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Five water-soluble zwitterionic copper-carboxylate polymers were prepared from the reaction of N-carboxymethyl-(3,5-

dicarboxyl)pyridinium bromide (H3CmdcpBr) with Cu(NO3)2 in the presence of NaOH, by modulating the temperature, 

solvent and ancillary dipyridyl ligands. These complexes include a 1D ladder-shaped polymer 

{[Cu3(Cmdcp)2(OH)2(H2O)2]·H2O}n (1) formed in H2O at room temperature, and a 2D network polymer {[Cu(Cmdcp) 

(H2O)2]·2H2O}n (2) isolated in H2O at 135 °C. At 100 °C in H2O/DMF, the same reaction in the presence of an additional 

2,2’-bipyridine (bipy) gave a 2D zwitterionic complex {[Cu(Cmdcp)(bipy)]·3H2O}n (3), together with a 1D double-stranded 

polymer {[Cu(Cmdcp)(H2O)2]·H2O}n (4) as a minor product. Replacement of bipy with phenanthroline (phen) afforded a 

1D zigzag chain polymer {[Cu(Cmdcp)(phen)(H2O)]2·9H2O}5 (5). All these complexes were characterized by IR, elemental 

analyses and single crystal X-ray crystallography. Agarose gel electrophoresis (GE) and ethidium bromide (EB) 

displacement experiments indicated that complex 5 exhibited the highest pBR322 DNA cleaving ability with the catalytic 

efficiency (kmax/KM) of 14.80 h−1·mM−1, and the highest binding affinity toward calf-thymus DNA. MTT assay indicated that 

complex 5 showed significant inhibitory activity toward the proliferation of several tumor cells. Its IC50 value was at 

micromolar level and lower than those of cisplatin and complexes 1-4, especially toward resistant lung adenocarcinoma cell 

A549. 

Introduction 

Cisplatin, a metal-based anticancer drug, is one of 

chemotherapeutic agents currently used for treating various types of 

cancers like ovarian, testicular, head and neck carcinomas.[1] Though 

it is one of the most active anticancer drugs, its curative in some 

tumors is limited by its cytotoxicity, drug resistance and poor water 

solubility. Therefore, during the last few decades, considerable effort 

has been focused on the development of new anticancer drugs based  
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on transitional metal complexes to achieve more-efficacious, less 

cytotoxic and target-specific DNA-binding anticancer drugs. [2] 

Among those potential candidates, biocompatible copper(II) 

complexes are identified to bind to and cleave DNA under 

physiological conditions. [3] 

Copper is a biologically relevant element and is responsible for 

the activity of many enzymes. For this reason, a large number of 

copper(II) complexes have been synthesized and explored for their 

biological activities.[4] In particular, copper(II) complexes of 

polypyridyl ligands are attractive due to their high nucleolytic 

efficiency and anti-tumor activities.[5] It is known that polypyridyl 

ligands, such as 2,2’-bipyridine (bipy) and 1,10-phenanthroline 

(phen) (Scheme 1), are chelating ligands for transition metal ions.[6] 

Because of the planar, rigid and hydrophobic features of polypyridyl 

ligands, their copper complexes have been used as intercalating or 

groove binding agents for DNA, which may contribute to DNA 

cleaving and anti-tumor activities. [7] 

In an earlier study, we have reported a water-soluble copper 

complex based on a zwitterionic carboxylate ligand, 4-carboxy-1-(4-

carboxybenzyl)pyridinium bromide (H2CcbpBr, Scheme 1). We 

have found that this copper complex showed moderate DNA-binding 

and cleaving activity due to its polymer structure. [8] In the work 

reported herein, we synthesized a zwitterionic carboxylate ligand 

with one more carboxylic group, that is, N-carboxymethyl-(3,5-

dicarboxy)pyridinium bromide (H3CmdcpBr, Scheme 1) and 
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introduced two DNA binding agents, bipy and phen into the copper 

polymers with the aim to improve the DNA-binding and cleaving 

activities. Herein, we report five water-soluble zwitterionic copper 

carboxylate polymers {[Cu3(Cmdcp)2(OH)2(H2O)2]·H2O}n (1), 

{[Cu(Cmdcp)(H2O)2]·2H2O}n (2), {[Cu(Cmdcp)(bipy)]·3H2O}n (3), 

{[Cu(Cmdcp)(H2O)2]·H2O}n (4) and 

{[Cu(Cmdcp)(phen)(H2O)]2·9H2O}n (5) and their DNA binding, 

cleaving and anticancer activities. 

 
Scheme 1. Structures of bipy, phen, H2CcbpBr and H3CmdcpBr. 

Experimental 

General procedures. IR spectra were recorded on a Nicolet MagNa-

IR 550. Elemental analyses for C, H, and N were performed on an 

EA1112 CHNS elemental analyzer. Agarose gel electrophoresis 

(GE) was conducted on a DYY-8C electrophoresis apparatus and 

DYCP-31DN electrophoresis chamber, and detected on an Alpha Hp 

3400 fluorescence and visible light digital image analyzer. UV-Vis 

and fluorescence spectra were measured on a TU-1901 

spectrophotometer and a HITACHI F-2500 spectrofluorimeter, 

respectively. 

