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Abstract 

This paper studies the anticancer potency of dendritic poly(aryl ether) substituted polypyridyl 

ligands based Ruthenium(II)- coordination entities. The dendritic coordination entities were 

successfully designed, synthesized, and characterized by different spectral methods such as 

Fourier transform infrared (FT-IR), 1H and 13C NMR, and mass spectrometry. Further, to 

understand the structure and solvation behaviour of the coordination entities, we performed all-

atom molecular dynamics (MD) simulations. The behaviour, configuration, and size of the 

coordination entities in DMSO and water were studied by calculating the radius of gyration 

(Rg), and solvent-accessible surface area (SASA). The MTT assay was used to assess the in 

vitro cytotoxicity of all the coordination entities against cancerous A549 (lung cancer cells), 

MDA MB 231 (breast cancer cells), and HepG2 (liver cancer cells) and was found to be good 

with comparable IC50 values with respect to the standard drug cisplatin. The coordination 

entities exhibited dose-dependent, the highest activity was shown against HepG2 cell lines in 

comparison to the other cancer cell lines. In addition, fluorescence staining studies, such as 

AO/EB, DAPI, and cell death analysis by PI staining, were performed on the coordination 

entities to understand the apoptosis mechanism. Furthermore, reactive oxygen species (ROS) 

and mitochondrial membrane potential (MMP) assays confirm apoptosis in cancer cells via the 

mitochondrial pathway. The DNA fragmentation assay was done followed by Molecular 

docking analysis with DNA was executed to strengthen and support the experimental 

observations. 
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1. Introduction 

Ruthenium(II) coordination entities or commonly known as ruthenium(II) complexes have 

showcased remarkable potential as anticancer drugs compared to other platinum-based 

analogues; however, their poor drug delivery efficiency is a major challenge which curtails 

their limitless application in cancer treatment1–3. The emergence of nanomaterials has paved 

the way for a new dimension of advanced cancer therapy; anticancer drugs bound to 

nanoparticles are known to exhibit highly efficient targeted drug delivery4–6. The typical drug 

transport mechanisms of metallodrugs have been passive diffusion, active transport, and 

endocytosis7,8. However, for  nanoparticle-based metallodrugs there are new transport and 

cellular uptake routes because of the phenomenon known as enhanced permeability and 

retention effect (EPR effect)9–13. This effect has been extensively exploited in cancer therapies 

and has shown promising results. The nanoparticles-conjugated anticancer drugs have been 

widely developed with targeted drug delivery, avoiding healthy cells and minimal side effects.  

During the last decades’ several nanomaterials conjugated ruthenium complexes have been 

developed exhibiting enhanced anticancer activity, e.g. ruthenium-conjugated gold14, 

selenium15,16, silicon nanoparticles17, ruthenium-carbon nanoparticles18, and dendrimers-based 

ruthenium complexes. Among several nanoscopic delivery systems, dendrimers have become 

more attractive for drug delivery applications.  

The ruthenium complexes combined with dendritic nanostructures have been developed 

for enhanced cancer therapies; the most studied Ru(II) based dendrimers are those of 

carbosilanes which have shown activity against leukaemia, prostate ,cervical, breast, colorectal 

kidney and lung cancer cell lines19–24. Govender et al. reported poly(propylene imine) type of 

dendrimers used in combination with Ru(II) complexes showing cytotoxicity25. These 

poly(propylene imine) dendrimeric Ru(II) complexes have shown higher anticancer activity 

against ovarian carcinoma26,27. However, most Ruthenium based metallodendrimers exhibiting 

anticancer properties have been found to be multinuclear systems with more than one metal 

centre; this may induce metal toxicity28, thus incorporating minimal metal centres with efficient 

targeted metallodendrimers would be viable solution. Thus the two challenges; poor drug 

delivery and  multinuclear metallic systems induced metal toxicity can be overcome by the 

development Ru(II) cored amphiphilic dendrimeric systems, which renders them extremely 

promising for cancer therapeutics.  

In recent times, researchers have been focusing on the use of amphiphilic dendrimers to 

enhance the biological activities such as imaging, drug delivery, and sensors etc29,30. The 

development of amphiphilic structures solely depends on the architectural design of the 



molecules. Typically, an amphiphilic system comprises of three different units: the surface 

group, the interior branches, and the core. The amphiphilicity can be brought in by carefully 

choosing the surface groups, for example, poly(ethylene glycol) (PEG) has been widely used 

as a surface group on dendrons for inducing amphiphilicity29,31. On the other hand, the surface 

group can also account for the lipophilicity, membrane permeability, solubility, toxicity, 

structural stability, responses to external stimuli and selectivity when it comes to site targeted 

applications32, hence, a careful selection of the surface end groups is very significant. Anionic 

and neutral dendrimers are found to be biocompatible, while the cationic dendrimers have 

exhibited generation dependency degrees of cytotoxicity. The surface charge also plays a key 

role in dendrimer-membrane interactions, the surface charges on dendrimers are found to 

significantly disrupts the membrane integrity33, which is often accepted as a mechanism of 

cytotoxicity induced by dendrimers. For example, ester groups at the surfaces can easily induce 

amphiphilicity and they are known to be less toxic34. The inner dendritic branches are the 

backbone of the system, compared to other types of dendrimers such as PAMAM,35,36 the 

poly(aryl ether) dendrimers can be easily synthesized and customized at their core and 

periphery. Further, the poly(aryl ether) are known to be engaged in photonic studies and 

applications like sensors37, and light harvesting applications38–43. Recently poly(aryl ether) 

based amphiphilic dendrons were constructed for drug delivery, anticancer, and antibacterial 

applications44–47. Finally, a suitable core group is chosen to act as chelating ligand, which could 

coordinate with Ru(II) ions to form metallodendrimers for various anticancer applications. 

