75 (7)

Pt1-Cl1 2.3024 (13) N1-Pt1-Cl1a 86.34 (11)

Pt1-N1a 2.029 (4) N1-Pt1-Cl1 96.66 (11)

Pt1-N1 2.029 (4) N1a-Pt1-Cl1 86.34 (11)

Pt1-N2 2.045 (4) N1-Pt1-N1a 175.79 (18)

Pt1-N2a 2.045 (4) N1-Pt1-N2a 80.54 (16)

Pt2-Cl2 2.3378 (13) N1-Pt1-N2 96.45 (14)

Pt2-Cl2b 2.3378 (14) Cl4-Pt2-Cl3 91.46 (4)

Pt2-Cl3b 2.3269 (14) Cl4-Pt2-Cl3b 88.54 (5)

Pt2-Cl3 2.3269 (15) Cl4b-Pt2-Cl3b 91.46 (5)

Pt2-Cl4b 2.3268 (12) Cl4-Pt2-Cl2 89.89 (6)

Pt2-Cl4 2.3267 (12) Cl4-Pt2-Cl4b 180.00
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Fig. 1  a Asymmetric unit of SC 1, b ORTEP plot of SC 1 showing the coordination environment around the platinum ion with ellipsoids drawn 
at 50% probability level
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octahedral geometry around the second Pt4+ ion. The 
cationic complex [PtCl2(2,2′-bipy)2]2+ is connected to 
the anionic complex [Pt(Cl)6]2− in the crystal structure 
of SC 1 via H-bonds. Furthermore, In complex (2) there 
are two chloride ions as counter ions and one water of 
crystallization responsible for intermolecular hydrogen 
bonding. The crystal structure confirms a distorted octa-
hedral geometry around the Pt(IV) centers. Extensive 
hydrogen bonding and π–π stacking interactions lead to 
a robust three-dimensional network.

IR spectra
Infrared spectra of free ligand 2,2′-bipy and SC 1 were 
recorded as KBr belt in 4000–400 cm–1 range, Table  4 
and Fig.S3. The infrared spectrum of SC 1 displays the 
characteristic bands due to 2,2′-bipy ligand vibrations. In 
the infrared spectrum of SC 1, the stretching mode of the 
aryl C-H bond is observed at 3088 and 3072 cm−1. Mean-
while, the bands at 1454 and 761 cm−1 are labeled to δCH 
and γCH of 2,2′-bipy ligand. The νCH, δCH and γCH bands 
were moved to a wavenumber that was greater than the 
frequency of vibration of 2,2′-bipy free ligand (3069, 3054 
1421 and 755 cm−1) supporting hydrogen bond forma-
tion [40], Table  4. The νC=N and νC=C stretching modes 
of the 2,2′-bipy ring are present at 1601, 1568 and 1500 
cm−1 in the spectrum of SC 1, Table 4. Furthermore, the 
skeletal and C–C vibrations appear at 1311, 1249, 1183 
and 1071 cm−1 in the spectrum of SC 1, Table 4. In sup-
port of the coordination of 2,2′-bipy to the Pt(IV) ion, the 
νC=N, νC=C, and C–C vibrational bands occur at distinct 
wave numbers, either higher or lower than those of the 
2,2′-bipy ligand.

NMR spectra
The distinctive peaks of the 2,2′-bipy ligand are visible 
in the NMR spectra of SC 1. Four multiplet peaks, cen-
tered at 8.17, 8.61, 8.95, and 9.35 ppm in the 1H-NMR 
spectrum of SC 1, are observed, which correspond to 
the four aromatic protons of the 2,2′-bipy ligand (Fig. 