Calf-thymus (CT) DNA and plasmid pBR322 DNA were purchased 

from Sigma-Aldrich and Takara Chemical Co., respectively. Their 

solutions were prepared in 5 mM Tris-HCl buffer (5 mM NaCl, pH 

7.0). The concentration of CT DNA was determined 

spectrophotometrically using the molar extinction coefficient of 

13,200 M−1·cm−1 per base pair (bp) at 260 nm.[9] All the other 

chemicals and reagents were obtained from commercial sources and 

used without further purification. H3CmdcpBr was synthesized 

according to the method we reported.[10] Buffer solutions were 

prepared in triply distilled deionized water. 

Synthesis of complexes 1-5 

Preparation of solution 1: H3CmdcpBr (61 mg, 0.2 mmol) was 

suspended in MeOH (5 mL), and the pH was adjusted to 7.0 with 0.1 

M NaOH solution to give a clear solution. Then, a solution of 

Cu(NO3)2·3H2O (48 mg, 0.2 mmol) in MeOH (5 mL) was added, 

and the resulting mixture was stirred for 30 min. After stirring for 30 

min, the formed green precipitates were collected by filtration, 

washed with MeOH (5 mL), and then dissolved in H2O (30 mL) at 

room temperature. The resulting mixture was filtered to afford a 

clear green solution. 

{[Cu3(Cmdcp)2(OH)2(H2O)2]·H2O}n (1). The above prepared clear 

green solution 1 was allowed to stand at room temperature for two 

weeks to give blue crystals. The resulting crystals were collected, 

washed with MeOH and dried in vacuo to give complex 1 (43 mg, 

89%). Anal. Calcd. for C18H18Cu3N2O17: C 29.82, H 2.50, N 3.86. 

Found: C 29.79, H 2.66, N 3.75 and IR (KBr disc, cm-1) ν 3437 (s), 

2998 (s), 1655 (s), 1633 (s), 1601 (s), 1459 (w), 1397 (s), 1382 (s), 

1353 (s), 1307 (m), 1241 (w), 1175 (w), 1094 (s), 935 (w), 770 (s), 

729 (s), 650 (m), 479 (w). 

{[Cu(Cmdcp)(H2O)2]·2H2O}n (2). The above solution 1 was 

transferred to a Teflon reactor, sealed in an autoclave and then 

placed in a programmable oven. The temperature of the oven was 

increased steadily from 25 ºC to 135 ºC within 4 h, kept at 135 ºC for 

72 h and then cooled to room temperature within 48 h to give green 

crystals. The resulting crystals were collected, washed with MeOH 

and dried in vacuo to give complex 2 (64 mg, 90%). Anal. Calcd. for 

C9H13CuNO10-H2O: C 31.72, H 3.25, N 4.11. Found: C 31.93, H 

3.10, N 3.97 and IR (KBr disc, cm-1) ν 3437 (s), 3083 (m), 2998 (s), 

1655 (s), 1633 (s), 1601 (s), 1459 (m), 1397 (s), 1382 (s), 1353 (s), 

1307 (m), 1241 (m), 1175 (m), 1094 (s), 770 (s), 729 (s), 650 (m), 

479 (m). 

{[Cu(Cmdcp)(bipy)]·3H2O}n (3) and {[Cu(Cmdcp)(H2O)2]·H2O}n 

(4). The above solution 1 was treated with bipy (31 mg, 0.2 mmol) 

in DMF (5 mL) at 100 oC to give a green solution. The solution was 

stirred for 0.5 h and filtered. The filtrate was allowed to stand at 

ambient temperature for several days to give dark blue crystals 3 

coupled with light green crystals 4, which were separated 

mechanically under the microscope. Complex 3: 46 mg (46%). Anal. 

Calcd. for C19H19CuN3O9: C 45.92, H 3.85, N 8.46. Found: C 46.09, 

H 3.96, N 8.37 and IR (KBr disc, cm-1) ν 3381 (s), 3020 (s), 1657 (s), 

1602 (s), 1570 (m), 1499 (m), 1474 (m), 1447 (s), 1426 (m), 1402 (s), 

1385 (s), 1359 (s), 1313 (s), 1301 (s), 1235 (m), 1177 (m), 1158 (w), 

1064 (w), 1032 (m), 918 (m), 780 (s), 724 (s), 658 (m), 617 (m). 

Complex 4: 21 mg (31%). Anal. Calcd. for C9H11CuNO9: C 31.72, H 

3.25, N 4.11. Found: C 31.44, H 3.18, N 3.93 and IR (KBr disc, cm-1) 

ν 3566 (s), 3470 (s), 3372 (s), 3077 (s), 1657 (s), 1603 (s), 1488 (w), 

1451 (m), 1384 (s), 1371 (s), 1324 (s), 1299 (s), 1242 (s), 1181 (m), 

940 (w), 916 (w), 832 (w), 769 (s), 732 (s), 645 (s), 462 (m). 

