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Polypyridyl-Based Copper Phenanthrene Complexes: Combining 
Stability with Enhanced DNA Recognition   
Nicoló Zuin Fantoni,1†‡ Zara Molphy,1,2† Sinead O’Carroll1, Georgia Menounou,3 George Mitrikas,4 
Marios G. Krokidis,4 Chryssostomos Chatgilialoglu3 John Colleran,5,6 Anna Banasiak,6 Martin Clynes,7 
Sandra Roche,7 Suainibhe Kelly,7 Vickie McKee,1,8 and Andrew Kellett*1,2 

Abstract: We report a series of copper(II) artificial metallo-nucleases 
(AMNs) and demonstrate their DNA damaging properties and in vitro 
cytotoxicity against human-derived pancreatic cancer cells. The 
compounds combine a tris-chelating polypyridyl ligand, di-(2-
pycolyl)amine (DPA), and a DNA intercalating phenanthrene unit. 
Their general formula is Cu-DPA-N,N´ (where N,N´ = 1,10-
phenanthroline (Phen), dipyridoquinoxaline (DPQ) or 
dipyridophenazine (DPPZ)). Characterisation was achieved by X-ray 
crystallography and continuous-wave EPR (cw-EPR), hyperfine 
sublevel correlation (HYSCORE) and Davies electron–nuclear double 
resonance (ENDOR) spectroscopies. The presence of the DPA ligand 
enhances solution stability and facilitates enhanced DNA recognition 
with apparent binding constants (Kapp) rising from 105 to 107 M-1 with 
increasing extent of planar phenanthrene. Cu-DPA-DPPZ, the 
complex with greatest DNA binding and intercalation effects, 
recognises the minor groove of guanine-cytosine (G-C) rich 
sequences. Oxidative DNA damage also occurs in the minor groove 
and can be inhibited by superoxide and hydroxyl radical trapping 
agents. The complexes, particularly Cu-DPA-DPPZ, display 
promising anticancer activity against human pancreatic tumour cells 
with in vitro results surpassing the clinical platinum(II) drug oxaliplatin.  

Introduction 

The development of metal-based drugs that recognise, bind and 
react with DNA is an intensive area of research. Several agents 
have found applications in DNA footprinting,[1] sensing,[2,3] protein 
engineering[4] and anticancer therapy.[5] Metal-based drugs are 
attractive since a variety of binding modes and reactivities can be 
tuned based on the co-ordination number, shape and charge of 
the inorganic scaffold.[6] In particular, unique biological reactivity 
not accessible to organic molecules renders metallodrugs 
interesting chemotherapeutics with unique cytotoxic 
mechanisms.[7–10] Despite this potential, several cancers respond 
poorly to current metallodrug therapies. For example, pancreatic 
ductal adenocarcinoma (PDAC) is one of the most lethal and 
chemoresistant types of cancer and most therapies are 
palliative.[11,12] FOLFIRINOX, a combination therapy including 

oxaliplatin together with folinic acid, fluorouracil and irinotecan 
improves median survival in patients with widespread metastatic 
disease but associated toxicity limits its application to younger 
patients.[11,13]   The poor efficacy of current therapies together with 
toxicity limitations has spurred attempts to identify new metal-
based drugs effective against this recalcitrant cancer.[14–16]   

Several metal complexes capable of Fenton or Haber-
Weiss chemistry have been developed as potential anticancer 
drugs and, recent research has focused on the design of new 
copper complexes.[5,17,18] In recent years, we and others have 
introduced a number of modifications to the [Cu(1,10-
phenanthroline)2]2+ (Cu-Phen) chemotype first reported by 
Sigman to possess DNA damaging properties. These efforts 
largely focused on remediating limitations such as poor solution 
stability, low DNA binding constants, a reliance on exogenous 
reductant and high dissociation constants for the second 
coordinated Phen ligand.[5,19–22] To help prevent dissociation and 
transmetallation of the copper centre in biological systems, we 
recently exploited a tetradentate polypyridyl ligand, tris-(2-
pyridylmethyl)amine (TPMA). This design yielded a new type of 
AMN with DNA oxidation chemistry departing substantially from 
Cu-Phen or simple Fenton reagents.[23] The complexes showed 
promising preclinical chemotherapeutic activity against human 
neuroblastoma-derived cells (NB100) with EC50 values falling in 
the micromolar range.[24] The presence of TPMA enhanced 
complex stability and facilitated rearrangement of the coordination 
sphere during redox cycles. However, DNA binding and oxidative 
cleavage were nonetheless hampered by the steric bulk of TPMA 
which contains three pyridine groups.  

In this study, we set out to identify if a less hindered 
polypyridyl ligand di-(2-pycolylamine) (DPA)[25–29] could provide a 
balance between complex stabilisation and high-affinity DNA 
binding. Additionally, the penta-coordination of Cu-DPA-
Phenanthrene might be expected to expose a labile site for 
oxidation reactions at the DNA interface. We now report the 
synthesis and characterisation of complexes with general formula 
Cu-DPA-N,N¢ (where N,N¢ = Phen, DPQ or DPPZ). The DPA 
ligand was anticipated to serve as a stabilising ligand and the 
phenanthrene unit as a DNA intercalator. The geometry of the 
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compounds was analysed in both crystalline form and solution by 
X-ray and EPR spectroscopies, respectively. Solution stability 
was delineated by continuous-wave EPR (cw-EPR), hyperfine 
sub-level correlation (HYSCORE), and Davies electron-nuclear 
double resonance (ENDOR) spectroscopies. DNA binding and 
cleavage was examined using a variety of biophysical and 
molecular biological assays and results are compared to the 
activity previously observed for Cu-TPMA-Phenanthrenes. The 
compounds were tested against four pancreatic cell lines 
including Panc-1, MiaPaCa-2, HPAC and PIN127—a cell line 
isolated from a patient-derived xenograft model—and the results 
are compared to a positive oxaliplatin control.  

 
Results and Discussion 

Synthesis and characterisation 
1,10-Phenanthroline was obtained from Sigma Aldrich while 
quinoxaline and phenazine ligands (DPQ and DPPZ) were 
generated through Schiff-base condensation reactions of  1,10-
Phenanthroline-5,6-dione with ethylenediamine or o-
phenylenediamine according to procedures previously 
published.[30] Organic ligands were characterized by 1H and 13C 

NMR and FTIR spectroscopies. The DPA ligand was generated 
by treating a solution of 2-picolylamine with a slight excess of 2-
pyridinecarboxaldehyde in methanol. The imine was reduced with 
NaBH4 and the product was extracted with CH2Cl2 and isolated 
as yellow oil in moderate yield. Cu-DPA perchlorate was 
generated by reacting DPA with an equimolar methanolic solution 
of Cu(ClO4)2 at room temperature. Cu-DPA was then treated with 
1 equivalent of either Phen, DPQ or DPPZ in methanol to yield 
the respective Cu-DPA-N,N¢ perchlorate complex in moderate 
yield. Each complex was characterised by FTIR, ESI-MS, 
elemental analysis, and UV-vis absorption (Supplementary S-1 
and S-2). Crystals suitable for X-ray analysis were obtained by 
slow evaporation of methanolic solutions of the complexes 
(Figure 1). The compounds are readily soluble in CH3CN, DMF 
and DMSO. UV-vis spectra were recorded in ACN at 24 h 
intervals over 72 h to investigate solution stability (Supplementary 
S-2). No spectral changes were observed for Cu-DPA-Phen and 
Cu-DPA-DPQ over 72 h and there were no differences in d–d 
transitions. However, slight changes were observed in the Cu-
DPA-DPPZ solution. Therefore, a fresh stock of the DPPZ 
complex was prepared on a daily basis for all biological studies 
(Figure S-5). 

