
Synthesis of metal complexes of 5-nitroimidazoles to 

realize their biological potential 

 

 

Thesis submitted for the degree of 

Doctor of Philosophy (Science) of 

Jadavpur University 

 

 

Under the supervision of 

Dr. Saurabh Das 

 

 

by 

PROMITA NANDY 
 

 

 

 

 

 

Department of Chemistry 

Jadavpur University 

Kolkata – 700032 

India 

2022 









 

 

 

 

 

 

 

  

Dedicated to  

Maa and Baba 



ACKNOWLEDGEMENT 

First and foremost, praises to the Almighty for showering His blessings throughout my 

journey in this doctoral programme. This journey is truly a life-changing experience which 

would not have been possible without the continuous support, guidance and encouragement I 

received from many people. 

I would like to express my heartfelt gratitude to my Ph.D supervisor Prof. Saurabh Das for 

his expert guidance, support and inspiration all through the period of my research. His 

knowledge and vision in the specific area of the research work inspired me during discussions 

that guided me to achieve my goal. He always created a homely atmosphere in the laboratory 

and helped us to work in a stress free environment. I am grateful to him because without his 

sincere interest and dynamic supervision, this would not have been possible. 

I acknowledge the support of Department of Science & Technology, New Delhi for a DST-

INSPIRE fellowship for conducting this research uninterruptedly.  

I also wish to express my gratitude to the present Head, Department of Chemistry, Jadavpur 

University, Prof. Swapan Kumar Bhattacharyya and all former HoDs, during whose tenure I 

performed this work, for the continuous support I received from them, in times of need. 

I convey my gratitude to Prof. Subenoy Chakraborty, Dean, Faculty Council of Science and 

all members of staff at the faculty office for the cooperation I received from them. 

No words are enough to acknowledge the help received from Prof. Sanjay Kumar of the 

Department of Physics, Jadavpur University with regard to solving the structure of the 

complex prepared by me. I wish to sincerely thank his research scholar Dr. Soumen Singha 

for helping me evaluate the structures. 

I am grateful to Dr. Arup Gayen and his research scholars for help in procuring the PXRD 

data of the complex at the departmental facility. 

I wish to express my deepest gratitude to Dr. Partha Mahata of the Department of Chemistry 

and his scholars with regard to solving the structure of a complex prepared by me using 

single crystal XRD. 

I would be failing in my duty if I do not convey my gratitude to Prof. Kasturi Mukhopadhyay 

of the School of Environmental Sciences, Jawaharlal Nehru University, New Delhi for her 

help regarding studies performed biological assay on amoeba strain. I am thankful to her 

research scholar Neha Banyal for her cooperation in this regard. 



I acknowledge Dr. Moupriya Nag and Dibyajit Lahiri, Department of Biotechnology, 

University of Engineering and Management, Kolkata for the collaborative work on bacterial 

biofilm formation. 

 

I am grateful to Prof. Shouvik Chattopadhyay of the Department of Chemistry for his 

constant support and encouragement during my research work. I received valuable 

suggestions from him and support with regard to instrumental facilities.  

 

Special thanks are also due to Prof. Tapan Kumar Mondal and Prof. Mahammad Ali, all from 

the Department of Chemistry, Jadavpur University for the support received related to mass 

spectrometry analysis. I am grateful to their respective scholars also in this regard. 

 

I express my gratitude and respect to all my teachers at the Department of Chemistry, 

Jadavpur University, who taught me during my graduation and post-graduation days and who 

directly or indirectly provided me inspiration, valuable suggestions during the course of this 

study. 

 

I am grateful to lab seniors, Dr. Piyal Das, Dr. Ramesh Chandra Santra, Dr. Durba Ganguly, 

Dr. Bitapi Mandal, Dr. Mouli Saha for their encouraging and motivating guidance. 

Heartfelt thanks are due to Mr. Tanmay Saha, Mr. Tushar Kanti Mandal and all the M.Sc. 

project students with whom I worked in the laboratory and their helpful company will always 

be remembered.  

 

I am grateful to all staff members of the “Research Section” and “Ph D cell” of our 

University, non-teaching staff members of the Department of Chemistry, Jadavpur University 

for the cooperation they extended to me.  

 

Last but not least, I am grateful to my parents Mr. Probir Nandy and Mrs. Mitali Nandy for 

their unconditional loving support all along my academic career. Their moral and spiritual 

support enabled me to pursue this study. Whatever I have achieved in life is because of their 

love, sacrifice and blessings. I also express my thanks to my beloved Husband Mr. Ranadip 

Das for his constant support and encouragement. 

 

 

 
Promita Nandy 

Research Fellow 

Date:   20.12.2022                                                                              Department of Chemistry 

Place:  Kolkata                                                                                 Jadavpur University 

Kolkata-700032 

India 

 



LIST OF ABBREVIATIONS USED 

 

Onz : Ornidazole 

Tnz : Tinidazole 

Mnz : Metronidazole 

PXRD : Powder X-ray Diffraction 

ORTEP : Oak Ridge Thermal Ellipsoid Plot 

CIF       : Crystallographic Information File 

UV-Vis : Ultraviolet-Visible 

IR : Infrared 

MS : Mass spectroscopy 

EPR : Electron Paramagnetic Resonance 

CV : Cyclic Voltammetry 

DMF : N, N-dimethylformamide 

DMSO : Dimethyl sulfoxide 

TBAB : Tetrabutylammonium bromide 

DNA : Deoxyribonucleic acid 

RNA     : Ribonucleic acid 

c t DNA : Calf Thymus DNA 

TRIS : 2-amino-2-hydroxymethylpropane-1,3-diol 

EtBr : Ethidium bromide 

MIC : Minimum Inhibitory Concentration 

MBC : Minimum Bactericidal Concentration 

Gy : Gray 

HPLC : High Performance Liquid Chromatography 

ER : Enhancement Ratio 

XOD : Xanthine Oxidase 

PFOR : Pyruvate Ferredoxin Oxidoreductase 

MCF-7 : Michigan Cancer Foundation-7 

EPS : Extracellular Polymeric Substances 

QS : Quorum Sensing 

AIP : Autoinducer Peptides 

 



ABSTRACT 

5-nitroimidazoles are effectivedrugsfor different parasites and pathogenic microbes. They are 

also potential radiosensitizers in the treatment of cancer.Efficacy of 5-nitroimidazoles 

dependsmainly on the ease of formation of the nitro-radical anion (R-NO2
).The compounds 

are reduced in the presence of the enzyme pyruvate ferredoxinoxidoreductase (PFOR); 

reduction of the nitro group helps themto enter cells by passive diffusioncreating a favourable 

concentration gradient. Anti-microbial efficacy of 5-nitroimidazoles depend on thereduced 

specieswhich following reduction (at the nitro group)bind to DNA disrupting or 

breakingstrands that are able to cause cell death. As radiosensitizers, they interact with 

radicals formed on DNA, following the latter’s interaction with the products of the radiolysis 

of water, forming R-NO2
that thereafter enhance strand unwinding or strand breaks. 

However, like many known drugs, 5-nitroimidazolesalsosuffer from adverse drug reactions, 

neurotoxicity and drug resistancefollowing their prolonged use. Too much generation of 

reactive intermediateslike R-NO2
isresponsible.In spite of all controversies, the positive 

impact of 5-nitroimidazoles tends to outweigh their negative aspects. However, for a safe use 

of this family of drugs, a more logical approach would beto generate thecorrect amount of 

reactive intermediates.Among several approaches, one is, to prepare metal complexes of such 

drugs that enhance their efficacy and address issuesrelated to toxic side effects. 

As a part of this work, Ornidazole [1-chloro-3-(2-methyl-5-nitro-1H-imidazole-1-yl)propan-

2-ol], animportant member of the family of 5-nitroimidazoleswas chosen. Cu(II) and Zn(II) 

complexes of it were prepared and characterized through physicochemical experiments in 

solution and different spectroscopic methods of analysis in solid state. Structures of Cu(II) 

and Zn(II) complexes were determined from single crystal X-ray diffraction and powder X-

ray diffraction respectively. DNA binding experiments were performed using calf thymus 

DNA as the target. A comparison was made between Ornidazole and the prepared complexes 

by employingphysicochemical and biological approaches. 

Preparation of complexes decreasesformation of R-NO2
.This was realized by performingan 

enzyme assay using xanthine oxidase, a model nitro-reductase. While neurotoxic side effects 

should decreasefollowing complex formation owing to decreased R-NO2
generation, it 

wouldlead to a compromise on therapeutic efficacy inthe free radical pathway. Wetried to 

find out aspects related to biological activityof the prepared complexes to see if that is 



affected in anyway, owing to decreased free radical (R-NO2
) generation.For this purpose, 

several bacterial strains and Entamoeba histolytica (HM1:IMS Strain) were chosen as 

biological targets. Experiments reveal, not only complexes compete with ornidazole, in fact, 

under longer exposure times, complexes perform better than Ornidazole. Efficacy of 

complexes are probably due to their ability to bind to DNA better than Ornidazole which can 

be understood from DNA binding studies performed to evaluate interaction of Ornidazole and 

its complexes withcalf-thymus DNA using cyclic voltammetry. 

Attempts weremade to look at aspects of interaction betweenR-NO2
and other reduction 

products of Ornidazole and its complexes withnucleic acid bases and calf thymus DNA to 

realize and correlate what might be happening when such molecules either on their own or 

complexed to metal ions are enzymatically reduced within a biological target cell. Reduction 

products of Ornidazole and its complexes were generated by reducing them electrochemically 

i.e. holding compounds at their respective reduction potentials, determined earlier with the 

help of cyclic voltammetry. Purine/pyrimidine bases and calf thymus DNA were maintained 

in the immediate vicinity of reducedspecies of each compound.Reactions of generated 

reduction products with purine or pyrimidine bases were followed using HPLC while the 

amount of calf thymus DNA not modified was determined by treating DNA with ethidium 

bromide and recording its fluorescence. The study revealed the damage and/or modification 

caused to different targets by reduced species that were formed either on Ornidazole or on its 

prepared complexes. The damage caused to purine and/or pyrimidine bases was subsequently 

correlated with that observed on calf thymus DNA. The study reveals complexes were better 

in causing modification to nucleic acid bases and DNA when compared to Ornidazole under 

identical experimental conditions. This supports the fact why there isbetter performance by  

complexes on Entamoeba histolytica or on several bacterial targets related to bio-film 

formation etc. as compared to Ornidazolealone. 

Experiments were also carried out to compare performance of complexes as radiosensitizers 

and/ or hypoxic cytotoxins with that of Ornidazole. Nucleic acid bases (thymine, cytosine and 

adenine)or calf thymus DNA,considered as targets, were irradiated with 
60

Co γ rays, 

eitherinthe absence or in the presence of Ornidazole and its complexes. Radiation-induced 

damage of nucleic acid baseswere followed by HPLC whilemodification of calf thymus DNA 

was followed by the ethidium bromide fluorescence technique. Studiesindicate complexes 

have better radiosensitizing properties than Ornidazole on a chosen biological target. 



Overall, the study indicates that the modified forms of 5-nitroimidazoles achieved through 

complex formation are better in biological activity than the molecules chosen in this research, 

be it on bacterial cells or on amoeba or as radiosensitizers on model biological targets. 

Results reveal an expectation, although not verified medically, that the complexes (modified 

forms of 5-nitroimidazoles) might be less neurotoxic. 
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Introduction 
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In the light of growing climatic and environmental changes that have created a hazardous 

condition for health, modern day civilization is in a dire need of a constant supply of 

antibiotics alongside several other medicinal requirements. 5-nitroimidazoles are a class of 

antibiotics important from a pharmaceutical point of view. These are present in a number of 

formulations and used to address a wide spectrum of medical issues ranging from infections 

caused by parasites to being used as radio-sensitizers during radiotherapy of cancer [1-10]. 

These drugs are extensively used for problems pertaining to anaerobic bacterial and parasitic 

infections, being its major application [3, 5-8]. Being cytotoxic to cells they are also effective 

as chemotherapeutic agents, as radiopharmaceuticals and radiosensitizers in the treatment of 

various forms of cancer and related medical applications [1, 9-11]. From a more chemical 

point of view, location of the nitro group on the imidazole moiety determines further 

classification of nitroimidazole antibiotics. The nitro group at position 5 on the imidazole ring 

(5-nitroimidazole) is the most common positional isomer being used as drugs [12-18]. Drugs 

of the 5-nitroimidazole moiety include metronidazole, tinidazole, nimorazole, dimetridazole, 

pretomanid, ornidazole, megazol and azanidazole. Although major use is reported for 

metronidazole aspects like drug resistance, neurotoxicity etc. have prompted a search for 

other derivatives having comparable efficacy with less adverse effects [19-24]. Ornidazole 

[1-chloro-3-(2-methyl-5-nitro-1H-imidazole-1-yl)propan-2-ol], an important member of this 

family, is gradually gaining acceptability as a drug by being an essential component of many 

pharmaceutical formulations that are used to treat microbial infections. Through studies and 

various applications on patients, it is today established that reduction of the nitro group is 

crucial for their activity [7, 9, 25]. Their efficiency is mainly based on their ability to generate 

the cytotoxic nitro radical anion (
.

2NO ). Within the biological system, these drugs are 

reduced by enzymes like pyruvate ferredoxin oxidoreductase (PFOR) that prepares them for 
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entry into cells by passive diffusion, creating a favorable concentration gradient [8-10, 19]. 

After entering a target cell, antimicrobial activity of nitroimidazoles depend on the reduction 

of the nitro group to a nitro radical-anion and/or other potentially active compounds that 

includes nitroso and hydroxylamine derivatives [7, 25]. Reduction products of 

nitroimidazoles are damaging to various macromolecules including DNA, bringing about 

their degradation through modification of strands [7, 9].
.

2NO binds to DNA strands within 

cells thereby damaging them and causing cell death [26]. Nitroimidazoles acting as 

radiopharmaceuticals or radiosensitizers, the cause for their action is more or less the same, 

the only difference being in this form of application, the nitro-radical anion (R-NO2
) 

probably has a larger role than other reduction products [1, 9-11]; “R” here signifying the 

portion of the nitroimidazole molecule other than the nitro group. However, as is true for all 

5-nitroimidazoles, efficacy does not come without adverse effects [19, 22, 23]. The principal 

drawback of nitroimidazoles is that on prolonged use they tend to be neurotoxic that is a 

hindrance to their use; i.e. RNO2
 is responsible both for efficacy and toxic side effects [27, 

33]. Thus too much generation of reactive intermediates of this class of drugs often causes 

more harm than good [34-37]. Hence, generating the correct amount of nitro-radical anion or 

making it available through slow chemical release is becoming an important aspect of 

investigation these days [11, 21, 34-37]. Several modifications have been attempted to 

achieve this of which, formation of metal complexes is one [11, 21, 38]. 

Through several research it has been revealed that complex formation of 5-nitroimidazoles 

modulate the generation of RNO2
 that might then be expected to decrease toxic side effects 

[11,21]. Again since RNO2
 is important for drug efficacy, its decrease, following complex 

formation, should therefore affect drug action. However, experiments confirmed that 
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complex formation did not interfere with drug efficacy. In fact, most complexes were either 

similar in their performance on a chosen microbial target when compared to the 5-

nitroimidazole from which the complex was prepared or the complex performed better [11, 

20, 21, 38]. Since complexes result in a decrease in RNO2
 and yet there is no loss in 

efficacy, this suggests they have some other attributes [11, 20, 21, 38] that enable them to 

overcome any deficiency that might occur in the free radical pathway. Since complexes are 

compromised on the aspect of the generation of the nitro radical anion, attempts were made to 

look at the electrochemical behavior of metal complexes of ornidazole with respect to 

ornidazole itself [11, 21, 38] so that the findings could explain why complexes are either 

better antimicrobial or anticancer agents. 
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5-Nitroimidazole-based antibiotics are compounds extensively used for treating infections in 

human and animals that are caused by several important pathogens.  Very few other groups of 

drugs display the kind of range of activity reported for nitroimidazoles in standard literature 

[1]. The mode of action of nitroimidazoles can help to explain why they have such a broad 

spectrum of activity. 

 

5-Nitroimidazole 

 

Some representative members of the 5-nitroimidazole family 

This class of nitroimidazoles includes compounds that are important as antiparasitic agents 

having high biological activity. For instance, metronidazole (1), secnidazole (2), tinidazole 

(3), ornidazole (4), dimetridazole (5), carnidazole (6) and panidazole (7) are examples of 

drugs currently used to treat infections of anaerobic Bacteroides sp. and protozoans, such as 
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Trichomonas sp., Entamoeba sp., Giardia sp. and Histomonas sp [2]. Also, nitroimidazoles 

have other interesting properties, including antitubercular and antifungal activities, in the 

control of fertility, as radiosensitisers and acts against recombinant reverse transcriptase of 

the human immunodeficiency virus (HIV)-1 [2].  

From a more chemistry perspective, nitroimidazole antibiotics can be classified according to 

the location of the nitro functional group on the imidazole ring. Among the three 

nitroimidazoles, 2-nitroimidazoles, 4-nitroimidazoles and 5-nitroimidazoles, nitro group at 

position 5 on the imidazole ring is the most appreciated positional isomer having a potential 

for drug action that have been extensively exploited in the field of anti-microbial activity.  

Metronidazole has currently figured in the 22th edition of WHO’s model lists of essential 

medicines [3]. It was discovered in mid 1950s at Rhône-Poulenc during a search for a cure 

for the sexually transmitted disease trichominiasis caused by Trichomonas vaginalis [4]. 

Extracts from streptomycete 6670 were found to have potent activity against T. vaginalis. 

The purified active component was identified as azomycin (chemically known as 2-nitro-

imidazole) [4]. Consequently, Rhône-Poulenc developed an array of azomycin derivatives to 

explore this trichomonacidal activity and came up with metronidazole (l-(β-hydroxyethyl)-2-

methyl-5-nitroimidazole) which is still used today for treatment of trichominiasis [4, 5]. The 

antiprotozoan activity of metronidazole was not restricted to T. vaginalis, since it was found 

to be effective against Giardia lamblia, the causative agent of giardiasis [6], and on 

Trypanosoma cruzi, which causes the Chagas disease (trypanosomiasis) [7]. 5 years after its 

discovery, metronidazole was clinically demonstrated to cure amoebic dysentery caused by 

Entamoeba histolytica [4, 8]. Since its discovery, metronidazole has been used successfully 

for the treatment of diseases caused by anaerobic bacteria, like in case of Gram-negative 

Bacteroides fragilis, causing peritoneal infections, the Gram-positive bacteria Clostridium 

difficile that causes pseudomembranous colitis [4] and Helicobacter pylori, which causes 
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stomach ulcers [4]. It is used extensively for the treatment of abscesses (e.g., brain, pelvis, 

pulmonary and tubo-ovarian), septicemias, pneumonia, endodermitis and bacterial vaginosis, 

as well as anaerobic growth in the periodontal cavity [4, 9]. The drug is marketed all over the 

world by Pfizer and Sanofi under the trade name Flagyl. In India, it is the major component 

of the popular drug metrogyl. It is also sold under several other brand names in different 

countries. Metronidazole, which has been studied quite extensively began to be commercially 

used in the 1960s [10]. Metronidazole is indicated for treatment of bacterial vaginosis, 

commonly associated with overgrowth of gardnerella species and co-infective anaerobes 

(mobiluncus, bacteroides) in symptomatic patients [11]. It is also used for pelvic 

inflammatory disease in conjunction with other antibiotics such as ofloxacin, levofloxacin, or 

ceftriaxone [12]. It is prescribed for anaerobic infections like Fusobacterium spp, 

Peptostreptococcus spp, Prevotella spp, or other anaerobes in intra-abdominal abscess, 

peritonitis, diverticulitis, empyema, pneumonia, aspiration pneumonia, lung abscess, diabetic 

foot ulcer, meningitis and brain abscesses, bone and joint infections, septicemia, endometritis, 

or endocarditis [13-20]. Dental infections that are of bacterial origin like periapical abscess, 

periodental abscess, acute pericoronitis of impacted or partially erupted teeth also uses 

metronidazole in conjunction with amoxicillin [21].  

Metronidazole is not labeled as a veterinary medicine but is widely used to treat infections 

caused by giardia in dogs, cats and other companion animals. However, it does not reliably 

cure infection in these animals (dogs and cats) and therefore has to be supplemented by 

fenbendazole [22]. Metronidazole is also used for managing chronic inflammatory bowel 

disease in cats and dogs. Another common use is in the treatment of systemic and/or gastro 

intestinal clostridial infections in horses [23]. It is used in “aquarium hobby” to treat 

ornamental fish. It finds use as a wide spectrum treatment for bacterial and protozoan 

infections in reptiles and amphibians [24]. In general, it may be said that there is a substantial 
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use of metronidazole for the veterinary community to address many potentially susceptible 

anaerobic infections. 

Inspite of its wide range of use, metronidazole is associated with different forms of side 

effects that are a consequence of prolonged use which is today a matter of grave concern. 

Efforts are therefore being made to either modify metronidazole so that side effects are 

addressed or to use other analogues having comparable efficacy. 

Tinidazole and ornidazole are two other 5-nitroimidazole drugs having comparatively less 

toxic side effects and sometimes a better cure rate than metronidazole [25, 26]. Of the 

nitroimidazoles, tinidazole and metronidazole have consistently demonstrated the greatest in 

vitro activity; tinidazole possessing a slight advantage. It is an anti-parasitic drug used against 

protozoan infections widely across Europe and the developing world; as a treatment for a 

variety of amoeba and parasitic infections. Developed in 1972, it was marketed by Mission 

Pharmacal under the brand name Tindamax, by Pfizer under the names Fasigyn and 

Simplotan, and in some Asian countries as Sporinex. There is a large body of clinical data 

that exists to support use of tinidazole for infections against amoebae, giardia, and 

trichomonas, just like metronidazole [27]. Tinidazole may be a therapeutic alternative in the 

setting of metronidazole tolerance and may also be used to treat vaginal infections (bacterial 

vaginosis, trichomoniasis) [28, 29]. It is also used to treat certain types of parasitic infections 

like giardiasis and amoebiasis [30]. Tinidazole is administered before gynaecological surgery 

or surgery of intestines to prevent post-operative infections from developing [31]. 

Another nitroimidazole derivative with fewer studies but excellent efficacy similar to that of 

tinidazole is ornidazole (Onz). It is a synthetic 5-nitroimidazole, commercially obtained from 

an acid-catalyzed reaction between 2-methyl-5-nitroimidazole and epichlorohydrin. It was 

first introduced for treating trichomoniasis before being recognized for its broad anti-
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protozoan and anti-anaerobic-bacterial capacities. Onz is a drug that cures some protozoan 

infections. It is used by the poultry industry. It has also been investigated for use in Crohn's 

disease after bowel resection [32]. Ofloxacin with Onz, is a popular combination/formulation 

of antibiotics, prescribed for the treatment of peridonitis, diarrhoea, dysentery, gingivitis and 

pelvic inflammatory disease [33]. 

As already mentioned for metronidazole, this class of drugs has some common side effects. 

These are abdominal pain, nausea, bitter and metallic taste that prevails in the mouth, 

stomach upset, itchiness and headache [34]. Consumption of alcohol while taking these drugs 

causes an unpleasant disulfiram-like reaction causing nausea, vomiting, headache, increase of 

blood pressure, flushing, and shortness of breath [35]. It is advised that drugs of this group 

should not be prescribed during pregnancy and breastfeeding. 

Mechanism of action 

Although there were some controversies in early literature concerning such molecules, 

mechanism of action of nitroimidazole drugs is reasonably well understood today. These 

molecules interact with several bio-chemical pathways of hosts and parasites. Several studies 

assumed that reductive bio-activation and generation of reactive intermediates are responsible 

for the overall effect. In general, nitroimidazole-based drugs are well defined as pro-drug, and 

the nitro functionality is responsible for their activity. Nitroimidazoles are activated by a 

bioreduction for which a low redox potential electron transfer system is a prerequisite and 

this activation is essential for their activity. Single-electron reduction of 5-nitroimidazoles 

produces a nitro radical anion which is unstable and can decompose to form the nitrite anion 

and an imidazole radical [46]. This pathway is particularly favored under anaerobic 

conditions. Alternatively, the nitro radical anion can be further reduced by a single electron to 

nitroso and hydroxylamine species and all such nitroimidazole species are capable of causing 
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DNA damage resulting in cell death [47] Hence the nitro group on the imidazole ring plays a 

major role in drug action. All drugs of this type require a reduction of the nitro group in order 

to kill susceptible cells. Hence, before reduction occurs the molecule must be able to enter 

cell. This is accomplished by a passive diffusion and is enhanced by intracellular reduction 

[36-38]. Reduction of the nitro group enables more drugs to enter the cell by a favourable 

concentration gradient as reduction proceeds intra-cellularly.   

For a typical nitroaromatic compound, theoretically, six electrons would be involved in a 

complete reduction of the nitro group (R-NO2) to an amine (R-NH2). This classical pathway 

occurs by way of nitroso (R-NO) and hydroxylamino (R-NHOH) intermediates as shown in 

the following equation 1: 

R-NO2                   R-NO2
.-

                    R-NO                  R-NHOH                   R-NH2     (1)    

However for nitroimidazoles, the above sequence to R-NH2 does not occur. The reason 

behind this is two-fold; first the energy required to reduce hydroxylamine to an amine is too 

high within a biological target cell. Secondly, reduction leads to a nitroradical anion (R- 

NO2
) which undergoes rapid decomposition forming a nitrite and an imidazole radical as 

shown in equation 2: 

R- NO2
                      R

.
  + NO2

- 
       (2) 

Tinidazole yields about 23% NO2
 and metronidazole and ornidazole about 30% [39]. In 

general, therefore, 5-nitroimidazole participates in a reduction process that requires fewer 

than four electrons as shown in equation 1. 

The activity of 5-nitroimidazoles is mainly limited to those organisms which have an 

anaerobic metabolism. The occurance of reduction of the drugs will depend on the biological 

2e- 2e- 1e- 1e- 
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redox system in the target cell. All anaerobes possess redox systems having reduction 

potential more negative (lower) than the drugs. Thus drugs become more efficient as electron 

acceptor and are subsequently reduced. The most negative redox potentials in aerobes are 

those of the NAD/NADH couple (-320 mV) and NADP/NADPH (-324 mV) which are more 

positive than nitoimidazoles. The later are therefore not reduced in aerobes and are 

consequently inactive. Even if reduction were to occur in presence of oxygen, damage would 

be limited or absent since oxygen is the naturally occurring best biological electron acceptor 

known and would rapidly remove the electron from the nitro radical anion, reforming the 

original drug and superoxide, O2
.-

 (equation 3 and 4), a process known as ‘futile cycling’ [40-

43].  

R-NO2                 R-NO2
.-  

(3) 

R-NO2
.-
 + O2               R-NO2 +   O2

.-  
(4) 

 

In a futile cycling, under aerobic conditions the nitro radical anion can reduce oxygen in 

micro-aerophilic organisms to form superoxide [55], which can be inactivated by superoxide 

dismutase and catalase enzymes. However, in presence of transition elements, such as iron or 

copper, which are present in the cell bound to a variety of proteins, superoxide reacts with 

hydrogen peroxide produced during oxidative metabolism to form hydroxyl radical by the 

Haber–Weiss reaction, which in turn is a potent agent of DNA damage causing DNA 

fragmentation thereby inhibiting DNA synthesis [55]. 
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A schematic activation mechanism of 5-nitroimidazole drugs  

in anaerobic bacteria, here illustrated with metronidazole 

Reduction occurs in typical anaerobes by the pyruvate ferredoxin oxidoreductase complex ( 

formerly known as phosphoroclastic reaction), in which the nitroimidazole acts as an electron 

sink by capturing electrons from reduced ferredoxin which would normally be donated to 

hydrogen ions to form hydrogen gas in the hydrogenase reaction [44]. Pyruvate is oxidized 

into acetyl coenzyme A by pyruvate-ferredoxin oxidoreductase (PFOR) complex, and further, 

PFOR reduces ferredoxin (Fd), which finally reduces metronidazole in a single electron 

transfer into the toxic free radical. Thus cytotoxicity can be explained in terms of inhibition 

of gas production or interruption of electron flow in the cell. But these hypotheses were 

discarded as it was demonstrated later phosphoroclastic system recovers itself once the entire 

drug is reduced [45, 46]. This suggests that it is the reduction product of the drug which is 

responsible for cell death. The first evidence showing DNA as a target for nitroimidazoles 
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was from the study that demonstrated metronidazole inhibited the uptake of 14C-lebelled 

thymidine in T. vaginalis [47]. Subsequently, it was shown that in clostridia, nitroimidazoles 

did not only inhibit DNA synthesis but degraded existing DNA strands [48]. Further, it was 

shown DNA degradation and strand breakage could be achieved by a chemical reduction 

[49]. The degree of damage caused to DNA, irrespective of how damage was measured, 

depended upon base composition of the DNA [50, 51]. Generally, nitroimidazoles damage 

DNA having a relatively high % A+T content; damage is maximal with artificial poly(d[AT]) 

polymers and absent with poly(d[GC]) polymers. This suggests the drug induce strand 

breakage specifically at adenine or thymine residues. Thymine is the more probable target 

because both 2- and 5-nitroimidazole release a mixture of thymine and thymidine phosphates 

from DNA but no other base [52].  

Studies on hundreds of nitro-heterocycles indicate two important parameters; one is the 

reduction potential of the drug and another is the life time of the short lived reduction 

product. It was found that the more positive the reduction potential of the drug greater is the 

damage produced at the cellular level i.e. greater cytotoxicity. This relationship indicates that 

for each positive shift in the reduction potential by 100 mV, cytotoxicity of the compound 

gets doubled [53]. In addition, it is the lifetime of the damaging agent which is crucial to the 

action of drugs of this type. For example in a series of studies, it was shown that the lifetime 

of the 1-electron nitro-radical anion varied with the reduction potential and nature of the 

medium [54]. It was found that damage is enhanced at acidic pH indicating that the damaging 

agent is protonated [55]. All these studies enable one to construct a model for the mechanism 

of action of nitroimidazoles which is depicted below [56, 57]. 
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Chapter 3 

Various forms of stimuli induced 

damage of nucleic acid bases and 

DNA 
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DNA lesion refers to a part of a DNA molecule having a primary damaged site i.e. a base 

alteration or a base deletion or a sugar alteration or a strand break [1].  If left unrepaired, such 

lesions can generate permanent mutations. The genomes in the cells of all organisms are 

under constant bombardment by genotoxic stress, both exogenous (e.g. ultraviolet and 

ionizing radiation, chemical combustion products) and endogenous (due to reactive oxygen 

species, nucleases etc.) [2]. These agents modify the chemical structure of DNA, alter the 

ability of regulatory elements to be recognized by DNA binding proteins and lead to cell 

death by interfering with such processes as replication and/or transcription. Lesions can occur 

in most parts of the DNA structure ranging from minor or major chemical modifications, 

single-strand breaks (SSBs) and gaps, to double-strand breaks (DSBs) [3]. Chemical 

modifications are the most common lesions while double-strand breaks are most lethal. 

Nucleic acid base lesions may be accompanied more rarely by sugar modifications and 

single-strand breaks. There are four major classes of base lesions: oxidation, deamination, 

alkylation and hydrolysis [2]. Reactive oxygen species (ROS) e.g. hydrogen peroxide, 

hydroxyl radical, superoxide radical anion are significant source of base damage. As a result, 

these chemical species have to be regulated very carefully; deliberately produced by oxidases 

and removed by scavengers. Hydroxyl radicals can be produced by ultraviolet (UV) radiation. 

Radiolysis of water caused by ionizing radiation also produces ROS in addition to reactive 

free protons and electrons which can produce similar sets of base lesions. Reactive oxygen 

and nitrogen compounds are also produced by macrophages and neutrophils at sites of 

inflammation and infections [4]. Such species attack DNA leading to adduct that impair base-

pairing and/or block DNA replication and transcription, base loss, or DNA single-strand 

breaks. The most pervasive environmental DNA-damaging agent is ultraviolet light (UV).  

Ionizing radiation directly affects the DNA structure by inducing DNA breaks, particularly; 

DSBs [5]. Ionizing radiation can be divided into X-rays, gamma rays, alpha and beta particles 
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and neutrons.DNA damage of exposed tumour tissue leading to cell death is a detrimental 

effect of ionising radiation, however with a beneficial consequence in radiotherapy. Radiation 

therapy (RT) is widely used in cancer care strategies. Its effectiveness relies mainly on its 

ability to cause lethal damage to DNA of the cancer cells. However, radio-resistance of 

cancer cells is still a major limitation in radiotherapy. Efforts are continuously on to explore 

sensitizing targets for improving the outcome of radiotherapy.  

One of the major problems in treating malignant cancer cells by radiotherapy is that cells 

become radio-resistant due to a lack of flow of blood to these cells that decreases oxygen 

concentration in them, making them hypoxic [6, 7]. Under such conditions, radiotherapy is 

unable to serve its desired purpose because molecular oxygen is an effective and a natural 

radiosensitizer. Hence, as an alternative to molecular oxygen in hypoxic cells, an agent is 

introduced that enhances radiation-induced damage of hypoxic cells using γ radiation used in 

a range of low dose so that normal cells are less affected. There has been an extensive search 

for such agents or compounds that are broadly classified as radiosensitizers. It is a chemical 

entity that is able to enhance radiation-induced damage of a tumor in a manner better than the 

effect obtained in its absence. The primary requirement for an efficient radiosensitizer is that 

it should have a good electron affinity and an ability to bind to DNA of target cells. Today a 

good number of radiosensitizers are known [8-13]. The effect of different types of 

radiosensitizers has been studied on model target molecules like nucleic acid bases, DNA and 

different tumor cells [14-21]. Such in-vitro model studies are important as they help to 

understand the actual mechanism of the functioning of various radiosensitizers. 

Amongst radiosensitizers known, the most popular are electron affinic nitro compounds. 

These compounds possess different sensitizing ability depending on the position of the nitro 

group in the compound. Aliphatic nitro compounds like nitro alkanes have received very little 
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attention as radiosensitizers as they are weak oxidizing agents compared to their aromatic 

counterparts. As radiosensitizers, nitro-aromatic compounds include nitro-benzenes and such 

other compounds where the nitro group is substituted in a heterocyclic aromatic structure. 

These are nitrofurans, nitrothiophenes, nitrothiazoles, nitropyrazoles and nitroimidazoles [19-

23]. Besides nitro derivatives, a few other classes of compounds like quinones, amino acids, 

amide derivatives, derivatives of uracil have also been reported as potential radiosensitizers 

[24-28]. Compounds containing the nitroso group have also been studied for radiosensitizing 

properties [30]. Besides typical organic radiosensitizers, many inorganic metal complexes 

have been reported to be effective radiosensitizers [29, 30]. Several studies suggest when an 

organic radiosensitizer is used as a ligand and metal complexes prepared, the latter turned out 

to be more efficient than the ligand itself. This clearly indicates the role of the metal centre 

during such processes [32-35]. 

Nitroimidazoles have also been studied extensively with regard to radiosensitization and a 

good number of its derivatives have made their way to clinics. The most popular being 

misonidazole (2-nitroimidazole derivative) and metronidazole (5-nitroimidazole derivative). 

Radiosensitizing properties of metronidazole were studied using bacteria, bean roots and on 

mammalian cells in vitro [39, 40]. Metronidazole has been shown to sensitize only anoxic 

cells in a manner that is concentration dependent. A maximum enhancement ratio of 1.9 was 

obtained for mammalian cells when metronidazole was used at a concentration of 8 mmol/L 

[36]. In another study, radiosensitization efficiencies of seven different 2-nitroimidazoles and 

two 5-nitroimidazoles that included metronidazole were determined using hypoxic Chinese 

Hamster cells as target [38]. All compounds turned out to be active hypoxic cell sensitizers. 

Enhancement ratio increased with increase in drug concentration. It was found that 2-

nitroimidazole derivatives were more efficient than 5-nitroimidazoles. Sensitization 

efficiencies of compounds were correlated with their electron-affinities. Reports indicate 
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some quaternary salts of 5-nitroimidazole derivatives were tested for survival of mammalian 

TC-SV40 cells revealing that derivatives show no enhancement in aerobic condition but are 

quite effective under hypoxic conditions [39].Metal complexes of nitroimidazoles have also 

been prepared and experiments designed to test their radiosensitizing efficiencies. One such 

study revealed CuII and NiII complexes of metronidazole significantly increased radiolytic 

degradation of thymine [40]. The compound as well as its complexes was found to promote 

the formation of thymine glycol with a significant increase observed for complexes. The 

higher radiosensitizing property observed for these complexes as compared to free 

metronidazole was said to be due to the higher rate of oxidation of transient thymine-OH 

radical adduct. In another study, four cis-platinum(II) complexes (analogues of cis-platin) 

were prepared taking 4- and 5-nitroimidazoles and their sensitizing properties examined to 

test the hypothesis that targeting nitroimidazoles to DNA through complexation with Pt(II) 

could enhance their radiosensitizing ability [38]. Structures of such nitroimidazole complexes 

being similar to cis-platin had actually enabled these researchers to have the idea to target 

DNA with nitroimidazoles. It was found in that same study that complexes were able to bind 

to DNA better than nitroimidazoles themselves.  

It is often said “radiotherapy is free radical therapy” since it involves participation of 

products following the radiolysis of water, majority of which are free radicals. 70% of the 

cell being made up of water, 69% of the damage due to radiation is due to the interaction of 

free radicals derived from water with biological targets. Free radicals produced interact either 

with nucleic acid bases or with sugar moieties present on DNA initially leading to strand 

winding and subsequently to strand modification or strand break [44]. Hence, reason for cell 

death may be attributed to disruption of the double helical structure of DNA and to 

subsequent damage of intracellular DNA. The mechanism of DNA damage following 

irradiation is really very complex and there are a lot of studies on it [44]. The most accepted 
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pathway as understood so far seems to be due to formation of free radicals that are derived 

from radiolysis of water ( H•, OH•, eaq) that react with purine or pyrimidine bases (Fig. 1) in 

intracellular DNA forming deoxyribonucleotide radicals [19]. These abstract hydrogen atoms 

from neighboring sugar moieties leading to strand breaks. There are many studies on the 

effect of ionizing radiation on pyrimidine bases, constituents of DNA [14-17, 43, 45]. These 

studies on pyrimidine bases with primary species obtained from the radiolysis of water are 

essential since they help us to realize what happens when radicals attack a macromolecule 

like DNA. The reactions and mechanistic pathways realized from such model studies that 

include the identification of intermediates along with an analysis of stable products formed 

help us to identify the damage caused to a structure like that of DNA. The products that have 

been characterized so far following radiolysis of pyrimidines include dimmers, pyrimidine 

glycols, hydroxyl dihydropyrimidines, isobarbituric acid, dialuric acid, 5-

hydroxymethyluracil and some five member heterocyclic compounds [13, 14, 40].  

 

Figure 1: Reactions of pyrimidines with H• and OH• (formed from the radiolysis of 

water) 
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Mechanism of radiation induced damage in the presence of different radiosensitizers is 

different and depends on the structure of the sensitizer molecule. In general, there are two 

ways by which a radio sensitizer may enhance radiation induced damage on DNA [19, 42]. 

One is by directly interacting with radiolyzed products of water producing reactive 

intermediates that then interact with DNA causing damage. Another is when the radiolysized 

products of water at first interacts with DNA at a site of a nucleic acid base forming reactive 

intermediates that are then acted upon by a sensitizer molecule using its electron affinic 

character which enhances DNA damage (Fig. 2). Oxygen and nitroimidazole derivatives are 

believed to follow the second mechanistic pathway. Radiolytic products of water such as 

.
OH/ 

.
H. can add to the C5-C6 double bond of pyrimidine bases to form a carbon centered 

radical (shown in the scheme ). Left to itself this radical on a carbon centre could either 

regenerate the double bond or proceed to modify the nucleic acid base permanently.  

 

Figure 2: One of the possible ways of sensitization: Sensitizer molecule (S) takes an 

electron from pyrimidine-OH adduct radical to form a carbocation which 

upon reaction with water molecule or other species forms different stable end 

products. 
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In the presence of sensitizer molecules the first pathway is minimized as it quickly withdraws 

the electron on the carbon radical towards itself either through formation of an adduct or by 

simple intermolecular electron transfer not involving adduct formation i. e. generating a 

carbocation.  

Once a carbocation is formed nucleic acid bases are modified immediately because water 

rushes in to convert the carbocation to an –OH linked carboncentre. Thus most often a glycol 

is the major product in the presence of a radiosensitizer. In case of a cell the situation is a lot 

more complicated since it involves DNA repair enzymes and various sensor molecules that 

detect radical formation on the DNA that could be damaging to the body. Hence compared to 

model studies use of a sensitizer for inducing DNA damage within cells is even more 

required[45-48]. One of the widely accepted mechanisms involving nitro-aromatic 

compounds, known as “electron affinic radiosensitizers” is that the electron is received at the 

nitro group with the sensitizer molecule forming an adduct with C5 or C6 of pyrimidine bases 

[19, 42]. The nitro radical anion of the adduct then abstracts hydrogen from a neighbouring 

sugar C-H that transfers the radical centre from the base to the sugar leading to strand breaks. 

So efficiency of the radiosensitizer in such a mechanism depends on its ability to accept 

electrons from a pyrimidine base by a nitro group. Electron affinity as well as DNA binding 

ability may significantly alter if metal complexes of this class of molecules are prepared. 

Studies of new transition metal complexes of nitroimidazoles in this regard would therefore 

be very interesting. 

Another stimuli responsible for generation of nitro radical anion are electrons whereby such 

compounds are reduced by electrons of the electron transport present in mitochondria [49, 

50]. Of the various range of potentials involved any one region or a group of regions could 

have the potential in which reduction of the nitro group in these drugs fall.  
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Hence we looked at the possibility as to what might happen if the compounds reach the 

mitochondria of cells. Once generated it would interact with biological targets. An attempt 

was therefore made to generate free radicals using a potentiostat maintaining glassy carbon 

electrode and monitor damage caused to a biological target. There are very few work in this 

regard and hence using a novel technique to mimic interaction of 5-nitroimidazoles and its 

complexes with the components of the electron transport chain (Fig. 3) is new and unique 

[51, 52]. 5-nitroimidazoles may be reduced by an electrochemical method using glassy 

carbon electrode, wherein, in the immediate vicinity of reduction products of the molecule 

four different nucleic acid bases (taken one at a time) or calf thymus DNA could be kept. The 

reduction products bring about a damage of the biological target which was followed with the 

help of suitable experimental techniques. Hence, to be able to do this work, it becomes 

necessary to identify the reduction potential of a 5-nitroimidazole that may be done in 

aqueous medium prior to start of such experiments. 

 

Figure 3: Electron transport chain 
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Chapter 4 

Metal complexes of Nitroimidazoles 
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The importance of metal ions in the vital functioning of various constituents of living 

organisms, from mammals to bacteria has been widely recognized. Interaction of metal ions 

with drugs administered for therapeutic reasons is a subject of considerable interest. 

Development of bacterial resistance to existing drugs has encouraged a search for 

alternatives. Novel metal complexes and their derivatives represent an interesting approach 

for designing new antibacterial drugs. This is due to the dual role of both ligands (here drugs) 

and the metal ion involved interacting at different stages of the life cycle of bacteria.  

Transition metals in the form of different complexes are potentially used as drugs and/or 

diagnostic agents to treat a variety of diseases. Many inorganic complexes show antitumor, 

antibacterial, antifungal and antimicrobial activity. Literature survey reveals coordination of 

metal ions to biologically active compounds might enhance their activities. Imidazole 

derivatives have often been used as chelating ligands in the field of coordination chemistry 

and their metal complexes are of special interest for many years because of the variety of 

ways in which they are bonded to metal ions. It was found that complexes of transition metal 

salts with imidazole derivatives showed greater antimicrobial activity than the compound 

applied alone. From the perspective of coordination chemistry, mainly four types of metal 

complexes of 5-nitroimidazoles and their derivatives are reported in the literature. In most 

cases, 5-nitroimidazole acts as a ligand to coordinate the central metal ion using the 3 

position (nitrogen) of the imidazole ring. There are a few exceptions where the nitro group is 

involved in bond formation with the metal center. Different types of complexes with various 

5-nitroimidazole or its positional isomers have been prepared. Some of them are mentioned 

below. 

The Type I includes square planar complexes (mainly Pt(II) and Cu(II)) where the metal ion 

is bound to two 5-nitroimidazole moieties and two halide ions that are present as co-ligands.  
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(M, X and L represent metal ion, halide and 5-ntroimidazole derivatives respectively) 

Type II has binuclear metal ion complexes with two metal centers, each bound to two 

nitroimidazoles and held together by bridging halide ions. These usually have a trigonal 

bipyramidal structure around each metal center with two 5-nitoimidazole ligands at the axial 

position and halide ions on the equatorial plane. 

 

(M, X and L represent metal ion, halide and 5-ntroimidazole derivatives respectively) 

Type III includes complexes that are binuclear with a paddle wheel structure formed by 

carboxylate ions as bridging ligands. In these complexes, each metal center is connected to 

four oxygen atoms of the carboxylate while the fifth position is occupied by a 5-

nitroimidazole forming a square pyramidal geometry. 

 



33 

(M and L represent metal ion and 5-ntroimidazole derivatives respectively and R represents 

organic part of carboxylate ion). 

First row transition metal ions like Cu(II), Co(II), Zn(II)) form tetrahedral complexes (Type 

IV) with two 5-nitroimidazoles and two halide ions as co-ligands. Most reports centre around 

the synthesis, structural analysis, physical and/or spectral properties of the complexes. Apart 

from structural characterization, aspects related to spectroscopy, EPR and magnetic 

susceptibility measurements, majority of studies focus on the antimicrobial attributes of the 

compounds for which they are mostly known. 5-nitroimidazoles have also been studied 

extensively owing to their ability to act as radiosensitizers. Several reports indicate that 

derivatives of parent 5-nitroimidazoles that includes metal complexes were found to possess 

better radiosensitizing properties than the compounds from which the complexes were 

prepared. Hence, for different reasons there has been a growing interest in this area and a 

need for a thorough review for one to realize why researchers thought it necessary to prepare 

metal complexes of 5-nitroimidazoles. 

 

 The first metal complex of the 5-nitroimidazole family was synthesized to arrive at an 

analogue of cis-platin and was reported in 1982 [1]. The complex was obtained by the 

addition of K2PtCl4 to a suspension of metronidazole in water at 500 C. A yellow crystalline 

product was obtained. X-ray crystal structures of the cis complex (complex 1) was 

established the following year and it was found to be square planar around Pt(II) [2]. The 

complex was characterized by elemental analysis (C, H, N, Cl and Pt) and proton nuclear 
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magnetic resonance spectroscopy. The complex was found to be an efficient radiosensitizer 

with an enhancement ratio of 2.4 compared to what was found for metronidazole or other 

Pt(II) complexes on Chinese hamster ovary cells [1]. The structure of the trans isomer 

(complex 2) was also obtained when the cis form was melted and recrystallized. In both 

isomers, the imidazole rings are slightly tilted relative to the Pt(N)2Cl2 square plane. 

 

 

 

Many first row transition metals (Mn, Fe, Co, Ni, Cu) form complexes with 2-methyl-5-

nitrobenzimidazole and metronidazole. These were synthesized and characterized and found 

to have the general formula M(nitroimidazole)2X2 where X is Cl or Br or I [3]. A wide range 

of neutral platinum(II) complexes containing 5-nitroimidazoles, together with halides or 

dicarboxylates as ligands have also been reported [4]. In addition, 2- and 4-nitro-imidazole 

complexes of Pt(II) were prepared to compare their properties with those of 5-

nitroimidazoles. Crystal structures of two square planar PtII(nitroimidazole)2Cl2 having two 5-

nitroimidazole derivatives were obtained (complex-3 and complex-4) [4]. Synthesis, 

structural characterization and supramolecular interaction of many CoII, CuII and ZnII 

complexes of metronidazole have also been reported. Coordination of the metal ion occurs 

through the imidazole nitrogen (N3) with hydroxyethyl and nitro groups acting as 

supramolecular synthons [5]. CoII and ZnII complexes (complex 5) have a structure shown 

earlier with the help of complex 3 or complex 4 having the general formula 

Complex-1 Complex-2 
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M(metronidazole)2X2 where X is Cl and/or Br. In these complexes, metal ions were bound by 

two halide atoms and two nitrogen atoms of the two imidazole rings. Geometry of the 

complexes was nearly tetrahedral.  

                

 

 

 

Complex-5 

 

 

Some RhII bicarboxylate complexes of 2-nitroimidazole derivatives along with a 5-

nitroimidazole derivative were synthesized and X-ray crystal structure (Complex-6) reported 

[6]. The complex possess a binuclear paddle wheel structure. Two Rh atoms were held by 

four acetate bridges and an N3 atom of the imidazole ring coordinated to Rh making a square 

pyramidal geometry around each Rh atom. The synthesized complexes were examined for 

their ability to act as radiosensitizers on Chinese hamster mammalian cells in vitro. The 

complexes were found to be more efficient than ligands (here the 5-nitroimidazoles). 

 

 

Complex-3 Complex-4 
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Different CuII and CoII complexes havng the general formula ML2X2 but a completely 

different mode of coordination than that discussed using type (complex 3 and complex 

4)were prepared; L=metronidazole and X = Cl/Br/NO3/OH. These were characterized with 

the help of spectroscopy and single crystal X ray diffraction analysis [7]. Crystal structures of 

Cu(2-methyl-5-nitroimidazole)2Cl2 (Complex-7) and Cu(metronidazole)2Cl2(Complex-8) 

reveals that in the type represented by complex 8, each 2-methyl-5-nitroimidazole ligand acts 

as a bidentate ligand, and more importantly, in these complexes the 5-nitro group is involved 

in coordinating the metal centre forming an octahedral species. The structure has a symmetry 

centre at the metal ion with a tetragonally distorted octahedral geometry and a trans diaxial 

coordination of one of the oxygen atoms of the nitro groups [7]. This is the first report of a 

nitroimidazole complex where the nitro group is coordinated to the metal centre. 

