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Mixed-ligand Cu(II) complexes of the type [Cu(doxycycline)(L)(H2O)2](NO3)2, where doxycycline = [4-(dimethylamino)-

3,5,10,12,12a-pentahydroxy-6-methyl-1,11-dioxo-1,4,4a,5,5a,6,11,12a-octahydrotetracene- 2-carboxamide] and  L= 2,2'-

bipyridine (bpy, 1),  1,10-phenanthroline (phen, 2), dipyrido[3,2-d:2',3'-f]quinoxaline (dpq, 3) and dipyrido[3,2-a:2',3'-

c]phenazine (dppz, 4) have been synthesised and characterised by structural, analytical, and spectral methods. The single-

crystal X-ray structures of 1 and 2 exhibited two different geometry ,distorted square-pyramidal  and octahedral 

respectively as well as different coordination modes of doxycycline. The complexes 2-4 exhibit prominent plasmid DNA 

cleavage at significantly low concentrations probably by an oxidative mechanism. Matrix Metalloproteinase (MMP-2) 

inhibition studies revealed that all complexes inhibit MMP-2 similar to doxycycline which is a well-known MMP inhibitor 

with 3 being the most potent. IC50 values of doxycycline and 1-4 against MCF-7  (human breast cancer) and Hela cell lines 

were almost equal in which 3 showed highest efficiency (IC50 = 0.46 ± 0.05 µM), being consistent with its increased MMP 

inhibition potency. Antimalarial activity of these complexes against the chloroquine-sensitive Plasmodium falciparum NF54 

and chloroquine-resistant Plasmodium falciparum Dd2 strains reveal that complex 3 exhibited higher activity than 

artesunate drug against chloroquine-resistant Dd2 strain.

Introduction 

Doxycycline (DOX) is one of the most commonly used 

semisynthetic tetracycline drug in the treatment of diverse 

infections such as anthrax, chlamydial, pneumonia, cholera, 

syphilis, malaria and plague.1,2 In addition DOX is also an 

approved matrix metalloproteinase (MMP) inhibitor and thus 

has been also extensively investigated for its anti-tumour 

properties in variety of tumour cell lines including breast, 

colon, renal, prostate, osteosarcoma and melanoma.3-8 MMP 

expression has been shown to be linked to tumour 

development and progression in these cell lines.9 Though the 

MMP inhibition mechanism is not elucidated completely, 

chelation of active zinc site of MMP by DOX has been 

proposed.4 The metal ion chelation, especially with Ca2+ and 

Mg2+, strongly influences the bioavailability and 

pharmacokinetics of doxycycline. It was also substantiated that 

copper(II) may act as a necessary cofactor for its antibiotic 

activity.10,11 

Considering the importance of metal ions in pharmacology 

of DOX, copper-tetracycline complexation interactions have 

long been studied to elucidate structural and biological role of 

copper in   DOX activity, availability and biomolecular 

interactions.12,13  Recently,  Pereira-Maia and co-workers have 

reported ternary copper(II) phenanthroline complex of DOX of 

the type [Cu(doxycycline)(phen)(H2O)(ClO4)](ClO4).14 Similar to 

other metal complexes with drugs which exhibit higher 

biological activity than the parent free drug, here also the 

complex is more active than the free ligand and exhibits 

enhanced DNA cleavage on UV-light exposure.15 Of the several 

possible binding sites, they propose that DOX binds to Cu(II) 

via  the amide oxygen and the hydroxyl oxygen at ring A 

(Figure 1) based on IR and UV-visible studies. 

Even though DOX has been used clinically since 1960, a 

detailed structural studies of its crystal forms, protonation 

pattern and tautomerism have been recently reported,16-18 
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wherein the structural features are dominated by resonance- 

assisted hydrogen bond (RAHB) encompassing the enolate and 

 

Figure 1.  Chemical structure and keto-enol forms of DOX 

 

Scheme 1: Structure of polypyridyl ligands used in the present study 

amide atoms based on planarity descriptors and bond 

lengths.16 Despite large efforts, the knowledge of structural 

properties of DOX, in particular protonation-deprotonation 

equilibria, tautomerism is still unsatisfactory. Contributions 

related to these structural studies are advantageous for 

detailed understanding of these properties and in elucidation 

of chemical biology of DOX. Here, we report single crystal X-ray 

structures of Cu(II) complexes of DOX where DOX binds to 

Cu(II) through enolate and diketoamide form of ring A (Figure 

1). As far as we are aware of, these are the first single crystal 

X-ray structures of metal polypyridyl complexes with 

doxycycline. In the present work mixed-ligand copper(II) 

complexes, viz [Cu(doxycycline)(bpy)(H2O)]NO3 (1), 

[Cu(Hdoxycycline)(phen)(H2O)2](NO3)2(2), 

[Cu(Hdoxycycline)(dpq)(H2O)2](NO3)2(3) and 

[Cu(Hdoxycycline)(dppz)(H2O)2](NO3)2 (4)  where doxycycline = 

[4-(dimethylamino)-3,5,10,12,12a-pentahydroxy-6-methyl- 

1,11-dioxo-1,4,4a,5,5a,6,11,12a-octahydrotetracene-2-

carboxamide], bpy = 2,2'-bipyridine, phen = 1,10-

phenanthroline, dpq = dipyrido[3,2-d:2',3'-f]quinoxaline and 

dppz = dipyrido[3,2-a:2',3'-c]phenazine (Scheme 1), have been 

synthesised and characterised. DNA cleavage, MMP-2 

inhibition, cytotoxicity and antimalarial activity of these 

complexes have been evaluated. The compounds exhibit 

significant biological potential in terms of their MMP 

inhibition, cytotoxicity and antimalarial activity. 