Based on the above hypothesis, in our previous work32, we have reported the design and 

synthesize of novel tert-butyl ester functionalized dendritic poly(aryl ether) bipyridyl 

amphiphilic ligands, which can be readily complexed with Ru(II) ions. Thus, in this work, we 

focus on synthesizing tert-butyl ester functionalized dendritic poly(aryl ether) based Ru(II) 

polypyridyl coordination entities and evaluating their in vitro anticancer potency. 

 

2. Experimental  

2.1. Materials 

The synthesis of poly(aryl ether) dendrons, G0-OH, G1-OH and G2-OH were carried out 

by following the reported literature with some appropriate modifications.48 The detailed 

experimental procedure and the characterizations of  ligands (see Figure 1) are given in our 

previous report.32 



 

Figure 1 The synthesized poly(aryl ether) dendritic ligands 

2.2. Synthesis of Ruthenium (II)-cored metallodendrons 

Synthesis of [Ru(bpy)2Gn-bpy]Cl2 coordination entities 

A mixture of [Ru(bpy)2Cl2].xH2O49 and corresponding Gn-bpy (n=0-2) ligands was 

refluxed in ethanol under inert atmosphere. The solvent was removed under vacuum, and the 

obtained residue was dissolved in dichloromethane and washed three times with water. The 

organic layer was separated, and the solvent evaporated under vacuum. The obtained residue 

was purified by silica column chromatography, using  dichloromethane/methanol mixtures as 

eluant, to obtain the [Ru(bpy)2G0-bpy]Cl2 (RuG0), [Ru(bpy)2G1-bpy]Cl2
  (RuG1) and 

[Ru(bpy)2G2-bpy]Cl2 (RuG2) (see Figure 2). All the FTIR, 1H-NMR, 13C-NMR, and mass 

spectra of the synthesized Ru(II) coordination entities are provided in Figures S1 – S12. 

 

Figure 2 The synthesized [Ru(bpy)2Gn-bpy]Cl2 coordination entities 

 

2.3. Instrumentations 

1H-NMR spectra were recorded on a Bruker 400 MHz and 500 MHz spectrometer in 

acetone d6 solvent, 13C-NMR was recorded on 100 MHz Bruker spectrometer in acetone d6. 

ESI MS was recorded using XEVO-G2 XS QTOF (Waters Corporation, Milford, MA) mass 



spectrometer in positive mode. FTIR spectra was recorded on SHIMADZU, IRTRACER 100, 

Japan. The fluorescence images for the anticancer activities were viewed using Invitrogen 

EVOS FL Cell Imaging, Thermo Fisher. The synthesized Ru(II) coordination entities were 

water insoluble, due to the presence of the strong hydrophobic tert-butyl group, hence for all 

biological applications the coordination entities were prepared as solutions in molecular 

biology grade DMSO. 

2.4 Molecular simulation Studies 

All simulations were performed using LAMMPS (29th  September  2021)50  

(https://www.lammps.org) for the molecular dynamics (MD) simulations. VMD 1.9.351 

(http://www.ks.uiuc.edu/Research/vmd/) was used for visualization and post-processing. A 

cut‐off of 12 Å was applied for short‐range non-bonded interactions. The Ewald summation52 

method was used to calculate long‐range electrostatic interactions. To integrate Newton's 

equations of motion, the Verlet velocity scheme was utilized with a time step of 1 fs. For all 

cases, periodic boundary conditions were implemented using cubic boxes. All other details of 

the computational molecular simulation studies are provided in the Supporting Information 

(Section 2.1-2.2). 

2.5. Biological studies 

The cytotoxicity activity of the Ruthenium (II) coordination entities RuG0, RuG1 and 

RuG2 was tested against Vero, A549, MCF-7 and HepG2 cell lines by MTT assay and  

fluorescence assays are done according to reported procedures53,54 and the detailed experiments 

are provided in the supplementary information (Section 2.3 to 2.8). The detailed procedure of 

apoptotic DNA ladder assay of RuG0, RuG1 and RuG2 against HepG2 cell lines are given in 

the supplementary information (Section 2.9).  

Molecular docking studies of the coordination entities RuG0, RuG1, and RuG2 and 

cisplatin were performed against DNA using Autodock 1.5.6 software, the details of the 

docking analysis have been provide in the supplementary information (Section 2.10). 

3 Results and Discussion 

The synthesis of dendrons and ligands was done via the convergent route of dendrimers 

synthesis methodology, i.e., the synthesis starts from the periphery leading into the 

core32,37,55,56. The detailed procedure is explained in our previous work 36. The synthesis of 

RuG0, RuG1, and RuG2 involves the reaction between [Ru(bpy)2Cl2.xH2O] and 

corresponding Gn-bpy (n=0-2) ligands under inert atmosphere. The obtained residue was 



purified by column chromatography to obtain [Ru(bpy)2G0-bpy]Cl2 (RuG0) , [Ru(bpy)2G1-

bpy]Cl2 (RuG1), and [Ru(bpy)2G2-bpy]Cl2 (RuG2) coordination entities. 

