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Abstract 25 

Ruthenium(II) polypyridyl complexes (RPCs) are promising anticancer candidates owing to 26 

their ability to intercalate DNA and disrupt DNA replication. Here, we report a series of nitro-27 

substituted ruthenium(II) complexes of general formula [Ru(dppz)₂(NPIP)]²⁺ (dppz = 28 

dipyridophenazine; NPIP = 2-(nitrophenyl)imidazo[4,5-f][1,10]phenanthroline), in which 29 

systematic positional tuning of the nitro substituent (ortho, meta, para) modulates DNA 30 

reactivity and biological activity. All three isomers retain the characteristic MLCT 31 
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photophysical properties of the Ru-dppz core and intercalate DNA with high affinity, while 32 

exhibiting distinct membrane-associated localisation in cancer cells. Despite limited nuclear 33 

accumulation, the complexes induce pronounced ROS-mediated DNA damage and display 34 

selective cytotoxicity towards cancer cells over normal fibroblasts. The nitro-substituted 35 

complexes demonstrated an enhanced DNA double-strand break (DSB) cellular response in 36 

the form of ATM pathway activation and γH2AX foci generation compared to the parent 37 

complex [Ru(dppz)2(PIP)]2+ (PIP = 2-(phenyl)imidazo[4,5-f][1,10]phenanthroline). Among 38 

them, the para-substituted nitro derivative (complex 3) induces the strongest DNA damage 39 

response and was therefore investigated in combination with the ATR inhibitors (ATRi) 40 

berzosertib and ceralasertib. Strong synergism is observed across multiple cancer cell lines, 41 

with combination treatment markedly suppressing clonogenic survival and enhancing DNA 42 

damage signalling and apoptotic cell death. Mechanistic analyses reveal that DNA 43 

intercalation and reactive oxygen species (ROS) generation cooperatively elevate replication 44 

stress, driving ATR-dependent survival and sensitizing cells to DDR-targeted therapy. 45 

Comparable ATRi synergism was also observed for the parent complex Ru-PIP. This study 46 

demonstrates that positional nitro substitution of the Ru-PIP scaffold offers a means to fine-47 

tune DNA-binding behaviour and the resulting DNA damage response, and that Ru(II) 48 

metallointercalators can mechanistically synergize with ATR inhibition, introducing a new 49 

strategy for combining metal-based DNA binders with precision DDR therapeutics. 50 

 51 

Keywords: Ruthenium(II) complexes; DNA damage response (DDR); ATR inhibition; Drug 52 

synergy; Replication stress; Cancer therapy 53 

 54 

Introduction 55 

Metal-based complexes have gained significant attention as anticancer agents due to their 56 

distinctive photophysical characteristics, redox tunability, and structural adaptability, which 57 

enable precise modulation of nucleic acids and proteins in living systems.1-5 Following the 58 

clinical success of platinum-based cisplatin, ruthenium(II) polypyridyl complexes have 59 

emerged as promising metallodrugs with therapeutic potential.6-10 In addition to their 60 

cytotoxic properties, ruthenium complexes have been widely explored as luminescent probes 61 

for cellular and molecular imaging applications.11-14 Previously, we reported the ruthenium(II) 62 
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metallointercalator [Ru(dppz)₂(PIP)]²⁺ (dppz = dipyridophenazine, PIP = 2-63 

(phenyl)imidazo[4,5-f][1,10]phenanthroline; hereafter Ru-PIP), binds DNA with high affinity, 64 

induces replication fork stalling, and activates DNA damage response (DDR) signalling, as 65 

evidenced by checkpoint kinase 1 (Chk1) phosphorylation and G1-S phase arrest without 66 

directly causing double-strand breaks (DSBs) or apoptosis under basal conditions.15 Its 67 

sterically bulky ligands create a physical barrier to replication fork progression, establishing 68 

Ru-PIP as a replication stress inducer. Since replication stress is a molecular hallmark of cancer 69 

and a key therapeutic vulnerability, agents that impede DNA synthesis and activate the DDR 70 

can selectively target tumour cells while sparing healthy normal cells. Building on this 71 

background, we aimed to modify the Ru-PIP complex, particularly by introducing electronic 72 

modifications to further optimize its therapeutic potential. Specifically, nitro substitution was 73 

selected as an electron-withdrawing modification capable of altering π-π stacking propensity, 74 

redox potential, and bioreductive reactivity without disrupting the coordination geometry of 75 

the parent scaffold. 76 

Tumour hypoxia, a common feature of solid malignancies, significantly influences cancer 77 

progression, therapeutic resistance, and immune evasion.15 Hypoxic adaptation reprograms 78 

cellular metabolism and signalling, thereby diminishing the efficacy of chemotherapy, 79 

radiotherapy, and immunotherapy. Nitro (-NO₂) substituents, being strongly electron-80 

withdrawing, influence π-π stacking interactions and undergo enzymatic reduction under 81 

hypoxic conditions to yield reactive intermediates capable of inducing oxidative stress or 82 

forming covalent adducts with DNA and proteins.16 Building on these properties, we 83 

hypothesized that electronic modulation of the PIP ligand via nitro substitution could 84 

modulate its biological activity and enable selective activation in cancer cells. In this study, 85 

we investigate how these electronic modifications impact the therapeutic potential of the 86 

ruthenium complexes. Indeed, nitro-functionalised ruthenium complexes have been reported 87 

to display enhanced anticancer activity, including under hypoxic conditions, highlighting the 88 

functional relevance of this electronic modification.17-19 89 

Single-agent therapies are often limited by dose-limiting toxicity and the emergence of 90 

resistance, whereas rational drug combinations can achieve effects greater than the sum of 91 

their parts, allowing lower dosing and reducing systemic burden.20, 21 Metal complexes have 92 

shown notable synergy with other drugs.22, 23 Ru-PIP, for instance, has been reported to 93 
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potentiate the PARP inhibitor olaparib, consistent with its ability to induce replication stress 94 

and activate DDR pathways,24, 25 underscoring its potential in combination regimens that 95 

exploit replication stress. Other ruthenium complexes have shown synergy with 96 

gemcitabine,26 doxorubicin,27, 28 sorafenib,29 erlotinib,30 reforafenib,31 and paclitaxel,32 97 

underscoring the broad potential of Ru-based combination strategies. Here, we focus on 98 

synergy with ataxia telangiectasia and Rad3-related (ATR) kinase inhibitors. ATR is a central 99 