Table 3  Donor–acceptor distances, hydrogen bond lengths, and 
angles in SC 1 

a 1/2-X,−1/2 + Y,1/2-Z
b + X,1-Y,−1/2 + Z
c 1-X, + Y,1/2-Z
d 1/2-X,1/2 + Y,1/2-Z

D-A⋯H d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/°

C3–H3⋯Cl3a 0.95 2.88 3.640(5) 137.4

C3–H3⋯Cl4b 0.95 2.85 3.507(5) 126.8

C4–H4⋯Cl2a 0.95 2.78 3.694(6) 162.1

C6–H6⋯Cl4c 0.95 2.74 3.364(5) 124.0

C7–H7⋯Cl4c 0.95 2.90 3.664(6) 138.6

C9–H9⋯Cl4d 0.95 2.70 3.644(6) 172.4

C10–H10⋯Cl1 0.95 2.72 3.314(6) 121.2

C3–H3⋯N1 0.95 2.64 3.174(6) 116.2

Fig. 2  Two-dimensional hydrogen bond interactions between the cationic and anionic units that extend the structure into a layered network in SC 
1 along the b-axis
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Fig. 3  a Three-dimensional network structure of SC 1 showing pronounced π–π stacking interactions between adjacent 2,2′-bipyridine ligands; b 
extended network stabilized by additional intermolecular hydrogen bonds along the c-axis
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S4). The 1H-NMR spectrum of free 2,2′-bipy was con-
sulted to support this assignment. It shows strong peaks 
at 7.12, 7.65, 8.49, and 8.58 ppm, which correspond to the 
2,2′-bipy molecules H(4,4′), H(5,5′), H(3,3′) and H(6,6′). 
Almost all of the signals in the 1H-NMR spectrum of 
the SC 1 exhibit a discernible downfield shift compared 
to the spectrum of the free 2,2′-bipy ligand. The shift in 
peaks is due to the chelation of 2,2′-bipy ligand to the 
Pt(IV) ion. In the 1H-NMR spectrum of SC 1, the signal 
at 3.53 ppm is attributed to the presence of water in the 
solvent. At 2.5 ppm, the DMSO protons exhibit a promi-
nent singlet band.

All carbon resonances in the 13C-NMR spectra of SC 
1 show a considerable downfield shift when compared 
to the free 2,2′-bipy ligand’s spectrum (121.4, 123.6, 
137.2, 149.2, and 155.3 ppm). This shift is caused by an 
electron-density transfer from the ligand to the platinum 
atoms. Because there are five distinct carbon atoms in the 
2,2′-bipy ring, the 13C-NMR spectrum of SC 1 shows five 
singlet peaks at 127.46, 131.0, 144.84, 148.40, and 155.15 
ppm, Fig.S5. As a result, SC 1’s NMR spectrum coincide 
with its structure, which is further supported by X-ray 
investigation.

The UV–vis and emission spectra
The UV–vis spectra of the free ligand of 2,2′-bipy and 
SC 1 were investigated in DMF with a concentration 
1 X10−5  M. The UV–vis spectrum of 2,2′-bipy shows 
two broad bands at 215 and 270 nm associated with 
1La ← 1A and 1Lb ← 1A transition [41]. Furthermore, 

a band corresponding to n–π* transitions is visible in 
the UV–vis spectrum of free ligand 2,2′-bipy at 315 nm. 
This band disappeared in the UV–vis spectrum of SC 
1 as due to ligand’s coordination with the Pt(IV) ion 
[41], Fig. S6, Table 5. Moreover, the electronic absorp-
tion spectrum of SC 1 in DMF exhibits only an absorp-
tion broad band centered at 285 nm corresponding to 
1Lb ← 1A [41], Fig. S6, Table 5.

The emission spectra of 2,2′-bipy ligand and SC 1 
were measured in MDF at ambient temperature, and an 
excitation wavelength of 290 nm, Table 5 and Fig. 4. A 
well-developed broad peak is apparent in the emission 
spectra of 2,2′-bipy and SC 1 at 330–340 nm and 330–
337 nm, which correspond to the close-lying π–π* tran-
sition. In contrast, the 2,2′-bipy ligand’s intra-ligand 
emission π–π* is responsible for the weak peak in the 
emission spectrum at 360 nm [42], Fig. 4, Table 5. Fur-
thermore, the metal-to-ligand charge transfer (MLCT) 
is responsible for the final peak in the emission spec-
trum of SC 1 at 350 nm [43]. The fluorescence intensity 
of SC 1 is higher than that of the free ligand 2,2′-bipy 
due to its stronger rigidity and ligand coordination [44]. 
An alternative explanation for the increased fluores-
cence intensity could be the coordination of the Pt(IV) 