3.1 Characterizations 

The spectroscopic characterization of Ru(II) coordination entities is provided in the 

Supporting Information (Figures S1 to S12). The FTIR analysis was done for the identification 

of the functional groups. The prominent functional groups in the synthesized RuG0, RuG1, 

and RuG2 coordination entities are peripheral methyl groups in the form of esters, the 

branches’ part consists of methylene, aromatic C=C, C-C, ether groups, and finally, the core 

with aromatic bipyridyl groups. The expected bands and the corresponding functional groups 

are observed at 2978, 2931 cm-1 (for CH3, C-H Stretching), 1743-1745 cm-1 (for C=O stretching 

(Ester)), 1597-1598 cm-1 (for C=C (Aromatic)), 1449-1450 cm-1 (for -CH2- bending), 1370-

1371 cm-1 (for CH3, C-H Stretching), 1232-1234 cm-1 (for C-O,(Ether), 1139 cm-1 (for C-O 

(Aromatic ether)), ~ 834 cm-1 (for C-H (Aromatic)). The 1H-NMR spectra of the coordination 

entities can be interpreted in four main regions; first, the aromatic protons of the bipyridyl core 

appear around δ 8.43- δ 7.27 ppm corresponding to six protons, in the second region, the 

resonance of the aromatic protons of the phenyl branches occur around δ 6.30- δ 6.54 ppm 

corresponding to a total of 6 (2+4), 18 (6+12) and 38(14+24) aromatic protons of phenyl 

branches in G0-bpy, G1-bpy and G2-bpy systems respectively. The third region in the 1H-NMR 

spectra belongs to the methylene -CH2- proton present at both interior and peripheral ester 

groups. The resonances for the methylene protons occur between δ 4.43- δ 4.95 ppm, 

corresponding to a total of 16 (8+8), 32 (4+16+4+8), and 64 (32+8+24) protons of G0-bpy, 

G1-bpy, and G2-bpy systems respectively. The final region is the most important part, which 

accounts for the peripheral methyl groups, perhaps the highest peak in every spectrum, the CH3 

protons show sharp a singlet peak centred around δ 1.33- δ 1.48 ppm assigned to the 36, 72 and 

144 methyl protons of the synthesized dendritic molecules. The generation wise growth of the 

prepared dendritic ligands is clear from the observations made in the obtained NMR spectral 

region between δ 6.30- δ 6.54 ppm (phenyl branches), δ 4.43- δ 4.95 (methylene -CH2- groups) 

and δ 1.33- δ 1.48 (methyl CH3- group). There is a progressive sequential increase in the 

periphery and inner branches at each layer from generation G0 to G2. The 13C-NMR further 

substantiates the molecular makeup of the synthesized compounds. The 13C-NMR spectra show 

expected similarity in each generation of dendron at its associated ligands and coordination 

entities. The major assignable resonance peaks of the dendrons are of the aryl and methylene 

carbon at the branches and the tert-butyl and carbonyl carbon at the periphery. For the ligands 



and coordination entities in addition to what was observed in the case of the dendrons, the 

ligand showed a signal for the magnetically inequivalent carbon corresponding to the bipyridyl 

core. The core bipyridine carbon showed a peak around ~159-160 ppm, the carbonyl carbon 

peak appeared around ~167 ppm, the methyl group appeared around 27-29 ppm, the methylene 

peak at 65-69 ppm, and the tert carbon appeared at ~81 ppm. The mass spectral analysis of the 

coordination entities has been carried out both by MALDI TOF and ESI MS techniques, 

however, only the ESI MS spectra are presented in the results. The mass spectral analysis of 

the coordination entities is quite complicated due to their large size as compared to the dendrons 

and ligands57,58. The low molecular weight RuG0 has shown [M-2PF6]2+ ion peak, as the 

molecular weight of the synthesized coordination entities increases, the fragmentation has 

become more complicated and intense. For RuG1 and RuG2, the mass spectra exhibit peak 

corresponding to ions that have undergone fragmentation at dendritic architectures. For RuG1 

the mass spectrum shows a peak corresponding to [M-(Cl2-8(C5H9O2))2+, which is obtained by 

fragmentation of 8 units of peripheral C(CH3)3COO ester groups. The ESI MS spectra of RuG2 

shows a peak corresponding to [M-(Cl2+C100H131O31)]2+ ion formed by the fission of one 

dendritic arm of the G2-bpy ligand.  

 

3.2 Molecular dynamics studies 

 The significance of solvating dendritic polymers spans various applications, owing to 

the profound influence of surface chemistry on the interactions between dendrimers and their 

environment. Hence, these interactions assume a pivotal role in defining the performance of 

dendritic polymers.59 In order to comprehend the atomic-level structure and solvation 

characteristics of the novel coordination entities, we conducted all-atom molecular dynamics 

(MD) simulations following the protocols outlined in our previously published research.32 The 

simulation details are presented in the Supplementary data, Section 2. We examined the 

behavior, configuration, and size of the coordination entities in both DMSO and water by 

calculating parameters such as the radius of gyration (Rg) and solvent accessible surface area 

(SASA) (see the Supplementary data, Section 2.1 and 2.2 for more details).  