DDR regulator that senses replication stress, activates cell-cycle checkpoints, and maintains 100 

genomic stability. Inhibiting ATR prevents stabilization of stalled forks, leading to DSB 101 

accumulation, incomplete replication, and mitotic catastrophe.33-35 Several ATR inhibitors 102 

(ATRi) such as berzosertib, ceralasertib, elimusertib, gartisertib, and tuvusertib, are currently 103 

under clinical evaluation, including in combination with DNA-damaging or DDR-targeted 104 

agents.36-38 ATR inhibitors have shown synergy with PARP inhibitors, reflecting the 105 

therapeutic advantage of targeting complementary DDR pathways.39-42 The mechanistic 106 

overlap between Ru-PIP and ATR inhibition suggests that dual treatment could overwhelm 107 

DNA repair capacity and induce apoptosis through a synthetic lethal mechanism. 108 

While ruthenium(II) polypyridyl complexes, particularly dppz-based metallointercalators, 109 

have been extensively investigated as DNA-targeting agents,24, 25, 43  the translation of 110 

replication-stress-inducing Ru complexes into rational DNA damage response (DDR) 111 

combination strategies remains underexplored. In particular, evaluation of their synergy with 112 

ATR inhibition, a central mediator of replication stress tolerance,44 has not been previously 113 

established. This gap provides an opportunity to exploit chemically induced replication stress 114 

using clinically relevant checkpoint inhibitors. 115 

In this study, we report the design and characterization of nitro-substituted 116 

[Ru(dppz)₂(NPIP)]²⁺ complexes (NPIP = 2-(nitrophenyl)imidazo[4,5-f][1,10]phenanthroline) 117 

and examine how positional nitro substitution on the PIP ligand the PIP ligand influences DNA 118 

binding and cellular responses. We demonstrate that these complexes induce replication 119 

stress through DNA intercalation and ROS generation.  This replication-associated stress can 120 

be effectively exploited using clinically relevant ATR inhibitors. The resulting synergistic 121 

activity highlights a rational strategy for combining metal-based DNA-interacting agents with 122 

DDR-targeted therapies for cancer treatment. 123 

 124 
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Experimental 125 

Materials and reagents  126 

[Ru(dppz)2(PIP)]2+ (Ru-PIP) was synthesized and purified as previously reported.43 Antibodies 127 

for total ATM, cleaved caspase-3, β-actin, and GAPDH were purchased from Proteintech. 128 

Antibodies for phospho-ATM (Ser1981) were obtained from Affinity Biosciences. Antibodies 129 

for γH2AX (Ser139) and singlet oxygen sensor green (SOSG) were purchased from Beyotime. 130 

Horseradish peroxidase (HRP)-conjugated secondary antibodies, N-acetylcysteine (NAC) and 131 

berzosertib were purchased from MedChemExpress. 2',7'-Dichlorodihydrofluorescein 132 

diacetate (DCFH-DA) was obtained from Solarbio. Ceralasertib was obtained from Targetmol, 133 

USA, CellMask Deep Red from Invitrogen and DAPI were obtained from Sigma Aldrich. Unless 134 

otherwise noted, all other chemicals were purchased from Sigma-Aldrich or ThermoFisher 135 

Scientific and used without further purification. Stock solutions of berzosertib and 136 

ceralasertib (1 mM) were prepared in 100% dimethyl sulfoxide (DMSO) and stored at -20 °C. 137 

NAC stock solutions (10 mM) were prepared in phosphate-buffered saline (PBS). Stock 138 

solutions were diluted in PBS or DMEM for experiments, with a final DMSO concentration ≤ 139 

0.1%. 140 

 141 

Characterisation of complexes 142 
1H NMR spectra were recorded on an Agilent VNMRJ 500 MHz NMR spectrometer. ESI-MS 143 

was recorded using Thermo Scientific LTQ Orbitrap XL mass spectrometer. Fourier-transform 144 

infrared (FT-IR) spectra were recorded on a PerkinElmer Spectrum 100 Series FTIR 145 

Spectrometer. Elemental analyses were performed by the Thermo Scientific FlashSmart 146 

CHNS/O Elemental Analyzer at Universiti Kebangsaan Malaysia (UKM).  147 

 148 

Synthesis of [Ru(dppz)2(NPIP)]2+ complexes 149 

Complexes 1-3 were synthesized following an adapted literature procedure.43, 45 150 

Ru(dppz)₂(Cl)₂ was reacted with equimolar amounts of NPIP in dry ethylene glycol under 151 

nitrogen reflux for 4 h. After cooling, KPF₆ was added, and the precipitate was collected, 152 

washed with distilled water, and dried under vacuum. Crude products were purified by 153 

alumina column chromatography using 1:1 acetonitrile/toluene. Reddish-orange fractions 154 

were collected and dried in vacuo.  155 
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 156 

Complex 1: Mass (Yield): 0.122 g (49.5%). 1H NMR (CD3CN, δ ppm): 9.66 (d, J = 8.1 Hz, 2H), 157 

9.62 (d, J = 8.1 Hz, 2H), 8.91 (d, J = 6.2 Hz, 2H), 8.47 (m, 2H), 8.31 (d, J = 8.0 Hz, 2H), 8.19 (d, J 158 

= 1.4 Hz, 1H), 8.14 (m, 2H), 7.94 (d, J = 5.3 Hz, 1H), 7.76 (m, 2H), 7.68 (m, 2H), 7.52 (m, 2H). 159 

Anal. Calcd for C₅₅H₃₁N₁₃O₂Ru·(PF₆)₂: C 55.24, H 2.61, N 15.23; Found: C 55.49, H 2.84, N 15.39. 160 