Table 4  A comparison of vibrational modes before and after 
coordination provides evidence for the successful formation of 
SC 1 

s strong, m medium, w weak

Compound ν(CH) (arom) ν(C=N)
ν(C=C)

Skeletal and 
C–C vibrs. of L

δCH of L γCH of L

2,2′-bipy 306 9w
3054 w

1684 s
1552 s

1266 s–1211 w
1147 m–1090 s

1421 s 755 m

SC 1 3088 w
3072 w

1601 s
1568 w
1500 s

1311 s–1249 s
1183 m–1071 s

1454 s 761 s

Table 5  Electronic absorption and emission spectral data for 2,2′-bipyridine and assignments of electronic transitions of SC 1 

b Broad

λabs (nm) λem (nm)

2,2′-bipy SC 1 Assignment 2,2′-bipy SC 1 Assignment

215 1La ← 1A 330–340b 330–337b Close lying π–π* transition

270 285b 1Lb ← 1A 360 Intra-ligand emission π–π*

315 n–π* 350 MLCT

300 325 350 375 400 425 450 475 500
0

50

100

150

200

250

300

In
te

ns
ity

 (a
. u

.)

Wavelength (nm)

 2,2 -bipy
 SC 1

Fig. 4  Emission spectra of the free 2,2′-bipyridine ligand and SC 
1 measured in DMF at ambient temperature with an excitation 
wavelength of 290 nm
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ion with the free ligand 2,2′-bipy, which would lessen 
the intra-ligand excited state’s non-radiative decay.

The FT-IR and NMR data confirm successful coordi-
nation of the ligand to the platinum centers. The UV–
vis and emission spectra reveal important electronic 
transitions, including the MLCT, which supports the 
complex’s structural integrity.

Studies of DNA binding
DNA binding study by electronic absorption
For examining the properties of compounds that bind to 
DNA, the electronic absorption titration method is con-
sidered to be among the most efficient methods available. 
In this study, absorption spectral titrations were per-
formed with SC 1, maintaining a constant concentration 
for each titration while incrementally adding CT-DNA in 
Tris–HCl buffer solution (pH 7.4). Following each addi-
tion of CT-DNA, the mixtures were incubated for 5 min 
at room temperature before taking measurements. The 
resulting spectra, shown in Fig.  5a, displayed a gradual 
increase in peak intensity in the 350–400 nm region 
(hyperchromism) along with a slight shift to a lower 
wavelength (hypsochromic shift).

A hyperchromic effect, characterized by an increase in 
absorbance, along with a hypsochromic shift, indicative 
of a lower wavelength shift, suggests groove binding. The 
hyperchromic effect occurs because the binding of a mol-
ecule to the DNA grooves can cause unwinding or dis-
ruption of base stacking interactions, exposing the DNA 
bases to the solvent and enhancing absorbance.

The hypsochromic shift signifies changes in the elec-
tronic environment of the DNA bases, expanding the dif-
ference in energy between the excited and ground states. 
Groove binding induces these changes by causing con-
formational alterations in the DNA helix without fully 
intercalating between base pairs. Groove binders fit into 
the major or minor grooves of the DNA helix, interact-
ing with the edges of the base pairs and causing minor 
distortions in the DNA structure. These interactions dis-
rupt hydrogen bonds and base stacking slightly but do 
not completely intercalate between the bases, leading to 
both hyperchromic and hypsochromic effects observed 
in spectroscopic studies [26, 27].

By using the Wolfe Shimmer equation [45], the ratio 
of the slope to the intercept value of the plot shown in 
Fig. 5b yields the binding constant (Kb), which quantifies 
the binding affinity of SC1 with CT DNA [45]. The cal-
culated Kb values for the complex is 5.00 × 106, indicating 
that SC 1 has a high binding affinity for CT DNA [46, 47].

DNA viscosity measurements
DNA is subjected to viscosity measurements by adjust-
ing the added SC 1 concentrations [48]. We can see the 
following changes in the relative viscosity of DNA in the 
presence of metal complexes as a result of different com-
plexes interacting with DNA:

•	 Electrostatic interaction = No effect on relative vis-
cosity.