 

 
Complex-7 

Complex-6 
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Complex-8 is a chloro-bridged dimer with coordination geometry around each copper centre 

being trigonal bipyramid. There are three equatorial chlorine atoms and two axial imidazole 

molecules coordinated by the N3 atom of the imidazole ring. 

 

 

 

Synthesis and characterization of a [Co(2-methyl-5-nitroimidazole)(OAc)2]
+ and a 

[Cu(metronidazole)(OAc)2] has also been reported [7]. A propionato-bridged dinuclear 

Rhodium complex (complex-9) with metronidazole was prepared and characterized by X-ray 

diffraction studies [8]. The structure was similar to that represented as complex-6. Antitumor 

activity as well as acute toxicity due to the complex has been studied. The complex showed 

its ability to inhibit DNA synthesis. Antimicrobial activity was studied by performing an MIC 

assay on bacterial strains (Staphylococcus Aureus, Escherechia Coli, Klebsiella Pneumoiae, 

Pseudomona Aeruginosa) and yeasts (Candida Albicans, Cryptococcus Neofomans). The 

complex was found to be more active on Staphylococcus Aureus and Pseudomona 

Aeruginosa than metronidazole. 

Complex-8 
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Tetrachlorobis(5-nitroimidazole) ruthenium(III) anion (Complex-10) was synthesized by 

reacting with 4-nitroimidazole (4-NO2Im) with activated RuCl3 in aqueous solution 

containing HCl [9]. Crystallographic work on the corresponding compound revealed a trans-

octahedral coordination about the metal centre and nitroimidazole binding as the 5-nitro 

tautomer. Solution chemistry was performed both in water and in methanol. [RuCl4(5-

NO2Im)2] was found to be less labile. After several days in D2O, most of the complex 

aquated to species like [RuCl3(D2O)(5-NO2Im)2]and [RuCl2(D2O)2(5-NO2Im)2]
+.  In 

methanol, only one solvolysis step was detected and the reaction was slow requiring several 

weeks. Although the presence of a nitro group on imidazole uncovers interesting effects on 

substitution reactions in the resulting complexes, lack of reactivity of [RuCl4(5-NO2Im)2]
- 

with dimethyladenine in aqueous medium suggested that this complex may have limited 

biological implications. 

 

Complex-10 

Complex-9 
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The structure of a chloro-bridged dimer (Complex-11) similar to complex-8 was reported 

with each copper atom present in a trigonal bipyramid geometry having two chloride atoms 

and a water molecule in equatorial position and two axial metronidazole coordinated by N3 

of the imidazole ring. The complex being cationic, chloride was present outside the 

coordination sphere. 

 

 

The crystal structure of a binuclear acetate bridged Cu(II) complex (Complex-12) similar to 

complex-6 was reported. The complex had a paddle wheel structure with penta-coordinated 

CuII center in square pyramidal geometry. Each copper center was coordinated through four 

oxygen atoms of acetate bridges with the apical position being occupied by a nitrogen atom 

of the imidazole moiety.  

 

 

Complex-11 

Complex-12 
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A RuII bidentate sulfoxide-metronidazole complex [RuCl2(BESE)(metronidazole)2] 

(complex-13) was synthesized [BESE being 1,2-bis((ethylsulfinyl)ethane)] and characterized 

by 1H NMR, UV-Vis, IR spectroscopy, elemental analysis, solution conductivity and cyclic 

voltammetry [10]. X-ray crystal structure revealed an octahedral geometry with S-bonded 

BESE trans to two metronidazole ligands coordinated by the imidazole ring having two Cl 

atoms at the fifth and sixth coordination sites. The complex was tested on human breast 

cancer cells (MDA-MB-435S) using an in vitro MTT assay. However, IC50 obtained for this 

complex was much higher (860 μM) compared to cis platin (30 μM). 

 

 

Crystal structure and antibacterial activities of some Cu(II) and Co(II) complexes of 5-

nitroimidazoles along with other phenylimidazole derivatives have been reported [11]. The 

Cu(II) complex of 5-nitroimidazole (Complex-14) has a square plane around copper created 

by two N-bound 5-nitroimidazole groups and two water molecules. Two imidazole rings are 

bound almost perpendicular to the CuN2O2 coordination plane so as to have one of the nitrate 

oxygens pointing towards the Cu centre at a semi-coordination distance. These played an 

apical role allowing the coordination polyhedra to be described as highly distorted octahedral. 

Charge balance was achieved by two nitrate counter ions as they were not involved in direct 

coordination with the Cu centre. 

Complex-13 
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Complex-14 

 

Three acetato-bridged dinuclear copper(II) complexes with 5-nitroimidazoles were prepared 

(having a structure similar to that of complex 12) by interaction of a dimeric copper(II)–

acetate [Cu2(l-O2CCH3)4(H2O)2]) with metronidazole and three other 5-nitroimidazole drugs, 

secnidazole [Secnim, 1-(2-methyl-5-nitro-1H-imidazol-1-yl)propan-2-ol], tinidazole [Tinim, 

1-(2-ethylsulfonylethyl)-2-methyl-5-nitro-imidazole] and nimorazole [Nimin, 4-[2-(5-

nitroimidazol-1-yl)ethyl] morpholine]. These were characterized with the help of 

spectroscopy [12]. These complexes and their corresponding parent drugs showed 

radiosensitizing properties on Hep2 (human larynx cancer) cells in vitro. Maximum 

enhancement of radiosensitizing activity upon coordination of the drugs to copper(II) was 

found for nimorazole in that series of the complexes. 

A binuclear paddle-wheel complex of Cu(II) with tnz was prepared and found to have a 

structure similar to that represented by complex 6 and complex 12, where each tnz was linked 

to a Cu(II) centre, the two Cu(II) ions being connected by four acetate bridges. The complex 

was characterized by single-crystal X-ray diffraction, IR, mass, EPR, elemental analysis, and 

cyclic voltammetry. Performance of [Cu2(OAc)4(tnz)2] on two bacterial cells was better than 

tnz while in case of the fungal cell both had similar effect [13]. This suggests binding of 

Cu(II) to tnz brings about a change in the electronic environment that influenced biological 

function on bacterial cells showing improved activity. An attempt was also made to explain 
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the results of antimicrobial studies through DNA binding where the complex was clearly 

shown to be one order higher in its ability to bind to DNA than tinidazole. The binding of 

tinidazole and its Cu(II) complex with calf thymus DNA was followed in this case, using 

cyclic voltammetry which was also the first time for such compounds. 

A novel series of Cd (II) complexes of 2-(1-substituted-5-nitro-1H-imidazol-2-yl)-1-

substituted ethanone were synthesized by a direct reaction of the free ligand with cadmium 

chloride under refluxing conditions in good yield and in-vitro antibacterial activity were 

evaluated [14]. It is evident from antibacterial screening that some of the investigated 

compounds displayed moderate in-vitro antibacterial activity against Gram-positive bacteria 

only. In case of Gram-negative isolate, the complex did not exhibit any inhibitory activity. 

A monomeric tetrahedral complex of CuII with tinidazole (tnz) was prepared. In spite of a 

significant decrease in the generation of nitro radical anion for Cu(tnz)2Cl2, the study showed 

there was almost comparable biological activity for tnz and its monomeric CuII complex on 

two chosen bacterial strains Staphylococcus aureus (ATCC 29213) and Escherichia coli 

(ATCC 25922) and also on Entamoeba cells (E. histolytica) [15]. 

Ruthenium compounds are known to be potential drug candidates since they offer the 

potential for reduced toxicity. Furthermore, in case of Ru in its various oxidation states, 

different mechanism of action and ligand substitution kinetics give them an advantage over 

platinum-based complexes, making them suitable for use in biological applications. Five new 

Ru complexes of nitroimidazoles were synthesized using [Ru(DMF)6]Tf3 as the starting 

material. Another seven complexes were made from the commercially available RuCl3.3H2O 

as precursor. Nitroimdazoles used were 2- or 5-NO2 derivatives including metronidazole, 

etanidazole of known biological value [16]. Another set of four different novel ruthenium (II) 

complexes with metronidazole as ligand were obtained [17]. 
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[RuCl(MTNZ)(dppb)(4,4′-Mebipy)]PF6 ; [RuCl(MTNZ)(dppb)(4,4′-Methoxybipy)]PF6  ; 

[RuCl(MTNZ)(dppb)(bipy)]PF6 ; [RuCl(MTNZ)(dppb)(phen)]PF6  

(where, MTNZ = metronidazole, dppb = 1,4-bis(diphenylphosphino)butane, 4,4′-

Mebipy = 4,4′-dimethyl-2,2′-bipyridine, 4,4′-Methoxybipy = 4,4′-dimethoxy-2,2′-bipyridine, 

bipy = 2,2′-bipyridine and phen = 1,10-phenanthroline.) 

Each of the complexes were characterized by different techniques and their (1–4) interaction  

with DNA was evaluated. Their cytotoxicity profiles were determined on four different tumor 

cell lines derived from human cancer cells (SK-MEL-147, melanoma; HepG2, 

hepatocarcinoma; MCF-7, estrogen-positive breast cancer; A549, non-small cell lung cancer). 

From results obtained complexes 1 and 3 were found to be promising antitumor agents since 

they inhibited the proliferative behavior of MCF-7 cells and induced apoptosis [17]. 

These metal-nitroimidazole complexes have one or more reducible centres (i.e., 

nitroimidazole; transition metal core), each of which has a characteristic redox property and 

consequently unique interactions inside target (hypoxic) and normoxic tissues.  In theory, 

complexes with reducible metal cores (i. e. transition metals) and reducible targeting vectors 

(i. e. nitroimidazole) potentially offer greater selectivity and sensitivity for hypoxic tissues 

than either reducible metal-complexes alone or the nitroimidazole without the reducible metal 

centre [18]. 
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Genesis and Scope 
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Nitroimidazoles are a class of antimicrobial drugs that shows broad spectrum of activity 

against anaerobic gram-positive and gram-negative bacteria, on parasites and mycobacteria 

[1-3]. They cure different microbial diseases occurring both in human beings and animals [4]. 

Nitroimidazoles represent one of the most essential and unique scaffolds in drug discovery 

since their identification in the1950s [5]. They are usually classified based on the location of 

the nitro group in the molecule. The most widely used derivatives being metronidazole, 

tinidazole, ornidazole and secnidazole [6-8].The mode of action of nitroimidazoles help to 

explain why they have a broad spectrum of activity [2].The mechanism of action of this class 

of drugs mainly centres around the nitro group present on imidazole [12].Nitroimidazoles are 

pro-drugs that require the reduction of the nitro group before they display any antimicrobial 

effect [12]. The mechanism is understood to have the following steps: (i) molecules enter 

cells through passive diffusion[4, 12-14], (ii) the nitro group is reduced to reactive radical 

species and (iii) radicals interact with the DNA causing destruction of the double helical 

structure leading to inhibition of protein synthesis; thus causing cell death [9, 12]. The main 

reason for cytotoxicity is the oxidative damage of intracellular DNA [12].It is known that 

overuse of antibiotics results in antibiotic resistance. However, in case of nitroimidazoles 

drug resistance is comparatively less even after use for a long time [6, 7]. These days they are 

prescribed mainly in combination with other known antibiotics to increase efficacy [7, 10, 

11]. Details of the mechanism of action during antimicrobial activity of the molecules on 

different micro-organisms have been discussed in Chapter 2. 

Another important medicinal role of these drug molecules is being used as hypoxic cytotoxin, 

able to sensitize hypoxic tumor cells following irradiation on such cells [15-19]. Hypoxic 

cytotoxins that exclusively kill cells in a hypoxic environment form a group slightly different 

from radiosensitizers that help to improve radiotherapy under hypoxic conditions [20, 

21].Nitroimidazoles being “electron-affinic' react with DNA free radicals having the potential 
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for universal activity to combat hypoxia-associated radio-resistance [20, 22, 23].As 

radiosensitizers, they interact with radical products generated on DNA following radiolysis of 

water, generating the nitro radical anion that either leads to strand unwinding or strand breaks 

[15]. Nitroimidazole derivatives have been studied as radiosensitizers for a long time and a 

lot of the early work suggested that the derivatives showed no activity under aerobic 

condition but were quite effective under hypoxic conditions. The fact makes them suitable 

radiosensitizers for treatment of cancer [24-27]. Hence there are a lot of studies done 

regarding the radiosensitization capability of these drugs [28-32]. Such studies revealed 

radiation induced damage mostly target the DNA within cells. Thus it was important to know 

how the radiation induced damage affect the constituents of DNA both in the absence and 

presence of sensitizer molecules. A huge literature is now available on the detailed facts 

about radiation induced damage of nucleic acid bases and sugar-phosphates that helps to 

know the basis of radiosensitization of tumor cells [33-42]. Also there were some focus on 

aspects like electron affinity and DNA binding capability of sensitizers to their actual 

performance on different biological cell lines which guide further research on the design of 

new derivatives as better radiosensitizers [43-46]. Metal complex formation of any existing 

sensitizer molecule is one such pathway. Majority of the metal complexes prepared are better 

sensitizers than the parent drug molecule [37, 47-53]. 5-nitroimidazole derivatives as 

radiosensitizers accept electrons from radical products of DNA forming the nitro radical 

anion enabling a permanent damage of DNA [15].  These aspects along with mechanism of 

radiosensitization by this class of molecules have been briefly reviewed in Chapter 3. 

Binding to metal ions may control the association and conformation of biologically active 

molecules and so affect their chemical and biological properties. Nitroimidazole derivatives 

are of special interest due to their chemical and pharmacological properties [59]. Many 

transition metal complexes of 5-nitroimidazole derivatives are reported in the literature. In 
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most metal complexes, ligands to the metal center coordination occurs using the N3 nitrogen 

of the imidazole ring [54-61]. A few exceptions are known where the nitro group formsa 

bond with the metal center [57, 61]. The geometry of the monomeric complexes are either 

square planar or tetrahedral and penta-coordinated paddle wheel for binuclear species having 

either halide or carboxylate bridges [54-61].Metal complexes of 5-nitro-imidazoles have also 

been studied to realize their antimicrobial and radiosensitizing property. These have been 

briefly summarized in Chapter 4. 

Complex formation of 5-nitroimidazole derivatives with various transition metal ions is 

necessary to improve their efficiency either as an antimicrobial agent or as a radiosensitizing 

agent. Structural modification of an existing drug through complex formation also deals with 

the aspect as drug resistance. Another important factor is that toxicity is associated along with 

the tremendous efficacy of 5-nitroimidazoles on a number of fronts [62, 63]. When they are 

applied in therapeutic dosage, significant toxicity develops which makes them unsuitable 

clinically [64]. These molecules are neurotoxic upon prolonged use that is today established 

with the help of animal model studies and also understood from post application reports of 

patients administered with such drugs [65, 66]. Therefore, the same nitro radical anion 

necessary for cytotoxic action also has toxic side effects. Hence suitably modified forms that 

generate the correct amount of nitro radical anion necessary for cytotoxic action and leave no 

excess could control the toxic side effects of these molecules. Transition metal complexes of 

5-nitroimidazoles could provide a solution to this problem. 

Keeping all these in mind, attempt were made to synthesize copper (II) and zinc (II) 

complexes of ornidazole. Cu(II) was chosen since Cu(II) complexes are reasonably stable, 

possess good solubility and have excellent affinity towards DNA which is important for drug 

efficacy. In addition to its physiological role, zinc can have beneficial therapeutic and 

preventive effects on infectious diseases and, compared to other metal-based drugs, Zn(II) 
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complexes generally exert lower toxicity and have fewer side effects. In order to establish the 

structure of the complexes, single crystal X-ray diffraction as well as powder X-ray 

diffraction were used. Other spectroscopic characterizations, magnetic moment 

measurements and EPR of the complexes were attempted since they provide useful 

information addressing both structural issues as well as aspects related to biological activity. 

Redox properties and electrochemical behavior of 5-nitroimidazoles being crucial aspects 

pertaining to drug action electrochemistry of ornidazole was done. Changes in 

electrochemical properties upon complex formation were also attempted. Findings related to 

these aspects are discussed in Chapters 7-12. 

As mentioned earlier, formation of the nitro radical anion is necessary for cytotoxic action 

but at the same time it is toxic to the central nervous system. It is expected that the amount of 

generation of the nitro radical anion would be different in case of the metal complexes but 

whether that would be sufficient for the desired biological activity while improving toxic side 

effects is worth knowing. This work attempts to find this aspect through the formation of 

Cu(II) and Zn(II) complexes of ornidazole. To realize the generation of the nitro radical anion 

in the drugs and its metal complexes, a model nitro reductase enzyme xanthine oxidase 

(XOD) was used in a reaction performed in deoxygenated medium where hypoxanthine acts 

as the electron source with the compounds (ornidazole and its metal complexes) being 

electron acceptors. Generation of the nitro radical anion and subsequent degradation of the 

compounds was identified with the help of a standard technique that was followed using UV-

Vis spectroscopy. Details are available in Chapter 6 (Experimental). Chapters 7and 8 have 

the details pertaining to the findings on enzyme assay in detail for all the compounds. 

It is needless to mention interaction of the compounds with DNA is important and was 

therefore attempted to obtain better insights into the mechanism of action of these 

compounds. DNA interaction of all the compounds is discussed in Chapters 7 and 8.  
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Antiamoebic activity of the prepared complexes was done to compare the activity of the 

complexes with that of Onz. This was done to realize if the complexes were showing either 

similar or better activity as that of the drugs.  

Although, there is some work in the literature on modification of DNA due to 

nitroimidazoles, there is lot of scope for further investigative work. Hence, we look into the 

aspect of in situ reactivity of electrochemically generated nitro radical anion on ornidazole 

and its metal complexes with nucleic acid bases and calf thymus DNA. The reduction 

potential was provided to our chosen nitroimidazoles by an electrochemical method where, in 

the immediate vicinity of reduction products of the molecule, four different nucleic acid bases 

and calf thymus DNA were kept. The reduction products cause a damage of the biological 

target which was followed with the help of suitable experimental techniques.  

The radiosensitizing properties of the Cu(II) and Zn(II)  complexes of Onz were also 

investigated alongside Onz. Studies related to damage of nucleic acid bases and modification 

of DNA using Onz and its metal complexes as radiosensitizers is discussed in Chapter 13. 

This was done with the purpose that if the complexes turned out to be better radiosensitizers 

then not only would this be an advantage but at the same time with complexes having less 

toxic side effects it would be more logical for use clinically.  
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Introduction: 

As mentioned in Chapter 5 on Genesis and Scope of this dissertation, work on metal 

complexes of some common 5-nitroimidazoles like tinidazole and ornidazole, that are 

extremely effective drugs against different parasites and pathogenic microbes, having the 

potential to act as radio-sensitizers in radiotherapy of cancer were prepared. The aim being to 

see, if owing to several attributes associated with complex formation, complexes are able to 

maintain the efficacy of 5-nitroimidazoles and take care of toxic side effects shown by them. 

Bio-friendly metal ions were chosen for this work. These were procured from reliable sources 

and the complexes were prepared using them. Complexes were characterized. All methods 

leading to the preparation of complexes are clearly outlined in this chapter. Various 

techniques that enable suitable characterization of the complexes are also mentioned. 

Since a significant part of the study deals with an appropriate generation of radical anions, 

more specifically the nitro-radical anion (R-NO2
)by prepared complexes, in reference to 

parent compounds like ornidazole and tinidazole, it was important to identify the amount of 

nitro-radical anion generated bythe compounds. For this enzyme assay was carried out where 

formation of the nitro-radical anion (R-NO2
) was realized using xanthine oxidase, a model 

nitro-reductase. 

Since, with decrease in nitro-radical anion (R-NO2
) formation, there is the possibility that 

complexes might be less effective in the free radical pathway, attempts were made to look at 

aspects of interaction betweenR-NO2
and other reduction products of Ornidazole and its 

complexes with nucleic acid bases and with calf thymus DNA to realize and correlate what 

might happen when such molecules either on their own or complexed to metal ions are 

reduced enzymatically within a biological target. Reduction products of Ornidazole and 

complexes were generated by reducing them electrochemically at their respective reduction 
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potential that was determined with the help of cyclic voltammetry. Reactions of such in situ 

generated reduction products with purine or pyrimidine based nucleic acid bases were 

followed by HPLC while calf thymus DNA not modified was determined by treatment with 

ethidium bromide and recording its fluorescence. Experiments were carried out to compare 

performance of complexes as radio-sensitizers and/or hypoxic cytotoxins with that of 

Ornidazole, following the same protocol as mentioned above for nucleic acid bases and calf 

thymus DNA. 

In order to realize some of the other attributes of complex formation, studies on the binding 

of the compounds with DNA was undertaken. Binding of compounds with DNA was carried 

out using cyclic voltammetry. The data was fitted to standard equations and binding constant 

was evaluated. This was compared with that determined for the chosen 5-nitroimidazoles. . 

Biological activity of prepared complexes, to see if that is affected in anyway, owing to 

decreased free radical (R-NO2
) generation was also pursued. For this purpose, several 

bacterial strains were chosen as biological targets. 

As a part of this work, Ornidazole [1-chloro-3-(2-methyl-5-nitro-1H-imidazole-1-yl)propan-

2-ol], an important member of the family of 5-nitroimidazoleswas chosen. Cu(II) and Zn(II) 

complexes were prepared and characterized through physicochemical experiments in solution 

and different spectroscopic methods of analysis in solid state. Structures of Cu(II) and Zn(II) 

complexes were determined from single crystal X-ray diffraction and powder X-ray 

diffraction respectively.  

Materials used 

Ornidazole [purity (HPLC):>98.0%; melting point: 90.0 to 94.0 oC] and Tinidazole [purity 

(HPLC): >98.0%; melting point: 127.0 to 131.0 oC] were purchased from TCI, Japan and 

purified by recrystallization from hot methanol. Crystalline forms were obtained by slow 
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evaporation of the solvent. These were then isolated by filtration. Copper(II) chloride 

(CuCl2·2H2O)and Zinc(II) chloride (ZnCl2),obtained from E. Merck, India were used for the 

synthesis of complexes without any further purification. NaCl, NaNO3, KCl, MgCl2, trichloro 

acetic acid (TCA), glacial acetic acid, sodium dihydrogen phosphate and disodium hydrogen 

phosphate (all AR grade) were obtained from E. Merck, India. While NaCl and/or KCl were 

either used as electrolyte for the dissolution of DNA and for electrolytic conduction in 

aqueous medium during electrochemical experiments, MgCl2 was used for dissolution of 

DNA. NaNO3 was used to maintain ionic strength of the medium either during any form of 

physico-chemical experiments or during DNA titration. Trichloro acetic acid (TCA), glacial 

acetic acid, sodium dihydrogen phosphate and disodium hydrogen phosphate were used to 

prepare different buffer solutions for various biochemical experiments. Triple distilled water 

was used for preparing all aqueous solutions. Calf thymus DNA and ethidium bromide were 

purchased from Sisco Research Laboratories, India. DNA was dissolved in phosphate buffer 

(pH ∼ 7.4) in the presence of 120 mMNaCl, 35 mMKCl, and 5 mM MgCl2 to maintain 

appropriate physiological conditions. Concentration of DNA in terms of nucleotide was 

determined using a molar extinction coefficient of 6600M−1 cm−1 at 260 nm. Absorbance of 

the preparedDNA solutions were measured at 260 nm and 280 nm respectively. 

A260/A280wasdetermined; the value being in the range 1.8–1.9, the DNA was considered 

ready for use without further purification. Quality of calfthymus DNA was also verified with 

the help of circular dichroism (CD)recording its response at 260 nm on a CD 

spectropolarimeter (J815, JASCO, Japan).For experiments related to cyclic voltammetry, 

tetrabutyl ammonium bromide (TBAB) (AR grade) from Spectrochem (India) Pvt. Ltd. was 

used as supporting electrolyte in non-aqueousmedium (dimethyl formamide, DMF). DMF 

was obtained from E. Merck, India.Nucleic acid bases cytosine and thymine were purchased 

from Sisco Research Laboratories, India, while adenine and guanine were procured from 
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TCI, Japan. For experiments related to enzyme assay, Xanthine oxidase (XOD) isolated from 

cows' milk was obtained as a suspension in ammonium sulphate solution from Sigma 

Aldrich. Hypoxanthine, Crystal violet (CV), ethyl acetate, hydroxyl amine, NaOH, and ferric 

chloride were procured from Sisco Research Laboratories, India. Anthrone as reagent, Folin-

Ciocalteu as reagent, congo red, cetyl trimethyl ammonium bromide (CTAB), chitin flakes, 

Tris−HCl, β-mercaptoethanol and phenylmethylsulfonyl fluoride (PMSF) (all AR grade) 

were purchased from E. Merck, India. 

Instruments 

Absorption spectra of complexes were recorded on UV-630spectrophotometer, JASCO, 

Japan. Fluorescence measurements were done on a RF-530 IPC Spectrofluorophotometer, 

Shimadzu, Japan. 

A CD spectropolarimeter J815, JASCO, Japan was used to determine the quality of calf 

thymus DNA.  

FTIR of solid samples as KBr pellets was obtained using a Perkin Elmer RX-I 

spectrophotometer.  

Mass spectra were recorded on Micromass Q-TofmicroTM, Waters Corporation.  

Elemental analyses of complexes were done on a Perkin-Elmer 2400 Series-II CHN analyzer.  

EPR spectrum of [Cu(Onz)2Cl2] were recorded on JEOL JES-FA 200 ESR 

spectrophotometer. 

Magnetic susceptibility measurements of powdered samples at a temperature of 303 K were 

recorded with the help of a Gouy method using Magway MSB MK1, Sherwood Scientific 

Ltd. 

Voltammograms were recorded on a Metrohm–Autolab model PGSTAT 101 potentiostat. 

Powder X-ray diffraction (PXRD) data was collected on Bruker D8 Advance diffractometer.  
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Single crystal X-ray diffraction data was collected on a Bruker D8 Advance diffractometer.  

For radiation chemical experiments, 60Co γ-rays were passed through solutions with the help 

of a GC-900 Gamma Chamber. Dose rate (1.618kGy/h) was measured using a Fricke 

dosimeter.  

Nucleic acid base damage with or without additives under different forms of stimuli 

(electrochemical or radiation)in solution were analyzed using HPLC (Shimadzu Corporation, 

Japan) using a C-18 column and 5% methanol-95% water as mobile phase.  

DNA damage with or without additives under different forms of stimuli (electrochemical or 

radiation) in solution were analyzed by Ethidium-bromide fluorescence method.  

Synthesis of [Cu(Onz)2Cl2] 

A solution of ornidazole (0.439 g in 25 ml, 2.00 mmol) in methanol was gradually added with 

stirring to a solution of CuCl2.2H2O (0.17 g in 25 ml, 1.00 mmol) in methanol [1-4]. The final 

mixture was warmed under reflux to a temperature of approximately 60 °C for 5 h. A green 

crystalline compound was obtained after ∼10 days following slow evaporation of the solvent. 

The product was filtered, dried and stored carefully. 

Analysis Calc. (%) for [Cu(Onz)2Cl2] i.e. C14H20Cl4CuN6O6: C, 29.29; H, 3.49; N, 14.65. 

Found: C, 29.85; H, 3.43; N, 14.79. 

Synthesis of [Zn(Onz)2Cl2] 

A solution of ornidazole (0.8785 g in 25 mL, 4 mmol) in methanol was added to a solution of 

ZnCl2 (0.2725 g in 25 mL, 2 mmol) in methanol [1-4]. The mixture was warmed under reflux 

to a temperature of 60 oC for 6 hours. After almost a week, a white crystalline compound was 

obtained by very slow evaporation of the solvent. The solvent was filtered and the solid mass 

was collected. The filtered product was re-crystalized using a 1:1 aqueous-methanol and 

washed with chloroform, diethyl ether, ethanol, THF and acetonitrile separately depending on 
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solubility of ornidazole in these solvents, to wash away impurities. A pure complex was thus 

obtained. 

Analysis: calc. (%) for C14H20Cl4N6O6Zn, C: 29.21; H: 3.50; N: 14.61. Found: C:29.12; H: 

3.26; N: 15.22. 

Synthesis of [CuII(tnz)2Cl2] 

A solution of tinidazole (0.494 g in 25 ml, 2.00 mmol) in methanol was gradually added with 

constant stirring to a solution of CuCl2.2H2O (0.17 g in 25 ml, 1.00 mmol) in methanol. The 

mixture was warmed under reflux to ~60oC for 6 hours. A green crystalline monomeric 

compound was obtained after 10 days following slow evaporation of the solvent [4]. 

Synthesis of[CuII
2(OAc)4(tnz)2] 

A solution of tinidazole (0.494 g in 25 ml, 2.00 mmol) in methanol was gradually added with 

constant stirring to a solution of Cu(II) acetate (0.400 g in 25 ml, 2.00 mmol) in mildly warm 

methanol. The mixture was warmed under reflux to ~ 55oC for 8 hours. A dimeric Cu(II) 

complex of tinidazole was obtained after a week’s time following extremely slow evaporation 

of the solvent. 

All complexes were purified and crystallized [5]. 

Solution of structures of complexesby refinement from X-ray powder diffraction data 

Powder X-ray diffraction (PXRD) data were collected at ambient temperature (25 °C) on a 

Bruker D8 Advance diffractometer operating in reflection mode with Cu K𝛼1 radiation of 

wavelength 1.540562 Ǻ. The generator was set at 40 kV and 40 mA. The data was collected 

in 2θ range of 4–60° with 0.02° step size and 5s/step.  

At first an initial molecular structure was generated using ACD/Chem Sketch and the 

geometry was optimized using MOPAC2016 to arrive at a reference structural model for the 

reflex powder solve module. This initial structure (model) consisting of two ornidazole 
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ligands, one Zn(II) ion and two Cl- ions was then imported into the new cell. After assigning 

motion groups to different fragments it was solved to represent an approximate structure of 

the complex. 

Indexing and Pawley refinement of PXRD patterns for complexes were carried out using 

Reflex module of Material Studio [6, 7]. The PXRD pattern was indexed by means of 

TREOR 90 program [8] for the first 20 peaks. Peak profiles, zero-shift, background and unit-

cell parameters were refined simultaneously. The background was refined using a 20th-order 

polynomial. Refinements yield Rp = 6.38%, Rwp = 4.52%. Rietvelt refinement was done to 

arrive at the final structure by Reflex Powder Refinement module of Material Studio. To 

improve agreement between calculated and experimental powder diffraction patterns 

different parameters like Pseudo-Voigt profile parameters, background parameters, cell 

constants, zero point of diffraction pattern, position and orientation of motion groups, 

dihedral angles within moieties, the Berar-Baldinozzi asymmetry correction parameters and 

March-Dollase preferred orientation correction parameters were optimized step by step until 

agood agreement between calculated and experimental powder diffraction patterns emerged. 

Thermal parameters were set to be the global isotropic atom displacement parameters and 

refined thereafter.  

Solution of the structure of [Cu(Onz)2Cl2] from single crystal X-ray diffraction data 

Single crystals of the complexes, having suitable dimensions, were used for data collection 

using a ‘Bruker SMART APEX II’ diffractometer equipped with graphite-monochromated 

Mo-Kα radiation (λ = 0.71073 Å) at 298 K. The molecular structures were solved using the 

SHELX-97 package [9]. Non-hydrogen atoms were refined with anisotropic thermal 

parameters. The hydrogen atom attached to oxygen was located by difference Fourier maps 

and was kept at fixed position. All other hydrogen atoms were placed in their geometrically 

idealized positions and constrained to ride on their parent atoms. Multi-scan empirical 
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absorption corrections were applied to the data using the program SADABS [10]. The figures 

were prepared using DIAMOND and ORTEP [11, 12]. 

Electrochemical measurement (Cyclic Voltammetry) 

Electrochemical behavior of ornidazole, tinidazole and their prepared complexes were 

studied by performing cyclic voltammetry using the conventional three–electrode system at 

25oC. Temperature was maintained using a circulating water bath. A glassy carbon electrode 

of surface area 0.0314 cm2 served as working electrode, a platinum wire acted as counter 

electrode while Ag/AgCl was used as reference electrode. Electrochemical experiments were 

performed in an air-tight 50 ml electrochemical cell using Autolab PGSTAT101 Potentiostat 

Galvanostat. Concentration of experimental solutions were 10-3 M. 0.1 M Tetrabutyl 

ammonium bromide (AR grade) was used as supporting electrolyte in alcoholic and DMF 

media while 0.12 M KCl was used in case of aqueous medium. All experimental solutions 

were degassed for 30 minutes with high-purity argon gas. 

Reduction of the nitro group on ornidazole, tinidazole and their complexes were followed[13-

17] in aqueous, aqueous-dimethyl formamide (DMF) and pure DMF solvents using cyclic 

voltammetry. In DMF, there is initially one-electron reduction to -NO2
(Eq. 1) [18] that 

subsequently undergoes a three-electron reduction to –NHOH(Eq. 2) [13, 18]. 

R-NO2+ e-   →   R-NO2
    (1) 

RNO2
.- + 3e  +  4H+  →  RNHOH  +  H2O  (2) 

RNO2 + 4e + 4H+ → RNHOH + H2O  (3) 

As the percentage of water increases, clarity of the two reduction peaks is lost and in a purely 

aqueous solution a single step four electron reduction occurs (Eq. 3). Results were analyzed 

by plotting cathodic peak current (Ipc) in amperes against square root of potential sweep rate 
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(ν1/2) using Randles-Sevcik equation (Eq. 4, Figure 1), to see if the process is under diffusion 

control [19-21]. 

ipc = (2.69  105).n3/2. D0
1/2.A.C. 1/2  (4) 

 

ipc refers to current in amperes at the cathodic peak potential, n denotes total number of 

electrons, D0, diffusion coefficient of species, A refers to area of electrode in cm2; C refers to 

concentration of compounds in moles/cm3 and , scan rate in V s-1. Most of these parameters 

would have a role to play in the subsequent reduction of each compound performed in the 

presence of nucleic acid bases or calf thymus DNA for some of the model biochemical 

investigations. 

 

Figure 1: Plot of cathodic peak current (Ipc) vs. square root of scan rate (ν) for the four-

electron reduction of Ornidazole in aqueous solution at a potential of -

0.827V and pH ~ 7.2. The values of current being in µA (10-6 A) the Y axis 

was labeled as Ipc × 106/A. 

Ratio of peak currents at different potential sweep rates was calculated using the Nicholson 

equation (Eq. 5) [22-24]. 

Ipa/Ipc = (Ipa)0 /Ipc+ 0.485 × (Isp)0 /Ipc + 0.086       (5) 
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Ipc0 denotes current at Eλ, the switching potential, and Ipa0 refers to uncorrected anodic peak 

current with respect to zero current (baseline). 

From voltammograms, reduction peak potential of different compounds were identified and 

subsequently used to reduce them at that potential in the presence of either nucleic acid bases 

or double stranded calf thymus DNA.  

Enzyme assay 

The method uses xanthine oxidase (XOD), a model nitro-reductase [2, 4, 25].Hypoxanthine 

serves as the reducing substrate while either tinidazole or ornidazole and its CuII and ZnII 

complexes are electron acceptors. 225 µL of XOD suspension was diluted to 1.5 mL with 

0.025 M phosphate buffer (pH 7.4) in a quartz cuvette sealed with a rubber septum. Oxygen 

was purged out by passing argon through the solution. The enzyme (XOD) having a specific 

activity of 0.3 units/mg of protein contained ~10 units in 1.5 mL. In another quartz cuvette, 

1.0 mL hypoxanthine (0.01M) in 0.1 M phosphate buffer (~pH 7.4) was taken along with 125 

µL of 1600 µM either tinidazole or ornidazole and the complex was dissolved in DMF. The 

volume was made up to 2.0 mL using phosphate buffer (0.1M). The cuvette was sealed with a 

rubber septum and oxygen gas was purged out by passing argon gas through it. To initiate the 

reaction, 500 µL of deoxygenated enzyme solution maintained in another cuvette was added 

with the help of a gas-tight syringe to the degassed solution containing hypoxanthine and test 

compounds. The final assay solution (2.5 mL) had 0.2 units/mL of XOD, 80 µM of either 

tinidazole or ornidazole or its complexes and 4 mM of hypoxanthine. The cuvette was 

inverted to mix and monitored using UV-Vis spectroscopy against a buffer-DMF blank. A 

spectrum of the solution was taken every 5 minutes for 2 hours during assay. Change in 

absorbance at 320 nm was noted for either tinidazole or ornidazole and their complexes. 
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Interaction of compounds with calf thymus DNA 

Although complexes have an absorption at 320 nm, their interaction with DNA was not 

followed at that wavelength since DNA having a λmax at 260 nm, tailing of its absorbance 

extends up to 310 nm that interferes with the absorbance of the complexes. Hence, this could 

affect a correct determination of the actual change in absorbance, based on which a titration 

of complexes with calf thymus DNA leads to evaluation of binding constant values [2, 4, 5]. 

For this reason, cyclic voltammetry was used to study DNA interaction following reduction 

of the nitro group [2, 4, 5, 23, 26-28].A 30 mL solution containing complexes (100 μM) were 

used. Calf thymus DNA was gradually added and cyclic voltammetry was performed. 20 mM 

Tris buffer and 120 mM NaCl was used to maintain pH and ionic strength of the medium 

during titration respectively. The change in current (I) served as a measure of the extent to 

which complexes interact with calf thymus DNA. This change in current (I)  was 

subsequently fitted to standard equations (Eq. 6-9), yielding values for binding constant and 

site size of interaction [2, 4, 5, 23, 26-28]. 

Equations for evaluating binding constants of complexes interacting with calf thymus 

DNA 

1

ΔI
=

1

ΔImax
 +  

𝐾𝑑

ΔImax(CD − C0)
                    (6) 

 

𝐾𝑑 =  
[C0− (

ΔI

ΔImax
) C0] [CD− (

ΔI

ΔImax
) C0]

(
ΔI

ΔImax
) C0

    (7) 

C0 (
ΔI

ΔImax
)

2

− (C0 + CD + 𝐾𝑑) (
ΔI

ΔImax
) + CD = 0    (8)  

𝑟

𝐶𝑓
= 𝐾(n - r)                                (9) 
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Glassy carbon was used as working electrode while a platinum wire and Ag/AgCl, satd. KCl 

were counter and reference electrodes respectively. The experimental solution was degassed 

for 15 min after addition of DNA using high-purity argon. Voltammograms were recorded at 

a scan rate of  100 mV/s. 

In the medium used complexes and their parent compoundsundergo reduction in the rnge 

from 750 to -950 mV. Upon increasing the concentration of calf thymus DNA, peak currents 

due to complexes gradually decreased. Based on the change in peak current (I) binding 

constant values were evaluated considering the equilibrium shown by Eq. 10.  

L + DNA = L − DNA ;       Kd =
[L][DNA]

[L − DNA]
           (10) 

For the complexes, a decrease in peak current during titration is a consequence of structural 

changes following binding of complexes with DNA, that gradually disables nitro groups from 

showing a response in cyclic voltammetry which was actually followed for evaluation of 

binding constants of the compounds[2, 4, 5, 23, 26-28]. 

Electrochemical generation of reduction products of 5-nitroimidazoles and complexes 

and interaction with biological targets 

To be able to do this work, it was necessary to identify reduction potentials of compounds in 

aqueous medium prior to start of actual experiments. The amount of reduced products formed 

depends on the time for which compounds are subjected to reduction at a constant potential. 

These reduced products cause a damage of the biological target which was investigated 

further with the help of suitable experimental techniques.  

A glassy carbon electrode maintained at a previously determined reduction potential for each 

compound helped to electrochemically generate different reduction products in aqueous 

solution that includes RNO2
 under de-aerated (Ar saturated) conditions. In the immediate 

vicinity of such in situ electrochemically generated reduction products, different nucleic acid 
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bases and calf thymus DNA were kept one at a time under de-aerated (Argon saturated) 

conditions [29].The complex undergoes reduction at its ligand site in accordance with its 

electrochemical behaviour in aqueous solution generating different reduced species, that 

depend on the pH of the medium. In our case, pH was maintained at 7.4. The time allotted for 

in situ electrochemical generation of reduced species on each complex was strictly 

maintained constant for all forms of targets to be able to compare the results pertaining to 

creation of different species in solution, capable of bringing about a change on the target 

maintained in the immediate vicinity of such generation under identical conditions [30, 31].  

Gamma irradiation experiments and aspects of radio-sensitization 

Stock solutions of nucleic acid bases were prepared in triple distilled water by weighing 

accurately each compound so that concentration of each nucleic acid base was 1× 10-2mol/L. 

Subsequently, utilizing these stock solutions, experimental solutions were prepared in which 

concentration of a nucleobase was 1× 10-4 mole/L while ornidazole or its complexes were 1× 

10-5 mole/L. For experiments involving DNA, its concentration in the experimental solution 

was 1× 10-4 mole/L while additives i.e. compounds had a concentration of 1× 10-5mol/L. 

Prior to irradiation, aqueous solutions of all samples were saturated with pure Ar by purging 

it through a 3 mL solution taken in a vial for at least 10 minutes. Solutions were irradiated 

with 60Co gamma rays at different time intervals. Dose rate (1.618 kGy/hr) was measured 

using a Fricke dosimeter. 

Analysis of nucleobases using High Performance Liquid Chromatography  

The amount of each nucleic acid base remaining after experiment was determined using 

HPLC (a C-18 column as stationary phase and 5% aqueous methanol as mobile phase) for 

thymine, cytosine and adenine. In case of guanine, 40% aqueous methanol was used 

[30].Here, also the concentrations of compounds used in the study were one-tenth of target 
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nucleic acid bases or calf thymus DNA. Control experiments were performed where aqueous 

solutions of nucleic acid bases or calf thymus DNA (without any compound) were subjected 

to a constant potential of -0.700 V (for tinidazole and its complexes) and -0.835 V (for 

ornidazole and its complexes) at pH 7.4, using the same glassy carbon electrode. 

Following irradiation at different dose, solutions containing nucleobases with or without 

additives were analysed by HPLC using a C18 column supported by a PDA detector. 

Components were eluted using 5% methanol in water as the mobile phase having flow rate of 

1ml min-1. From the area of peaks in each chromatogram, the concentration of a nucleobase 

remaining intact even after irradiation either in the absence or presence of additives could be 

ascertained and products identified. Determination of concentration was possible using 

standard plots prepared earlier for each nucleobase [32]. In this manner, radiation-induced 

damage of a nucleobase either in the absence or presence of a compound was obtained. 

Ethidium bromide fluorescence for monitoring the amount of DNA not modified  

Amount of calf thymus DNA remaining unaltered was determined by treating it with 

ethidium bromide (EtBr) and subsequently determining the fluorescence of the adduct on a 

RF–530 IPC Spectrofluorophotometer, Shimadzu, Japan [30, 33-35]. Interaction of EtBr with 

DNA leads to increase in fluorescence, a fact that was utilized to determine the amount of 

DNA that remained intact following interaction either with reduced species generated 

electrochemically or with species generated following radiolysis of water [33-35, 36, 37]. 

Information on radiation-induced damage caused to DNA, exposed to γ-radiation either when 

present alone or in the presence of sensitizers was obtained by treating all irradiated samples 

with ethidium bromide (EtBr). Subsequently fluorescence was recorded. Excitation was done 

at 510 nm and emission recorded over the range 590 nm to 610 nm. Fluorescence intensity of 
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the EtBr-DNA adduct was measured for each sample from where the amount of calf thymus 

DNA remaining could be determined (Eq. 11) [35-37].  

% DNA remaining =   (FS– FE) / (F0 – FE) × 100  (11) 

Enhancement ratio indicates extent of damage caused to a target obtained from the ratio of 

slopes of linear plots (for solutions containing compounds to that obtained in the absence of 

any compound). 

Biological assay on an amoeba strain 

Axenic Entamoebahistolyticastrain HM1:IMSS was maintained and grown in TYIS-33 

medium supplemented with 15% adult bovine serum, 1  Diamond vitamin mix and 

antibiotics (0.3 units/ml penicillin and 0.25 mg/ml streptomycin) at 35.5oC. Cells were sub-

cultured twice a week [38]. Entamoeba cells were taken from the log phase and an in vitro 

drug sensitivity assay was performed for 24 and 48 hours respectively [39]. 

The in vitro sensitivity assay was done on a 96 microtitre plate following a protocol described 

earlier [39]. In brief, stock solutions (10 mM) of different compounds were prepared in 

DMSO and further diluted in respective medium to arrive at a desired concentration. These 

were then added to the well of amicrotitre plate in triplicate. Strain HM1:IMSS was harvested 

at log phase and pelleted at 600 g for 5 min. Cells were counted using a Haemocytometer. 

Equal volumes of cell suspensions of Axenic strain HM1:IMSS (3 x 105) per well was added 

to wells containing different compounds. The final compound concentration in rows down 

the plate were 200, 100, 50, 25, 12.5, 6.25, 3.125 µM respectively. Appropriate controls in 

triplicate were included in each plate having DMSO, ZnCl2 and non-treated media (allowing 

for 100% growth). Subsequently, the microtitre plate was placed in an incubation bag having 

an aerocult minisachet to maintain an anaerobic atmosphere. The incubation bag was sealed 

and placed in an incubator where the temperature was 35C. 
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Cell growth was monitored on a daily basis at 24 and 48 hours respectively by comparing 

compounds containing wells with controls in same rows using an inverted microscope. Plates 

were properly examined and each well was scored according to well coverage, cell mobility, 

cell rounding. + was given to 30% well coverage area with rounded cells and ++++ for fully 

covered wells having pseudopodal movement. MIC is considered as the lowest concentration 

of a compound at which a score of + could be given. 

In vitro compound susceptibility (Trypan blue) assay was done where 3 x 105 Trophozoite 

was added in 3 replicate wells containing previously diluted different concentrations of 

compounds. A non-treated control (100% growth) was included in each plate. Culture plates 

were sealed and incubated for 24 and 48 hours respectively at 37°C. Trophozoite growth was 

determined after 24 hours and 48 hours by microscope counting using 0.4% trypan blue assay 

[40]. 

Determination of minimum inhibitory and bactericidal concentration (MIC & MBC) 

MBC values of monomeric and dimeric complexesof CuIIagainst Pseudomonas aeruginosa 

ATCC and Staphylococcus aureus ATCC were determined by micro-dilution techniques 

[40]. Bacterial cells were inoculated in microtitre plates at a concentration of 106 CFU/mL in 

a volume of 50 mL. Complexes of varying concentrations were added separately and 

incubated at 370C for 24 hours. These were analyzed at 600 nm using a spectrophotometer. 

Antibacterial efficacy of monomeric and dimeric complexes was analyzed by determining the 

diameter of the zone of inhibition in millimeter. Sterilized discs of paper soaked in various 

concentrations of monomeric and dimeric complexes were placed on agar plates possessing 

P. aeruginosa and S. aureus followed by determination of clear zones of inhibition. 

Susceptibility of microbial strains to antimicrobial agents was determined by calculating zone 

of inhibition as per recommendations of National Committee for Clinical Laboratory 

Standards [41].  
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Formation of P. aeruginosa and S. aureus biofilm 

Formation of biofilm by P. aeruginosa and S. aureus was determined using 96 polystyrene 

well plates for a period of 72 hours at 370C followed by washing with phosphate buffer and 

staining with 0.4% (v/v) crystal violet that was dissolved in glacial acetic acid 30% (v/v) for 

10 minutes. It was then allowed to dry for 30-45 minutes followed by rinsing with phosphate 

buffer. Subsequently, it was allowed to dry at room temperature for approximately an hour. A 

33% (v/v) acetic acid solution was added and optical density (OD) was measured at 540 nm 

using a spectrophotometer. 

Assay of antibiofilm activity  

Rate of inhibition of biofilm formation achieved by the action of monomeric and dimericCuII 

complexes of tinidazole at MBC, incubated at 370C for 72 hours were detected by the crystal 

violet assay [40, 42]. 

Percentage inhibition was measured with respect to untreated control using the formula 

mentioned below (Eq. 12).  

       [(OD of untreated control) - (OD of treated sample)] 

Percentage biofilm inhibition = ________________________________________    × 100

       (OD of untreated control) 

           (12) 

Detection of Quorum sensing in test P. aeruginosa and S. aureus 

The supernatant of bacterial culture broth was filtered using a membrane filter having pore 

size 0.2 µm. Ethyl acetate was added to the filtrate with gentle shaking for 10 minutes was 

done to allow for phase separation [40, 42]. The upper fraction of the mixture was mixed with 

2M hydroxyl amine and 3.5 M NaOH (1:1) followed by 10 µl alcoholic ferric chloride 
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solution (Ferric chloride in 95% 1:1 ethanol). Colour of the solution was measured with a 

spectrophotometer at520 nm [43]. 

Quantification of secondary metabolite pyocyanin produced by P. aeruginosa during 

biofilm formation  

Quantification of pyocyanin [44] produced by P. aeruginosa upon incubation with MBC 

concentrations ofmonomeric and dimeric CuII complexes and amoxicillin (standard 

antibiotic)were done at 37C for 48 hours. The culture supernatant (5ml) collected after 

centrifugation at 10,000 rpm for a period of 15 min [45] was added to 3 mL chloroform, 

followed by re-extraction with 1mL of 0.2N HCl, resulting in colour change from orange to 

pink that was detected at 520 nm using a spectrophotometer. This helped in determining 

percentage reduction of pyocyanin. 

Determination of elastase activity 

Quantification of las B expression was done by determining elastase activity. An aliquot of 

culture supernatant (100 μl) was added to 900 μl of Elastin Congo Red (ECR) and incubated 

at 37C for 3 hours. Insoluble ECR was removed by centrifugation and absorbance was 

measured at 495 nm [46]. 