ESI-MS (positive ion): m/z 503.59 [M]²⁺; 1006.17 [M−PF₆]⁺. 161 

 162 

Complex 2: Mass (Yield): 0.124 g (50.3%). 1H NMR (CD3CN, δ ppm): 9.61 (d, J = 8.3 Hz, 2H), 163 

9.55 (d, J = 8.1 Hz, 2H), 9.09 (d, J = 6.1 Hz, 2H), 9.00 (d, 1H), 8.45 (dd, J = 6.7, 3.6 Hz, 2H), 8.33 164 

(m, 2H), 8.21 (d, J = 5.4 Hz, 1H), 8.14 (m, 2H), 8.00 (m, 1H), 7.79 (m, 4H), 7.59 (t, J = 6.8 Hz, 165 

1H). Anal. Calcd for C₅₅H₃₁N₁₃O₂Ru·(PF₆)₂: C 55.24, H 2.61, N 15.23; Found: C 55.14, H 2.98, N 166 

15.25. ESI-MS (positive ion): m/z 503.59 [M]²⁺; 1006.17 [M−PF₆]⁺. 167 

 168 

Complex 3: Mass (Yield): 0.128 g (51.9%). 1H NMR (CD3CN, δ ppm): 9.71 (d, J = 8.2 Hz, 2H), 169 

9.65 (t, J = 5.6 Hz, 2H), 9.07 (d, J = 6.2 Hz, 2H), 8.62 (d, J = 7.0 Hz, 1H), 8.49 (m, 1H), 8.32 (m, 170 

1H), 8.21 (d, J = 8.1 Hz, 1H), 8.15 (dd, J = 7.7, 3.4 Hz, 2H), 8.00 (d, J = 8.6 Hz, 2H), 7.82 (m, 4H), 171 

7.60 (dd, J = 8.3, 3.2 Hz, 2H). Anal. Calcd for C₅₅H₃₁N₁₃O₂Ru·(PF₆)₂: C 55.24, H 2.61, N 15.23; 172 

Found: C 55.41, H 2.59, N 14.87. ESI-MS (positive ion): m/z 503.59 [M]²⁺; 1006.17 [M−PF₆] ⁺. 173 

 174 

DNA binding  175 

Calf thymus DNA (CT-DNA, Sigma) was dissolved in NaCl (25 mM) and Tris (5 mM, pH 7.0). 176 

Concentrations were determined spectrophotometrically (ε260 = 6600 M⁻¹ cm⁻¹). DNA purity 177 

was verified (A260/A280 > 1.9). UV-Vis titrations and intrinsic binding constants were 178 

performed following the methods described by Liu et al.45 Viscosity experiments were 179 

performed as described by Gill et al.46 EB titration was conducted by monitoring the decrease 180 

in fluorescence intensity of the EB-DNA system (λex = 520 nm, λem = 595 nm) upon incremental 181 

addition of the Ru(II) complexes, following the procedure described by  Chauhan et al.47 and 182 

Lakowicz et al.48 183 

 184 

Molecular docking 185 
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The established DNA structure from the protein data bank (PDB ID: 1BNA) was taken as the 186 

initial structure for subsequent molecular docking. The initial structure was prepared with the 187 

prepare_receptor4 script in MGLTools 1.4.2, and Gasteiger partial charges were assigned. For 188 

the ruthenium complex, Gasteiger partial charges were assigned using the prepare_ligand4 189 

script in MGLTools 1.4.2. Molecular docking experiments were performed using AutoDock 190 

Vina v1.2.5, with the docking centre set at the centroid of the DNA. The grid box was defined 191 

as a cube with 40 Å side length. A total of 20 conformations were generated, which were 192 

ranked according to docking scores, and the top-ranked conformation (Rank 1) was selected 193 

for further analysis. 194 

 195 

Cell lines and culture conditions 196 

MCF7 breast cancer, A549 lung cancer, HeLa cervical cancer and MRC5 normal lung fibroblast 197 

cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin at 198 

37 °C in 5% CO₂. Cells were subcultured at 80-90% confluency using trypsin and verified to be 199 

mycoplasma-free. Treatments were applied 24 h post-seeding unless otherwise noted. 200 

 201 

Cellular uptake and microscopy 202 

Cells were seeded onto confocal-compatible dishes and incubated for 24 h. They were then 203 

treated with the indicated complexes as described in the main text. After washing with PBS, 204 

cells were fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature (RT), 205 

followed by an additional PBS wash. Nuclei were counterstained with DAPI (5 µg/mL, 15-20 206 

min, 37 °C). Where indicated, plasma membranes were stained with CellMask dye prior to 207 

fixation for co-localisation analysis. Confocal imaging was performed using a Zeiss LSM 980 208 

laser scanning microscope. Complexes 1-3 were excited at 488 nm, and their metal-to-ligand 209 

charge transfer (MLCT) emission was collected at 600-750 nm. Image processing and 210 

quantification were performed using the Zeiss LSM Image Browser or ImageJ. For each 211 

condition, at least 200 nuclei were analysed. 212 

 213 

Singlet oxygen detection (SOSG) 214 

Singlet oxygen generation was assessed using SOSG probe. SOSG (5 µM) was prepared in PBS 215 

and mixed with complexes 1-3 (10 µM). Fluorescence was recorded on a microplate reader at 216 
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λex = 504 nm and λem = 525 nm at 0-30 min. Background fluorescence from SOSG-only and 217 

buffer-only controls was subtracted. A singlet oxygen-generating control (rose bengal, 10 µM) 218 

was included under identical conditions with white-light irradiation to confirm probe 219 

responsiveness. 220 

 221 

MTT assay 222 

MCF7, A549, HeLa, and MRC5 cells were seeded in 96-well plates at a density of 5 × 103 cells 223 

per well and treated as described in the main text. After treatment, the medium was removed 224 

and replaced with MTT reagent (thiazolyl blue tetrazolium bromide, 0.5 mg/mL). Plates were 225 

incubated for 3 h, after which the resulting purple formazan crystals were dissolved in 100 μL 226 

DMSO. Absorbance was measured at 570 nm (reference wavelength 620 nm) using a Tecan 227 