{[Cu(Cmdcp)(phen)(H2O)]2·9H2O}n (5). The above solution 1 was 

treated with phen (36.0 mg, 0.2 mmol) in DMF (5 mL) to give a 

green solution accompanied by some blue precipitates. The mixture 

was heated at 100 ºC for 0.5 h (to dissolve the blue precipitates) and 

then filtered. The filtrate was allowed to stand at ambient 

temperature for several days to give blue crystals. The resulting 

crystals were collected, washed with MeOH and dried in vacuo to 

give complex 5 (100 mg, 92%). Anal. Calcd. for C42H44Cu2N6O21: C 

46.03, H 4.05, N 7.67. Found: C 46.10, H 4.02, N 7.43. IR (KBr 

disc, cm-1) ν 3405 (s), 3067 (s), 1649 (s), 1617 (s), 1599 (s), 1518 

(m), 1425 (s), 1407 (m), 1375 (s), 1363 (s), 1291 (w), 1234 (m), 

1172 (w), 1141 (w),  1107 (m), 848 (m), 774 (s), 736 (s), 722 (m), 

639 (m). 

X-ray crystal structure determinations. All the measurements 

were made on a Bruker AXS APEX II diffractometer by using 

graphite-monochromated Mo Kα (λ = 0.71073 Å). The data were 

subjected to empirical absorption correction using SADABS.[11] All 

the crystal structures were solved by direct methods and refined on 

F2 by full-matrix least-squares techniques with SHELXTL–97 

program.[12] 

In complex 1, the hydrogen atoms on H2O molecules and OH groups 

were located from the difference Fourier map with their O–H 

distances restrained to be equal and thermal parameters constrained 

to Uiso(H) = 1.2Ueq(O). In complex 2, the occupancy factor for O3W 

and O4W was fixed at 0.5 to obtain reasonable thermal factors. The 

hydrogen atoms on the two coordinated H2O molecules were located 

from the difference Fourier map with their O–H distances restrained 
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to 0.85 Å and thermal parameters constrained to Uiso(H) = 1.2Ueq(O). 

The location of the hydrogen atoms on dissociated water was 

suggested by Calc-OH program in WinGX suite and refined as rigid 

group with O–H = 0.85 Å and thermal parameters Uiso(H) = 

1.2Ueq(O).[13] In complexes 3 and 4, all the hydrogen atoms on the 

H2O molecules were located from the difference Fourier map with 

their O–H distances restrained to 0.85 Å and thermal parameters 

constrained to Uiso(H) = 1.2Ueq(O). In complex 5, O5W lies on a 

special position of higher symmetry than that the molecule itself can 

possess. It is treated as spatial disorder but applying PART –1 and 

PART 0 in the .ins file with the site occupation factors changed to 

0.50 for the atoms. The hydrogen atoms on the two H2O molecules 

were located from the difference Fourier map. For O2W and O3W, 

their O–H distances restrained to 0.85 Å and thermal parameters 

constrained to Uiso(H) = 1.2Ueq(O). For O1W, O4W and O5W, the 

water molecules are refined as a rigid model. The key 

crystallographic information for complexes 1-5 was summarized in 

Table 1. Selected bond lengths and angles are listed in Table S1 in 

the electronic supplementary information (ESI). 

Table 1 Crystallographic data for complexes 1-5

______________________________________________________________________________________________________________ 

Complex    1 2  3 4  5 

_______________________________________________________________________________________________________________ 

Molecular formula C18H18Cu3N2O17 C9H13CuNO10 C19H19CuN3O9 C9H11CuNO9 C42H44Cu2N6O21 

Formula weight 724.96 358.74 496.91 340.73             1086.21 

Crystal system triclinic monoclinic  monoclinic triclinic            triclinic 

Space group P-1 P21/c P21/n P-1                   P-1 

a (Å) 8.5827(3) 9.2384(18) 9.1905(5) 7.1654(9)         8.6748(17) 

b (Å) 10.6301(4)  7.4454(15) 7.7875(4) 7.6594(9)         11.213(2) 

c (Å) 13.4395(5)  23.041(6) 27.5073(15) 11.4555(14)     12.653(3) 

 (°)                        95.3540(10)           90.00                   90.00                      77.713(2)         112.47(3) 

β (°)                          95.6380(10)          113.23(3)             94.0020(8)             75.932(2)         93.34(3) 

 (°) 112.3110(10) 90.00 90.00 74.525(2)         99.01(3) 

V (Å3) 1117.45(7)  1456.4(6) 1963.92(18) 580.34(12)       1113.8(4) 

Z 2  4  4  2                        1 

T/K 296(2)   153(2)   296(2)  296(2)              173(2) 