Fig. 5  (Left) Electronic absorption spectra of SC 1 in Tris–HCl buffer (pH 7.40) upon incremental addition of CT-DNA, showing hyperchromism 
and a slight hypsochromic shift indicative of groove binding; (Right) Plot of the relative viscosity [(η/η₀)1/3)] versus the [SC 1]/[DNA] ratio, confirming 
the binding mode through minimal viscosity changes



Page 11 of 17Domyati et al. BMC Chemistry          (2025) 19:102 	

•	 Intercalative binding = an increase in viscosity.
•	 Groove binding of DNA = no alteration of the viscos-

ity.
•	 Covalent interaction = a decreases the relative vis-

cosity.

According to our result, there is any change in vis-
cosity of the DNA with SC 1, which suggests Groove 
binding with DNA. Electronic absorption titration and 
viscosity measurements indicate groove binding. Molec-
ular docking results (with DNA and proteins) correlate 

well with the experimental data, demonstrating strong 
interactions.

Molecular docking of SC 1 and different proteins
Docking interactions of SC 1 with 1BNA for DNA sequence
A potent technique for modeling the interactions 
between small molecules and biomacromolecules is 
molecular docking. This technique has been used to vali-
date experimental findings further. The two- and three-
dimensional models included in the docking results 
displayed docking scores with extremely low values 
(Fig. 6). Table 6 presents these findings, which are based 

Fig. 6  2D and 3D of the interaction of SC 1 complex with DNA
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on the binding free energy, intermolecular energy, and 
electrostatic energy that rank highest. The SC 1 binds 
within the major groove of DNA, with the chlorine atom 
forming hydrogen bonds with guanine. Compared to 
other complexes, SC 1 has a greater negative binding 
energy (S = − 5.37 kcal mol−1), indicating stronger bind-
ing to DNA. This finding is consistent with experimental 
results obtained from electronic absorption spectroscopy 
and viscosity studies.

Molecular docking of SC 1 with three different cancer proteins
The SC 1 was used in molecular docking experiments, 
Fig. 7 and Table 7 present the docking score (S), (RMSD), 
and (E) obtained from the analysis. The docking score 
results indicate that a more -ve docking score signifies 
improved interaction between the compounds and the 
different cancer proteins. Additionally, lower RMSD val-
ues suggest a more stable docking complex. The energy 
values correspond to the energy needed for the bioac-
tive compounds to bind to the cancer proteins; therefore, 
lower energy requirements indicate easier interactions. 
The redocking results demonstrated that the ligands 
bound to their targets near their actual conformations, 
approving the reliability of the docking method and 
parameters. The docking scores of SC 1 with the three 
different cancer proteins, Colon, Breast, and Liver were 
− 7.04, − 6.96, and − 6.48, reflecting strong binding affin-
ity and consistency with experimental data.

Anticancer evaluation of SC 1 on human cancer cell lines
HepG2, HCT116, and MDA-MB-231 human cancer cell 
lines from liver, colon, and breast, were treated for 48 h 
with varying concentrations (6.25–200 µg/mL) of SC 1 
to assess cell viability in response to the different concen-
trations of SC 1. IC50 values (the concentration at which 
50% inhibition occurs) were determined for each cell line. 
The IC50 for HepG2, HCT116, and MDA-MB-231 were 
41.37, 47.62, and 73.90 µM, Table 8. The IC50 values for 
HepG2 and HCT116 were similar, while MDA-MB-231 
IC50 was 1.8 times higher, indicating SC 1 is more effec-
tive against liver and colon cancer cells than against late-
stage breast cancer cells.

In addition, the normal human lung fibroblast cell line 
MRC5 was treated in the same manner as the cancer 
cell lines to assess SC 1 cytotoxicity and to calculate the 
selective index (SI). The SI was obtained by dividing the 
IC50 of MRC5 by the IC50 of the cancer cell line (Table 8 
& Fig. 8). An SI greater than 2 indicates selective cytotox-
icity in cancer cells but not in normal cells, Table 8.