Table 1 displays snapshots of the equilibrium conformations of the coordination entities 

RuG0, RuG1, and RuG2 in both water and DSMO. To ascertain whether the system reached 

an equilibrium state, we analyzed the autocorrelation function of the radius of gyration (Rg) as 

a function of simulation time (CRg(t)). Additional details can be found in the Supplementary 

data, section 2.1. The data on relaxation time (τr) extracted from the CRg(t) curves indicate that 



the simulation durations were sufficiently long to attain equilibrated configurations suitable for 

modeling the structural and dynamical properties of the dendrons. For further information, 

please refer to Supplementary data, Figures S13 and S14. It can be observed from Table 1 that 

the coordination entities are more extended in DMSO than in water. To quantify this 

observation, we calculated the Rg and SASA of the coordination entities in the two studied 

solvents. The data provided in Table 2 further support the presence of larger-sized structures 

in DMSO compared to water.  This can be attributed to the amphiphilic properties of DMSO, 

which lead to stronger interactions between DMSO and both the oxygen-containing functional 

groups (such as ether and ester) as well as the hydrophobic groups (such as methyl and benzene 

rings) present in the coordination entities. While when placed in water, the coordination entities 

tend to assume more compact configurations in order to reduce the contact area between their 

hydrophobic groups and the surrounding water molecules. This behavior is driven by the desire 

to minimize interactions between the hydrophobic regions and the aqueous environment. We 

previously observed a similar solvent effect in our research involving ligands of different 

generations (G0-bpy, G1-bpy, G2-bpy).32 
We calculated the radial distribution function, g(r), between the dendrons and water as 

well as between the dendrons and DMSO. Both RDFs can be found in Supplementary data, 

Figures S15(a) and S15(b), respectively. In systems involving water, the first peaks of the 

RDFs occurred at shorter distances than those in DMSO. This discrepancy can likely be 

attributed to the smaller size of water molecules compared to DMSO molecules. Additionally, 

the higher values of g(r) observed in the systems containing DMSO provide further evidence 

that the dendrons exhibit greater compatibility with DMSO compared to water. This 

observation aligns with the Rg data presented in Table 2, supporting that DMSO is a more 

favorable solvent for these dendrons.The SASA values reported in Table 2 also confirm that 

the dendron structures in DMSO are indeed larger than those in water. This supports the earlier 

observations of greater extension and compatibility of the dendrons in DMSO. Figures S15 (c) 

and (d) illustrate the 𝑔(𝑟) between the dendrons’ oxygen atoms and the solvents’ oxygen 

atoms, which also confirms the better compatibility of the coordination entities with DMSO 

than water.  

 

 

 

 



Table 1 Snapshots capturing the equilibrium conformations of the investigated Ruthenium (II) 

coordination entities in both water and DMSO. Carbon, oxygen, nitrogen, hydrogen, and 

ruthenium atoms are represented in grey, red, blue, white, and green, respectively. 

Coordination 

entities 

WATER  DMSO 

RuG0 

  

RuG1 

  

RuG2 

  

 

 

 

 

 

 

 



Table 2 Calculated Rg and SASA of ruthenium (II) coordination entities in water and DMSO. 

The results of the Rg and SASA were obtained by averaging data across the sampled data (from 

the last 7 ns of each simulation; the selected frames were 500 ps apart) of each simulation run. 

Coordination entities 
Water DMSO 

R
g
(Å) SASA (Å

2
) R

g
(Å) SASA (Å

2
) 

RuG0 12.21 ± 1.5 3430.40 ± 51.53 14.85 ± 1.03 8290.82 ± 114.04 

RuG1 12.57 ± 1.08 3201.30 ± 41.10 17.09 ± 3.32 9271.42 ± 64.14 

RuG2 19.84 ± 3.54 3536.39 ± 61.45 21.14 ± 3.22 10141.02 ± 84.45 

 

3.3. Cytotoxicity studies by MTT assay 

 In vitro cytotoxicity studies on A549 lung adenocarcinoma cell line, MDA MB 231 

human breast epithelial adenocarcinoma cell lines, HepG2 liver cancer cell, and normal kidney 

epithelial cell line Vero of the ruthenium(II) coordination entities RuG0, RuG1, and RuG2 by 

MTT assay were performed. The coordination entities have shown a concentration dependent 

cytotoxicity against the cancerous cell lines A549, MDA MB 231, and HepG2 cells and non-

cancerous Vero cell line shown in Figure 3. The IC50 value of the cytotoxicity of  RuG0, RuG1 

and RuG2, and cisplatin are shown in Table 3. 

 

 

Figure 3 In vitro cytotoxicity of RuG0, RuG1, and RuG2 against Normal cell line Vero (Red), 
A549 lung cancer cell line (Green), MDA MB 231 human breast cancer cell lines (Dark Blue), 
HepG2 liver cancer cell (Cyan) by MTT assay. 
 