Dcalc (g cm-3) 2.155   1.636 1.681 1.950                1.619 

λ (Mo-Kα) (Å) 0.71073   0.71073 0.71073 0.71073            0.71073 

μ(cm-1) 2.926   1.548 1.173 1.931                1.048 

Total reflections 21401  14424 14396 4395                 7056 

Unique reflections 6027  3336  4016 2370                 3782 

No. observations 5167  2704  3651 2257                 3430 

No. parameters 387  211  289  199                   337 

Ra 0.0303  0.0549 0.0337 0.0326              0.0707 

wRb 0.0797  0.1593 0.0980 0.0863              0.1791 

GOFc 1.051  1.113 0.744 1.081                1.148 

∆ρmax(e Å-3) 0.666  1.220 0.539 1.372                3.027 

∆ρmin (e Å-3) -0.730  -0.532                -0.569 -0.988  -0.634 

_____________________________________________________________________________________________________________ 
aR = Σ||Fc|-|Fc|/Σ|Fo||. bwR = {Σw(Fo

2-Fc
2)2/Σw(Fo

2)2}1/2. c GOF = {Σw((Fo
2-Fc

2)2)/(n-p)}1/2, where n = number of reflections and p = total 

numbers of parameters refined. 

DNA cleavage experiments. The cleavage experiments were 

conducted at 37 °C, in 5 mM Tris-HCl buffer (5 mM NaCl, pH 

7.0), by using the methods similar to those described previously.[14] 

Specifically, a mixture of pBR322 DNA (0.5 g/L, 0.7 μL) and each 

of complexes 1-5 of varying concentrations was diluted with 5 mM 

Tris-HCl buffer (5 mM NaCl, pH 7.0) to 16 μL and incubated at 37 

°C for 5 h. The reaction was quenched by adding 10 mM Tris-HCl 

loading buffer (pH 7.6) containing 0.03% bromophenol blue, 60% 

glycerol, 60 mM EDTA and 0.03% xylene cyanol FF. The reaction 

mixture was then loaded on 1% agarose gel containing ethidium 

bromide (EB) (1.0 mg/L), and analyzed with gel electrophoresis in 

Tris-acetate (40 mM)-EDTA (1.0 mM) (TAE) buffer (pH 8.0) at 90 

V. Bands were visualized by UV light and photographed for 

analysis. The extent of the cleavage of the supercoiled DNA was 

determined by measuring the intensities of the bands using the 

Alpha Innotech gel documentation system (Alpha Hp3400). 

The kinetics for the DNA cleavage was investigated at different 

intervals of time, by varying the concentrations of complexes 2, 3 

and 5. The percentage of the supercoiled DNA was plotted against 

time for each concentration of complexes 2, 3 and 5. The data were 

fitted with a single-exponential curve (pseudo first-order kinetics) 

to give the kobs values, which were then plotted against the 

concentrations of each complex (Eq. (1)) to afford the 

corresponding maximal first-order rate constant kmax and the 

Michaelis constant KM. 

kobs = kmax[metal complex]/(KM + [metal complex])                  (1) 
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For mechanistic investigations, experiments were carried out 

in a similar fashion, except in the presence of DMSO (1.0 M), 

MeOH (1.0 M), NaN3 (0.1 M), KI (0.1 M) and EDTA (0.1 M), 

followed by addition of each of complexes 2, 3 and 5. 

DNA binding experiments. EB displacement experiments of 

H3CmdcpBr, Cu(NO3)2 and complexes 1-5 were performed by 

keeping the concentrations of CT DNA and EB constant, while 

gradually increasing the concentration of each metal complex. 

Specifically, to a solution of CT DNA (2.40 µM) and EB (3.03 

µM) in 5 mM Tris-HCl (5 mM NaCl, pH 7.0) were added aliquots 

of a solution of each complex containing CT DNA (2.40 µM) and 

EB (3.03 µM) in the same buffer. The corresponding fluorescence 

spectra were measured (λex = 510 nm) until saturation was 

observed. The apparent binding constant (Ka) was obtained by 

analyzing the relative fluorescence intensity (I/I0, λem = 590 nm) as 

a function of the concentrations of each complex. [15] 

MTT assay. The cytotoxicities of complexes 1-5 and cisplatin as a 

positive control toward several human cancer cell lines were 

investigated, by using an MTT assay.[16] Briefly, (3-8)×103 

cells/well were seeded in 96-well microplates in growth medium 

(100 μL). After 24 h, the medium was removed and replaced with 

fresh media containing a complex of appropriate concentration. 

After 24 h, each well was treated with 10 μL of a 5 mg/mL MTT 

saline solution. After 4 h of incubation, 100 μL DMSO was added 

to each well. Cell growth inhibition was detected by measuring the 

absorbance of each well at 570 nm using the GENios Pro 

microplate reader (TECAN). Each experiment was carried out three 

times, and the mean values were taken. 

