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Scheme S1: Synthetic scheme to prepare the capped and uncapped metallo-cylinders. 
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Figure S1: ESI-MS (+ve) of [Fe2(L1)3](PF6)4. 

 

 

 

 

 

 

 

 

 

Figure S2: ESI-MS (+ve) of [Fe2(L1)3]Cl4.  
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Figure S3: ESI-MS (+ve) of [Ni2(L1)3](PF6)4. 

 

 

 

 

 

 

 

 

 

Figure S4: ESI-MS (+ve) of [Ni2(L1)3]Cl4.  
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Figure S5: ESI-MS (+ve) of [Fe2(L2)3](PF6)4. 

 

 

 

 

 

 

 

 

 

Figure S6: ESI-MS (+ve) of [Fe2(L2)3]Cl4.  
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Figure S7: ESI-MS (+ve) of [Ni2(L2)3](PF6)4. 

 

 

 

 

 

 

 

 

 

Figure S8: ESI-MS (+ve) of [Ni2(L2)3]Cl4.  
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Figure S9: 1H NMR (400 MHz) of diethyl pyridine-2,5-dicarboxylate in CDCl3. 

 

 

 

 

 

 

 

 

 

Figure S10: 1H NMR (400 MHz) of 2,5-dihydroxymethylpyridine in Methanol-d4.  
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Figure S11: 1H NMR (400 MHz) of 5-hydroxymethyl-2-pyridinecarboxaldehyde in DMSO-d6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S12: 1H NMR (400 MHz) of L1 in DMSO-d6.  
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Figure S13: 1H NMR (400 MHz) of 6-Hydroxy-4,4,5,7,8-pentamethylhydrocoumarin in CDCl3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S14: 1H NMR (400 MHz) of QPA in CDCl3.  
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Figure S15: 1H NMR (300 MHz) of 5-hydroxymethyl-2-pyridinecarboxaldehyde and QPA coupling 
product in CDCl3. 

 

 

 

 

 

 

 

 

Figure S16: 1H NMR (300 MHz) of L2 in CD2Cl2.  
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Figure S17: 1H NMR (400 MHz) of [Fe2(L1)3](PF6)4 in CD3CN. 

 

 

 

 

 

 

 

 

Figure S18: COSY (400 MHz) of [Fe2(L1)3](PF6)4 in CD3CN. 
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Figure S19: NOESY (400 MHz) of [Fe2(L1)3](PF6)4 in CD3CN. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S20: 1H NMR (400 MHz) of [Fe2(L1)3]Cl4 in Methanol-d4.  
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Figure S21: 1H NMR (500 MHz) of [Fe2(L2)3](PF6)4 in CD2Cl2. 

 

 

 

 

 

 

 

 

Figure S22: COSY (500 MHz) of [Fe2(L2)3](PF6)4 in CD2Cl2.  



SUPPORTING INFORMATION          

17 
 

 

 

 

 

 

 

 

 

 

Figure S23: NOESY (500 MHz) of [Fe2(L2)3](PF6)4 in CD2Cl2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S24: 1H NMR (400 MHz) of [Fe2(L2)3]Cl4 in Methanol-d4. 
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Figure S25: 1H NMR (400 MHz) of QPA Et in CDCl3. 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

Figure S26: Stability study of [Ni2(L2)3]Cl4 (A) and [Ni2(L1)3]Cl4 (B) in 1X TA buffer pH 7.4 monitored by 
UV-Vis spectroscopy at 37 °C. 
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Figure S27: Stability study of [Ni2(L2)3]Cl4 in water monitored by ESI-MS at 37 °C. m/z704 = [Ni2(L2)3]4+; 
m/z646 = 5-capped cylinder, [Ni2(L2)2(C41H40N4O5)]4+; m/z550 = half ligand, [C34H35N3O4 + H]+; m/z392 = 
QPA capped aldehyde, [C21H23NO5 + Na]+; m/z370 = QPA capped aldehyde, [C21H23NO5 + H]+;  m/z199 = 
MDA, [C13H14N2 + H]+. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure S28: PAGE gel depicting the preformed room temperature stable DNA 3WJ binding behaviour 
of Ni-cylinders. 18-mer DNA oligonucleotide single strands were used here where S4: (5′-
GTGGCGAGAGCGACGATC-3′), S5: (5′-GATCGTCGCAGAGTTGAC-3′) & S6: (5′-
GTCAACTCTTCTCGCCAC-3′) and stained by SYBR™ Gold Nucleic Acid Gel Stain. 
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Figure S29: PAGE gel showing the DNA 3WJ binding of uncapped Ni-cylinder, [Ni2(L1)3]4+ (lanes 5 – 8). 
Capped cylinder, [Ni2(L2)3]4+, showing no 3WJ binding (lanes 13 – 16) in absence, and 3WJ binding in 
presence of NQO1/NADPH (lanes 17 – 20). Lanes 1 – 2 are negative control (untreated) and lane 3 is a 
positive control (Ni parent cylinder, [Ni2L3]Cl4). Lanes 4, 9 – 12 & 17 – 20 are treated with 6 equivalents 
of QPA Et with respect to the individual cylinders. 14-mer DNA oligonucleotide single strands used were 
S1: 5 ′ -CGGAACGGCACTCG-3 ′ , S2: 5 ′ -CGAGTGCAGCGTGG-3 ′  & S3: 5 ′ -
CCACGCTCGTTCCG-3′ and the gel was stained by SYBR™ Gold Nucleic Acid Gel Stain. NQO1 
concentration in the sample mixture was 50 μg/mL and NADPH was used at a 100-fold molar equivalent 
with respect to the concentration of metallo-cylinder. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure S30: PAGE gel depicting the DNA 3WJ binding behaviour of capped cylinder, [Ni2(L2)3]Cl4, at 
various incubation time points (1 h, lanes 6 – 8; 2 h, lanes 11 – 13 & 4 h, lanes 16 – 18). Lanes 1 – 2 
negative control and lane 3 as the positive control (Ni parent cylinder, [Ni2L3]Cl4). FAM labelled 14-mer 
DNA oligonucleotide single strand S1 (5′ 6-FAM-CGGAACGGCACTCG-3′), unlabeled 14-mer DNA 
oligonucleotide single strands S2 (5′- CGAGTGCAGCGTGG-3′) & S3 (5′-CCACGCTCGTTCCG-3′) were 
used and not stained with SYBR™ Gold Nucleic Acid Gel Stain. NQO1 concentration in the sample 
mixture was 50 μg/mL and NADPH was used at a 100-fold molar equivalent with respect to the 
concentration of metallo-cylinder. 
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Figure S31: PAGE gel depicting the DNA 3WJ binding behaviour of capped cylinder, [Ni2(L2)3]Cl4, at 
various incubation time points (6 h, lanes 6 – 8; 8 h, lanes 11 – 13 & 10 h, lanes 16 – 18). Lanes 1 – 2 
negative control and lane 3 as the positive control (Ni parent cylinder, [Ni2L3]Cl4). FAM labelled 14-mer 
DNA oligonucleotide single strand S1 (5′ 6-FAM-CGGAACGGCACTCG-3′), unlabeled 14-mer DNA 
oligonucleotide single strands S2 (5′- CGAGTGCAGCGTGG-3′) & S3 (5′-CCACGCTCGTTCCG-3′) were 
used and not stained with SYBR™ Gold Nucleic Acid Gel Stain. NQO1 concentration in the sample 
mixture was 50 μg/mL and NADPH was used at a 100-fold molar equivalent with respect to the 
concentration of metallo-cylinder. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure S32: Variation in the intensity of DNA 3WJ bands with different incubation periods and increasing 
concentrations in capped cylinder, [Ni2(L2)3]Cl4. 3WJ (%) presented here is the average of two 
independent experiments. Error bar represents standard error of the mean, n=2.  
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Figure S33: PAGE gel illustrating the effect of NADPH (lanes 15 – 18) and GSH (lanes 11 – 14), 
respectively, on the DNA 3WJ binding of capped cylinder, [Ni2(L2)3]4+. Lanes 1 – 2 negative control and 
lane 3 as the positive control (Ni parent cylinder, [Ni2L3]Cl4). 14-mer DNA oligonucleotide single strands 
were used here where S1: 5′-CGGAACGGCACTCG-3′, S2: 5′-CGAGTGCAGCGTGG-3′ & S3: 5′-
CCACGCTCGTTCCG-3′ and stained by SYBR™ Gold Nucleic Acid Gel Stain. NADPH (or GSH) was 
used at a 100-fold molar equivalent with respect to the concentration of metallo-cylinder. 