Cisplatin was used as a positive control. The results 
demonstrated that HCT116 and MDA-MB-231 had 
lower IC50 values than HepG2. The IC50 for HepG2 
treated with SC 1 was like that of cisplatin, while the IC50 
values for HCT116 and MDA-MB-231 were 3.6 and 5.2 
times higher when treated with SC 1 compared to cis-
platin. The SI values for HepG2 (8.6) and HCT116 (7.2) 
were higher than for MDA-MB-231 (3.4), indicating SC 
1 is less toxic and more effective as an anticancer agent in 
HepG2 and HCT116 compared to MDA-MB-231.

Morphological changes and cell growth inhibition were 
observed in the three cancer cell lines (HepG2, HCT116, 
and MDA-MB-231) after treatment with 50.7 µM of SC 1 
and 41.6 µM of cisplatin (Fig. 9). Cells treated with SC 1 
and cisplatin exhibited morphological alterations such as 
spindle or spherical shape changes, abnormal morphol-
ogy, cytoplasmic constriction, and cell shrinkage.

By comparison, HepG2 and MCF-7 cells have shown 
anticancer activity against the earlier Pt(IV) supramo-
lecular complex, [Pt(N3)6Na2(phen)6], with IC50 values of 
12.52 ± 1.3 µM for MCF-7 and 23.37 ± 2.1 µM for HepG2 
[7]. This complex shows lower cytotoxicity towards nor-
mal human lung fibroblast cells [7]. Additionally, the 
anticancer effects of [Pt(salicylaldimine)(Py)Cl] and the 
bi-metallic [Pt2(salicylaldimine)(Py)2Cl2] are also sensi-
tive to the HepG2 and MCF-7 cell lines, with IC50 val-
ues of 5.8 and 6.3 µM for MCF-7 and 6.1 and 5.9 µM for 
HepG2 [49]. HepG2 and MCF-7 cancer cells exhibited 
IC50 values of 20.4 µM and 4 µM, for [Pt(DTBTA)(DMSO)
Cl]ClCHCl3 (DTBTA: 2,2′-dithiobis(benzothiazole)] [50]. 
Furthermore, the IC50 values for the complexes of trans-
[PtCl2(3-acetylpyridine)2] and trans-[PtCl2(4-acetylpyri-
dine)2] were found to be 27.3 ± 3.7 µM and 13.3 ± 1.5 µM 
for MCF-7 [51].

Table 6  Molecular docking interactions, docking scores, RMSD values and Energetic Parameters of SC 1 with the DNA Sequence (PDB 
ID: 1BNA)

mol S rmsd_refine E_conf E_place E_score1 E_refine E_score2

SC 1 − 5.37 1.97 − 99.70 − 10.60 − 9.48 − 26.49 − 5.37

− 5.07 2.08 − 99.45 − 10.80 − 10.32 − 24.32 − 5.07

− 4.93 2.33 − 98.36 − 11.67 − 12.68 − 22.14 − 4.93

− 4.84 2.41 − 97.78 − 11.35 − 11.08 − 20.36 − 4.84

− 4.73 1.98 − 97.60 − 10.24 − 10.56 − 20.40 − 4.73
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4fm9

Ligand Receptor – Interaction Distance E (kcal/mol)

CL1  2 CB GLU  712  (A) H acceptor 3.80 -0.7

CL1  23 CA GLU  839  (A) H acceptor 4.01 -0.9

3eqm 

Ligand Receptor – Interaction Distance E (kcal/mol)

C4   30 O      LEU  372 H-donor 3.39 -0.5

6-ring N      ALA  438 pi-H 4.36 -0.6

3ig7

No measurable interactions

Fig. 7  2D and 3D docking interaction of SC 1 with cyclin-dependent kinase 5 (3ig7), aromatase cytochrome P450 (3eqm), and topoisomerase 
(4fm9)
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Conclusion
This study successfully demonstrates that the design 
of the novel platinum(IV) supramolecular complex, 
[PtCl2(2,2′-bipy)2](PtCl6), leads to a unique struc-
tural architecture characterized by a distorted octahe-
dral geometry and a robust three-dimensional network 
formed via hydrogen bonding and π–π stacking. The 
comprehensive structural characterization, includ-
ing single-crystal X-ray diffraction and spectroscopic 
analyses, not only confirms the complex formation 
but also provides insight into the subtle electronic and 
geometric modifications imparted by the coordination 
of the 2,2′-bipyridine ligand. The DNA binding experi-
ments supported by electronic absorption titration and 