Results and discussion 

The reaction condition for each complex is summarized in Scheme 

2. Five water-soluble copper polymers were prepared from the 

reaction of H3CmdcpBr with Cu(NO3)2 in the presence of NaOH, 

by modulating the temperature, solvent and ancillary bipyridyl 

ligands. This verified literature report that different synthetic 

conditions would lead to the formation of different coordination 

complexes.[17] In the present case, complex 1 may be a kinetic 

product, whereas complexes 2 and 4 are thermodynamic 

products.[18] Complexes 1-5 are air and moisture stable. Upon 

ultrasonication, complexes 1-5 show good water solubility with 

maximum concentrations being up to 1.0 mM for 1, 2, 4 and 5, and 

2 mM for 3, respectively. This water solubility is much greater than 

that of cisplatin (8×10-3 mM) and high enough for most bioactivity 

study. [19] 

 

 

Scheme 2. Pathway to the synthesis of complexes 1-5. Color codes: 

Cu (turquiose), O (red), N (blue), C (black).  

Crystal structure of {[Cu3(Cmdcp)2(OH)2(H2O)2]·H2O}n (1).   

Complex 1 crystallizes in triclinic space group Pī and the 

asymmetric unit consists of one [Cu3(Cmdcp)2(OH)2(H2O)2] 

molecule and one dissociated H2O molecule. In complex 1, the 

adjacent two copper (II) atoms in the linear Cu3 subunit are linked 

by one µ-OH group and each terminal copper atom further 

coordinate to one H2O molecule, thereby forming a 

[Cu3(OH)2(H2O)2] unit. A couple of Cmdcp ligands linked two of 

these subunits through one monodentate carboxylate coordinating 

to one terminal Cu(II) ion in one [Cu3(OH)2(H2O)2] subunit and 

one µ-chelating carboxylate coordinating to the neighboring 

subunit, alternatively, thereby forming a one-dimensional ladder-

like structure as shown in Scheme 2. Secondary bond of Cu···O 

(Cu···Oi = 2.639 (2) Å, symmetric code: i = 2 - x, 1 - y, 1- z) 

between the adjacent ladder-shaped layers link the two ladders into 

a double-ladder structure (Fig. S1). Three crystallographically 

independent copper atoms Cu(1), Cu(2) and Cu(3) within the 

ladder are all square planar coordination. The central Cu(2) atom, 

being located at a crystallographic inversion center, is coordinated 

by four oxygen atoms, two of them from µ-carboxylato bridges of 

Cmdcp ligands and the other two from µ-hydroxo bridges. The 

tetra-coordination of two terminal copper atoms Cu(1) and Cu(3) 

complete by one µ-carboxylate bridge atom, one monodentate 

carboxylate group, one µ-hydroxo bridge and one H2O molecular. 

In complex 1, the average Cu-O (water) bond length of 1.9466(10) 

Å is comparable to that of Cu-O (carboxylate) (1.9107 (17) Å), but 

shorter than that of the Cu-O (water) bond in complex 

[Cu(II)L(H2O)]I2 (2.430(0) Å, H4L = [5,11,17,23-tetrakis 

(trimethylammonium)-25,26,27,28-tetrahydroxycalix[4]arene]),[20] 

indicating that the water molecules interact tightly with the Cu(II) 

centers. 

Crystal structure of {[Cu(Cmdcp)(H2O)2]·2H2O}n (2). Complex 

2 crystallizes in monoclinic space group P21/c and the asymmetric 

unit consists of one {[Cu(Cmdcp)(H2O)2] molecule and two 

solvated H2O molecules. Single-crystal X-ray analysis of complex 

2 reveals the formation of a 2D network polymer along ab plane. 

As shown in Scheme 2, each Cu2+ center exhibits a square 

pyramidal geometry surrounded by five O atoms, of which two are 
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from two H2O molecules and the other three from two monodentate 

carboxylates and one bridging carboxylate of three different Cmdcp 

ligands. Each Cmdcp ligand connects three Cu2+ ions in which the 

first carboxylate acts as a monodentate coordination mode and the 

second one a cis-trans bidentate coordination mode, while the third 

carboxylate is free and deprotonated to balance the positive charge 

of the pyridinum cation and Cu(II) center. In complex 2, the Cu(1)-

O(2) bond length of 2.425(3) Å is longer than those of other Cu-O 

bond lengths from 1.937(3) to 1.970(3) Å, and also longer that of 

one in complex [CuL(bbm)]·0.5H2O (1.983(2) Å; H2L = 4,4’-

{[1,2-phenylenebis(methylene)]bis(oxy)}dibenzoic acid, bbm =1,4-

di(1H-imidazol-1-yl)benzene),[21] implying the weak interaction 

between Cu1 and O2 from one carboxylate group. 