Determination of Rhamnolipid production and Drop Collapse Assay 

The amount of rhamnolipid was estimated with cetyltrimethylammonium bromide (CTAB)-

methylene blue plates in accordance with a method described earlier [47, 48]. Plates were 

supplemented with 0.2 % (w/v) cetyltrimethylammonium bromide (CTAB), 0.0005% (w/v) 

methylene blue and solidified with 1.5 % (w/v) agar.An overnight grown liquid culture of P. 

aeruginosa was used and a spot was applied at the middle of the plate for swarming assays. 

To all plates, except control, monomeric and dimeric CuII complexes were added separately. 

Plates were incubated at 37C for 24 hours followed by incubation at room temperature for 
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another 24 hours. Production of rhamnolipid was estimated by measuring the dark blue halo 

surrounding the colony and quantification was done following a protocol described earlier 

[49]. 

Detection of viability count of the sessile group of bacterial cells 

The working strain grown on 0.1% chitin flakes (w/v) for 72 hours was washed with 0.1% 

(w/v) normal saline to eliminate planktonic groups of cells. Following the treatment of sessile 

cells ascontrol, or with monomeric and dimeric CuII complexes, bacterial growth was 

determined at 590 nm using a spectrophotometer at varying intervals of time [50]. 

Determination of EPS degradation on being challenged by monomeric and dimeric CuII 

complexes 

Biofilms of the working strain were grown on chitin flakes 0.1 % (w/v) separately in 100 mL 

LB media, centrifuged at 12,000 rpm for 15mins at 4oC to break the biofilm. 5mLof PBS 

buffer was used to wash pellets collected after centrifugation and mixed with 2.5 mL 10 

mMTris-HCl (pH 7.8). After thorough cyclomixing, 20 mM β-mercaptoethanol and 1 mM 

PMSF were added. The cell suspension of bacterial culture was sonicated followed by 

centrifugation (12,000 rpm, 30 min) at 4oC followed by addition of 10% trichloroacetic acid 

(TCA)in acetone [51]. 

Estimation of carbohydrate and protein content in EPS when challenged by monomeric 

and dimeric complexes of CuII 

The carbohydrate present in EPS was quantified using Anthrone method [52]. Protein present 

in EPS was quantified by Lowry method [53]. 

Isolation and estimation of DNA from prokaryotic cells 

To have a check on adverse effects related to the use of monomeric and dimericCuII 

complexes on genomic DNA of bacterial strains, they were isolated using CTAB, after 
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treatment with monomeric and dimeric complexes for 2 hours keeping the “control” 

untreated.  

Concentration of DNA was measured spectrophotometrically at 260 nm and quantified as in 

Eq. 13.                 

Units (×) mg ml-1 = 50 × O D at 260nm ×dilution factor (13) 
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Chapter 7 

A ZnII complex of Ornidazole with 

decreased nitro radical anion formation is 

still active on Entamoeba histolytica 

 



78 

Introduction 

The passage of time and use of different compounds of the5-nitroimidazole family revealed 

adverse drug reactions, neurotoxic side effects and drug resistance that pose challenges to the 

use of such drugs [1-4]. Metronidazole, tinidazole and ornidazole (Onz) are important 

molecules of the 5-nitroimidazole family that have made their way to clinics and are used in a 

number of pharmaceutical preparations [1-8]. Their efficacy is attributed to generation of 

nitro-radical anion (-NO2
) [1-10].To tackle infections caused by parasites the molecules are 

reduced by the enzyme pyruvate ferredoxinoxidoreductase (PFOR) acting as an electron sink 

[9, 10].Reduction of the nitro group on 5-nitroimidazoles prepare them for entry in to cells by 

passive diffusion creating a favorable concentration gradient [9,10].After entering target 

cells, the anti-microbial toxicity of 5-nitroimidazoles are dependent on the reduction of the 

nitro group to NO2
and other active species like nitroso and hydroxylamine derivatives. The 

nitro-radical anion (-NO2
) binds to DNA disrupting or breaking strands which is a cause of 

cell death [9,10].5-nitroimidazoles are also potential radiosensitizers in the treatment of 

cancer [5-8]. As radiosensitizers they interact with the radicals formed on DNA following 

their interaction with the products of the radiolysis of water, forming -NO2
which thereafter 

enhance strand unwinding or strand breaks [6-8]. 

Unfortunately, -NO2
is associated with neurotoxic side effects, particularly when there is 

prolonged use of such molecules [9-11]. In a situation like this, aspects of neurotoxicity or 

other forms of side effects need to be checked to improve acceptability of such drugs. This 

would require a control on the generation of -NO2
. Too much generation of reactive 

intermediates either of this class of drugs or others often cause more harm than good [12-

15].Hence, generating the correct amount or making it available through slow chemical 

release is gradually becoming an important aspect of research in recent times [10-15].This 
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chapter deals with the regulation of -NO2
for a specific cause, achieved here through 

complex  

formation of Ornidazole with ZnII, that probably generates the correct amount necessary for 

cytotoxicity of a biological target (Axenic Entamoeba histolytica)or it could be that, what it 

compromises in the free radical pathway by way of decreased generation of species like -

NO2
,it makes it up through other attributes of complex formation. Earlier, a ZnII complex of 

metronidazole, was shown to be active as an anticancer agent on a number of cancer cell lines 

[16]. Hence, complexes ofthe 5-nitroimidazole family containing a relatively non-toxic metal 

ion (ZnII) might be useful cytotoxic agents against a number of diseases. 

Results and Discussion  

Crystal structure of [Zn(Onz)2Cl2]from Powder X-ray Diffraction data 

Structural analysis revealed the complex crystallizes in achiral Pna21 space group belonging 

to the orthorhombic system having cell dimensions of a = 10.407(7) Å, b = 7.756(5) Å, c = 

27.725(5) Å. The asymmetric unit of the complex consists of one Zn2+ ion, two Onz moieties 

and two Cl-. The ORTEP diagram is shown in Figure 1. The metal center exhibits a four 

coordinated slightly distorted tetrahedral geometry. The two N atoms (N9, N29) of two 

different Onz moieties and two Cl- ions (Cl2, Cl22) occupy the four corners of a tetrahedron 

surrounding Zn2+. Zn-N bond distances are ~2.017 Å while Zn-Cl bond distances are~2.239 

Å. Two imidazole nitrogens of two different Ornidazole moieties bind the metal center in a 

syn-syn fashion. Some coordinated bond distances and bond angles are listed in Table 1. 
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Figure1: A perspective view of the complex 

 

Table 1: Some selected bond lengths (Å) and bond angles (o) of the complex 

Bonds Bond lengths (Å) Bond angles Amplitude (
o
) 

Zn1—Cl2 2.238(7) Cl2—Zn1—Cl22 134.95 

Zn1—Cl22 2.238(5) O50—C6—C3 108.88 

Zn1—N9 2.017(2) Cl2—Zn1—N9 106.13 

Zn1—N29 2.017(3) O50—C6—C12 111.68 

Cl14—C3 1.779(7) Cl2—Zn1—N29 98.84 

Cl35—C23 1.779(9) C3—C6—C12 110.57 

C26—C32 1.549(3) Cl22—Zn1—N9 98.90 

C3—C6 1.533(9) Cl22—Zn1—N29 106.16 

C6—C12 1.549(4) N9—Zn1—N29 111.32 

C10—C18 1.470(7) N11—C12—C6 111.25 

C15—C16 1.408(9) Cl35—C23—C26 108.88 

C23—C26 1.533(9) O45—C26—C23 108.89 

O45—C26 1.417(4) O45—C26—C32 11.68 

O50—C6 1.417(5) C23—C26—C32 110.56 

N31—C32 1.470(6) N31—C32—C26 111.25 

  Cl14—C3—C6 108.89 
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UV-Vis spectroscopy of Ornidazole and its ZnII complex in different solvents 

 

Ornidazole and [Zn(Onz)2Cl2]were dissolved in different solvents (water, methanol, DMF, 

acetonitrile) having concentration 10-4 M.UV-Vis spectrum of Onz and the complex showed a 

prominent response in the UV region from 260 to 320 nm (Figures 2 and 3 respectively). 

Absorption bands were similar (Table 2). Bands were attributed to intra-ligand charge 

transfer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: UV-Vis spectra of Onz in A) water, B) methanol, C) DMF and D) 

acetonitrile 
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Table 2: Absorption (Abs.) of Ornidazole and ZnII-Ornidazole in different solvents  

 Acetonitrile DMF Methanol Water 

Compound 
λmax 

(nm) 

Abs. 

Intensity 

λmax 

(nm) 

Abs. 

Intensity 

λmax 

(nm) 

Abs. 

Intensity 

λmax 

(nm) 

Abs. 

Intensity 

Onz 320 0.9335 324 1.0638 312 0.9519 318 1.2287 

Zn(Onz)2(Cl)2 318 1.7287 324 1.2643 310 1.5615 320 1.1576 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: UV-Vis spectra of [Zn(Onz)2Cl2] in A) water, B) methanol, C) DMF and D) 

acetonitrile 
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Analysis of IR spectra of Ornidazole and its monomeric ZnII complex 

 

IR spectrum of Onz (Figure 4) shows a band at 1538.21 cm-1,assigned to C=N stretching of 

the imidazole ring that shifts to higher wave number (1565.80 cm-1) in Zn(Onz)2Cl2 (Figure 

5) suggesting coordination of ZnII by an imidazole nitrogen. Two NO2 stretching vibrations, 

as 1482cm-1 and s 1380cm-1 in the complex are similar to that in Onz indicating -NO2 does 

not participate in binding the metal ion (Table 3) [23].  
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Figure 4: IR spectrum of Onz 
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Figure 5: IR spectrum of [Zn(Onz)2Cl2]  
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Table 3:  IR stretching frequencies of Ornidazole and its monomeric Zn(II)    

complex 

 

Functional group 

 

IR bands (values in cm-1) 

Onz 

 

[Zn(Onz)2Cl2] 

 

C=N 1538.21 

 

1565.80 

 

NO2 (s) 1385.92 

 

1380.48 

 

 

NO2 (as) 

 

1471.60 

 

1482.00 

 

 
Mass spectrometry of the complex 

Structure of the complex from the PXRD data suggests that its molecular formula should be 

Zn(Onz)2Cl2. Hence, molecular ion peak in the mass spectrum should be found in the range 

m/z = 572 to m/z = 582 (considering isotope effects due to Cl in Ornidazole and also Cl 

present in the coordination zone surrounding the metal ion; isotope effects would be seen for 

Zn as well. 

In the mass spectrum (Figure 6), the molecular ion peak, expected in the region mentioned 

above was not detected. However, a cluster of peaks (due to isotope effect) appeared having 

m/z values 536.8239, 538.8197, 540.8192 and 542.8129 that may be attributed to a species 

formed from the complex following loss of one Cl co-ordinated to Zn. Again, from the 

complex, besides a Cl (coordinated to Zn), if a –CH3 and –NO2 depart from each Onz unit, the 

species formed should have m/z values in the range from 419 to 423.Prominent experimental 

peaks with m/z between m/z = 420.0368 and m/z = 422.0334 were obtained. Besides, peaks  
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with m/z 219.9733, 221.9697 and 223.0094 suggest presence of free Onz that got detached 

from the complex during mass spectrometry. 

 

 

Figure 6: Mass spectrum of the [Zn(Onz)2Cl2] 

 

 

Detailed analysis of peaks relatedtomassspectrumofC14H20Cl4ZnN6O6 

 

ExpectedmolecularionpeaksconsideringisotopedistributionduetoZn[isotopes64Zn(49.2

%),66Zn(27.7%),67Zn(4.0%)&68Zn(18.5%)]andfourClatoms(isotopes35Cl&37Cl). 

 

571.9483:C14H20
35Cl4N6O6

64Zn; 573.9454:C14H20
35Cl3

37ClN6O6
64Zn; 

575.9425:C14H20
35Cl2

37Cl2N6O6
64Zn; 577.9396: C14H20

35Cl37Cl3N6O6
64Zn;  

579.9367:C14H20
37Cl4N6O6

64Zn; 

573.9452:C14H20
35Cl4N6O6

66Zn; 575.9423:C14H20
35Cl3

37ClN6O6
66Zn; 

577.9394:C14H20
35Cl2

37Cl2N6O6
66Zn; 579.9365: C14H20

35Cl37Cl3N6O6
66Zn; 
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581.9336:C14H20
37Cl4N6O6

66Zn; 

574.9463:C14H20
35Cl4N6O6

67Zn; 576.9434:C14H20
35Cl3

37ClN6O6
67Zn; 

578.9405:C14H20
35Cl2

37Cl2N6O6
67Zn; 580.9376: C14H20

35Cl37Cl3N6O6
67Zn; 

582.9347:C14H20
37Cl4N6O6

67Zn; 

575.9440:C14H20
35Cl4N6O6

68Zn; 577.9411:C14H20
35Cl3

37ClN6O6
68Zn 

579.9382:C14H20
35Cl2

37Cl2N6O6
68Zn; 581.9353: C14H20

35Cl37Cl3N6O6
68Zn; 

583.9324:C14H20
37Cl4N6O6

68Zn; 

Explanationforpeaks536.8239,538.8197,540.8192and542.8129inthemassspectrum 

Possible masses for a fragment formed from the molecular ion due to loss of Cl 

coordinatedto Zn, considering isotope distribution due to Zn [64Zn (49.2%), 66Zn 

(27.7%), 67Zn (4.0%)&68Zn(18.5%)] and the three Cl atoms [35Cl(75%) &37Cl(25%)]. 

536.9795:C14H20
35Cl3N6O6

64Zn; 538.9766: C14H20
35Cl2

37ClN6O6
64Zn; 

540.9737:C14H20
35Cl37Cl2N6O6

64Zn;  542.9708: C14H20
37Cl3N6O6

64Zn; 

538.9764:C14H20
35Cl3N6O6

66Zn; 540.9735: C14H20
35Cl2

37ClN6O6
66Zn; 

542.9706:C14H20
35Cl37Cl2N6O6

66Zn;  544.9677: C14H20
37Cl3N6O6

66Zn; 

539.9795:C14H20
35Cl3N6O6

67Zn; 541.9746: C14H20
35Cl2

37ClN6O6
67Zn; 

543.9717:C14H20
35Cl37Cl2N6O6

67Zn; 545.9688: C14H20
37Cl3N6O6

67Zn; 

540.9752:C14H20
35Cl3N6O6

68Zn; 542.9723: C14H20
35Cl2

37ClN6O6
68Zn; 

544.9694:C14H20
35Cl37Cl2N6O6

68Zn; 546.9665: C14H20
37Cl3N6O6

68Zn; 

Explanation for the peak at m/z = 485.1884 

Possible masses for a fragment formed from the molecular ion following the loss of two 

Cl coordinated to Zn and an –OH from any one Onz ligand, considering isotope 

distribution due to Zn [64Zn (49.2%), 66Zn (27.7%), 67Zn (4.0%) &68Zn (18.5%)] and the 

two Cl atoms[35Cl(75%) &37Cl(25%)]. 

 

ThemostprobableonesbasedonrelativeabundanceofZnandClareshownbelow 

485.0080: C14H20
35Cl2N6O5

64Zn,  487.0049: C14H20
35Cl2N6O5

66Znand 

489.0037: C14H20
35Cl2N6O5

68Zn 
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Explanation for peaks with m/z = 420.0801 and 422.0779 

Possiblemassesforafragmentformedfromamolecularionfollowingthelossof–CH3and–NO2 

from each Onz ligand along with loss of a –Cl from either Onz ligand on the complex, 

considering isotope distribution due to the Zn [64Zn (49.2%), 66Zn (27.7%), 67Zn (4.0%) 

&68Zn(18.5%)] and the Cl atom [35Cl(75%) &37Cl(25%)]. 

 

ThemostprobableonesbasedonrelativeabundanceofZnandClareshownbelow 

419.9859:C12H19
35Cl3N4O2

64Zn,421.9828:C12H19
35Cl3N4O2

66Zn and 

423.9816: C12H19
35Cl3N4O2

68Zn 

 

Cyclic voltammetric studies 

Cyclic voltammetry of Onz (Figure 7) and of Zn(Onz)2Cl2 (Figure 8) were performed; the 

former in aqueous-20% methanol solution while the latter in pure methanol and pure aqueous 

solution at scan rate 0.1 V s−1. The complex showed a peak at –0.925 V against Ag/AgCl, 

satd. KCl(Figure 8)that was assigned to reduction of the -NO2 moiety in Onz. Cyclic 

voltammogram of Onz (Figure 7) showed a peak at -0.827 V in aqueous - 20% methanol 

solution in presence of 0.12 M KCl on a glassy carbon electrode. 

 

 

 

 

 

 

 

 

 

 

Figure 7: Cyclic voltammogram of 1 mMOrnidazole showing a single step one electron 

reduction in aqueous - 20% methanol solution (0.12 M KCl as electrolyte) on a 

glassy carbon electrode; Scan rate:100mV/sec. 
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Voltammograms for reduction of the nitro group in the complex was obtained at other scan 

rates as well. Ipc was plotted against square root of scan rate using Randles-Sevcik equation 

(Chapter: Experimental Eq. 4) [Figure 9]. A straight line passing through the origin suggests 

the complex undergoes reduction in a diffusion-controlled pathway and that there is no 

adsorption on the electrode surface.  
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Figure 8: Cyclic voltammograms of 1 mM[Zn(Onz)2Cl2] in (A) 0.12 M tetrabutyl 

ammonium bromide in methanol and (B) in 0.12 M KCl in an aqueous 

solution on a glassy carbon electrode; Scan rate being 100mV/sec. 
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Figure 9: Dependence of cathodic peak current on square root of scan rate for the 

reduction of [Zn(Onz)2Cl2] in aqueous solution. 

 

In aprotic media, 5-nitroimidazoles undergo reversible one-electron reduction to form nitro 

radical anion (-NO2
) (Chapter: Experimental Eq. 1). This is then followed by three-electron 

reduction to hydroxylamine derivatives (Chapter: Experimental Eq. 2). For most 5-

nitroimidazoles the first step is reversible while the second is not, which is established with 

studies on metronidazole [17]. In aqueous solution, the two steps are not realized separately 

and a single step four electron reduction is observed (Chapter: Experimental Eq. 3) [17, 24]. 

R-NO2   +   e-   →   R-NO2
    (1) 

RNO2
.-  +  3e   +  4H+  →  RNHOH  +  H2O  (2) 

 RNO2+  4e   +  4H+  →  RNHOH  +  H2O  (3) 
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Figure 10: Cyclic voltammograms for Zn(Onz)2Cl2in the absence (dark black line) and 

presence of different concentrations of calf thymus DNA, [Zn(Onz)2Cl2]= 100 

µM; [NaCl] = 120 mM;pH= 7.4; T = 301 K. 

 

Binding of the complex to DNA 

Zn(Onz)2Cl2 was titrated with calf thymus DNA under physiological conditions using cyclic 

voltammetry. The reduction peak of the complex identified at -0.925V (against Ag/AgCl, 

satd. KCl) was used to follow the titration. Upon addition of calf thymus DNA, the cathodic 

peak current (Ipc) decreased gradually with shift to more negative potential (Figure 10). The 

shift to more negative potential is an indication of interaction between the complex and DNA 

and that as more and more DNA is added it becomes increasingly difficult for the complex to 

show a response in cyclic voltammetry as it progressively gets bound to DNA [18]. 

 



91 

As already mentioned, binding of the complex to DNA results in redox active nitro groups on 

both Onz ligands to gradually lose their ability to show a response in cyclic voltammetry. 

Hence, gradual decrease in peak current maybe used as a measure of the extent of interaction 

between the complex and calf thymus DNA. Apparent binding constant values (Kapp) were 

evaluated from a double reciprocal linear plot (Chapter: Experimental Eq. 6) and also from 

non-linear square fit analysis (Chapter: Experimental Eq. 8) Results are shown in Figure 11 

and Table 4 [10-12, 19-22]. 

 

 

Figure 11: Interaction of calf thymus DNA with Zn(Onz)2Cl2; (A) double reciprocal plot, (B) 

non-linear plot, (C) Scatchard, [Zn(Onz)2Cl2]= 100 µM; [NaCl] = 120 mM;pH= 7.4; 

Temp. = 28○C. 

An important parameter for binding to DNA is the site size of interaction (nb). It provides an 

estimate of the number of nucleotides bound to Zn(Onz)2Cl2 during interaction with DNA. In 

A B 

C 
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this case the value was 2 from the mole ratio plot (inset of Figure 11B). Since Kapp provides 

the binding constant value of a substance binding to an isolated site, overall binding constant 

(K*) was obtained by multiplying Kapp with site size of interaction (nb) [25].These are 

provided in Table 4. Binding constant values for Zn(Onz)2Cl2 were higher than Onz 

(determined earlier) [10],indicating this is an attribute of complex formation. Site size of 

interaction (nb) of Onz (reported earlier) [10] was in the range 1.39 to 1.5, while that of the 

monomeric ZnII complex was found in the range from 1.85 to 2 (from two different methods 

of analysis) suggesting that the complex having two Onz ligands bound to ZnII might be 

involved in two types of interactions with DNA. In one, it interacts in the same manner as 

Onz when present alone i.e. when one of the two Onz ligands bound to ZnII in the complex 

interact with DNA. In the other mode, both Onz ligands bound to ZnII interact with DNA. 

Hence, the value obtained for site size of interaction during experiment was intermediate 

between these two values. While inset of Figure 11B (mole ratio plot) provide a value of 2.0, 

Figure 11C (from modified Scatchard plot) provides a value of 1.85 This may be explained as 

that obtained between the values 1.5 (if one Onz interacts with DNA) and 3.0 (if both Onz 

interact), based on our earlier findings with Onz when present alone [10]. 

Table 4: Binding constant values for the interaction of the complex with calf thymus 

DNA 

 

 

 

Compound Apparent  

binding constants 

Kapp × 10–4 (M-1) 

Site size 

(nb) from 

mole ratio 

plot 

 

Overall  binding  

constant 

(K′ × 10–4(M-1) 

K′ = Kapp ×  nb 

Overall 

binding 

constant  

K/×10–

4(M-1) 

From  

Scatchard 

plot 

 

 

Site size 

(nb) from 

Scatchard 

plot 

 

 

From 

double 

reciprocal 

plot  

From 

non 

linear 

– fit 

 

From double 

reciprocal 

plot with 

intercept = 1 

 

 

Using 

Kapp 

from 

double 

reciprocal 

plot 

 

Using 

Kappfrom 

non 

linear – 

fit 

 

Using 

Kappfrom 

double 

reciprocal 

plot with  y-

intercept = 1 

 

 

Onz10 1.71 1.46 - 1.5 2.47 2.11 - 2.77 1.39 

Zn(Onz)2Cl2 4.85 2.07 2.33 2.0 9.34 3.98 4.49 23.50 1.85 
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Enzyme assay 

Xanthine oxidase catalyzes the oxidation of hypoxanthine to xanthine and then to uric acid in 

the presence of oxygen. Under anaerobic conditions, there action does not occur since there is 

no substrate to accept the electrons. Therefore, under anaerobic conditions (i. e. when no 

oxygen is present) if an electron acceptor molecule is present in the system, the above 

oxidation of hypoxanthine to xanthine and to uric acid becomes possible. Nitroimidazoles 

being good electron acceptors participate in the above reaction forming nitro radical anions, 

thus enabling one to realize, using this enzyme assay the ability of 5-nitroimidazoles and their 

modified forms to get reduced and whether the nitro-radical anion that is generated is stable 

for some time to enable a change in absorbance of the original compound, recorded as a 

gradual decrease in absorbance. On the contrary, if the generated nitro-radical anion is not 

stable for long and can revert back to its original form by any pathway, it implies a decrease 

in its formation which could either be due to almost no decrease in absorbance of the original 

compound or that the decrease is considerably less than a compound where reduction leads to 

formation of a stable nitro-radical anion. Here, xanthine oxidase acts as a nitro-reductase that 

reduces the nitro group; hypoxanthine being the source of electron. In a previous study, we 

reported that formation of nitro radical anion by a CuII complex of ornidazole was 

significantly less than Onz followed by UV-Vis spectroscopy [11].In this study, we tried to 

identify the amount of nitro radical anion formed by a ZnII complex of Onz and how it 

compares with that of Onz. Since the enzyme assay reduces the nitro group, such reduction 

causes a change in absorption spectra. Continuous decrease in absorption of a compound 

during assay indicates that the nitro group is reduced which leads to the destruction of the 

chromophore. While a gradual decrease in absorbance was observed for Onz (Figure 12A), 

for the complex, there was no significant decrease (Figure 12B) indicating formation of the 

nitro radical anion on Onz is substantially controlled when bound to ZnII in the complex. 
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Figure 12: UV-Vis spectra of Onz (A) and Zn(Onz)2Cl2 (B) in presence of hypoxanthine in 

5% DMF and xanthine oxidase. Spectra of each compound were taken at an 

interval of 5 minutes for 2 hours. Enzyme activity = 0.2 units/mL in XOD and 

compound concentration = 80 µM. 

12A 

12B 
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Figure 13: Comparison of the rate of reduction of Onz (■) and [Zn(Onz)2Cl2] (■) under 

anaerobic conditions. (Initial concentrations = 0.2 U mL−1 in XOD, 80 μM in Onzor 

Zn(Onz)2Cl2 in the mixture, 4 mM in hypoxanthine and 5% in DMF). 

 

Figure 13 denotes the amount of Onz and complex remaining upon a completion of the assay. 

Controlled formation of -NO2
 following complex formation between Onz and ZnII is 

important, for it prevents too much generation of -NO2
.-. While on the one hand, this is 

beneficial since it would make the complex less neurotoxic even on prolonged use, on the 

other, there is cause for concern, since formation of -NO2
.- is extremely important for drug 

action of the 5-nitroimidazole family and that its decrease might adversely affect efficacy by 

not being able to act on disease causing microbes with the efficiency shown by Onz, allowing 

pathogenic microbes to multiply faster than they are killed by a modified Onz like 

Zn(Onz)2Cl2). Hence, it is essential to see the extent to which cytotoxicity is affected 

following complex formation of Onz with ZnII. In order to check the performance of 

Zn(Onz)2Cl2 in comparison to Onz, both compounds were tried on Entamoeba histolytica. 
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Antiparasitic activity on Entamoeba histolytica (HM1: IMS Strain) 

 

Inhibition of cell viability of Entamoeba histolytica was followed by the trypan blue assay 

using different concentrations of Onz and Zn(Onz)2Cl2 for 24 hours and 48 hours 

respectively.35 MIC values recorded after 24 hours for Onz and Zn(Onz)2Cl2 on Entamoeba 

histolytica were similar (12.5 μM, Table 5). Upon increasing exposure time for each 

compound from 24 hours to 48 hours, the complex was found to be more cytotoxic with MIC 

value of 6.25 μM while for Onz the value remained at 12.5 μM. Therefore, the study clearly 

shows, that increasing exposure time has a positive effect for the complex that may be 

considered an advantage of complex formation. What is more important is that inspite of a 

decrease in formation of -NO2
.- following complex formation, efficacy is not affected as was 

thought earlier (speculating on the lines mechanism of action would suffer in the free radical 

pathway). So if we do not consider the data recorded at 48 hours and just compare that 

obtained after 24 hours, even then the complex seems to be better than Onz, having MIC 

values similar but with added benefits that it generates less -NO2
.-. This implies the complex 

is able to make up any compromise it has to make in the free radical pathway by other 

attributes of complex formation, one of which could be its strong binding to DNA that leads 

to cell death in disease causing microbes. Obviously, the other advantage of complex 

formation would be that it shows the complex to perform much better at longer exposure 

times (48 hours). This may be attributed to effective cellular uptake owing to the presence of 

a metal ion in the complex [26]. 

In an earlier study, we showed a Cu II complex of an azo based ligand performed much better 

on a particular cell line than the ligand itself and that was essentially due to an effective 

cellular uptake of the complex (in that case of course the attributes required for a good 

performance of the complex were in fact similar to that of the compound (azo) forming the 
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metal complex suggesting an effective cellular uptake of the complex made the difference 

between them in their actions on the chosen cancer cell line) [26]. 

Table 5: MIC values for Ornidazole and its monomeric Zn(II) complex when applied on  

Entamoeba histolytica (HM1:IMS strain) 

Compound 
 

MIC after 24 hrs 
 

MIC after 48 hrs 
 

Ornidazole 

 

12.5 µM 

 

12.5 µM 

 

Zn(Onz)2Cl2 

 

12.5 µM 

 

6.25 µM 

 

ZnCl2 

 

>100 µM 

 

>100 µM 

 

DMSO 

 

>100 µM 

 

>100 µM 

 

 

Likewise, for the Zn(Onz)2Cl2 the fact that it performs better at longer exposure time (48 

hours) could be that the complex enters cells of disease causing microbes better than Onz 

which allows it to be much more effective. The study also showed Onz and its Zn II complex 

diminished the viability of Entamoeba Histolytica in a concentration dependent manner. 

Inspite of significant decrease in the formation of the nitro radical anion in the Zn(Onz)2Cl2, 

the study showed there was comparable biological activity of Onz and the monomeric Zn II 

complex on Entamoeba histolytica (HM1: IMS Strain) when incubated for 24 hours. At 48 

hours incubation the complex performed better than Onz. This indicates either the nitro 

radical anion generated by the complex is sufficient for bringing about cytotoxic activity on 

the chosen biological target or if a compromise is made by the complex with regard to 

cytotoxic activity following a decrease in nitro-radical anion formation, the complex makes 

up such decrease in efficacy in the free radical pathway by other attributes of complex 

formation. As a consequence, the association of ZnIIwith Onz is useful for it not only 

maintains the efficacy ofOnz but by decreasing nitro radical anion it helps to overcome the 

associated neurotoxic side effects of Onz upon prolonged use.  
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Chapter 8 

A monomeric complex of CuIIwith Ornidazole forms 

significantly less nitro radical anion but was still 

found active on Entamoebahistolyticalike Ornidazole 
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Introduction 

Different 5-nitrimidazolesbesides being effective anti-microbial agents and reasonably good 

radiosensitizers in cancer treatment, have associated adverse drug reactions like neurotoxic 

side effects and the aspect of drug resistance [1-8].These two facts point at issues requiring 

immediate intervention [1-4]. Metronidazole (Mnz), tinidazole (Tnz) and ornidazole (Onz) 

are three important molecules of this family that have made their way to the clinics and are 

used in a good number of pharmaceutical preparations. Their efficacy is attributed to 

generation of -NO2
 when they are reduced in presence of pyruvate ferredoxinoxidoreductase 

(PFOR), acting as an electron sink [1-10].Reduction of the nitro group in such molecules 

prepares them for entry into cells by passive diffusion by creating a favorable concentration 

gradient [9, 10].Once inside the cell, anti-microbial toxicity of 5-nitroimidazoles is dependent 

on the reduction of the nitro moiety to NO2
 and other active species (nitroso 

and hydroxylamine derivatives).Besides, such radical formation, in order to tackle infections 

caused by parasites the -NO2
binds to DNA disrupting or breaking strands and is therefore a 

cause for cell death [9, 10].As radiosensitizers these molecules, interact with various radicals 

that are formed on DNA following interaction of the latter with products of the radiolysis of 

water, forming -NO2
which thereafter enhance strand unwinding through disruption of 

hydrogen bonds or initiating strand breaks [6-8]. 

It is really unfortunate that the same -NO2
thatis useful as an antimicrobial agent or as a 

radiosensitizer is associated with neurotoxic side effects, particularly upon prolonged use 

such molecules [7-10].Such aspects of neurotoxicity or other forms of toxic side effects can 

however be checked if we are able to control the generation of -NO2
. Like many other 

known examples, too much generation of reactive intermediate besides doing good, does a lot 

of harm as well. Hence, either generating the correct amount or making it available at the site 
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of requirement through slow chemical release is the need of the hour forming an important 

aspect that can be pursued through research [7-10]. This study reports an effort aimed at 

regulating the formation of the nitro radical anion (-NO2
) on Onz through complex 

formation with Cu(II).However, as mentioned earlier, -NO2
being important for 

antimicrobial action, following its decrease due to complex formation, there is the possibility 

that antimicrobial action might get affected. Whether that is really the case or that the 

complex is a better antimicrobial agent, was realized by conducting a study that seeks to find 

the action of Onz and its Cu(II) complex on Axenic Entamoeba histolytica. 

Results and Discussions 

Crystal structure from single crystal X-ray diffraction data 

Single-crystal X-ray diffraction reveals that the complex of CuIIwith ornidazole got 

crystallized in an orthorhombic crystal system with Pnma space group. The asymmetric unit 

of the complex consists of one crystallographic independent CuII ion with half occupancy, 

ornidazole ligand, two coordinated chloride ions with half occupancy anda lattice water 

molecule (Figure 1).  The CuII ion is four coordinated by two chloride ions and two nitrogen 

atoms of two different ornidazole ligands to adopt a distorted square planar geometry (Figure 

2).  
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Figure 1:Figure shows the asymmetric unit of [Cu(L)2Cl2]·2H2O (L = ornidazole) 

 

 

 

Figure 2: Figure shows the molecular structure of [Cu(L)2Cl2]·2H2O (L = ornidazole) 
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The details of the crystal and final refinement are given in Table 1. 

Table 1: Crystal data and structure refinement parameters for 

[Cu(L)2Cl2]·2H2O(L=ornidazole).  

Empirical formula C7H10Cl2Cu0.5N3O4   

Formula weight 302.85 

Crystal system Orthorhombic 

Space group Pnma 

a (Å) 7.200(6) 

b (Å) 29.72(2) 

c (Å) 11.962(10) 

α (deg) 90 

β (deg) 90 

γ (deg) 90 

Volume (Å3) 2560(4) 

Z 8 

T (K) 293(2) 

ρcalc (mg m-3) 1.571 

μ (mm-1) 1.319 

θ range (deg) 2.669 to 27.106  

λ (Mo Kα) (Å) 0.71073 

R indices [I>2σ(I)], wR2 R1 = 0.0534, wR2 = 0.1286 

R indices (all data), wR2 R1 = 0.0762, wR2 = 0.1443 

R1 =  Σ ||F0|-|Fc|| / Σ |F0|;  wR2 = {Σ[w(F0
2 – Fc

2)2] / Σ[w(F0
2)2]1/2. w = 1/[2(F0)

2 + (aP)2 + bP], 

P = [max.(F0
2,0) + 2(Fc)

2]/3, where a = 0.0576and b = 5.1877 
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The Cu−N bonds have an average distance of 1.987 Å, and Cu−Cl bonds have an average 

length of 2.313 Å for the prepared complex.  The Cl/N-Cu-N/Cl bond angles are in the range 

89.49(11) –173.6°(2).  The selected bond distances are given in Table 2 and selected bond 

angles are listed in Table 3.   

Table 2:Selected bond distances (Å) observed in [Cu(L)2Cl2]·2H2O (L = ornidazole). 

Bond Distances, Å 

Cu(1)-N(1) 1.987(4) 

Cu(1)-N(1)#1 1.987(4) 

Cu(1)-Cl(2) 2.287(3) 

Cu(1)-Cl(1) 2.339(2) 

 

Symmetry transformations used to generate equivalent atoms: #1 x,-y+3/2,z 

 

Table 3:  Selected bond angles (°) observed in [Cu(L)2Cl2]·2H2O (L = ornidazole) 

Angle Amplitude 

N(1)-Cu(1)-N(1)#1 173.6(2) 

N(1)-Cu(1)-Cl(2) 89.53(11) 

N(1)#1-Cu(1)-Cl(2) 89.53(11) 

N(1)-Cu(1)-Cl(1) 89.49(11) 

N(1)#1-Cu(1)-Cl(1) 89.49(11) 

Cl(2)-Cu(1)-Cl(1) 162.35(11) 
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UV-Vis spectroscopy of Ornidazole and its CuII complex in different solvents 

Ornidazole and its monomeric CuII complex were dissolved in different solvents like 

acetonitrile, methanol, DMF and water such that concentration of  it in each solvent was 

10-4 M. Subsequently, their UV-Vis spectra were recorded. Ornidazole (Figure 3) and the 

complex (Figure 4) show their most prominent responses in the UV region from 310 nm 

to 324 nm (Table 4). Bands for the complex were similar to that of ornidazole and hence 

may be attributed to intra-ligand (IL) transitions of ligands. They are attributed to intra-

ligand (IL) transitions.  

 

 

 

 

 

 

 

Figure 3: UV-Vis spectra of Onz in A) water, B) methanol, C) DMF and D) acetonitrile 

 

 

 

 

 

 

 

 

Figure 4: UV-Vis spectra of [Cu(Onz)2Cl2] in A) water, B) methanol, C) DMF and D) 

acetonitrile 
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Table 4: Absorption of Ornidazole and CuII-Ornidazole in different solvents 

 Acetonitrile DMF Methanol Water 

Compound λmax(nm) 
Absorption 

Intensity 
λmax(nm) 

Absorption 

Intensity 
λmax(nm) 

Absorption 

Intensity 
λmax(nm) 

Absorption 

Intensity 

Onz 320 0.9335 324 1.0638 312 0.9519 318 1.2287 

Cu(Onz)2(Cl)2 318 1.1080 324 0.9936 

 

310 

1.2231 320 1.0283 

 

 

Analysis of the IR spectra of Ornidazole and its monomeric CuII complex 

IR spectrum of [Cu(Onz)2Cl2](Figure 5) showed slight shifts in all responses that were 

obtained earlier for Onz (Figure 4, Chapter 7) to higher frequencies [26]. For example, the 

peak at 1559.76 cm-1 for ν(C=N)for the complex was obtained at 1538.21 cm-1for Onz 

indicating co-ordination with CuII by an imidazole nitrogen [26].NO2 stretching 

frequencies νas = 1478cm−1 and νs = 1373 cm−1 for [Cu(Onz)2Cl2] (Figure 5) were similar to 

νas = 1471.57 cm−1 and νs = 1385.92 cm−1forOnz (Figure 4, Chapter 7). Splitting of 

NO2 bands, ΔνNO2 was 105 cm−1for the complex while it was 86 cm−1for Onz clearly 

suggesting that the nitro group did not participate in a coordination of CuII. 
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Figure 5: IR spectrum of [Cu(Onz)2Cl2] 

 

Magnetic susceptibility measurement and EPR spectrum of [Cu(Onz)2Cl2] 

The effective magnetic moment was recorded at 273 K. It was found to be 1.32 BM, 

somewhat lower than the expected value for one unpaired electron in case of Cu(II)). Owing 

to close proximity of two coordination environments, there might be a case of spin pairing 

which got reflected in magnetic moment value of the Cu(II) centre, showing a significantly 

lower value than 1.73 BM.  

EPR spectrum (Figure 6) recorded at room temperature showed X-band frequency of the 

powdered sample having a resonance signal at 318mT with a g value of 2.11. 
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Figure 6: Room temperature EPR spectrum of [Cu(Onz)2Cl2]; resonance signal at 318mT, 

g value = 2.11 

Mass spectrum 

Molecular ion peaks linked to an atom of sodium were detected in the vicinity of m/z =600; 

the two most prominent ones being at 600.88 and 602.88.Owing to the presence of Cu and Cl 

in the complex, isotope distributions were observed in different fragments recorded in the 

mass spectrum (Figure 7). Going by the molecular formula mentioned above and also 

determined from single crystal X ray diffraction data, molecular ion peaks(Na bound) were 

expected in the region of m/z from 594 to 604. From the molecular ion, if two Cl atoms (one 

from each ligand) departs then the species formed should have theoretical m/z values of 

501.0 (both 35Cl, 63Cu) or 503.0[(both 35Cl, 65Cu) or(one 35Cl, one 37Cl, 63Cu)] or 505.0[(one 

35Cl, one 37Cl, 65Cu) or(both37Cl, 63Cu) or 507.0 (both 37Cl, 65Cu).Experimental m/z values for 

this fragment were recorded at 500.98, 502.98, and 504.97 that explain isotope distributions 

mentioned above. Isotope distribution was also observed in the region m/z = 367.9662 to m/z 

=370.4658 attributed to a fragment generated from the complex (i.e. molecular ion) following 

departure of two Cl atoms (one from each Onz), two -OH groups  
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(one from each Onz), two –NO2 groups (one from each Onz) and a –CH3 from any one Onz 

ligand. 

 

Figure 7: Mass spectrum of Cu(Onz)2Cl2 

 

Expected molecular ion peaks bound to Na considering isotope distribution for Cu atom 

(isotopes of 63Cu &65Cu) and for four Cl atoms (isotopes of 35Cl &37Cl).  

594.35: C14H20
35Cl4

63CuN6O6+ Na 

596.35: C14H20
35Cl4

65CuN6O6+ Na; C14H20
35Cl3 

37Cl 63CuN6O6+ Na; 

598.35: C14H20
35Cl3 

37Cl65CuN6O6+ Na; C14H20
35Cl2 

37Cl2
 63CuN6O6+ Na 

600.35: C14H20
35Cl2 

37Cl2
 65CuN6O6+ Na; C14H20

35Cl37Cl3
 63CuN6O6+ Na 

602.35: C14H20
35Cl37Cl3

 65CuN6O6+ Na; C14H20
37Cl4

63CuN6O6+ Na 

604.35: C14H20
37Cl4

65CuN6O6+ Na. 

Isotope distribution for fragments detected in the regionm/z = 367.9662 to m/z =370.4658. 

367.347: C13H22
35Cl2

63CuN4  
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369.347: C13H22
35Cl2

65CuN4;  C13H22
35Cl37Cl63CuN4 

371.347: C13H22
35Cl37Cl65CuN4;  C13H22

37Cl2
63CuN4 

373.347: C13H22
37Cl2

65CuN4 

 

Enzyme assay 

Formation of nitro-radical anion due to ornidazole and its Cu(II) complex was determined 

following the procedure described in detail in Chapter 6: Experimental, Section: Enzyme 

Assay. In a previous study,it was reported that formation of nitro radical anion 

byCuIIcomplexesof5-nitroimidazolesweresignificantly lower than the corresponding 5-

nitroimidazole itself [10, 15].Through this study, we tried to identify the amount of nitro 

radical anion formed by [Cu(Onz)2Cl2] and how it compares with that for Onz. Following 

reduction of the nitro group, there is a change in the absorption spectra. A continuous 

decrease in absorption during assay indicates that the nitro group is reduced leading to a 

destruction of the chromophore that gets manifested spectroscopically. While a gradual 

decrease in absorbance was observed for Onz (Fig. 8A), forthe complex no significant 

decrease was recorded (Fig. 8B) indicating that formation of nitro radical anion on Onz is 

substantially controlled when it is bound to CuII in the complex.  

 

 

 

 

 

 

 

 

 

A 

295 300 305 310 315 320 325 330 335

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

 

 

Wavelength (nm)

A
b

so
rb

an
ce

In
cr

ea
si

n
g

 t
im

e

 

8A 



111 

 

290 295 300 305 310 315 320 325 330 335 340

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

 

 

A
bs

or
ba

nc
e

Wavelength (nm)

In
cr

ea
si

ng
 ti

m
e

 

Figure 8: UV-Vis spectra of Onz (A) and [Cu(Onz)2Cl2] (B) in the presence of xanthine 

oxidase and hypoxanthine in 5% DMF medium. Each spectrum was taken at 5 

minutes interval for 2 hours. Enzyme activity = 0.2 units/mL in XOD and 

complex concentration = 80 µM. 
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Figure 9: Comparison of the rate of reduction of Onz (■) with [Cu(Onz)2Cl2] (■) under 

anaerobic conditions. (Initial concentrations = 0.2 U mL−1 in XOD, 80 μM 

in Onz or [Cu(Onz)2Cl2] in the mixture, 4 mM in hypoxanthine and 5% in 

DMF). 

 

Figure9 denotes the amount of Onz and complex remaining upon completion of the assay. 

Controlled formation of NO2
 following complex formation is important for it prevents too 

much generation of NO2
. While on the one hand, this is beneficial since it would make the 

complex less neurotoxic even on prolonged use, on the other, there is some concern, since 

formation of -NO2
 is important for drugs of the 5-nitroimidazole family to function 

properly; its decrease could adversely affect efficacy by not being able to act efficiently on 

disease causing microbes with the speed reported for Onz, allowing pathogenic microbes to 

multiply faster than the killing efficacy of a modified form of Onz[in this case Cu(Onz)2Cl2]. 

Hence, it is essential to see the extent to which cytotoxicity gets affected following complex 
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formation of Onz with CuII. To check the performance of Cu(Onz)2Cl2in comparison to Onz, 

both compounds were tried on Entamoeba histolytica strain. 

 

Binding of the complex to DNA 

Cu(Onz)2Cl2 was titrated with calf thymus DNA under physiological conditions using cyclic 

voltammetry. A reduction peak for the complex was identified at -0.849V (against Ag/AgCl, 

satd. KCl). This was subsequently used to follow the interaction of the complex with DNA. 

Upon addition of calf thymus DNA, cathodic peak current (Ipc) gradually decreased (Figure 

10) [22]. 
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Figure 10:Cyclic voltammograms for Cu(Onz)2Cl2 in the absence (dark black line) and 

presence of different concentrations of calf thymus DNA, [Cu(Onz)2Cl2] = 100 

µM; [NaCl] = 120 mM;  pH= 7.4; T = 27 K. 

 

Binding of the complex to DNA probably results in the redox active nitro group on both Onz 

ligands to gradually lose their ability to show a response in cyclic voltammetry which was 

actually used to monitor the interaction. Gradual decrease in peak current was used as a 

measure of the extent of interaction between the complex and calf thymus DNA. Apparent 
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binding constant values (Kapp) were evaluated from a double-reciprocal linear plot (Eq. 6, 

Chapter Experimental) and also from non-linear square fit analysis (Eq. 8, Chapter 

Experimental) [10, 15, 24-28]. Results are shown in Fig. 11, Table 5. 

 

Figure 12: Interaction of calf thymus DNA with Cu(Onz)2Cl2;(A) double reciprocal plot, 

(B)non-linear square-fit analysis, (C) modified Scatchard plot; 

[Cu(Onz)2Cl2]=100 µM;[NaCl] = 120 mM; pH= 7.4; Temp. = 300K. 

 

Another important parameter for such interactions is site size (nb) since it provides an 

estimate of the number of nucleotides bound to a binding agent during interaction with DNA. 

This value was 3.5 from the mole ratio plot (inset of Fig. 11B). Since Kapp provides binding 

constant of a substance binding to an isolated site, overall binding constant (K*) was obtained 

by multiplying Kapp with site size of interaction (nb) [32].The values are provided in Table 5. 
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Binding constant values for Cu(Onz)2Cl2 were comparable to that determined earlier forOnz. 

Site size of interaction (nb) of Onz (discussed in Chapter 7 and now shown again as part of 

Table 5) was in the range 1.39 to 1.5,while that for the complex was found between 

3and4(from two different modes of analysis) suggesting both Onz ligands bound to CuII are 

involved in binding DNA. While inset of Fig. 11B (mole ratio plot) is indicative of a value of 

4.0, Fig. 11C (a modified Scatchard plot) provides a value of 3.0.  

 

Table 5: Binding constant values for interaction of the compounds with calf thymus DNA 
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Onz 

(Chapter 7) 
1.71 1.46 1.5 2.47 2.11 2.77 1.39 

Cu(Onz)2Cl2 0.66 0.44 4.0 2.64 1.78 2.61 3.0 

 

Antiparasiticactivity on Entamoebahistolytica (HM1: IMS Strain) 

Inhibition of cell viability of Entamoeba histolytica was followed by trypan blue assay using 

different concentrations of Onz and Cu(Onz)2Cl2for 24 hours and 48 hours respectively [31]. 

MIC recorded after 24 hours for Onz and Cu(Onz)2Cl2on Entamoeba histolytica were 

12.5μM and 25.0μM respectively (Table 6) suggesting by the end of 24 hours the CuII 

complex is actually weaker than Onz in performance. However, upon increasing exposure 

time for each compound on the target, from 24 hrs to 48 hrs, the complex was found to be 

more cytotoxic with an MIC of 6.25 μM while for Onz the value remained at 12.5 μM (as 

that obtained at 24 hours). The study shows increasing exposure time has a positive impact 
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for the complex and may be considered an advantage of complex formation. What is more 

important is that in spite of a decrease in formation of NO2
 due to the complex, efficacy is 

unaffected against a thought that prompts one to think that the complex might be less 

effective (speculating on the lines that the mechanism would suffer in the free radical 

pathway). This implies the complex is able to make up any compromise that it makes in the 

free radical pathway through other attributes of complex formation, one of which could be 

the presence of Cu(II) in the compound that apart from ensuring effective binding with DNA 

could lead to killing of cells of disease causing microbes either owing to an effective cellular 

uptake at longer exposure times (48 hours) or owing to the generation of OH because of the 

CuII/CuI couple [33].  

 

Table 6: MIC values for Ornidazole and its monomeric CuII complex when applied on 

Entamoeba histolytica (HM1:IMS strain) 

Compound MIC after 24 hrs MIC after 48 hrs 

Ornidazole 12.5 µM 12.5 µM 

Cu(Onz)2Cl2 25.0 µM 6.25 µM 

CuCl2 >100 µM >100 µM 

DMSO >100 µM >100 µM 
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Chapter 9 

Electrochemical reduction of Ornidazole and its CuII 

complex in aqueous and aqueous dimethyl 

formamide mixed solvent: A cyclic 

 voltammetric study 
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Introduction 

5-nitroimidazoles are well-known positional isomers of the nitroimidazole family [1-7]. 