Cu-DPA-DPQ Cu-DPA-DPPZCu-DPA-Phen Cu-TPMA-Phen

Bond 
distances (Å)

Cu-DPA-Phen-
ClO4

Cu-DPA-Phen-
NO3*

Cu-DPA-DPQ-
NO3

Cu-DPA-DPPZ-
ClO4

†
Cu-TPMA-
Phen-ClO4

Cu1—N1 1.9973(19) 2.016(8) 2.0326(15) 2.0040(19) 2.0083(19)

Cu1—N2 2.1428(18) 2.251(7) 2.2910(15) 2.241(2) 2.366(2)

Cu1—N11 1.9968(19) 2.003(9) 2.0076(15) 2.021(2) 2.0292(19)

Cu1—N21 2.0142(18) 2.028(8) 2.0012(15) 2.043(2) 2.007(2)

Cu1—N31 2.0489(18) 2.016(7) 2.0174(15) 2.0056(19) 1.995(2)

Cu1—O(anion) - 2.867(8) 2.8900(17) 2.805(4) 2.667(2)‡

t parameter 0.77 0.15 0.09 0.23 -

A

C

B

Figure 1. A: Perspective view of the Cu-DPA-Phen-ClO4 cation showing 50% probability ellipsoids and the numbering scheme of non-carbon atoms used throughout. The 
table shows the five Cu—N distances found in Cu-DPA-Phen-ClO4, Cu-DPA-Phen-NO3, Cu-DPA-DPQ-NO3 and Cu-DPA-DPPZ-ClO4 compared to Cu-TPMA- Phen-ClO4; * 
= mean values for the least disordered dimeric unit, † = mean values of four independent cations; ‡ = bond to sixth nitrogen donor. B: Perspective views of the cations of 
Cu-DPA-Phen-NO3, Cu-DPA-DPQ-NO3 and Cu-DPA-DPPZ-ClO4 with the previously published Cu-TPMA-Phen-ClO4 for comparison. C: Space-filling views of the cation 
series. (Colour scheme: copper, green; carbon, grey; nitrogen, blue; hydrogen pale blue). 
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Single crystal structure determinations at 100K were carried 
out for  [Cu(DPA)(phen)](NO3)2×2H2O, 
[Cu(DPA)(DPQ)](NO3)2×0.56EtOH·0.44H2O, 
[Cu(DPA)(DPPZ)](ClO4)2; the structure of 
[Cu(DPA)(Phen)](ClO4)2 was also re-determined at low 
temperature.  Selected geometric data are shown in Figure 1A, 
along with data for [Cu(TPMA)(Phen)](ClO4)2 for comparison; 
more detailed descriptions are included in the supplementary data 
(Supplementary S-3). All of the DPA structures contain similar 
[Cu(DPA)(N,N¢)]2+ cations in which all five nitrogen donors in both 
DPA and the phenanthrene ligand are coordinated to the copper 
ion (Figure 1). In three of the four cations there is an additional, 
weak interaction to a sixth anionic donor and the geometry is 
close to square pyramidal, as indicated by the t parameter.[31] The 
exception is [Cu(DPA)(Phen)](ClO4)2 in which the copper ion has 
approximately trigonal bipyramidal geometry reflecting the 
absence of a  sixth interaction (Figure 1A). The observation of 
different geometries for the two [Cu(DPA)(Phen)]2+ complexes 
reflects the stronger coordination ability of nitrate over perchlorate, 
though other factors, such as interionic interactions in the solid 
state, may also be significant. The structural data imply that the 
square pyramidal and trigonal bipyramidal geometries are very 
similar in energy and suggest both could occur in solution with the 
balance depending on the coordinating ability of the solvent. The 
square pyramidal cation series is shown in Figures 1B and 1C, 
illustrating both their geometric similarity and the extent of the 
planar phenanthrene. In each case the apical ligand is one of the 
phenanthrene nitrogen donors (N2) and this bond is significantly 
longer than that to N1. The bite angle of the phenanthrene (range 
76-79°) prevents it from orienting perpendicular to the basal plane. 
 

Electron paramagnetic resonance (EPR) 

Continuous wave studies 
The continuous wave (cw) EPR spectra of Cu-DPA-Phen, Cu-
DPA-DPQ and Cu-DPA-DPPZ perchlorate samples measured in 
frozen solution are shown in Figure 2A. All spectra exhibit axial 
symmetry with g|| > g^  which implies a 𝑑!!"#! ground state being 
consistent with a square pyramidal geometry in the first 
coordination sphere.[32] This is also supported by the gz = 2.233 ± 
0.005 and Cu |Az|=555 ± 10 MHz principal values which are in line 
with a 𝑑!!"#! ground state and a {CuN5} chromophore where the 
axially coordinated N atom tends to increase gz = 2.2 and 
decrease |Az|=600 MHz values that are expected for a square 
planar {CuN5} chromophore.[33] The close similarity of g and CuA 
parameters between the three complexes (Figure 2B and C) 
indicates a common square pyramidal conformation for all 
species in solution despite the fact that their X-ray crystal 
structures range from approximately square pyramidal to trigonal 
bipyramidal. Such structural changes upon dissolution are often 
encountered in systems interacting weakly with solvent molecules 
and have been previously reported for two of the three complexes 
studied here, namely, Cu-DPA-Phen and Cu-DPA-DPQ.[25] 
Herein, in order to shed light into structural details of the 
complexes in solution, we employ the pulsed EPR methods 
electron nuclear double resonance (ENDOR) and hyperfine 
sublevel correlation (HYSCORE) spectroscopies.[34] 

 Figure 2D (lower trace I) shows the ENDOR spectrum 
measured close to g|| for which only molecules having their g-
tensor z-axis parallel to magnetic field B contribute to the signal 
(single crystal-like observer position). The spectrum consists of 
four peaks centred at 15 MHz and split by ca. twice the nuclear 
Zeeman frequency of 14N, 2nN = 2.0 MHz. This spectrum is typical 
for strongly coupled nitrogens (A>2nN) with a hyperfine coupling 
A of 30 MHz. Moreover, the shift of spectra to higher frequencies 
(i.e. larger hyperfine couplings) as the observer position is moving 
towards g^ (higher magnetic fileds, corresponding spectra from I 
to VII), implies equatorial coordination for these nitrogen atoms. 
A more detailed inspection of the spectrum measured along g|| 
(Figure 2D-I) shows that the four peaks have different intensities 
and splittings. This picture is different from the triplet spectrum 
(with intensity ratio 1:2:1) typically observed along g|| for strongly-
coupled nitrogens of Cu(II)-pyridine complexes where all atoms 
are magnetically equivalent and the nuclear quadrupole 
interaction Pz along this direction is such that the condition 3Pz = 
2nN is fulfilled.[35–37] In the present case, the ENDOR features 
cannot be reproduced assuming only one set of magnetic 
parameters and, since this spectrum corresponds to a single-
crystal like position, this provides strong evidence that the 
interacting nitrogen atoms are non-equivalent. Although ENDOR 
spectroscopy does not allow for determination of the number of 
interacting nuclei, a safe assumption of four strongly-coupled 
equatorially coordinated nitrogen atoms can be made on the basis 
of the above-mentioned inequivalency and the gz-|Az| correlation. 
The best simulation of all experimental spectra under this 
assumption occurs when the magnetic interactions are equivalent 
in pairs: two nitrogen atoms with isotropic coupling constant Aiso » 
30 MHz, and another two with Aiso » 35 MHz. Moreover, the 
nuclear quadrupole coupling constant K = e2Qq/4h and the 
asymmetry parameter h,  which define the principal values P1 = -
K(1-h),  P2 = -K(1+h), and P3 = 2K obtained by simulation for the 
corresponding 14N atoms (I=1, see Table I), are in very good 
agreement with the values found for  Cu(II)-pyridine 
complexes.[35,36] This is also the case for the orientation of the 
tensors, where the principal field gradient axis (P3) coincides with 
the direction of the maximum hyperfine splitting (Cu-N bond), 
whereas the direction of minimum (in absolute value) quadrupole 
coupling P1, lies in the pyridine ring (perpendicular to gz). It should 
be noted that, due to the limited resolution of ENDOR spectra at 
X-band and the small differences between interactions, the 
combination of the obtained magnetic parameters shown in 
Figure 2B may not be unique. However, the very good agreement 
between experiment and simulations provides strong evidence for 
the concept of four strongly coupled pyridine nitrogens occupying 
equatorial positions in a more or less square planar arrangement. 
This is safely concluded by the obtained orientation of the four N 
hyperfine tensors (Figure 2B, Euler angles) since all of them have 
their largest element A3, occurring from the overlap of 𝑑!!"#! with 
the 14N σ-donor orbital, in the xy plane. 
 HYSCORE spectroscopy also revealed the existence of a 
weakly-coupled nitrogen atom, as can be seen in Figure 2E and 
F. The spectrum measured at a field position close to g|| (Figure 
2E, left pattern) consists of a correlation peak close to the 
diagonal at about (4.0, 4.0) MHz. The close proximity of this peak  
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Figure 2. A X-band cw-EPR spectra of Cu-DPA-Phen, Cu-DPA-DPQ, and Cu-DPA-DPPZ in DMF/toluene (1:1) frozen solution measured at 70 K. Black traces: 
experiment; red traces: simulation. B Summary of magnetic parameters from cw-EPR for all three samples and C ENDOR, HYSCORE measurements for Cu-
DPA-Phen. C Field-swept FID-detected EPR spectrum of Cu-DPA-Phen in DMF/toluene (1:1) frozen solution indicating the different observer positions of 
ENDOR measurements. D Davies ENDOR spectra obtained at different field positions. Black lines: experiment; red lines: simulations. Simulations were 
performed assuming four equatorial nitrogen atoms. For parameters, see Figure 2B. E Experimental 14N-HYSCORE spectra of Cu-DPA-Phen in DMF/toluene 
(1:1) frozen solution measured at four different observer positions B0. Anti-diagonal lines denote harmonics of the 14N Larmor frequency at nN and 2nN. F 
Corresponding simulated spectra using parameters of N5 shown in Figure 2B. 
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to the diagonal and the large separation from the anti-diagonal 
line at 2nN, indicates a very weak hyperfine coupling where the 
nuclear quadrupole coupling is the prevailing interaction term. 
Such weak couplings are typical for atoms that do not directly 
overlap with the unpaired electron orbital (here 𝑑!!"#! ), i.e. 
remote atoms in the plane, or axially coordinated atoms that 
indirectly gain spin density though spin polarization mechanisms.  
The detailed simulations of HYSCORE spectra measured at four 
different field positions (Figure 2F) show that the principal values  
of the hyperfine coupling tensor fulfil the condition |A1|=|A2|>|A3|, 
which occurs when the isotropic and the anisotropic parts of the 
hyperfine interaction have opposite signs. Assuming an axially 
symmetric hyperfine coupling tensor [A1, A2, A3] = [Aiso-T, Aiso-T, 
2T], where Aiso and T is the isotropic and the anisotropic part of 
the hyperfine interaction, respectively, the determined values of 
A1, A2 and A3 given in Figure 2B (entry for N5) result into two 
possibilities: (i) Aiso = -0.55 MHz and T = 0.48 MHz, or (ii) Aiso = 
0.55 MHz and T = -0.48 MHz. The first solution implies a spin 
polarization mechanism creating the negative Aiso on the nitrogen 
atom. Moreover, assuming that the electron spin is 100% 
localized on the metal ion, the through space dipole-dipole 
interaction Td is given by:[34] 