Infinite F50 microplate reader. The half-maximal inhibitory concentration (IC50) values were 228 

determined from dose-response curves using GraphPad Prism software. 229 

 230 

Drug interaction analysis 231 

Dose-effect curves for individual and combination treatments were generated from MTT 232 

assay data. Combination index (CI) values were calculated using CalcuSyn and CompuSyn 233 

software (Biosoft, Cambridge, UK) following the Chou-Talalay method.49, 50 CI < 0.9 indicates 234 

synergism, CI = 0.9-1.0 denotes additivity, and CI > 1.0 suggests antagonism. GraphPad Prism 235 

software was used to visualize CI values on a three-color scale, where blue, white, and red 236 

represent synergistic, additive, and antagonistic interactions, respectively. 237 

 238 

Clonogenic survival assay 239 

MCF7, A549, and HeLa cells were seeded in 6-well plates at 1 × 103 cells per well and treated 240 

as described in the main text. After treatment, the medium was replaced with drug-free 241 

culture medium and cells were allowed to form colonies for 7-14 days. Colonies were fixed 242 

with cold methanol (100%, 20 min, 4 °C), stained with 0.5% crystal violet for 20 min, and rinsed 243 

with water. Colony images were captured using a digital camera, and colonies were quantified 244 

using ImageJ. The surviving fraction was calculated relative to untreated controls. 245 

 246 

Cell cycle analysis 247 
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MCF7, A549, and HeLa cells were seeded in 6-well plates at 1 × 105 cells per well and treated 248 

as described in the main text. After treatment, cells were trypsinized, washed twice with PBS, 249 

and fixed in ice-cold 70% ethanol overnight at 4 °C. Fixed cells were washed twice with PBS, 250 

resuspended in PBS containing RNase A (100 µg/mL), and incubated for 15 min. Cells were 251 

stained with propidium iodide (PI, 20 µg/mL) for 30 min at 37 °C in the dark. Flow cytometric 252 

analysis was performed using a NovoCyte flow cytometer (Agilent Technologies, USA) and 253 

NovoExpress software, acquiring at least 10,000 events per sample. 254 

 255 

Apoptosis Annexin V-FITC/PI assay 256 

MCF7, A549, and HeLa cells (1 × 10⁵ cells/well) were seeded in 6-well plates and treated as 257 

described in the main text. After treatment, cells were harvested, washed twice with PBS, and 258 

resuspended in 500 μL binding buffer containing 5 μL Annexin V-FITC (Elabscience). Following 259 

incubation for 20 min at room temperature, 5 μL PI (20 µg/mL) was added immediately before 260 

analysis by flow cytometry. Data were analyzed using NovoExpress software, with at least 261 

10,000 cells recorded per sample. 262 

 263 

Immunoblotting 264 

MCF7 cells (1 × 10⁶ cells/dish) were seeded in 60 mm dishes, allowed to adhere for 24 h, and 265 

treated as described in the main text. After treatment, cells were lysed in RIPA buffer 266 

supplemented with protease and phosphatase inhibitors. Protein lysates (40 µg) were 267 

separated on 4-20% Mini-PROTEAN TGX SDS-PAGE gels (Beyotime) and transferred to 268 

methanol-activated PVDF membranes. Membranes were blocked for 1 h at room 269 

temperature in 5% BSA or skimmed milk (in TBS-T: 0.1% Tween-20 in TBS), then incubated 270 

overnight at 4 °C with primary antibodies: p-ATM (Ser1981, 1:500), ATM (1:1000), p-H2AX 271 

(Ser139, 1:1000), cleaved caspase-3 (1:1000), GAPDH (1:10000), and β-actin (1:1000). After 272 

washing, membranes were probed with HRP-conjugated secondary antibodies (1:10000, 1 h, 273 

RT). Protein bands were visualized using Immobilon Western Chemiluminescent HRP 274 

substrate (Sigma-Aldrich) and a ChemiDoc™ MP Imaging System. Densitometry was 275 

performed with ImageJ, and GAPDH or β-actin served as loading controls. 276 

 277 

Immunofluorescence 278 
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Cells were seeded in confocal-compatible culture dishes and treated as described in the main 279 

text. After washing with PBS, cells were fixed with 4% PFA for 15 min at room temperature, 280 

permeabilized with 0.5% Triton X-100 for 15 min on ice, and washed with PBS. Samples were 281 

blocked with 3% BSA in PBS-T (PBS + 0.1% Tween 20) for 1 h, followed by incubation with anti-282 

γH2AX (Ser139) antibody (1:100 in 3% BSA/PBS-T) overnight at 4 °C. After washing, cells were 283 

incubated with Alexa Fluor 488-conjugated secondary antibody (1:200) for 1 h at room 284 

temperature in the dark and counterstained with DAPI (5 µg/mL, 30 min). Fluorescence 285 

images were acquired using a confocal microscope and analysed with ImageJ. A minimum of 286 

200 nuclei were analysed per condition. 287 

 288 

Determination of ROS levels 289 

MCF7 cells were seeded in 6-well plates at 1 × 10⁵ cells per well and allowed to adhere for 24 290 

h. Cells were treated as described in the main text, with or without 5 mM N-acetylcysteine 291 

(NAC). After incubation, cells were washed with PBS and stained with 10 µM DCFH-DA in 292 

serum-free medium for 60 min at 37 °C in the dark. Cells were then washed three times with 293 

serum-free medium, and DCF fluorescence was imaged using a fluorescence microscope. 294 

ImageJ software was used to quantify ROS levels. 295 

 296 

Statistical analysis 297 

Data are presented as mean ± SD. All experiments were performed in triplicate and repeated 298 

at least three times. Statistical significance was assessed using one-way ANOVA and Student’s 299 

t-test (P < 0.05) in GraphPad Prism 9. 300 

 301 

Results and discussion 302 

Physicochemical characterization of Ru(II) polypyridyl complexes 303 

We synthesized a series of nitro-substituted ruthenium(II) polypyridyl complexes of the 304 

general formula [Ru(dppz)₂(NPIP)]²⁺, where NPIP = 2-(nitrophenyl)imidazo[4,5-305 

f][1,10]phenanthroline and the nitro group was introduced at the ortho (1), meta (2), or para 306 