Ornidazole [1-chloro-3-(2-methyl-5-nitro-1H-imidazole-1-yl)propan-2-ol], an important 

member of this family is gradually gaining acceptability as a drug, being an essential 

component of many pharmaceutical formulations used to treat microbial infections[8]. It has 

been investigated for use in Crohn's disease after bowel resection [9, 10]. Reduction of the 

nitro group to nitro radical anion equips it to enter cells creating a favorable concentration 

gradient with reduction proceeding intra-cellularly [1-7]. Inside the cell, the nitro radical 

anion interacts with DNA disrupting or breaking strands, being one of many mechanisms that 

lead to cell death [1-7, 11-15]. 

Formation of the nitro radical anion is crucial since on the one hand, it is an active component 

responsible for cytotoxic action (causing various forms of damage to cell organelles and 

DNA), and on the other on prolonged use is neurotoxic [11-15]. Neurotoxicity has been 

established from animal model studies and realized also from post application reports of 

patients administered with drugs having 5-nitroimidazole in them [9, 14-18]. Hence, for safe 

use of 5-nitroimidazoles, there is a need to control the formation of the nitro radical anion so 

that a correct amount, sufficient for cytotoxic action on target cells is present, not leaving too 

much in excess that may produce toxic side effects [14-18].Chemotherapy-induced neuro-

toxicity is a matter of serious concern limiting the use of 5-nitroimidazoles [11-18].  

Notwithstanding such controversies, 5-nitroimidazoles have remained in use because of high 

efficacy, not matched by another class of compounds [1-18]. Hence, although neurotoxic, 

positive attributes of 5-nitroimidazoles have actually outweighed their negative aspect [11-

18]. Since neurotoxicity is a matter of concern and since such drugs cannot be done away 

with, a logical approach is to modify them. By doing so, one not only can address toxic side 
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effects but maintain drug efficacy [11-18]. Several modifications were attempted of which 

formation of metal complexes is one such [19-21]. 

Whatever the modification, monitoring of reactive intermediates on 5-nitroimidazoles is 

important. This chapter reports an investigation using electrochemical experiments on 

Ornidazole and its monomeric CuII complex. The amount of nitro radical anion generated 

under different solvent conditions (pure dimethyl formamide to aqueous-dimethyl 

formamide) on ornidazole and the complex was realized. This study made an attempt to 

correlate certain established facts, drawing examples from previous studies that show metal 

complexes of 5-nitroimidazoles were better or at least comparable in performance to 5-

nitroimidazoles [19-21]. Since complexes compromise on generation of nitro radical anions, 

we made an attempt to look at electrochemical behavior of a metal complex of ornidazole 

with respect to ornidazole itself [19-21]. Findings help to explain the results discussed in 

previous chapters in the light of the free radical pathway, for one to conclude why complexes 

are either better antimicrobial or anticancer agents [19-22]. 

Results and Discussion 

Cyclic voltammetry of Onz and its monomeric CuII complex in different media 

Using the conventional three-electrode system, experiments were performed with Onz and its 

monomeric CuII complex to realize their behavior in different solvent systems that were 

either aprotic (DMF) or protic polar (water) or intermediate between aprotic and protic polar 

(DMF-aqueous solutions). In a progressive manner, the aqueous part of aqueous-DMF 

mixtures were increased (Figure 1). It has long been established that in case of aprotic 

solvents, the nitro group of 5-nitroimidazoles undergo a reversible one-electron reduction to 

generate nitro radical anion followed by an irreversible three-electron reduction to 

hydroxylamine derivatives; formal potentials of reductions depending on polarity of solvent,  
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pHof the medium and also on supporting electrolyte that play an important role in deciding 

whether reduction takes place in two steps or a single step [28-31].Electrochemical behavior 

is influenced by several other factors, one such is hydrogen bonding [32]. 

R-NO2   +   e-   →   RNO2
     (1) 

RNO2
  + 3e   +  4H+  →  RNHOH  +  H2O   (2) 

This electrochemical investigation performed on Onz and its monomeric Cu(II) complex 

looks at aspects related to the generation of nitro radical anion since it is considered 

important related to drug efficacy. Since activity of Onz and other such molecules depend on 

their ability to reduce to nitro radical anion, proper knowledge on its generation and existence 

under different environments become important. Studies reveal while on the one hand, their 

formation is important for cytotoxicity and helps to address issues related to microbial 

infections [1-5, 14, 15], or enables themto act as radio-sensitizers [32, 33]; too much 

generation make them neurotoxic [32]. 

Hence, suitable modifications that help to regulate the generation of nitro radical anion is 

welcome. In this chapter, there is an attempt to look at some behavioral changes between free 

Onz and when bound to a metal ion in a complex. When similar experiments were performed, 

findings revealed a few differences between these two forms of Onz that help to identify 

differences observed in drug action considering the electrochemical pathway, i. e. when such 

compounds are present inside the cells of a target organism [11, 13-15]. 

For Onz, cyclic voltammograms were recorded under changing solvent conditions starting 

with pure (100%) DMF and gradually increasing water content in aqueous-DMF mixtures. 

Figure1 clearly demonstrates how voltammograms change as the percentage of water 

increased. In going from 100% DMF (Figure 1A) to 57% DMF (Figure 1F), the one-electron 
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and three-electron peaks gradually move closer to each other and eventually merge to form a 

single step-four-electron reduction at a composition of 54% DMF-46% water (Figure 1G).  

One-electron and three-electron reduction peaks were observed at -784 mV (-NO2
•¯) and -

1086 mV (NHOH) respectively in pure DMF where they were separated by ~ 300 mV. This 

separation gradually decreased with an increase in percentage of water with peaks moving 

closer to each other. That the reduction is one electron followed by three electrons (Eqs. 1&2) 

is clearly evident from Figure 1A where Ipc2 is almost thrice Ipc1 (Table 1). 

Unlike that observed earlier for metronidazole [30], in case of Onz we found the first step 

was almost completely irreversible while the second quasi-reversible.For pure DMF and for 

each successive aqueous-DMF compositions, when the scan was reversed at a potential 

immediately after the first reduction (voltammogram in black), peak current due to the anodic 

wave (i. e. oxidation of -NO2
•¯ to -NO2) was found to be somewhat less than when it was 

reversed after the second reduction i.e. after formation of –NHOH (voltammogram in red). 

This indicates some -NO2
•¯ to have been generated through a chemical reaction besidesbeing 

electro-generated, when the scan was allowed to proceed beyond the first step of one-electron 

reduction[19, 27, 34].A logical conclusion to this observation is comproportionation 

occurring between an –NHOH containing moiety obtained from the reduction of Onz,with 

unreacted Onz in the medium, forming the nitro radical anion (–NO2
•¯) [19].Therefore, it is 

important at this stage to realize–NO2
•¯does not only form by a direct one step single electron 

reduction of nitroimidazoles but that it is also generated by comproportionation.This would 

be happening when nitroimidazoles act as drugs in the biological system. Hence, if a reducing 

agent is present in an environment and reduce nitroimidazoles by one electron, a nitro radical 

anion is generated, however, if the reducing agent is strong enough and converts it to an –

NHOH derivative, then also NO2
•¯would result (by the interaction of an –NHOH containing 

moiety with unreacted nitroimidazoles). 
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Figure 1: Cyclic voltammograms (red lines) of 1 mM ornidazole showing two successive 

one electron and three electron reduction in 0.1 mM TBAB in (A) pure DMF, (B) 

90% aqueous DMF, (C) 80% aqueous DMF, (D) 70%aqueous DMF, (E) 60% 

aqueous DMF, (F) 57% aqueous DMF, (G) 54% aqueous DMF, (H) 50% aqueous 

DMF on glassy carbon electrode; scan rate 100mV/sec. Black  lines show the 

voltammograms for the one electron reduction when the scan is reversed before 

the second reduction starts. 
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Nitro radical anions can react with molecular oxygen to form superoxide radical anion. 

However, ithas been seen that biological manifestation of a nitro radical anion is far greater 

than the superoxide radical anion[35].Rather, if -NO2
•¯ really generates O2

•¯, then it has been 

seen that the efficacy of the 5-nitroimidazole under such circumstances are considerably less 

[35].Hence, nitroimidazoles thrive and perform best under anaerobic conditions; their 

formation and presence being an important aspect having a lot of significance both with 

regard to electrochemistry and their application in biology [35]. 

 

Comproportionation constant, Kcompwas obtained using the equation: 

Kcomp = exp [-F (E2-E1)] /RT       (5) 

where F  = Faraday (96500 C) 

  R  = Molar gas constant (8.314 JK-1mol-1) 

  T  = Temperature (298K) 

  Epc1 = Cathodic potential of the first reduction  

  Epc2 = Cathodic potential of the second reduction 

 

Table 1 indicates as the percentage of water increased in aqueous-DMF mixtures, potentials 

changed and nature of voltammograms were completely different suggesting electrochemical 

reduction of Onz was influenced by polarity of solvent (i. e. protic and aprotic solvents). Thus 

role of protic solvent could be realized through studies in aqueous-DMF solutions (mixed 

solvent). At 80 % DMF, two successive reduction waves were much closer to each other (-

731 mV and -944 mV respectively) than they were for pure DMF. The gap between peaks 

progressively decreased up to 57% DMF when voltammogram showed a feeble first 

reduction but an intense second reduction peak (Figure 1). 
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Table 1: Reduction potentials (Epc1 and Epc2), comproportionation constant (Kcomp) and 

diffusion coefficients (D0) at different percentages of DMF; (D0)1 = diffusion 

coefficient for cathodic peak of the one step one electron reduction, (D0)2 = 

diffusion coefficient for cathodic peak of the subsequent one step three electron 

reduction. 

 

% DMF % H2O 
Epc1 

(mV) 

 

Ipc1 

(µA) 

E pc2 

(mV) 

 

Ipc2 

(µA) 

Kcomp 

D0  (cm2 s-1) 

(D0)1 (D0)2 

100 0 -784 
 

7.12 
-1086 

 

19.70 
128.00 x 103 7.11 x 10-6 2.04 x 10-6 

90 10 -750 
 

8.15 
-985 

 

15.71 
9.44 x 103 9.32 x 10-6 1.28 x 10-6 

80 20 -731 
 

5.73 
-944 

 

12.40 
4.00 x 103 4.61 x 10-6 0.79 x 10-6 

70 30 -715 
 

6.19 
-903 

 

11.00 
1.51 x 103 5.37 x 10-6 0.63 x 10-6 

60 40 -680 
 

3.48 
-858 

 

8.25 
1.03 x 103 1.70 x 10-6 0.35 x 10-6 

57 43 -633 
 

3.26 
-824 

 

10.60 
1.70 x 103 1.49 x 10-6 0.58 x 10-6 

54 46  
 

 
-812 

 

8.88 

- 

 
- - 

50 50  
 

 
-840 

 

13.65 
- - - 

 

Change in formal reduction potentials for one electron (Epc1) and three electron (Epc2) 

reduction peaks of Onz in different aqueous-DMF compositions are shown in Table-1. It 

reveals as concentration of water increased, comproportionation constant (Kcomp) decreased. 
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Apparent comproportionation constants calculated for electrochemical processes in pure and 

aqueous-DMF mixtures indicate there is an influence of water on comproportionation rates. 

Considering comproportionation to be –NO2 +–NHOH⇌ -NO2
•¯ [19], the comproportionation 

constant (Kcomp) could be determined for different solvent compositions (Table 1). Increase in 

concentration of water provides stability to –NHOH through hydrogen bonding [32]. Hence, 

the tendency of the –NHOH formed, following reduction of –NO2, to interact with remaining 

–NO2 on Onz decreases. This is manifested by a gradually diminishing comproportionation 

constant that ultimately forms a plateau in the solvent composition range ~70% DMF to 

~57% DMF (Table 1 and Figure 1).  

An earlier report, where another 5-nitroimidazole (tinidazole) was studied in pure DMF, 

comproportionation was established by incorporating a homogeneous chemical reaction in an 

electrochemistry based simulation. The simulated data considering comproportionation was 

in good agreement with an actually performed experiment [19]. In the present study, Onz in 

varying compositions of aqueous-DMF mixtures were analyzed. Since a similar behavior was 

observed (i. e. excess nitro radical anion was generated each time when the scan was reversed 

after the second reduction) suggests that at all solvent compositions, comproportionation had 

occurred, although the ease of occurrence diminished with an increase in the concentration of 

water in these aqueous-DMF mixtures. 
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Figure 2:Dependence of cathodic peak currents for one electron reduction of Onz at different 

solvent composition (●= 100 % DMF, ○= 90% DMF, □= 80% DMF, ■ = 60% 

DMF) with square root of scan rate. 

 

 

Figure 3:  Dependence of cathodic peak current for the subsequent one step three electron 

reduction of Onz at different solvent composition(○ = 100 % DMF, ∆ = 90% 

DMF, ■ = 80% DMF, □ = 57% DMF) with square root of the scan rate. 

 

Figures 2 and 3 are plots of current (Ipc) associated with the first and second reductions 

respectively plotted against square root of scan rate. A linear relationship, with lines passing 
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through the origin indicates that reduction was diffusion controlled with no adsorption on the 

electrode surface. The diffusion coefficient (D0) for Onz was determined using Eq. 1. 

 

Figure 4: Change in cathodic potential with solvent composition: First one- electron 

reduction potential E1(●) and second three-electron reduction potential E2 (○) 

 

Formal electrode potentials determined for the first and second reduction steps were plotted 

against concentration of DMF. From an extrapolation of straight lines obtained (Figure4), 

successive reductions in pure water were read from the graph (i. e. at 0% DMF). Reduction 

potentials (Epc1 and Epc2) for Onz in pure aqueous medium were found to be –502 mV and –

530 mV respectively, with only a small difference in peak potentials (of 28 mV). So Figure4 

predicts that the two peaks would eventually merge in aqueous medium to a single wave four-

electron reduction. 

Changes in electrochemical behavior of Onz when bound to a metal ion were studied under 

similar experimental conditions. A monomeric CuII complex of Onz under different solvent 

compositions was investigated. In case of the complex twopeaks were obtained for Onz but 

they appeared at much more negative potential than that for free Onz (Figure 5).  
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Figure 5: Cyclic voltammogram of 1 mM CuII-Ornidazole showing reduction in 0.1 M 

TBAB in pure (100%) DMF under different aqueous-DMF compositions on a 

glassy carbon electrode; scan rate 100 mV/sec. 
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In 100% DMF, for example, the first peak was found at -1480 mV while the second was at -

2115 mV. This indicates complex formation made it difficult for the nitro grouponOnz to be 

reduced. However, as observed for Onz, when water, in aqueous-DMF mixtures increased, 

the two peaks moved closer to each other. At 80% DMF, the two successive reduction waves 

were at -1032 mV and -1428 mV respectively while at 50% DMF they had merged (-1237 

mV) to show a single step four electron reduction. As observed for Onz alone, in case of the 

complex also the first reduction gradually became less intense and that the second intensified. 

Like in case of Onz, for the complex also, two voltammograms were generated at each 

solvent composition. One, when the scan was reversed immediately after the first reduction 

and the other when it was reversed after the second reduction. Similar to observations for free 

Onz, for Onzbound to Cu(II) it was seen that the anodic wave for oxidation of nitro radical 

anion to nitro was greater for the voltammogram where the scan was reversed after the 

second reduction indicating that in case of the complex also there is a greater presence of -

NO2
•¯ in the medium compared to what was generated due to electrochemical reduction of the 

nitro group. Obviously then, it maybe said that -NO2
was being generated in a pathway other 

than electrochemical reduction (otherwise it would have been same for both 

voltammograms). The difference between Onz present alone in solution (Figure1) and that 

present bound to Cu(II) in the complex (Figure 5) at each solvent composition may be 

realized from their respective voltammograms. difference in anodic current between scan 

reversed after the second reduction and that reversed after the first was greater for Onz 

present in the complex. This means that for Onz bound to Cu(II), electro-generation of -NO2
•¯ 

by one-electron was substantially decreased, while that formed through chemical reaction 

(comproportionation), although less than that for free Onz appeared substantial. So in case of 

the complex, it is not only that Onz is reluctant to participate in electrochemical reduction 
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 (Figur5) but that the amount of -NO2
•¯ formed was also low; however as mentioned above, 

difference between chemical and electrochemical processes appeared greater for the complex 

than for free Onz. This evidence obtained from electrochemical experiments performed on 

Onz and its monomeric CuII complex, supports earlier findings of similar metal complexes 

related to the generation of -NO2
•¯ as observed in xanthine-oxidase enzyme assay experiments 

showing less nitro radical anion formation by complexes [20, 21]. 

 

Table 2: Reduction potentials (Epc1 and Epc2),comproportionation constants (Kcomp) and 

diffusion coefficients (D0) at different percentage of DMF; (D0)1 = diffusion 

coefficient for cathodic peak of a one step one electron reduction, (D0)2 = diffusion 

coefficient for cathodic peak of the next one step three electron reduction for the 

monomeric CuII complex. 

 

% 

DMF 

% 

H2O 

Epc1 

(mV) 

Epc2 

(mV) 
Kcomp 

D0  (cm2 s-1) 

(D0)1 (D0)2 

100 0 -1480 -2115 
 

5.51 x 1010 

 

3.324 x 10-6 

 

0.267 x 10-6 

90 10 -1185 -1660 
 

1.08 x 108 

 

1.246 x 10-6 

 

0.116 x 10-6 

80 20 -1032 -1428 
 

4.99 x 106 

 

0.924 x 10-6 

 

0.098 x 10-6 

70 30 -980 -1364 
 

3.13 x 106 

 

1.000 x 10-6 

 

0.113 x 10-6 

60 40 -954 -1316 
 

1.33 x 106 

 

0.399 x 10-6 

 

0.067 x 10-6 

50 50 - -1237 - - 0.065 x 10-6 
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The outcome of cyclic voltammetry studies performed on the complex in pure DMF and 

different aqueous-DMF compositions indicate 

i) that it is difficult to generate nitro radical anion on the complex,  

ii) even if generated, a certain portion of it is lost in some other pathway that could be a 

consequence of the presence of a metal ion and 

iii) generation of nitro radical anion by comproportionation was observed for the complex.  

Hence, electrochemical experiments performed on the CuII complex of Onz, clearly suggest 

there is substantial decrease in the formation of the nitro radical anion. While thisis beneficial 

and helps to check toxic side effects (neurotoxicity), on the other hand, it might affect 

efficacy on target micro-organisms. However, if in spite of decreased -NO2
•¯, complexes are 

able to maintain their cytotoxic efficacy or sometimes even perform better, as shown in some 

previous studies, then such complexes would remain efficient with regard to drug action 

when compared with their respective 5-nitroimidazoles(from which they were prepared) [19-

22].Since performance of complexes are maintained or enhanced with respect to a 5-

nitroimidazole, it may be said decrease in nitro radical anion formation by complexes does 

not interfere with cytotoxicity i. e. the action of drugs on disease causing microbes. Even if it 

does, then certain other attributes of complex formation would make up for any loss in 

efficacy in the free radical pathway. 
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Chapter 10 

Interaction of electrochemically generated 

reduction products of ornidazole with 

nucleic acid bases and calf thymus DNA 
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Introduction 

Ornidazole [1-chloro-3-(2-methyl-5-nitro-1H-imidazole-1-yl)propan-2-ol], a 5-

nitroimidazole, is under serious consideration these days for certain advantages it has over 

metronidazole, the most popular of the nitroimidazole family [1-13]. It is slowly becoming a 

major component of many important pharmaceutical formulations. Through various studies 

and application on patients, it has today emerged that reduction of the nitro group and 

subsequent formation of different reduction products are crucial for their activity [1, 7, 14]. 

As mentioned earlier after entering a target cell, antimicrobial activity of nitroimidazoles 

depend on the reduction of the nitro group to a nitro radical-anion (NO2
) and/or other 

potentially active reduction products that includes nitroso and hydroxylamine derivatives [1, 

14]. Reduction products of nitroimidazoles are damaging to various macromolecules 

including the DNA, bringing about their degradation through modification of strands [1, 7, 

14]. Almost all nitroimidazoles are selectively toxic to different micro-organisms which 

provide them the required redox potential so that electron transport processes can occur; if 

cells of the micro-organism make the environment sufficiently negative, it can reduce the 

nitro group of the nitroimidazole inviting its own death. By and large, this has been the 

mechanism of activity of nitroimidazoles and pharmaceutical companies have exploited this 

to their advantage. For nitroimidazoles acting as radiopharmaceuticals or radiosensitizers, the 

cause for action is more or less the same. The only difference is that in this application, R-

NO2
 probably has a larger role than the other reduction products [6-9]; R signifying the 

portion of a nitroimidazole other than the nitro group. Although, there is some work in the 

literature on modification of DNA due to nitroimidazoles, there is lot of scope for further 

investigative work [15-16]. In this chapter, the aspect as to how the nitro radical anion or 

other reduction products generated within a cell equip molecules with to interact with nucleic 

acid bases or DNA was investigated with the help of model experiments. The reduction 
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potential was provided to Ornidazole by an electrochemical method using a glassy carbon 

electrode and four different nucleic acid bases (taken one at a time) or calf thymus DNA was 

maintained in the immediate vicinity of the generated reduction products.  

  

Ornidazole (Onz) 

 

Results and Discussion 

Cyclic voltammetry studies 

In aprotic media, the nitro group of 5-nitroimidazoles undergoes a reversible one-electron 

reduction to a nitro radical anion followed by a three-electron reduction to hydroxylamine 

derivatives. In aqueous solution, these two steps are not realized separately and a single step 

four electron reduction is observed [15, 16]. 

 

R-NO2  +  e-   →   R-NO2
    (1) 

RNO2
.- + 3e  +  4H+ →  RNHOH  +  H2O  (2) 

RNO2 + 4e  +  4H+  →  RNHOH  +  H2O  (3) 
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Figure 1: Cyclic voltammogram of 1 mM Ornidazole showing a single step one electron 

reduction in 0.12 M KCl in an aqueous - 20% methanol solution on a glassy 

carbon electrode; Scan rate being 100mV/sec. 

 

Figure 1 shows a cyclic voltammogram of Onz in an aqueous - 20% methanol solution that 

was obtained at a scan rate of 100mV/sec. A reduction peak was obtained at -0.827 V against 

Ag/AgCl, satd. KCl (E½ = -0.835 V). The peak was assigned to the reduction of NO2 present 

on the imidazole ring of Ornidazole. 

Interaction of reduction products of Ornidazole with biological targets 

As identified through previous studies [17], there is scope for interaction of various reduction 

products of nitroimidazoles, whereby RNHOH could participate in chemical reactions 

subsequent to its electrochemical generation. We made an attempt through this study to 

realize the scope of interaction of such reduced products of Ornidazole with different nucleic 

acid bases and DNA. This was done to investigate the interaction of the reduction products 

(here generated electrochemically) with DNA, i. e. after this category of drugs enter the cells 
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of a biological target that it eventually kills. Ornidazole, a molecule used in different 

pharmaceutical formulations [9-13] have significant medicinal applications and since drug 

activity essentially depends on its reduced products, it was chosen for investigation. As 

mentioned already, reduction of Ornidazole in aqueous solution was done by maintaining a 

glassy carbon electrode at its determined reduction potential identified prior to the start of the 

actual experiment (Figure 1). Nucleic acid bases or DNA with which reduction products 

generated on Ornidazole would interact were taken in an electrochemical cell along with 

Ornidazole. Reduction products of Ornidazole interact with a biological target kept in the 

immediate vicinity of its generation, taken one at a time during the experiments performed. 

There exists the possibility of the appearance of R-NO2
 by comproportionation of RNO2 

and RNHOH and subsequent disappearance by disproportionation [14, 16]. However, if there 

be a substrate, with which R-NO2
 could interact then as normally expected, possibility of 

disproportionation decreases drastically unless the rate of disproportionation is significantly 

greater than the reaction of R-NO2
with a biological target. Usually this is not the case since 

concentration of the biological target in such experiments is a lot higher than the 

electrochemically reducible substance (here Ornidazole) [16]. 

 

HPLC Studies 

The amount of each nucleic acid base remaining after the experiment was determined with 

the help of HPLC using a C-18 column and 5% aqueous methanol as the mobile phase in case 

of thymine, cytosine and adenine and 40% aqueous methanol for guanine. HPLC profiles of 

pyrimidine base cytosine and purine base adenine following their damage after subjecting 

them to interaction with the reduction products of Ornidazole are obtained at 254nm shown in 

the Figures 2 & 3 respectively. Figures 4 & 5 are those for thymine and guanine respectively.  
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Figure 2:  HPLC chromatograms recorded at 254 nm for 1 × 10-3mol dm-3 cytosine solution 

that was subjected to a potential of -0.827 Vin presence of 1 × 10-4mol dm-3 

Ornidazoleunder Ar saturated conditions. A-F indicates the time in minutes that 

the potential was applied on the solution; A: 0 minutes, B: 2 minutes, C: 4 

minutes, D: 6 minutes, E: 8 minutes, F: 10 minutes.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3:  HPLC chromatograms recorded at 254 nm for 1 × 10-3mol dm-3 adenine solution 

that was subjected to a potential of -0.827 Vin presence of 1 × 10-4mol dm-3 

Ornidazoleunder Ar saturated conditions. A-F indicates the time in minutes that 

the potential was applied on the solution; A: 0 minutes, B: 2 minutes, C: 4 

minutes, D: 6 minutes, E: 8 minutes, F: 10 minutes.  
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Figure 4:  HPLC chromatograms recorded at 254 nm for 1 × 10-3mol dm-3 thymine solution 

that was subjected to a potential of -0.827 Vin presence of 1 × 10-4mol dm-3 

Ornidazoleunder Ar saturated conditions. A-F indicates the time in minutes 

thatthe potential was applied on the solution; A: 0 minutes, B: 2 minutes, C: 4 

minutes, D: 6 minutes, E: 8 minutes, F: 10 minutes.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:  HPLC chromatograms recorded at 254 nm for 1 × 10-3mol dm-3 guanine solution 

that was subjected to a potential of -0.827 Vin presence of 1 × 10-4mol dm-3 

Ornidazoleunder Ar saturated conditions. A-F indicates the time in minutes that 

the potential was applied on the solution; A: 0 minutes, B: 2 minutes, C: 4 

minutes, D: 6 minutes, E: 8 minutes, F: 10 minutes.  
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Figures (2-5) indicate as time for the electrochemical reduction of Ornidazole increased 

gradually during experiment, a distinct change was observed in the area obtained for the 

eluting nucleic acid base. Base damage was subsequently identified by plotting percentage 

nucleic acid base remaining against the time provided to generate reduction products of 

Ornidazole using a glassy carbon electrode maintained at -0.827 V in aqueous solution at pH 

7.2. Figure 6 shows this for cytosine and adenine while Figure 7 is for thymine and guanine.  

 

 

Figure 6:  Nucleic acid base degradation plots for cytosine and adeninefollowed by HPLC at 

254 nm afterthe compounds were subjected to a potential of -0.827 V under Ar 

saturated conditions in the absence and presence of a sensitizer molecule 

(Ornidazole); [Ornidazole] = 1 × 10-4mol dm-3. Black line indicates the absence of 

Ornidazole while the red line its presence. 
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Figure 7:  Nucleic acid base degradation plots for thymine and guanine followed by HPLC at 

254 nm afterthe compounds were subjected to a potential of -0.827 V under Ar 

saturated conditions in the absence and presence of a sensitizer molecule 

(Ornidazole); [Ornidazole] = 1 × 10-4mol dm-3. Black line indicates the absence of 

Ornidazole while the redline its presence. 

 

Fluorescence study 

A similar study as described above was also performed keeping calf thymus DNA in the 

immediate vicinity of the generated reduction products of Ornidazole using a glassy carbon 

electrode maintained at -0.827 V in aqueous solution at pH 7.2. The only difference for the 

study with DNA was that slightly longer times were used in applying the reduction potential 

so that more reduction products of Ornidazole could be generated for enabling a visible 

recognition of the change i. e. modification caused to DNA upon its monitoring by the 

ethidium bromide-fluorescence technique [18-20]. Figure 8 shows a plot of the fluorescence 

following interaction of such treated calf thymus DNA with ethidium bromide that was 

subjected to an excitation at 510 nm using a fluorescence spectrophotometer.  
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Figure 8:   Fluorescence spectra of calf thymus DNA after treatment with ethidium bromide, 

following the DNA being subjected to a potential of -0.827 Vin the presence of 1 

× 10-4mol dm-3 Ornidazole under Ar saturated conditions. (a-e) indicates the time 

in minutes for which the desired potential was applied to the solution; a: 0 

minutes, b: 5 minutes, c: 10 minutes, d: 15 minutes, e: 20 minutes; f denotes the 

spectrum of ethidium bromide alone.  

 

Modification caused to calf thymus DNA was realized by plotting the percentage of DNA 

remaining against the time provided to generate reduction products of Ornidazole using a 

glassy carbon electrode maintained at -0.827 V in aqueous solution at pH 7.2 (Figure 9).  

The outcome of the study is summarized in Table 1 (provided below), where we see that 

nucleic acid base damage inflicted on Cytosine and Guanine are much higher than that caused 

to thymine or adenine. It is also seen that enhancement ratio obtained for Cytosine and 

Guanine in presence of Ornidazole tallies appreciably with that obtained for calf thymus 

DNA. Since in calf thymus DNA percentage of Cytosine and Guanine is much higher than 

that of thymine and adenine it may be said that having some prior knowledge on the damage 
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inflicted by a certain molecule on a particular nucleic acid base, one can have an idea as to 

which type of DNA is more likely to be affected. 

 

Figure 9: A plot for calf thymus DNA modification in the absence and presence of a 

sensitizer molecule (Ornidazole) afterbeing subjected to a potential of -0.827 V 

under Ar saturated conditions; [Ornidazole] = 1 × 10-4mol dm-3. Black line 

indicates the absence of Ornidazole while the redline its presence. 

 

From this study it is evident that reduction products of Ornidazole modify nucleic acid bases 

as well as calf thymus DNA forming reactive intermediates that subsequently undergo 

reactions to give different compounds. As a result both purine and pyrimidine bases are 

degraded which was then correlated with that observed with calf thymus DNA. the nucleotide 

content of the DNA of a target organism is known, one can provide a good correlation 

between this study and any actual drug action reported (Table 2). The study provides a logical 

explanation as to why compounds containing ornidazole were either found If to be active on 

GC rich DNA containing species or on species having a substantial presence of GC in their 

DNA [21-23]. 
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Table 1: Shows enhancement ratios for the damage caused to nucleic acid bases and calf 

thymus DNA in the presence of ornidazole for the study described above. 

 

Compound T  A  R  G  E  T 

 Adenine Thymine Cytosine Guanine 
Calf thymus 

DNA 

 Slope in  

Ar 

saturated 
medium 

 

E R 

Slope in  

Ar 

saturated 
medium 

 

E R 

Slope in  

Ar 

saturated 
medium 

 

E R 

Slope in  

Ar 

saturated 
medium 

 

E R 

Slope in  

Ar 

saturated 
medium 

 

E R 

 

 

 

-0.44 

 

 

 

-0.73 

 

 

 

-0.31 

 

 

 

-0.21 

 

 

 

-0.19 

 

 

 

Ornidazole 

 

-0.74 

 

1.68 

 

-1.14 

 

1.56 

 

-0.77 

 

2.48 

 

-0.55 

 

2.62 

 

-0.52 

 

2.74 

 

 

Table 2: Aflox Oz, Aloflox-ON, Arrow–Ornidazole, Cefit –OZ, Oxit OZ, Fynal OZ 

(containing ornidazole as major constituent) is used for treatment of infections 

caused by: 

 

 Microbes       G-C content 

1. Haemophilus influenza     38.0 % 

2. Streptococcus pneumonia     39.7% 

3. Staphylococcus aureus     33.0 % 

4. Streptococcus pyogenes     38.5% 

5. Proteus mirabilis      28.8% 

6. Neisseria gonorrhoeae     52.4% 

7. Chlamydia trachomatis     40.3% 

8. Escherichia coli       50.9% 

9. Moraxella catarrhalis     38.0 % 

10. Citrobacterdiversus      51.0 % 

11. Enterobacteraerogenes     64.0 % 

12. Klebsiella pneumonia      57.4 % 

13. Pseudomonas aeruginosa     65.0 % 

14. Staphylococcus saprophyticus    33.0 % 

15. Enterococcus faecalis     37.4 % 
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16. Enterobacter cloacae                 54.5 %-55.1% 

17. Serratiamarcescens      58.0 % 

18. Haemophilusparainfluenzae     38.0 %- 40.0 % 

19. Legionella pneumophila     38.0 % 

20. Staphylococcus epidermidis     32.0 % 

21. Bacillus anthracis      35.4% 

22. Yersinia pestis       47.5% 
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Introduction 

Although a large body of literature identifies the fact that a reduced nitro group is crucial for 

activity of 5-nitroimidazoles [11, 13, 30], only few studies have investigated its role in detail 

[18, 19]. After entering the biological target cell, antimicrobial activity of nitroimidazoles 

depend upon the reduction of the nitro group to a nitro radical-anion (NO2
) and/or other 

potentially active reduction products that includes nitroso and hydroxylamine derivatives [11, 

30]. Reduced species of nitroimidazoles are damaging to various macromolecules including 

the DNA, bringing about their degradation through modification of strands [11, 13, 30]. It has 

been shown earlier that complex formation is able to modulate (decrease) the formation of 

NO2
 which is expected to decrease toxic side effects [13, 14]. In this chapter we tried to 

look into aspects of cytotoxicity initiated by NO2
and other reduction products of a 

monomeric Cu(II) complex of Onz on nucleic acid bases and calf thymus DNA to correlate 

what really happens when similar molecules are enzymatically reduced within the biological 

system to different species [1, 6, 7, 12, 13]. Reduction products of the complex were 

generated electrochemically by maintaining a glassy carbon electrode at its determined 

cathodic potential. In the immediate vicinity of such electrochemically generated reduction 

products, nucleic acid bases and calf thymus DNA were maintained so that reduced products 

formed on the complex react with them. In situ reactivity of such generated reduction 

products with nucleic acid bases or DNA was subsequently followed to realize changes 

brought about on the target. 

Results and Discussions 

Cyclic voltammetry studies in different solvents 

Electrochemical behavior of ornidazole and its CuII complex were studied with the help of 

cyclic voltammetry. Compounds were dissolved in methanol, DMF and water having 

concentration 10-3 M. Cyclic voltammograms (Figure 1 and Figure 2) were obtained in 
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different solvents using a potentiostat/galvanostat. In aqueous medium, and in methanol, Onz 

and its CuII complex undergo a one step four electron reduction while in DMF the 

compounds underwent a one electron followed by three electron reduction.  

 

 

 

 

 

 

Figure 1: Cyclic voltammogram of 1 mM Onz in (A) DMF, (B) methanol and (C) water. In 

case of water, a single step four electron reduction of the nitro group is observed in 

0.12 M KCl solution using a glassy carbon electrode; Scan rate 100mV/sec. 

 

 

 

 

 

 

 

 

Figure 2: Cyclic voltammogram of 1 mM [Cu(Onz)2Cl2] in (A) DMF, (B) methanol and (C) 

water. In case of water, a single step four electron reduction of the nitro group is 

observed in 0.12 M KCl solution using a glassy carbon electrode; Scan rate 

100mV/sec. 
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In situ reactivity of electrochemically generated reduction products 

When the medium is aprotic, 5-nitroimidazoles participate in a reversible one-electron 

reduction initially forming a nitro radical anion, which then undergoes an irreversible three-

electron reduction to –NHOH [18-20]. In aqueous solution, however, these two steps are not 

realized separately and a single step four electron reduction is observed [18-20].The same is 

true for the monomeric CuII complex of Onz as well (Figure 4). 

 

In aprotic media:  R-NO2+e   →   R-NO2
    (1) 

    RNO2
 + 3e +4H+→ RNHOH + H2O  (2) 

In aqueous solution:   RNO2+ 4e+ 4H+→ RNHOH + H2O   (3) 

 

The cathodic peak current (Ipc) in amperes at -0.827 V was plotted against square root of 

potential sweep rate (ν1/2) (Figure 3) to see if the process was diffusion controlled; the same 

being an essential criteria for the actual experiment to be performed. 

 

Figure 3: Plot of cathodic peak current (Ipc) vs. square root of scan rate (ν) for a four-electron 

reduction of [Cu(Onz)2Cl2] in aqueous solution at a potential of -0.849 V, pH ~ 7.2.  

 

Hence, in the immediate vicinity of the CuII complex subjected to electrochemical reduction 

at a previously determined potential of -0.849 V (Figure 2C), if a target is maintained, there is 

0.80.60.40.20

24

20

16

12

8

4

0

 1/2  / (Vs -1)1/2

I p
c
 X

 1
0

6
 /
A



152 

a possibility that reduction products from the complex would interact with the target. The 

outcome of such interactions (i. e. modifications caused) was ascertained for nucleic acid 

bases and calf thymus DNA. Since in aprotic media, the reversible one-electron reduction 

step forming NO2
 can be identified separately, it is possible to assign interactions to it. 

However, in aqueous solution when a glassy carbon electrode is maintained at the cathodic 

potential of the complex i.e. at its “one step four electron reduction” potential, many species 

are generated. Therefore, the problem in aqueous solution is that a correct assignment of 

species (from amongst different reduction products) responsible for interaction with the target 

is not clearly possible. 

More specifically, it should be said that it cannot be exclusively assigned to the formation of  

-NO2
 because other reduction products are also formed in solution following an 

electrochemical reduction of the complex at -0.849 V (Eq. 1-3). At the same time, it is also 

true since formation of species containing -NO2
 is the first step of the reduction process and 

since it is a radical, it should have a very high probability to interact with a target present in 

its immediate vicinity; in fact higher than successive reduction to other species (Eq. 2) [19]. 

Hence, although other reduction products of the complex could well be involved in 

modifying a target, -NO2
could have a substantial contribution to the damage caused to the 

target. The present study was performed to realize how different reduction products 

(generated electrochemically) on a 5-nitroimidazole or its complex might interact with 

nucleic acid bases or with DNA that might help to explain what happens when such drugs or 

their complexes enter the cells of a biological target. For a long time it is believed that drugs 

belonging to this class upon getting a favorable reduction potential must primarily be reduced 

to be active; established by several studies as the principle mechanism for the action of 

nitroimidazoles [4-9, 11]. It is also believed that these reduced products thereafter interact 

with DNA, however nothing very specific could be found for interactions at the cellular level 
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baring a few reports [1-17]. Previous reports suggest the ability of different CuII complexes of 

5-nitroimidazoles to significantly modulate the formation of NO2
, essential for curbing 

neuro-toxic side effects [13, 14]. In those reports, it was shown that in spite of decreased        

-NO2
, efficacy was not compromised due to the complexes; in fact complexes were mostly 

at par with the performance of 5-nitroimidazoles i. e. from which complexes were prepared. 

In some cases, complexes performed even better than the parent drug; tried on different 

biological targets [12-14]. Hence, the question that immediately comes up is, if generation of 

NO2
 is so essential for drug action, established by many studies, how then are CuII 

complexes of 5-nitroimidazoles, with decreased NO2
 formation still so active, matching 

the efficacy of the respective drug molecule [12-14]. This prompted us to find out whether 

the mechanism of action of 5-nitroimidazoles and their CuII complexes similar or different. 

Interaction of electrochemically generated reduction products on the complex with 

nucleic acid bases 

We reduced Onz using a glassy carbon electrode maintained at a constant potential of -0.827 

V in aqueous solution, and showed that it modified nucleic acid bases and DNA (the target). 

Next modifications caused to similar targets by the CuII complex of Onz were followed. 

Reduction products generated on the complex interact with the target kept in their immediate 

vicinity. Considering different reduction products formed there is a high possibility for the 

formation of a species containing –NO2
 following comproportionation between a –NO2 

containing moiety on a complex and an –NHOH on another, either present on another Onz of 

the same complex or on an Onz of another complex. There is also the possibility of the 

disappearance of –NO2
 by disproportionation [19, 26]. 

 

 

 



154 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Degradation of thymine, cytosine and adenine followed by HPLC at 254 nm after 

being allowed to interact with nitro-radical anion that is generated from the 

monomeric complex of CuII with Ornidazole (blue line) following electrochemical 

reduction of the complex in aqueous DMF at a constant potential of -0.828 V (the 

first one-step reduction potential) under de-aerated (Ar saturated) conditions. The 

black lines indicate degradation of the respective nucleic acid base in the absence 

of the sensitizer in the same medium at the same potential. [nucleic acid base] = 1 

× 10-3 mol dm-3; [Cu(II)-Onz complex] = 1 × 10-4mol dm-3. 
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However, since a substrate is present in solution with which –NO2
 can interact there is a 

high possibility of it being consumed in that pathway. Hence, –NO2
 depleting by 

disproportionation should be less unless the rate of disproportionation of species containing –

NO2
 (generated on the complex) is significantly higher than the rate of reaction between the 

generated –NO2
 and a target (nucleic acid base or DNA). Besides, although 

disproportionation is a possibility, it cannot logically happen since the concentration of the 

target maintained in such experiments are almost ten times higher than the complex. 

Therefore, concentrations of electrochemically reduced species formed on the complex in 

solution in comparison to the target would be even less i. e. < 1:10, implying there would be 

very little scope for disproportionation. Consequently, although qualitatively explained, it can 

be realized that –NO2
 could eventually be an important species amongst different reduced 

forms generated on the complex in solution that could interact with the target [19]. However, 

to be more sure, we performed another set of experiments (Figure 4), where we dissolved 

nucleic acid bases (thymine, cytosine and adenine) and the Cu(II) complex of Onz in DMF 

having the same concentrations as that for experiments in aqueous solution. Since when DMF 

is the solvent, the one electron reduction step of –NO2 containing moieties to –NO2
can be 

separately realized, this time the glassy carbon electrode was maintained at the first reduction 

potential (-0.828V) of the complex. Hence, –NO2
was generated exclusively. Therefore, in 

DMF interaction with the target could be assigned to –NO2
.  

HPLC chromatograms of pyrimidine and purine based nucleic acid bases were recorded 

following interaction with different reduced species of the complex in aqueous solution. 

Figure 5 shows HPLC chromatograms for thymine, adenine and cytosine, recorded following 

the performing of experiments in aqueous solution. Figure 6 indicates as time for 

electrochemical reduction of the complex at its determined reduction potential increased, a 
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distinct change was observed for area under the peaks in HPLC chromatograms of eluting 

nucleic acid bases. Hence, damage caused to a nucleic acid base could be ascertained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:  HPLC chromatograms recorded at 254 nm for 1 × 10-3 mol dm-3 of (A) thymine, 

(B) adenineand (C) cytosine solutionssubjected to a constant potential of -0.849 V 

in presence of 1 × 10-4 mol dm-3 Cu(II)-Onzunderdeaerated (Argon saturated) 

conditions. A to F indicates the time in minutes for which such constant potential 

was applied to the solution; A: 0 minutes, B: 2 minutes, C: 4 minutes, D: 6 

minutes, E: 8 minutes, F: 10 minutes.  

 

This was done by plotting percentage of nucleic acid base remaining against time provided 

for electrochemical generation of reduction products on the complex, maintaining a glassy 

carbon electrode either at -0.849 V in aqueous solution (pH 7.0) or at -0.828 V in DMF. 
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Changes observed for each nucleic acid base following interaction with reduction products of 

the complex in aqueous solution is shown in Figure 6, Table 1 and that in DMF in Figure 4 

and Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Degradation of thymine,cytosine andadenine followed by HPLC at 254 nm after 

being allowed to interact with reduction products generated from Ornidazole (red line) and 

the monomeric Cu(II)-Ornidazole complex (blue line) following electrochemical reduction of 

the compounds at constant potentialsof -0.827 V and -0.849 V respectively under de-aerated 

(Argon saturated) conditions.The black line indicates degradation of the respective nucleic 

acid base in the absence of a sensitizer [Onz or Cu(II)-Onz] when subjected to a potential of -

0.835 V.[nucleic acid base] = 1 × 10-3 mol dm-3;[Ornidazole] = [Cu(II)-Onz complex]= 1 × 

10-4mol dm-3.  
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Table 1: Enhancement ratio for damage of nucleic acid bases and calf thymus DNA 

following reduction of Ornidazole and its CuII complex at their  respective 

reduction potentials in aqueous solution generating different products that 

interact with the target. 

 
TARGET 

COMPOUND Adenine Guanine Thymine Cytosine Calf Thymus DNA 

 

De-

aerated 

medium 

(Ar 

saturated) 

E R 

De-aerated 

medium 

(Ar 

saturated) 

E R 

De-aerated 

medium 

(Ar 

saturated) 

E R 

De-aerated 

medium 

(Ar 

saturated) 

E R 

De-aerated 

medium 

(Ar 

saturated) 

E R 

 -0.44  -0.21  -0.73  -0.31  -0.19  

Ornidazole -0.74 1.68 -0.55 2.62 -1.14 1.56 -0.77 2.48 -0.52 2.74 

[Cu(Onz)2Cl2]  
-1.33 3.02 - - -2.78 3.82 -1.45 4.66 -0.85 4.47 

 

 

Table 2: Enhancement ratio for damage of nucleic acid bases following reduction of 

monomeric CuII complex of Onz at its first step one-electron reduction potential 

in DMF generating –NO2
that interacts with targets. 

 

COMPOUND 
T A R G E T S 

Adenine Thymine Cytosine 

 

De-aerated 

medium 

(Ar saturated) 

E R 

De-aerated 

medium 

(Ar saturated) 

E R 

De-aerated 

medium 

(Ar 

saturated) 

E R 

 -0.245  -0.103  -0.233  

[Cu(Onz)2Cl2]  
-0.436 1.78 -0.445 4.32 -0.963 4.13 

 

 

A comparison of the damage inflicted on a target by the complex in DMF and that in aqueous 

solution helps in identification of the species responsible in each case in causing a change on 

the target. It was seen while damage (in terms of enhancement ratio) was significantly greater 

for adenine in aqueous solution than in DMF, in case of thymine it was only slightly higher in 

DMF and for cytosine it was slightly less in DMF than that observed in aqueous solution. 

Results indicate that for adenine other reduction products of the complex could be playing a 
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significant role besides species containing NO2
. However, in case of thymine and cytosine, 

the results for thymine suggest other reduction products probably do not have any major role 

in causing damage and that it is the NO2
 species that plays the major part; for cytosine, 

other reduction products generated from the complex in aqueous solution (Eqs. 1-3) might be 

having some role in the nucleic acid’s modification besides a species containing NO2
.  

Interaction of electrochemically generated reduction products with calf thymus DNA 

A similar study as the one described above was performed by maintaining calf thymus DNA 

in aqueous solution at pH 7.4 in the immediate vicinity of the generated reduction products of 

the CuII complex of Onz using a glassy carbon electrode maintained at -0.849 V. The only 

difference when calf thymus DNA was the target was that slightly longer times were used for 

the electrochemical reduction of the complex. This was necessary to generate more reduction 

products on the complex so that an observable change could be detected in case of calf 

thymus DNA when monitored by fluorescence using EtBr, i.e. subsequent to its interaction 

with reduction products of the complex. Since interaction of EtBr and DNA lead to increase 

in fluorescence this was utilized to determine the amount of DNA remaining intact following 

interaction with reduced products of the complex [22, 23]. Figure 7 is a typical plot showing 

fluorescence of calf thymus DNA with EtBr either in the absence of any interaction with 

reduced products generated on the complex or having undergone an interaction with reduced 

products. In each case, adducts of DNA with EtBr were excited at 510 nm with the help of a 

fluorescence spectrophotometer (RF–530 IPC Spectrofluorophotometer, Shimadzu, Japan) 

[21-24] and emission was measured over the wavelength range 525 nm to 750 nm. 
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Figure 7: Fluorescence spectra of calf thymus DNA after treatment with EtBr following 

interaction of the DNA with reduction products generated from the monomeric CuII 

complex of Ornidazole subjected to a constant potential at -0.849 V in de-aerated 

(Argon saturated) conditions. [Cu(II)-Ornidazole] = 1 × 10-4 mol dm-3.“a” to “e” 

indicates time in minutes for which such potential was applied to the solution; a: 0 

minutes, b: 5 minutes, c: 10 minutes, d: 15 minutes, e: 20 minutes. “ f ” denotes the 

spectrum of EtBr when it was excited alone i. e. in the absence of DNA at 510 nm.  

 

Modification caused to calf thymus DNA was established by plotting percentage of DNA 

remaining against time provided for generation of reduction products on the complex 

following maintenance of a glassy carbon electrode at -0.849 V in aqueous solution (pH 7.4; 

Figure 8).  

The outcome of the study on the interaction of electrochemically generated reduced species 

of a CuII complex of Onz with calf thymus DNA is summarized in Table 1. It is seen from the 

table, Onz affects guanine and cytosine to a much greater extent than adenine and thymine 

while the complex affects cytosine to a much greater extent than adenine or thymine. 
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Figure 8: Plots showing modification of calf thymus DNA in the absence (black) and 

presence of sensitizer molecules, Ornidazole (red) and its monomeric CuII 

complex (blue) after each compound was subjected to reduction at a constant 

potential (-0.827 V for Onz) and (-0.849 V  for Cu(II)-Onz) under de-aerated 

(Argon saturated) conditions; [Onz] = [Cu(II)-Onz]= 1 × 10-4 mol dm-3. The black 

line indicates modification of calf thymus DNA in the absence of any sensitizer 

but subjected to a constant potential of -0.835 V. 