𝑇$ =
𝜇%
4𝜋ℎ

𝑔𝛽&𝑔'𝛽'
𝑟(

																		(1) 

where g and gn are the electron and 14N nuclear g factors, 
respectively, be and bn are the Bohr and nuclear magnetons, 
respectively, and r is the metal-nitrogen distance. Assuming that 
the main contribution to the anisotropic part of the hyperfine 
interaction is the through space dipole-dipole interaction, i.e. Td = 
0.48 MHz, equation (1) gives r = 2.3 ± 0.1 Å. This distance 
together with the obtained orientation of the corresponding tensor 
(b = 15°), is in very good agreement with the pyridine nitrogen 
atom N2 occupying an almost axial position as can be seen in the 
crystal structures.   
 
Electrochemistry 
Redox data were obtained for the Cu-DPA-N,N¢ and Cu-TPMA-
N,N¢ perchlorate complexes in ACN from cyclic voltammograms 
(ν = 100 mV s-1) at steady-state. A well-defined redox couple is 
observed for each copper complex at bare gold electrodes 
(Supplementary Figure S-11). A reduction wave (C1) at the more 
cathodic potentials (vs non-aqueous Ag/Ag+) represents 
electrochemical reduction of the Cu2+/+ species through the 
copper ion. The coupled anodic waves (A1) at less cathodic 
potentials are the corresponding Cu+/2+ oxidation processes. In all 
complexes, structural integrity is retained on potential cycling, 
which indicates that complex dissociation does not occur in ACN 
within the potential windows employed. 

The redox wave peak potentials (Ep,a, Ep,c), peak separation 
(∆Ep) and redox peak current ratios (Ip,a, Ip,c), obtained for the 
complexes, are summarised in table 1. The reduction peak 
potentials for both Cu-DPA-Phen and Cu-DPA-DPPZ appear at 
similar values (-0.481 V and -0.476 V), while the reduction peak 
for Cu-DPA-DPQ was observed at a more negative potential,  
-0.492 V. This trend is likely attributable to the extent of back 
donation within the planar phenanthrene series: Phen < DPQ < 
DPPZ. The Cu-TPMA-N,N′ complexes required less cathodic 

potentials to induce both the oxidation and the reduction 
processes than the Cu-DPA-N,N′ analogues—further 
demonstrated in the estimated formal potential values, E0’ 

(Supplementary Table S-3). The reduction events observed in the 
Cu-TPMA-N,N′ complexes occur at similar potentials (Phen ≃ 
DPQ > DPPZ), > 80 mV more positive than the DPA analogues, 
and may be justified in terms of the higher coordination number 
of the electron donating nitrogens. Sub-unity Ip,a/Ip,c ratios were 
recorded for both families of complexes, signifying that the rate of 
reduction is significantly higher than the coupled rate of oxidation. 
The TPMA complexes are oxidised at less cathodic potentials but, 
interestingly, comparative current profiles reveal that the rates of 
electron transfer in the Cu-TPMA-N,N¢ complexes are significantly 
lower than those for equivalent concentrations of Cu-DPA-N,N¢ 
(Supplementary Figure S-12). 
The smaller redox peak currents returned for the Cu-TPMA-N,N¢ 
complexes can be rationalised in terms of sterically hindered 
access of the fully coordinated Cu ion with the electrode surface, 
due to the bulky TPMA ligand. Therefore, the electrochemical 
data reveal that, once reduced, the coupled oxidation processes 
in all complexes are kinetically sluggish. Although the redox 
potentials for the Cu-TPMA-N,N¢ complexes are less cathodic 
than DPA analogues, the peak currents returned are substantially 
lower, which reflects the more complicated nature of the TPMA 
ligand in terms of electron density contribution to both the Cu2+ 
and Cu+ species.  A peak potential separation value (∆Ep) of 59 
mV and a peak current ratio of unity (Ip,a/Ip,c = 1) are predicted for 
reversible 1-electron systems,[38] while for non-ideal redox 
processes, formal diagnosis of electrochemical reversibility 
requires calculation of standard heterogeneous rate constants, 
k0.[39] Although k0 values were not determined, the peak potential 
values returned for the TPMA and DPA complexes fall within the 
range, ∆Ep = 95 - 192 mV, which, in conjunction with the sub-
unity peak current ratios (Ip,a/Ip,c < 1), indicate that the complexes 
tend toward electrochemical quasi- and irreversibility. 

Table 1. Electrochemical data obtained for Cu-DPA-N,N¢ complexes (0.1 mM) 
in the absence and presence of an excess of Na-L-Ascorbate (0.2 mM), and for 
0.05 mM of the Cu-TPMA-N,N¢ and Cu-TPMA-N,N¢ complexes at bare gold 
electrodes. The scan rate was 100 mV s-1. (*Ip,a values could not be accurately 
determined) 

Complex Ep,a [V] Ep,c [V] ∆Ep [mV] Ip,a/Ip,c Ratio 

0.05 mM 
Cu-DPA-Phen* -0.329 -0.474 145 <1 
Cu-DPA-DPQ* -0.319 -0.487 168 <1 
Cu-DPA-DPPZ* -0.278 -0.470 192 <1 
Cu-TPMA-Phen -0.264 -0.375 111 0.49 
Cu-TPMA-DPQ -0.276 -0.371 95 0.71 
Cu-TPMA-DPPZ -0.270 -0.393 123 0.61 

0.1 mM 
Cu-DPA-Phen -0.356 -0.481 125 0.45 
Cu-DPA-DPQ -0.328 -0.492 164 0.13 
Cu-DPA-DPPZ -0.294 -0.476 182 0.28 

          With 0.2 mM Na-L-Asc  
Cu-DPA-Phen -0.282 -0.468 186 0.49 
Cu-DPA-DPQ -0.284 -0.472 188 0.56 
Cu-DPA-DPPZ -0.278 -0.433 155 0.42 
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Oxidation peak currents could not be recorded with 
accuracy for 0.05 mM Cu-DPA-N,N′ so electrochemical 
measurements were repeated at 0.1 mM concentrations. The 
sub-unity Ip,a/Ip,c ratios signify that the rate of reduction is 
significantly higher than the coupled rate of oxidation. For both the 
TPMA and DPA complexes, despite the evident non-reversible 
electrochemistry, Randles-Sevcik analysis returned linear plots 
indicative of diffusion-controlled redox processes (Supplementary 
Figure S-11 and Table S-3). 