(3) position of the pendant phenyl ring (Fig. 1a). Although employing enantiomerically pure Δ 307 

and Λ forms would be preferable, compounds 1-3 were prepared as racemic mixtures, as is 308 

customary in early-stage biological evaluation of octahedral Ru(II) polypyridyl complexes. 309 
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Complex identity and formulation were confirmed by complementary spectroscopic data (Fig. 310 

S1-S7). FT-IR spectra exhibited characteristic nitro stretching bands (νas(NO₂) ~1500-1530 311 

cm⁻¹, and νs(NO₂) ~ 1340-1360 cm⁻¹) together with the expected polypyridyl aromatic 312 

vibrational envelope, consistent with retention of the nitro substituent upon coordination. 313 

Positive-ion ESI-MS spectra showed dominant signals at m/z 503.59 corresponding to the 314 

doubly charged complex cation, together with peaks at m/z 1006.17 attributable to the singly 315 

charged [M-PF6]+ species, supporting the proposed dicationic formulation. 1H NMR spectra 316 

(with COSY assignments provided in the Supporting Information) were consistent with the 317 

expected Ru-polypyridyl framework and enabled differentiation of the regioisomeric NPIP 318 

ligands through diagnostic coupling patterns within the nitrophenyl region. Collectively, these 319 

data confirm preservation of the coordinated nitro functionality and integrity of the 320 

[Ru(dppz)₂(NPIP)]2+ scaffold. Positional isomerism of the nitro substituent (ortho, meta, para) 321 

thus provides a means to modulate ligand electronics and steric environment without 322 

perturbing the overall coordination geometry.  323 

The complexes exhibited characteristic MLCT absorption bands in the visible region 324 

(Fig. 1b) and red-region phosphorescence emission in acetonitrile upon MLCT excitation at 325 

460 nm (Fig. 1c). Lifetime measurements in acetonitrile showed that complexes 1-3 shared 326 

closely similar biexponential 3MLCT decay profiles, with τ₁ values of 160-191 ns and τ₂ values 327 

of 519-614 ns, confirming that nitro substitution exerts little influence on their excited-state 328 

photophysical behaviour (Fig. S8, Table S1). Octanol-water partition coefficients (log P) 329 

indicated moderate lipophilicity, with values of 0.53 (1), 0.23 (2), and 0.46 (3) (Fig. 1d). As the 330 

parent complex has a log P value of 0.42,43 this indicates that hydrophobicity is decreased for 331 

substitution of a nitro group at the meta-position; However, the opposite is seen for 332 

substitution at the ortho- and para-positions where instead a slight increase in hydrophobicity 333 

is apparent. 334 

Viscosity measurements with calf-thymus DNA (CT-DNA) confirmed that each complex 335 

intercalated DNA (Fig. 1e) while binding studies revealed high binding affinities, with binding 336 

constants (Kb) of 8.6 × 10⁶ M⁻¹ (1), 1.0 × 10⁶ M⁻¹ (2), and 2.5 × 10⁶ M⁻¹ (3) (Fig. 1f, Table S2), 337 

comparable to results previously reported for Ru-PIP (Kb = 2.5 × 106 M−1).43 Together, these 338 

photophysical and DNA-binding properties indicate that the Ru-dppz core remains 339 

electronically intact across the series, where close inspection between Ru-PIP and 1-3 shows 340 
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that nitro substitution is able to fine-tune both hydrophobicity and DNA binding affinity in a 341 

position-dependent fashion.  342 

 343 

 344 
Fig. 1: Physicochemical characterization of Ru(II) polypyridyl complexes. a) Chemical 345 
structures of Ru(II) complexes [Ru(dppz)₂(N-PIP)]²⁺ (1-3), differing by the position of the nitro 346 
substituent on the pendant benzene ring. b) UV-visible absorption spectra of complexes 1-3 347 
(20 µM) in TBS containing 1% DMSO. c) Fluorescence emission spectra of complexes 1-3 (100 348 
µM) in acetonitrile (λex = 460 nm). d) Partition coefficients (log P) of complexes 1-3 measured 349 
in octanol/water. Data represent mean ± SD from three independent experiments. e) 350 
Viscosity measurements of complexes 1-3. Data represent mean ± SD from three independent 351 
experiments. f) DNA-binding profiles of complexes 1-3. 352 
 353 

Molecular docking studies with canonical B-DNA (PDB ID: 1BNA) revealed that the 354 

planar dppz moiety intercalates between base pairs, while the nitro-substituted NPIP ligand 355 

contributes stabilizing electrostatic interactions (Fig. 2a-c). As shown in Figure 2b, complex 3 356 
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engages in π-π stacking with DC-21 and DC-3, complemented by additional electrostatic 357 

contacts with DC-3 and DA-18. The calculated binding free energy (-11.16 kcal/mol) indicates 358 

strong affinity, consistent with classical DNA intercalation rather than groove binding. This 359 

intercalative binding mode was further supported by ethidium bromide displacement assays. 360 

Progressive quenching of EB-DNA fluorescence upon addition of the Ru(II) complexes 361 

afforded Stern-Volmer constants (Kₛᵥ) of 1.5 × 10⁴-2.3 × 10⁴ M⁻¹, signifying strong competitive 362 

displacement of EB and confirming efficient intercalation between DNA base pairs through 363 

π–π stacking interactions (Fig. 2d, Table S3). 364 

 365 

Fig. 2: Molecular docking of 3 to DNA. a) Structure of 3. b) Structure of DNA (PDB ID: 1BNA) 366 
c) Interaction diagram of DNA and 3: white cartoon/sticks represent DNA, purple sticks 367 
represent 3, pink dashed lines indicate π–π interactions, and orange dashed lines indicate 368 
electrostatic interactions. d) Fluorescence quenching titration spectra of EB/CT-DNA 369 
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([DNA]/[EB] = 4.3-4.9) upon successive addition of 1 (12.8 µM), 2 (11.9 µM), 3 (11.4 µM) in 370 
Tris buffer (5 mM, pH = 7.2) at 25 °C, with excitation at λmax = 520 nm. Inset: Stern-Volmer 371 
plot of EB-DNA fluorescence quenching by ruthenium complexes under the same condition. 372 
Data were fitted to the Stern-Volmer equation I0/I = 1+KSV[Q] to determine the quenching 373 
constant KSV.  374 
 375 