 

For the complex, experiments could not be performed using guanine since addition of the 

complex to an aqueous solution of guanine turned it faintly turbid suggesting an association 

between the two. This was checked several times to be sure that this was happening. We even 

performed HPLC of an aqueous solution of 1  10-4 M guanine and an aqueous solution of 

guanine containing 1  10-5 M complex. For the solution containing guanine with the 

complex, elution of guanine was completely different from that obtained when guanine was 

injected alone, indicating that there is an association of the two compounds (Figure 9). Such a 

thing did not happen for other nucleic acid bases with the complex. Since we detected an 

association of guanine with the complex, the actual experiment i. e. keeping guanine in the 
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immediate vicinity of electrochemically generated reduced species of the complex was not 

attempted. 
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Figure 9: HPLC chromatograms recorded at 254 nm for (A) 1×10-3 mol dm-3 guanine 

solution and (B), (C) of 1×10-3 mol dm-3 guanine solution containing 1×10-4 mol 

dm-3 Cu(II)-Onz. In case of (B) the two compounds were allowed to interact for 45 

minutes, following their mixing, after which HPLC was performed; in case of (C) 

they were allowed to interact for 24 hours, following their mixing, after which 

HPLC was performed. 

 

The enhancement ratio for cytosine in presence of the complex (Table 1) tallies appreciably 

with that obtained for calf thymus DNA. Since in calf thymus DNA, percentage of guanine 

and cytosine is comparatively higher than adenine and thymine, it was concluded this could 

be one reason why calf thymus DNA showed substantial damage in presence of the CuII 

complex of Onz under the experimental protocol used. The study also indicates that a prior 

knowledge on the “damage causing ability of compounds” on nucleic acid bases might help 

A B 

C 



163 

to predict their activity on different types of DNA used as target based on their nucleic acid 

composition. If the target DNA is identified then the type of organism having such DNA 

composition should be most vulnerable to such compounds. In case of Ornidazole and its CuII 

complex, the study provides a logical explanation as to why compounds chemically similar to 

the ones we studied were either found to be active on GC rich DNA containing species or on 

species having a substantial presence of GC in their DNA [26-29]. 

Aflox Oz, Aloflox-ON, Arrow–Ornidazole, Cefit –OZ, Oxit OZ, Fynal OZ 

(containingornidazole as major constituent) is used for treatment of infections caused by: 

 

  Microbes            G-C content 

1. Haemophilus influenza     38.0 % 

2. Streptococcus pneumonia     39.7% 

3. Staphylococcus aureus     33.0 % 

4. Streptococcus pyogenes     38.5% 

5. Proteus mirabilis      28.8% 

6. Neisseria gonorrhoeae     52.4% 

7. Chlamydia trachomatis     40.3% 

8. Escherichia coli       50.9% 

9. Moraxella catarrhalis     38.0 % 

10. Citrobacterdiversus      51.0 % 

11. Enterobacteraerogenes     64.0 % 

12. Klebsiella pneumonia      57.4 % 

13. Pseudomonas aeruginosa     65.0 % 

14. Staphylococcus saprophyticus    33.0 % 

15. Enterococcus faecalis     37.4 % 

16. Enterobacter cloacae      54.5 %-55.1% 

17. Serratiamarcescens      58.0 % 

18. Haemophilusparainfluenzae     38.0 %- 40.0 % 

19. Legionella pneumophila     38.0 % 

20. Staphylococcus epidermidis     32.0 % 

21. Bacillus anthracis      35.4% 

22. Yersinia pestis       47.5% 
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As mentioned earlier, inspite of decreased nitro-radical anion formation [12-14] the CuII 

complex of Onz was found to be better than Onz itself. This could be an attribute of complex 

formation i.e. on an ability of the CuII center in the complex to be active in a redox pathway 

generating radicals [30] capable of bringing about DNA double strand modification that 

would be detected by the methodology we had applied (i. e. identifying DNA double strand 

modification through decrease in DNA-EtBr fluorescence) [21-23].There is also the 

possibility of a physical interaction of the complex with DNA or any other biomolecule, like 

that detected in this study for guanine, bringing about substantial changes on a target cell that 

eventually leads to cell death. Therefore, the outcome of experiments with calf thymus DNA 

are not due to free radical reactions alone, other factors could well be involved. Another 

aspect is that of binding of the complex with DNA [12, 13]. 

Therefore, from this study it is evident that reduction products of both compounds modify 

guanine and cytosine (G and C) much more than adenine and thymine (A and T). In fact the 

enhancement ratio for the damage of guanine-cytosine by ornidazole and the complex 

matches appreciably with the observed enhancement ratio for calf thymus DNA having a 

reasonably high G and C content. In all cases, the complex performed better than ornidazole, 

which may be attributed to the presence of CuII. The study helped in correlating the fact why 

5-nitroimidazole based antibiotics have been found to be very effective on organisms having 

either a high G-C content in their DNA or at least a substantial amount of it. 
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Chapter 12 

In situ reactivity of electrochemically generated 

nitro radical anion on tinidazole, its monomeric  

and dimeric CuII complexes on model  

biological targets with a relative manifestation of 

preventing bacterial biofilm formation 
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Introduction 

5-nitroimidazoles are important molecules for pharmaceutical applications and are found in 

different formulations [1-5]. They address a wide spectrum of medical issues ranging from 

infections caused by different microbes to being used as anti-cancer agents in radiotherapy 

[1-8]. Although, metronidazole is mostly used, issues like drug resistance, neurotoxicity has 

resulted in a search for compounds having comparable efficacy but with significantly less 

adverse effects [1-3, 5-10]. Tinidazole (tnz) is a compound that nicely fits this requirement, 

although conflicting reports on its efficacy and adverse effects exist [11-14]. Since its anti-

microbial activity was first reported, tinidazole showed a steady increase in acceptability as a 

drug [15-18]. However, as is true for all 5-nitroimidazoles, its efficacy is also accompanied 

by toxic side effects but that is quoted to be less than metronidazole [11-18].The problem 

with this family of drugs is that, the nitro-radical anion, RNO2
 (where R represents the 

portion other than the nitro group) is responsible both for efficacy and toxic side effects [11-

18].Hence, an approach that enables controlling the generation of RNO2
is an extremely 

relevant issue [19-21].Within biological systems, 5-nitroimidazoles are first reduced by 

enzymes pyruvate ferredoxin oxidoreductase (PFOR) [9, 22, 23] that prepares them for entry 

into cells of the target organism.Thereafter, the nitro-radical anion imparts drug action.  

Although, related literature mentions RNO2
to be responsible for drug action, very few 

studies have gone into details of such claims that would help us realize their contribution 

toward cytotoxic action. Research has revealed complex formation of 5-nitroimidazoles 

modulate the generation of RNO2
that might then be expected to decrease toxic side effects 

[20, 21]. Since RNO2
is important for drug efficacy, its decrease, following complex 

formation, should affect drug action. However, previous studies suggest complex formation 

did not interfere with drug efficacy. In fact, most complexes were either similar in 

performance on a chosen microbial target when compared to a5-nitroimidazole,from which 
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the complex was prepared or that the complex performed better [20, 21, 24]. Since complexes 

result in a decrease in RNO2
 and yet there is no loss in efficacy, this suggests they have 

other attributes [20, 21, 24] that enable them to overcome any deficiency that might occur in 

the free radical pathway.  

 

  

 

 

 

  

 

 

 

 

 

 

         Figure 1: Structure of tnz and its monomeric and dimericCuII complexes 

 

In this chapter, we discuss aspects related to cytotoxicity that are either initiated by RNO2
or 

other reduction products formed on the monomeric and dimeric complexes of CuII with 

tinidazole (tnz) (Figure 1). Nucleic acid bases and calf thymus DNA were used as targets to 

correlate what might happen when such compounds are enzymatically reduced in biological 

systems, generating species that have the potential to kill disease causing microbes [9, 20-24]. 

Reduction products of each compound were generated electrochemically maintaining a glassy 

carbon electrode at its cathodic peak potential using a method described earlier [26, 27]. In 

 

Cu( 

 

 

[Cu2(OAc)4(tnz)2] 

Cu(Cl)2((tnz)2 
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the immediate vicinity of electrochemically generated reduction products, nucleic acid bases 

or calf thymus DNA were maintained, one at a time so that reduced products react 

instantaneously. Although the reaction on a model target under laboratory conditions can 

never be identical with what happens inside cells, it can however throw some light on such 

processes, since similar species are generated enzymatically within cells following transfer of 

electron(s) to 5-nitroimidazoles by electron donating groups present within cells [9, 22, 23, 

25]. In situ reactivity of reduction products with nucleic acid bases or calf thymus DNA were 

subsequently analyzed to understand changes that were brought about on a target. To check 

for a correlation between model studies and potency of monomeric and dimeric complexes to 

inhibit biofilm formation, detailed studies were performed on P. aeruginosa and S. aureus. 

Most bacterial species possess an ability to live in complex sessile communities called 

biofilm, under environmentally stressed conditions. Such sessile micro-colonies remain 

embedded within self-secreted extracellular polymeric substances (EPS) and are responsible 

for the development of major types of nosocomial infections following biofilm formation [26, 

27]. Biofilms are highly resistant both to specific (adaptive) and non-specific (innate) host 

defense mechanisms. The development of EPS and subsequent slower diffusion of 

antimicrobials through the biofilm matrix, reduced rate of metabolism etc. make bacterial 

cells less susceptible to phagocytic activities of macrophages and more resistant to antibiotics 

[28, 29]. Such enhancement of resistance resulted in a search for alternate therapies for 

treating biofilm associated chronic infections that are caused by P. aeruginosa and S. aureus 

[30, 31]. Through this work we had aimed to show the potent efficacy of monomeric and 

dimeric complexes of Cu(II) with tnz (Figure 1), in removing persistent microbial cells of P. 

aeruginosa and S. aurous. 
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Results 

In situ reactivity of electrochemically generated reduction products 

Figure2 shows voltammograms for tnz, the monomeric [Cu(tnz)2Cl2] and the dimeric 

[CuII
2(OAc)4(tnz)2] complexes when each was subjected to cyclic voltammetry in aqueous 

solution. From the voltammograms, the reduction peak potentials of tnz, [Cu(tnz)2Cl2] and 

[CuII
2(OAc)4(tnz)2] were identified at-0.745 V, -0.700 V and -0.710 V respectively. It may be 

mentioned here, for 5-nitroimidazoles in aqueous solution, reduction to the nitro-radical 

anion is not identified separately; instead there is a single-step four electron reduction 

(Chapter: Experimental Eq. 3) [35, 36]. 

 

 

 

 

 

 

Figure 2: Cyclic voltammograms of 100 µM of (A) tinidazole, (B) its monomeric Cu(II) 

complex and (C) its dimeric Cu(II) complex showing a single step four electron 

reduction of the nitro group in aqueous solution using a glassy carbon electrode; 

[NaCl] = 120 mM; Scan Rate = 0.025 V/s; Ag/AgCl, satd. KCl was used as the 

reference electrode; Temperature = 303 K. 

 

Identification of the potential for reduction of each compound is important for the intended 

study where each compound would be reduced to generate suitable reduced species that 

might interact with a target. Hence, when in the immediate vicinity of any of the compounds, 

that were subjected to electrochemical reduction at a constant potential, nucleic acid bases or 

calf thymus DNA were maintained, reduced products would have a high probability to 
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interact with them. The outcome of such interactions was ascertained for nucleic acid bases 

using HPLC and for DNA by ethidium-bromide fluorescence technique [34]. 

 

Interaction of electrochemically generated reduction products with nucleic acid bases 

Various electrochemically reduced species generated in aqueous solution for a compound, 

following maintenance of a glassy carbon electrode at its cathodic peak potential, for 

different periods of time, indicate that it leads to a gradual degradation of nucleic acid bases 

(Figure 3).  Response for nucleic acid bases shown in Figure 3 is based on their individual 

elution peaks under a specific solvent composition that elutes them, which was considered the 

standard HPLC chromatogram for that nucleic acid base (Figure 4).  

Based on elution peaks of individual compounds, degradation plots were quantified (Figure 

5). Such standard curves enabled the determination of the concentration of nucleic acid bases 

in the performed experiments. 
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Figure 3:  HPLC chromatograms of 10-3 M A) thymine B) cytosine and C) adenine solutions 

recorded at 254 nm following their keeping in the immediate vicinity of 

electrochemically reduced 10-4 M CuII
2(OAc)4(tnz)2. 
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Figure 4: HPLC chromatograms for (A) thymine, (B) cytosine and (C) adenine recorded at 

254 nm; [nucleic acid bases] = 1 × 10-3 mol dm-3. 

 

The amount of a nucleic acid base remaining following interaction with reduced species was 

realized by collecting aliquots from the reaction vessel at different time intervals and 

evaluating them based on Figure 4. Figure 5 shows degradation of nucleic acid bases 

followed by HPLC at254 nm after they were allowed to interact with reduced products 

obtained from tnz and its monomeric and dimeric complexes [34]. 
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Figure 5: Damage of nucleic acid bases was monitored using HPLC at 254 nm following 

electrochemical reduction of compounds in whose immediate vicinity nucleic acid 

bases were maintained. Respective reduction potentials were -0.745 V for tnz, -

0.700 V for the monomeric Cu(II) complex and -0.710 V for the dimeric Cu(II) 

complex. Electrochemical reduction was carried out under Argon saturated 

conditions. () indicates control experiments when a nucleic acid base was 

subjected to reduction in the absence of any compound; () in presence of tnz; ()in 

presence of the monomeric complex and () in presence of the dimeric complex; 

[thymine] = [cytosine] = [adenine] = 1 × 10-3 mol dm-3; [tnz] = [monomeric Cu(II)-

tnz]= [dimericCu(II)-tnz] = 1 × 10-4mol dm-3. 
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Table 1: Enhancement ratio for damage caused to thymine following reduction of 

tinidazole and its Cu(II) complexes at respective reduction potentials in aqueous 

solution. 

 

Sensitizer 

Loss of 

thymine 

from slope 

of 

degradation 

plot 

Enhancement 

ratio 

(forthymine) 

Loss of 

cytosine from 

slope of 

degradation 

plot 

Enhancement 

ratio 

(forcytosine) 

Loss of 

adenine 

from slope 

of 

degradation 

plot 

Enhancement 

ratio 

(foradenine) 

- 0.73  0.51  0.61  

Tinidazole 0.86 1.18 0.54 1.06 0.67 1.10 

Cu-tnz 

monomer 
1.43 1.96 0.65 1.27 2.11 3.46 

Cu-tnz 

dimer 
2.30 3.15 1.64 3.22 1.69 2.77 

 

Generation of data for guanine was also attempted as it is easily damaged by various radical 

species. However, owing to issues concerning solubility in aqueous solution, inspite of best 

efforts I had to refrain from going ahead. Results obtained with guanine were erratic and 

inconsistent. Hence, it was decided to discuss the data obtained for thymine, cytosine and 

adenine only. However, if damage on guanine could be shown, things would have been 

explained better related to targeting of 5-nitroimidazoles and their metal complexes. Based on 

the nucleotide content of the DNA of a target organism onewould then have been in a better 

position to provide a good correlation between actual drug action reported and this study 

(Table 2). Although, without guanine it may still be realized, a data for guanine would have 

made it more convincing.  
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Table 2: Tindamax (containing tinidazole as major constituent) is used to treat 

 

Disease causing 

organism 
Disease caused A-T content ( % ) G-C content ( % ) 

Trichomonas vaginalis Trichomoniasis 64.0 % 36.0 % 

Giardia duodenalis Giardiasis 54.0 % 46.0 % 

Entamoebahistolytica 

Intestinal 

amebiasis&amebic 

liver abscess 

77.6 % 22.4 % 

Haemophilusvaginalis or 

Gardnerellavaginalis 

Haemophilus 

vaginitis, Gardnerella 

vaginitis 

58.6 % 41.4 % 

Vulvovaginitis pathogens 

like Trichomonas 

vaginalis 

Vulvovaginitis 59.7 % 40.3 % 

Neisseria gonorrhoeae 

(gonococcus) 
Gonorrhea 47.6 % 52.4 % 

Candida albicans 
fungal urinary tract 

infections 
66.3 % 33.7 % 

 

Interaction of electrochemically generated reduction products with calf thymus DNA 

A similar study as theone described above was performed maintaining calf thymus DNA in 

the immediate vicinity of electrochemically generated reduced species in aqueous solution at 

pH 7.4, using the same glassy carbon electrode maintained at an identified reduction potential 

of a compound. In experiments with calf thymus DNA, the system was subjected to slightly 

longer times than we used for electrochemical reduction of the compounds to reduced species 

in case of nucleic acid bases, so that the reduced products were produced in greater quantity 

and there was detectable change on DNA, monitored by fluorescence technique using EtBr 

[35-39]. 
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Figure 6: Decrease in fluorescence intensity of the DNA-EtBr adduct recorded at 600 nm 

(ex = 510 nm) following interaction with electrochemically generated reduced 

species in (A) absence of any compound; (B) presence of tnz, (c) presence of 

Cu(tnz)2Cl2 and (D) presence of Cu2(OAc)4(tnz)2 at different time intervals of (i) 0 

min, (ii) 5 minutes, (iv) 10 minutes, (v) 15 minutes, (vi) 20 minutes.  Spectrum (f) 

in each plot is that of free EtBr. 

 

Figure 6 depicts plots showing fluorescence of calf thymus DNA with EtBr, after it was 

allowed to interact with reduced products generated electrochemically on each compound, in 

whose vicinity calf thymus DNA was maintained. In each experiment, mixtures of DNA and 

EtBr were excited at 510 nm and emission measured at 600 nm. 

Modification of calf thymus DNA was realized by plotting percentage of DNA remaining 

intact against time provided for generation of electrochemically reduced species on each 
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compound following the maintenance of a glassy carbon electrode at the pre-determined 

reduction potential of a compound in aqueous solution at pH 7.4 (Figure 7). Both Figure 7 

and Table 3 indicate damage caused to calf thymus DNA in the presence of the compounds 

used in the study. Considering I0 as the intensity of fluorescence of pure DNA treated with 

EtBr; IEtBras the intensity of fluorescence for EtBr itself and Iexpt as the intensity of 

fluorescence of a DNA sample that was subjected to the conditions of the experiment and 

then treated with EtBr, the fraction of DNA remaining intact is obtained by  

 

                                                (Iexpt.- IEtBr) 

Fraction of DNA remaining = ____________ 

                                                (I0 - IEtBr) 

 

 

 

Figure 7: Degradation curves show modification of calf thymus DNA in the absence and 

presence of either tnz(▲)its monomeric(■), dimeric (●) Cu(II) complexes;[tnz] = 

[Cu(tnz)2Cl2]= [Cu2(OAc)4(tnz)2] = 1 × 10-4 mol dm-3. (▼)indicates modification 

of calf thymus DNA in the absence of any compoundwhen subjected to a constant 

potential of -0.700 V for the same duration of time. 
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Table 3: Enhancement ratio for damage caused to calf thymus DNA following the 

reduction of tinidazole and its Cu(II) complexes at their respective reduction 

potentials in aqueous solution. 

 

Sensitizer 

DNA doublestrand 

modification from slopes of 

degradation plots 

Enhancement ratio 

(for DNA) 

— 0.0036 - 

Tinidazole 0.0040 1.10 

Cu-tnz monomer 0.0053 1.45 

Cu-tnz dimer 0.0088 2.40 

 

Inhibitory action of complexes on biofilm formation  

Determination of minimum bactericidal concentration (MBC) 

The monomeric CuII complex showed inhibition of biofilm formation for S. aureus and P. 

aeruginosa at concentrations of12.5 µM and 20.25 µM respectively while that for the dimeric 

complex was 40 µM and 45 µM respectively, suggesting that the monomeric complex 

showed better efficacy against biofilm formation by cells of P. aeruginosa and S. aureus.The 

minimum bactericidal concentrations of tnz for S. aureus and P. aeruginosa were 50 µM and 

59.25 µM respectively. Although tnz is an established antibacterial drug [40, 41],very few 

literature show its anti-biofilm properties [42, 43]. 

 

Inhibition of biofilm formed by P. aeruginosa and S. aureus 

The monomeric complex of CuII inhibited biofilm formation due to P. aeruginosa by 88.52 ± 

3.45 % whereas the dimeric complex could decrease it by 76.95 ± 2.29 % (amoxicillin 

reduces biofilm formation by 62.12 ± 2.25 %). For S. aureus, decrease in biofilm formation 

due to the monomeric complex was by 92.16 ± 4.87 % while for the dimeric complex it was 
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81.25 ± 3.55 (amoxicillin decreases it by 72.56 ± 1.29) (monomer p<0.01, dimer 

p<0.05)(Figure 8). 

 

 

Figure 8: Maximum inhibition of biofilm formation due to P. aeruginosa and S. aureus was 

due to the monomeric complex (p<0.01). 

 

Disintegration of structural component of EPS 

EPS matrix of a biofilm comprises of a rich supply of nutrients in addition to lipid molecules, 

nucleic acids, proteins, extracellular DNA, quorum sensing signaling molecules and water. 

Hence, removal of biofilm involves strategies that target the EPS matrix leading to its 

disintegration via a decrease in synthesis of biomolecules. 

The monomeric complex inhibited carbohydrate content within the EPS of the biofilm 

formed due to P. aeruginosa by 75.26 ± 5.8 %, the dimeric complex by 71.23 ± 3.55 % and 

amoxicillin by 61.78 ± 2.47 %.In case of S. aureus, for the monomeric complex, the decrease 

was by 80.29  ± 5.8 %, for the dimeric complex, by 75.89 ± 4.7 % and for amoxicillin, by 

69.56 ± 3.25 % (p<0.01). It was further observed that the monomeric complex was able to 

maximally reduce protein content of EPS of P. aeruginosa and S. aureus by 75.26 ± 5.8 % 
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and 80.29 ± 5.8 % respectively (p<0.01) which was even higher than that achieved with the 

standard antibiotic amoxicillin (Figure 9). 

 

Figure 9: Reduction in carbohydrate (A) and protein (B) present within the EPS 

 

Down regulation of QS pathway during biofilm formation 

Anti-microbial potential of monomeric and dimeric complexes of CuII with tnz identifies 

them as important therapeutic agents. It was earlier observed that the monomeric complex 

plays a key role in controlling infections caused by microbes [21].P. aeruginosa is known to 

have many virulence genes vizLasI / Rhl that are activated during quorum sensing network 

leading to expression of virulence factors like elastase, rhamnolipid and pyocyanin [44]. The 

amount of las A protease and las B elastase were monitored with or without the CuII 

complexes (Figure 10). The las-regulated virulence genes lasA and lasB were significantly 

down regulated to 82.4 ± 4.25% in the presence of the monomeric complex (Figures 8 A & 

B) as compared to the dimeric one or even in comparison to amoxicillin suggesting that the 

monomeric complex has the ability to block the synthesis of signaling molecules responsible 

for regulating biofilm formation by inhibiting LasI / Rhl I synthase [48]. A lack of production 
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of virulence factor pyocyanin after treatment of P. aeruginosa with both complexes was 

observed with a maximum reduction of 86.34 ± 7.25 % in presence of the monomeric 

complex. Experimental results show the monomeric complex was able to bring about 

inhibition of QS maximally in P. aeruginosa. 

 

 

Figure 10: Inhibition of quorum sensing (QS) signaling mechanism during biofilm formation 

 

Discussion 

Maintenance of a glassy carbon electrode at cathodic peak potential of a compound, in 

aqueous solution, is evidenced to bring about “single step four electron reduction” of 5-

nitroimidazoles. As a result, species are sequentially expected to be generated within a small 

time scale. Hence, the damage caused to a target, i.e. to nucleic acid bases or to calf thymus 

DNA, maintained in the immediate vicinity of such generation of reduced species may not be 

exclusively due to a particular species. While RNO2
could have a substantial role, other 

reduction products formed during the electrochemical reduction of the compounds would also 

generate species that could modify targets. Since formation of RNO2
is the first step of the 

reduction process and being a radical, it is likely to have a high probability to interact with a 
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target before being reduced to its next state. If the rate of interaction of RNO2
either with a 

nucleic acid base or with calf thymus DNA is higher than its tendency to be reduced further, 

interaction with RNO2
would be predominant. Hence, while other reduction products of a 

complex or of tnz could well be involved in a modification of the target, RNO2
might have a 

substantial contribution to the damage detected (Scheme I, shown with respect to thymine) 

[32].This study was actually performed to realize how different reduction products generated 

electrochemically either on tnz or on its complexes with Cu(II) interact with nucleic acid 

bases and with DNA, to realize what would happen when they are present within cells and 

undergo enzymatic reduction. For several decades now, reduction of nitroimidazoles is 

considered very crucial for cytotoxic action for which they are much sought after [1-3, 5-14]. 
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Scheme I: A probable mechanism for the interaction of the nitro-radical anion with thymine 
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Again, considering the variety of species that are formed in solution, there is a good 

possibility for the formation of RNO2
either directly or through comproportionation, when 

an –NO2containing moiety (either on tnz or on the complex) interact with another molecule 

that contains say, –NHOH [19, 32, 33, 46, 47]. The possibility of disproportionation of 

RNO2
, known to depend on pH, on the solvent and also on the material of the electrode also 

exist [19, 32, 33, 46, 47].Hence, depending on different reduction products that in turn 

depend on whether they were generated on tnz present alone or on tnz present as part of a 

complex, substrates(nucleic acid bases or calf thymus DNA) interacting with 

RNO2
becomes a high possibility. If the rate of depletion of RNO2

in solution either due to 

disproportionation or in some other pathway is less, there is a good possibility of it 

interacting with a target maintained in its immediate vicinity. If however it is otherwise, then 

interaction due to RNO2
would not be dominant i.e. it would not be the major cause of 

transformations either on nucleic acid bases or on calf thymus DNA. However, given the 

experimental design, although disproportionation is a possibility, it would only occur if the 

concentration of species formed in solution, are higher than that in our experiments. Under 

the conditions of the experiment, concentrations of electrochemically reduced species formed 

on tnz or its complexes would never be very high in solution; in fact immediately after their 

generation they would see more of the nucleic acid bases than one of its own kind (target : 

compound :: 10 : 1), hence scope of disproportionation of RNO2
would be small [19, 32, 33, 

46, 47]. Although explained qualitatively, RNO2
could eventually become an important 

species amongst other reduced products generated either on free tnz or on tnz present as part 

of a CuII complex that might interact with a target. 

A comparison of the damage caused to nucleic acid bases (Table 1) or to calf thymus DNA 

(Table 3) reveals that the dimeric complex is the most effective. As can be seen from the 

structures of the two complexes (Figure 1), both have two units of tnz in them. Moreover, 
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since it has been shown earlier that complex formation of tnz by CuII results in a decrease in 

nitro-radical anion formation [20, 21], hence greater efficacy due to the dimeric complex and 

its difference with the monomeric one may not be due to the presence of tnz in the 

complexes. Rather, the dimeric complex having two CuII centres, against one in the monomer, 

could serve as a possible reason for the difference in activity. A greater presence of CuII in 

the dimer could be responsible for more interaction of the dimeric complex with thymine or 

cytosine or with calf thymus DNA via CuII that could help in the modification of the target or 

simply enable the compound to engage more with the target. Either way, a certain amount of 

thymine or cytosine or a certain amount of calf thymus DNA would not be detected either by 

HPLC as free thymine or free cytosine (Table 1) or as free calf thymus DNA in fluorescence 

based EtBr experiments (Table 3). In case of adenine however, the monomeric complex 

performs much better which could be due to the larger size of the dimeric complex and that 

adenine, being a purine based nucleic acid base is also large. 

Quite interestingly, trends observed in Table 1 and Table 3 are similar indicating DNA 

having a greater percentage of thymine, like that in calf thymus DNA (41.9 mole % G-C and 

58.1 mole % A-T)should be susceptible to greater attack by CuII complexes of tnz.  Hence, a 

prior knowledge on the damaging ability of a compound on nucleic acid bases is extremely 

important since it helps one to use the correct compound in targeting a disease causing 

microbe; at the same time such prior knowledge also enables one to know the extent to which 

the compound could be harmful to the host i.e. whether it could affect the DNA of the host as 

well. Therefore, findings of this study helps one to realize why tnz (tinidazole) has been so 

successful against disease causing microbes that have a high thymine content in their DNA 

(Table 2).  

Inspite of decreased nitro-radical anion formation [20, 21] CuII complexes of tnz were found 

to be better in performance on nucleic acid bases and calf thymus DNA than tnz. This is also 
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very interesting when for the 5-nitromidazole family of drugs, nitro-radical anion formation 

is considered important for drug action. Therefore, it seems the efficacy of the complexes are 

not due to free radical formation involving redox pathways that involve tnz; rather a better 

performance by complexes is due to certain attributes of complex formation, those that 

involve the CuII centre [38, 39]or due to interaction between various constituents of DNA and 

the CuII centre, that is able to cause double strand modification which is also detected by the 

technique used (i.e. the decrease in DNA-EtBr fluorescence) [35-39]Therefore, results of 

experiments with calf thymus DNA indicate they are probably not a consequence of the free 

radical activity involving tnz, rather other factors, like presence of CuII in the complex could 

well be involved. 

To be sure about our model studies, an attempt was made to study the performance of the 

complexes, on their ability to prevent biofilm formation on S. aureus and P. aeruginosa that 

are responsible for causing nosocomial infections. Lower MBC values for the monomeric and 

dimeric CuII complexes compared to tnz suggests better efficacy due to the complexes in 

removing biofilm cells. The indwelling bacterial cells within the biofilm matrix have a 

continuous and rich supply of nutrients and water molecules, much needed for their survival 

under stressed conditions due tothe extremes of temperature, pH, salt concentration or the 

presence of antimicrobials. The biofilm matrix also consists of lipid molecules, nucleic acids, 

proteins, extracellular DNA, and quorum sensing signalling molecules needed of cell density 

dependent intercellular communications that are required for the growth of the biofilm and its 

sustenance. It was found that the CuII complexes of tnz were able to bring about substantial 

changes in biofilm concentration both for S. aureus and P. aeruginosa; monomeric complex 

having better efficacy against sessile colonies. 

Biofilm associated infections are found to occur via two mechanisms: 1) through biofilm 

formation by enhanced quorum sensing that occurs by production of small signaling 
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molecules capable of detecting the cell population density in the neighboring environment 

under stressed condition and 2) by the spreading of microbial cells from EPS matrix infecting 

newer places. From our study, we found that the monomeric complex has the ability to block 

the synthesis of signaling molecules responsible for regulating biofilm formation by 

inhibiting LasI / Rhl I synthase [48]. Thus the monomeric complex has the potential of 

inhibiting quorum sensing (QS) mechanism of P. aeruginosa by inhibiting QS-genes and 

blocking transcriptional regulatory proteins that inactivate LasR or RhlR systems. 

While studying the interactions of tnz and its two complexes with nucleic acid bases and calf 

thymus DNA, it was revealed that the dimeric complex performs better, followed by the 

monomeric one and tnz. So, it was expected that efficacy in prevention of biofilm formation 

would also follow the same trend. However, in case of biofilm related experiments, we found 

the monomeric complex was most efficacious to the pathogenic target, followed by the 

dimeric complex and tnz. Such an anomaly isn't unexpected as nitro radical anions generated 

from tnz and its complexes vary widely. As observed in previous communications, complex 

formation is associated with quenching of nitro radical anion concentration [20, 21]. We 

expect the monomeric complex to quench radical anion concentration in a manner just 

sufficient to eliminate the excess that would be responsible for toxic side effects, keeping the 

efficacious concentration of radical anions intact. This combined with improved binding with 

DNA over tnz is expected to give it the much superior boost for maximum efficacy. The 

dimeric complex, on the other hand, is expected to quench radical anion concentration more 

extensively, due to the presence of two CuIIcentres; hence more of the efficacious portion of 

the nitro radical anion concentration is eliminated. Moreover, owing to a larger size, efficacy 

of the dimeric complex through binding isprobably compromised; reason why in our model 

studies also the dimeric complex performs better on pyrimidine based nucleic acid bases 
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cytosine and thymine but not on purine based adenine. The dimeric complex was however 

found to be more efficacious than tnz, owing to attributes of complex formation. 

The concentrations of compounds varied from one another in biological studies on biofilm 

formation and the model studies since in case of prevention or eradication of bacterial biofilm 

formation and growth, emphasis was given to the obtained MIC and MBC values 

respectively. Hence, while anti-bacterial and anti-biofilm studies were performed keeping in 

mind MIC and MBC values on sessile P. aeruginosa (which for the monomeric CuII complex 

was 20.25 µM and for the dimeric complex, 45.0 µM), for the model studies slightly higher 

concentrations were used since for the model studies, where the technique employed was 

electrochemical reduction, if sufficient material isn’t present, the species generated might not 

be adequate for interaction with nucleic acid bases or with DNA. 

The expression of biofilm forming bacterial genes is regulated by cell-population density 

dependent mechanism known as quorum sensing (QS). Both Gram-negative and Gram-

positive bacteria perform QS by the mechanism of small signal molecules that varies from 

Gram-negative to Gram-positive bacteria. N-acyl homoserine lactone (AHL) molecules 

(autoinducer-1, AI-1) are widely detected in Gram-negative bacteria while for Gram-positive 

bacteria mainly peptides [autoinducer peptides (AIP) or quorum sensing peptides] are used 

[46]. We also checked the expression of virulence factors like pyocyanin production, elastase, 

las A protease and las B elastase in P. aeruginosa (Gram-negative) in the presence of 

monomeric form of the compound. This indicates modulation and prevention of biofilm 

forming signaling network in presence of antimicrobial agents. However, expression of 

virulence factors in Gram positive bacteria like S. aureus is directly linked to alterations in 

expression profiles of peptides/proteins like endotoxins, haemolysins, exotoxins, 

autoinducing peptide 2 (AIP2), proteases etc. that were not monitored as a part of this study 

[47]. 
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Our main aim was to highlight anti-biofilm properties of copper(II) complexes by the 

formation of electrochemically generated nitro radical anion triggering bacteria mediated 

enzymatic reduction. For this purpose, we only showed alterations in QS mechanism in P. 

aeruginosa.  Alteration in biofilm formation and growth is also effected in presence of 

copper(II) complexes in S. aureus as realized from Figure 9 that clearly depicts reduction of 

EPS components. 

Tnz is reported to bind to DNA while inside a cell initiating cytotoxic action on a pathogen 

by forming nitro radical anion, considered responsible for its efficacy. Excess production of 

such nitro radical anion is responsible for idiosyncratic side effects which metal complexes 

with reduced formation might control. Hence, both from model studies and from prevention 

of biofilm formation, it may be said, what the complexes compromise in the free radical 

pathway, they make up through aspects like better interaction with a target or due to the 

redox active CuII/CuI couple. Hence, CuII complexes of tnz, on the one hand, by controlling 

generation of RNO2
,might control neurotoxic side effects, on the other, continue to be better 

cytotoxic agents than parent 5-nitroimidazoles (here, tinidazole) when one actually might 

expect them to have compromised on efficacy. 
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Radiosensitizing attributes of CuII & ZnII complexes 
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Introduction 

In the last few decades, spanning over half a century, work from different laboratories have 

established that solid tumors contain regions of mild to severe hypoxia that either alter the 

cellular metabolism of that region or increase its resistance to radiation and chemotherapy [1-

4].Detection of hypoxic cells in human tumors improved with discovery of new imaging 

techniques and use of predictive gene profiles [5-10].Sufficient data is available on hypoxia 

in different human tumors, although considerable heterogeneity exists between individual 

types [1-4, 9, 10].Clinical trials suggest effort was made to modify radiation resistance using 

either hypobaric hypoxia or normobaric/hyperbaric oxygen therapies that initially raised 

doubts because treatment of O2 to cells was thought to support cell growth in cancer but later 

proved advantageous [11-14]. Not only did it help in radiotherapy but it influenced a tumor’s 

micro-environment in a correct manner for treatment [11-14]. It was shown oxygen not only 

acts as a strong electron scavenger but by forming pyrimidine peroxyl radical was able to 

further react within DNA affecting vicinal bases or 2-deoxyribose moieties [15, 16]. Such 

studies led to two important aspects i) importance of oxygen in radiotherapy and ii) 

identification of new chemical agents that might deliver results under hypoxic conditions [1, 

2, 12, 14-19]. 

There is lot of attention on hypoxic cytotoxins [19-21], that selectively and preferably destroy 

cells in a hypoxic environment, a group slightly different from radiosensitizers that help to 

improve radiotherapy under hypoxic conditions [18, 22].Hypoxic cytotoxins by killing cells 

in hypoxia not only overcome cellular resistance but exploit it, converting it into a therapeutic 

advantage [20, 21]. Nitroimidazoles are “electron-affinic' and hence they react with DNA free 

radicals to combat hypoxia-associated radio-resistance [18, 23, 24].Several members were 

found clinically effective at tolerable dose [18, 23, 25]. However, most compounds had 

limited clinical success; their efficacy restricted by dose-limiting toxicity, attributed to 
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electron affinity; to the relative ease of reduction of -NO2in nitroimidazoles to RNO2
 [23]. 

Such reduction may be modulated by complex formation [26-28]. 

This chapter contains the performance of Ornidazole and its monomeric CuII and ZnII 

complexes with regard to their radiosensitizing abilities [29-30]. The hypoxia-specific 

cytotoxin tirapazamine showed it was selective for hypoxic cells in solid tumors occurring as 

a consequence of DNA damage produced by free radicals during enzymatic reduction [21]. 

Studies on DNA damage and metabolism of tirapazamine in A549 human lung carcinoma 

cells and in isolated nuclei derived from cells showed although nuclei metabolizes it at a rate 

20% compared to the whole cell, extent of DNA damage by nuclei was similar to that by cells 

[21]. The study observed tirapazamine radicals formed outside the nuclei do not contribute to 

intra-nuclear DNA damage and all DNA damage resulted from radicals generated within the 

nucleus. Hence, 80% of drug metabolism (occurring in the cytoplasm) is irrelevant with 

regard to killing of hypoxic cells [21].This served as an inspiration towards using complexes 

of Ornidazole to investigate radiosensitizing and/or cytotoxic attributes that bring about 

substantial decrease in RNO2
formation; yet not compromising efficacy [26-28, 33]. 

Therefore, like in case of tirapazamine where 80% of drug metabolism is irrelevant in killing 

hypoxic cells, here also if we can show complexes of Onz are better radiosensitizers or 

hypoxic cytotoxins in spite of decreased RNO2
 [26-28, 31], then the amount required for 

biological activity can be believed to be provided by the complexes. If the amount formed by 

Onz is much in excess of what is actually necessary then there is the risk of undesirable 

neurotoxic side effects [26-28, 31]. Hence, use of complexes could have the advantage that 

excess RNO2
would not be present leading to some clinical success regarding toxic side 

effects [26-28].Worth mentioning is that complexes are either better DNA binding agents or 

DNA damaging agents or both, following interaction of in situ generated RNO2
with 

nucleobases and calf thymus DNA [24]. 
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Results and Discussion 

Radiation induced damage of adenine, thymine and cytosine by Onz and its monomeric 

Cu(II)/Zn(II) complexes  

Aqueous solutions of nucleobases (thymine, cytosine and adenine) were irradiated with 60Co 

gamma rays in the range 2.8 Gy to 13.5 Gy, under Ar saturated conditions, in the absence or 

presence of Onz and its Cu(II)/Zn(II) complexes. They were subsequently followed by 

HPLC. Chromatograms of all nucleobases were recorded. While thymine eluted between 10.8 

to 11.0 minutes, adenine eluted between 8.5 to 8.7 minutes and cytosine at 3.7 minutes. With 

gradual increase in radiation dose, concentrations of all nucleobases decreased. Such decrease 

in concentration with increase in radiation dose was different for each nucleobase and was 

found to depend on the compound in whose presence irradiation was administered.  

For all three nucleobases, decrease was significant when irradiated in presence of 

Cu(Onz)2Cl2 followed by Zn(Onz)2Cl2 and Ornidazole. A linear dependence on dose was 

observed. Figure 1 shows HPLC profiles for the degradation of all three in the absence of a 

compound at different radiation dose. Figures 2, 3 and 4 show HPLC profiles for the 

degradation of nucleobases in the presence of 10 µM Onz, 10 µM Zn(Onz)2Cl2 and 

Cu(Onz)2Cl2 respectively at different radiation dose.  
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Figure 1: HPLC chromatograms monitored at 254 nm for 10-4 M A) adenine, B) thymine and 

C) cytosine solutions irradiated at the mentioned dose. Zero indicates sample was 

not irradiated while 2.7 Gy (1), 5.4 Gy (2), 8.1Gy (3), 10.8 Gy (4) and 13.5 Gy 

(5) indicate irradiated dose in an Ar saturated medium in the absence of any 

compound. 
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Figure 2: HPLC chromatograms monitored at 254 nm for 10-4 M A) adenine, B) thymine and 

C) cytosine solutions irradiated at the mentioned dose. Zero indicates sample was 

not irradiated while 2.7 Gy (1), 5.4 Gy (2), 8.1Gy (3), 10.8 Gy (4) and 13.5 Gy (5) 

indicate irradiated dose in an Ar saturated mediumin the presence of 10-5M 

Ornidazole. 
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Figure 3: HPLC chromatograms monitored at 254 nm for 10-4 M A) adenine, B) thymine and 

C) cytosine solutions irradiated at the mentioned dose. Zero indicates sample was 

not irradiated while 2.7 Gy (1), 5.4 Gy (2), 8.1Gy (3), 10.8 Gy (4) and 13.5 Gy (5) 

indicate irradiated dose in an Ar saturated medium in the presence of 10-5M 

Zn(Onz)2(Cl)2. 
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Figure 4: HPLC chromatograms at 254 nm for 10-4 M A) adenine, B) thymine, C) cytosine 

solutions irradiated at the mentioned dose. Zero indicates sample was not 

irradiated. 2.7 Gy (1), 5.4 Gy (2), 8.1 Gy (3), 10.8 Gy (4) and 13.5 Gy (5) indicates 

irradiated dose in an Ar saturated medium in presence of 10-5 M Cu(Onz)2Cl2. 
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irradiated in the absence and presence of compounds. Results for two relatively high doses 

(10.8 Gy and 13.5 Gy) indicate, irradiation provided in presence of Cu(Onz)2Cl2results in the 

formation of 5,6-dihydroxy-5,6-dihydrothymine (thymine glycol) and 5-hydroxymethyl 

uracil. In case of Cu(Onz)2Cl2, peaks were much more prominent than when Onz or 

Zn(Onz)2Cl2 were used as sensitizers. Peak for the formation of 5,6-dihydrothymine was 

however not detected even when thymine was irradiated in presence of Cu(Onz)2Cl2 in the 

dose range in which our experiments were performed. Since formation of 5,6-dihydrothymine 

depends on the formation of ●H and since G value of ●H at pH ~ 7.4 is extremely low [35],not 

much of it sufficient to be detected by HPLC was formed. For 5, 6-dihydrothymine to form, a 

much higher dose would be required at pH ~ 7.4, which was not used in this study. Products 

were identified from their respective retention times using authentic samples [31]. 

Another pyrimidine based nucleobase cytosine, differs from uracil at C1 of the molecule 

where an –NH2 group is present instead of –OH (in the enol form). Since 5,6-dihydroxy-5,6-

dihydrocytosine (cytosine glycol) is unstable and known to convert to 5,6-dihydroxy-5,6-

dihydrouracil (uracil glycol) by deamination, I developed method files on uracil to identify 

degradation products of cytosine [33, 38]. A peak in the chromatogram appearing at a 

retention time close to that of 5,6-dihydroxy-5,6-dihydrouracil as in the method file, could 

either be due to 5,6-dihydroxy-5,6-dihydrocytosine or 5,6-dihydroxy-5,6-dihydrouracil (i. e. 

if it had in the time between irradiation of cytosine and performing of HPLC converted either 

completely or partially from 5,6-dihydroxy-5,6-dihydrocytosine) [31,36].It is known 5,6-

dihydroxy-5,6-dihydrocytosine by dehydration converts to 5-hydroxycytosine or by 

deamination and dehydration to 5-hydroxyuracil [38].Therefore, the uracil method file that 

was created for detecting uracil derivatives helped meto realize formation of 5,6-dihydroxy-

5,6-dihydrocytosine that subsequently convert to several uracil derivatives as mentioned 

above [31]. These observations suggest pyrimidine based nucleobases experience an initial 
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free-radical attack by products of radiolysis of water (H● , OH● and eaq
-) on the C5C6 double 

bond that subsequently yield different products [31,  35]. 

Figures 3 and 4 show degradation of nucleobases obtained in an Ar saturated medium, either 

in presence of Onz or Zn(Onz)2Cl2. They suggest damage caused to nucleobases are not 

much in presence of Onz and that it increased only slightly when Zn(Onz)2Cl2 was used. 

Studies reveal it was maximum for Cu(Onz)2Cl2. Under Ar saturated conditions, ●OH and eaq
- 

are produced in almost equal amount unlike in N2O saturated medium where eaq
- converts to 

●OH [35, 37]. Therefore, reactions responsible for damage of nucleobases are initiated both 

by ●OH and eaq
-.  

For a purine based nucleobase adenine, HPLC chromatograms did not show any new peak 

within a retention time of 15 minutes. Decrease in peak for adenine was significant for 

radiation provided in presence of Cu(Onz)2Cl2 in Ar saturated medium while it was almost 

the same in presence of Onz and Zn(Onz)2Cl2. Concentrations of nucleobases remaining were 

plotted against radiation dose (Figure 5). Plots indicate radiation-induced damage of 

nucleobases was maximum when irradiated in presence of Cu(Onz)2Cl2; much greater than 

when irradiated either in presence of Onz or Zn(Onz)2Cl2. While for adenine, radiation-

induced damage was comparable when irradiated in presence of Onz and Zn(Onz)2Cl2, for 

thymine, radiation-induced damage was better with Onz than Zn(Onz)2Cl2 (Figure 5, Table 

1).For cytosine, no enhancement in radiation-induced damage was seen in presence of Onz 

(damage being similar to that with no additive). Radiation-induced damage in presence of 

Zn(Onz)2Cl2 was significantly less than that in presence of Cu(Onz)2Cl2. 
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Figure 5: Amount of each nucleic acid baseremaining on being subjected to γ-irradiation 

from a 60Co source in the absence () and presence of Onz (), [Cu(Onz)2Cl2]() 

and [Zn(Onz)2Cl2] () under Ar saturated conditions against radiation dose.  

 

The study suggests while Cu(Onz)2Cl2 was most effective in causing radiation-induced 

damage of a nucleobase, Onz and Zn(Onz)2Cl2 were either similar in performance (as in case 

of adenine) or one was better than the other and vice-versa (cytosine and thymine). A 

comparison and/or prediction of selectivity towards AT or GC due to compounds 

particularly Cu(Onz)2Cl2could have been made as a part of the study had we been able to 
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perform experiments with guanine. However, this was not possible owing to poor solubility of 

guanine in aqueous solution (pH ~ 7.4) containing 120 mMNaCl, 35 mMKCl and 15 mM 

MgCl2. We tried performing experiments with guanine but as mentioned above owing to poor 

solubility results were erratic. Besides, we observed an interaction between guanine and 

Cu(Onz)2Cl2 that prevented us from getting a clear picture of radiation-induced damage of 

guanine from HPLC chromatograms. Interaction was not evident to the naked eye when 

concentration of guanine was 10-4 M and Cu(Onz)2Cl2 10-5 M, but for slightly higher 

concentrations of guanine (10-3 M)and Cu(Onz)2Cl2 (10-4 M), the solution became faintly 

turbid suggesting an association between them. This was checked several times and confirmed 

by HPLC of an aqueous solution of 1  10-3 M guanine containing 1  10-4 M Cu(II) complex. 

The solution containing guanine and Cu(II) complex showed an elution for guanine that was 

completely different from that obtained when guanine was present alone, indicating 

association of the two (Figure 6). This did not happen for any other nucleobase with 

Cu(Onz)2Cl2. Since such association of guanine with Cu(Onz)2Cl2 was identified, it became 

clear to us that monitoring of guanine for radiation-induced damage by HPLC would not give 

us a correct picture.Hence, for reasons related to solubility and the fact that there was 

association or adduct formation of guanine and Cu(Onz)2Cl2,we refrained from making any 

statement on selectivity of compounds towards a particular nucleobase pair, realizing 

however, that this could have been an important outcome of the work. At the same time, the 

above discussion also makes it clear that Cu(Onz)2Cl2 interacts with guanine. So, although we 

could not monitor a radiation-induced damage of it, Cu(Onz)2Cl2 is likely to be effective on 

this nucleobase as well. Therefore, not only does Cu(Onz)2Cl2 act as a radiosensitizer but it 

can also act as a hypoxic cytotoxin leading to modification of DNA at a site where guanine is 

present. Radiation chemical yields i. e. G (-values) of each nucleobase was determined from 

slopes of the corresponding linear plots (Figure 5) and these are shown in Table 1. 
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  A    B    C 

Figure 6: HPLC chromatograms recorded at 254 nm for (A) 2 ml 1×10-3 mol dm-3 solution of 

guanine through which Ar was purged for 10 minutes, (B)and (C) 2 ml of 1×10-3 

mol dm-3 solution of guanine containing 1×10-4 mol dm-3 Cu(Onz)2(Cl)2. For (B) 

guanine and Cu(II) complex were allowed to interact for 45 minutes, following 

mixing of the two and Ar gas was purged. Then HPLC was performed.; for (C) they 

wereallowed to interact for 24 hours following their mixing and Ar gas was purged 

after which HPLC was performed. 

 

Table 1: G (-values) following damage of nucleic acid basesin units of molecules/100 eV 

and the corresponding enhancement ratio for base damage by compounds 

 

Compound Target nucleic acid bases 

 Adenine Thymine Cytosine 

 % loss 

Gray
-1 

 

G(-A) 
E.R. 

% loss 

Gray
-1 

 

G(-T) 
E.R. 

% loss 

Gray
-1 G(-T) E.R. 

 -0.131 1.26  -0.184 1.78  -0.139 1.34  

Onz -0.277  2.67 2.12 -0.384 3.71 2.08  -0.137 1.32 0.99 

[Cu(Onz)2Cl2] -0.471 4.55 3.61 -0.476  4.59 2.58 -0.552 5.33 3.98 

[Zn(Onz)2Cl2] -0.266 2.57 2.04 -0.228 2.20 1.24 -0.274 2.64 1.97 
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It is now known from previous reports that amongst different radicals formed during 

radiolysis of water, ●OH is highly effective in causing radiation-induced damage to 

nucleobases or to DNA [38-40]. Since in Ar saturated medium, G values for eaq
- and ●OH are 

similar [37], they show equal probability for chemical reactions following their generation. 