 The changes in the electrochemical profiles of the Cu-DPA-
N,N′ complexes (0.1 mM) after the addition of an excess of Na-L-
asc (0.2 mM) to the supporting electrolyte reveal a significant shift 
to less cathodic potentials for each redox couple. The reduction 
peak currents decreased as expected due to the lower prevalence 
of the Cu2+ species in solution. In addition, the ∆Ep values also 
increased which is a consequence of the more sluggish oxidation 
processes observed in the presence of the added reductant. 
Small anodic and cathodic pre-peaks, indicative of the formation 
of transient species, were evident at higher experimental scan 
rates (> 80 mV s-1) but complex dissociation was not observed. 
 
DNA binding studies 
A high-throughput DNA binding assay based on competitive 
ethidium bromide (EtBr) displacement was employed to 
determine the apparent DNA binding constants (Kapp) of the 
perchlorate series (Figure 3A and B). The simplest complexes, 
Cu-DPA and Cu-DPA-Phen, showed moderate binding to calf 
thymus DNA (ctDNA) broadly in line with Cu-Phen (6.67 x 105 M 
bp-1).[40]  However, the introduction of DPQ and DPPZ ancillary 
ligands resulted in significant improvements with Kapp values 
rising to 106 and 107 M bp-1, respectively.  Significantly, the 
binding constant displayed by Cu-DPA-DPPZ is comparable to 
some of the highest reported copper(II) complexes in 

literature.[5,30,41] Comparing the binding affinity of Cu-DPA-N,N¢ 
agents with the aforementioned Cu-TPMA-N,N¢ series (Figure 3A) 
revealed overall higher binding constants that are modulated 
based on the ancillary ligand choice.  

The DNA binding site of the complexes was next studied 
using a competitive fluorescent assay with Mithramycin A 
(MithA)—an aureolitic acid-based antibiotic that intercalates in the 
minor groove of guanine-cytosine (G-C) rich DNA (Figure 3C). 
Upon binding, MithA becomes highly luminescent and can thus 
serve as a probe for minor groove binding to poly[d(G-C)2]. 
Priming poly[d(G-C)2] with Cu-DPA-Phen and Cu-DPA-DPQ (r = 
0.10 [drug]/[DNA]) prior to MithA exposure had no major influence 
on fluorophore-DNA binding. This result suggests the complexes 
do not recognise the minor groove of GC rich DNA and is similar 
to the effect observed for Cu-Phen—an A-T specific minor groove 
binder. However, for Cu-DPA-DPPZ, MithA fluorescence was 
considerably attenuated suggesting the complex recognises the 
minor groove of poly[d(G-C)2] and inhibits fluorophore binding.  

To help identify DNA intercalation or semi-intercalation, a 
topoisomerase-I (Topo I) mediated relaxation assay was next 
conducted. Unwinding of supercoiled (SC) plasmid DNA (pUC19) 
by each complex was identified with Cu-DPA-DPQ and Cu-DPA-
DPPZ exhibiting greater unwinding effects associated with their 
propensity to intercalate DNA (Figure 3D and E). DPQ and DPPZ 
complexes were additionally found to mediate single strand 
breaks (SSBs) since the open circular (OC) topology of pUC19—
indicative of strand nicking—was identified at higher drug loading. 
 
Artificial Metallo-Nuclease Activity 
To investigate the artificial chemical nuclease properties of these 
complexes, a number of conditions were investigated including 
the use of (i) added reductant, (ii) non-covalent groove binders, 

Figure 3. A Binding constants of Cu-DPA-N,N′ complexes to ctDNA compared to Cu-TPMA-N,N′ previously reported.[23] B Binding of Cu-DPA-N,N′ to EtBr-
saturated solutions of ctDNA upon titration of complex. C Fluorescence binding of MithA to poly[d(G-C)2] in the presence and absence of CuPhen or Cu-DPA-
N,N′ (r = 0.10). Release of topological tension from SC plasmid using topoisomerase-I mediated DNA relaxation assay in the presence of D Cu-DPA-Phen and 
E Cu-DPA-DPPZ.  
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(iii) free radical scavengers, and (iv) DNA repair enzymes with  
endonuclease and/or glycosylase activity.  

In the absence of exogenous reductant, DNA damage was 
observed in topoisomerase assays which indicates Cu-DPA-Phen 
and Cu-DPA-DPQ are more potent nucleases than Cu-DPA and 
Cu-DPA-DPPZ and their nuclease activity was therefore 
investigated at a lower concentration range. The AMN activity of 
the complex series was probed by activating the Cu+ species with 
the addition of 1 mM Na-L-asc prior to the addition of SC pUC19 
DNA. The overall trend in oxidative DNA damage follows Cu-
DPA-Phen ≃ Cu-DPA-DPQ >> Cu-DPA-DPPZ > Cu-DPA (Figure 
4A). To gain an insight into whether the complexes cleave DNA 
sites specifically, we employed the major groove binding agent 
methyl green (MG) in a competition assay. The bulky, propeller-
like triphenylmethane dye is well known to bind DNA non-
intercalatively in AT rich regions of the major groove and in this 
instance acts as a steric block to the complex at the major groove.  
Exposure of SC DNA to MG—prior to complex addition—
augments DNA damage across the complex series (Figure 4B) 
indicating a preference for oxidative DNA damage at the minor 
groove. In particular, a significant enhancement in DNA damage 
was observed when plasmid DNA was pre-exposed to MG prior 
to treatment with Cu-DPA-DPPZ. When compared to the control 
experiment (Figure 4A lanes 20-24), DNA damage by Cu-DPA-
DPPZ was accelerated and complete shearing was identified at 
an exposure level of 20 µM in the presence of MG (Figure 4B, 
lane 19). This result agrees with those obtained within the indirect 
MithA assay where Cu-DPA-DPPZ displays a preference for 
minor groove binding. 
 To investigate the reactive oxygen species (ROS) 
responsible for DNA damage, a range of radical scavengers 
including 4,5-dihydroxy-1,3-benzenedisulfonic acid (tiron, O2•-), 
DMSO (•OH), and D2O (1O2 stabiliser) were employed in nuclease 
experiments. Co-treatment of pUC19 with tiron almost completely 
impeded DNA damage in all complexes studied. This result 
indicates the superoxide radical (O2•-) plays a vital role in the 
oxidative DNA damage profile of Cu-DPA-N,N¢ complexes. 
DMSO also afforded protection (albeit to a lesser extent) to 
pUC19 indicating that the hydroxyl radical (•OH) plays some role 
in the oxidative process. However, when singlet oxygen (1O2) was 
stabilised by D2O, no notable changes were observed in the 
damage profiles. In the case of Cu-DPA-DPQ, the protective 
effects of scavenging O2•- and •OH can be observed as the 
intensity of OC DNA increases in Figure 4C lanes 9 (tiron) and 13 
(DMSO) when compared to the control lane 5 (no scavenger). 
These results agree with earlier observations involving the Cu-
TPMA-N,N¢ series where AMN activity departed substantially from 
classical Fenton-type or Haber-Weiss pathways (see 
supplementary Figure S-14 for full study).[23]  
 