Experimental section  

Reagents and materials: All reagents and solvents were 

purchased commercially and were used as received. Copper(II) 

nitrate trihydrate, 2,2’-bipyridine, 1,10-phenanthroline 

monohydrate and tris(hydroxylmethyl) aminomethane (Tris 

buffer)  were purchased from S. D. Fine chemicals (India). 

Doxycycline hyclate was obtained from Neimeth International 

Pharmaceuticals Plc, Nigeria. Calf thymus DNA was purchased 

from SRL (India), supercoiled plasmid pBR322 DNA was 

obtained from Bangalore Genei (Bangalore, India). All other 

chemicals and reagents were of analytical grade and used 

without further purification. 

The ligands 1,10-phenanthroline-5,6-dione (phendione), 

dipyrido[3,2-d:2',3'-f]quinoxaline (dpq)  and dipyrido[3,2-

a:2’,3’-c]phenazine (dppz) were synthesized according to 

literature protocols.19-21 

Preparation of Complexes. [Cu(doxycycline)(bpy)(H2O)]NO3 (1). 

0.121g (0.5 mmol) Cu(NO3)2.3H2O and 0.256 g (0.5 mmol) 

doxycycline hyclate were stirred at room temperature for 30 

min in 15 mL water-methanol (3:1) after which 0.0781 g (0.5 

mmol) 2,2’-bipyridine was added. After additional 4 h of 

stirring, the resulting blue solution was allowed to evaporate 

slowly at room temperature. Blue crystalline solid formed after 

one week was filtered and washed with water and dried in 

vacuum desiccator over calcium chloride. Yield: 0.305 g, 74%. 

FT-IR (KBr pellet, ν cm-1): 3356(H2O), 3078(ArH), 2889, 

2775(CH2), 1608(C=O), 1577, 1454(C=C, C=N), 594, 520(Cu-N, 

Cu-O). Elem. Anal. Calc. (%) for C32H33N5O12Cu.CH3OH: C, 46.13; 

H, 4.80; N, 9.32. Found: C, 46.02; H, 4.98; N, 9.38.  ESI-MS (m/z 

positive mode), Calc. [M-H2O-NO3]+ 664.15, Found: [M-H2O-

NO3]+ 664.1.  

[Cu(Hdoxycycline)(phen)(H2O)2](NO3)2 (2).The complex was 

prepared using a procedure similar to that for 1 by using 1, 10- 

phenanthroline instead of 2,2’-bipyridine. Yield: 0.254 g, 65%. 

FT-IR (KBr pellet, ν cm-1): 3375(H2O), 3059(ArH), 2823, 

2752(CH2), 1608(C=O), 1577, 1454(C=C, C=N), 513, 455(Cu-N, 

Cu-O). Elem. Anal. Calc. (%) for C34H36N6O16Cu. CH3OH: C, 

47.75; H, 4.58; N, 9.04. Found: C, 47.99; H, 4.53; N, 9.12.  ESI-

MS (m/z positive mode) Calc. [M-2H2O-2NO3] 688.18, [M-

2H2O-2NO3]2+ 344.09, Found: [M-2H2O-2NO3] 689.3, [M-2H2O-

2NO3]2+ 343.9. 

[Cu(Hdoxycycline)(dpq)(H2O)2](NO3)2 (3).The complex was 

prepared using a procedure similar to that for 1 by using 

dipyrido[3,2-d:2',3'-f]quinoxaline instead of 2,2’-bipyridine. 

Yield: 0.180 g, 41%. FT-IR (KBr pellet, ν cm-1): 3390(H2O), 

3078(Ar-H), 1614(C=O), 1581(Ar-H), 1483(CH2), 607, 511(Cu-N, 

Cu-O). Elem. Anal. Calc. (%) for C36H36N8O16Cu. H2O: C, 47.1; H, 

4.46; N, 12.20. Found: C, 47.44; H, 4.53; N, 12.37.  ESI-MS (m/z 

positive mode) Calc. [M-2H2O-2NO3] 740.2, Found: [M-2H2O-

2NO3]738.5. 

[Cu(Hdoxycycline)(dppz)(H2O)2](NO3)2 (4).The complex was 

prepared using a procedure similar to that for 1 by using 

dipyrido[3,2-a:2’,3’-c]phenazine instead of 2,2’-bipyridine. 

Yield: 0.29 g, 67%. FT-IR (KBr pellet, ν cm-1):3371(H2O), 

3078(Ar-H), 1612(C=O), 1585, 1496(C=C,C=N) . Elem. Anal. 

Calc. (%) for C40H38N8O16Cu: C, 51.55; H, 3.76; N, 11.79, Found: 

C, 51.60; H, 3.86; N, 11.77.  ESI-MS (m/z positive mode) 

Calc.[M-2H2O-2NO3] 790.286, Found:[M-2H2O-2NO3] 790.1. 