●OH reacts with a nucleobase (B) generating nucleobase radicals (●BOH) which upon 

interaction with a sensitizer (S) form +BOH (Figure 7 and Figure 8) [41]. Such nucleobase 

cations are then acted upon by molecules of water forming glycols (Figure 7 and Figure 8). 

Similar reactions occur with ●H (Figure 7 and Figure 8). When reactions are initiated by eaq
-, 

it may either reduce a nucleobase (Figure 7 and Figure 8) or a sensitizer (S) present in the 

system [33, 34, 38-41]. Subsequently, the reduced sensitizer (S, in this case the nitro-radical 

anion) reacts with a nucleobase (B) to form a modified nucleobase shown in Figure 7 

considering thymine and in Figure 8 considering cytosine [38-41]. 

In the dose range that was applied for this study, all products formed for radiation-induced 

damage of thymine, as reported by Cadet et al [42]were not obtained. In this study, since we 

wanted to be more close to a real life situation, smaller dose relevant to biological systems 

were used. As a result, we did not get all possible degradation products of a nucleic acid base 

or even if we got, some of them were formed in so small amounts that their detection was not 

possible.  

For 5-nitroimidazoles, formation of RNO2
is crucial. Previous studies show upon complex 

formation with metal ions, 5-nitroimidazoles show decreased tendency to generate RNO2
 

[27, 28]. Given this fact, Onz should have been more effective in modifying nucleobases than 

complexes. However, this chapter showed clearly that Cu(Onz)2Cl2 was most effective. 
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Figure 7:  A schematic representation of the possible reactions that might occur during the 

radiation-induced damage of the nucleobase thymine. S indicates any sensitizer 

molecule and Sthe corresponding radical anion formed from S. 

 

 



206 

N
H

N

NH2

O

OH

+ H

H

(1) (2)

OH+

N
H

N

NH2

O

OH

N
H

N

NH2

O
N
H

N

NH2

O

H

+ eaq
+ H

eaq (4)

N
H

N

NH2

O N
H

N

NH2

O N
H

N

NH2

O N
H

N

NH2

O

H

+ H

OR

Disproportionation

N
H

N

NH2

O N
H

N

NH2

O

H

N
H

N

NH2

O

+

N
H

N

NH2

O

H

H

+ S + S + S + S

N
H

N

NH2

O

OH

N
H

N

NH2

O

OH

N
H

N

NH2

O

H

N
H

N

NH2

O

H

+ H2O
H+

H2O+
H+

++

N
H

N

NH2

O

OH

N
H

N

NH2

O

OH

OH N
H

N

NH2

O

H

N
H

N

NH2

O

H

OH

(3)

(5)

(6) (7)

(8) (9)

 

Figure 8: A schematic representation of the possible reactions that might occur during the 

radiation-induced damage of the nucleobase cytosine. S indicates any sensitizer 

molecule and Sthe corresponding radical anion formed from S. 
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Earlier studies demonstrate formation of RNO2
 on Onz and Cu(Onz)2Cl2 in an 

electrochemical pathway was responsible for modification of nucleobases and calf thymus 

DNA under anaerobic (Ar saturated) conditions indicating the importance of RNO2
 in 

causing nucleobase damage. Since radiation-induced chemical reactions also generate 

RNO2
, one can expect besides radiation-induced base damage by ●OH in solution, a 

substantial part of the damage could be due to RNO2
 making such compounds effective 

hypoxic cytotoxins as well, and that it could be used on hypoxic tumors. Table 1 summarizes 

results of radiation-induced base damage on three nucleobases used as targets. 

Our study using three nucleobases sets the stage for realizing the potential sites for base 

damage in DNA, suggesting all possible ways by which a nucleobase may be transformed 

following irradiation in the presence of our compounds (sensitizers) and the impact it might 

have on the destruction of a macromolecule like DNA. 

 

Radiation induced damage of calf thymus DNA  

Ethidium bromide (EtBr) bound to double stranded DNA shows strong emission in the region 

590 nm to 610 nm following excitation at 510 nm. Aqueous solutions of calf thymus DNA at 

physiological pH (~ 7.4) containing 120 mM NaCl, 35 mM KCl and 15 mM MgCl2 were 

exposed to gamma radiation from a 60Co source at different dose. Following irradiation, they 

were treated with a definite concentration of EtBr [32] and fluorescence was recorded (Figure 

9). A gradual decrease in fluorescence intensity with increase in radiation dose indicates 

radiation-induced double strand modification in DNA. Percentage double stranded DNA 

remaining at each radiation dose was calculated using Eq. 11 (Chapter 5; Experimental). 

F0 and FS are fluorescence intensities of the DNA-EtBr adduct with or without radiation 

respectively at a particular dose. FE is the fluorescence intensity of EtBr alone. 
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Figure 9: Decrease in fluorescence intensity of the DNA-EtBr adduct at 596 nm (ex = 510 

nm) following irradiation of DNA in presence of Cu(Onz)2Cl2 at (a) no dose, (b) 4.05 

Gy, (c) 6.74 Gy (d) 9.44 Gy, (e) 12.14 Gy and (f) 14.83 Gy. Spectrum (g) is that of 

free EtBr. 

 

Percentage DNA remaining after irradiation showed linear dependence with radiation dose 

(Figure 10). Radiation-induced DNA damage was enhanced in presence of Onz and its 

complexes, Cu(Onz)2Cl2 andZn(Onz)2Cl2 (Table 2). While enhancement ratio in presence of 

Onz was 1.67, it was substantially higher in presence of Zn(Onz)2Cl2 (ER = 2.72) and still 

higher for Cu(Onz)2Cl2 (ER = 3.76), indicating radiation-induced damage of calf thymus 

DNA clearly keeps Cu(Onz)2Cl2 ahead of other compounds (Table 2). 
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Figure 10:Degradation curves showing modification of calf thymus DNA in the absence (●) 

and presence of Onz (●), its Cu(II) complex (●) and its Zn(II) complex (●) . 

 

With Cu(Onz)2Cl2 being so much more effective in model studies on nucleobases and on calf 

thymus DNA it is highly likely that chances of it to show a reasonably good performance on 

cancer cell lines (hypoxic regions) should be high supported by an inherent affinity of Cu(II) 

for cancer cells that result in increased cellular uptake of Cu(II) complexes by such cells [43-

47]. 

Table 2: γ-radiation induced modification of calf thymus DNA by compounds 

 

Compound Calf thymus DNA 

 % loss Gy-1 E. R. 

 -0.810  

Onz -1.353  1.67 

Zn(Onz)2Cl2 -2.207 2.72  

Cu(Onz)2Cl2 -3.046 3.76 
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Another reason why a Cu(II) complex performs better is because of its ability to accept 

electrons either at the site of the nitro group in Onz in the complex or at the metal centre. 

Electron accepted from a radical is then effectively delocalized over Cu(Onz)2Cl2. Hence, 

base damage in presence of the Cu(II) complex is likely to increase according to Eq. 2 [33, 

34]. 

●BOH   +      CuII(Onz)2Cl2    +BOH   +  CuI(Onz)2Cl2                      (2) 

 

Subsequently, CuII(Onz)2Cl2 reacts with H2O2 present in the system (following radiolysis of 

water) [35, 36] to regenerate CuII(Onz)2Cl2 and release more ●OH (Eq. 3) [35, 36, 51-53]. 

 

CuI(Onz)2Cl2   +   H2O2 CuII(Onz)2Cl2  +   ●OH   +  OH(3) 

 

It was also reported that ●OH is not the unique reactive species or the oxidative process that is 

induced by reaction of copper ions with H2O2. Evidence suggests the generation of singlet 

oxygen (1O2) by Cu(II)-H2O2 while Cu(I)-H2O2 is shown to degrade guanine by one-electron 

oxidation [51-53].Since copper complexes show strong tendencies to bind to DNA [54],and 

are regenerated in solution as shown above with a simultaneous formation of ●OH, this 

equips them to perform better than one would normally expect. Now if complexes are DNA 

bound, ●OH in Eq. 3 would be present in the immediate vicinity of the binding site of DNA, 

capable of inflicting site-specific base damage (as described for guanine) [40-42]. While 

some researchers suggest formation of discrete ●OH in the vicinity of a reaction site [48, 54], 

such formation is sometimes questioned by others who instead say a species closely 

resembling ●OH co-ordinated to CuI Iand/or CuIII co-ordinated to ●OH is formed that react in a 

manner very similar to ●OH [55]. Whether a discrete ●OH, or a CuII bound OH is formed, it 

eventually reacts with a base on either strand of DNA at the site of ●OH generation. As a 
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consequence, it is only likely that radiation-induced damage of DNA due to CuII(Onz)2Cl2 

would be enhanced by an extent that is not normal to the other compounds, being a reason 

why observed damage is higher than when Onz or Zn(Onz)2Cl2 is present. Hence, if 

Cu(Onz)2Cl2 is successful in getting inside a target cell, it should perform as predicted in this 

study [43-47]. Although this study does not include a performance by the compounds on a 

cancer cell line, in an earlier report for a dimeric Cu(II) complex of tinidazole we showed 

findings on model systems were actually holding good on MCF 7 breast cancer cells 

[31].Therefore, logically the Cu(Onz)2Cl2 should be no different. 

This study revealed efficacy of Cu(Onz)2Cl2 was much better than Onz and Zn(Onz)2Cl2. 

When tried on three nucleobases (cytosine, thymine and adenine), radiation-induced 

enhancement was comparable for adenine and thymine in presence of Onz while on cytosine 

it was not effective. Zn(Onz)2Cl2 showed comparable activity on adenine and cytosine while 

it was less active on thymine. All three nucleobases underwent maximum radiation-induced 

modification in presence of Cu(Onz)2Cl2; adenine and cytosine being comparable. 

Cu(Onz)2Cl2 clearly showed its superiority in enhancing radiation-induced base damage for a 

number of reasons that were also seen in studies with calf thymus DNA. The study is 

important since complexes are likely to show less toxic side effects (neurotoxicity) owing to 

decreased formation of RNO2
•–. To conclude we say, Cu(Onz)2Cl2 in particular is able to 

strike a balance between efficacy and toxic side effects and that it would not be wrong to say 

with decreased RNO2
•–complexes are likely to be less neurotoxic as well, increasing its 

applicability as a drug. 
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The study undertaken made an attempt to synthesize Cu
II
 and Zn

II
 complexes of ornidazole 

and tinidazole that were either monomeric or dimeric in nature with an aim to see the extent 

to which they compare with the performance of the 5-nitroimidazoles either as antimicrobial 

or anticancer agents. The intention behind selecting Cu
II
 and Zn

II
 as metal ions was to look 

for possible changes in the complexes owing to the nature of the metal ion involved; i. e. Cu
II 

having a stable lower oxidation state and Zn
II 

not having one. Complexes were characterized, 

their electrochemical, biophysical, antimicrobial and radiosensitizing attributes investigated. 

Since activity of 5-nitroimidazoles (here ornidazole and tinidazole) either as antimicrobial 

agent or radiosensitizer, centres around reduction of the nitro group leading to generation of 

nitro radical anion (NO2


) and other products, a major emphasis of the work was to realize 

the formation of such reduced species. This was done with a purpose as the same nitro radical 

anion is responsible for toxic side effects, of which neurotoxicity is a matter of serious 

concern. 

Monomeric complexes of Cu
II
 and Zn

II
 i.e. [Cu(Onz)2Cl2] and [Zn(Onz)2Cl2] were prepared 

while monomeric and dimeric complexes of Cu
II 

and tinidazole were prepared and 

characterized in our laboratory earlier.[Cu(Onz)2Cl2] was characterized by single crystal X-

ray diffraction analysis and found to crystallize in an orthorhombic crystal system with Pnma 

space group. On the other hand, for [Zn(Onz)2Cl2] we did not get single crystals. Therefore, 

we took the help of powder X-ray diffraction data and Reitfeld analysis to arrive at a structure 

that was achiral,Pna21 space group, also belonging to the orthorhombic system. Structures 

revealed Cu
2+

was four coordinated to adopt a distorted square planar geometry while Zn
2+

 

exhibits four coordinated slightly distorted tetrahedral geometry. The asymmetric unit of 

[Cu(Onz)2Cl2] consists of one crystallographically independent Cu
2+

ion with half occupancy, 

one ornidazole ligand, two coordinated Cl
-
 with half occupancy anda lattice water molecule. 

The asymmetric unit of [Zn(Onz)2Cl2] consists of one Zn
2+

, two Onz moieties and two Cl
-
. 
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Both complexes were also characterized by different spectroscopic techniques and magnetic 

susceptibility measurements (wherever applicable). Bands in the IR spectra of the complexes 

shift to higher wave number for ν(C=N) stretching of the imidazole ring indicating coordination 

of the imidazole nitrogen to the metal centre. In the UV-Vis spectrum of [Cu(Onz)2Cl2], two 

bands were observed in different solvent media. The first one atabout 320 nm for intra-ligand 

charge transfer and a weak d-d transition band near 700 nm. The UV-Vis spectra of 

[Zn(Onz)2Cl2] in different solvents had only one bandin the region 310-323 nm attributed to 

intra-ligand charge transfer. The Cu
II 

complex showed a characteristic EPR spectrum having 

a resonance signal at 318mT with g value of 2.11.The effective magnetic moment for the 

copper complex was found to be 1.32 BM which is unexpected for one unpaired electron for 

d
9 

configuration of Cu
II
. It could possibly be due to close proximity of two metal centres on 

two monomeric units that results in spin pairing leading to a lower than expected value for 

magnetic moment. 

Cyclic voltammograms of each compound were recorded using glassy carbon as working 

electrode, Ag/AgCl-satd. KCl as the reference electrode and platinum as counter electrode, in 

different scan rates and different solvents. For each compound, there is a characteristic 

reduction peak assigned to the reduction of the nitro group on the imidazole ring. Ipc was 

plotted against square root of scan rate. A straight line was obtained passing through the 

origin demonstrating that compounds undergo reduction in a diffusion controlled pathway 

and that there is no adsorption on the electrode surface.The result of cyclic voltammetry 

studies performed on the Cu
II 

complex in pure DMF and different aqueous-DMF mixtures 

indicate it is difficult to generate the nitro radical anion on the complex, or even if generated, 

a certain portion of it is lost in some other pathway which could be a consequence of the 

presence of the metal ion. Generation of nitro radical anion by comproportionation was 
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observed for the complex. Hence, electrochemical experiments performed on [Cu(Onz)2Cl2], 

clearly suggest there is substantial decrease in the formation of nitro radical anion.  

Enzyme assay experiments were performed on ornidazole and its complexes under anaerobic 

conditions using Xanthine Oxidase as a model nitro-reductase enzyme. Under similar 

experimental conditions, ornidazole undergoes reduction as a result of which it is degraded 

with time, which was detected spectro-photometrically. Complexes were seen to be reluctant 

to reduction of the nitro group on the imidazole ring, preventing formation of the nitro radical 

anion (NO2


). Decrease in generation of NO2


through complex formation is important for 

its reported involvement in neurotoxicity. However, decrease in NO2


also implies complexes 

could be less cytotoxic considering the aspect of interaction of reduced products with DNA of 

disease causing microbes that lead to the destruction of their double helical structure. 

Therefore,to understand the biological implications of complex formation, interaction of the 

complexes and the parent compounds with DNA was studied taking calf thymus DNA. This 

was done with the help of cyclic voltammetry. Results indicate overall binding constant (K
*
) 

of the Zn
II
 complex (2.35 × 10

5
M

-1
)was ~ 8.5 times greater than ornidazole (K

*
=2.77 × 10

4 

M
-1

). The Cu
II 

complex has comparable binding constant (K
*
= 2.61 × 10

4 
M

-1
) with that of 

ornidazole. It implies complexes are either betterin binding DNA or possess omparable 

binding ability as that of the parent drug (in this case, Ornidazole). 

To see the manifestation of comparable or increased binding of complexes with DNA with 

respect to ornidazole, it was decided to test their performance on certain microbial strains. 

The effect of less generation of NO2


by complexes compared to Ornidazole, in the biology 

domain, of the parent compounds being used as medicines, may then be correlated. All 

compounds were treated to the amoebic strain Entamoeba histolytica (HM1: IMS Strain). 

Inhibition of cell viability of Entamoeba histolytica was followed by trypan blue assay using 



219 

different concentrations of ornidazole and Cu(Onz)2Cl2 for 24 hours and 48 hours 

respectively.MIC for ornidazole and [Cu(Onz)2Cl2] after 24 hours were 12.5μM and 25.0μM 

respectively suggesting that by the end of 24 hours, the Cu
II
 complex was actually weaker 

than ornidazole in performance. However, upon increasing exposure time for each compound 

from 24 hrs to 48 hrs, the complex was found to be more cytotoxic with an MIC of 6.25 μM 

while for ornidazole the value remained at 12.5 μM.MIC values recorded after 24 hours for 

ornidazole and [Zn(Onz)2Cl2] on Entamoeba histolytica were similar (12.5 μM). This 

indicates either that the nitro radical anion generated by the complex is sufficient for bringing 

about cytotoxic activity on a chosen biological target or if a compromise is made by the 

complex with regard to cytotoxic activity in the free radical pathway, following a decrease in 

nitro-radical anion formation, such decrease in efficacy is made up by the complex utilizing 

its other attributes. 

Various studies have shown that metal complexes of bio-active ligands have performed much 

better on cell lines than the ligand itself, essentially owing to effective cellular uptake of the 

complex. Likewise, for [Cu(Onz)2Cl2] the fact that it performs better at longer exposure time 

(48 hours) could be that with time, the complex is able to enter cells of disease causing 

microbes in a manner better than ornidazole, that allows it to be more effective. This study 

also showed ornidazole and its Cu
II 

complex diminished viability of Entamoeba Histolytica in 

a concentration dependent manner. Inspite of a significant decrease in the formation of the 

nitro radical anion by [Cu(Onz)2Cl2], the study showed it had comparable biological activity 

as that of ornidazole on Entamoeba histolytica (HM1: IMS Strain) when incubated for 24 

hours. Since in case of 48 hour incubation, the complex performed better than ornidazole it 

indicates either nitro radical anion generated by the complex is sufficient for bringing about 

cytotoxic activity on a biological target or if any compromise is made by the complex in the 

free radical pathway, it is made up by other attributes of complex formation, one of which 
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could be effective cellular uptake. As a consequence, association of Cu
II
 with Ornidazole is 

useful for it not only maintains the efficacy of ornidazole but by decreasing nitro radical 

anion it should help to control neurotoxic side effects associated with such drugs.  

Tinidazole, like any 5-nitroimidazole, is reported to bind to DNA while inside a cell initiating 

cytotoxic action on a pathogen by forming nitro radical anions, considered responsible for 

efficacy. Excess production of nitro radical anion is responsible for idiosyncratic side effects 

which metal complexes with reduced formation might control. Hence, both from model 

studies and prevention of biofilm formation, it could be said, what complexes compromise in 

the free radical pathway, they make up through aspects like better interaction with a target or 

due to the presence of a redox active Cu
II
/Cu

I
 couple. Cu

II
 complexes of tinidazole, on one 

hand, by controlling generation of  RNO2
•−

, might control neurotoxic side effects, and on the 

other, continue to be better cytotoxic agents than parent 5-nitroimidazoles, when one actually 

might expect them to have compromised on efficacy. This was clearly realized through model 

studies using thymine, cytosine, adenine, and calf thymus DNA as targets and through studies 

on prevention of biofilm formation. Electrochemically generated species on compounds 

under investigation mimics what happens when the compounds are actually reduced within 

cells, helping one to understand the mechanism by which compounds impart biological 

efficacy. 

Aspects of cytotoxicity initiated by NO2


and other reduction products on a monomeric Cu
II
 

complex of ornidazole was studied using nucleic acid bases and calf thymus DNA as target. 

These experiments were performed to correlate what actually happens when similar 

molecules are enzymatically reduced within biological systemsin mitochondria. 

Electrochemical reduction of the complex at a constant potential (determined earlier) using a 

glassy carbon electrode in aqueous solution results in formation of various reduction 

products. All reduced species including NO2


instantly react with different nucleic acid bases 



221 

and calf thymus DNA maintained inthe immediate vicinity oftest solutions .Complexes 

performed better than ornidazole under similar conditions. From this experiment of in situ 

electrochemically generated nitro radical anion and other reduced species it was obtained that 

reduction products of both ornidazole and its Cu
II 

complex modify guanine and cytosine (G 

and C) much more than adenine and thymine (A and T). Since in calf thymus DNA, 

percentage of guanine and cytosine is comparatively higher than adenine and thymine, it was 

concluded to be a major reason why calf thymus DNA showed substantial damage in the 

presence of the Cu
II
 complex of ornidazole under similar experimental conditions. Thus this 

study helped in correlating why 5-nitroimidazole based antibiotics were found to be very 

effective on organisms having either a high G-C content in their DNA or at least a substantial 

amount of it. Hence, if a target DNA is identified then the type of organism (with high G-C 

content in its DNA) could be said to be most vulnerable to such drugs and their metal 

complexes. This might then be identified through correlation. In fact the study in a way 

indicates why various micro-organisms (bacteria or parasites) could be targeted effectively 

with 5-nitroimidazoles. 

Radiosensitizing property of both Cu
II 

and Zn
II 

complexes was investigated against ornidazole 

to realize if complex formation is able to provide a better radiosensitizer. Systematic 

investigation were done starting with 
60

Co gamma radiation-induced damage of purine and 

pyrimidine based nucleic acid bases (adenine, thymine and cytosine).Studies on gamma 

radiation-induced damage of double stranded calf thymus DNA was performed. All 

experimental results were able to show that complexes were far better radiosensitizer 

scompared to ornidazole but the more important thing about complexes is that with 

substantial decrease in nitro radical anion formation, side effects associated with ornidazole 

or for that matter 5-nitroimidazoles as radiosensitizers should be significantly suppressed and 

that complexes should be a lot safer material in radiation therapy of cancer. 
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Findings pertaining to antimicrobial activity and radiosensitizing attributes of complexes are 

very interesting. The complexes even with substantial decrease in NO2


are able to show 

better efficacy in reference to ornidazole. So the concern that complexes with decreased 

NO2


formation might have reduced cytotoxic activity i. e. is at a disadvantage with regard to 

radiosensitization is not true. At the same time, since generation of NO2


is known to affect 

the central nervous system adversely, this study suggests complexes of 5-nitroimidazoles 

could improve upon this aspect making them relatively safe. Thus complexes with lesser 

generated NO2


are able to balance between efficacy and adverse effect. 

Hence, possibility that such complexes could be a viable alternative in near 

future exists. 
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5-Nitroimidazoles are important compounds used by the pharmaceutical industry with applications of combating infections
caused by anaerobic bacteria, amoeba and other parasites. They are effective radiosensitizers also. Biological activity of 5-
nitroimidazoles is attributed to reduction of the nitro group that equips them to enter cells of disease causing microbes by
creating a concentration gradient. Several studies consider formation of the nitro radical anion (NO2

–) and other reduction
products essential for their activity. While inside the cell, these reduction products interact with  DNA, disrupting or breaking
strands and causing cell death. To look into this aspect, Ornidazole [1-chloro-3-(2-methyl-5-nitro-1H-imidazole-1-yl)propan-2-
ol], belonging to 5-nitroimidazoles was selected. Reduction products of Ornidazole was generated by an electrochemical re-
duction of it at constant potential (–0.827 V) determined using cyclic voltammetry. Purine and pyrimidine bases as well as
calf thymus DNA were kept in the immediate vicinity of generated reduction products. The amount of reduction products gen-
erated depended upon the time for which Ornidazole was subjected to reduction at the constant potential. Reaction of the
generated reduction products with purine or pyrimidine bases was followed using HPLC while the amount of calf thymus DNA
that was not modified was determined by treating the DNA with ethidium bromide and recording its fluorescence following an
excitation at 510 nm. The study revealed damage and/or modification caused to different targets by the generated reduction
product of Ornidazole. The damage caused to purine and pyrimidine bases was then correlated with that observed on calf
thymus DNA.

Keywords: Ornidazole, adenine, thymine, cytosine, guanine, calf thymus DNA.

Introduction
Nitroimidazoles are a very useful class of drugs important

for a number of reasons. They are extensively used for
problems pertaining to anaerobic bacterial and parasitic
infections; this being its major application1–5. These
compounds being cytotoxic to cells are also effective as
chemotherapeutic agents, as radiopharmaceuticals and
radiosensitizers in various forms of cancer related medical
applications6–9. Ornidazole [1-chloro-3-(2-methyl-5-nitro-1H-
imidazole-1-yl) propan-2-ol], a 5-nitroimidazole, although less
popular than metronidazole or tinidazole or even misonidazole
is under serious consideration these days for certain
advantages it has over metronidazole, the most popular of
the 5-nitroimidazoles10–13, and is slowly becoming a major
component of many important pharmaceutical formulations.
Through studies and application on patients, it has emerged
today that reduction of the nitro group and the subsequent
formation of different reduction products are crucial for their

Colour

activity1,7,14. Having entered a target cell by diffusion,
antimicrobial activity of nitroimidazoles depend upon the
reduction of the nitro group to a nitro radical-anion and/or
other potentially active compounds that includes the nitroso
and the hydroxylamine derivatives1,14. Reduction products
of nitroimidazoles are damaging to various macromolecules
including DNA, bringing about their degradation through
strand modification1,7,14. Almost all nitroimidazoles are
selectively toxic to different micro-organisms who actually
provide them the desired redox potential so that electron
transport process can occur uninterrupted and if sufficiently
negative, it is able to reduce the nitro group of the
nitroimidazole moiety, in the process inviting its own death.
By and large, this has been the mechanism of activity of the
nitroimidazoles and pharmaceutical companies have
exploited this aspect to their advantage. For nitroimidazoles
acting as radio-pharmaceuticals or radiosensitizers, the cause
for action is more or less the same, the only difference being
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that in this form of application, the nitro-radical anion (R-NO2
–)

probably has a larger role than other reduction products6–9;
R signifying the portion of a nitroimidazole other than the
nitro group. Although, there is some work in the literature on
modification of DNA due to nitroimidazoles, there is lot of
scope for further investigative work15,16. Here, in this
communication, we look at the aspect as to how the nitro
radical anion or other reduction products generated inside a
cell that provide these molecules with the appropriate
reduction potential, interact with nucleic acid bases or DNA.
In our case, the reduction potential was provided to our
chosen nitroimidazole (Ornidazole) by an electrochemical
method using glassy carbon electrode, where, in the
immediate vicinity of reduction products of the molecule four
different nucleic acid bases (taken one at a time) or calf
thymus DNA was kept. The reduction products bring about a
damage of the biological target which was followed with the
help of suitable experimental techniques. Hence, to be able
to do this work, it was necessary to identify the reduction
potential of Ornidazole which was done in aqueous medium
prior to start of actual experiments.

Experimental

Materials used:
Ornidazole was purchased from Sigma Aldrich and puri-

fied by re-crystallization from alcohol. NaCl, NaNO3, KCl (all
AR grade) were purchased from E. Merck, India. Triple dis-
tilled water was used for preparing aqueous solutions. Calf
thymus DNA was purchased from Sisco Research Labora-
tory, India and dissolved in triple distilled water. Concentra-
tion of DNA was determined in aqueous solution using a molar
extinction coefficient of 6600 M–1 cm–1 at 260 nm. Absor-
bance was also measured at 280 nm and A260/A280 was found
out. It being in the range of 1.8 to 1.9, the DNA was consid-
ered ready for use requiring no further purification. Quality of
calf thymus DNA was also verified using circular dichroism
(CD) recorded at 260 nm using a CD spectropolarimeter
(J815, JASCO, Japan).

Electrochemical behavior of Ornidazole:
Cyclic voltammetry was performed on Ornidazole to study

its electrochemical behavior in aqueous solution using 0.12
M KCl as supporting electrolyte (Fig. 1). Before each elec-
trochemical experiment, solutions were de-aerated with the
help of Argon for 30 min. Electrochemical measurements were

made in a 50 ml electrochemical cell. The cathodic peak
current (Ipc) in amperes at –0.827 V (Fig. 2) was plotted
against square root of potential sweep rate (1/2) to see if
the process was diffusion controlled; the same being an es-
sential criteria for the actual experiment to be performed.

Fig. 1. Cyclic voltammogram of 1 mM Ornidazole showing a single
step one electron reduction in 0.12 M KCl in an aqueous 20%
methanol solution on a glassy carbon electrode; Scan rate
being 100 mV/s.

Fig. 2. Plot of cathodic peak current (Ipc) vs square root of scan rate
() for the four-electron reduction of Ornidazole in aqueous
solution at a potential of –0.827V and pH ~7.2.

Interaction of reduction products of Ornidazole with
biological targets:

Reduction of Ornidazole was achieved by maintaining a
glassy carbon electrode at its previously determined reduc-
tion potential in aqueous medium. The generated reduction
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products were allowed to react with nucleic acid bases or
calf thymus DNA kept in its immediate vicinity. The amount
of each nucleic acid base remaining after the experiment
was determined with the help of HPLC (Shimadzu) using a
C-18 column and 5% aqueous methanol as the mobile phase
in case of thymine, cytosine and adenine and 40% aqueous
methanol for guanine. The amount of calf thymus DNA not
modified following interaction with the generated reduction
products of Ornidazole was determined by treating such DNA
with ethidium bromide, an established intercalator of DNA
and reported to cause an increase in fluorescence upon in-
teraction with DNA, by recording its fluorescence17–19. Fluo-
rescence was recorded on a RF-530 IPC Spectrofluorophoto-
meter, Shimadzu.

Results and discussion
In aprotic media, the nitro group of 5-nitroimidazoles un-

dergoes a reversible one-electron reduction to a nitro radical
anion followed by a three-electron reduction to hydroxylamine
derivatives. The first step is reversible, while the second in-
volving three electrons is not, established through studies
on metronidazole16. However, in aqueous solution these two
steps are not realized separately and a single step four elec-
tron reduction is observed15,16.

R-NO2 + e–  R-NO2
– (1)

RNO2
– + 3e + 4H+  RNHOH + H2O (2)

RNO2
– + 4e + 4H+  RNHOH + H2O (3)

As shown in Fig. 1, we too obtained a one-step four elec-
tron reduction of Ornidazole to hydroxylamine derivatives i.e.
RNHOH. As identified through previous studies, there is scope
for an interaction of the various reduction products of
nitroimidazole, whereby RNHOH could participate in chemi-
cal reactions subsequent to its electrochemical generation.
We made an attempt through this study to realize the inter-
action of such reduction products of Ornidazole formed in
solution, with different nucleic acid bases and DNA. This was
done to investigate the interaction of the reduction products
(here generated electrochemically) with DNA, once this cat-
egory of drugs enter the cells of a biological target that it
ultimately kills. Ornidazole, a molecule used in different phar-
maceutical formulations9–13 have significant medicinal ap-
plications and since drug activity essentially depends on re-
duction products it was chosen with a purpose for this inves-
tigation. As mentioned already reduction of Ornidazole in

aqueous solution was done by maintaining a glassy carbon
electrode at the determined reduction potential of it, as iden-
tified prior to start of the actual experiment (Fig. 1). Nucleic
acid bases or DNA with which we wanted the reduction prod-
ucts generated from Ornidazole to interact were taken in an
electrochemical cell along with Ornidazole and the previously
determined reduction potential was applied. The reduction
products of Ornidazole interact with a biological target kept
in the immediate vicinity of its generation, taken one at a
time in the experiments we performed. There exists the pos-
sibility of the appearance of R-NO2

– by comproportionation
of RNO2 and RNHOH and subsequent disappearance by
disproportionation14,16. However, if there be a substrate, with
which R-NO2

– could interact then as normally expected, the
possibility of disproportionation decreases drastically unless
the rate of disproportionation is significantly greater than the
reaction of R-NO2

– with any biological target which is usu-
ally not the case since the concentration of a biological tar-
get taken in the experiment is a lot higher than the electro-
chemically reducible substance (here Ornidazole)16.

HPLC profiles of a pyrimidine base cytosine and purine
base adenine following their damage after subjecting them
to interaction with the reduction products of Ornidazole is
shown in Figs. 3 and 4 respectively. Figures S1 and S2 (in
Supplementary Information) are those for thymine and gua-
nine respectively.

The figures indicate as time for electrochemical reduc-
tion of Ornidazole was gradually increased during experi-
ment, a distinct change was observed in the area obtained
for the eluting nucleic acid base. Base damage was subse-
quently identified by plotting percentage nucleic acid base
remaining against the time provided to generate reduction
products of Ornidazole using a glassy carbon electrode main-
tained at –0.827 V in aqueous solution at pH 7.2. Fig. 5 shows
this for cytosine and adenine while Fig. S3 (in Supplemen-
tary Information) is for thymine and guanine.

A similar study as described above was also performed
keeping calf thymus DNA in the immediate vicinity of the
generated reduction products of Ornidazole using glassy
carbon electrode maintained at –0.827 V in aqueous solu-
tion at pH 7.2. The only difference for the study with DNA
was that slightly longer times were used in applying the re-
duction potential so that more reduction products of
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Fig. 3. HPLC chromatograms recorded at 254 nm for 1×10–3 mol dm–
3 cytosine solution that was subjected to a potential of –0.827
V in presence of 1×10–4 mol dm–3 Ornidazole under Ar satu-
rated conditions. A-F indicates the time in minutes that the
potential was applied on the solution: (A) 0 min, (B) 2 min, (C)
4 min, (D) 6 min, (E) 8 min, (F) 10 min.

Fig. 4. HPLC chromatograms recorded at 254 nm for 1×10–3mol dm–
3 adenine solution that was subjected to a potential of –0.827
V in presence of 1×10–4mol dm–3 Ornidazoleunder Ar satu-
rated conditions. A-F indicates the time in minutes that the
potential was applied on the solution; (A) 0 min, (B) 2 min, (C)
4 min, (D) 6 min, (E) 8 min, (F) 10 min.

Fig. 5. Nucleic acid base degradation plots for cytosine and adenine
followed by HPLC at 254 nm after the compounds were sub-
jected to a potential of –0.827 V under Ar saturated conditions
in the absence and presence of a sensitizer (Ornidazole):
[Ornidazole] = 1×10–4 mol dm–3. Black line indicates the ab-
sence of Ornidazole while the red line its presence.

Table 1. Shows enhancement ratios for the damage caused to nucleic acid bases and calf thymus DNA in the presence of Ornidazole for
the study described above

Compound Target
Adenine Thymine Cytosine Guanine Calf thymus DNA

Slope in Ar Slope in Ar Slope in Ar Slope in Ar Slope in Ar
saturated saturated saturated saturated saturated
medium E R medium E R medium E R medium E R medium E R

– –0.44 – –0.73 – –0.31 – –0.21 – –0.19 –
Ornidazole –0.74 1.68 –1.14 1.56 –0.77 2.48 –0.55 2.62 –0.52 2.74

Ornidazole could be generated thus enabling a visible rec-
ognition of the change i.e. modification caused to DNA while
monitoring by the ethidium bromide-fluorescence method.
Fig. 6 shows a plot of the fluorescence following interaction
of such treated calf thymus DNA with ethidium bromide that
was subjected to an excitation at 510 nm using a fluores-
cence spectrophotometer.
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The modification caused to calf thymus DNA was real-
ized by plotting the percentage of DNA remaining against
the time provided to generate reduction products of
Ornidazole using a glassy carbon electrode maintained at
–0.827 V in aqueous solution at pH 7.2 (Fig. 7).

The outcome of the study is summarized in Table 1 pro-
vided, where we see that nucleic acid base damage inflicted

Fig. 7. A plot for calf thymus DNA modification in the absence and
presence of a sensitizer (Ornidazole) after being subjected to
a potential of –0.827 V under Ar saturated conditions:
[Ornidazole] = 1×10–4 mol dm–3. Black line indicates the ab-
sence of Ornidazole while the red line its presence.

on cytosine and guanine are much higher than that caused
on thymine or adenine. It is also seen that enhancement ra-
tio obtained for cytosine and guanine in presence of
Ornidazole tallies appreciably with that obtained for calf thy-
mus DNA. Since in calf thymus DNA percentage of cytosine
and guanine are much higher than that of thymine and ad-
enine it may be said that having a prior knowledge of the
damage inflicted by a molecule on a particular nucleic acid
base can be an advantage as one can then have an idea as
to which type of DNA is more likely to be affected the most
during the action of a drug that operates by the mechanism
discussed.

Conclusion
From this study it is evident that reduction products of

Ornidazole modify nucleic acid bases as well as calf thymus
DNA forming reactive intermediates that subsequently un-
dergoes reactions to give different compounds as a result of
which the base is eventually degraded.
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A B S T R A C T

A monomeric complex of Cu(II) with Ornidazole was synthesized and characterized. Electrochemical reduction
of the complex, by maintaining a glassy carbon electrode in aqueous solution, at its cathodic potential, under de-
aerated (Argon saturated) condition, generates different products. Such electrochemical reduction was carried
out at different times in presence of either nucleic acid bases or calf thymus DNA. Since the nitro-radical anion
(NO2%−) and other reduction products of 5-nitroimidazoles or their complexes are crucial for biological activity,
attempt was made to follow the interaction of electrochemically generated reduction products of the complex
with nucleic acid bases or with DNA to realize what happens when these drugs enter the cells of a target
organism, get reduced enzymatically and show activity that lead to cell death. The study reveals that the
monomeric complex of Cu(II) with Ornidazole was better in causing modification of nucleic acid bases and to
double strands of calf thymus DNA when compared with Ornidazole under identical experimental conditions.
While Ornidazole was more effective on guanine and cytosine than thymine or adenine, the complex was found
more effective on cytosine than thymine and adenine. For the complex, experiments with guanine could not be
done because of a physical association between the two that turned the solution turbid, preventing the ex-
perimental protocol from being correctly implemented. In general, damage caused to nucleic acid bases or to calf
thymus DNA was greater for the complex than for Ornidazole. This was correlated with results obtained for calf
thymus DNA, providing a preliminary idea regarding the type of DNA (based on nucleic acid base composition)
that is most likely to be affected by these compounds. The study also correlates the fact why organisms with a
reasonably high GC content in their DNA have been reported to succumb to such compounds. It clearly indicates
Ornidazole and its Cu(II) complex have a somewhat higher tendency to affect GC sites than AT. In brief, the
study of in situ reactivity of electrochemically generated reduction products on Ornidazole and its Cu(II) complex
with nucleic acid bases and calf thymus DNA reveal why literature shows Ornidazole to be active on GC rich
DNA containing organisms.

1. Introduction

5-nitroimidazoles are an extremely important class of molecules
from a pharmaceutical point of view, being present in a number of
formulations used to address a wide spectrum of medical issues ranging
from infections caused by parasites to being used as radiosensitizers in
cancer treatment [1–10]. Although maximum use is reported for Me-
tronidazole (Mnz), aspects like resistance to the drug and toxic side
effects of which neurotoxicity is of a major concern have prompted the
search for derivatives that have comparable efficacy but less adverse
effects [4–17]. Ornidazole (Onz) is a compound that has made its way
to clinics in a very short time since first being identified as a potential

drug. However, as is true for all 5-nitroimidazoles, efficacy does not
come without adverse effects [11,15,16]. The most unfortunate part
with 5-nitroimidazoles and with many other drugs is that the species
responsible for efficacy is also responsible for adverse effects; for this
class of drugs, it being the nitro radical anion (NO2%−) [11,3–8,15–19].
Hence, controlling its generation has become very important [13].
Within the biological system, the drugs are reduced by enzymes like
pyruvate ferredoxin oxidoreductase (PFOR) that prepare them for entry
into cells by passive diffusion, creating a favorable concentration gra-
dient [8–11]. Thereafter, NO2%− imparts cytotoxicity within cells.
Although, a large body of literature identifies NO2%− as responsible

for drug efficacy, only few studies have investigated its role in detail
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[18,19]. We earlier showed complex formation is able to modulate
(decrease) the formation of NO2%− which is expected to decrease toxic
side effects [13,14]. Although expected, decrease in NO2%− due to
complex formation did not affect drug efficacy in spite of the fact that it
is crucial for drug action [12–14]. This therefore implies that complexes
might be having some attribute that makes up for decreased NO2%−
[12–14]. Through this study we tried to look at aspects of cytotoxicity
initiated by NO2%− and other reduction products of a monomeric
complex of Cu(II) with Onz on nucleic acid bases and calf thymus DNA
to correlate what could be happening when similar molecules are en-
zymatically reduced within the biological system of different species
they eventually kill [1,6–7,12,13]. Reduction products of the complex
were generated electrochemically by maintaining a glassy carbon
electrode at the cathodic potential of the complex [20]. In the im-
mediate vicinity of such electrochemically generated reduction pro-
ducts, nucleic acid bases and calf thymus DNA were kept so that re-
duced products of the complex could react with them. Although never
identical as to what happens within cells, it can throw some light on
what could be happening when similar species are biologically (i.e.
enzymatically) generated within cells following the transfer of electron
(s) to a 5-nitroimidazole moiety by an electron donating group present
within the cell. In situ reactivity of such generated reduction products of
the complex with nucleic acid bases or DNA were subsequently fol-
lowed to realize changes brought about on a target that was maintained
in the immediate vicinity of the reduction products. The Cu(II) complex
of Onz was reduced at its pre-determined reduction potential using an
electrochemical method that maintains a glassy carbon electrode at that
potential in de-aerated (Ar saturated) environment for different periods
of time [20].

Structure of (a) Ornidazole and (b) its monomeric Cu(II) complex

2. Experimental

2.1. Materials used

Ornidazole was purchased from TCI, Japan and purified by re-
crystallization from methanol. Copper(II) chloride (CuCl2·2H2O), NaCl,
NaNO3 and KCl, (all AR grade) were purchased from E. Merck, India.
Four different nucleic acid bases namely adenine, guanine, cytosine and
thymine were purchased from TCI, Japan. Calf thymus DNA was pur-
chased from Sisco Research Laboratories, India. It was dissolved in
triple distilled water in the presence of suitable electrolytes. Its con-
centration in aqueous solution was determined using a molar extinction
coefficient of 6600M−1 cm−1 at 260 nm. Absorbance of the prepared
DNA solution was also measured at 260 nm and 280 nm. A260/A280 was
determined; the value being in the range 1.8–1.9, the DNA was con-
sidered ready for use without any further purification. Quality of calf
thymus DNA was also verified with the help of circular dichroism (CD)
recording its response at 260 nm on a CD spectropolarimeter (J815 -
JASCO, Japan). Aqueous solutions of all other substances were pre-
pared in triple distilled water.

2.2. Synthesis of [Cu(Onz)2Cl2]

A solution of Onz (0.439 g in 25ml, 2.00mmol) in methanol was
gradually added with stirring to a solution of CuCl2·2H2O (0.17 g in
25ml, 1.00mmol) in methanol.[13,21] The final mixture was warmed
under reflux to a temperature of approximately 60 °C for 5 h. A green
crystalline compound was obtained after ∼10 days following a slow
evaporation of the solvent. The product was filtered, dried and stored
very carefully.
Anal. Calc. (%) for [Cu(Onz)2Cl2] i.e. C14H20Cl4CuN6O6: C, 29.29;

H, 3.49; N, 14.65. Found: C, 29.85; H, 3.43; N, 14.79.

2.3. Physical measurements

Absorption spectra of the complex were recorded on JASCO V-630
spectrophotometer, JASCO, Japan. FTIR of solid samples in the form of
KBr pellets was obtained using a Perkin Elmer RX-I spectrophotometer.
Elemental analysis was done on Perkin-Elmer 2400 Series-II CHN
analyzer. EPR spectrum was recorded on JEOL JES-FA 200 ESR spec-
trophotometer.

2.4. Electrochemical measurements

Electrochemical experiments were performed using an air-tight
50ml electrochemical cell. Voltammograms were recorded on a
Metrohm–Autolab model PGSTAT 101 potentiostat. Data analysis was
done using NOVA 1.10.1.9 program. A conventional three-electrode
system, glassy carbon as working electrode, a platinum wire as counter
electrode and Ag/AgCl, satd. KCl as reference electrode were used.

Before any electrochemical experiment, the solution was degassed for
∼30min using a highly pure argon source. Reduction of the nitro group
in the monomeric Cu(II) complex of Onz was followed in aqueous,
aqueous-dimethyl formamide (DMF) and pure DMF as solvent. As al-
ready reported, in DMF, there is initially a one-electron reduction to
nitro-radical anion [19]. Subsequent to this, there is a three-electron
reduction that converts NO2%− to –NHOH [19]. As the percentage of
water increases, clarity of the two reduction peaks is lost and in a purely
aqueous solution a one-step four electron reduction is observed. Results
were analyzed according to the Randles-Sevcik equation (Eq. 1)
[22,23].

= ×i n D A C n(2.69 10 )· · · ·pc
5 3/2

0
1/2 1/2 (1)

where ipc refers to current in amperes at the cathodic peak potential,
n denotes total number of electrons involved, D0, diffusion coefficient of
the species, A, the area of the electrode in cm2, C, concentration of the
substance in moles/cm3 and ν, scan rate in V s−1. Fig. 1 is a typical
voltammogram of [Cu(Onz)2Cl2] subjected to cyclic voltammetry in
aqueous solution. From the voltammogram, the reduction peak poten-
tial (-0.849 V) of the complex was identified and subsequently used to
reduce the complex at that potential in presence of either nucleic acid
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bases or double stranded calf thymus DNA. The cathodic peak current
(Ipc) in amperes at −0.849 V was plotted against square root of po-
tential sweep rate (ν1/2) (Fig. S1, S I) to verify that the process is dif-
fusion controlled, an essential criterion for experiments to follow.

2.5. Interaction of reduction products formed on [Cu(Onz)2Cl2] with the
target:

A glassy carbon electrode was maintained at the previously de-
termined reduction potential of the complex (-0.849 V) in aqueous so-
lution. In the immediate vicinity of such in situ electrochemically gen-
erated reduction products (like –NO2%− etc.), different nucleic acid
bases and calf thymus DNA were kept one at a time under de-aerated
(Argon saturated) conditions.20 The complex undergoes reduction at its
ligand site in accordance with electrochemical behavior in aqueous
solution generating different reduced species depending on the pH of
the medium; in our case 7.0. The time allotted for in situ electro-
chemical generation of reduced species on the monomeric Cu(II) com-
plex of Onz was strictly maintained same for all targets to be able to
compare results pertaining to the creation of species in solution, cap-
able of bringing about a change on the target maintained in the im-
mediate vicinity of such generation under identical conditions. In an
earlier study, using an exactly similar experimental setup, a glassy
carbon electrode was used to reduce Onz at −0.827 V in aqueous so-
lution (pH 7.2) and interaction of its various reduction products with
nucleic acid bases and calf thymus DNA was investigated [20]. In that
study also, in the immediate vicinity of in situ electrochemically gen-
erated reduction products (–NO2%− and others), different nucleic acid
bases and calf thymus DNA were maintained one at a time under de-
aerated (Argon saturated) conditions [20]. Concentration of the com-
plex was one-tenth of the chosen biological target. Control experiments
were performed where an aqueous solution of a nucleic acid base or calf
thymus DNA (without complex) was subjected to a constant potential of
−0.835 V (approximately midway between −0.827 V for Onz [20] and
−0.849 V for complex) with the help of a glassy carbon electrode.
Amount of each nucleic acid base remaining unaltered was de-

termined by HPLC using C-18 column as the stationary phase and 5%
aqueous-methanol as mobile phase [20,24]. The amount of calf thymus
DNA not modified following an interaction with in situ generated re-
duction products was determined by treating such DNA with ethidium
bromide (EtBr, an established DNA intercalator) and subsequently re-
cording its fluorescence on a RF–530 IPC Spectrofluorophotometer,
Shimadzu, Japan [20,24–27].

3. Results and discussions

3.1. Characterization of the complex

3.1.1. UV-VIS spectra
Electronic spectrum of Cu(Onz)2Cl2 in methanol (Fig. S2) was re-

corded on a JASCO V-630 spectrophotometer, Japan and compared
with that of Onz (Fig. S3). An intense band located at an almost similar
maximum wavelength (311 nm) for non-coordinated Onz is ascribed to
intra-ligand (IL) π-π* transition (ε=18950M−1cm−1) [28–30].

3.1.2. IR spectra
IR spectrum of Cu(Onz)2Cl2 (Fig. 2a) showed slight shifts in almost

all responses recorded for Onz (Fig. 2b) to higher frequencies [31]. The
peak at 1559.76 cm−1 for ν(C]N) for example, in case of the complex
was at 1538.21 cm−1 for Onz indicating coordination of the metal
centre by the imidazole nitrogen [31]. NO2 stretching frequencies
νas = 1478 cm−1 and νs= 1373 cm−1 for [Cu(Onz)2Cl2] (Fig. 2a) were
however similar to νas= 1471.57 cm−1 and νs = 1385.92 cm−1 for Onz
(Fig. 2b). Splitting of NO2 bands, ΔνNO2 was 105 cm−1 in case of the
complex while it was 86 cm−1 for Onz suggesting that the nitro group
does not participate in coordinating Cu(II).

3.1.3. EPR spectrum of Cu(Onz)2Cl2
EPR spectrum (Fig. 3) recorded at room temperature showed the X-

band frequency of the powdered sample having resonance signal at 318
mT with a g value of 2.11.