DNA-repair enzyme recognition 
During cell cycles DNA undergoes spontaneous decay and 
various types of damage are introduced within the genome such 
as incorporation of mismatch sites, alkylated bases and/or 
oxidised lesions. To restore genetic information prokaryotic and 
eukaryotic systems developed a wide range of enzymes able to 
identify specific types of damage, excise the modified 

nucleoside/nucleobase and prime DNA for the repair 
mechanism.[42] In this study, we firstly triggered DNA damage by 
exposing plasmid DNA to each Cu-DPA-N,N¢ complex (for 30 
min) in the presence of exogenous reductant. A range of DNA 
repair endonucleases and/or glycosylases were then introduced 
(for 30 min) and oxidative DNA damage was compared to the 
complex treated samples in the absence of repair enzyme over 
the same period. Complex concentrations were optimised to 
produce both single strand (OC) and double strand (L) breaks of 
pUC19. Repair enzymes including formamidopyrimidine DNA 
glycosylase (FpG), endonuclease III (EndoIII), Endo IV, Endo V, 
and human alkyl adenine DNA glycosylase (hAAG) were selected 
for this study (Figure 5A) and full set of results is shown in 
Supplementary Figure S-15. 
 Firstly, DNA damage by the precursor complex Cu-DPA 
was inhibited by the majority of repair enzymes (Figure 5B). This 
effect was previously identified for Cu-TPMA and is similar to the 
inhibitory effects against Fenton chemistry (Supplementary 
Figure S-16). This indicates an oxidation pathway dependent on 
hydroxyl radical (•OH) species leading to widespread DNA 
damage—including oxidised purines and pyrimidines that are 
recognised by FpG and Endo III, respectively. Interestingly, 
damage mediated by Cu-DPA-Phen was not recognised by the 
majority of repair enzymes (including FpG and Endo III) but was 
inhibited by Endo IV which indicates the generation of 
apurinic/apyrimidinic (AP) lesions (Figure 5C). A similar trend was 
observed for Cu-DPA-DPQ whereby Endo IV was inhibitory but 
FpG and Endo III were not  (Figure 5D). In the presence of Endo 
V, DNA damage was accelerated by Cu-DPA-DPQ and this effect 
may be linked to the generation of deoxyinosine (dI). Damage was 

Figure 4. A Cleavage reactions where 400 ng of pUC19 plasmid was 
treated with varying concentrations of Cu-DPA (lanes 1-6), Cu-DPA-
Phen (lanes 7-12), Cu-DPA-DPQ (lanes 13-18) and Cu-DPA-DPPZ 
(lanes 19-24) in the presence of 1 mM Na-L-asc. B Cleavage reactions 
of Cu-DPA-N,N complexes in the presence of non-covalently bound 
methyl green (MG). C DNA cleavage of Cu-DPA-DPQ in the presence of 
ROS scavengers tiron (lanes 6-9), DMSO (lanes 10-13) and stabiliser 
D2O (lanes 14-17).  
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also enhanced by hAAG—an enzyme that recognises a variety of  
alkylated and oxidised purines including deoxyinosine and 
deoxyxanthosine. Unlike Phen and DPQ complexes, Cu-DPA-
DPPZ was inhibited by Endo III which indicates the production of 
oxidised pyrimidine bases (Figure 5E). Earlier experiments 
showed Cu-TPMA-DPPZ cleavage was also inhibited by Endo III, 
however, significant differences were found with Endo IV and V; 
here, both repair enzymes accelerate DNA cleavage mediated by 
Cu-DPA-DPPZ (Figure 5E lanes 5-10) but did not alter the 
cleavage activity of Cu-TPMA-DPPZ.[23] Finally, the hAAG 
enzyme also enhanced Cu-DPA-DPPZ damage and it appears 
that as the planarity of ancillary phenazine ligand increases 
(DPPZ>DPQ>Phen), the extent of hAAG mediated cleavage 
intensifies.  
 
In-vitro cytotoxicity 
Pancreatic cancer can be subdivided into two categories: 
pancreatic adenocarcinoma of the exocrine glands (most 
common) and the less common pancreatic neuroendocrine 
tumour. This cancer has a 5-year survival rate <10% (localized, 
regional and distant stages combined) as patients rarely exhibit 
symptoms until advanced stages when the only treatments 
available to patients are palliative and focussed on improving the 
quality of life.[43,44] Chemotherapeutics currently used in 
pancreatic cancer treatment include protein-bound paclitaxel and 
gemcitabine and FOLFIRINOX (a combination therapy including 
folinic acid (FOL), 5-fluorouracil (F), irinotecan (IRIN) and 

oxaliplatin (OX)) which is now considered the first line standard of 
therapy for metastatic cancer patients.[45,46] Poor drug efficacy and 
high toxicity motivates research toward new drugs with alternative 
pharmaco-dynamic and -kinetic profiles to treat pancreatic cancer. 
With this in mind, we assessed the in-vitro cytotoxic activity of Cu-
DPA-N,N¢ series against three established pancreatic cancer cell 
lines including MiaPaCa-2, Panc-1, HPAC and one primary cell-
line PIN-127 (isolated from patient derived xenograft[47]). Cells 
were exposed to increasing concentrations of the complexes and 
dose dependent curves were derived from sigmoidal, non-linear 
regression fitting. IC50 were calculated after 5 days of continuous 
incubation using an acid phosphatase assay[48] and the activity 
profile of the complexes was compared to the reference drug 
oxaliplatin (Table 2). Oxaliplatin was selected as reference drug 
for this study due to its clinical chemotherapeutic role in the 
treatment of pancreatic ductal adenocarcinoma.[12] The cytotoxic 
activity of the complexes follows the trend Cu-DPA-DPPZ > Cu-
DPA-DPQ > Cu-DPQ-Phen with activities in the low micromolar 
range. In general, Phen and DPQ complexes showed broadly 
similar in vitro cytotoxicity to oxaliplatin across all tested cell lines. 
Cu-DPA-DPPZ was the most potent agent and surpassed 
oxaliplatin activity with IC50 values falling in the nanomolar range. 
 
 
 

Figure 5. A Repair enzymes and base lesion recognized or excised by respective enzymes. Nuclease activity of B Cu-DPA; C Cu-DPA-Phen; D Cu-DPA-DPQ; 
and E Cu-DPA-DPPZ (lanes 2–4) in the presence of 1 mM Na-L-asc and a variety of repair endonucleases including FpG, EndoIII, EndoIV, Endo V or hAAG.  
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Table 2. IC50 of Cu-DPA-N,N′ complexes and the clinical agent oxaliplatin 
against PIN127, MiaPaCa-2, Panc-1, HPAC cell lines together with IC50 values 
after 5 days of drug exposure. 

Complex PIN127 MiaPaCa-2 Panc-1 HPAC 

Oxaliplatin 1.07 ± 0.11 1.39 ± 0.13 1.47 ± 0.28 - 

Cu-DPA-Phen 1.05 ± 0.15 2.97 ± 1.27 1.40 ± 0.33 1.27 ± 0.56 

Cu-DPA-DPQ 0.93 ± 0.02 1.06 ± 0.47 0.57 ± 0.19 0.44 ± 0.05 

Cu-DPA-DPPZ 0.20 ± 0.01 - 0.48 ± 0.13 0.32 ± 0.12 

Conclusions 

Copper complexes are attractive developmental cytotoxic 
compounds as they offer alternative mechanisms compared to 
established metallodrugs like cisplatin.[5,6,17,49,50] Another factor is 
the essentiality of copper to the human body that may potentially 
aid tolerance and drug uptake. We recently reported a new class 
of stabilized artificial metallo-nuclease (AMN) comprising a 
polypyridyl caging ligand coordinated to copper(II) phenanthrene. 
In that work, the caging system was tris-(2-pyridylmethyl)amine 
(TPMA)—a tetradentate chelator with three pyridine groups—and 
although DNA binding affinity was moderate, they displayed 
excellent solution stability and provided chemical nuclease 
activity departing from classical Fenton chemistry. The 
cytotoxicity of one complex, Cu-TPMA-Phen, was subsequently 
tested in neuroblastoma cells (NB100) with activity in the low 
micromolar range (EC50 = 4.2 µM).[24] The current study set out to 
establish if the DNA binding affinity and cytotoxicity of this 
chemotype could be enhanced while maintaining (a) high solution 
stability and (b) appropriate redox chemistry needed for DNA 
oxidation. Therefore, we selected DPA [di-(2-pycolylamine)])—a 
less sterically hindered tris chelator with two pyridine groups—
and coordinated this to specific Cu(II) phenanthrenes. Three 
compounds of general formula Cu-DPA-N,N¢ (where N,N¢ = Phen, 
dipyridoquinoxaline (DPQ), or dipyridophenazine (DPPZ)) were 
developed and X-ray crystallography identified a penta-
coordinated structure where all nitrogen atoms of DPA and the 
intercalating / semi-intercalating scaffold (Phen, DPQ or DPPZ) 
are coordinated to the metal centre. While [Cu(DPA)(DPQ)](NO3)2 
and [Cu(DPA)(DPPZ)](ClO4)2 have geometries close to square 
pyramidal, [Cu(DPA)(Phen)](ClO4)2 was approximately trigonal 
bipyramidal. However, cw-EPR showed rearrangement in 
solution where all complexes contained a square pyramidal 
conformation. ENDOR and HYSCORE analyses then identified 
four nitrogen atoms (presumably from the pyridine rings on DPA 
and Phen, DPQ or DPPZ) occupying equatorial positions in a 
more or less square planar arrangement. A fifth nitrogen, 
presumably N2 pyridine nitrogen of Phen, was coordinated in an 
out of plane position only slightly deviating from axial orientation. 
These results show that in solution the complexes relax to the 
structures solved by single X-ray crystallography. 