Cellular uptake and subcellular distribution of Ru(II) complexes 376 

Cellular uptake was assessed in MCF7 and HeLa cells using confocal microscopy. All complexes 377 

were internalized within 1 h, but no detectable nuclear emission was observed under the 378 

imaging conditions used (Fig. 3a and Fig. S9). Complexes 2 and 3 exhibited pronounced 379 

colocalisation with the plasma membrane, as shown by overlap with CellMask Deep Red 380 

staining (Fig. 3b,c). DAPI counterstaining further indicated minimal nuclear-associated signal, 381 

suggesting that, under these conditions, the complexes preferentially associate with cellular 382 

membranes rather than translocate to the nucleus. Collectively, these results demonstrate 383 

that Ru(II) complexes 1-3 are lipophilic DNA intercalators with micromolar-to-submicromolar 384 

binding affinities, while differing from classical nuclear-targeted Ru-dppz probes by exhibiting 385 

distinct plasma membrane-associated localisation, particularly for the meta- and para-nitro 386 

derivatives. These observations indicate that positional isomerism of the nitro substituent 387 

(ortho, meta, para) influences not only steric and electronic effects on DNA binding, but also 388 

intracellular distribution. Although no detectable nuclear emission was observed by confocal 389 

microscopy, DNA intercalation remains relevant at the molecular level. It is also important to 390 

note that the absence of nuclear emission does not necessarily indicate a lack of nuclear 391 

uptake, as redox-mediated quenching and/or aggregation can attenuate luminescence in 392 

cells.  393 

 394 
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 395 

Fig. 3: Cellular uptake and subcellular distribution of Ru(II) complexes in cancer cells. a) 396 
Confocal fluorescence images of MCF7 cells treated with complexes 1-3 (100 µM, 1 h). b) 397 
Colocalisation of complexes 2 and 3 with the plasma membrane marker CellMask Deep Red 398 
in MCF7 cells. c) Colocalisation profile from b. Complexes were excited at 488 nm, and 399 
emission was collected between 600-750 nm. Nuclei were counterstained with DAPI. Scale 400 
bars = 20 µm. 401 
 402 

Cytotoxicity and DNA damage induced by Ru(II) complexes 403 

Cytotoxicity of complexes 1-3 was evaluated in cancer (MCF7, A549, HeLa) and non-cancerous 404 

(MRC5) cell lines following 72 h exposure. The complexes exhibited comparable activity across 405 

cancer cells, with IC₅₀ values in the range of 37-44 µM, while all were markedly less toxic 406 

toward MRC5 cells (IC₅₀ > 100 µM) (Fig. 4a and Table S4). Despite limited nuclear 407 

accumulation, DNA damage was apparent, where immunofluorescence in MCF7 cells 408 
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revealed a marked increase in γH2AX foci, with mean foci counts increasing from ~1 per 409 

nucleus in untreated controls to 9-20 across complexes 1-3 (Fig. 4b). Western blotting 410 

confirmed dose-dependent DNA damage signalling, with pATM/ATM ratios increased up to 411 

~3.7-fold and γH2AX up to ~2.4-fold relative to untreated controls following treatment (Fig. 412 

4c).  413 

The low nuclear uptake of 1-3, observed by confocal microscopy, prompted 414 

investigation of intracellular ROS generation as an alternative principal pathway for DNA 415 

damage.51 Accordingly, ROS levels were quantified in MCF7 cells using the DCF dye. This 416 

showed that complexes 1-3 induced a > 20-fold increase in ROS after 24 h, which was strongly 417 

attenuated by co-incubation with the antioxidant N-acetylcysteine (NAC) (28.8 ± 2.7 for 3 418 

alone vs. 2.4 ± 0.7 for 3 with NAC; Fig. 4d).  419 

Altogether, complexes 1-3 induce DNA damage through both replication stress 420 

signalling and oxidative stress, providing a mechanistic basis for their selective cytotoxicity in 421 

cancer cells while sparing non-malignant fibroblasts. ATM pathway activation and generation 422 

of γH2AX foci provides clear evidence that DNA double-strand break damage is induced by 1-423 

3. It is interesting to compare these results to our previous work which established that Ru-424 

PIP intercalates into DNA and activates DDR signalling without inducing DSBs or apoptosis,43 425 

highlighting how subtle ligand modifications can profoundly alter biological behaviour. 426 

Consistent with the subcellular distribution observed for 1-3, it is likely that DNA damage is 427 

induced indirectly by the high intracellular levels of ROS generated by treatment. To further 428 

evaluate ROS identity, we assessed singlet oxygen (¹O₂) generation using SOSG under the 429 

same dark conditions employed in the biological experiments. No increase in SOSG 430 

fluorescence was observed relative to probe-only controls, indicating that detectable ¹O₂ is 431 

not produced under these conditions (Fig. S10). These findings suggest that the oxidative 432 

stress observed is unlikely to be dominated by a singlet-oxygen pathway and more likely 433 

reflects non-¹O₂ ROS species arising from redox or bioreductive processes. Previous studies 434 

have shown that ruthenium complexes capable of inducing oxidative stress can trigger 435 

apoptosis, mitochondrial dysfunction, cytoskeletal disruption, and DNA damage through ROS-436 

mediated pathways.52 Similar pro-oxidant and pro-apoptotic responses have been reported 437 

for Ru systems targeting lung and melanoma cancer cells, supporting a general role for redox 438 

imbalance in their anticancer activity.53  439 
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Although phototoxic RPCs commonly generate ROS upon exposure to light,54 440 

complexes 1-3 were shielded from light over the course of our studies so a similar mechanism 441 

of ROS generation seems unlikely. However, nitroaromatic moieties are bioreductively active 442 

under hypoxic conditions, generating reactive intermediates such as nitroso or hydroxylamine 443 

species which induce oxidative stress or form covalent DNA/protein adducts. These pathways 444 

are well documented in classical hypoxia-activated prodrugs, including tirapazamine,55, 56 and 445 

nitroimidazole-based agents.57-59 Consistent with this, Fernandez et al. reported that nitro 446 

substitution enhanced the anticancer activity of metal-organic chains.60 Such mechanisms 447 

could potentially contribute to the ROS-mediated enhancement of DSB observed with 448 

complex 3. 449 

 450 



18 

 