3.1.4. Mass spectra
Molecular ion peaks bound to an atom of sodium were detected in

the vicinity of m/z=600; the two most prominent ones were at 600.88
and 602.88. Owing to the presence of Cu and Cl in the complex, isotope
distributions were observed in different fragments recorded in the mass
spectrum (Fig. 4). Going by the molecular formula mentioned earlier,
molecular ion peaks (Na bound) were expected in the m/z range 594 to
604 (details in SI). However, experimentally only those peaks that in-
volved the relatively heavier isotopes of Cu and Cl were obtained. From
the molecular ion, if two Cl atoms (one from each ligand) departs, then
the species formed should have a theoretical m/z value of 501.0 (both
[35]Cl, 63Cu) or 503.0 [(both 35Cl, 65Cu) or (one 35Cl, one 37Cl, 63Cu)]
or 505.0 [(one 35Cl, one 37Cl, 65Cu) or (both37Cl, 63Cu) or 507.0 (both
37Cl, 65Cu). Experimental m/z values for this fragment were recorded at
500.98, 502.98, 504.97 that explain isotope distributions mentioned
above. Isotope distribution was also observed in the region of m/
z=367.9662 to m/z=370.4658 attributed to a fragment generated
from the complex (i.e. molecular ion) following the departure of two Cl
atoms (one from each Onz), two –OH groups (one from each Onz), two
–NO2 groups (one from each Onz) and a –CH3 from any one of the two
Onz ligands (details in SI).

3.2. In situ reactivity of electrochemically generated reduction products

When the medium is aprotic, 5-nitroimidazoles participate in a re-
versible one-electron reduction initially forming a nitro radical anion
that then undergoes an irreversible three-electron reduction to –NHOH
(Eqs. 1 and 2) [18,19,23]. In aqueous solution, these two steps are not
realized separately and a single step four electron reduction is observed
(Eq. 3) [18,19,23]. The same is true for the monomeric Cu(II) complex
of Onz (Fig. 1).

R-NO2+ e→R-NO2%− (1)

In aprotic media:

RNO2%− + 3e+4H+→ RNHOH+H2O (2)

In aqueous solution: RNO2+ 4e+4H+→RNHOH+H2O (3)
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Fig. 1. Cyclic voltammogram of 1mM [Cu(Onz)2Cl2] showing a single step four
electron reduction of the nitro group in an aqueous0.12M KCl solution using a
glassy carbon electrode; Scan rate 100mV/s.
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Hence, in the immediate vicinity of a Cu(II) complex subjected to
electrochemical reduction at a constant potential (−0.849V) as previously
determined (Fig. 1), if a target is maintained, there is the possibility that
reduction products of the complex would interact with the target. The
outcome of such interactions (modifications) for nucleic acid bases and
calf thymus DNA was ascertained. Since in aprotic media, the reversible
one-electron reduction step forming NO2%− is identified separately, it is
possible to assign the interactions to it. However, in case of aqueous so-
lutions when a glassy carbon electrode is maintained at the cathodic po-
tential of the complex i.e. at its “one step four electron reduction” po-
tential, many species are generated. Hence, in aqueous solution a correct
assignment of species (from different reduction products) responsible for
interaction with the target is not possible without an error. More specifi-
cally said it means that the interaction cannot be exclusively assigned to
the formation of –NO2%− since other reduction products are also formed
in solution following the electrochemical reduction of the complex at
−0.849V (Eqs. 1–3). At the same time, it is also true, since formation of
species containing –NO2%− is the first step of the reduction process and
being a radical it should have high probability to interact with a target
present in its vicinity; in fact higher than successive reduction to other
species (Eq. 2) [19]. Hence, although other reduction products of the
complex could well be involved in modifying the target, –NO2%− could
have a substantial contribution to the damage caused to a target. The
present study was performed to realize how different reduction products
(generated electrochemically) on a 5-nitroimidazole and its complex might

interact with nucleic acid bases or DNA that might help to explain what
happens when such drugs or their complexes enter the cells of a biological
target. For a long time it is believed that drugs belonging to this class at a
favourable reduction potential must primarily get reduced in order to be
active; mentioned by several studies as the principle mechanism of action
for nitroimidazoles [5–9]. It is also believed these reduced products
thereafter interact with DNA, however nothing very specific is reported for
interactions at the cellular level baring a few reports [1–17]. We, in pre-
vious reports mentioned the ability of different Cu(II) complexes of 5-ni-
troimidazoles to significantly modulate the formation of NO2%−, essential
for curbing neuro-toxic side effects [13,14]. In these reports, we showed in
spite of decreased –NO2%−, efficacy was not compromised due to complex
formation; in fact complexes were mostly at par with the performance of
drugs from which they were prepared [12–14]. In some cases, complexes
performed even better than the parent drug when tried on different bio-
logical targets [12–14]. Hence, the question that immediately comes up is,
if generation of −NO2%− is so essential for drug action, as established by
several studies, how then are Cu(II) complexes of 5-nitroimidazoles,
having decreased −NO2%− formation still so active that it matches the
efficacy of the respective drug molecules from which they were prepared
[12–14]. This prompted us to find out whether mechanism of action of 5-
nitroimidazoles and their Cu(II) complexes were similar or different.

3.2.1. Interaction of electrochemically generated reduction products with
nucleic acid bases:
In a previous report we mentioned about Onz being reduced using a

glassy carbon electrode maintained at a constant potential (−0.827V) in
aqueous solution [20]. When nucleic acid bases and calf thymus DNA were
maintained in the immediate vicinity of the reduced products of Onz their
modification was observed [20]. Herein, we report modifications caused to
similar targets by a monomeric complex of Cu(II) with Onz. Reduction
products generated from the complex interact with the target kept in the
immediate vicinity of their formation. Considering different reduction pro-
ducts formed in solution there is a possibility for the formation of species
having –NO2%− following comproportionation between –NO2 containing
species and –NHOH containing species, present either on different Onz of
the same complex or on different Onz of different complexes. There is also
the possibility of disappearance of –NO2%− by disproportionation.[19,32]
However, since a substrate is present in solution with which –NO2%− can
interact there is a high possibility of it being consumed in that pathway.
Hence, –NO2%− depleting by disproportionation should be less unless the
rate of disproportionation of species containing –NO2%− (generated on a
complex) is significantly higher than the rate of reaction between a gener-
ated –NO2%− and a target (either a nucleic acid base or DNA).

(a) (b)

4000 3500 3000 2500 2000 1500 1000 500
20

40

60

80
In

te
ns

ity

Wave number (cm-1) Wave number (cm-1)

4000 3500 3000 2500 2000 1500 1000 500
60

70

80

90

100

In
te

ns
ity

Fig. 2. IR spectra of (a) [Cu(Onz)2Cl2] and (b) Ornidazole.
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Fig. 3. Room temperature EPR spectrum of [Cu(Onz)2Cl2].
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Besides, although disproportionation is a possibility, it cannot logi-
cally occur since the concentration of the target maintained during ex-
periments is almost ten times higher than the complex. Therefore, con-
centrations of electrochemically reduced species formed from the
complex in solution in comparison to the target would be even less 1:10,
implying little scope for disproportionation. Hence, although qualita-
tively explained, it can be realized that –NO2%− could eventually become
an important species amongst the different reduced forms generated
from the complex that interact with the target [19]. However, to be more
sure, we performed another set of experiments (Figs. S4, SI), where we
dissolved each nucleic acid base (thymine, cytosine and adenine) sepa-
rately alongwith the Cu(II) complex of Onz in DMF having the same
concentration as that for experiments performed in aqueous solution.
When DMF is the solvent, since the one electron reduction step of –NO2
converting to –NO2%− is realized separately, a glassy carbon electrode
was maintained at the first reduction potential (−0.828 V) of the com-
plex and –NO2%− generated exclusively. Therefore, with DMF as solvent,

interaction with the target may be assigned to –NO2%−. (Table S1, SI).
HPLC chromatograms of pyrimidine and purine based nucleic acid

bases were recorded following interaction of different reduced species
of the complex in aqueous solution. Fig. 5 shows HPLC chromatograms
for thymine and adenine recorded after these two nucleic acid bases
were allowed to interact with the electrochemically reduced products of
the complex in aqueous solution. Figs. S5, SI is an HPLC chromatogram
of cytosine recorded following an electrochemical reduction of the
complex in aqueous solution in its vicinity. Fig. 5 and Fig. S5 indicate as
time for electrochemical reduction of the complex at its pre-determined
reduction potential was increased, a distinct change was observed for
area under the peaks in the respective HPLC chromatograms of the
eluting nucleic acid bases from where the damage caused to the nucleic
acid base could be ascertained. This was done by plotting percentage of
a nucleic acid base remaining against time provided for the electro-
chemical generation of reduction products on the complex by main-
taining a glassy carbon electrode either at −0.849 V in aqueous

Fig. 4. Mass spectrum of Cu(Onz)2Cl2.
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Fig. 5. HPLC chromatograms were recorded
at 254 nm for 1× 10−3 mol dm−3 of (A)
thymine and (B) adenine after each solution
was subjected to a constant potential of
−0.849 V in the presence of 1× 10−4 mol
dm−3 Cu(II)-Onz under deaerated (Argon
saturated) conditions. A to F indicates time
in minutes for which the constant potential
was applied to each solution; A: 0min, B:
2min, C: 4min, D: 6 min, E: 8 min, F:
10min.
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solution (pH 7.0) or at −0.828 V in DMF. Changes observed for each
nucleic acid base following interaction with the reduction products of
the complex in aqueous solution is shown in Fig. 6, Table 1 and that in
DMF in Fig. S4, Table S1.
Comparison of the damage inflicted on a target by the complex in

DMF and in aqueous solution helps to identify the species responsible in
each case that causes a change on the target. It was seen while damage
(reported in terms of E R) was significantly greater for adenine in
aqueous solution than in DMF, for thymine it was only slightly higher in
DMF and for cytosine it was slightly less in DMF than in aqueous so-
lution. Results indicate in case of adenine other reduction products
formed on the complex could be playing a significant role besides
species containing NO2%−. However, the results for thymine suggest
other reduction products probably do not have a major role in causing
damage to it and that it is NO2%− containing species that has a major
contribution; for cytosine, other reduction products generated from the
complex in aqueous solution (Eqs. 1–3) might have a role in nucleic
acid base modification besides species containing NO2%−.

3.2.2. Interaction of electrochemically generated reduction products with
calf thymus DNA
A similar study as the one described above was performed by

maintaining calf thymus DNA in aqueous solution at pH 7.4 in the
immediate vicinity of the generated reduction products of the Cu(II)
complex of Onz using a glassy carbon electrode maintained at

−0.849 V. For calf thymus DNA as the target, slightly longer times were
used for electrochemical reduction of the complex. This was necessary
to generate more reduction products so that an observable change was
obtained when the modified calf thymus DNA was monitored by
fluorescence using EtBr, i.e. subsequent to its interaction with reduction
products of the complex. Since interaction of EtBr with DNA leads to
increase in fluorescence, this was utilized to determine the amount of
calf thymus DNA remaining intact following its interaction with re-
duced products formed by the complex [25,26]. Fig. 7 is a typical plot
showing fluorescence of calf thymus DNA with EtBr either in the ab-
sence of any interaction or having undergone an interaction with re-
duced products formed from the complex. In each case, the adducts of
DNA with EtBr were excited at 510 nm using a fluorescence spectro-
photometer (RF–530 IPC Spectrofluorophotometer, Shimadzu, Japan)
and emission was measured over the wavelength range 525 nm–750 nm
Modification caused to calf thymus DNA was established by plotting

percentage DNA remaining against the time provided for the generation
of reduction products on the complex following maintaining of a glassy
carbon electrode at −0.849 V in aqueous solution (pH 7.4; Fig. 8).
The outcome of the study on interaction of electrochemically gen-

erated reduced species of the Cu(II) complex of Onz with calf thymus
DNA is summarized in Table 1. It is seen from the table, Onz affects
guanine and cytosine to a much greater extent than adenine and thy-
mine while the complex affects cytosine to a much greater extent than
adenine or thymine. In case of the complex, experiments could not be
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Fig. 6. Degradation of thymine, cytosine and adenine
followed by HPLC at 254 nm after being allowed to
interact with the reduction products generated from
Ornidazole (red line) and the Cu(II)-Ornidazole com-
plex (blue line) following electrochemical reduction of
the compounds at constant potentials of −0.827V and
−0.849V respectively under de-aerated (Argon satu-
rated) conditions. The black line indicates degradation
of the respective nucleic acid base in the absence of a
sensitizer [Onz or Cu(II)-Onz], when it was subjected to
a potential of −0.835V. [nucleic acid base]=1×
10−3 mol dm−3; [Ornidazole]= [Cu(II)-Onz com-
plex]=1×10−4 mol dm−3. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Enhancement ratio for the damage of nucleic acid bases and calf thymus DNA following reduction of Ornidazole and its Cu(II) complex at their respective reduction
potentials in aqueous solution generating different products that interact with the target.

Target

COMPOUND Adenine Guanine Thymine Cytosine Calf Thymus DNA

De-aerated medium (Ar
saturated)

E R De-aerated medium (Ar
saturated)

E R De-aerated medium (Ar
saturated)

E R De-aerated medium (Ar
saturated)

E R De-aerated medium (Ar
saturated)

E R

– −0.44 – −0.21 – −0.73 – −0.31 – −0.19 –
Ornidazole20 −0.74 1.68 −0.55 2.62 −1.14 1.56 −0.77 2.48 −0.52 2.74
[Cu(Onz)2Cl2] −1.33 3.02 – – −2.78 3.82 −1.45 4.66 −0.85 4.47
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performed using guanine since addition of the complex to an aqueous
solution of guanine turned it very faintly turbid suggesting an asso-
ciation of the two. We checked it several times to be sure this was
happening. We even performed HPLC of an aqueous solution of
1× 10−4M guanine in the absence and presence of 1×10−5M com-
plex. For the solution that contained guanine and the complex, elution
of guanine on a C-18 column was completely different from that ob-
tained when guanine was alone, indicating an association of the two

compounds (Fig. S6, S I). Such a thing did not happen for the three
other nucleic acid bases and the complex. Owing to this, the actual
experiment keeping guanine in the immediate vicinity of electro-
chemically generated reduced species of the complex was not done.
Enhancement ratio (E R) for cytosine in presence of the complex

(Table 1) tallies appreciably with that obtained for calf thymus DNA.
Since in calf thymus DNA, percentage of guanine and cytosine is com-
paratively higher than adenine and thymine, it was concluded that this
could be a reason why calf thymus DNA showed substantial damage in
the presence of the complex in the experimental protocol used. The study
also indicates that a prior knowledge on “damage causing ability of
compounds” on nucleic acid bases help to predict their activity on dif-
ferent types of DNA used as target (based on their respective nucleic acid
composition). If the target DNA is identified, then the type of organism
having a certain DNA composition based on nucleic acid bases, that
should be most vulnerable to such compounds may be realized. This
study on Ornidazole and its Cu(II) complex provides a logical explana-
tion as to why compounds chemically similar to the ones we studied in
this work were found active on species having a substantial presence of
guanine and cytosine (G C) in their DNA (details in S I) [32–35].
As mentioned earlier, inspite of decreased nitro-radical anion forma-

tion, Cu(II) complex of Onz was found to be better than Onz itself. This
could be an attribute of complex formation i.e. an ability of Cu(II) in the
complex to be active in redox pathway that generate radicals [36] capable
of bringing about DNA double strand modification that could be detected
by the methodology we followed (i. e. identifying DNA double strand
modification by decrease in DNA-EtBr fluorescence) [24–26]. There is also
the possibility of a physical interaction of the complex either with DNA or
any other biomolecule, like the one we detected in this study for the nu-
cleic acid base guanine, bringing about substantial changes on the target
cell that eventually lead to cell death. Therefore, the outcome of the ex-
periments performed with calf thymus DNA are not due to free radical
reactions alone, other factors could very well be involved. Another aspect
is the binding of the complex to DNA. Although we are yet to perform
binding studies of this complex with DNA, similar complexes of Cu(II) with
tinidazole were shown to possess strong binding affinity [12,13].

4. Conclusion

A monomeric complex of Cu(II) with ornidazole was prepared and
characterized. Electrochemical reduction of the complex at a constant
potential using a glassy carbon electrode in aqueous solution results in
formation of different reduction products that react with different nu-
cleic acid bases and calf thymus DNA maintained in the solution.
Degradation of nucleic acid bases following interaction with reduction
products of the complex was monitored using HPLC while calf thymus
DNA was determined by fluorescence using ethidium bromide. Results
were then compared with a similar study performed earlier using or-
nidazole. This study as well as the one where ornidazole was used,
indicate reduction products of both compounds [Ornidazole and its
monomeric Cu(II) complex] modify guanine and cytosine (G and C) to a
greater extent than adenine and thymine (A and T). In fact enhance-
ment ratio for damage of guanine-cytosine by ornidazole and the
complex matches appreciably with the observed enhancement ratio for
calf thymus DNA (having a reasonably high G C content). In all cases,
the complex performed better than ornidazole, attributed to the pre-
sence of Cu(II). This study helped us correlate the fact why 5-ni-
troimidazole based antibiotics were found effective on organisms
having a high G C content in their DNA.
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following an interaction of the DNA with the reduction products generated from
the monomeric Cu(II) complex of Ornidazole subjected to constant potential at
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potential was applied to the solution; a: 0min, b: 5min, c: 10min, d: 15min, e:
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Fig. 8. Plots showing modification of calf thymus DNA in the absence (black)
and presence of sensitizer molecules, Ornidazole (red)[20] and its monomeric
Cu(II) complex (blue) after each compound was subjected to reduction at
constant potentials of −0.827 V (Onz) and −0.849 V [Cu(II)-Onz] under de-
aerated (Argon saturated) conditions; [Onz]= [Cu(II)-Onz]= 1×
10−4mol dm−3. The black line indicates modification of calf thymus DNA in
the absence of any sensitizer but subjected to a constant potential of −0.835 V.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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A ZnII complex of ornidazole with decreased nitro
radical anions that is still highly active on
Entamoeba histolytica†

Promita Nandy,a Soumen Singha,b Neha Banyal,c Sanjay Kumar,b

Kasturi Mukhopadhyay c and Saurabh Das *a

A monomeric complex of ZnII with ornidazole [Zn(Onz)2Cl2] decreases formation of the nitro-radical anion

(R–NO2c
�), and this is realized by recording it in an enzyme assay using xanthine oxidase, which is a model

nitro-reductase. Although the formation of R–NO2c
� is essential for drug action, as it is also associated with

neurotoxic side effects, it is imperative to control its generation in order to avoid excess presence. With

a decrease in R–NO2c
�, while the neurotoxic side effects should decrease, it can be expected that

a compromise with regard to therapeutic efficacy will be seen since the complex will be less active in

the free radical pathway. Since R–NO2c
� is crucial for the functioning of 5-nitroimidazoles, we

attempted to find out if its biological activity is affected in any way in our effort to control its formation.

For this purpose, Entamoeba histolytica (HM1:IMS Strain) was chosen as a biological target to realize the

performance of the complex with respect to ornidazole (R–NO2). The experiments revealed that the

complex not only compares well with ornidazole, but in fact, under longer exposure times, it also

performs better than it. This efficacy of the complex was seen despite a decrease in R–NO2c
�, as

identified by an enzyme assay, and this was probably due to certain attributes of the complex formation

that are not known for ornidazole. These attributes outweigh any loss in efficacy in the free radical

pathway following complex formation. This is certainly an advantage of complex formation and helps to

improve the therapeutic index. This study has attempted to look at some of the possible reasons why the

complex performs better than ornidazole. One reason is its ability to bind to DNA better than ornidazole

does, and this can be understood by following the interaction of ornidazole and its Zn(II) complex with

calf-thymus DNA using cyclic voltammetry. Therefore, this study showed that despite a decrease in R–

NO2c
�, the complex does not compromise its efficacy, and this was examined using a biological target.

In addition, the complex is likely to have less toxic side effects on the host of the disease-causing microbes.

1. Introduction

5-Nitroimidazoles are important molecules with established
efficacy and have been used to combat pathogenic microbes
such as anaerobic bacterial and parasitic infections.1–4 They are
reductively activated in hypoxic cells, aer which they undergo
redox recycling or decompose to form products that are cyto-
toxic.1–4 Over time, as more and more compounds in this family
have been used, it was revealed that adverse drug reactions,
neurotoxic side effects and drug resistance were some of the

challenges associated with these drugs that require attention.1–4

5-Nitroimidazoles are also potential radiosensitizers used in
radiotherapy for cancers.5–8 Metronidazole, tinidazole and
ornidazole (Onz) are the three most important molecules of this
family that have made their way to the clinics and are being
used in a number of pharmaceutical preparations for different
reasons.1–8 Their efficacy is attributed to the generation of the
nitro-radical anion (R–NO2c

�).1–10 In order to tackle infections
caused by parasites, these molecules are rst reduced by the
enzyme pyruvate ferredoxin oxidoreductase (PFOR) that acts as
an electron sink.9,10 Reduction of the nitro group prepares them
for entry into cells by passive diffusion, creating a favorable
concentration gradient.9,10 Aer entering the target cells, the
anti-microbial toxicity of 5-nitroimidazoles depends on the
reduction of the nitro moiety to R–NO2c

� and other active
species such as nitroso and hydroxylamine derivatives. R–NO2c

�

binds to DNA, disrupting or breaking strands, leading to cell
death.9,10 As radiosensitizers, they interact with the radicals
formed on DNA following the interaction of the latter with the
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products of the radiolysis of water, forming R–NO2c
�, which

thereaer enhances strand unwinding or strand breaks.6–8

Unfortunately, the same R–NO2c
� ion is associated with the

neurotoxic side effects, particularly when there is prolonged use
of such molecules.9–11 In such a situation, the aspects of neuro-
toxicity, or other forms of side effects, become a matter of
concern, creating a need to control the generation of R–NO2c

�.
Too much generation of these reactive intermediates for this
class of drugs and others can oen cause more harm than
good.12–15 Hence, generating the correct amount or making it
available through slow chemical release is becoming an impor-
tant aspect of research.10–15 This study reports the regulation of R–
NO2c

� for a specic cause, and this is achieved through the
complex formation of one of the members of the 5-nitro-
imidazole family (ornidazole) with ZnII, which can likely generate
the correct amount necessary for cytotoxicity of a biological target
(axenic Entamoeba histolytica). In addition, what the drug
compromises for by forming less free radical species, (R–NO2c

�),
it makes up for by other attributes of complex formation. Previ-
ously, a ZnII complex of metronidazole was also shown to be very
active as an anticancer agent on a number of cancer cell lines.16

Hence, such complexes of the 5-nitroimidazole family containing
a relatively non-toxic metal ion (ZnII) might be useful cytotoxic
agents against a number of diseases.

2. Experimental section
2.1 Materials and methods

Ornidazole [purity (HPLC): >98.0%; melting point: 90.0 to 94.0
�C] was purchased from TCI, Japan. Zinc(II) chloride (ZnCl2,
assay (complexometric) 98.0–100.0%, melting point: 293 �C)
was purchased from E. Merck, India. Xanthine oxidase (XOD)
isolated from cows' milk was obtained as a suspension in
ammonium sulphate solution from Sigma Aldrich. Hypoxan-
thine and calf-thymus DNA were purchased from Sisco
Research Laboratories, India. Calf-thymus DNA was dissolved
in triple-distilled water using proper electrolytes. Its concen-
tration was determined in terms of nucleotides, taking 3260 ¼
6600 mol�1 dm3 cm�1. Tris buffer solution (Spectrochem Pvt.
Ltd., India) and NaCl (AR, Merck, Germany) were used to
maintain physiological conditions.

2.1.1 Synthesis of a monomeric complex of ornidazole with
Zn(II). A solution of ornidazole (0.8785 g in 25 mL, 4 mmol) in
methanol was added to a solution of ZnCl2 (0.2725 g in 25 mL, 2
mmol) in methanol. The mixture was warmed under reux to
a temperature of 60 �C for 6 hours. Aer a week, a white crys-
talline compound was obtained by very slow evaporation of the
solvent. The solvent was ltered and the solid mass was
collected. The ltered product was re-crystalized using a 1 : 1
aqueous-methanol mixture. This was done three times. A pure
complex was obtained. Elemental analysis was performed on
a PerkinElmer 2400 Series-II CHN analyzer. Analysis: calc. (%)
for C14H20Cl4N6O6Zn, C: 29.21; H: 3.50; N: 14.61. Found: C:
29.12; H: 3.26; N: 15.22.

2.1.2 Solution of the structure of the complex by rene-
ment from X-ray powder diffraction data. Powder X-ray
diffraction (PXRD) data were collected at ambient temperature

(25 �C) on a Bruker D8 Advance diffractometer operating in
reection mode with Cu Ka1 radiation of wavelength 1.540562
�A. The generator was set at 40 kV and 40 mA. The data was
collected in the 2q range of 4–60� with a 0.02� step size and a 5 s
per step.

Indexing and Pawley renement of the PXRD pattern of the
complex was carried out using the Reex module of Material
Studio.17 The PXRD pattern was indexed by the TREOR 90
program18 for the rst 20 peaks. Indexing revealed that the
complex crystallizes in an orthorhombic system with a ¼
10.411(2) Å, b ¼ 7.759(2) Å and c ¼ 27.730(1) Å. Pawley rene-
ments19were performed in the 2q range of 5–60� on the unit cell.
Peak proles, zero-shi, background and unit-cell parameters
were rened simultaneously. Peak proles were rened by the
pseudo-Voigt function with Berar–Baldinozzi asymmetry
correction parameters. The background was rened using
a 20th-order polynomial. Renement yields of Rp ¼ 6.38% and
Rwp ¼ 4.52% were determined. Statistical analysis gave Pna21
(33) as the most likely space group.

Firstly, an initial molecular structure was drawn using ACD/
ChemSketch (shown above) and its geometry was optimized
with the help of MOPAC2016 to obtain a reference structural
model for the reex powder solve module. This initial structure
(model), consisting of two Onz complexes as ligands, one ZnII

ion and two Cl� ions, was then imported into the new cell. Aer
assigning motion groups to different fragments, the structure
was solved to represent an approximate structure of the
complex.

Next, a Rietveld renement was carried out in order to obtain
the nal structure using the Reex Powder Renement module
of Material Studio. To improve the agreement between the
calculated and experimental powder diffraction patterns,
different parameters such as pseudo-Voigt prole parameters,
background parameters, cell constants, zero point of diffraction
pattern, position and orientation of motion groups, dihedral
angles within the Onz moieties, Berar–Baldinozzi asymmetry
correction parameters and March–Dollase preferred orientation
correction parameters were optimized step-by-step until the
best agreement between the calculated and experimental
powder diffraction patterns emerged (Fig. 1).

Thermal parameters were set as the global isotropic atom
displacement parameters and were rened thereaer. The
nal R-factors of Rp ¼ 6.58% and Rwp ¼ 8.99% were obtained
using the following unit cell parameters: space group ¼ Pna21,

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 23286–23296 | 23287
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a ¼ 10.407(7) Å, b ¼ 7.756(5) Å, c ¼ 27.725(5) Å and V ¼
2238.20(5) Å3. The crystal data is summarized in Table 1. The
CSD number of our inorganic structure is 1987809.

2.2 Physical measurements

The UV-vis spectrum of Zn(Onz)2Cl2 was recorded on a JASCO V-
630 spectrophotometer, JASCO, Japan. FTIR of the solid sample
on a KBr pellet was recorded on a PerkinElmer RX-I spectro-
photometer. Elemental analysis of the complex was carried out
on a PerkinElmer 2400 Series-II CHN analyzer.

2.3 Enzyme assay

The method used xanthine oxidase (XOD) as a model nitro-
reductase.10,11,20 Hypoxanthine was the reducing substrate,

while Onz and the ZnII complex were electron acceptors. 225 mL
of an XOD suspension was diluted to 1.5 mL with 0.025 M
phosphate buffer (pH 7.4) in a quartz cuvette that was sealed
with a rubber septum. Oxygen was purged out by passing argon
gas through the solution. The enzyme (XOD), with a specic
activity of 0.3 units per mg of protein, contained �10 units in
1.5 mL. In another quartz cuvette, 1.0 mL hypoxanthine (0.01M)
in 0.1 M phosphate buffer (�pH 7.4) was taken, along with 125
mL of 1600 mMOnz, and the complex was dissolved in DMF. The
volume was made up to 2.0 mL with the help of phosphate
buffer (0.1 M). The cuvette was sealed with a rubber septum and
oxygen was purged out by passing argon gas through the solu-
tion. To initiate the reaction, 500 mL of deoxygenated enzyme
solution that was kept in another cuvette was added with the
help of a gas-tight syringe to the degassed solution containing
hypoxanthine and the test compounds. The nal assay solution
(2.5 mL) had 0.2 units per mL of XOD, 80 mM of Onz or its
complex and 4mM of hypoxanthine. The cuvette was inverted to
mix and was monitored using UV-vis spectroscopy against
a buffer-DMF blank. A spectrum of the solution was taken every
5 minutes for 2 hours during the assay. A change in absorbance
at 320 nm was noted for Onz and for the complex.

2.4 Cyclic voltammetry

Cyclic voltammetry (CV) experiments were carried out on
a Metrohm Autolab electrochemical analyzer. A conventional
three-electrode system was used, consisting of glassy carbon as
the working electrode, a platinum wire as the counter electrode
and Ag/AgCl in satd KCl as the reference electrode. Reduction of
the nitro group in Onz and its ZnII complex was followed.21–26

Before performing cyclic voltammetry on an experimental
solution, it was very carefully degassed for 30 min using high-
purity Ar. The results were analyzed according to the Randles–
Sevcik equation [eqn (1)].27,28

Fig. 1 The Rietveld refinement plot showing an agreement between the calculated and measured X-ray powder diffractograms of the complex.

Table 1 Summary of the crystal data structural refinement results of
the complexa

Formula C14H20Cl4N6O6Zn
Molecular weight (g) 575.55
Absorption coefficient (m) (mm�1) 1.619
Crystal system Orthorhombic
Space group, Z Pna21, 4
a (Å) 10.407(7)
b (Å) 7.756(5)
c (Å) 27.725(5)
V (Å3) 2238.20(5)
T (K) 298
Wavelength (Å) 1.540562
q range used for renement (�) 5–60
Reliability factors Rp ¼ 0.0658

Rwp ¼ 0.0899

a Rp ¼ S|cYsim(2qi) � Iexp(2qi) + Yback(2qi)|/S|I
exp(2qi)|. Rwp ¼ {wp[cY

sim(2qi)
� Iexp(2qi) + Y

back(2qi)]
2/Swp[I

exp(2qi)]
2}1/2, and wp ¼ 1/Iexp(2qi). R1 ¼

PkFo|
� |Fck/

P
|Fo|. wR2 ¼ [

P
w(Fo

2 � Fc
2)2/

P
w(Fo

2)2]1/2.
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ipc ¼ (2.69 � 105)n3/2D0
1/2ACn1/2 (1)

ipc refers to the current in amperes at the cathodic peak
potential, n denotes the total number of electrons involved in
the electrochemical reduction, D0 is the diffusion coefficient of
the species, A denotes the area of the electrode in cm2, C is the
concentration of the substance in moles cm�3 and n is the scan
rate in V s�1.

2.5 DNA binding

Although the complex has absorption at 320 nm, its interaction
with DNA was not tracked at that wavelength since DNA has
a lmax at 260 nm, and the tail of its absorbance peak extends up
to 310 nm, which would therefore interfere with the absorbance
of the complex. This, in turn, could affect the correct determi-
nation of the change in absorbance, upon which a titration of
the complex with calf-thymus DNA, leading to the evaluation of
a binding constant, is based.10,11,29 Hence, cyclic voltammetry
was used to study DNA interaction following a reduction of the
nitro group of Onz that is present as a ligand in the
complex.10,11,29–32 A 30 mL solution containing the complex (100
mM) was used. Calf-thymus DNA was gradually added to the
solution and cyclic voltammetry was performed. 20 mM Tris
buffer and 120 mM NaCl were used to maintain the pH and
ionic strength of the medium, respectively, during the titration.
The change in current (DI) served as a measure of the extent to
which the complex interacts with the calf-thymus DNA. The
change in current (DI) was subsequently used in standard
equations (ESI†), yielding values for the binding constant and
the site size of interaction.10,11,29–32 Glassy carbon was used as the
working electrode while a platinum wire and Ag/AgCl, satd KCl
were used as the counter and reference electrodes, respectively.
The experimental solution was degassed for 15 minutes aer
every addition of DNA, using high-purity Ar. Voltammograms
were recorded at a scan rate of 100 mV s�1.

In the medium used, Zn(Onz)2Cl2 undergoes reduction at
�945 mV. As the concentration of the calf-thymus DNA was
gradually increased, the peak current due to the complex
gradually decreased. Based on the change in peak current (DI),
binding constant values were evaluated considering the equi-
librium in eqn (2) where Kd denotes the dissociation constant
related to the process.

LþDNA ¼ L�DNA; Kd ¼ ½L�½DNA�
½L�DNA� (2)

For the complex, [Zn(Onz)2Cl2], a decrease in peak current
during the titration is a consequence of structural changes
following the binding of the complex to DNA that gradually
disables nitro groups from showing a response in cyclic vol-
tammetry results, and this was therefore followed for the eval-
uation of the binding constant.10,11,29–32

2.6 Biological assay on an amoeba strain

Axenic Entamoeba histolytica strain HM1:IMSS was maintained
and grown in TYIS-33 medium supplemented with 15% adult

bovine serum, 1� diamond vitamin mix and antibiotics (0.3
units per mL penicillin and 0.25 mg mL�1 streptomycin) at
35.5 �C. The cells were sub-cultured twice a week.33 Entamoeba
cells were taken from the log phase and an in vitro drug sensi-
tivity assay was carried out for 24 hours and 48 hours,
respectively.34

An in vitro sensitivity assay was carried out on a 96micro-titre
plate following a protocol described previously.34 Briey, stock
solutions (10 mM) of different compounds were prepared in
DMSO and further diluted with their respective media to obtain
the desired concentration. These were added to the well of
a micro-titre plate, in triplicate. Strain HM1:IMSS was harvested
at the log phase and pelleted at 600 g for 5 min and then a cell
suspension was made. Cells were counted using a haemocy-
tometer. Equal volumes of the cell suspension of the axenic
strain HM1:IMSS were added to wells containing different
compounds so that the total number of trophozoites per well
was 3 � 105. Final compound concentrations in the rows down
the plate were 200, 100, 50, 25, 12.5, 6.25, and 3.125 mM,
respectively. Appropriate controls in triplicate were included in
each plate with DMSO, ZnCl2 and non-treated media (allowing
for 100% growth). Subsequently, the micro-titre plate was
placed in an incubation bag with an aerocult mini sachet to
maintain an anaerobic atmosphere. The incubation bag was
sealed and placed in an incubator where the temperature was
35 �C.

Cell growth was monitored on a daily basis at 24 hours and
48 hours by comparing the compound contained in the wells
with the controls in same rows using an inverted microscope.
Plates were properly examined and each well was scored
according to its well coverage, cell mobility, and cell rounding.
+ was given to 30% well coverage area with rounded cells and
++++ for fully covered wells with pseudopodal movement. MIC
was considered as the lowest concentration of a compound
where a score of + could be given.

An in vitro compound susceptibility (Trypan blue) assay was
carried out where 3 � 105 trophozoite was added in 3 replicate
wells containing previously diluted different concentrations of
compounds. A non-treated control (100% growth) was included
in each plate. Culture plates were sealed and incubated for 24
hours and 48 hours, respectively, at 37 �C. Trophozoite growth
was determined aer 24 hours and 48 hours by counting with
a microscope using a 0.4% trypan blue assay.35

3. Results and discussions
3.1 Characterization of the complex

3.1.1 Crystal structure from powder X-ray diffraction data.
Structural analysis revealed that the complex crystallizes in an
achiral Pna21 space group belonging to the orthorhombic
system and that it has cell dimensions of a ¼ 10.407(7) Å, b ¼
7.756(5) Å, and c ¼ 27.725(5) Å. The asymmetric unit of the
complex consists of one Zn2+ ion, two Onz moieties and two Cl�

ions. An ORTEP diagram is shown in Fig. 2. The metal center
exhibits a four-coordinated slightly distorted tetrahedral
geometry. The two N atoms (N9 and N29) of two different Onz
moieties and two Cl� ions (Cl2 and Cl22) occupy the four
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corners of a tetrahedron surrounding the Zn2+ ion. Zn–N bond
distances were �2.017 Å, while Zn–Cl bond distances were
�2.239 Å. Two imidazole nitrogen atoms of two different Onz
moieties bind to the metal center in a syn–syn fashion. Some of
the coordinated bond distances and bond angles are listed in
Table 2.

3.1.2 UV-vis spectroscopy of ornidazole and its ZnII

complex in different solvents. Ornidazole and Zn(Onz)2Cl2 were
dissolved in different solvents (acetonitrile, DMF, methanol and
water) with concentrations of 10�4 M. The absorption spectra of
Onz and of the complex showed a strong response in the UV
region from 260 nm to 320 nm (Fig. S1 and S2 in the ESI,†
respectively). Absorption bands were similar (Table 3) and can
be assigned to the intra-ligand charge transfer.

3.1.3 Analysis of the IR spectra of ornidazole and its
monomeric ZnII complex. The IR spectrum of Onz (Fig. S3 in the
ESI†) shows a band at 1538.21 cm�1, which can be assigned to
the nC]N stretching vibration of the imidazole ring that shis to

a higher wavenumber (1565.80 cm�1) in Zn(Onz)2Cl2 (Fig. S4 in
the ESI†), suggesting coordination of ZnII by the imidazole
nitrogen. Two NO2 stretching vibrations, nas 1482 cm�1 and ns

1380 cm�1, in the complex were similar to those in Onz, indi-
cating that –NO2 does not participate in coordination of the
metal center (Table S1 in the ESI†).36

3.1.4 Mass spectrometry of the complex. PXRD data,
showing the structure of the complex, suggest that its molecular
formula is Zn(Onz)2Cl2. Hence, a molecular ion peak in the
mass spectrum should be found in the range from m/z ¼ 572 to
m/z ¼ 584 (considering isotope effects due to Cl present in
ornidazole, Cl present in the coordination zone around the
metal ion and due to isotope effects for Zn; details in the ESI†).
However, the molecular ion peak, which was expected in the
above mentioned region, was not seen in Fig. 3, although
indications that were not very prominent were seen in the
region, suggesting that the molecular ion was not very stable to
the electrospray stimuli. A cluster of peaks were obtained at m/z
values of 536.8239, 538.8197, 540.8192 and 542.8129 that may
be attributed to a species formed from the complex following
the loss of a Cl atom coordinated to Zn (likely peaks are shown
in the ESI,† based on isotopic distribution). Only those peaks
for which the relative abundance of isotopes is high were
actually found, and not all possibilities are indicated in the
ESI.† The peak at m/z ¼ 485.1884 can be attributed to the
formation of a fragment from the loss of two Cl atoms from the
coordination sphere and an –OH group from an ornidazole
moiety present as a ligand in the complex (details in the ESI†).
Prominent experimental peaks with m/z values of 420.0368 and
422.0334 were also detected in the mass spectrum and were
assigned to a fragment formed from the molecular ion where
–CH3 and –NO2 depart from each Onz moiety, along with the
loss of a Cl atom from either of the two Onz moieties in the
complex (m/ztheo ranges from 420 to 424; possibilities for such
a fragment are shown in the ESI†).

Fig. 2 A perspective view of the complex.

Table 2 Some selected bond lengths (Å) and bond angles (�) of the
complex

Zn1–Cl2 2.238(7) Zn1–Cl22 2.238(5) Zn1–N9 2.017(2)
Zn1–N29 2.017(3) Cl14–C3 1.779(7) Cl35–C23 1.779(9)
C26–C32 1.549(3) C3–C6 1.533(9) C6–C12 1.549(4)
C10–C18 1.470(7) C15–C16 1.408(9) C23–C26 1.533(9)
O45–C26 1.417(4) O50–C6 1.417(5) N31–C32 1.470(6)

Cl2–Zn1–Cl22 134.95 O50–C6–C3 108.88
Cl2–Zn1–N9 106.13 O50–C6–C12 111.68
Cl2–Zn1–N29 98.84 C3–C6–C12 110.57
Cl22–Zn1–N9 98.90 Cl22–Zn1–N29 106.16
N9–Zn1–N29 111.32 N11–C12–C6 111.25
Cl35–C23–C26 108.88 O45–C26–C23 108.89
O45–C26–C32 11.68 C23–C26–C32 110.56
N31–C32–C26 111.25 Cl14–C3–C6 108.89
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3.1.5 Cyclic voltammetry studies. Cyclic voltammetry of
Zn(Onz)2Cl2 (Fig. S5†) and of Onz (Fig. S6†) were performed; the
former in aqueous-methanol and in pure aqueous solution,
while the latter was carried out in aqueous solution at a scan
rate of 0.1 V s�1. The complex showing a peak at �0.925 V
against Ag/AgCl, satd KCl [Fig. S5†] was assigned to the reduc-
tion of the –NO2 moiety in Onz. A cyclic voltammogram of Onz
alone (Fig. S6†) showed a peak at�0.827 V. Voltammograms for
the reduction of the nitro group in the complex were obtained at
other scan rates as well. ipc was plotted against the square root
of the scan rate using the Randles–Sevcik equation [Fig. S7†]. A
straight line passing through the origin suggested that the
complex undergoes reduction in a diffusion-controlled pathway
and that there is no adsorption on the electrode surface.

In aprotic media, 5-nitroimidazoles undergo reversible one-
electron reduction to form the nitro radical anion (R–NO2c

�).
This is then followed by a three-electron reduction to hydrox-
ylamine derivatives. For most 5-nitroimidazoles, the rst step is
reversible whilst the second step is not reversible, and this can
be seen from studies on metronidazole (eqn (3) and (4)).26 In
aqueous solution, the two steps cannot be carried out separately

and a single-step four-electron reduction is observed (eqn
(5)).26,37

R–NO2 + e� / R–NO2c
� (3)

RNO2c
� + 3e� + 4H+ / RNHOH + H2O (4)

RNO2 + 4e� + 4H+ / RNHOH + H2O (5)

3.2 Binding of the complex to DNA

Zn(Onz)2Cl2 was titrated with calf-thymus DNA under physio-
logical conditions using cyclic voltammetry. The reduction peak
of the complex, identied at �0.925 V (against Ag/AgCl, satd
KCl), was used to follow the titration. Upon addition of the calf-
thymus DNA, the cathodic peak current (ipc) gradually
decreased with a shi to a more negative potential (Fig. 4). This
shi to a more negative potential indicated that there is an
interaction between the complex and the DNA. As more DNA is
added, it becomes increasingly difficult for the complex to show
a response in cyclic voltammetry (indicated by a shi to more

Table 3 Absorption of ornidazole and ZnII-ornidazole in different solvents

Compound

Acetonitrile DMF Methanol Water

lmax (nm) Absorption intensity lmax (nm) Absorption intensity lmax (nm) Absorption intensity lmax (nm) Absorption intensity

Onz 320 0.9335 324 1.0638 312 0.9519 318 1.2287
Zn(Onz)2Cl2 318 1.7287 324 1.2643 310 1.5615 320 1.1576

Fig. 3 Mass spectrum of the Zn(Onz)2Cl2 complex.
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negative potential), as the complex becomes progressively
bound to the DNA.27

As previously mentioned, binding of the complex to DNA
results in the redox active nitro groups on both Onz ligands to
gradually lose their ability to show a response in the cyclic
voltammetry tests. Therefore, this gradual decrease in peak
current could be used as a measure of the extent of interaction
between the complex and calf-thymus DNA. Apparent binding
constant (Kapp) values were evaluated from a linear plot (eqn
(S3) in the ESI†) and also from non-linear square t analysis
results (eqn (S5) in the ESI†). The results are shown in Fig. 5 and
Table 4.10–12,29–32

Another important parameter for binding to DNA is the site
size of interaction (nb). This provides an estimate of the number
of nucleotides that are bound to the material during the inter-
action. This value was 2 for Zn(Onz)2Cl2 binding to DNA, and
this could be calculated from the molar ratio plot (inset of
Fig. 5B). Since Kapp provides the binding constant value of
a substance binding to an isolated site, an overall binding
constant (K*) can be obtained by multiplying Kapp with the site
size of interaction (nb).38 These values are provided in Table 4.
The binding constant values for Zn(Onz)2Cl2 were higher than

for Onz (determined earlier),10 indicating that this is an attri-
bute of complex formation. The site size of interaction (nb) of
Onz (reported earlier)10 was in the range of 1.39 to 1.5, while that
of the monomeric ZnII complex was found in the range from
1.85 to 2 (from two different methods of analysis), suggesting
that the complex with two Onz ligands bound to ZnII might be
involved in two types of interaction with the DNA. In one
interaction, the complex interacts in the same manner as free
Onz does, i.e. one of the two Onz ligands bound to ZnII in the
complex interacts with the DNA while the other does not. In the
other mode, both Onz ligands bound to ZnII interact with the
DNA. Hence, the values obtained for the site size of interaction
during the experiments were intermediate between the two
values obtained. While the inset of Fig. 5B (the molar ratio plot)
provides a value of 2.0, Fig. 5C (the modied Scatchard plot)
provides a value of 1.85. This may be explained by the obtained
values between 1.5 (if one Onz ligand interacts with DNA) and
3.0 (if both Onz ligands interact), based on our earlier ndings
with Onz itself interacting with calf-thymus DNA.10

3.3 Enzyme assay

Xanthine oxidase catalyzes the oxidation of hypoxanthine to
xanthine and then to uric acid in the presence of oxygen. Under
anaerobic conditions, this action does not occur as there is no
substrate to accept the electrons. Therefore, under anaerobic
conditions (i.e. in the absence of oxygen) if an electron acceptor
molecule is present in the system, the above oxidation of
hypoxanthine to xanthine and to uric acid becomes possible.
Nitroimidazoles are good electron acceptors and so can partic-
ipate in the above reaction, forming the nitro radical anion
(RNO2c

�). Therefore, it can be seen that, using an enzyme assay,
the ability of 5-nitroimidazoles and their modied forms to
reduce and to know whether the nitro-radical anion generated
is stable for enough time to cause a change in absorbance of the
compound on which it is formed, can be recorded as a gradual
decrease in absorbance. In contrast, if RNO2c

� does not form or
if its generation is not stable for long, i.e. it can revert back to its
original form (the nitro group) by any pathway, it can be infer-
red that there is a decrease in the formation of RNO2c

�, leading
to either almost no decrease in absorbance of the original

Fig. 4 Cyclic voltammograms for Zn(Onz)2Cl2 in the absence (dark
black line) and presence of different concentrations of calf-thymus
DNA, [Zn(Onz)2Cl2] ¼ 100 mM; [NaCl] ¼ 120 mM; pH ¼ 7.4; T ¼ 301 K.

Fig. 5 Interaction of calf-thymus DNA with Zn(Onz)2Cl2. (A) Double reciprocal plot, (B) non-linear plot, (C) Scatchard plot; [Zn(Onz)2Cl2] ¼ 100
mM; [NaCl] ¼ 120 mM; pH ¼ 7.4; Temp. ¼ 28 �C.
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compound or to a decrease that is considerably less than
where reduction leads to a stable RNO2c

� ion.
As mentioned earlier, xanthine oxidase acts as a nitro-

reductase that reduces the nitro group, where hypoxan-
thine is the source of the electron. In a previous study, we
reported that the formation of a nitro radical anion by a CuII

complex of ornidazole was signicantly less than with Onz
alone, and this was recorded by UV-vis spectroscopy.11 In this
study, we tried to identify the amount of the nitro radical
anion formed by the ZnII complex and see how it compares
with that formed by Onz. Since the enzyme assay reduces the
nitro group, such a reduction causes a change in the
absorption spectra. A continuous decrease in the absorption
of a compound during the assay indicates that the nitro
group is irreversibly reduced, leading to the destruction of
the chromophore. Whilst a gradual decrease in absorbance
was observed for Onz (Fig. 6A), in the case of the complex
there was no signicant decrease (Fig. 6B), indicating that
the formation of the nitro radical anion on the Onz ligand
bound to ZnII is substantially controlled.

Fig. 7 shows the amount of Onz and of the complex
remaining upon completion of the assay. Controlled forma-
tion of R–NO2c

� following complex formation between Onz
and ZnII is important, as it prevents too much generation of
R–NO2c

�. Whilst, on the one hand, this is benecial as it
should make the complex less neurotoxic even during pro-
longed use, on the other hand, there is a cause for concern
because the formation of R–NO2c

� is extremely important for
drug action of the 5-nitroimidazole family and its decrease
might adversely affect its efficacy by not being able to act on
disease-causing microbes with the efficiency that is known
for Onz. This could allow pathogenic microbes to multiply
much faster than at the rate at which they would be killed by
this modied version of Onz, i.e. Zn(Onz)2Cl2. Therefore, it is
essential to determine the extent to which cytotoxicity is
affected following complex formation of Onz with ZnII. For
this reason, the performances of Zn(Onz)2Cl2 and Onz were
tested on Entamoeba histolytica.