The redox behaviour of the Cu-DPA-N,N′ and Cu-TPMA-
N,N′ complexes reveals non-reversible electrochemistry. The 
complexes exhibit a higher kinetic facility toward reduction 
compared to the coupled oxidation processes, as indicated by the 
sub-unity peak current ratios. Whilst less cathodic potentials 

associated with the redox cycling of the Cu-TPMA-N,N′ 
complexes were registered, the rates of reduction and oxidation 
were substantially higher in the Cu-DPA-N,N′ complexes.   

Ethidium bromide displacement experiments identified 
higher binding affinity to calf thymus DNA by Cu-DPA-N,N′ 
complexes compared to Cu-TPMA-N,N¢. Significantly, the binding 
improved with phenanthrene ligand planarity and the Kapp value of 
Cu-DPA-DPPZ (~107 M bp-1) was close to high-affinity copper 
intercalators reported in literature.[23,30,41] Complexes of DPQ and 
DPPZ efficiently unwound plasmid DNA indicating an intercalative 
binding mode. To probe this effect further, a competitive binding 
assay with Mithramycin A identified that Cu-DPA-DPPZ can 
recognise the minor groove of poly[d(G-C)2] but Phen and DPQ 
derivatives do not. In the presence of reductant, pronounced DNA 
damage was observed by Cu-DPA-Phen and Cu-DPA-DPQ while 
Cu-DPA and Cu-DPA-DPPZ were attenuated. Free radical 
trapping experiments implicated the superoxide radical anion as 
the principal mediator of minor groove DNA damage and this 
result overlaps with earlier observations of the Cu-TPMA-N,N′ 
series. Therefore, it appears likely that ROS production is strongly 
influenced by the ancillary N,N′ intercalator and departs from 
classical Fenton-type or Haber-Weiss systems. These results are 
supported by DNA repair enzyme analyses where lesions 
produced by the complexes were not generally recognised by 
FpG and Endo III which release oxidised purine and pyrimidine 
bases, respectively generating AP sites. Instead, DNA damage 
mediated by Cu-DPA-Phen and -DPQ complexes is recognised 
by Endo IV indicating an oxidative mechanism associated with 
apurinic/apyrimidinic lesions. Evidence of deoxyinosine 
production was established by the DPQ complex as Endo V and 
hAAG accelerated DNA damage. This effect was also observed 
for Cu-DPA-DPPZ and occurred within the repair reaction of Endo 
IV thereby indicating a unique oxidation profile for this agent which 
departs substantially from Cu-TPMA-DPPZ. 

Antiproliferative assays against four different pancreatic cell 
lines (PIN127, MiaPaCa-2, Panc-1 and HPAC) show the 
complexes have higher cytotoxic activities than the reference 
drug oxaliplatin and follow the trend Cu-DPA-DPPZ > Cu-DPA-
DPQ > Cu-DPQ-Phen. Cu-DPA-DPPZ displayed potency in 
Panc-1 cells 3-fold greater than oxaliplatin (0.5 µM IC50 Cu-DPA-
DPPZ compared to 1.5 µM oxaliplatin). Of particular note is the 5-
fold (0.2 µM Cu-DPA-DPPZ compared to 1.07 µM oxaliplatin) 
increase in potency against the patient-derived xenograft cell line 
PIN-127, suggesting this complex is worthy of future study as a 
potential chemotherapeutic against PDAC. It is worth noting that, 
in this instance, cytotoxicity appears to be strongly correlated with 
in-vitro DNA binding affinity rather than cleavage activity. 

In summary, three stabilized AMNs were developed through 
rational design inspired by previous studies on Cu-Phen type 
systems incorporating polypyridyl scaffolds. Enhanced solution 
stability, unique DNA oxidation properties, and the promising 
cytotoxic profile of Cu-DPA-N,N¢ open interesting prospects for 
their further development and application as chemotherapeutics 
in the treatment of pancreatic cancer. A potential avenue for future 
development of this class lies in conjugation strategies directed to 
(a) cell specific delivery or (b) targeted nuclease activity, which 
may offer exciting opportunities to advance the field. 
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Experimental Section 

MATERIALS AND METHODS 
Chemicals, reagents and high-performance liquid 
chromatography (HPLC) grade solvents including CHCl3, MeOH 
and CH3CN were sourced from Sigma–Aldrich (Ireland) or Tokyo 
Chemical Industry (TCI, UK Ltd) and used without further 
purification. 1H and 13C NMR spectra were obtained on a Bruker 
AC 400 and 600 MHz NMR spectrometer. pH was monitored by 
a Mettler Toledo InLab Expert Pro-ISM pH probe. Electrospray 
ionization mass spectrometry (ESI-MS) measurements were 
recorded using a ion trap Bruker HCT mass spectrometer with 
samples being prepared in 100% HPLC-grade CH3CN prior to 
ESI-MS analysis. UV/Vis absorption spectroscopy studies were 
carried out on a Shimadzu UV-2600 spectrophotometer. FTIR 
measurements were conducted on a PerkinElmer Spectrum Two 
spectrometer. Fluorescence DNA binding studies were carried 
out on a Perkin Elmer LS55 Fluorescence Spectrometer. 

Synthesis of di-(2-picolyl)amine (DPA) 
Di-(2-picolyl)amine was synthesized according to a literature 
procedure previously reported by Hamann et al.[51] To a solution 
of 2-picolylamine (2.0113 g, 18.6 mmol) in 10 mL of MeOH 
brought to 0 °C, a solution of 2-pyridinecarboxaldehyde (2.0249 
g, 18.9 mmol) in 10 mL of MeOH was added dropwise. The 
solution was stirred for 1 h at room temperature. NaBH4 (0.7043 
g, 18.6 mmol) was then added slowly to the solution at 0 °C. After 
stirring at room temperature for 16 h, the colour of the solution 
changed from dark yellow to orange-red, and finally to light yellow. 
A minimal amount of H2O was added to the solution and MeOH 
was removed in vacuo. Conc. HCl was added over ice to reach 
pH ~ 4 and the H2O phase extracted with CH2Cl2 (6 x 20 mL). The 
aqueous layer was kept and Na2CO3 was slowly added to reach 
pH ~ 8 . The product was extracted with CH2Cl2 (3 x 25 mL) and 
the combined organic layers were dried over MgSO4. Solvent was 
removed in vacuo to afford a yellow oil. (1.761 g, yield= 47.5 %). 
1H NMR (600 MHz, CDCl3): δ=8.55 (dq, JH,H = 4.9, 1.9 Hz, 1H, H6), 
7.64 (td, JH,H = 7.7, 1.9 Hz, 1H, H4), 7.35 (d, JH,H = 7.8 Hz, 1H, H3), 
7.15 (qd, JH,H = 7.5, 4.8 Hz, 1H, H5), 3.98 (s, 2H, CH2). 13C NMR 
(151 MHz, CDCl3): δ=159.6 (py C2), 149.2 (py C6), 136.3 (py C4), 
122.2 (py C3), 121.8 (py C5), 54.7 (CCH2). MS (ESI): m/z calcd for 
C12H13N3 + H: 200.1 [M + H]+; found: 200.1. 