Physical Methods 

FT-IR spectra were recorded as KBr pellets on a Shimadzu FTIR-

8400 spectrophotometer.  Electronic absorption spectra were 

recorded on a Jasco UV-vis spectrophotometer (V-630) in the 

range of 200-900 nm using a matched pair of 1 cm quartz cells. 
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The electron spin resonance (ESR) spectra were recorded in 

DMSO at 77 K on E-112 ESR spectrometer, VARIAN USA at 

Sophisticated Analytical Instrument Facility, Indian Institute of 

Technology Bombay, Powai, Mumbai, India. The electrospray 

mass spectra were recorded on a MICROMASS QUATTRO II 

triple quadrupole mass spectrometer. Microanalyses (C, H, and 

N) were carried out with a ThermoQuest microanalysis 

instrument capable of carrying out CHNS (carbon, hydrogen, 

nitrogen, and sulfur) analyses.  

 

Single-crystal X-ray diffraction studies.  The single-crystal X-

ray diffraction data for 1 was collected at 100 K using Mo-Kα 

radiation. The structures were solved by direct methods and 

subsequent Fourier syntheses and refined by full-matrix least 

squares on F
2 using SHELXS-2013 and SHELXL-2013 as 

integrated in the SHELXTL 2013 suite.22 All non-hydrogen 

atoms of 1 were refined anisotropically. Hydrogen atoms, 

except those of the hydroxyl groups at the ring system and of 

the coordinated water molecule at the Cu(II) site, were 

generated geometrically and refined as riding atoms with 

isotropic displacement factors equivalent to 1.2 times those of 

the atom to which they were attached (1.5 for methyl groups). 

The absolute structure was determined and is in agreement 

with the selected setting (Flack parameter: 0.085(23)).23 CCDC 

no. of 1 is 1048414 

 The single-crystal diffraction data for 2 was collected with an 

Oxford Diffraction Xcalibur CCD at room temperature using 

Mo-Kα radiation. The structures were solved by direct 

methods and subsequent Fourier syntheses and refined by full-

matrix least squares on F2 using SHELXS-97, SHELXL-9724,25 and 

Oscail.26 All non-hydrogen atoms of 2 were refined 

anisotropically. Hydrogen atoms, except those for the water 

molecules of crystallization, were generated geometrically and 

refined as riding atoms with isotropic displacement factors 

equivalent to 1.2 times those of the atom to which they were 

attached (1.5 for methyl groups). Graphics were produced with 

XP in SHELXTL-PC and ORTEX.27The absolute structure for 2 

was determined and is in agreement with the selected setting 

(Flack parameter: 0.07(5)).23 CCDC no. of 2 is 987897.  

 

Biological evaluation.  
The test samples were prepared as stock solution in 100% 

dimethyl sulfoxide (DMSO) and were stored at -20 °C. Further 

dilutions were prepared on the day of the experiment as 

required. There is no change in the UV-Visible spectrum of the 

complexes in DMSO, water and 1mM NaCl solution evidencing 

stability and integrity of complexes in solution. 

DNA cleavage experiments. For the gel electrophoresis 

experiments, supercoiled pBR322 DNA (300 ng in nucleotide) 

was treated with various concentration of metal complexes in 

TBE buffer (Tris-boric acid-ethylenediaminetetraacetic acid) 

containing < 5% DMSO and the mixture was incubated for 30 

min at 37 °C. The samples were analyzed by 1% agarose gel 

electrophoresis TBE buffer, pH 8.2 for 3 h at 60 mV. The gel 

was stained with 0.5 μg mL-1 ethidium bromide, visualised by 

UV light, and photographed for analysis. The extent of 

cleavage of the SC DNA was determined by measuring the 

intensities of the bands using the Alpha Innotech Gel 

Documentation System (AlphaImager 2200). For mechanistic 

investigations, experiments were carried out in the presence 

of radical scavenging agents, viz., DMSO, mannitol, 

diazabicyclo-[2,2,2]-octane (DABCO), NaN3, L-histidine and 

SOD (superoxide dismutase enzyme), which were added to 

supercoiled plasmid pBR322 DNA prior to the addition of the 

complex. The stock solution of complex was prepared in 

deionised water containing 5% DMSO. 

 MMP-2 inhibition studies. Human cervical cancer cell line 

(HeLa) have been reported to be associated with increased 

expression of MMP-2 and tumour aggression has been found 

to significantly correlate with increased levels of MMP-2 and 

MMP-9 in many experimental and clinical studies.28 A 

substrate gel zymography of the activity of the MMP-2 of 

crude proteins from HeLa cell culture supernatants was 

performed. 500 µL aliquots containing 2.5 x 105 of HeLa cells 

were added to each of the triplicate wells containing 

Dulbecco’s modified Eagle’s medium (DMEM) with 10% foetal 

bovine serum (FBS). After incubation for 24 h, 15 µM of each 

of the complexes in phosphate buffer solution (PBS) (in 1% 

DMSO) were added to the cells in a culture medium without 

FBS. The supernatant was collected after 48 h incubation. 