 

 

 

 

 

 

 

Figure S34: UV melting curves of DNA 3WJ in presence and absence of capped and uncapped cylinders 
respectively. 
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Figure S35: UV melting curves of RNA 3WJ in presence (right) and absence (left) of uncapped cylinder. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S36: PAGE gel showing the RNA 3WJ binding of uncapped Ni-cylinder, [Ni2(L1)3]4+ (lanes 4 – 7). 
Capped cylinder, [Ni2(L2)3]4+, showing no RNA 3WJ binding (lanes 11 – 14) in absence, and 3WJ binding 
in presence of NQO1/NADPH (lanes 15 – 18). Lanes 1 – 2 are negative control (untreated) and lane 3 
is a positive control (Ni parent cylinder, [Ni2L3]Cl4). The gel was stained by SYBR™ Gold Nucleic Acid Gel 
Stain. NQO1 concentration in the sample mixture was 50 μg/mL and NADPH was used at a 100-fold 
molar equivalent with respect to the concentration of metallo-cylinder. 
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Figure S37: Distance plots showing the minimum distance between any central CH2 (in the cylinder 
core) and any quinone (defined as any non-hydrogen atom in or attached directly to the quinone ring) in 
each simulation of the capped cylinder alone (A) and the capped cylinder with 3WJ DNA (B). The red 
dashed line shows the average minimum distance across each simulation. Minimum distances were 
calculated using the GROMACS mindist function and plotted in MATLAB. 
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Figure S38: RMSD plots of the QPA caps (calculated by selecting all non-hydrogen atoms in or directly 
attached to the quinone rings) of the capped cylinder in MD simulations with no DNA (top left) and 
simulations with 3WJ DNA (top right). A representative comparison plot is also shown (bottom). RMSD 
plots show the change in coordinates of selected atoms compared to the first frame of the simulation. 
These RMSD plots show that the QPA groups exhibit much more freedom of movement when the 
cylinder is not constrained by the DNA. RMSD was calculated using the GROMACS rms function and 
plotted in MATLAB. 
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Figure S39: Molecular dynamics snapshots of A) the uncapped cylinder residing in the 3WJ and B) the 
capped cylinder residing in the 3WJ. 
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Table S1: Cytotoxicity data of capped & uncapped cylinders and cisplatin 

Compounds IC50 ± SD (μM)a 

A549 A549/Dicoumarol25μM A549/Dicoumarol50μM 

[Ni2(L2)3]Cl4 3.0 ± 0.6 14.9 ± 3.1b 26.1 ± 2.7c 
[Ni2(L1)3]Cl4 >100 >100b >100c 
Cisplatin 9.1 ± 1.5 21.3 ± 4.9b 29.2 ± 1.7c 
aSD = Standard deviation, IC50 values were calculated by nonlinear curve fitting in dose response 
inhibition – variable slope model using Graph pad prism, the data presented have significance (p value 
less than 0.05 or better); bCells were co-treated with target compound as well as 25 μM of dicoumarol; 
cCells were co-treated with target compound as well as 50 μM of dicoumarol. 
Note that the compound [Ni2(L1)3]Cl4 is not well uptaken into cells as shown in Figure S40 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S40: Plots of cell viability (%) vs. log of concentrations (in nM) of [Ni2(L2)3]Cl4 (A), [Ni2(L2)3]Cl4 + 
25 µM dicoumarol (B), [Ni2(L2)3]Cl4 + 50 µM dicoumarol (C), cisplatin (D), cisplatin + 25 µM dicoumarol 
(E) and cisplatin + 50 µM dicoumarol (F) against A549 cell line after incubation for 72 h determined from 
MTT assays. 100% cell viability represents cell growth in presence of the appropriate level of dicoumarol 
but no cylinder. The dicoumarol alone has no significant effect on cell growth as shown in Table S2.The 
plots provided are for one independent experiment out of the three independent experiments.   
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Table S2: Comparison of cell viability of dicoumarol (25 & 50 µM 
respectively) treated cells with respect to untreated cells 

Mean Absorbance of Formazan @ 595 nm ± SDa 
Control Dicoumarol25μM Dicoumarol50μM 
1.79 ± 0.56 1.45 ± 0.45 1.15 ± 0.49 
aSD = Standard deviation, Statistical analysis was performed by a one-way 
ANOVA followed by a Dunnett’s post hoc t-test (n =3 or higher). The data 
shows a minor reduction in cell viability in presence of dicoumarol which is 
not statistically significant.   

 

 

 

 

 

 
 
 
 
 
 
 
 

Figure S41: Graph shows the difference in cellular accumulation of capped ([Ni2(L2)3]Cl4) and uncapped 
cylinder ([Ni2(L1)3]Cl4) after treatment with same concentration of both the cylinders respectively for 24 
h. Error bars are standard deviations. Symbols **** (p<0.0001) and ns = not significant. Test is Ordinary 
one-way ANOVA followed by a post-hoc Dunnett T-test (n=4 or higher). 
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Figure S42: Stability study of a mixture of [Ni2(L2)3]Cl4 and NADPH (8 eqv) in water monitored by ESI-
MS at 37 °C. m/z704 = [Ni2(L2)3]4+; m/z646 = 5-capped cylinder, [Ni2(L2)2(C41H40N4O5)]4+; m/z550 = half 
ligand, [C34H35N3O4 + H]+; m/z392 = QPA capped aldehyde, [C21H23NO5 + Na]+; m/z370 = QPA capped 
aldehyde, [C21H23NO5 + H]+;  m/z199 = MDA, [C13H14N2 + H]+. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S43: Stability study of a mixture of [Ni2(L2)3]Cl4  and GSH (8 eqv) in water monitored by ESI-MS 
at 37 °C. m/z704 = [Ni2(L2)3]4+; m/z646 = 5-capped cylinder, [Ni2(L2)2(C41H40N4O5)]4+; m/z550 = half ligand, 
[C34H35N3O4 + H]+; m/z392 = QPA capped aldehyde, [C21H23NO5 + Na]+; m/z370 = QPA capped aldehyde, 
[C21H23NO5 + H]+;  m/z199 = MDA, [C13H14N2 + H]+.  
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Figure S44: Stability study of [Ni2(L1)3]Cl4 in water monitored by ESI-MS at 37 °C. m/z356 = [Ni2(L1)3]4+. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S45: Stability study of a mixture of [Ni2(L1)3]Cl4, NQO1 (20 µg/mL) and NADPH (8 eqv) in water 
monitored by ESI-MS at 37 °C. m/z356 = [Ni2(L1)3]4+; m/z475 = [Ni2(L1)3 − H]3+.  
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Figure S46: Stability study of a mixture of [Ni2(L1)3]Cl4 and NADPH (8 eqv) in water monitored by ESI-
MS at 37 °C. m/z356 = [Ni2(L1)3]4+. 