General procedure for the synthesis of 
[Cu(DPA)(N,N')](ClO4)2 complexes (where N,N' = Phen, DPQ 
and DPPZ) 

Cu(DPA)(N,N')](ClO4)2 
[Cu(DPA)(N,N')](ClO4)2 complexes were prepared according to a 
literature procedure previously reported by Ramakrishnan et al, 
with some modifications.[25] A solution of DPA (0.1177 g, 0.6 
mmol) in MeOH (5 mL) was added dropwise to a solution of 
copper(II) perchlorate hexahydrate (0.2188 g, 0.6 mmol) in MeOH 
(5 mL). After stirring for 10 minutes at room temperature a solution 
of either Phen, (0.1170 g, 0.6 mmol), DPQ (0.1445 g, 0.6 mmol), 
or DPPZ (0.1813 g, 0.6 mmol) in MeOH (35 mL) was added and 
the reaction mixture heated to 50 °C overnight. The solution was 
filtered and crystals of the complexes were obtained by slow 
evaporation of MeOH.  

[Cu(DPA)(1,10-Phen)](ClO4)2 (0.2292 g, yield = 60.5%); ATR-
FTIR: ṽ 1612, 1522, 1488, 1443, 1432, 1076, 1028, 972, 928, 869, 
845, 772, 763, 724, 647, 621, 496, 487, 462, 441, 415 cm-1; MS 

(ESI): m/z calcd for C24H21CuN5 + ClO4-: 541.1 [M + ClO4-]+; found: 
541.0; elemental analysis calcd (%) for C24H21Cl2CuN5O8: C 44.91, 
H 3.30, N 10.91, Cu 9.90; found: C 44.60, H 3.02, N 10.77, Cu 
9.97; solubility: CH3CN, DMF, DMSO. 

[Cu(DPA)(DPQ)](ClO4)2 (0.2142 g, yield = 52.3%); ATR-FTIR: ṽ 
1611, 1578, 1531, 1481, 1448, 1406, 1389, 1287, 1080, 1028, 
929, 818, 766, 737, 709, 655, 621, 438, 417 cm-1; MS (ESI): m/z 
calcd for C26H21CuN7 - H+: 493.1 [M - H+]+; found: 493.1; elemental 
analysis calcd  (%) for C26H21Cl2CuN7O8: C 45.00, H 3.05, N 14.13, 
Cu 9.16; found: C 42.24, H 2.61, N 13.10, Cu 8.86; solubility: 
CH3CN, DMF, DMSO. 

[Cu(DPA)(DPPZ)](ClO4)2 (0.2798 g, yield = 63.7%); ATR-FTIR: ṽ 
1611, 1575, 1500, 1445, 1424, 1360, 1342, 1287, 1064, 1029, 
819, 764, 730, 655, 620, 574, 426, 419 cm-1; MS (ESI): m/z calcd 
for C30H23CuN7 - H+: 543.1 [M - H+]+; found: 543.1; elemental 
analysis calcd  (%) for C30H23Cl2CuN7O8: C 48.43, H 3.12, N 13.18, 
Cu 8.54; found: C 48.48, H 2.76, N 12.93, Cu 8.23; solubility: 
CH3CN, DMF, DMSO. 

Cu(DPA)(N,N')](NO3)2 
[Cu(DPA)(N,N')](NO3)2  coordination compounds were prepared 
in a similar manner to [Cu(DPA)(N,N')](ClO4)2 complexes, 
however the reactions were performed in EtOH rather than MeOH. 
The complexes were precipitated from solution using Et2O and 
crystals were obtained by slow evaporation of MeOH.  
 
X-ray crystallography 
The data were collected at 100(1)K on a Synergy, Dualflex, 
AtlasS2 diffractometer using CuKα radiation (l = 1.54184 Å) and 
the CrysAlis PRO 1.171.39.27b suite. Using SHELXLE[52] and 
Olex2[53] the structures were solved by dual space methods 
(SHELXT[54]) and refined on F2 using all the reflections (SHELXL-
2018/3[55]). Generally, non-hydrogen atoms were refined using 
anisotropic atomic displacement parameters, hydrogen atoms 
bonded to carbon were inserted at calculated positions using a 
riding model, and hydrogen atoms bonded to nitrogen were 
located from difference maps and their coordinates refined. Each 
structure exhibited some disorder and details of the refinements, 
along with further figures are included in supplementary S-3. 
 
CCDC 1994482-1994484 and 1995655 contain the 
supplementary crystallographic data for this paper. These data 
can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 

Crystal Data:   
[Cu(DPA)(Phen)](ClO4)2: C24H21N5O8Cl2Cu (M =641.90 g/mol): 
monoclinic, space group P21/n (no. 14), a = 13.2485(2) Å, b = 
9.10540(10) Å, c = 22.0943(3) Å, β = 106.707(2)°, V = 
2552.79(6) Å3, Z = 4, T = 100.00(10) K, μ(CuKα) = 3.669 mm-1, 
Dcalc = 1.670 g/cm3, 20935 reflections measured (8.356° ≤ 2q ≤ 
153.446°), 5299 unique (Rint = 0.0268, Rsigma = 0.0208) which 
were used in all calculations. The final R1 was 0.0375 (I > 2σ(I)) 
and wR2 was 0.0994 (all data).  

[Cu(DPA)(Phen)](NO3)2•2H2O: C24H25N7O8Cu (M =603.05 
g/mol): triclinic, space group P1 (no. 1), a = 15.6413(4) Å, b = 
16.2959(3) Å, c = 20.4731(5) Å, α = 89.949(2)°, β = 
85.018(2)°, γ = 89.964(2)°, V = 5198.7(2) Å3, Z = 8, T = 
100.02(13) K, μ(CuKα) = 1.737 mm-1, Dcalc = 1.541 g/cm3, 

This article is protected by copyright. All rights reserved 

Au
th

or
 M

an
us

cr
ip

t 

 

 

http://www.ccdc.cam.ac.uk/data_request/cif


FULL PAPER    

 
 
 
 
 

11 

80357 reflections measured (6.834° ≤ 2θ ≤ 148.994°), 34820 
unique (Rint = 0.0356, Rsigma = 0.0438) which were used in all 
calculations. The final R1 was 0.0694 (I > 2σ(I)) and wR2 was 
0.1953 (all data). 

[Cu(DPA)(DPQ)](NO3)2•0.56EtOH•0.435H2O: 
C27.132H25.264N9O7Cu (M =652.95 g/mol): monoclinic, space group 
P21/n (no. 14), a = 15.12969(19) Å, b = 12.63595(13) Å, c = 
15.5323(2) Å, β = 114.5564(16)°, V = 2700.85(7) Å3, Z = 4, T = 
100.00(10) K, μ(CuKα) = 1.720 mm-1, Dcalc = 1.606 g/cm3, 
49272 reflections measured (6.856° ≤ 2q ≤ 148.992°), 5513 
unique (Rint = 0.0425, Rsigma = 0.0204) which were used in all 
calculations. The final R1 was 0.0361 (I > 2σ(I)) and wR2 was 
0.0994 (all data). 

[Cu(DPA)(DPPZ)](ClO4)2: C30H23N7O8Cl2Cu (M =743.99 g/mol): 
triclinic, space group P-1 (no. 2), a = 13.6561(2) Å, b = 
17.1834(2) Å, c = 26.2578(4) Å, α = 75.2210(10)°, β = 
89.3210(10)°, γ = 88.9110(10)°, V = 5956.53(15) Å3, Z = 8, T = 
100.01(10) K, μ(CuKα) = 3.264 mm-1, Dcalc = 1.659 g/cm3, 
54137 reflections measured (6.964° ≤ 2θ ≤ 153.96°), 24296 
unique (Rint = 0.0254, Rsigma = 0.0325) which were used in all 
calculations. The final R1 was 0.0409 (I > 2σ(I)) and wR2 was 
0.1109 (all data).  