 
 
 
 



Table 3 The cytotoxic IC50 concentrations (μg/mL ± SD) of  RuG0, RuG1, RuG2 and 
cisplatin against the Vero, A549, MDA MB 231, and HepG2 cell lines 
 
Coordination 

entities 
Vero A549  MDA MB 231 Hep G2 

RuG0 111.90 ± 4.85 30.52 ± 1.12 35.50±1.80  34.88 ± 3.28 

RuG1 135.16 ± 6.14 89.76 ± 1.72 52.13±1.75 27.77 ± 0.41 

RuG2 112.8 ± 1.21 58.75 ± 1.73 41.98±1.18 13.15 ± 0.51 

cisplatin - 23.42±0.21 28.77±0.22 9.74 ± 0.32 

 

 It can be concluded from Table 3 that the RuG0, RuG1, and RuG2 are highly 

cytotoxic against the three cancer cell lines, with the highest activity observed against the 

HepG2 liver cancer cell and very mildly cytotoxic against the normal vero cell lines. Among 

the A549 cell line, coordination entities RuG0 exhibited highest activity with an IC50 

concentration of 30.52±1.12μg/mL, while RuG1 exhibited the lowest activity with an IC50 

concentration 89.76 ± 1.72μg/mL. In MDA MB 231 cell lines the highest and lowest activity 

was exhibited by RuG0 and RuG1 with an IC50 concentration of 35.50±1.80μg/mL and 

52.13±1.75μg/mL, respectively. The observed trend in the cytotoxicity can be explained based 

on the influence of both, the accessibility of Ru(II) ions and the dendrimeric effect. RuG0 

containing lower generation G0-bpy ligand exposes the Ru(II) ions to the tumorous cells and 

induce cytotoxicity more effectively than the higher generation analogous ligands, RuG2 with 

higher molecular weight containing and having G2-bpy ligand, with heavy steric crowding, 

restricts the Ru(II) ion interaction with the cell lines and hence exhibit lower cytotoxicity 

among the series.  

The HepG2 liver cancer cell, unlike the A549 and MDA MB 231, has shown linear relation 

with the cytotoxic effect and size of ligands from G0-bpy to G2-bpy. The highest cytotoxicity 

has been shown by RuG2, with an IC50 concentration of 13.15 ± 0.51μg/mL, from the Table 

3, it’s found that the IC50 concentrations have decreased from RuG0 to RuG1, at higher 

generation coordination entities RuG2, the influence of ligand size and more number of surface 

groups have induced the cytotoxicity in the cell lines. Coordination entities RuG2 incorporated 

with a large number of tert butyl group is superior to the other synthesized coordination entities 

in antiproliferation. The higher electron donating nature of the G2-bpy ligand enhances the 

lipophilic character of the coordination entity and facilitating its penetration across the lipid 

cell membrane54,60,61. Further, there are reports on the higher generation of dendrimers inducing 

higher cytotoxicity in HepG2 cell lines, by cellular internalisation followed by faster and 



stronger endocytosis compared to other cell lines18,19. All the synthesized Ru(II) coordination 

entities have exhibited lower cytotoxicity, of an IC50 concentration >100 μg/mL, towards the 

non-cancerous normal cell lines, which infers the selectivity of the Ru(II) coordination entities 

towards cancerous cell line more than the normal cells. In conclusion, the finding emphasizes 

the importance of the synthesized coordination entities as potential candidates exhibiting 

anticancer activity with minimal side effects in comparison to cisplatin. 

3.4. Fluorescence imaging studies 

3.4.1. Apoptotic morphological analysis by Acridine orange/Ethidium bromide dual 

staining 

The cells were cultured in a 6-well plate (1×105 cells per well) and treated with IC50 

concentration of RuG0, RuG1, and RuG2 for 24 h. The untreated cells served as a control. 

After the treatment, the stained cells were observed and examined under a fluorescence 

microscope(Invitrogen EVOS FL cell imaging; 40xmagnification). Acridine Orange−Ethidium 

Bromide (AO/EB) staining is fluorescence based double staining technique used to distinguish 

between live and dead cells. Acridine orange and ethidium bromide are DNA intercalators that 

bind to the DNA of live and dead cells, respectively. In this method, acridine organge is used 

to stain both viable and dead cells, while cells with damaged membranes are stained by 

ethidium bromide. Under a fluorescence microscope, live cells appear as green, while necrotic 

cells stain red, however, their nuclear shape remains alike of live cells. Apoptotic cells, on the 

other hand, manifest as greenish-orange patches, reflecting the morphological changes 

associated with apoptosis. AO/EB allows simultaneous assessment of both live and dead cells, 

and determination of the efficacy of drug treatments on cell viability. Induction of apoptosis 

on selective or targeted cancer cells is a key role of therapeutic anticancer agents. Apoptosis 

involves characteristic phenotypical changes in cell morphology, which includes cell shrinkage 

of the cytoplasm, nuclear condensation, plasma membrane blebbing, DNA fragmentation, and 

phosphatidylserine translocation to the extracellular sides53. Apoptotic cell death mechanism 

by the AO/EB staining assay of RuG0, RuG1, and RuG2 in A549, MDA MB 231, and HepG2 

cells are shown in Figure 4, Figure S16, and S17 respectively. As illustrated in the 

fluorescence microscopy images of Ru(II) coordination entities treated cells, the AO/EB 

staining clearly indicates that the coordination entities have induced apoptosis in the respective 

cell lines60–64 As evident for from MTT assay, The AO/EB fluorescence microscopy images of 

HepG2 cell lines have shown higher apoptosis with the prepared coordination entities.  