 

 

 

 

 

 

 

 

Figure S47: Stability study of a mixture of [Ni2(L1)3]Cl4 and GSH (8 eqv) in water monitored by ESI-MS 
at 37 °C. m/z356 = [Ni2(L1)3]4+.  
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Figure S48: Stability study of a mixture of [Ni2(L2)3]Cl4, NQO1 (20 µg/mL) and NADPH (8 eqv) in water 
monitored by ESI-MS at 37 °C. m/z704 = [Ni2(L2)3]4+; m/z646 = 5-capped cylinder, [Ni2(L2)2(C41H40N4O5)]4+; 
m/z550 = half ligand, [C34H35N3O4 + H]+; m/z392 = QPA capped aldehyde, [C21H23NO5 + Na]+; m/z370 = QPA 
capped aldehyde, [C21H23NO5 + H]+;  m/z356 = [Ni2(L1)3]4+; m/z257 = [C14H18O3 + Na]+, lactone; m/z235 = 
[C14H18O3 + H]+, lactone; m/z199 = MDA, [C13H14N2 + H]+.  
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CD & LD Study with DNA duplex 

Alongside DNA junction binding, cylinders can also potentially interact with genomic duplex DNA. 
Circular dichroism (CD)[1] titrations of uncapped [Ni2(L1)3]4+ against calf thymus DNA (ctDNA) show that 
the B-DNA confirmation is retained (Figure 6A), while weak induced CD bands (300 – 400 nm) confirm 
cylinder binding. Flow linear dichroism (LD) titrations were also conducted, in which DNA is oriented 
through flow, and the orientation followed by measuring the absorption anisotropy between parallel and 
perpendicular light. They reveal a dramatic loss of DNA orientation on [Ni2(L1)3]4+ binding, indicating that 
the complex causes coiling of DNA (Figure S48C). These behaviours are analogous to those of the 
unsubstituted [M2(L)3]4+ complexes.[2] In contrast, LD spectra of [Ni2(L2)3]4+ with ctDNA revealed only 
small changes in the DNA orientation and the absence of dramatic DNA coiling (Figures S48B, S48D). 
This serves once again to reinforce the link between junction-binding ability and DNA-coiling activity.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S49: CD spectra (top) of ctDNA displaying the preservation of B-DNA conformation upon 
interaction with both the uncapped [Ni2(L1)3]4+ (A) and capped [Ni2(L2)3]4+ (B) cylinders. LD spectra 
(bottom) illustrate the large interaction of ctDNA with the uncapped cylinder (C) in contrast to the capped 
cylinder (D). 
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Experimental Procedures 

Materials and Methods 

All the chemicals and solvents were procured from verified commercial sources (Sigma-Aldrich and 
Fisher Scientific) and used without further purification.  All the NMR data were recorded using either a 
Bruker AVIII 300 MHz, Bruker AVANCE NEO 400 MHz or Bruker AVANCE NEO 500 MHz NMR 
Spectrometer. All the data were processed on MestReNova (x64-14.0.0-23239) software, and the 
chemical shifts were described in parts per million (ppm). 1H chemical shifts were referenced to the 
individual solvent residual peaks of respective NMR solvents used. All the ESI-MS data were recorded 
on a Waters SYNAPT-G2-S Mass Spectrometer. UV-vis absorbance data between 200-800 nm (1 nm 
bandwidth, 600 nm/min) using an Agilent Cary 60 UV-Vis Spectrophotometer. Stability kinetics of the 
complexes were measured on an Agilent Cary 60 UV-Vis Spectrophotometer with a peltier. Raw data 
was processed through OriginPro 2021 software. Elemental analyses were carried through using a 
Thermo Fisher Scientific FlashSmart™ Elemental Analyzer. PAGE gel running kits from Bio-Rad 
(PROTEAN II xi Cell and Mini-PROTEAN Cell) were used. Gels were imaged in AlphaImager™ UV 
transilluminator (Alpha Innotech) and processed with ImageJ (Fiji) software. ICP-MS data were recorded 
on an Agilent 7500ce. CD and LD data were recorded on a Chirascan+ spectrometer (Applied 
Photophysics limited).  

Syntheses 

Ligand L1 and its Ni and Fe complexes were first described in G. I. Pascu’s PhD thesis[3] which also 
contains views of the crystal structures of these cations (G. I. Pascu, B. M. Kariuki, M. J. Hannon, 
Unpublished results). The synthesis of 5-Hydroxymethyl-2-pyridinecarboxaldehyde was reported 
previously by our group,[4] but we followed a different approach to synthesise the aldehyde which is given 
below. 

Diethyl pyridine-2,5-dicarboxylate: Pyridine-2,5-dicarboxylic acid (1.0 g, 6 mmol) was suspended in 
absolute ethanol (8 mL) and sulphuric acid (1 mL) was added dropwise at ice-cold condition. The 
suspension dissolved immediately to give a light-yellow solution which was heated to reflux at 80 °C for 
20 h.  The reaction mixture was then cooled at room temperature and poured into 200 mL of ice-water 
mixture. The mixture was neutralised with saturate aqueous NaHCO3 solution and extracted with ethyl 
acetate (3 × 30 mL). The combined organic layer was washed with brine, dried with anhydrous Na2SO4 
and evaporated to dryness to give an oil which solidified (white) upon keeping overnight. Yield: 1.06 g 
(80%).  1H NMR (400 MHz, CDCl3) δ: 9.31 (dd, J1 = 2 Hz, J2 = 0.9 Hz, 1H, PyH6), 8.44 (dd, J1 = 8.1 Hz, 
J2 = 2.1 Hz, 1H, PyH4), 8.44 (dd, J1 = 8.1 Hz, J2 = 0.8 Hz, 1H, PyH3), 4.53 (q, J = 7.2 Hz, 4H, CH2), 4.47 
(q, J = 7.2 Hz, 4H, CH2), 1.47 (t, J = 7.2 Hz, 3H, CH3), 1.44 (t, J = 7.2 Hz, 3H, CH3). ESI-MS (+ve) m/z 
found for [C11H13NO4 + H]+ 224.09, calcd. 224.09. 