Gelatinase zymography was utilized because of its high 

sensitivity to gelatinolytic enzymatic activity and ability to 

detect both pro and active forms of MMP-2. Upon 

renaturation of the enzyme, the gelatinases digest the gelatin 

in the gel and reveal clear bands against an intensely stained 

background. The crude proteins from each sample were mixed 

with Tris-Glycine SDS Sample Buffer (2X) and resolved on a 

10% Zymogram (gelatin) gel in the presence of 0.1% gelatin 

under non-reducing conditions. Culture media (20 μl) were 

mixed with sample buffer and loaded for SDS-PAGE 

(Polyacrylamide gel electrophoresis) with tris glycine SDS 

buffer. Samples were not boiled before electrophoresis. 

Following electrophoresis the gels were washed twice in 2.5% 

Triton X-100 for 30 min at room temperature to remove SDS. 

The gels were then incubated at 37˚C overnight in substrate 

buffer containing 50 mM Tris-HCl and 10 mM CaCl2 at pH 8.0 

and stained with 0.5% Coomassie Blue R250 in 50% methanol 

and 10% glacial acetic acid for 30 min and destained. Protein 

standards were run concurrently and approximate molecular 

weights were determined by plotting the relative mobilities of 

known proteins. Gelatinase zymograms were scanned using 

Alpha imager Gel doc system. The intensity of the bands was 

evaluated using the pixel-based densitometer program Un-

Scan-It, Version 5.1.  

Determination of the antiplasmodial activity. Samples of 1-4, 

the binary complex [Cu(doxycycline)2] (NO3)2 and doxycycline 

hyclate were tested in triplicate against chloroquine-sensitive 

(NF54) and chloroquine-resistant (Dd2) strains of Plasmodium 

falciparum. Continuous in vitro cultures of asexual erythrocyte 

stages of P. falciparum were maintained using a modified 

procedure of Trager and Jensen.29 Quantitative assessment of 

in vitro antiplasmodial activity was determined with the 

parasite lactate dehydrogenase assay using a modified method 

of Makler and Hinrichs.30 The test samples were prepared to a 
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20 mg/mL stock solution in 100% DMSO. Stock solutions were 

stored at -20°C. Further dilutions were prepared on the day of 

the experiment. Chloroquine diphosphate (CQDP) and 

artesunate were used as the reference drugs. A full dose-

response experiment was performed for complex 1-4 to 

determine the concentration inhibiting 50% of parasite growth 

(IC50-value). Samples were tested at a starting concentration of 

100µg/ml, which was then serially diluted 2-fold in complete 

medium to give 10 concentrations; with the lowest 

concentration being 0.2 µg/mL. Reference drugs were tested 

at a starting concentration of 1000 ng/mL. The highest 

concentration of solvent to which the parasites were exposed 

to had no measurable effect on the parasite viability (data not 

shown). The IC50-values were obtained using a non-linear dose 

response curve fitting analysis via Graph Pad Prism v.4.0 

software.  

 Cytotoxicity studies. Cytotoxicity studies were carried out on 

a MCF-7 cell line, which was obtained from National Center for 

Cell Science, Pune University, Pune, India. Cell viability was 

tested using (3-4,5-Dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium Bromide (MTT) assay method.  The cells were 

seeded in a 24-well plate at a density of 104 cells per well in 

DMEM containing 10% FBS and a 0.1% antibiotic solution for 

24 h at 37 °C and 5% CO2 for adherence. 1-4, in a 

concentration of 50-400 μg/ mL, dissolved in 1% DMSO and 

PBS buffer, were added to the wells with a fresh medium. 1% 

DMSO was used as a vehicle control. After every 24, 48, and 72 

h of incubation, MTT assay was carried out. A MTT solution (20 

μL, 5 mg/ mL) prepared in a 10 mM phosphate buffer was 

added to each well and incubated for 4 h. The purple formazan 

product was dissolved by addition of 100 μL of DMSO for 5 

min. The absorbance was measured at 570 and 630 nm (for 

blank) using an ELISA plate reader, and the viability was 

calculated. Data were collected for three replicates each and 

were used to calculate the mean. The percentage inhibition 

was calculated from this data: 

% inhibition = mean OD of untreated cells (control)/ mean OD 

of treated cells (control) x 100 

Results and Discussion 

Syntheses and Characterization. Mixed-ligand complexes 1-4 

were obtained as their nitrate salts from methanol-water 

solvent system in good yield (Scheme SI-1). All complexes are 

partially soluble in water and completely soluble in DMSO and 

DMF. Complexes were characterized by elemental analysis, 

UV-vis, IR, electrospray mass spectroscopy and single crystal X-

ray structures of 1 and 2 have been determined. Time 

dependent UV-Vis spectroscopy of complexes in various 

solvents (DMSO, water and 1mM NaCl solution)  exhibited no 

changes over the period of 24 hr, indicates that these 

complexes are stable and retain their structural integrity in 

solution (Figure S8 - S10 in supporting information) 

Crystal structure of 1. Single crystals of 1 were grown by slow 

evaporation of its solution in methanol: water (1:1). An ORTEP 

diagram of 1 is depicted in Figure 2. The square pyramidal 

coordination sphere at the Cu(II) site involves two oxygen 

atoms from DOX, two nitrogen atoms of the bipyridyl ligand 

and one oxygen atom of the axial bound water molecule, 

which results in a square-pyramidal CuN2O3 coordination 

sphere. The axial Cu-O distance of 2.3926(5) Å (Cu-OW1) is 

longer than the equatorial Cu-O (doxycycline) and Cu-N 

(bipyridine) distances. 