Table 7  Docking scores and energetic parameters of SC 1 with selected cancer-related proteins (PDB IDs: 3ig7, 3eqm, 4fm9)

mol S rmsd_refine E_conf E_place E_score1 E_refine E_score2

4fm9 − 6.48 1.05 − 92.58 − 70.84 − 13.59 − 26.81 − 6.48

− 6.25 1.61 − 98.63 − 61.99 − 13.85 − 22.97 − 6.25

− 6.11 1.56 − 98.14 − 89.69 − 14.99 − 21.39 − 6.11

− 6.09 1.06 − 99.19 − 76.29 − 12.95 − 21.50 − 6.09

− 5.87 1.54 − 98.65 − 77.45 − 13.15 − 18.39 − 5.87

3eqm − 6.96 1.06 − 78.13 − 63.22 − 9.80 − 29.28 − 6.96

− 6.95 2.19 − 73.01 − 80.96 − 9.95 − 27.68 − 6.95

− 6.93 1.86 − 96.29 − 89.79 − 9.89 − 23.12 − 6.93

− 6.89 1.31 − 97.45 − 73.29 − 10.26 − 24.86 − 6.89

− 6.79 1.17 − 85.89 − 87.08 − 10.00 − 25.78 − 6.79

3ig7 − 7.04 1.58 − 93.44 − 13.29 − 11.33 − 9.41 − 7.04

− 6.92 1.94 − 97.08 − 41.44 − 11.98 − 15.65 − 6.92

− 6.83 2.29 − 97.85 − 34.91 − 12.14 − 18.10 − 6.83

− 6.68 2.61 − 93.86 − 30.83 − 11.73 − 13.25 − 6.68

− 6.51 4.43 − 100.30 − 21.54 − 10.56 − 20.62 − 6.51

Table 8  Cytotoxicity data, calculated IC₅₀ values, and selectivity indices for SC1 against HepG2, HCT116, MDA-MB-231, and normal 
MRC5 cells

SC 1 HepG2 HCT116 MDA MRC5

Range (µg/mL) 17.25–24.12 20.82–26.48 29.82–44.53 152.5–196.0

IC50 (µg/mL) 20.40 ± 1.70 23.48 ± 2.5 36.44 ± 0.80 172.9 ± 6.8

IC50 (µM) 41.37 ± 3.43 47.62 ± 5.7 73.90 ± 1.6 350.66 
± 13.8

SI 8.6 7.2 3.4

Cisplatin HepG2 HCT116 MDA

Range (µg/mL) 8.531–17.07 2.977–5.159 3.282–5.969

IC50 (µg/mL) 12.07 ± 1.27 3.919 ± 0.20 4.426 ± 0.88

IC50 (µM) 40.23 ± 4.21 13.06 ± 0.66 14.75 ± 2.91

Fig. 8  Viability percentage of HepG2, HCT116, MDAmb231, 
and normal cells (MRC5) treated with SC 1 
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viscometry indicate that the complex interacts with 
DNA through groove binding, which is corroborated 
by molecular docking studies. The strong binding affin-
ity evidenced by the docking scores, along with the 
observed anticancer activities against HepG2, HCT116, 
and MDA-MB-231 cell lines, underscores the poten-
tial of this complex as a more selective and less toxic 
alternative to conventional platinum drugs such as cis-
platin. Importantly, the study provides a mechanistic 
framework that correlates the structural features of the 
complex with its biological activity. This correlation is 
essential for the rational design of next-generation plat-
inum-based therapeutics that may overcome the limita-
tions of existing treatments. The implications of these 
findings are significant: not only do they advance our 
understanding of the structure–activity relationship in 
platinum-based complexes, but they also pave the way 
for future studies involving dynamic simulations and 
in  vivo evaluations. Future research should focus on 
optimizing the stability and bioavailability of such com-
plexes and exploring their potential in targeted drug 
delivery systems. In this regard, our work serves as a 
promising foundation for the development of safer and 
more effective anticancer agents.
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