 
Figure 4 Apoptotic cell death mechanism by the AO/EB staining assay by RuG0, RuG1, and 
RuG2 at the IC50 in HepG2 cells for 24 h (Magnification: 40x, scale bar 100 μm) a) live cells 

b) necrotic cells c) merged 
 

3.4.2. Nuclear morphology analysis by DAPI staining 

The (4’,6-diamidino-2-phenylindole) or DAPI assay is a versatile fluorescence staining 

tool to quantify DNA content, fragmentation, and DNA damages in a cell. Typically, the DAPI 

assay uses 4’,6-diamidino-2-phenylindole, a fluorescence dye which preferentially binds to the 

AT regions of DNA and shows bright blue emission allowing it to view under a fluorescence 

microscope. The intensity of the blue emission is directly proportional to the DNA present in 

the cell. Further, the irregularity in the fluorescence image pattern and the strongly intense blue 

spots concludes the presence of DNA damage or fragmentation53. The DAPI analysis validates 

cell death phenomena that could have occurred due to apoptosis or cytosis induced by the 

coordination entities. Figure 5, Figures S18, and S19 show the nuclear morphology analysis 

by DAPI staining assay on A549, MDA MB 231, and HepG2 cells by RuG0, RuG1, and 

RuG2, respectively. In all the cell lines, the coordination entity untreated cell lines have not 



shown any blue stains caused by DAPI, as the cells are intact, and the DAPI could not have 

bound with DNA of the cell. While in the case of coordination entity treated cell lines, the cells 

might lose its structural integrity and expose the fragmented DNA or the damaged DNA. The 

DAPI now binds effectively with the DNA fragments and stains it. The DAPI analysis of the 

RuG0, RuG1, and RuG2 clearly shows a higher degree of DNA damage in all three cell lines 

as the ligand size increases. From the DAPI analysis, it can be concluded that the dendrimeric 

coordination entities clearly induce cell death by necrosis due to ligands and Ru(II) induced 

apoptosis. The highest damage is shown by HepG2 cell lines which coincide with findings of 

MTT assays. 

 

Figure 5 Nuclear morphology analysis by DAPI staining assay on HepG2 cells by 
coordination entities RuG0, RuG1, and RuG2 at the IC50 (Magnification: 40x, scale bar: 100 

μm) 
 

3.4.3. Cell death analysis by propidium iodide (PI) assay 

The cultured cells in a 6-well plate (1×105 cells per well) were treated with IC50 

concentration of RuG0, RuG1, and RuG2 and incubated for 24 h. The fluorescence 

microscope was used to observe the nucleus of the cells undergoing late stage apoptosis or 



exhibiting the characetistics of necrosis. Figure 6, Figure S20, and S21 show the cell death 

analysis of A549, MDA MB 231 and HepG2 cells by RuG0, RuG1, and RuG2, respectively. 

Propidium iodide – PI staining is a widely used protocol to determine or quantify late apoptotic 

and necrotic cells. Propidium iodide is a DNA binding dye that intercalates between the bases 

with little or no sequence preferences, upon binding of PI dye, it emits strong red fluorescence 

which is viewed under a microscope. The PI assays help to predict the necrosis based anticancer 

mechanism. The ability of PI to stain the cells depends upon the integrity of its cell membrane, 

therefore, PI cannot stain a live or early apoptotic cells.65 This is clearly evident from the 

coordination entity untreated control experiments, wherein very little or no red stains are 

observed; this indicates that the cell membranes are intact and do not allow the passage of PI. 

In cases of RuG0, RuG1, and RuG2 treated cells lines stronger red images are observed 

indicating the presence of death cells, it is clearly concluded that on treatment with the 

coordination entities the integrity of the cell membrane is lost, and PI very well gets access to 

the DNA molecules, and emit strong red fluorescence. 

The cell death analysis can be quantified based on the red emission intensity profile, shown 

in Figure 7. The fluorescence intensity profile shows higher cell death in MDA MB 231 

compared to A549 and HepG2 cells in all three coordination entities. Coordination entities 

RuG0, has exhibited higher cell death in all three cell lines; this may infer that RuG0 disrupts 

the cell membrane and induces cell death by a necrosis mechanism compared to other 

coordination complexes.66  



 

Figure 6 Cell death analysis by propidium iodide- PI staining assay on MDA MB 231  cells 

by RuG0, RuG1, and RuG2 at the IC50 concentration (Magnification: 40x, scale bar: 100 

μm) 

Figure 7 Quantification of cell death in a) HepG2 b) A549 and c) MDA MB 231 cell lines 

induced by RuG0, RuG1, and RuG2 via propidium iodide- PI staining assay. 