The average equatorial Cu-O bond distance is 1.923(5) Å, 

which is shorter than average equatorial Cu-N bond distance,  

 

                      

 

Figure 2. ORTEP diagram of 1 showing atom numbering and thermal ellipsoids 
drawn at 30% probability. NO3 ion is omitted for clarity. 

 

Figure 3. ORTEP diagram of 2 showing the atom numbering scheme and Thermal 
ellipsoids are drawn at 30% probability. (NO3)

2-
 ions are omitted for clarity 

which is 1.994(6) Å. These distances are comparable to those 

observed in the copper complexes containing two nitrogen 

and two oxygen atoms coordinated to copper in the basal 

plane.31,32  

Crystal structure of 2. Single crystals of 2 were grown by slow 

evaporation of its solution in methanol: water system (1:1). 

The compound crystallizes in the P212121 space group. An 

ORTEP representation is shown in Figure 3. 2 exhibits distorted 

octahedral geometry with a coordination as CuN2O4 type and 

the donor atoms in basal plane are two nitrogen atoms from 

phenanthroline and two oxygen atoms from doxycycline. Axial 

sites are occupied by two water molecules with Cu-O distances 
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of 2.311(4) Å (Cu-OW1) and 2.559(4) Å (Cu-OW2), which are 

longer than the equatorial Cu-O and Cu-N distances. This axial 

elongation of octahedron is a consequence of tetragonal 

distortion caused by the Jahn-Teller effect as observed in the 

octahedral copper complexes.33,34 The average equatorial Cu-O 

bond distance is 1.923(4) Å, which is shorter than average 

equatorial Cu-N bond distance which is 2.024(5) Å. These 

distances are comparable to those observed in the copper 

complexes with two nitrogen and two oxygen atoms 

coordinated to copper in the basal plane. The coordination 

geometry at the copper(II) site is a distorted octahedron with  

bond angles O1-Cu1-N2 = 176.2°, O2-Cu1-N1 = 171.20°, O1w-

Cu1-O2w = 178.36°, O2-Cu1-O2W = 86.55°, which deviate 

slightly from those expected for an ideal octahedral geometry. 

The planar phenanthroline ligand of one molecule form π-π 

stacks with the ring D of doxycycline of the neighbouring 

molecule. Intense intramolecular and intermolecular hydrogen 

bond networks are formed due to diverse functionalities of 

doxycycline, nitrate ions, and water molecules stabilizing the 

structure (Figure S1 and S2 in supporting information).  

 

Table 1: Selected crystallographic data of 1 and 2 
Complex 1 2   

Empirical Formula C32 H33 Cu N5O12 C34H41CuN6O19.5   

Formula weight 743.17 900.21 

Temperature, K 100 293 

Wavelength, Å 0.71073 0.71070   

Crystal system, space 

group 

Orthorhombic, 

P212121 

Orthorhombic, 

P212121 

unit cell dimensions a =10.2571(7) 

b =12.8336(8) 

c = 28.5532(19) 

a = 10.2282(4)    

b =12.6403(7)   

c =31.3839(16) 

Volume, Å3 3758.62(4) 4057.6(3)   

Z, calculated density, 

g/cm3 

4, 1.313 4, 1.474   

F(000) 1540 926 

Crystal size, mm3 0.10 x 0.15 x 0.22 0.20 x  0.30 x  0.35   

θ range for data 

collection, °  

2.1-30 3.2-29.1 

GOOF on F2 1.035 1.047 

Final R indices [I > 2σ(I)] R1 =0.0881,  

wR2 = 0.2015 

R1 = 0.0632,  

wR2 = 0.1478 

R indices (all data) R1 =0.0721,  

wR2 = 0.1933 

R1 = 0.0886,  

wR2 = 0.1670 

Table 2: Selected Bond Lengths [Å] of 1 and 2 

1 

Cu1-O1          1.925(4) Cu1-O10W        2.396(5) 

Cu1-N3          1.985(6) Cu1-O2         1.920(5) 

Cu1-N4         2.002(6) C1-O1 1.270(7) 

C7-O2 1.269(8)   

2 

Cu1-O1          1.930(4) Cu1-O2W         2.559(5)      

Cu1-O1W         2.311(4)      Cu1-N1          2.024(5)      

Cu1-O2          1.917(4)      Cu1-N2          2.024(5)      

C2-O2 1.252(6) C21-O1 1.270(7) 

 

Comparison of structures and binding modes of DOX. The 

unique structural scaffold of DOX bearing keto-enol functional 

groups offer various metal chelation sites. The different 

possible copper binding sites are shown in figure 4. 1 exhibits 

square pyramidal geometry with DOX coordination through 

monoanionic enolate form (iii) whereas 2 exhibits distorted 

octahedral geometry with the doxycycline coordination 

through diketoamide group of the ring A (iv). These binding 

modes of DOX are different than what was proposed 

earlier14,15,  viz. amide oxygen and the hydroxyl oxygen of ring 

A (ii).  The diketoamide coordination in tetracycline was 

predicted based on the crystal structure investigation of a 

simple model system bis(N-phenyl-2-carbamoyl-5,5’-

dimethylcyclohexane-1,3-dionato)copper(II).35 However, as far 

as we are aware of the present crystal structures of 1 and 2 are 

the first structures which unequivocally establish the different 

binding mode of  doxycycline in particular and tetracyclines in 

general.  