2,5-Dihydroxymethylpyridine: Diethyl pyridine-2,5-dicarboxylate (7.31 g, 32.7 mmol) was dissolved in 
degassed EtOH (100 mL) and cooled to 5 °C. NaBH4 (5.00 g, 132 mmol) was added portion-wise over 
45 min to form a yellow solution which was stirred for 90 min before stirring for 3 h at room temperature. 
The solution was then heated to reflux at 80 °C for 15 h before cooling to room temperature and the 
solvent removed under vacuo to leave a yellow-white residue. The residue was suspended in acetone 
(110 mL) and saturated aqueous K2CO3 (100 mL) before heating to reflux at 70 °C for 1 h. After cooling 
to room temperature, a clear, yellow organic layer was collected, and the solvent removed under vacuo 
to leave a yellow oil (11.12 g). The crude product was purified by silica gel column chromatography (7: 
1 mixture of DCM and MeOH) to yield yellow oil. Yield: 4.3 g (93%). 1H NMR (400 MHz, Methanol-d4) δ: 
8.44 (dd, J1 = 2.2 Hz, J2 = 0.9 Hz, 1H, PyH6), 7.84 (dd, J1 = 8.0 Hz, J2 = 2.2 Hz, 1H, PyH4), 7.53 (d, J = 
8.0 Hz, 1H, PyH3), 4.69 (s, 2H, CH2), 4.64 (s, 2H, CH2). ESI-MS (+ve) m/z found for [C7H9NO2 + H]+ 
140.2, calcd.140.1. 
 
5-Hydroxymethyl-2-pyridinecarboxaldehyde: 2,5-Dihydroxymethylpyridine (2.78 g, 20 mmol) and 
SeO2 (1.05 g, 10 mmol) were dissolved in degassed dioxane (20 mL) and water (0.5 mL) under an argon 
atmosphere. The solution was heated to reflux at 100 °C for 3 hours. The solution was allowed to cool 
to room temperature, filtered, and washed with minimal dioxane until the filtrate ran clear. The solution 
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was concentrated (to ≈10 mL) and purified by silica gel column chromatography (50-75% ethyl acetate 
in hexane). The solvent was removed from the product fractions under vacuo to yield a white powder 
product. Yield: 1.89 g (69%). 1H NMR (400 MHz, DMSO-d6) δ: 9.98 (d, J = 0.8 Hz, 1H, CHO), 8.76 (m, 
1H, PyH6), 7.97 (m, 1H, PyH4), 7.92 (m, 1H, PyH3), 7.44 (dd, J1 = 8.0 Hz, J2 = 0.9 Hz, 1H, PyH3), 5.55 
(t, J = 5.6 Hz, 3H, OH), 4.66 (d, J = 5.6 Hz, 2H, CH2). ESI-MS (+ve) m/z found for [C7H7NO2 + H]+ 138.06, 
calcd. 138.06. 
 
L1: Addition of 5-Hydroxymethyl-2-pyridinecarboxaldehyde (112 mg, 0.82 mmol) to a solution of 4,4-
methylenedianiline (MDA, 81 mg, 0.41 mmol) in ethanol (10 mL) resulted an instant off-white precipitate. 
The precipitate was collected by filtration after stirring the mixture for another 2.5 h at room temperature 
followed by washing with ethanol and diethyl ether. Yield: 116 mg (65%). 1H NMR (400 MHz, DMSO-d6) 
δ: 8.65 (m, 2H, PyH6), 8.59 (s, 2H, CHImine), 8.13 (m, 2H, PyH4), 7.89 (m, 2H, PyH3), 7.34 (m, 8H, 
ArHMDA), 5.46 (t, 2H, J = 6 Hz, OH), 4.62 (d, 2H, J = 6 Hz, PyCH2), 4.01 (s, 2H, CH2

MDA). ESI-MS (+ve) 
m/z found for [C27H24N4O2 + H]+ 437.20, calcd. 437.20.  
 
6-Hydroxy-4,4,5,7,8-pentamethylhydrocoumarin: The synthesis was carried out according to the 
reported literature procedure.[5] In brief, mixture of trimethylhydroquinone (1.02 g, 6.7 mmol) and methyl 
3,3-dimethylacrylate (1 mL, 7.6 mmol) were heated in methanesulfonic acid (15 mL) at 80 °C. After 2 h, 
the deep reddish-brown solution was cooled to room temperature and poured into 200 mL cold water 
resulting in a light brown suspension. It was then extracted with ethyl acetate (4 × 50 mL). The combined 
organic layers were washed with water, saturated aqueous NaHCO3, water respectively followed by a 
final wash with brine. The organic layer was dried with anhydrous Na2SO4 and evaporated to dryness in 
a rotary evaporator. The residue was recrystallised with chloroform/hexane (1:1) to afford off-white 
crystalline solid, washed with hexane and dried in vacuum. Yield: 1.3 g (82.8%). 1H NMR (400 MHz, 
CDCl3) δ: 4.55 (s, 1H, OH), 2.55 (s, 2H, CH2), 2.36 (s, 3H, CH3), 2.22 (s, 3H, CH3), 2.18 (s, 3H, CH3), 
1.45 (s, 6H, CH3). ESI-MS (−ve) m/z found for [C14H18O3 − H]− 233.12, calcd. 233.12. 
 
3-Methyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-1,4-dien-1-yl)butanoic acid (QPA): QPA was 
synthesised from 6-hydroxy-4,4,5,7,8-pentamethylhydrocoumarin following a procedure reported in 
literature.[6] To a solution of lactone (1.85 g, 7.9 mmol) in 10% aqueous acetonitrile (100 mL), solution of 
N-bromo succinimide (1.48 g, 8.3 mmol) in acetonitrile (15 mL) was added. The solution turned quickly 
to yellow and was stirred at room temperature for 2 h. After that the solution was added to water (400 
mL) giving a yellow suspension which is then extracted with ethyl acetate (4 × 80 mL). The organic layer 
was dried with anhydrous Na2SO4 and evaporated to dryness to give yellow solid of QPA as quantitative 
yield and used for the next step without further purification. 1H NMR (400 MHz, CDCl3) δ: 3.02 (s, 2H, 
CH2), 2.14 (s, 3H, CH3), 1.96 (m, 3H, CH3), 1.93 (m, 3H, CH3), 1.44 (s, 6H, CH3). ESI-MS (−ve) m/z 
found for [C14H18O4 − H]− 249.11, calcd. 249.11. 
 