Fig. 4: Cytotoxicity and DNA damage induced by Ru(II) complexes. a) Cell viability of MCF7 451 
(breast cancer), A549 (lung cancer), HeLa (cervical cancer) and MRC5 (normal lung) cells after 452 
treatment with complexes 1-3 for 72 h, as determined by MTT assay. Data represent mean ± 453 
SD from three independent experiments. b) Top, immunofluorescence analysis of γH2AX foci 454 
(green) in MCF7 cells treated with complexes 1-3 (25 µM, 3 h). Nuclei were counterstained 455 
with DAPI. Bottom, quantification of γH2AX foci per nucleus. Data are mean ± SD from two 456 
independent experiments; at least 200 nuclei were counted per group. Scale bars = 10 µm. c) 457 
Top, western blot analysis of whole-cell lysates from MCF7 cells treated with complexes 1-3 458 
(0, 12.5, 25 µM, 3 h), probed for DNA damage markers γH2AX and pATM. Bottom, relative 459 
protein expression normalized to GAPDH. Data are mean ± SD from two independent 460 
experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 by ANOVA. Uncropped blots are in Fig 461 
S1. d) Intracellular reactive oxygen species (ROS) levels measured using 2’,7’-462 
dichlorofluorescein (DCF) fluorescence in MCF7 cells following the indicated treatments for 463 
24 h. ROS-positive cells indicated by DCF (green). Scale bars = 50 µm. Data expressed as mean 464 
± SD of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 by student t-465 
test. 466 

 467 



19 

 

Synergistic activity of Ru(II) complex 3 with ATR inhibitors 468 

Our earlier findings established that complexes 1-3 strongly bind DNA (Fig. 1f), induce DSBs 469 

as evidenced by γH2AX and pATM activation (Fig. 4b,c), and elevate ROS levels (Fig. 4d). 470 

Notably, despite minimal nuclear accumulation (Fig. 3a-c), complex 3 was able to trigger 471 

pronounced genotoxic stress through combined intercalative and ROS-mediated 472 

mechanisms. Given that ATR signalling is a critical survival pathway under replication stress, 473 

we hypothesized that pharmacological ATR inhibition would enhance the cytotoxicity of these 474 

Ru(II) complexes. To test this, complex 3 was evaluated in combination with the clinically 475 

relevant ATR inhibitors berzosertib (VE-822, IC₅₀: ATR = 19 nM) and ceralasertib (AZD6738, 476 

IC₅₀: ATR = 74 nM).61  477 

Combination treatment resulted in substantial potentiation of cytotoxicity in cancer 478 

cell lines, whereas MRC5 fibroblasts remained largely resistant (Fig. 5a and Fig. S12). Synergy 479 

was confirmed by combination index (CI) analysis using the Chou-Talalay method (Fig. 5b and 480 

Fig. S13). In MCF7 cells, co-treatment with berzosertib (0.01 µM) and complex 3 showed CI 481 

values of 0.61 (12.5 µM), 0.50 (25 µM), and 0.31 (100 µM), indicating strong synergy across a 482 

broad concentration range. Even at higher berzosertib levels (0.1 µM), synergy persisted (CI 483 

= 0.86 at 25 µM complex 3). Ceralasertib combinations exhibited similar trends, with CI values 484 

as low as 0.54 (100 µM complex 3 at 0.01 µM ATRi). Comparable synergistic effects were 485 

observed in A549 and HeLa cells, where in A549, berzosertib with complex 3 showed CI = 0.59 486 

(25 µM complex 3 at 0.01 µM ATRi), whereas in HeLa cells, synergy was particularly 487 

pronounced, with ceralasertib (0.1 µM) yielded CI of 0.18 at 200 µM complex 3. 488 

To assess long-term proliferative capacity, clonogenic survival was examined following 489 

72 h drug exposure. While single-agent treatments modestly reduced colony formation, co-490 

treatment profoundly inhibited clonogenic survival in MCF7, A549, and HeLa cells (Fig. 5c). 491 

For example, in MCF7 cells, complex 3 alone reduced viability to ~73-75%, whereas ATRi 492 

alone showed viability at ~82-86%. Strikingly, the combination decreased survival to ~7-10%. 493 

A similar trend was observed in A549 cells, where monotherapy treatments maintained ~67-494 

87% viability, but dual treatment reduced survival to ~ 8-16%. In HeLa cells, viability 495 

decreased from ~68-79% with single agents to ~12-18% with the combination. Additionally, 496 

treatment with ATRi in a concentration gradient, both with or without compound 3, 497 



20 

 

demonstrated that 3 sensitizes cells to ATRi, further confirming their synergy (Fig. 5d and Fig. 498 

S14).  499 

Flow-cytometric analysis of MCF7 cells showed that complex 3 or berzosertib alone 500 

caused only modest phase changes, with complex 3 slightly increasing S-phase (~15% to 501 

~21%) and G₂/M, and berzosertib producing a mild G₁ decrease. In contrast, the combination 502 

induced a marked rise in sub-G₁ (~22%) with reductions in G₁ and S-phase, whereas G₂/M did 503 

not increase further, consistent with apoptosis rather than checkpoint arrest (Fig. 5e). Similar 504 

trends were observed in A549 and HeLa cells (Fig. S15). 505 

 506 

Fig. 5: Synergistic activity of Ru(II) complex 3 with ATR inhibitors. a) Cell viability of MCF7, 507 
A549 and HeLa cells treated with complex 3 in combination with ceralasertib (0.01 µM) or 508 
berzosertib (0.01 µM) for 72 h, assessed by MTT assay. Data represent mean ± SD from three 509 
independent experiments. b) Combination indices calculated using the Chou-Talalay method. 510 
CI < 1 = synergism and CI >1 antagonism. c) Clonogenic survival of cells treated for 72 h with 511 
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complex 3 (25 µM) in combination with berzosertib (0.01 µM). d) Clonogenic survival of MCF7 512 
cells after treated with concentration gradient of ATRi in the presence and absence of 3 (25 513 
µM). e) Cell-cycle distribution of MCF7 cells treated for 72 h with complex 3 (25 µM) in 514 
combination with berzosertib (0.01 µM). Data represent mean ± SD from three independent 515 
experiments. ***P < 0.001 by ANOVA. 516 
 517 