                                 

                            
 

Figure 4. The possible binding sites of doxycycline with copper (i) observed in 
DOX uptake and biomolecular binding, ref. 11 (ii) predicted in ref. 14   (iii) 
complex 1, present work, (iv) complex 2, present work 

UV-Visible and IR spectroscopy. In aqueous solution, the 

complexes exhibit an intense absorption band in the UV region 

(250-360 nm) which is attributed to intra-ligand π-π* 

transition. The band in the range 360-380 nm has been 

assigned to charge transfer band.  In the visible region (620-

640 nm) 1-4 exhibit one very weak broad band of d-d 

transition. These similar electronic properties show that Cu(II) 

is in the square coordination geometry and has similar 

coordination environment in 1-4. (Table 3) (Figure S3 in 

supporting information) 
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Table 3. Spectroscopic data of 1-4 in water at room temperature 

Complex             Electronic data λ(nm)/ε(M-1cm-1) 
Ligand 

Transitionsa 

Charge 

Transfera 

MLCTb 

1 246/37562 

300/48008 

360/20345 628/406 

2 272/52500 

294/29700 

360/18259 630/101 

3 256/90000 

292/43035 

363/13035 630/97 

4 276/64425 364/19550 

380/16713 

637/264 

  a[Complex]= 20 µM ,b[Complex]= 1 mM 

The IR spectrum of the doxycycline ligand shows prominent 

individual peaks at 1678, 1616 and 1577 cm-1 for three 

carbonyl stretching frequencies (ν(C=O)) of amide, ring A and 

ring C, respectively.14,36 In the IR spectra of the complexes the 

ν(C=O) of the amide and ring A keto group cannot be 

distinguished suggesting involvement of these groups in 

copper binding. The IR bands in the region 530-560 cm-1 are 

assigned to ν(Cu-N) coordination in complexes 1-4. All spectra 

show ν(Cu-O) stretching at ~515-525 cm-1.  
 

Electron Paramagnetic Resonance 

Frozen solution EPR spectra of the complexes exhibit an axial g 

tensor suggesting square based geometry. Table 4 shows EPR 

data of the complexes in DMSO at 77K . Complexes 1, 2 and 3 

show well resolved hyperfine features due to Cu(II) nuclei 

(I=3/2) in lower field region and N nuclei hyperfine splitting 

was barely observed. Complex 4 exhibits low resolved 

spectrum due to its poor solubility. The trend g║ > g┴ > 2.0023 

for all complexes indicate square based geometry and dx
2

-y
2

 

orbital as a ground state of Cu(II).37 

 

Table4: EPR data of complex 1-4 

 

Complex                        EPR data 

g║ g┴ A║(G) A┴(G) 
1 2.27 2.08 190 40 

2 2.28 2.08 200 40 

3 2.33 2.08 187 50 

4 2.30 2.08 200 50 

Biological Evaluation 

DNA Cleavage. The DNA cleavage activities of 1-4 are 

monitored using supercoiled pBR322 plasmid DNA in the 

absence of external oxidizing or reducing agents under 

physiological conditions. 2-4 displayed significant chemical 

nuclease activity in absence of any external agent (Figure S5 in 

supporting information). Complex 1 did not show any apparent 

DNA cleavage at highest concentration tested (100 µM). The 

DNA cleavage activity follows the order as 4 > 3 > 2. At 20 µM, 

4 convert all supercoiled form of the plasmid to yield nicked 

circular and linear forms (Figure 5 and Figure 6 C)). The 

formation of linear form of DNA by groove binding copper 

complexes containing aqua/nitrate ligand suitable for 

intramolecular nucleophilic activation has been reported 

earlier.38,39   

 

Figure 5. Photographs of 1% Agarose gel showing cleavage of plasmid pBR322 
DNA by 4 incubated at 37

o
C for 20 min. [DNA] = 300 ng. Lane 1, DNA Control; 

Lanes 2-7, DNA + 5, 10, 20, 30, 40, 50, 100 µM   

 

Figure 6. Concentration dependent DNA cleavage by 2-4 (A-C) using plasmid 
pBR322 DNA of complex (2-4) incubated at 37oC for 20 min, [DNA] = 300 ng. 

 These complexes were incubated with different reactive 

oxygen species (ROS) inhibitors to investigate the mechanism 

of DNA cleavage. Hydroxyl radical scavengers (DMSO, 

mannitol), and superoxide radical scavenger (SOD, superoxide 

dismutase) showed inhibition of the DNA cleavage activity of 

2-4 (4; Figure 8: lanes 2, 3) and ((2-3); Figures S6 and S7) 

whereas DNA cleavage was not affected by singlet oxygen 

quenchers DABCO and sodium azide (Figure 8, lanes 4 and 5). 