Esterification of QPA with 5-hydroxymethyl-2-pyridinecarboxaldehyde: 5-hydroxymethyl-2-
pyridinecarboxaldehyde (69 mg, 0.5 mmol) was suspended in a solution of QPA (125 mg, 0.5 mmol) in 
DCM (15 mL) to which EDC.HCl (125 mg, 0.65 mmol) and DMAP (14 mg, 0.11 mmol) were added at 
ice-cold condition. The reaction mixture was slowly warmed to room temperature and the suspension of 
aldehyde dissolved. After stirring overnight, the reaction mixture was concentrated in vacuum and loaded 
on a silica gel column and eluted with 5% ethyl acetate in DCM to afford the desired QPA substituted 
aldehyde (Rf = 0.4) as yellow oil which solidified upon keeping overnight in refrigerator. Yield: 130 mg 
(70%). 1H NMR (300 MHz, CDCl3) δ: 10.08 (d, 1H, J = 1 Hz, CHO), 8.71 (m, 1H, PyH6), 7.96 (m, 1H, 
PyH4), 7.81 (m, 2H, PyH3), 5.12 (s, 2H, PyCH2), 3.08 (s, 2H, CH2

QPA), 2.13 (s, 3H, CH3
QPA), 1.94 (q, J = 

1.1 Hz, 3H, CH3
QPA), 1.87 (q, J = 1.1 Hz, 3H, CH3

QPA), 1.44 (s, 6H, CH3
QPA). ESI-MS (+ve) m/z found for 

[C21H23NO5 + Na]+ 392.1486, calcd. 392.1474. 
 
L2: To a solution of QPA derivatised aldehyde (38 mg, 0.1 mmol) in ethanol (5 mL), MDA (10.2 mg, 0.05 
mmol) was added and stirred overnight. Evaporation of the solvent gave L1 as oily residue which was 
washed once with cold ethanol followed by diethyl ether and used for metal complexation without further 
purification. 1H NMR (300 MHz, CD2Cl2) δ: 8.58 (m, 4H, CHImine & PyH6), 8.18 (m, 2H, PyH4), 7.74 (m, 
2H, PyH3), 7.31 (m, 8H, ArHMDA), 5.07 (s, 4H, PyCH2), 4.05 (s, 2H, CH2

MDA), 3.03 (s, 4H, CH2
QPA), 2.10 

(s, 6H, CH3
QPA), 1.91 (q, J = 1.1 Hz, 6H, CH3

QPA), 1.86 (q, J = 1.1 Hz, 6H, CH3
QPA), 1.43 (s, 12H, CH3

QPA). 
ESI-MS (+ve) m/z found for [C55H56N4O8 + H]+ 901.4416, calcd. 901.4176. 
 
[Fe2(L2)3](PF6)4: FeCl2.4H2O (6.7 mg, 0.034 mmol) and L2 (47 mg, 0.052 mmol) were dissolved in 
methanol (10 mL). The deep purple solution was then refluxed for 2.5 h at 70 °C. After cooling the 
reaction mixture at room temperature, the volume of the mixture was reduced to half and treated with 
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NH4PF6 (150 mg, 0.92 mmol). After keeping overnight in a refrigerator, the purple precipitate of 
[Fe2(L2)3](PF6)4 was vacuum filtered over 0.45 µm nylon filter paper, washed with cold methanol and 
finally with diethyl ether. Yield: 50 mg (88%). 1H NMR (500 MHz, CD2Cl2) δ: 8.96 (s, 6H, CHImine), 8.57 
(bs, 6H, PyH3), 8.26 (bs, 6H, PyH4), 7.34 (s, 6H, PyH6), 6.96 (br, 12H, ArHMDA), 5.49 (br, 12H, ArHMDA), 
5.16 (m, 12H, PyCH2), 4.02 (s, 6H, CH2

MDA), 3.04 (m, 12H, CH2
QPA), 2.10 (s, 18H, CH3

QPA), 1.92 (s, 18H, 
CH3

QPA), 1.83 (s, 18H, CH3
QPA), 1.40 (s, 36H, CH3

QPA). ESI-MS (+ve) m/z found for [C165H168Fe2N12O24]4+ 

703.5320, calcd. 703.5254. UV-Vis (CH3CN) [λmax, nm (ε, M−1 cm−1)]: 576 (17700), 327 (44900), 259 
(166400). 
 
[Fe2(L2)3]Cl4: [Fe2(L2)3](PF6)4 (20 mg, 0.007 mmol) was suspended in methanol (10 mL) and stirred at 
room temperature in presence of Dowex® 1X8 chloride resin (200-400 mesh) until it gets dissolved (~2 
h). After that the mixture was filtered to remove the ion exchange resin and filtrate was evaporated to 
dryness to afford [Fe2(L2)3]Cl4. 1H NMR (400 MHz, CD3OD) δ: 9.21 (s, 6H, CHImine), 8.74 (d, 6H, J = 8 
Hz, PyH3), 8.43 (d, 6H, J = 8 Hz, PyH4), 7.39 (s, 6H, PyH6), 7.04 (br, 12H, ArHMDA), 5.60 (br, 12H, 
ArHMDA), 5.24 (m, 12H, PyCH2), 4.07 (s, 6H, CH2

MDA), 2.97 (s, 12H, CH2
QPA), 2.11 (s, 18H, CH3

QPA), 1.93 
(s, 18H, CH3

QPA), 1.83 (s, 18H, CH3
QPA), 1.43 (m, 36H, CH3

QPA). ESI-MS (+ve) m/z found for 
[C165H168Fe2N12O24]4+ 703.54, calcd. 703.53. UV-Vis (CH3OH) [λmax, nm (ε, M−1 cm−1)]: 575 (13600), 327 
(44000), 259 (163900). 
 
[Ni2(L2)3]Cl4: [Ni2(L2)3](PF6)4 was synthesised following the same procedure (refluxing a 2:3 mixture of 
NiCl2.6H2O & L2 for 2.5 h in methanol followed by treatment with NH4PF6) as for iron cylinder to give the 
[Ni2(L2)3](PF6)4 as light orange solid. Yield: 55 mg (94%). ESI-MS (+ve) m/z found for 
[C165H168N12Ni2O24]4+ 704.9565, calcd. 704.5259. UV-Vis (CH3CN) [λmax, nm (ε, M−1 cm−1)]: 327 (64400), 
258 (179600). 
It was then exchanged with anion exchange resin. ESI-MS (+ve) m/z found for [C165H168N12Ni2O24]4+ 
704.6996, calcd. 704.5259. UV-Vis (CH3OH) [λmax, nm (ε, M−1 cm−1)]: 327 (75100), 258 (223800). 
Elemental analysis (%) calculated for C165H168Cl4N12Ni2O24 .6H2O: C 64.54, H 5.91, N 5.47, found C 64.65, 
H 5.74, N 5.60. 
 