Mechanistic basis of synergistic activity between complex 3 and ATR inhibition  518 

To assess the mechanistic basis of the observed synergy, we examined DNA damage and 519 

apoptosis following combined treatment with complex 3 and ATR inhibition. 520 

Immunofluorescence staining for γH2AX revealed a sharp increase in DNA damage foci in 521 

MCF7 cells exposed to the combination treatment, compared with either agent alone (Fig. 522 

6a). Quantification data showed that while complex 3 or ATR inhibition alone induced ~15-523 

18 γH2AX foci per nucleus, the combination elevated this to ~ 24-26 foci per nucleus, 524 

representing a >1.5-fold enhancement relative to single agents. Consistent with enhanced 525 

DNA damage, flow cytometric Annexin V-FITC/PI analysis demonstrated that apoptotic cell 526 

death increased from ~12-14% with single-agent treatment to ~36-39% under combination 527 

conditions (Fig. 6b and Fig. S16). Western blotting further confirmed these findings in which 528 

γH2AX levels significantly increased by ~ 2-fold relative to untreated cells, and cleaved 529 

caspase-3 accumulated to ~3.6-3.9-fold above baseline under dual treatment, surpassing 530 

either monotherapy (Fig. 6c).  531 

 In addition to this, we tested the parent complex Ru-PIP for synergy with ATRi 532 

Berzosertib or Ceralasertib and found a similar level of synergy as for complex 3 (Fig. S17). A 533 

similar mechanism for synergy was present, where elevated DNA damage and accompanying 534 

apoptosis in cells treated with Ru-PIP combined with ATRi Berzosertib or Ceralasertib 535 

compared to single-agent conditions was found (Fig. S18). These results additionally confirm 536 

previous findings that Ru-PIP does not generate elevated levels of DSB damage in the form of 537 

γH2AX expression or foci (Fig. S18), contrasting with the behaviour of 3. This observation is 538 

consistent with nitro-substitution of the Ru-PIP scaffold facilitating an altered DNA damage 539 

response, specifically facilitating DSB generation. However, these results also indicate that 540 

this is not a requirement for synergy with ATRi, as Ru-PIP is equally proficient in this capacity. 541 

 542 

 543 
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Combining ATR inhibitors with DNA-damaging agents represents a promising 544 

anticancer strategy that exploits synthetic lethality, wherein the combined treatment is far 545 

more effective than either agent alone. In this study, complex 3 and the parent molecule Ru-546 

PIP both exhibit strong synergism with ATR inhibitors across multiple cancer cell lines. 547 

Mechanistically, complex 3 intercalates into DNA and generates ROS, elevating replication 548 

stress and triggering DDR signalling. ATR inhibition concurrently suppresses the primary 549 

checkpoint response, preventing repair of DNA single-strand breaks or stalled replication 550 

forks and leading to catastrophic DNA damage and apoptotic cell death. Importantly, this 551 

combination selectively targets cancer cells over normal fibroblast cells, reflecting selective 552 

vulnerability of malignancies with heightened replication stress dependencies. This approach 553 

has shown significant synergy with DDR-targeted therapies in other studies, including ionizing 554 

radiation,62 PARP inhibitors,39-42 and gemcitabine.63 Interestingly, a large-scale combination 555 

screen highlights strong synergy between ATRi and agents targeting DNA topoisomerases, 556 

PLK1, ribonucleotide reductase, PARP, and checkpoint proteins.64 Sequential ATR and PARP 557 

inhibition has further been shown to overcome resistance to DNA-damaging agents,65 558 

highlighting the broader potential of combinatorial DDR-targeted strategies. 559 
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 560 

Fig. 6: Mechanistic basis of synergistic activity between complex 3 and ATR inhibition. a) 561 
Immunofluorescence detection of γH2AX foci (green) in MCF7 cells treated with complex 3 562 
(25 µM), berzosertib (0.01 µM), or the combination for 24 h. Nuclei were counterstained with 563 
DAPI (blue). Quantification of γH2AX foci per nucleus is shown (mean ± SD, ≥ 200 nuclei per 564 
condition, two independent experiments). Scale bars, 10 µm. b) Apoptotic cell death assessed 565 
by Annexin V-FITC/PI flow cytometry under the same treatment conditions. 72 h treatment. 566 
(mean ± SD, three independent experiments). c) Western blot analysis of DNA damage 567 
(γH2AX) and apoptosis (cleaved caspase 3), with β-actin as a loading control (24 h treatment) 568 
Representative blots and quantification are shown (mean ± SD, two independent 569 
experiments). Uncropped blots are in Fig S19. *P < 0.05, **P < 0.01 and ***P < 0.001 by 570 
ANOVA.  571 

 572 

Conclusions 573 

In this study, positional nitro substitution of the Ru-PIP scaffold offers a means to fine-tune 574 

DNA-binding behaviour and the resulting DNA damage response, shifting the cellular 575 

response toward replication stress and ROS-associated DNA damage. The strong synergy 576 

observed between the para-nitro derivative and ATR inhibitors, together with comparable 577 

synergy retained by the parent complex Ru-PIP, demonstrates that chemically induced 578 

replication stress can be effectively exploited through checkpoint inhibition. These findings 579 
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provide a clear mechanistic rationale for combining metal-based DNA-intercalating agents 580 

with DDR-targeted therapies and establish guiding principles for the rational design of next-581 

generation ruthenium-based anticancer agents. 582 
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