Crystal structure of {[Cu(Cmdcp)2(bipy)]·2H2O}n (3). Complex 

3 crystallizes in monoclinic space group P21/n and the asymmetric 

unit consists of one [Cu(Cmdcp)2(bipy)] molecule and two solvated 

H2O molecules. In complex 3, each Cmdcp ligand shows a tri-

monodentate coordination mode to connect three adjacent 

cooper(II) ions, thereby forming a two dimensional network 

structure along ab plane (Fig. S2). This two dimensional structure 

is constructed by boat-type macrocylic rings which is formed by 

[Cu3(Cmdcp)3] units. Each copper(II) is coordinated to three 

monodentate carboxylates from three Cmdcp ligands and further to 

two nitrogen atoms from bipy (Scheme 2), thereby forming 

tetragonal pyramidal coordination geometry. In complex 3, the 

mean Cu-O and Cu-N bond lengths (1.945(3) Å vs 2.008(12) Å) 

are comparable to the corresponding ones found in 

[CuL(bbm)]·0.5H2O (1.983(5) Å vs 1.977(5) Å).[21] 

Crystal structure of {[Cu(Cmdcp)(H2O)2]·H2O}n (4). Complex 4 

crystallizes in triclinic space group Pī and the asymmetric unit 

consists of one [Cu(Cmdcp)(H2O)2] molecule and one dissociated 

H2O molecule. As depicted in Scheme 2, the Cu atoms forms a 

dimeric cluster unit and further extended along the a axis through 

the Cmdcp ligand pairs to form a one-dimensional chain.  In the 

Cmdcp ligand, the first carboxylate bridged the two Cu atoms in 

the clusters unit while the other two are monodentate and 

uncoordinated to balance the positive charge of the pyridinum 

cation and Cu(II) center. Each copper(II) in turn is coordinated to 

five oxygen atoms from three Cmdcp ligands and two water, 

forming a trigonal bipyramidal coordination geometry. In complex 

4, the Cu(1)-O(5) bond length of 2.293(2) Å is longer than other 

Cu-O bond lengths from 1.932(19) to 1.989(13) Å, implying the 

weak interaction between Cu1 and O5 from one carboxylate group. 

Crystal structure of {[Cu(Cmdcp)(phen)(H2O)]·4H2O}n (5). 

Complex 5 crystallizes in triclinic space group Pī and the 

asymmetric unit consists of one [Cu(Cmdcp)(phen)(H2O)] 

molecule and four dissociated H2O molecules. As depicted in 

Scheme 2, each copper(II) ion coordinates to two nitrogen atoms 

from one phen ligand and one oxygen atom from one H2O 

molecule to form a [Cu(phen)(H2O)] unit. This unit was connected 

by di-monodentate Cmdcp ligands to form one dimensional chain 

structure along a axis. The third carboxylate group shows a free 

group to balance the positive charge of the pyridinum cation and 

Cu(II) center. In complex 5, the five-coordinated Cu2+ center 

exhibits a square pyramidal geometry. In complex 5, the Cu(1)-O 

(1W) bond length of 2.271(4) Å is longer than the mean Cu-O 

(carboxylate) bond length (1.950 (4) Å), implying that the H2O 

weakly coordinates to the Cu(II) centre. The mean Cu-N bond 

length of 2.023(12) Å is comparable to the one found in complex 3 

(2.008(12) Å). 

DNA cleavage study. It is reported that metal complexes are 

capable of catalyzing the cleavage of DNA.[22] Therefore, we firstly 

examined whether complexes 1-5 exhibited DNA-cleaving 

activities by using agarose GE assay. Fig. 1 shows the GE patterns 

for the cleavage of supercoiled pBR322 DNA by complexes 1-5, 

H3CmdcpBr and Cu(NO3)2 at pH 7.0 and 37 °C. It can be seen that 

complexes 3 and 5 with ancillary bipy and phen ligands could 

efficiently relax the supercoiled form (Form I) of DNA into an 

open circular form (Form II) (Lanes 4 and 6) with the percentage of 

Form II being 85% and 96%, respectively. Complexes 1, 2 and 4 

without ancillary ligands showed relatively low cleaving activities. 

It should be noted that under the same condition, H3CmdcpBr and 

Cu(NO3)2 showed no detectable cleaving activity. 

 

Fig. 1. Agarose GE patterns for the cleavage of pBR322 DNA by 

complexes 1-5, H3CmdcpBr and Cu(NO3)2 (87.5 µM) at pH 7.0 at 

37 °C. Lane 1: DNA alone; Lanes 2-8: DNA with complexes 1, 2, 

3, 4, 5, H3CmdcpBr and Cu(NO3)2, respectively. 

Secondly, we carried out the DNA cleavage by complexes 1-5 

of varying concentrations. It can be seen from Fig. 2 that 

complexes 3 and 5 are capable of converting supercoiled pBR322 

DNA into open circular form in a concentration-dependent fashion. 

Complex 2 exhibited certain concentration-dependent, but 

obviously much lower activity. However, complexes 1 and 4 

showed no obvious concentration-dependence. Therefore, we 

further investigated the DNA-cleaving activities of complexes 2, 3 

and 5. 

 
Fig. 2. Agarose GE patterns for the cleavage of pBR322 DNA by 

complexes 1-5 (from top to bottom) at pH 7.0 and 37 °C for 5 h. 
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Lane 1: DNA alone; Lanes 2-5: DNA with complexes at the 

concentrations of 12.5, 37.5, 62.5, 87.5 µM, respectively. 