Gel photograph of effect of inhibitors on cleavage of pBR322 

plasmid DNA by 4 is shown in Figure 7. These results suggest 

involvement of hydroxyl radicals and superoxide radicals in 

DNA cleavage. Thus 2-4 cleave DNA by an oxidative 

mechanism. In all cases we do not observe any drastic shift in 

electrophoretic mobility 40,41  which rules out the possibility of 

covalent binding of the complexes reported for cisplatin and 

related complexes. The bulky doxycycline ancillary ligand 

sterically hinders the covalent binding.   
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Figure 7. Photograph of 1% agarose gel showing the effect of inhibitors on 
cleavage of pBR322 plasmid DNA by 4 on incubation for 20 min at 37oC. [DNA] = 
300 ng, [4] =30 μM; Lane 1, DNA control; lane 2, DNA + 4 + DMSO; lane 3, DNA+ 
4 + mannitol (50 mM); lane 4, DNA + 4 + DABCO (10 mM); lane 5, DNA + 4 + 
NaN3 (20 mM) lane 6, DNA + 4 + SOD (15 units); lane 7, DNA + 4. 

MMP-2 Inhibition. Matrix Metalloproteinases are a family of 

zinc-dependent endopeptidases that are involved in various  

aspects of cancer phenotype such as cancer oogenesis, 

invasion/metastasis and angiogenesis and therefore 

represents a promising target for anticancer drugs.6 

Ruthenium based complex NAMI-A which has successfully 

completed phase I clinical trials , is shown to inhibit MMP.42,43 

Natalie et.al. have demonstrated that Pt(II) complexes with 

labile ligands can selectively inhibit MMP by forming  hydroxo 

bridge with catalytic zinc ion of MMP  resulting in subsequent 

loss of MMP activity.44 Interestingly the anticancer drugs 

cisplatin, carboplatin and oxaliplatin with two labile ligands do 

not inhibit MMP. HeLa cells exhibit a dose-dependent 

decrease of MMP-2 expression with DOX treatment.1,45 Hence, 

the effects of 1-4 (10µM) have been investigated for their 

MMP-2 expression. Expression of MMP-2 in untreated HeLa 

cells and treated with 1-4 and doxycycline for 95 h is shown in 

Figure 8. It is observed that all the complexes except 1 inhibit 

MMP-2 activity higher than DOX (Figure 8) with 3 being the 

most potent (relative density of the band = 0.05 ± 0.001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Gelatin zymography for determination of MMP-2 activity in HeLa cells. 
Results are the mean of three independent experiments carried out under 
identical conditions                                        

 

Antimalarial Activity. Among tetracyclines, doxycycline is   

effectively used in the treatment of malaria especially for 

chloroquine (CQ) and multidrug-resistant P. falciparum 

malaria.46 Studies of antimalarial activity of chloroquine 

complexes with metals like ruthenium, platinum and gold 

indicated enhanced activity of complexes  more than the 

parent drug chloroquine and also good activity against 

chloroquine resistant  parasites, suggesting a role of metal in 

the drug activity.47-51 In the present study, activity of  1-4 was 

evaluated in vitro against CQ-sensitive strain NF54 and CQ-

resistant strain Dd2 of P. falciparum(Table 5). 

All complexes exhibit moderate activity than DOX against CQ-

sensitive P.falciparum NF54 strain but high activity against CQ-

resistance Dd2 strain. The complex 3 and 4 are more active 

than the drug artesunate against CQ-resistance Dd2 strain. 

Table 5: Antimalarial activity of complexes against CQ-sensitive and CQ-
resistance P. falciparum NF54 strain and Dd2 strains 

Compound IC50 (µM)
a
 IC50 (µM)

b
 

1 12.11 4.86 

2 2.00 0.85 
3 0.35 0.62 

4 1.10 0.59 
[Cu(dox)2] 20.46 6.41 

Doxycycline hyclate 19.50 10.87 
Chloroquine 

Diphosphate(CQDP) 
0.052 112.63 

      Artesunate  - 9.23 

aIC50 against CQ-sensitive P.Falcipuram NF54 strain,bIC50 against CQ-resistance 

P.Falcipuram Dd2 strain, dox= doxycycline 

Cytotoxicity Studies. MTT assay was performed to check 

cytotoxic effect of doxycycline and 1-4 towards MCF-7 and 

HeLa cell lines. The cytotoxicity of the DOX and the complexes 

(1-4) were found to be similar in both the cell lines. Cell 

survival is nearly 50% after 48 h of incubation with doxycycline 

and complexes (Figure 10). Above 1.5 µM tested 

concentration, cells showed necrosis. Doxycycline and all 

complexes exhibited significant cytotoxic effect with almost 

similar values of IC50 (0.75 to 0.8 µM) except for complex 3 

exhibiting nearly half IC50 (0.46 µM) value (Table 6). 

Cytotoxicity results correlate with the MMP inhibition 

potential for all complexes suggesting primary involvement of 

MMP inhibition in cell death along with DNA damage. 

Table 6: IC50 values of doxycycline and complexes (1-4) towards MCF-7 and 
HeLa  cell line evaluated by MTT assay 

Complex IC50 (µM)a 

MCF 
IC50 (µM)a 

HeLa 
Doxycycline 0.80  ± 0.06 0.70  ± 0.03 

1 0.87 ± 0.06 0.73  ± 0.06 
2 0.79 ± 0.04 0.72  ± 0.04 
3 0.46 ± 0.05 0.55  ± 0.04 
4 0.75 ± 0.07 0.79  ± 0.08 

a Results represent mean of three independent experiments. 
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IC50 values of some widely studied antibiotics and their 

ternary Cu(II) complexes are presented in Table 7. The 

comparison of these revealed that mixed-ligand copper 

complexes of antibiotics exhibit enhanced cytotoxic effect than 

the parent antibiotic. 