EPR Spectroscopy 
The samples were measured in frozen solutions of DMF with an 
equal volume or excess of toluene to ensure good glass formation 
and final complex concentrations ranging between 1 and 5 mM. 
Continuous-wave (cw) EPR measurements at X-band were 
performed on a Bruker ESP 380E spectrometer equipped with an 
EN 4118X-MD4 Bruker resonator. Experimental conditions: 
microwave (mw) frequency, 9.702 GHz; mw power incident to the 
cavity, 20  µW; modulation frequency, 100 kHz; modulation 
amplitude, 0.1 mT; temperature, 70 K. Measurements at 
cryogenic temperatures were performed using a helium cryostat 
from Oxford Instruments. The microwave frequency was 
measured using a HP 5350B microwave frequency counter and 
the temperature was stabilized using an Oxford Instruments ITC4 
temperature controller. Pulse EPR measurements at X-band (mw 
frequency 9.724 GHz) were performed on a Bruker ESP 380E 
spectrometer equipped with an EN 4118X-MD4 Bruker resonator. 
The field-swept EPR spectra were recorded via free induction 
decay (FID) following a pulse length of 500 ns. Davies Electron 
Nuclear Double Resonance (ENDOR) experiments were carried 
out with a pulse sequence of p-T-p/2-t-p-t-echo, with a p/2 pulse 
of length 16 ns, a radio frequency pulse of length 10 µs, and a 
waiting time t between the pulses of 200 ns. Hyperfine Sublevel 
Correlation (HYSCORE) spectroscopy with the pulse sequence 
p/2-t-p/2-t1-p-t2-p/2-t-echo was carried out with the following 
instrumental parameters: tp/2 = 16 ns; starting values of the two 
variable times t1 and t2, 56 ns; time increment, Dt = 24 ns (data 
matrix 180 x 180). In order to eliminate blind-spot artefacts, up to 
four spectra were recorded with t = 96, 120, 144, and 168 ns. A 
four-step phase cycle was used to remove undesired echoes. The 
data were processed with the program MATLAB (The MathWorks, 
Natick, MA). The HYSCORE time traces were baseline corrected 
with a second-order exponential, apodized with a Gaussian 
window, and zero filled. After a two-dimensional Fourier transform 
the absolute-value spectra were calculated. The experimental cw-
EPR, HYSCORE and ENDOR spectra were simulated using the 
EasySpin package.[56]  

 

Electrochemistry 
Cyclic Voltammetry experiments were performed on a CHI 620a 
potentiostat (CH Instruments). The Cu-DPA-N,N′ complexes were 
analysed in 0.05 mM and 0.1 mM concentrations, and in 0.05 mM 
concentrations for the Cu-TPMA-N,N′ complexes. The redox 
profiles for the 0.1 mM Cu-DPA-N,N′ complexes were also 
obtained in the presence of an excess of Na-L-ascorbate (0.2 
mM). The cyclic voltammograms were recorded with the initial 
applied potential scanned in the cathodic direction. The working 
electrode was gold (CH Instruments, 2 mm diameter), the 
reference electrode was non-aqueous Ag/Ag+ (E1/2 = 0.075 V 
versus Fc/Fc+), and the counter electrode was platinum wire. The 
supporting electrolyte was 0.1 M TBAPF6 in ACN.  

DNA Binding Studies 
Competitive Ethidium Bromide Displacement 
DNA binding affinities of Cu-DPA-Phenazine complexes were 
analysed in triplicate on ctDNA (Invitrogen 15633-019, ε260 = 
12,824 M bp-1 cm-1) according to the literature procedure 
previously reported.[40] 
 

Competitive binding of mithramycin A with poly[d(G-C)2] in 
the presence of Cu-DPA-Phenazine complexes 
This assay was carried out according to the procedure reported 
by Molphy et al.[41] Briefly, a working solution was prepared 
containing 100 µM poly[d(G-C)2] (Sigma Aldrich P9389, ε254 = 
8,400 M-1 cm-1) in 10 mM PO43-, 50 mM NaCl and 10 mM MgCl2 
(pH 7.4). Stocks of mithramycin A (Sigma Aldrich, M6891, ε400 = 
10,000 M−1 cm−1) and of the complexes were prepared in DMF. 
Cu-DPA-Phenazine derivatives were added to the working 
solution at a ratio of 0.10 drug/nucleotide. Varying amounts of 
mithramycin A (r = 0-0.25) were added to complex treated and 
complex untreated poly[d(G-C)2] and allowed to incubate in the 
dark for 5 minutes prior to analysis. Emission spectra were 
recorded in the range 525 – 625 nm with an excitation wavelength 
of 470 nm to avoid photodegradation (excitation slit: 2.5 nm; 
emission slit: 5 nm). Triplicate values were recorded and all data 
was analysed at 550 nm. 

Topoisomerase I inhibition assay 
This experiment was carried out according to the literature 
procedure reported previously by some of us.[23] 

DNA Damage Studies 
DNA cleavage in the presence of added reductant 
Stock solutions of the complexes were initially prepared in DMF 
and further dilutions prepared in 80 mM HEPES buffer (pH 7.2). 
In a total volume of 20 μL HEPES (pH 7.2), 25 mM NaCl 400 ng 
of pUC19 plasmid DNA (NEB, N3041) was treated with increasing 
concentrations of each DPA-phenazine complex (10 μM, 20 μM, 
30 μM, 40 μM and 50 μM) in the absence of reductant. Complexes 
were initially prepared in DMF and further diluted in HEPES buffer. 
Samples were incubated at 37 °C for 30 min. Reactions were 
quenched by adding 6× loading buffer (Fermentas) and samples 
were loaded onto an agarose gel (1.2%) containing 4 μL EtBr. 
Electrophoresis was completed at 70 V for 60 min in 1× TAE 
buffer.  

DNA cleavage in the presence of ROS scavangers 
The assay was conducted according to the method recently 
reported by Slator et al.[57] 
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DNA cleavage in the presence repair enzymes 
This experiment was carried out according to the literature 
procedure reported previously by some of us.[23] 
 
Cell-lines and Reagents 
Panc-1, Mia-PaCa-2, and HPAC cells were obtained from ATCC. 
PIN-127 cells were derived from a first generation pancreatic 
ductal adenocarcinoma patient-derived xenograft.  Panc-1 and 
Mia PaCa-2 cell lines were maintained in DMEM medium 
supplemented with 5% fetal bovine serum (FBS) (Gibco) and 2% 
L-glutamine (supplier). HPAC were maintained in RPMI media 
supplemented with 5% FBS. PIN-127 cells were maintained in 
DMEM F-21/Hams media, supplemented with 10% FBS. All cell 
lines were maintained at 37 °C in a 5 % CO2 incubator. Oxaliplatin 
was obtained from St Vincent’s University Hospital (Dublin, 
Ireland). Cell culture media, DMSO, DMF were obtained from 
Sigma-Aldrich (Dublin, Ireland).  Cu-DPA-Phen and Cu-DPA-
DPQ stock solution (10 mM) was prepared in DMF and stored at 
-20 °C. Cu-DPA-DPPZ was prepared fresh daily in DMF. 
 
Proliferation assay in vitro 
Proliferation was measured using an acid phosphatase assay.[48] 
Cells were seeded in 96 well plates at the following densities and 
incubated for 24 hours prior to the addition of drug; MiaPaCa-2 
1x103 cells/well; Panc-1 2 x103 cells/well; HPAC 3 x103 cells/well. 
After 5 days of drug treatment cells were washed with PBS. 10 
mM paranitrophenol phosphate substrate (Sigma-Aldrich) in 0.1 
M sodium acetate buffer with 0.1% Triton X (Sigma Aldrich) was 
added to each well and incubated at 37 °C for 2 hours. The 
reaction was stopped with 50 μL of 1 M NaOH and the 
absorbance was read at 405 nM (reference - 620 nM). Growth of 
drug treated cells was calculated relative to control untreated cells 
in biological triplicate. IC50 data was calculated using Calcusyn 
software. 
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A new class of stabilised artificial metallo-nuclease (AMN) combining a di-(2-pycolyl)amine (DPA) scaffold with the copper(II) N,N¢-
phenanthrene chemical nuclease core is reported. Three compounds of general formula [Cu(DPA)(N,N¢)]2+ were structurally determined 
by single X-ray crystallography and their solution properties characterised by cw-EPR, HYSCORE, and ENDOR spectroscopies. The 
compounds demonstrate excellent DNA binding properties—particularly Cu-DPA-DPPZ—with excellent in vitro cytotoxicity toward 
human pancreatic tumour cells.    
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