3.4.4 Analysis of mitochondrial membrane potential (Δψm) 

The mitochondrial membrane integrity is an essential factor that has to be maintained 

for sustained cellular level functions. Cell death can be induced in tumours by disrupting the 

mitochondrial functions; typically this happens when an anticancer agent enters the cell and 

disrupts the mitochondrial membrane, thereby inducing apoptosis67. Mitochondrial membrane 

potential is an indicator of membrane integrity which can be determined by fluorescence assay, 

using Rhodamine 123 dye. Rhodamine 123 dye is cationic dye which preferentially 

accumulates on the negatively charged mitochondrial membrane and stains the mitochondria 

in the membrane potential-dependent manner. Any disruption in the membrane by the 

ruthenium coordination entities would change the mitochondrial membrane potential, which 

alters the fluorescence of the Rhodamine dye68. The fluorescence intensity of the dye serve as 

a distinguish factor to evaluate the mitochondrial functions between the treated and untreated 

cancer cells. Figure 8 and Figure S22 to S23 shows rhodamine 123 staining of A549, MDA 

MB 231, and HepG2 cells with coordination entities RuG0, RuG1, and RuG2 at the IC50 

concentration, respectively. The control cells, with bright green fluorescence, show that they 

are undamaged cancerous cells. Upon treatment of cells with the synthesized coordination 

entities, a reduction in the fluorescence intensity is observed. The decrease in the fluorescence 

instensity serve as a quantitative measure of the extent of apoptosis, as it corresponds to a 

reduction in membrane potential compared to the control group, as shown in Figure 9.  



 

Figure 8 Rhodamine 123 staining of HepG2 cells with Ru(II)- coordination entities at the 

IC50 concentration (Magnification: 40x, scale bar: 100 μm) 

 

Figure 9 Quantification of mitochondrial membrane potential (Δψm) a) HepG2 b) A549 and 

c) MDA MB 231 cell lines with Ru(II)- coordination entities 

 

 

 



3.4.5 Reactive Oxygen Species (ROS) Assay 

ROS are known for their strong cytocidal properties; often generation of ROS at the 

cancerous cell is considered as a pathway in the cure of cancer. Anticancer drugs such as 

cisplatin, doxorubicin and paclitaxel etc., have been known to induce ROS generation in 

cancerous cells leading to oxidative stress and subsequently to their death. The production of 

ROS may be due to the inhibition of antioxidant mechanism or mitochondrial dysfunction 

induced by the drug in cancerous cells. Therefore, the assessment of ROS in a cancerous cell 

line is a method to evaluate their anticancer potency of any drug. There are numerous reports 

on the capability of ROS generation by ruthenium coordination entities, making them ideal 

candidates as anticancer agents69–71. The ROS assay is a fluorescence staining protocol that 

uses DCFH-DA (2,7-Dichlorodihydrofluorescein diacetate). This nonpolar non fluorescent dye 

undergoes oxidation in the presence of cytoplasmic ROS (generated by the drug) to form  DCF 

(2,7-Dichlorodihydrofluorescein), which exhibits strong fluorescence. The intensity of 

fluorescence is directly proportional to the ROS generated and the efficiency of the anticancer 

drug. Figure 10 and Figure S24 to S25 shows the ROS detected in IC50 dose of RuG0, RuG1, 

and RuG2 coordination entities treated A549, MDA MB 231, and HepG2 cell line, 

respectively. It is observed from the fluorescence microscopic images that the three cell lines 

have strong ROS production in the presence of the prepared dendrimeric Ru(II) coordination 

entities compared to the untreated cell lines. From Figure 11, it is determined that RuG2 with 

a larger number of electron donating groups around the Ru(II) has shown relatively higher ROS 

generation against A549 HepG2 cell lines, while in the case of MDA MB 231 RuG0 has shown 

a higher degree of ROS genearation72,73.  

On the basis of chemotherapeutic approach ruthenium(II) coordination entities can 

generate ROS by several mechanisms, namely the mitochondria mediated pathway, the DNA 

damage-mediated pathway, and the death receptor-mediated pathway74,75. From all previous 

staining protocols, it is evident that the synthesized coordination entities are exhibiting their 

anticancer characteristic following one or more aforementioned pathways. 



 

Figure 10 ROS detection on HepG2 cells by Ru(II)- coordination entities s at the IC50 

concentration (Magnification: 40x, scale bar: 100 μm) 

Figure 11 Quantification of ROS detection on ) a) HepG2 b) A549 and c) MDA MB 231 cell 

lines with Ru(II)- coordination entities 

 



3.5 DNA Ladder Assay. 

The DNA ladder assay was performed on the HepG2 cell lines, DNA laddering is a 

characteristic feature of the DNA degradation mediated by the caspase-activated DNase 

(CAD), which represents a pivotal event in the process of apoptosis. DNA fragmentation refers 

to the cleavage of chromosomal DNA at specific internucleosomal sites into several units, 

typically in the range of 180–200 base pair fragments. These fragments, when visualized 

through gel electrophoressis, exhibit a distinct “ladder” pattern, owing to their separation 

during agarose gel electrophoresis.  

The HepG2 cell lines were incubated with IC50 concentrations of the coordination 

entities RuG0, RuG1 and RuG2 in DMEM culture medium at 37 ºC for 24 h. Subsequently, 

DNA fragments were isolated from both the treated and control samples  and these samples are 

are subjected to 1.2% agarose gel electrophoresis. The resulting gel was photographed using a 

gel documentation system. The photographed images of both the test samples exhibit the ladder 

formation (lane 3, 4 and 5 in Figure 12) demonstrating cell apoptosis, whereas the DNA 

isolated from the control HepG2 cells does not exhibit any ladder formation. These findings 

collectively suggests that the coordination entities have the ability to promote apoptosis in 

HepG2 cell lines lending support for their antitumor activity. 

 

Figure 12 DNA ladder assay in HepG2 cells. Lane 1: Base pair ladder; Lane 2: control DNA, 

Lane 3, 4 and 5 are IC50 concentration RuG0,RuG1 and RuG2 treated DNA. 