Table7: IC50 values of antibiotics and their ternary copper complexes against 
cancer cell lines 

      Compound IC50 ( μM) 

(cell line) 

Reference 

Moxifloxacin (MFL)* 1.4 (A549) 52 

[Cu(MFL)(phen)].5H2O* 0.1 (A549) 52 

[Cu(MFL)(bpy)].5H2O* 0.4 (A549)           52 

[Cu(MFL)(bpy)Cl] (BF4) 16.7 ± 2.2 (MCF-7) 53 

[Cu(MFL)(phen)Cl] (BF4) 
 

18.1 ± 2.6 (MCF-7) 53 

Gatifloxacin (GFL)* 1.3 (A549) 52 

[Cu(GFL)(phen)].5H2O* 0.1 (A549) 52 

[Cu(GFL)(bpy)].5H2O* 
 

0.75 (A549) 52 

[Cu(TMCPMP-TS)(Phen)] 
 

0.24 (A549) 54 

[Cu(TPMP)(phen)NCS] ˃0.157 (A549) 55 

[Cu(TPMP)(bpy)NCS] ˃0.157 (A549) 55 
[Cu(TPMP-BA)2] 
 

0.157 (A549) 55 

2-furoic acid hydrazide (hyd)  ˃400 (K562)a           56 

56 

[Cu(hyd)(bpy)(acn)(ClO4)](ClO4)]  25.0 ± 2.4 (K562)a 56 

[Cu(hyd)(phen)(acn)(ClO4)](ClO4)]  
 

2.2 ± 2.3 (K562)a 56 

thiophenecarboxylic acid hydrazide 
(shyd) 

˃400 (K562)a  

 

56 

[Cu(shyd)(bpy)(acn)(ClO4)](ClO4)]  20.7 ± 2.0 (K562)a 56 

[Cu(shyd)(phen)(acn)(ClO4)](ClO4)]  
 

1.5 ± 0.2 (K562)a 56 

Sparfloxacin  (Hsf) No cytotoxic effect 
(HL-60)b 

 

57 

[Cu(sf)(bpy)Cl] 100 (HL-60)b 57 

[Cu(sf)(phen)Cl]  
 

100 (HL-60)b 57 

N-propyl-norfloxacin (Hpr-norf) No cytotoxic effect 
(K562 and HL-60) 

58 

[Cu(pr-norf)(bpy)] 
 

˂10µg/ml  
(K562 and HL-60) 

 

58 

 Doxycycline (DOX) 0.80 ± 0.06 (MCF-7) 
0.70 ± 0.03 (HeLa) 
 

Present work 

[Cu(DOX)(bpy)(H2O)](NO3) 

 
0.87 ± 0.06 (MCF-7) 
0.73 ± 0.06 (HeLa) 
 

Present work 

[Cu(DOX)(phen)(H2O)2](NO3)2 

 
0.79 ± 0.04 (MCF-7) 
0.72 ± 0.04 (HeLa) 
 

Present work 

[Cu(DOX)(dpq)(H2O)2](NO3)2 

 
0.46 ± 0.05 (MCF-7) 
0.55 ± 0.04 (HeLa) 
 

Present work 

[Cu(DOX)(dppz)(H2O)2](NO3)2 

 
0.75 ± 0.07 (MCF-7) 
0.79 ± 0.08 (HeLa) 

Present work 

*IC50 of MFL , GFL and their respective complexes are estimated from graph  
a after 72 h, b IC50 in μg/ml,  TMCPMP-TS=pyrazolone based 

thiosemicarbazone, TPMP=toluyalation of pyrazolone, bpy =bypyridine,  

phen=phenanthroline, dpq= dipyrido[3,2-d:2',3'-f]quinoxaline and dppz= 

dipyrido[3,2-a:2',3'-c]phenazine,acn =Acetonitrile  

 

 

Figure 9. Cytotoxicity evaluation of doxycycline and 1-4 against (a) MCF-7 and (b) 
HeLa cell lines. The cell viability was assessed after 48 h by the MTT assay. (The 
experiment is carried out in the triplicate under identical conditions) 

Conclusions 

The mixed-ligand copper (II) complexes of doxycycline with a 

series of diimine ligands have been synthesized and 

characterized. 1 exhibits square-pyramidal coordination 

geometry at the Cu(II) site, while 2 exhibits distorted 

octahedral coordination. The crystal structures of 1 and 2 are 

the first structures of coordinated doxycycline which 

unambiguously confirm that out of several binding sites, 

doxycycline coordinates through enolate oxygen of ring A in 1 

and the diketoamide of ring A in 2. All complexes cleave 

pBR322 DNA by oxidative mechanism at significantly low 

concentration. All complexes inhibit MMP-2 activity 

significantly, with 3 being the most potent, even better than 

the parent doxycycline ligand. Complexes are cytotoxic 

towards MCF-7 and Hela cell lines with 3 exhibiting highest 

activity, which correlates well with MMP inhibition ability. 

These studies suggest that the mode of cell death effected by 

these complexes is probably MMP inhibition. Antimalarial 

activity of these complexes against the chloroquine-sensitive 

Plasmodium falciparum NF54 and chloroquine-resistant 

Plasmodium falciparum Dd2 strains reveal that complexes bear 

higher activity than Artesunate drug against chloroquine-

resistant Dd2 strain.  
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