[Fe2(L1)3]Cl4: FeCl2.4H2O (14 mg, 0.07 mmol) and L1 (50 mg, 0.11 mmol) were dissolved in methanol 
(5 mL). The deep purple solution was then refluxed overnight at 70 °C. After cooling the reaction mixture 
at room temperature, the volume of the mixture was reduced to half and treated with NH4PF6 (114 mg, 
0.70 mmol). After keeping overnight in a refrigerator, the purple precipitate of [Fe2(L1)3](PF6)4 was 
vacuum filtered over 0.45 µm nylon filter paper, washed with cold methanol and finally with diethyl ether. 
Yield 60 mg (86%). 1H NMR (400 MHz, CD3CN) δ: 8.89 (s, 6H, CHImine), 8.50 (d, 6H, J = 8 Hz, PyH3), 
8.29 (d, 6H, J = 8 Hz, PyH4), 7.24 (s, 6H, PyH6), 6.92 (br, 12H, ArHMDA), 5.53 (br, 12H, ArHMDA), 4.66 (d, 
J = 8 Hz, 12H, PyCH2), 4.01 (s, 6H, CH2

MDA), 3.79 (t, 6H, J = 6 Hz, OH). ESI-MS (+ve) m/z found for 
[C81H72Fe2N12O6]4+ 355.3654, calcd. 355.1096. UV-Vis (CH3CN) [λmax, nm (ε, M−1 cm−1)]: 572 (17700), 
324 (43600), 286 (87500). 
It was then exchanged with anion exchange resin. 1H NMR (400 MHz, CD3OD) δ: 9.11 (s, 6H, CHImine), 
8.64 (d, 6H, J = 8 Hz, PyH3), 8.39 (m, 6H, PyH4), 7.39 (s, 6H, PyH6), 7.00 (br, 12H, ArHMDA), 5.61 (br, 
12H, ArHMDA), 4.74 (s, 12H, PyCH2), 4.04 (s, 6H, CH2

MDA). ESI-MS (+ve) m/z found for [C81H72Fe2N12O6]4+ 
355.11, calcd. 355.11. UV-Vis (CH3OH) [λmax, nm (ε, M−1 cm−1)]: 572 (16000), 324 (37200), 287 (79800). 
 
[Ni2(L1)3]Cl4: [Ni2(L1)3](PF6)4 was synthesised as same as previously stated (refluxing a 2:3 mixture of 
NiCl2.6H2O & L1 for overnight in methanol followed by treatment with NH4PF6). Yield 91%. ESI-MS (+ve) 
m/z found for [C81H72N12Ni2O6]4+ 356.62, calcd. 356.11. UV-Vis (CH3CN) [λmax, nm (ε, M−1 cm−1)]: 293 
(63050), 249 (76600). 
It was then exchanged with anion exchange resin. ESI-MS (+ve) m/z found for [C81H72N12Ni2O6]4+ 
356.6034, calcd. 356.1101. UV-Vis (CH3OH) [λmax, nm (ε, M−1 cm−1)]: 293 (63000), 248 (77300). 
Elemental analysis (%) calculated for C81H72Cl4N12O6Ni2.9H2O: C 56.21, H 5.24, N 9.71, found C 56.26, 
H 5.05, N 9.48. 
 
Ethyl 3-methyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-1,4-dien-1-yl)butanoate (QPA Et): QPA (60 
mg, 0.24 mmol) was mixed with EtOH (1 mL) in DCM (20 mL) in the presence of EDC.HCl (60 mg, 0.31 
mmol) and DMAP (3 mg, 0.02 mmol) at ice-cold condition. The reaction mixture was slowly warmed to 
room temperature. After stirring overnight, the reaction mixture was concentrated in vacuum and loaded 
on a silica gel flash column and eluted by hexane with increasing gradient of ethyl acetate to afford the 
desired esterified QPA (Rf = 0.6, ethyl acetate : hexane = 1 : 1) as yellow gummy  liquid. Yield: 60 mg 
(88%). 1H NMR (400 MHz, CDCl3) δ: 4.04 (q, J = 8 Hz, 2H, CH2

Et), 2.95 (s, 3H, CH2
QPA), 2.13 (s, 3H, 
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CH3
QPA), 1.95 (s, 6H, CH3

QPA), 1.42 (s, 6H, CH3
QPA), 1.19 (t, J = 8 Hz, 3H, CH3

Et). ESI-MS (+ve) m/z found 
for [C21H23NO5 + Na]+ 301.1470, calcd. 301.1416. 

Biophysical Experiments 

Polyacrylamide Gel Electrophoresis (PAGE) 
Gels (12% PAGE, dimension 20 cm × 20 cm) were prepared freshly before every experiment by mixing 
20 mL of 37.5:1 acrylamide/bis-acrylamide mixture, 30 wt% in water (Sigma Aldrich), 25 mL of water, 5 
mL of 10X Tris-Acetate (TA) buffer (400 mM of tris base, Sigma Aldrich) of pH 7.4 (adjusted with acetic 
acid, Fisher Scientific) followed by the addition of 400 µL of 10% w/v Ammonium Persulfate solution in 
water and 40 µL of Tetramethylethylenediamine (TEMED, Fisher Scientific). The whole mixture was 
poured quickly between two vertically standing glass plates and then a 20-well comb was inserted from 
the top. The gel was allowed to set for ~1.5 h, after which the comb was removed and the gel placed in 
the running chamber. Metallo-cylinder stocks were made in 5% methanol in water (100 µM) and stored 
at −20 °C. NQO1 (Sigma Aldrich) stocks (1 mg/mL, 33.33 µM) were made in a mixture containing Tris-
HCl (20 mM, pH 8.0), dithiothreitol (DTT, 1 mM), Bovine Serum Albumin (BSA , 0.1% ) & Glycerol (10%) 
and stored at −20 °C. Reduced Nicotinamide Adenine Dinucleotide Phosphate  (NADPH, Sigma Aldrich) 
and Glutathione (GSH, Sigma Aldrich) stock were freshly prepared in water before each experiment. 
Dicoumarol (Chembridge BioScience) stock (1 mM) was also freshly prepared in 15% DMSO-water 
mixture just before the experiment. QPA Et stock was dissolved in 20% methanol in water and diluted 
with water to make a final stock for gel loading (1.8% methanol in water).14-mer oligonucleotide 
sequences (200 µM, Sigma Aldrich) S1 (5′-CGGAACGGCACTCG-3′), S2 (5′- CGAGTGCAGCGTGG-3′) 
& S3 (5′-CCACGCTCGTTCCG-3′) were mixed with water to make a stock of 10 µM and stored at −20 °C. 
Samples were made in 1X TA (pH 7.4) buffer with required components (metal complex, DNA 
oligonucleotide mix, enzyme, enzyme inhibitor and reducing agent). 1X loading dye in 1X TA (pH 7.4) 
buffer was made from the stock (6X, Thermo Fisher Scientific). The sample mixtures contained the 
desired stoichiometry (0.5 – 4 eqv) of metallo-cylinder with respect to DNA (1 µM). Unless stated 
otherwise, the final concentration of NQO1 in each sample mixture was 50 μg/mL and NADPH was used 
at a 100-fold molar equivalent with respect to the concentration of metallo-cylinder. Dicoumarol was used 
in the sample mixture at a fixed concentration of 50 μM. After incubating in dark conditions at 37 °C, the 
sample mixture (30 µL) was mixed with 7.5 µL of 50% glycerol-water before loading into the gel (10 µL) 
and run for 2.5 h at 140 V. The same 1X TA (pH 7.4) buffer was used as running buffer. An ice-cold 
water jacket was used throughout the run to prevent the gel from overheating. The gel was then taken 
out from the glass plates and stained by SYBR™ Gold Nucleic Acid Gel Stain (Thermo Fisher Scientific) 
in 1X TA (pH 7.4) buffer for 40 minutes before imaging on a gel imaging system with 302 nm excitation. 
 