 

3.6 Molecular Docking analysis with DNA 

Polypyridyl-based ruthenium(II) coordination entities have shown strong affinity to 

DNA, both covalently and non-covalently 76. In recent years, researchers have become 

interested in determining the binding sites of metallodrugs to biomolecules. There are several 

studies done on the DNA binding potential of Ru(II) coordination entities, the extend of binding 

depends upon the constitution of ligands77–79. DNA binding can happen in two ways, the 

coordination entities can either bind by intercalation or groove binding. Hence the molecular 

docking analysis was carried out to predict the binding energy and binding pockets. To predict 

the possibility of intercalation 1Z3F (DNA with intercalation gap) was used for docking 

purposes. On the other hand, the possibility of intercalation, groove binding was predicted 

using the DNA with a canonical gap of 1BNA80. The lowest-energy docked poses of RuG0, 

RuG1, and RuG2 and cisplatin with both types of DNA (1Z3F and 1BNA) are illustrated in 

Figure 13 and Figure 14. The docking binding energy of both types of DNA is shown in Table 

4 and Table 5. It is found that for RuG0, with G0-bpy ligand, the binding energy in DNA 

intercalation gap is higher than DNA with a canonical gap. While in the case of cisplatin, 

RuG1, and RuG2 the binding energy is found to be higher for DNA with canonical gaps, thus 

it can be predicted in RuG0 groove binding is more favourable. 

 

Table 4 Binding energy and interacting residues for the molecular docking analysis of the 

RuG0, RuG1, and RuG2 and cisplatin with DNA (PDB ID: 1Z3F) 

PDB ID Coordination 

entities 

Binding 

energy in 

kcal mol-1 

Interacting Residues 

 

1Z3F – DNA with 

intercalation gap 

RuG0 -7.6 DA5, DT1 

RuG1 -5.0 DA5, DT1 

RuG2 -5.4 DA5, DT1 

cisplatin -3.1 DA5, DT1 

 

 

 

 



Table 5 Binding energy and interacting residues for the molecular docking analysis of the 

RuG0, RuG1,  RuG2  and cisplatin with DNA (PDB ID: 1BNA) 

PDB ID Coordination 

entities 

Binding energy 

in kcal mol-1 

Interacting Residues 

 

1BNA– DNA 

with canonical 

gap 

RuG0 -6.7 DC21,DT20,DT19,DA18,DG3 

,DG2,DC1,DA6 

RuG1 -6.0 DA5,DG4,DC3,DG2,DC21,DT20 

RuG2 -5.8 DC1, DG24, DC20 

cisplatin -3.7 DT20, DT19, DA18,DT7,DT8   

 

 

Figure 13 3D docking illustration of RuG0, RuG1,  RuG2 and cisplatin with DNA of the 

intercalation gap (PDB ID 1Z3F) 



 

Figure 14 3D docking illustration of RuG0, RuG1, RuG2 and cisplatin with DNA of the 

canonical gap (PDB ID 1BNA) 

 

4. Conclusion 

 The dendritic poly(aryl ether) substituted polypyridyl ligands-based ruthenium(II)- 

coordination entities, RuG0, RuG1, and RuG2 were synthesized and characterized with 

various spectroscopic tools such as IR, NMR, and mass spectroscopy. Molecular simulation 

studies were performed to determine the solvent dependent behaviour of the coordination 

entities. 

The three coordination entities RuG0, RuG1, and RuG2 displayed cytotoxicity against various 

cancer cell lines A549, MDA MB 231, and HepG2 cancerous cells. RuG0 exhibited higher 



potency against A549 and MDA MB 231 cell lines while interestingly, the dendritic complexes 

showed generation-dependent cytotoxicity, that is the cytotoxicity of coordination entities 

varied based on the generation of the dendritic ligand structure (G0-bpy, G1-bpy and G2-bpy), 

against HepG2 cancerous cells only. The AO/EB and DAPI fluorescent staining study confirm 

that the titled coordination entities trigger apoptosis in HepG2 cells. The cell death analysis by 

propidium iodide- PI staining study confirms that RuG0 disrupts the cell membrane and 

induces cell death by a necrosis mechanism compared to other coordination entities. Further, 

the mitochondrial membrane potential measurement and ROS assay validate that the dendritic 

coordination entities induce oxidative stress and subsequent apoptosis in the cancerous cells by 

disrupting mitochondrial membrane integrity and generation of intracellular ROS, respectively. 

The results of DNA ladder assay and molecular docking anlysis helps to understand the 

interactions with DNA. Based on the above experimental results, it can be concluded that the 

dendritic poly(aryl ether) substituted polypyridyl ligands-based Ruthenium(II)-coordination 

entities with the biologically suitable chelating ligands can be a suitable platform for 

developing new anticancer agents. 

Supplementary Information: The 1H-NMR, 13C-NMR, and mass spectra of the synthesized 

Ru(II) coordination entities are provided in Figures S1 – S12. Models and simulation details 

of ruthenium (II) coordination entities of G0-bpy, G1-bpy, and G2-bpy are shown in Table S1 

and Figures S13-S15. All Fluorescence imaging studies of cell lines A549 and MDA MB 231 

are provided in S16 – S25.  
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