To gain further insight into the cleaving activities of complexes 2, 3 

and 5, we studied the kinetics of pBR322 DNA degradation.[23] As 

a result, the maximal first-order rate constants (kmax’s) and the 

Michaelis constants (KM’s) obtained from the saturation kinetic 

profiles of the supercoiled DNA cleavage, were 0.28 ± 0.01 h−1 and 

(371.8 ± 50) µM for 2, 0.52 ± 0.07 h−1 and 103.67 ± 24.22 µM for 

3, 0.74 ± 0.09 h−1 and 50.01 ± 13.11 µM for 5, respectively (Fig. 

3). Thus, the catalytic efficiency (kmax/KM) is 1.75 µM-1·h−1 for 

complex 2, 5.05 µM-1·h−1 for complex 3 and 14.8 µM-1·h−1 for 

complex 5, respectively, indicating that complexes 3 and 5 are 

much more active than complex 2. In particular, complexes 3 and 5 

can catalyze the cleavage at a rate acceleration of ca. 1.4×107 and 

2.0×107 folds over uncatalyzed supercoiled DNA cleavage (k = 

3.6×10-8 h−1 for cleavage of a phosphodiestier bond in double-

stranded DNA under physiological condition), respectively. [24] It is 

noteworthy that complexes 3 and 5 exhibit higher catalytic 

efficiency than our reported carboxylate Cu(II) complexes 

[Cu(CBB)2](NO3)2·2H2O (0.91 µM-1·h−1, CBB = 9-O-(4-

carboxybenzyl)berberine).[25]  

 

Fig. 3. Plots of kobs versus the concentrations of complexes 2 (◆), 

3 (■) and 5 (▲). Inset: Plots of kobs versus the concentrations of 

complexes 2(◆) and 3 (■) with an expanded x-axis. 

It is widely recognized that DNA binding is a critical step for DNA 

cleavage in most cases. Thus, the above-mentioned outstanding 

acceleration shown by complexes 3 and 5 is a likely consequence 

of the presence of bipy and phen as DNA binding units. To test this 

hypothesis, we measured the binding affinities toward CT DNA of 

H3CmdcpBr and complexes 1-5 by means of EB displacement 

experiment (Table 2). From the binding constant of H3CmdcpBr 

((8.0 ± 1.5)×103 M-1) and Cu(NO3)2 ((1.2 ± 0.1)×105 M-1) (Table 2 

and Fig. 4a), we speculate that Cu2+ may play a major role in the 

DNA binding affinities of complexes 1-5. In addition, complexes 3 

and 5 showed higher binding affinities than complexes 1, 2 and 4, 

parallel to their DNA cleaving activities. Thus, the presence of bipy 

and phen as DNA-binding units may contribute a lot to the 

enhanced DNA-binding and cleaving affinity. [7] 

Cleaving mechanism of action. It is known that DNA can be 

cleaved through an oxidative or hydrolytic pathway. In general, 

oxidative cleavage of plasmid DNA may lead to the formation of 

reactive singlet oxygen (1O2), hydrogen peroxide (H2O2) and/or 

hydroxyl radical (HO·) species. These species may cause damage 

to the sugar and/or base.[26] Meanwhile, in a hydrolytic cleavage 

pathway, the hydrolysis of the phosphodiester backbone of DNA 

may be enhanced.[27] To verify whether reactive oxygen species 

are, at least in part, responsible for the cleavage of pBR322 DNA, 

we conducted the cleavage reactions of complex 5 in the presence 

of hydroxyl radical scavengers DMSO and MeOH, singlet oxygen 

scavenger NaN3, hydrogen peroxide scavenger KI and metal ion-

chelating agent EDTA. As shown in Fig. 4b, EDTA efficiently 

inhibited DNA cleavage (Lane 7), suggesting that complexation of 

Cmdcp2- with copper ions is crucial to the cleavage. When DMSO 

(Lane 3), MeOH (Lane 4) or NaN3 (Lane 6) was added, no 

significant influence on the DNA cleavage was observed, ruling out 

the possibility that hydroxyl radical and/or singlet oxygen were 

involved in the DNA cleavage. When KI was added, the DNA 

cleavage was significantly inhibited (Lane 5), suggesting that H2O2 

might be the reactive species in the cleavage process. Taken 

together, these results strongly suggest that DNA cleavage by 

complex 5 proceeded, probably via an oxidative mechanism 

involving H2O2 species. Complexes 2 and 3 showed similar effects 

under the measuring conditions (supporting information, Fig. S34 

and S35).