For 14-mer RNA S1: (5′-CGGAACGGCACUCG-3′), S2: (′-CGAGUGCAGCGUGG-3′) & (5′-
CCACGCUCGUUCCG-3′), 1X TA (10 mM NaCl, pH 7.4), smaple incubation time (2 h, 37 °C) and gel 
(12% PAGE, dimension 20 cm × 20 cm) running time followed same as above. 
 
For 18-mer DNA S4: (5′-GTGGCGAGAGCGACGATC-3′), S5: (5′-GATCGTCGCAGAGTTGAC-3′) & S6: 
(5′-GTCAACTCTTCTCGCCAC-3′), mini gels (12% PAGE, dimension 8.3 cm × 7.3 cm) were prepared 
by mixing 6 mL of 37.5:1 acrylamide/bis-acrylamide with 1.5 mL of 10X TA buffer (400 mM of tris base, 
Sigma Aldrich) of pH 7.4 (adjusted with acetic acid, Fisher Scientific) and 7.5 mL of Milli-Q water. To this 
150 µL of a 10% w/v ammonium persulfate solution in water and 15 μL of TEMED were added to initialise 
polymerisation. This was then immediately poured between 2 glass plates and a 10-well comb inserted 
at the top; this was then allowed to set for 1 h before proceeding. Same conditions were used to make 
the sample and pipetted (10 µL) into the wells on the gel. The gels were run at 140 V for 35 mins at room 
temperature (20 °C) followed by staining SYBR™ Gold Nucleic Acid Gel Stain (Thermo Fisher Scientific) 
in 1X TA (pH 7.4) buffer for 40 minutes before imaging on a gel imaging system with 302 nm excitation. 
 
Fluorescent PAGE experiments  
For the variable time PAGE study, we used a fluorescently labelled 3WJ with FAM (6- Fluorescein 
Phosphoramidite) on S1 (5′ 6-FAM-CGGAACGGCACTCG-3′), while the other strands consist of S2 (5′-
CGAGTGCAGCGTGG-3′) and S3 (5′-CCACGCTCGTTCCG-3′). The samples were removed from 
incubation at various time points, mixed with 50% glycerol-water, and then frozen at −20 °C. Once the 
incubation of all samples was complete, they are loaded onto a PAGE gel (12%, dimension 20 cm × 20 
cm) as previously described. The intensity of the bands for the FAM-labelled 3WJ and frontrunner S1 
was then calculated using ImageJ Fiji software. 
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UV melting experiments 
The stability of the DNA and RNA three-way junctions (3WJ) with the capped and uncapped cylinders 
was monitored by measuring the absorbance at 260 nm with increasing temperature. The DNA 3WJ 
structure was composed of 3 separate 18-mer oligonucleotides and the RNA 3WJ was composed of 3 
separate 14-mer oligonucleotides. Both junctions form spontaneously in the absence of binding agents. 
Each sample contained 1 µM of each oligo, 1 µM of either capped or uncapped cylinder, 0.05% MeOH, 
10 mM sodium cacodylate (pH 7.4) and 100 mM NaCl. Control samples were also prepared containing 
all components except the cylinder. Samples were made up to 1500 µL volume and pipetted into 1500 
µL masked quartz cuvettes with 1 cm path length and the cuvette then stoppered. The measurements 
were carried out on a Cary 5000 UV-Vis-NIR spectrophotometer (bandwidth, 1 nm; average time 1 s; 
heating rate, 0.5˚ C min-1; measurement interval, 0.5 ˚C) equipped with a multi-cell holder and peltier 
temperature controller. Data was collected in triplicate for each condition and a blank sample was ran 
concurrently allowing for immediate baseline correction. The data was normalised and plotted in 
MATLAB, and the melting temperature (Tm) determined as the temperature at which 50% of the 
DNA/RNA 3WJ is unfolded. The final melting temperature was then reported as the average of the three 
runs. 
 
DNA 3WJ S1: 5′-GTGGCGAGAGCGACGATC-3′ 
DNA 3WJ S2:  5′-GATCGTCGCAGAGTTGAC-3′ 
DNA 3WJ S3:  5′-GTCAACTCTTCTCGCCAC-3′ 
RNA 3WJ S1: 5′-CGGAACGGCACUCG-3′ 
RNA 3WJ S2:  5′-CGAGUGCAGCGUGG-3′ 
RNA 3WJ S3:  5′-CCACGCUCGUUCCG-3′ 
 
Circular Dichroism (CD) 
CD titrations were carried out at room temperature by adding a solution of complex (100 µM in 5% 
methanol in water) into a solution of calf thymus, ctDNA (100 µM in 1 mM sodium cacodylate buffer of 
pH 7.4 containing 10 mM NaCl). ctDNA solution (900 µL) was recorded in a cuvette (1 cm path length) 
and scanned from 500 nm to 200 nm with 3 repeats at 1 nm step size and 0.6 s dwell time per point. 
After that the concentration of complex in cuvette was increased stepwise with respect to the ctDNA. An 
equal volume of 2X ctDNA solution (200 µM in 2 mM sodium cacodylate buffer of pH 7.4 containing 20 
mM NaCl) was added simultaneously into the cuvettewith addition to maintain constant concentration of 
ctDNA. CD spectra were background corrected by subtracting CD spectrum of titration buffer solution (1 
mM sodium cacodylate buffer of pH 7.4 containing 10 mM NaCl). CD spectra containing different R 
values were plotted using OriginPro® 2021 where R value refers to the ratio of DNA base pairs to complex, 
i.e. R100 means 100 bp of ctDNA for every 1 complex, R30 means 30 bp of ctDNA per complex and so 
on. 
 
Flow Linear Dichroism (LD) 
LD was carried out at the same concentration of complex, ctDNA and buffer as in CD experiments. The 
LD cell has an angular gap of 0.25 mm giving an overall path length of 0.5 mm. 150 µl of ctDNA (100 µM 
in 1 mM sodium cacodylate buffer of pH 7.4 containing 10 mM NaCl) was dispensed into the couette cell 
and rotated at 40 revolutions per second to optimise the DNA signal and the LD was recorded scanning 
from 500 nm to 200 nm with 3 repeats at 1 nm step size and 0.6 s dwell time per point. The titration 
series was carried out in the same way as in the CD studies by increasing the ratio of metallo-cylinder 
with respect to ctDNA (with addition of doubly concentrated ctDNA taken in doubly concentrated working 
buffer) with a 4-minute incubation (room temperature) time at a lower revolution speed of 4 revolutions 
per second. The rotation speed was escalated to 40 revolutions per second when recording LD. 
Background subtraction from each LD spectra used the LD of ctDNA (100 µM in 1 mM sodium cacodylate 
buffer of pH 7.4 containing 10 mM NaCl) recorded without rotation of the couette. 
 
Stability Study  
The aqueous stability of the metallo-cylinder (5% methanol-water stock) was carried out in 1X TA buffer 
(pH 7.4) at 37 °C and UV-vis spectra were recorded at different time periods scanning from 800 nm to 
200 nm (1 nm bandwidth, 600 nm/min). 
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ESI-MS Speciation Study 
A mixture containing Ni-cylinder (50 µM diluted from a 5% methanol-water 100 µM stock), NQO1 (20 
µg/mL) and NADPH (400 µM) was incubated at 37 °C in water and ESI-MS spectra were recorded at 
various time points. Identical conditions were followed in the studies without NQO1. 
 

Molecular Dynamics Simulations 

Parameterisation of Metal Compounds 
 
The coordinates for the iron uncapped cylinder were generated using molecular editing software 
Avogadro[7] from the crystal structure of the iron parent cylinder reported previously,[8] by attaching a 
hydroxyl group in the 5 position on each of the coordinating pyridyl groups. Parameters were then 
calculated using the MCPB.py pipeline with Gaussian16 at the ωB97XD/DEF2 SVP level of theory to 
include dispersion as previously described.[9] 
 
Parameterisation of the capped cylinder posed a challenge as the lack of an experimental structure, and 
the conformational freedom in the QPA moiety made DFT convergence difficult. The initial coordinates 
for the iron capped cylinder were generated in Avogadro from the geometry-optimised uncapped cylinder, 
by attaching the QPA groups at the 5-pyridyl oxygen. In order to first reduce the computational expense, 
a half cylinder (see figure SX) was geometry optimised in ORCA[10] at the ωB97XD3/DEF2-SVP level of 
theory.[11] This allowed the 3 caps on one side to reposition into more favourable geometries. The half 
cylinder was then combined with itself at the central CH2 linkers to generate a full cylinder using Avogadro, 
which then underwent parameterisation in the MCPB.py pipeline at the ωB97XD/DEF2-SVP level of 
theory, as described previously. The output coordinate and topology files were converted to GROMACS 
format using ParmEd (https://github.com/ParmEd/ParmEd). 
 
Parameterisation of DNA 
The PDB file for the 25-mer dsDNA consisting of 2 strands (A25 and T25) was generated using NAB 
(nucleic acid builder) in AmberTools.[11] The 3WJ structure was adapted from PDB 1F44, as described 
previously.[12]  All DNA was parameterised using the AMBER forcefield parmbsc1.[13]  
 
Simulations 
In all simulations of 3WJ, the compounds were placed directly inside the 3WJ cavity. In all simulations 
with dsDNA, multiple compounds were placed within 1 nm distance of the DNA. In all simulations, 
cylinders were placed with (or without) DNA in a dodecahedral box with periodic boundary conditions. 
MD preparation steps were carried out as described previously[14] using GROMACS software (2023).[15] 
All systems were solvated in water using the TIP3P model and neutralised with Na+ ions. Additional Na+ 
and Cl- ions were added to reach a NaCl concentration of 50 mM. Initial minimisation was carried to at 
least 500 kJ/mol/nm or 50000 steps followed by heating and NVT equilibration for 1000 ps using V-
rescale modified Berendsen thermostat, coupling the cylinder with the DNA at 310 K. All simulations use 
a time step of 2 fs and Parrinello-Rahman pressure coupling and PME electrostatics at 1.0 nm cutoff. All 
simulations were run on the BlueBEAR HPC cluster, which provides a high-performance computing 
service at the University of Birmingham. After the simulations had finished, the trajectories were 
processed in GROMACS to remove periodic boundary conditions, translations and rotations, and 
visualised in PyMOL.[16] 

Cell Line and Culture 

Human lung adenocarcinoma epithelial cells (A549) were procured from UKHSA (Catalogue No. 
86012804) and grown as a monolayer in a humidified incubator (95% air, 5% CO2) at 37 °C. Cells were 
cultured in a T75 flask and subcultured twice a week in Dulbecco's Modified Eagle Medium (DMEM) 
supplemented with 10% (v/v) fetal bovine serum (FBS), 1% L-glutamine (2 mM), 100 U/mL of penicillin 
and 100 μg/mL of streptomycin.  
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Antiproliferative Activity 

The growth inhibitory effect against cancer cell lines was assessed by MTT assay. 5000 cells were 
seeded in a 96-well plate taken in 100 μL volume of DMEM and incubated at the aforesaid incubating 
condition. After 24 h, media was removed and renewed with 100 μL of fresh media follwed by the 
treament of the required concentration of compounds. Fresh stock of the cylinders were made in 
methanol/DMEM mixture and serially diluted with DMEM before adding in the wells. Each concentration 
was added in triplicate. The maximum methanol concencentration in well (0.9%, v/v) was used as 
negative control to determine IC50 value, which represents the concentration of the compound needed 
for 50% cells growth inhibition with respect to the negative control. Cisplatin (positive control) stock and 
dilution were made in Dulbecco's phosphate-buffered saline (DPBS, pH 7.0 to 7.3 without calcium, 
magnesium and phenol red). After completion of 72 h incubation with the compounds, the media was 
removed and replaced with 100 μL fresh media containing 0.5 mg/mL 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) (diluted from a stock of 5 mg/mL in DPBS) and incubated for 2.5 h 
in the CO2 incubator (95% air, 5% CO2) at 37 °C. Following removal of the media, the resulting formazan 
crystals were dissolved in DMSO (185 μL) and absorbances were recorded at 595 nm. The IC50 value 
was calculated by fitting nonlinear curves with a variable slope model in GraphPad Prism®, constructed 
by plotting cell viability (%) vs log of drug concentration in nM. Each independent experiment was carried 
out in triplicate and the values were provided in mean ± standard deivation (SD). For determining the 
IC50 in precence of NQO1 inhibitor, cells were treated with 25 μM (or 50 μM) of dicoumarol (dissolved in 
DMSO/DMEM mixture) for 2 h following 24 h of cell seeding. Test compounds were co-treated after that 
accordingly. Dicoumarol treated control wells which contain DMSO (1%, v/v) as well as methanol (0.9%, 
v/v) were considered as negative control (loss of viability of dicoumarol treated control cells was small 
with respect to untreated control cells – see Table S2) during IC50 calculation as above. Statistical 
significance was carried out in Graph pad prism® software using one-way ANOVA followed by a 
Dunnett’s post hoc t-test. 

Cellular internalisation 

1 × 106 A549 cells were seaded in a 60 mm dia petridish. After 24 h, the media was replaced with 5 mL 
of fresh media followed by the addition of stock solution of individual cylinders prepared freshly in 
MeOH/DMEM mixture to achieve final concentration of 1.5 μM in petridish. Control cells were treated 
with identical MeOH/DMEM mixture to achieve final MeOH concentration of ≈0.2% in petridish. Afrer 24 
h, drug containing media was discarded and cells were washed thrice with 1 mL of DPBS followd by 
trypsinization. 1 × 106 live cells were counted and pelleted down using centrufugation (1500 g for 10 min). 
Cell pellets were washed again with DPBS (1 mL) and dried overnight under a fume cupboard. In the 
next day cells were digested with ICP-MS grade concentrated HNO3 (200 μL) for overnight at room 
temperature and then diluted with 12 mL of MiliQ water. A blank sample solution was prepared of the 
same dilution of HNO3 and Ni content in the sample were analysed in ICP-MS (Agilent 7500ce) based 
on the calibration curve made with standard solution of Ni (0.1 ppb, 0.25 ppb, 0.5 ppb, 1 ppb, 5 ppb, 10 
ppb, 25 ppb, 50 ppb and 100 ppb). 
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