Table 2. Kinetic parameters and apparent binding constants Ka of complexes 1-5 

Complex kmax (h
−1) KM (mM) kmax/KM (h−1·mM−1) Ka (M

−1) 

H3CmdcpBr \ \ \ (8.0 ± 1.5) × 103 

Cu(NO3)2 \ \ \ (1.2 ± 0.1) × 105 

1 \ \ \ (3.9 ± 0.6) × 105 

2 0.28 ± 0.01 0.382 ± 0.051 1.75 (7.2 ± 1.2) × 105 

3 0.52 ± 0.08 0.104±0.024 5.05 (1.2 ± 0.2) × 106 

4 \ \ \ (5.5 ± 0.7) × 105 

5 0.74 ± 0.09 0.050 ± 0.013 14.8 (2.8 ± 0.7) × 106 
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(a)

             

(b)

 

Fig. 4. (a) Fluorescence decrease of EB induced by the competitive binding of H3CmdcpBr (■), Cu(NO3)2 (◤ ), complex 1 (●), complex 2 

(▲), complex 3 (◥ ), complex 4 (◆) and complex 5 (★) to CT-DNA in 5mM Tris-HCl/NaCl buffer (pH 7.0) at room temperature (λex = 510 

nm, λem = 588 nm). (b) Agarose GE patterns for the cleavage of pBR322 DNA by complex 5 (87.5 μM) at pH 7.0 and 37 °C for 5 h, in the 

presence of DMSO (1 M, Lane 3), MeOH (1 M, Lane 4), KI (0.1 M, Lane 5), NaN3 (0.1 M, Lane 6) and EDTA (0.1 M, Lane 7). Lane 1, 

DNA alone and Lane 2: DNA + complex 5. 

 

3.5. MTT assay 

To exploit the potential application of complexes 1-5 in the 

development of antitumor agents, we evaluated their biological 

activities against the proliferation of breast (MCF-7), colon (HT-

29), liver (Hep-3B), liver (HepG-2) and lung (A549) cancer cell 

lines, by using MTT assay.[28] The cytotoxicity parameters, in terms 

of IC50 obtained after 24 h exposure, are listed in Table 3. For 

comparison, the cytotoxicity of cisplatin was assessed under the 

same experimental conditions. It is clear that complexes 3 and 5 

showed potent cytotoxic activity with the IC50 values markedly 

lower than those of complexes 1, 2 and 4. In particular, complex 5 

showed significant antitumor activity with the IC50 value in the 

micromolar range, even lower than that of cisplatin. This clear-cut 

enhanced cell-killing effect may be ascribed to the coordination of 

bipy or phen. It is noteworthy that 5 distinguished itself as the most 

promising complex promoting a growth inhibitory effect that 

exceeded that of cisplatin by a factor ranging from 17 (Hep-3B 

liver cancer cells) to 163 (MCF-7 breast cancer cells). In addition, 

the antiproliferative activities of complexes 1-5 were also 

investigated in cisplatin-resistant cell lines (A549/DDP). Of all the 

complexes, once again 5 was found to be the most potent complex, 

with the IC50 value in low micromolar range, markedly lower than 

that recorded with cisplatin. Interestingly, the IC50 values of 

complex 5 toward A549 and MCF-7 (0.35 ± 0.03 μM vs 0.18 ± 

0.07 μM) are comparable to those of some reported copper 

complexes containing phen ligands, such as [CuCl(phen)(PCN)] 

(0.68 ± 0.20 μM vs 0.31 ± 0.21 μM) and [CuBr(phen)(PCN)] (0.79 

± 1.23 μM vs 1.23 ± 0.74 μM; PCN = tris-(2-cyanoethyl) 

phosphine). [29] 

Table 3. Cytotoxicities (IC50, μM) of complexes 1-5 and cisplatin a 

IC50 ± SD 

Complex A549 MCF-7 HT-29 Hep-3B HepG-2 A549/DDP 

1 ＞90 ＞90 ＞90 90.02 ± 12.25 ＞90 ＞90 

2 ＞90 ＞90 ＞90 ＞90 ＞90 ＞90 

3 ＞90 ＞90 4.02 ± 0.07 4.74 ± 1.03 8.91 ± 1.18 ＞90 

4 ＞90 ＞90 ＞90 ＞90 ＞90 ＞90 

5 0.35 ± 0.03 0.18 ± 0.07 1.16 ± 0.07 0.16 ± 0.05 0.24 ± 0.06 3.15 ± 0.24 

Cisplatin 18.82 ± 0.72 29.48 ± 0.43 22.39 ± 0.54 2.71 ± 0.07 29.85 ± 0.40 ＞90 

aIC50 = concentration of the drug required to inhibit growth of 50% of the cancer cells (μM). The data are mean ± SD of three replicates each. 

 

Conclusions 

In summary, five water-soluble zwitterionic copper 

carboxylate polymers 1-5 have been synthesized and characterized. 

Agarose GE studies indicated that complexes 3 and 5 were capable 

of efficiently converting supercoiled pBR322 DNA into OC forms, 

most probably via an oxidative cleavage mechanism and exhibited 

catalytic efficiencies (kmax/KM) of 5.02 h−1·mM−1 and 14.80 

h−1·mM−1, respectively. The results support the fact that the bipy or 

phen ring plays a major role in governing the nature of binding and 

cleaving DNA. MTT assay indicated that complex 5 showed 

significant in vitro antitumor activity, especially toward resistant 

cancer cells, with the IC50 value in the micromolar range, lower 

than those of cisplatin and complexes 1-4. Thus, copper(II) 

complexes with phen as a co-ligand may have the potential 
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application in the development of anticancer drugs. 
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