3.4 Antiparasitic activity on Entamoeba histolytica
(HM1:IMS Strain)

The inhibition of cell viability of Entamoeba histolytica was
recorded by the trypan blue assay using different concen-
trations of Onz and Zn(Onz)2Cl2 for 24 hours and 48 hours.35

MIC values recorded aer 24 hours for Onz and Zn(Onz)2Cl2
on Entamoeba histolytica were similar (12.5 mM, Table 5).
Upon increasing the exposure time for each compound from
24 hours to 48 hours, the complex was found to be more
cytotoxic with an MIC value of 6.25 mM, while for Onz it
remained at 12.5 mM. Therefore, this study clearly shows that
increasing the exposure time will have a positive effect for the
complex, and this may be considered an advantage of
complex formation. More importantly, despite a decrease in
the formation of R–NO2c

� following complex formation, the
efficacy was not affected as was previously thought to be the
case (speculating that the mechanism of action might sufferT
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in the free radical pathway). Even if we do not consider the data
recorded at 48 hours, which is clearly benecial, and just
compare the data recorded at 24 hours, we see the complex is
better than Onz, as it has a similar MIC value but added benets
with regard to the toxic side effects, since it generates less R–
NO2c

�. The complex therefore makes up for any compromise it

makes in the free radical pathway by other attributes of complex
formation, one of which could be its strong binding affinity for
DNA, leading to cell death in disease-causing microbes. The
other advantage of complex formation, enabling it to perform
much better at longer exposure times (48 hours), could be its
effective cellular uptake due to the presence of ametal ion in the
complex.39

In an earlier study, we showed that a CuII complex of an azo-
based ligand performed much better on a particular cell line
than the ligand itself, and that this was essentially due to effective
cellular uptake of the complex (in that case all attributes required
for good performance were in fact similar for the complex and the
azo compound forming the complex), suggesting that effective
cellular uptake is an essential criteria and can make a difference
in performance.39 Likewise, in this study of Zn(Onz)2Cl2, the fact
that it performs better at longer exposure times (48 hours) could
mean that it enters cells of disease-causing microbes much better
than Onz alone. The study also showed that both Onz and its ZnII

complex diminished the viability of Entamoeba histolytica in
a concentration dependent manner.

4. Conclusions

Despite a signicant decrease in the formation of the nitro radical
anion in Zn(Onz)2Cl2, this study showed that there was compa-
rable biological activity of Onz and the monomeric ZnII complex
on Entamoeba histolytica (HM1:IMS Strain) when incubated for 24
hours. Aer 48 hours of incubation, the complex performed better
than Onz. This indicates that either the nitro radical anion
generated by the complex is sufficient for cytotoxic activity on the
chosen biological target or, if a compromise is made by the
complex in the free radical pathway following a decrease in nitro-
radical anion formation, that the cytotoxic activity is unaffected,
implying that the complex makes up for the loss in efficacy in the
free radical pathway by other attributes of complex formation.
Consequently, association of ZnII with Onz is useful as it not only

Fig. 7 Comparison of the rate of reductions of Onz ( ) and
[Zn(Onz)2Cl2] ( ) under anaerobic conditions. (initial concentrations ¼
0.2 U mL�1 in XOD, 80 mM in Onz or Zn(Onz)2Cl2 in the mixture, 4 mM
in hypoxanthine and 5% in DMF).

Table 5 MIC values for ornidazole and Zn(Onz)2Cl2 when applied to
Entamoeba histolytica (HM1:IMS Strain)

Compound MIC aer 24 h MIC aer 48 h

Ornidazole 12.5 mM 12.5 mM
Zn(Onz)2Cl2 12.5 mM 6.25 mM
ZnCl2 >100 mM >100 mM
DMSO >100 mM >100 mM

Fig. 6 UV-vis spectra of Onz (A) and Zn(Onz)2Cl2 (B) in the presence of hypoxanthine in 5% DMF and xanthine oxidase. Spectra of each
compound were taken at intervals of 5 minutes for 2 hours. Enzyme activity ¼ 0.2 units per mL in XOD and compound concentration ¼ 80 mM.
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maintains the efficacy of Onz but, by decreasing R–NO2c
�, it also

helps to overcome the associated neurotoxic side effects of Onz.
The study also suggests avoiding too much generation of R–
NO2c

�, since the amount is probably in excess of what is required
for cytotoxicity and, if le unattended in the system, it results in
toxic side effects. Therefore, if a complex like Zn(Onz)2Cl2 is used
instead of Onz, there will be no compromise in cytotoxic activity,
but there could be a signicant decrease in toxic side effects
associated with Onz. This could be a tremendous benet in the
use of 5-nitroimidazoles and their derivatives.
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ABSTRACT: The treatment of malignant cells that are deficient in oxygen due to
the insufficient flow of blood is often seen as a major hindrance in radiotherapy. Such
cells become radio-resistant because molecular oxygen, the natural and best radio-
sensitizer, is depleted. Hence, to compensate this deficiency in oxygen, there is a need
for agents that enhance radiation-induced damage of cells (radio-sensitizers) in a
manner that normal cells are least affected. Simultaneously, agents capable of showing
activity under hypoxic conditions are known as hypoxic cytotoxins that selectively and
preferably destroy cells under hypoxic environments. 5-Nitroimidazoles fit both
definitions. Their efficiency is based on their ability to generate the nitro radical anion
that interacts with the strands of DNA within cells, either damaging or modifying
them, leading to cell death. 5-Nitroimidazoles are important radio-pharmaceuticals
(radio-sensitizers) in cancer-related treatments where the nitro radical anion has an
important role. Since its generation leads to neurotoxic side effects that may be
controlled through metal complex formation, this study looks at the possibility of two monomeric complexes of Ornidazole [1-
chloro-3-(2-methyl-5-nitro-1H-imidazole-1-yl)propan-2-ol] with CuII and ZnII to be better radio-sensitizers and/or hypoxic
cytotoxins than Ornidazole. The study reveals that although there is a decrease in nitro radical anion formation by complexes, such a
decrease does not hamper their radio-sensitizing ability. Nucleic acid bases (thymine, cytosine, and adenine) or calf thymus DNA
used as targets were irradiated with 60Co γ rays either in the absence or presence of Ornidazole and its monomeric complexes.
Radiation-induced damage of nucleic acid bases was followed by high-performance liquid chromatography (HPLC), and
modification of calf thymus DNA was followed by ethidium bromide fluorescence. Studies indicate that the complexes were better in
performance than Ornidazole. CuII-ornidazole was significantly better than either Ornidazole or ZnII-ornidazole, which is attributed
to certain special features of the CuII complex; aspects like having a stable lower oxidation state enable it to participate in Fenton
reactions that actively influence radio-sensitization and the ability of the complex to bind effectively to DNA.

1. INTRODUCTION
In the last few decades spanning over half a century, work from
different laboratories have established that solid tumors
contain regions of mild to severe hypoxia that either alter
cellular metabolism of that region or increase its resistance to
radiation and chemotherapy.1−4 Detection of hypoxic cells in
human tumors improved with the discovery of new imaging
techniques and with the use of predictive gene profiles.5−10

Sufficient data is now available on hypoxia in different human
tumors, although considerable heterogeneity exists between
individual types.1−4,9,10 Clinical trials suggest that efforts were
made to modify radiation resistance using either hypobaric
hypoxia or normobaric/hyperbaric oxygen therapies that
initially raised doubts, because treatment of O2 to cells was
thought to support cell growth in cancer; however, later proved
advantageous.11−14 Not only did it help in radiotherapy but
also it influenced a tumor’s microenvironment in a correct
manner for treatment.11−14 It was shown that oxygen not only
acts as a strong electron scavenger but, by forming pyrimidine
peroxyl radical, is able to further react within DNA affecting
vicinal bases or 2-deoxyribose moieties.15,16 Such studies led to

two important aspects (i) importance of oxygen in radio-
therapy and (ii) identification of new chemical agents that
might deliver results under hypoxic conditions.1,2,12,14−19

There is a lot of attention on hypoxic cytotoxins19−21 that
selectively and preferably destroy cells in a hypoxic environ-
ment, a group slightly different from radio-sensitizers that help
to improve radiotherapy under hypoxic conditions.18,22

Hypoxic cytotoxins by killing cells in hypoxia not only
overcome cellular resistance but actually exploit it converting
it into a therapeutic advantage.20,21 Nitroimidazoles being
“electron-affinic” react with DNA free radicals having the
potential for universal activity to combat hypoxia-associated
radio-resistance.18,23,24 Several members were found clinically
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effective at a tolerable dose.18,23,25 However, most compounds
had limited clinical success; their efficacy is restricted by dose-
limiting toxicity, attributed to electron affinity, i.e., to the
relative ease of reduction of −NO2 in nitroimidazoles to
nitroimidazole radical anion (RNO2

•−).23 Such a reduction
may be modulated by complex formation.26−28

Here, we report a study performed on Ornidazole (Onz, a 5-
nitroimidazole) with regard to its radio-sensitizing capabil-
ities.29,30 Its monomeric CuII and ZnII complexes31,32 were
tried. A report on the hypoxia-specific cytotoxin tirapazamine
showed that it was selective for hypoxic cells in solid tumors
occurring through DNA damage produced by free radicals
generated in enzymatic reduction.21 Studies on the DNA
damage and metabolism of tirapazamine in A549 human lung
carcinoma cells and in isolated nuclei derived from cells
showed although that nuclei metabolize it at a rate 20%
compared to the whole cell, extent of DNA damage by nuclei
was similar to that by cells.21 The study showed that
tirapazamine radicals formed outside the nuclei do not
contribute to intranuclear DNA damage and that all forms of
DNA damage resulted from radicals generated within the
nucleus. Hence, 80% of drug metabolism (occurring in the
cytoplasm) is really irrelevant with regard to killing of hypoxic
cells.21 This was an inspiration toward using complexes of
Ornidazole to investigate their radio-sensitizing and/or
cytotoxic attributes by bringing about a substantial decrease
in RNO2

•− formation and yet not compromising on
efficacy.26−28,33 Therefore, like in tirapazamine where 80% of
drug metabolism is irrelevant in killing hypoxic cells, here also
if we could show that complexes of Onz are better radio-
sensitizers or hypoxic cytotoxins in spite of decreased
RNO2

•−,26−28,33 the amount required for biological activity
can be believed to be provided by the complexes. If the
amount formed by Onz is much in excess of what is actually
necessary, then there is the risk of undesirable neurotoxic side
effects.26−28,33 Hence, use of complexes could have the
advantage that excess RNO2

•− would not be present in the
system, leading to some clinical success with regard to toxic
side effects.26−28 Worth mentioning here is that the complexes
are either better DNA-binding agents or DNA-damaging
agents or both, following interaction of in situ generated
RNO2

•− with nucleobases and calf thymus DNA.24,31,32

2. EXPERIMENTAL SECTION

2.1. Materials. Onz was purchased from TCI, Japan.
Copper(II) chloride (CuCl2·2H2O), zinc(II) chloride (ZnCl2),
NaCl, NaNO3, and MgCl2 (AR grade) were purchased from E.
Merck, India. Nucleic acid bases cytosine and thymine were
purchased from Sisco Research Laboratories, India, while
adenine was procured from TCI, Japan. Calf thymus DNA and
ethidium bromide were purchased from Sisco Research
Laboratories, India. DNA was dissolved in phosphate buffer
(pH ∼ 7.4) containing NaCl, KCl, and MgCl2 as electrolytes.
Concentration of DNA in terms of nucleotide was determined

considering ε260 = 6600 mol−1 dm3 cm−1. Phosphate buffer
(pH ∼ 7.4) was prepared using sodium dihydrogen phosphate
and disodium hydrogen phosphate (AR, Merck, Germany) in
triple-distilled water.

2.2. Methods. 2.2.1. Synthesis of Monomeric Cu(II) and
Zn(II) Complexes of Ornidazole. Solutions of Onz in
methanol (0.439 g in 25 mL, 2.00 mmol) were gradually
added with stirring once to a solution of CuCl2·2H2O (0.17 g
in 25 mL, 1.00 mmol) in methanol and in another to a solution
of ZnCl2 (0.1363 g in 25 mL, 2 mmol) in methanol.27,28,31,32

Both mixtures were warmed under reflux to a temperature ∼60
°C for 4−5 h. A green crystalline compound was obtained after
∼10 days following slow evaporation of the solvent for the
Cu(II) complex, while for the Zn(II) complex, a white
crystalline compound was obtained by slow evaporation of the
solvent in a week’s time. In both cases, products were filtered,
dried, and stored carefully. They were characterized and
used.31,32

2.2.2. Preparation of Solutions of Nucleic Acid Bases and
Calf Thymus DNA for Gamma Irradiation Experiments.
Stock solutions of nucleic acid bases were prepared in triple-
distilled water by accurately weighing each compound so that
the concentration of each was 1 × 10−2 mol/L. Subsequently,
utilizing stock solutions, experimental solutions were prepared,
in which the concentration of a nucleobase was 1 × 10−4 mol/
L while that of Onz or its complexes was 1 × 10−5 mol/L. For
experiments with DNA, its concentration in experimental
solution was 1 × 10−4 mol/L, while that of the additives was 1
× 10−5 mol/L. Prior to irradiation, aqueous solutions of all
samples were saturated with pure Ar by purging a 3 mL
solution in a vial for at least 10 min. Solutions were irradiated
with 60Co γ rays at different time intervals. Dose rate (1.618
kGy/h) was measured using a Fricke dosimeter.

2.2.3. High-Performance Liquid Chromatography: Used
for Analyzing Nucleobases. Following irradiation at different
doses, all solutions containing nucleobases with or without
additives were analyzed by high-performance liquid chroma-
tography (HPLC) using a C18 column supported by a PDA
detector. Components were eluted using 5% methanol in water
as the mobile phase having flow rate 1 mL min−1. From the
area of peaks in each chromatogram, the concentration of a
nucleobase remaining after irradiation either in the absence or
in presence of additives could be ascertained and products
identified. Determination of concentration was possible using
standard plots prepared earlier for each nucleobase.33 In this
manner, radiation-induced damage of each nucleobase either in
the absence or presence of a compound was obtained.

2.2.4. Ethidium Bromide Fluorescence for Monitoring the
Amount of DNA Not Modified. Information on radiation-
induced damage caused to DNA exposed to γ-radiation either
when present alone or with sensitizers (S) was obtained by
treating all irradiated samples with ethidium bromide (EtBr).
Subsequently, fluorescence was recorded. Excitation was done
at 510 nm and emission was recorded over 590−610 nm. The
fluorescence intensity of EtBr-DNA adduct was measured for
each sample from where the amount of calf thymus DNA
remaining was determined.34−36 Enhancement ratio indicates
the extent of damage caused to a target obtained from the ratio
of slopes of linear plots (for solutions containing compounds
to that obtained in the absence of a compound).
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3. RESULTS AND DISCUSSION
3.1. Radiation-Induced Damage of Adenine, Thy-

mine, and Cytosine by Onz and Its Monomeric Cu(II)/
Zn(II) Complexes. Aqueous solutions of nucleobases
(thymine, cytosine, and adenine) that were irradiated with
60Co γ rays in the range 2.8−13.5 Gy, under Ar-saturated
conditions, in the absence or presence of Onz and its Cu(II)/
Zn(II) complexes were subsequently followed by HPLC.
Chromatograms of all nucleobases were recorded. While
thymine eluted between 10.8 and 11.0 min, adenine eluted
between 8.5 and 8.7 min and cytosine at 3.7 min. With a
gradual increase in radiation dose, concentrations of all
nucleobases detected by HPLC decreased. Such a decrease
in concentration with an increase in radiation dose was
different for each nucleobase and was found to depend on the
compound in whose presence irradiation was administered.
For all three nucleobases, decrease was significant when

irradiated in the presence of Cu(Onz)2Cl2 followed by
Zn(Onz)2Cl2 and Ornidazole, where a linear dependence on
dose was observed. Figure 1 shows the HPLC profiles for

degradation of all three nucleobases in the presence of 10 μM
Cu(Onz)2Cl2 at different radiation doses. Figures S1−S3
(Supporting Information) show the HPLC profiles for the
degradation of nucleobases either in the absence of any
compound or in the presence of 10 μM Onz or Zn(Onz)2Cl2,
respectively, at different radiation doses.
In a previous study, with a dimeric Cu(II) complex of

tinidazole, employing a much higher dose than the one usually
employed for such physiological studies, we characterized the
products that were formed from the degradation of thymine
and uracil.33 Since HPLC profiles for the degraded products of
thymine and uracil were saved as method files in our HPLC
program, these were utilized in this study to identify the

products formed following degradation of thymine and
cytosine when irradiated in the absence and presence of
compounds that were used in this study. Results for two
relatively high doses (10.8 and 13.5 Gy) indicate that when
irradiation was provided in the presence of Cu(Onz)2Cl2, 5,6-
dihydroxy-5,6-dihydrothymine (thymine glycol) and 5-hydrox-
ymethyl uracil were identified. In the case of Cu(Onz)2Cl2,
peaks were much more prominent than when Onz or
Zn(Onz)2Cl2 were used as the sensitizers. Peak for the
formation of 5,6-dihydrothymine was however not detected
even when thymine was irradiated in the presence of
Cu(Onz)2Cl2 in the dose range in which our experiments
were performed. Since formation of 5,6-dihydrothymine
depends on the formation of •H and since the G value of
•H at pH ∼ 7.4 is extremely low,37 not much of it, i.e.,
sufficient to be detected by HPLC, was formed. For 5,6-
dihydrothymine to form, a much higher dose would be
required at pH ∼ 7.4, which was not used in this study (but
reported in one of our previous studies where the effort was to
detect all possible degradation products of these nucleo-
bases).33,37 Products were identified from their respective
retention times using authentic samples.33

The pyrimidine-based nucleobase cytosine differs from
uracil at the C1 position of the molecule where an −NH2
group is present instead of −OH (in enol form). Since 5,6-
dihydroxy-5,6-dihydrocytosine (cytosine glycol) is unstable
and known to convert to 5,6-dihydroxy-5,6-dihydrouracil
(uracil glycol) by deamination, we used our existing HPLC
method files on uracil to identify the degradation products of
cytosine.33,38 A peak in the chromatogram appearing at a
retention time close to that of 5,6-dihydroxy-5,6-dihydrouracil
as saved in our earlier method file could be due to either 5,6-
dihydroxy-5,6-dihydrocytosine or 5,6-dihydroxy-5,6-dihydrour-
acil (i.e., if it had in the time frame between irradiation of
cytosine and performance of HPLC, converted either
completely or partially from 5,6-dihydroxy-5,6-dihydrocyto-
sine).33,38 It is known that 5,6-dihydroxy-5,6-dihydrocytosine
by dehydration converts to 5-hydroxycytosine or by deami-
nation and dehydration to 5-hydroxyuracil.38 Therefore, our
uracil method file, created for detecting uracil derivatives,
helped us realize an initial formation of 5,6-dihydroxy-5,6-
dihydrocytosine that subsequently converts into several uracil
derivatives, as mentioned above.33 These observations suggest
that pyrimidine-based nucleobases experience an initial free-
radical attack by the products of radiolysis of water (H•, OH•,
and eaq

−) on the C5−C6 double bond that subsequently yield
different products.33,37

Figures S2 and S3 (Supporting Information) show
degradation of nucleobases obtained in an Ar-saturated
medium, in the presence of either Onz or Zn(Onz)2Cl2.
They suggest that damage caused to nucleobases is not much
in the presence of Onz and that it increased only slightly when
Zn(Onz)2Cl2 was used. Studies clearly reveal that it is
maximum for Cu(Onz)2Cl2. Under Ar-saturated conditions,
•OH and eaq

− are produced in almost equal amounts unlike in
N2O-saturated medium where eaq

− converts into •OH.37,39

Therefore, reactions responsible for the damage of nucleobases
are initiated by both •OH and eaq

−.
For a purine-based nucleobase adenine, HPLC chromato-

grams did not show any new peak within the retention time of
15 min. A decrease in the peak for adenine was significant for
radiation provided in the presence of Cu(Onz)2Cl2 in Ar-
saturated medium, while it was almost the same in the

Figure 1. HPLC chromatograms at 254 nm for 10−4 M (A) adenine,
(B) thymine, and (C) cytosine solutions irradiated at the mentioned
dose; 0 indicates the sample was not irradiated; 2.7 Gy (1), 5.4 Gy
(2), 8.1 Gy (3), 10.8 Gy (4), and 13.5 Gy (5) indicate irradiated dose
in an Ar-saturated medium in the presence of 10−5 M Cu(Onz)2Cl2.
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presence of Onz and Zn(Onz)2Cl2. Concentrations of
nucleobases remaining were plotted against radiation dose
(Figure 2). Plots indicate that radiation-induced damage of
nucleobases was maximum when irradiated in the presence of
Cu(Onz)2Cl2; much greater than when irradiated in the
presence of either Onz or Zn(Onz)2Cl2. While for adenine,
radiation-induced damage was comparable when irradiated in
presence of Onz and Zn(Onz)2Cl2, in case of thymine,
radiation-induced damage was better with Onz than with
Zn(Onz)2Cl2 (Figure 2, Table 1).
For cytosine, no enhancement in radiation-induced damage

was seen in the presence of Onz (damage being similar to that
with no additive). Radiation-induced damage in the presence
of Zn(Onz)2Cl2 was significantly less than that obtained in the
presence of Cu(Onz)2Cl2. The study suggests while Cu-
(Onz)2Cl2 was most effective in causing radiation-induced
damage of a nucleobase, Onz and Zn(Onz)2Cl2 were either
similar in performance (as in the case of adenine) or one was

slightly better than the other and vice versa (cytosine and
thymine).
A comparison and/or prediction of selectivity toward A−T

or G−C due to the compounds particularly for that due to
Cu(Onz)2Cl2 could have been made as a part of this study had
we been able to perform experiments with guanine. However,
this was not possible owing to the poor solubility of guanine in
aqueous solution (pH ∼ 7.4) containing 120 mM NaCl, 35
mM KCl, and 15 mM MgCl2. We tried performing
experiments with guanine, but as mentioned above, owing to
poor solubility, the results were erratic. Besides, we observed
an interaction between guanine and Cu(Onz)2Cl2 that
prevented us from getting a clear idea of the radiation-induced
damage of guanine from HPLC chromatograms. Although
such interaction was not evident to the naked eye when the
concentration of guanine was 10−4 M and that of Cu(Onz)2Cl2
10−5 M but for slightly higher concentrations of guanine (10−3

M) and Cu(Onz)2Cl2 (10
−4 M), the solution became faintly

Figure 2. Amount of each nucleic acid base remaining on being subjected to γ-irradiation from a 60Co source in the absence (•) and presence of
Onz (blue circle solid), [Cu(Onz)2Cl2] (pink circle solid), and [Zn(Onz)2Cl2] (red circle solid) under Ar-saturated conditions against radiation
dose.

Table 1. G (values) Following Damage of Nucleic Acid Bases in Units of Molecules/100 eV and the Corresponding
Enhancement Ratio for Base Damage by the Compounds

target nucleic acid bases

adenine thymine cytosine

compound (% loss Gy−1) G (−A) ER (% loss Gy−1) G (−T) ER (% loss Gy−1) G (−T) ER

−0.131 1.26 −0.184 1.78 −0.139 1.34
Onz −0.277 2.67 2.12 −0.384 3.71 2.08 −0.137 1.32 0.99
[Cu(Onz)2Cl2] −0.471 4.55 3.61 −0.476 4.59 2.58 −0.552 5.33 3.98
[Zn(Onz)2Cl2] −0.266 2.57 2.04 −0.228 2.20 1.24 −0.274 2.64 1.97

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c02811
ACS Omega 2020, 5, 25668−25676

25671



turbid, suggesting an association between the two. This was
checked several times and confirmed by HPLC of an aqueous
solution of 1 × 10−3 M guanine containing 1 × 10−4 M
Cu(Onz)2Cl2. The solution containing guanine and Cu-
(Onz)2Cl2 showed an elution for guanine that was completely
different from that obtained when guanine was present alone,
indicating an association between the two (Figure S4,
Supporting Information). This did not happen for any other
nucleobase and Cu(Onz)2Cl2. Since such an association of
guanine with Cu(Onz)2Cl2 was identified, it became clear to us
that the monitoring of guanine for radiation-induced damage
by HPLC would not give us a correct picture. Therefore, for
reasons related to solubility and the fact that there is an
association or adduct formation between guanine and
Cu(Onz)2Cl2, we refrained from making any statement on
the selectivity of the compounds toward a particular
nucleobase pair, realizing, however, this could have been an
important outcome of the work. At the same time, the above
discussion also makes it very clear that Cu(Onz)2Cl2 might
target guanine as it is seen to interact with it. So, although we
could not monitor a radiation-induced damage of guanine,
Cu(Onz)2Cl2 is likely to be very effective on this nucleobase as
well. Therefore, not only does Cu(Onz)2Cl2 act as an effective
radio-sensitizer, but it can also act as a hypoxic cytotoxin,
leading to the modification of DNA at a site where guanine is
present. Radiation chemical yield, i.e., G (value) of each
nucleobase, was determined from the slopes of the

corresponding linear plots (Figure 2), and these are shown
in Table 1.
It is now known from previous reports among different

radicals formed during the radiolysis of water, •OH is highly
effective in causing radiation-induced damage to the
nucleobases or to DNA.40−42 Since in Ar-saturated medium,
G values for eaq

− and •OH are similar,39 they show equal
probability for chemical reactions following their generation.
•OH reacts with a nucleobase (B) generating nucleobase
radicals (•BOH), which upon interaction with a sensitizer (S)
form +BOH (Figures 3 and S5, Supporting Information).43

Such nucleobase cations are then acted upon by molecules of
water-forming glycols (Figures 3 and S5, Supporting
Information). Similar reactions occur with •H (Figures 3 and
S5, Supporting Information). When reactions are initiated by
eaq

−, there could either be a reduction at a nucleobase (Figures
3 and S5, Supporting Information) or a sensitizer (S) present
in the system could be reduced.35,36,40−43 Subsequently, the
reduced sensitizer (S•−, in this case, the nitro radical anion)
reacts with a nucleobase (B) to form a modified nucleobase
that is shown in Figure 3 considering thymine and in Figure
S5, Supporting Information, considering cytosine.40−43

In the dose range applied for this study, all products that are
supposed to form for the radiation-induced damage of
thymine, as reported by Cadet et al.,44 were not obtained. In
fact, we also, in a previous work,33 reported more products
than we identified here. However, in that work, we had

Figure 3. Schematic representation of the possible reactions that might occur during the radiation-induced damage of thymine. S indicates any
sensitizer molecule, and S•− indicates the corresponding radical anion formed from S.
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intentionally used very high dose radiation to identify all
possible products that may be formed to have a clear idea of
the mechanistic pathway.24,44 In this study, since we wanted to
be more close to a real-life situation, a much smaller dose
relevant to biological systems was used. As a result, we did not
get all possible degradation products of a nucleic acid base, or
even if we got, they were formed in such small amounts that
their detection was not possible.
For 5-nitroimidazoles, the formation of RNO2

•− is extremely
crucial. Previous studies show that upon complex formation
with metal ions, 5-nitroimidazoles show a decreased tendency
to generate RNO2

•−.27,28,32 Given this fact, Onz should have
been more effective in modifying the nucleobases used than
the complexes. However, this study clearly showed that
Cu(Onz)2Cl2 was the most effective. Earlier, we demonstrated
that formation of RNO2

•− on Onz and Cu(Onz)2Cl2 in an
electrochemical pathway was responsible for modification of
nucleobases and calf thymus DNA under anaerobic (Ar-
saturated) conditions, indicating the importance of RNO2

•− in
causing damage to a nucleobase.31,45 Since radiation-induced
chemical reactions also generate RNO2

•−, one can expect that
besides radiation-induced base damage by •OH in solution, a
substantial part of the damage could be due to RNO2

•−,
making such compounds effective hypoxic cytotoxins as well,
and that it could be used on hypoxic tumors. Table 1
summarizes the results of radiation-induced base damage on
the three nucleobases used as targets.
Our study using the three nucleobases sets the stage for a

realization of the potential sites for base damage in DNA,
suggesting all possible ways by which a nucleobase may be
transformed following irradiation in the presence of our
compounds (sensitizers) and the impact it might have on the
destruction of a macromolecule like DNA.
3.2. Radiation-Induced Damage of Calf Thymus DNA.

Ethidium bromide (EtBr) bound to double-stranded DNA
shows strong emission in the region from 590 to 610 nm
following an excitation at 510 nm. Aqueous solutions of calf
thymus DNA at physiological pH (∼7.4) containing 120 mM
NaCl, 35 mM KCl, and 15 mM MgCl2 were exposed to
gamma radiation from a 60Co source at different doses.
Following irradiation, they were treated with a definite
concentration of EtBr and fluorescence was recorded (Figure
4). A gradual decrease in fluorescence intensity with an
increase in radiation dose indicates radiation-induced double-
strand modification in DNA. Percentage double-stranded DNA
remaining at each radiation dose was calculated using eq 1.

F F F F% DNA ( )/( ) 100S E 0 E= − − × (1)

where F0 and FS are fluorescence intensities of the DNA-
EtBr adduct with and without radiation, respectively, at a
particular dose. FE is the fluorescence intensity of EtBr alone.
Percentage DNA remaining after irradiation showed a linear

dependence with radiation dose (Figure 5). Radiation-induced
DNA damage was enhanced in the presence of Onz and its
complexes, Cu(Onz)2Cl2 and Zn(Onz)2Cl2 (Table 2). While
enhancement ratio in the presence of Onz was 1.67, it was
substantially higher in the presence of Zn(Onz)2Cl2 (ER =
2.72) and still higher for Cu(Onz)2Cl2 (ER = 3.76), indicating
that radiation-induced damage of calf thymus DNA clearly
keeps Cu(Onz)2Cl2 ahead of other compounds (Table 2).
With Cu(Onz)2Cl2 being so much more effective in model

studies on nucleobases and on calf thymus DNA, it is highly
likely that its chances to show a reasonably good performance

on cancer cell lines (hypoxic regions) should be high
supported by an inherent affinity of Cu(II) for cancer cells
that result in increased cellular uptake of Cu(II) complexes by
such cells.46−50

Another reason why a Cu(II) complex performs better is its
ability to accept electrons either at the nitro group of Onz in
the complex or at the metal center. Electron accepted from a
radical is then effectively delocalized over Cu(Onz)2Cl2.
Hence, base damage in presence of the Cu(II) complex is
likely to increase according to eq 2.35,36

BOH Cu (Onz) Cl BOH Cu (Onz) ClII
2 2

I
2 2+ → + +•

(2)

Figure 4. Decrease in fluorescence intensity of the DNA-EtBr adduct
at 596 nm (λex = 510 nm) following irradiation of DNA in the
presence of Cu(Onz)2Cl2 at (a) no dose, (b) 4.05 Gy, (c) 6.74 Gy,
(d) 9.44 Gy, (e) 12.14 Gy, and (f) 14.83 Gy. Spectrum (g) is that of
free EtBr.

Figure 5. Degradation curves showing modification of calf thymus
DNA in the absence (●) and presence of Onz (blue circle solid), its
Cu(II) complex (pink circle solid), and its Zn(II) complex (red circle
solid).

Table 2. γ-Radiation-Induced Modification of Calf Thymus
DNA by Compounds

calf thymus DNA

compound % loss Gy−1 ER

−0.810
Onz −1.353 1.67
Zn(Onz)2Cl2 −2.207 2.72
Cu(Onz)2Cl2 −3.046 3.76
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Subsequently, CuI(Onz)2Cl2 reacts with H2O2 present in the
system (following radiolysis of water)35,36 to regenerate
CuII(Onz)2Cl2 and release more •OH (eq 3).35,36,51−53

Cu (Onz) Cl H O Cu (Onz) Cl OH OHI
2 2 2 2

II
2 2+ → + +• −

(3)

It has also been reported that •OH is not the unique reactive
species or the oxidative process that is induced by reaction of
copper ions with H2O2. Evidence suggests the generation of
singlet oxygen (1O2) by Cu(II)-H2O2 while Cu(I)-H2O2 is
shown to degrade guanine by one-electron oxidation.54−56

Since copper complexes also show strong tendencies to bind to
DNA,57 and are regenerated in solution as shown above with a
simultaneous formation of •OH, this equips them to perform
better than one would normally expect. Now if complexes are
DNA-bound, •OH in eq 3 would be present in the immediate
vicinity of the binding site of DNA, capable of inflicting site-
specific base damage (as described for guanine).42−44 While
some researchers suggest the formation of discrete •OH in the
vicinity of a reaction site,51,57 such formation is sometimes
questioned by others who instead say a species closely
resembling •OH coordinated to CuII and/or CuIII coordinated
to •OH is formed that react in a manner similar to •OH.58

Whether a discrete •OH or a CuII-bound OH is formed in
solution, it eventually reacts with a base on either strand of
DNA at the site of •OH generation. As a consequence, it is
only likely that radiation-induced damage of DNA due to
CuII(Onz)2Cl2 would be enhanced by an extent not normal for
other compounds, being a reason why the observed damage is
higher than when Onz or Zn(Onz)2Cl2 is used. Hence, if
Cu(Onz)2Cl2 is successful in getting inside a target cell, it
should perform as predicted in this study.47−50 Although this
study does not include a performance by the compounds on a
cancer cell line, in an earlier report for a dimeric Cu(II)
complex of tinidazole, we showed that findings on model
systems were actually holding good on MCF 7 breast cancer
cells.33 Therefore, logically, Cu(Onz)2Cl2 should be no
different.

4. CONCLUSIONS
Through this study, an attempt was made to see if monomeric
complexes of Cu(II) and Zn(II) with Ornidazole show
properties of effective radio-sensitizers over and above that
reported for Ornidazole and other 5-nitroimidazoles. The
study revealed that efficacy of Cu(Onz)2Cl2 was much better
than Onz and Zn(Onz)2Cl2. When tried on the three
nucleobases (cytosine, thymine, and adenine), radiation-
induced enhancement was comparable for adenine and
thymine in the presence of Onz while that on cytosine was
not effective. Zn(Onz)2Cl2 showed comparable activity on
adenine and cytosine while it was less active on thymine. All
three nucleobases underwent maximum radiation-induced
modification in the presence of Cu(Onz)2Cl2, adenine and
cytosine being comparable. Cu(Onz)2Cl2 clearly showed its
superiority in enhancing radiation-induced base damage for a
number of reasons that were also seen in studies with calf
thymus DNA. This study is important since complexes are
likely to show less toxic side effects (neurotoxicity) owing to
decreased formation of RNO2

•−. RNO2
•− that is essential for

radio-sensitization of such compounds may also act as an
efficient hypoxic cytotoxin. To conclude, we can say,
Cu(Onz)2Cl2 in particular is able to strike a balance between
efficacy and toxic side effects and that it would not be wrong to

say that with decreased RNO2
•−, complexes are likely to be less

neurotoxic, therefore increasing its application as a drug.
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(57) Prütz, W. A. Inhibition of DNA-ethidium bromide intercalation
due to free radical attack upon DNA, II. Copper(II)-catalysed DNA
damage by O2·−. Radiat. Environ. Biophys. 1984, 23, 7−18.
(58) Johnson, G. R. A.; Nazhat, N. B. Kinetics and mechanism of the
reaction of the bis(1,10-phenanthroline) copper(I) ion with hydrogen
peroxide in aqueous solution. J. Am. Chem. Soc. 1987, 109, 1990−
1994.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c02811
ACS Omega 2020, 5, 25668−25676

25676



 



In Situ Reactivity of Electrochemically Generated Nitro Radical
Anion on Tinidazole and Its Monomeric and Dimeric CuII Complexes
on Model Biological Targets with Relative Manifestation of
Preventing Bacterial Biofilm Formation
Promita Nandy, Ramesh C. Santra, Dibyajit Lahiri, Moupriya Nag, and Saurabh Das*

Cite This: ACS Omega 2022, 7, 8268−8280 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Formation of nitro radical anion (−NO2
•−) and other reduction

products of 5-nitroimidazoles, although important for antimicrobial activity,
makes the drugs neurotoxic. Hence, an appropriate generation and their role in
the free radical pathway needs proper realization. This was attempted by studying
the action of tinidazole and its CuII complexes on model targets (nucleic acid
bases and calf thymus DNA). Results obtained were correlated with studies on
biological species where prevention of biofilm formation on Staphylococcus aureus
and Pseudomonas aeruginosa was followed. Tinidazole and its CuII complexes
subjected to electrochemical reduction in aqueous solution, under de-aerated
conditions, interact with model nucleic acid bases and calf thymus DNA. These
model targets were followed to realize what happens when such compounds
undergo enzymatic reduction within cells of microorganisms that they eventually
kill. Studies reveal that CuII complexes were better in modifying nucleic acid bases
and calf thymus DNA than tinidazole; damage caused to nucleic acid bases was
correlated with that caused to DNA, indicating that compounds affect DNA rich in thymine and adenine. Minimum bactericidal
concentrations on sessile S. aureus and P. aeruginosa for the monomeric CuII complex were 12.5 and 20.25 μM respectively, while
those for the dimeric complex were 40.0 and 45.0 μM, respectively. Biofilm formation by P. aeruginosa and S. aureus and viability
count of sessile cells were also determined. CuII complexes of tinidazole brought about substantial reduction in carbohydrate and
protein content in S. aureus and P. aeruginosa. Downregulation of quorum sensing signaling mechanism viz. reduced production of
pyocyanin and elastase during biofilm formation was also detected. CuII complexes showed much higher tendency to prevent biofilm
formation than tinidazole, almost comparable to amoxicillin, an established drug in this regard.

■ INTRODUCTION

5-Nitroimidazoles are important molecules for pharmaceutical
applications and are found in different formulations.1−5 They
address a wide spectrum of medical issues ranging from
infections caused by different microbes to being used as
anticancer agents in radiotherapy.1−8 Although metronidazole
is the most used, issues like drug resistance and neurotoxicity
have resulted in a search for compounds having comparable
efficacy but with significantly less adverse effects.1−3,5−10

Tinidazole (tnz) is a compound that nicely fits this
requirement, although conflicting reports on its efficacy and
adverse effects do exist.11−14 Since its antimicrobial activity was
first reported, tnz showed a steady increase in acceptability as a
drug.15−18 However, as is true for all 5-nitroimidazoles, its
efficacy is accompanied by toxic side effects, which although
quoted to be less than metronidazole, do exist.11−18 The
problem with this family of drugs is that, the nitro-radical
anion, RNO2

•− (where R represents the portion other than the
nitro group) is responsible both for efficacy and toxic side

effects.11−18 Hence, an approach that enables controlling the
generation of RNO2

•− is an extremely relevant issue.19−21

Within biological systems, 5-nitroimidazoles are first reduced
by enzymes pyruvate ferredoxin oxidoreductase9,22,23 that
prepares them for entry into the cells of the target organism.
Thereafter, the nitro-radical anion imparts its drug action.
Although related literature mentions RNO2

•− to be
responsible for drug action, very few studies have gone into
details of such claims that would help us realize their
contribution toward cytotoxic action. Research has revealed
that complex formation of 5-nitroimidazoles modulate the
generation of RNO2

•− that might then be expected to decrease
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toxic side effects.20,21 Because RNO2
•− is important for drug

efficacy, its decrease, following complex formation, should
logically affect drug action. However, we found from several
previous studies that complex formation did not interfere with
drug efficacy. In fact, most complexes were either similar in
performance on a chosen microbial target when compared with
5-nitroimidazole, from which the complex was prepared, or
that the complex performs better.20,21,24,25 Because complexes
result in a decrease in RNO2

•− and yet there is no loss in
efficacy, this suggests they have other attributes20,21,24,25 that
enable them to overcome any deficiency that might occur in
the free radical pathway.
Through this study, we tried to look at aspects related to

cytotoxicity that are either initiated by RNO2
•− or other

reduction products formed on the monomeric and dimeric
complexes of CuII with tnz (Figure 1) on nucleic acid bases
and calf thymus DNA to correlate what might happen when
such compounds are enzymatically reduced in biological
systems, generating species having the potential to kill
disease-causing microbes.9,20−25

Reduction products of each compound was generated
electrochemically maintaining a glassy carbon electrode at its
cathodic peak potential using a method described earlier.26,27

In the immediate vicinity of electrochemically generated
reduction products, nucleic acid bases or calf thymus DNA
were maintained, one at a time so that reduced products react
instantaneously. Although the reaction on a model target under
laboratory conditions can never be identical with what happens
inside cells, it can however shed some light on such processes
because similar species were generated enzymatically within
cells following the transfer of electron(s) to 5-nitroimidazoles
by electron-donating groups present within cells.9,22,23,28 In
situ reactivity of reduction products with nucleic acid bases or
calf thymus DNA were subsequently analyzed to realize
changes brought about on a target maintained in the
immediate vicinity of such generation. To check for a
correlation between model studies and the potency of the
monomeric and dimeric complexes to inhibit biofilm
formation, detailed studies were performed on Pseudomonas
aeruginosa and Staphylococcus aureus.
Most bacterial species possess an ability to live in complex

sessile communities called biofilm under environmentally
stressed conditions. Such sessile micro-colonies remain
embedded within self-secreted extracellular polymeric sub-
stances (EPSs) and are responsible for the development of
major types of nosocomial infections following biofilm

Figure 1. Structure of tnz and its monomeric and dimeric CuII complexes.

Figure 2. Cyclic voltammograms of 100 μM (A) tnz, (B) its monomeric Cu(II) complex, and (C) its dimeric Cu(II) complex showing a single-step
four electron reduction of the nitro group in aqueous solution using a glassy carbon electrode; [NaCl] = 120 mM; scan rate = 0.025 V/s; Ag/AgCl,
satd. KCl was used as the reference electrode; and temperature = 303 K.
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formation.29,30 Biofilms are highly resistant both to specific
(adaptive) and nonspecific (innate) host defense mechanisms.
The development of EPS and subsequent slower diffusion of
antimicrobials through the biofilm matrix reduced the rate of
metabolism, and so forth, and make bacterial cells less
susceptible to phagocytic activities of macrophages and more
resistant to antibiotics.31,32 Such enhancement of resistance
resulted in a search for alternate therapies for treating biofilm-
associated chronic infections caused by P. aeruginosa and S.
aureus.33,34 Through this work, we aim to show the potent
efficacy of monomeric and dimeric complexes of Cu(II) with
tnz (Figure 1) in removing persistent microbial cells of P.
aeruginosa and S. aureus.

■ RESULTS

In Situ Reactivity of Electrochemically Generated
Reduction Products. Figure 2 shows voltammograms for tnz,
monomeric [Cu(tnz)2Cl2], and dimeric [Cu2

II(OAc)4(tnz)2]
complexes when each was subjected to cyclic voltammetry in
an aqueous solution. From the voltammograms, reduction peak
potentials of tnz, [Cu(tnz)2Cl2], and [Cu2

II(OAc)4(tnz)2]
were identified at −0.745, −0.700, and −0.710 V, respectively.
It may be mentioned here that for 5-nitroimidazoles in

aqueous solution, reduction to the nitro-radical anion is not
identified separately; instead, there is a single-step four electron
reduction (eq 1).35,36

+ + → ++RNO 4e 4H RNHOH H O2 2 (1)

Identification of the potential for the reduction of each
compound is important for the study to be undertaken because
each compound would have to be reduced to generate suitable
reduced species that might interact with a target. Therefore,
when in the immediate vicinity of any of the compounds,
subjected to electrochemical reduction at a constant potential,
nucleic acid bases or calf thymus DNA were maintained, and
reduced products would have a high probability to interact
with them. Outcome of such interactions was ascertained for
nucleic acid bases using HPLC (high-performance liquid
chromatography) and for DNA using the ethidium bromide
fluorescence technique.26,27,37

Interaction of Electrochemically Generated Reduc-
tion Products with Nucleic Acid Bases. Various electro-
chemically reduced species generated in aqueous solution for a
compound, following maintenance of a glassy carbon electrode
at its cathodic peak potential, for different periods of time,

Figure 3. HPLC chromatograms of 10−3 M (A) thymine, (B) cytosine, and (C) adenine solutions recorded at 254 nm following them being kept in
the immediate vicinity of electrochemically reduced 10−4 M Cu2

II(OAc)4(tnz)2.

Figure 4. Damage of nucleic acid bases was monitored using HPLC at 254 nm following an electrochemical reduction of compounds in whose
immediate vicinity nucleic acid bases were maintained. Respective reduction potentials were −0.745 V for tnz, −0.700 V for the monomeric Cu(II)
complex, and −0.710 V for the dimeric Cu(II) complex. Electrochemical reduction was carried out under argon saturated conditions. (Black •)
indicates control experiments when a nucleic acid base was subjected to reduction in the absence of any compound; (red •) in presence of tnz;
(brown •) in presence of the monomeric complex; and (green •) in presence of the dimeric complex. [thymine] = [cytosine] = [adenine] = 1 ×
10−3 mol dm−3; [tnz] = [monomeric Cu(II)−tnz] = [dimeric Cu(II)−tnz] = 1 × 10−4 mol dm−3.
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indicate that it leads to a gradual degradation of nucleic acid
bases (Figure 3).
Responses for nucleic acid bases shown in Figure 3 is based

on their individual elution peaks under a specific solvent
composition eluting them, which was considered as the
standard HPLC chromatogram for that nucleic acid base
(Figure S1, Supporting Information). Based on elution peaks
of individual compounds, degradation plots were quantified
(Figure 4). Such standard curves enabled determination of the
concentration of nucleic acid bases in the performed
experiments. The amount of a nucleic acid base remaining
following interaction with reduced species was realized by
collecting aliquots from the reaction vessel at different time
intervals and evaluating them based on Figure S1, Supporting
Information. Figure 4 shows the degradation of nucleic acid
bases followed by HPLC at 254 nm after they were allowed to
interact with reduced products obtained from tnz and its
monomeric and dimeric complexes.37

We wanted to generate the data for guanine also because
guanine is easily damaged by various radical species. However,
owing to issues concerning its solubility in aqueous solution

which despite our best efforts, we had to refrain from going
ahead with it. The results we got with guanine were erratic and
inconsistent. Hence, we decided to discuss the data obtained
for thymine, cytosine, and adenine only. However, if the
damage on guanine could be shown, we would have been in a
better position to explain the targeting of 5-nitroimidazoles
and their metal complexes based on nucleotide content of
DNA of the target organism which could then provide a good
correlation between an actual drug action reported and this
study (Table S1, Supporting Information). Although without
guanine this may still be realized, a data for guanine would
have made it more convincing.

Interaction of Electrochemically Generated Reduc-
tion Products with Calf Thymus DNA. A similar study as
the one described above was performed maintaining calf
thymus DNA in the immediate vicinity of electrochemically
generated reduced species in aqueous solution at pH 7.4 using
the same glassy carbon electrode maintained at the identified
reduction potential of the compound. In experiments with calf
thymus DNA, we subjected the system to slightly longer times
than was used for electrochemical reduction of the compounds

Figure 5. Decrease in fluorescence intensity of the DNA-EtBr adduct recorded at 600 nm (λex = 510 nm) following the interaction with
electrochemically generated reduced species in (A) absence of any compound, (B) presence of tnz, (c) presence of Cu(tnz)2Cl2, and (D) presence
of Cu2(OAc)4(tnz)2 at different time intervals of (i) 0 min, (ii) 5 min, (iv) 10 min, (v) 15 min, and (vi) 20 min. Spectrum (f) in each plot is that of
free EtBr.
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to reduced species in case of nucleic acid bases, so that reduced
products were produced in greater quantity and there occured
a detectable change in DNA, monitored by the fluorescence
technique using EtBr.38−42

Figure 5 depicts plots showing fluorescence of calf thymus
DNA with EtBr, after it was allowed to interact with reduced
products generated electrochemically on each compound, in
whose vicinity calf thymus DNA was maintained. In each
experiment, mixtures of DNA and EtBr were excited at 510 nm
and emission was measured at 600 nm.
Modification of calf thymus DNA was realized by plotting

percentage of DNA remaining intact against time provided for
the generation of electrochemically reduced species on each
compound following maintenance of a glassy carbon electrode
at the predetermined reduction potential of a compound in an
aqueous solution at pH 7.4 (Figure 6). Both Figure 6 and

Table 2 indicate the damage caused to calf thymus DNA in the
presence of the compounds used in the study. Considering I0
as the intensity of fluorescence of pure DNA treated with EtBr,
IEtBr as intensity of fluorescence for EtBr itself, and Iexpt as the

intensity of fluorescence of a DNA sample subjected to
conditions of the experiment and then treated with EtBr, the
fraction of DNA remaining intact is obtained from

=
−

−
I I

I I
fraction of DNA remaining

( )

( )
expt. EtBr

0 EtBr

Inhibitory Action of Complexes on Biofilm Forma-
tion. Determination of Minimum Bactericidal Concentra-
tion. The monomeric CuII complex showed the inhibition of
biofilm formation for S. aureus and P. aeruginosa at
concentrations of 12.5 and 20.25 μM, respectively, while that
for the dimeric complex was 40 and 45 μM, respectively,
suggesting that the monomeric complex showed better efficacy
against biofilm formation by cells of P. aeruginosa and S. aureus.
The minimum bactericidal concentrations of tnz for S. aureus
and P. aeruginosa were 50 and 59.25 μM, respectively.
Although tnz is an established antibacterial drug,43,44 very
few literature show its antibiofilm properties.45,46

Inhibition of Biofilm Formed by P. aeruginosa and S.
aureus. The monomeric complex of CuII inhibited biofilm
formation due to P. aeruginosa by 88.52 ± 3.45%, whereas the
dimeric complex could decrease it by 76.95 ± 2.29%
(amoxicillin reduces biofilm formation by 62.12 ± 2.25%).
For S. aureus decrease in biofilm formation due to the
monomeric complex was by 92.16 ± 4.87%, while for the
dimeric complex, it was 81.25 ± 3.55 (amoxicillin decreases it
by 72.56 ± 1.29) (monomer p < 0.01, dimer p < 0.05) (Figure
7).

Disintegration of Structural Component of EPS. EPS
matrix of a biofilm comprises a rich supply of nutrients in
addition to lipid molecules, nucleic acids, proteins, extracellular
DNA, quorum sensing (QS) signaling molecules and water.
Hence, removal of biofilm involves strategies that target the
EPS matrix leading to its disintegration via a decrease in the
synthesis of biomolecules.
The monomeric complex inhibited carbohydrate content

within the EPS of the biofilm formed due to P. aeruginosa by
75.26 ± 5.8%, the dimeric complex by 71.23 ± 3.55% and
amoxicillin by 61.78 ± 2.47%. In case of S. aureus for the
monomeric complex, the decrease was by 80.29 ± 5.8%, for the
dimeric complex, by 75.89 ± 4.7% and for amoxicillin, by
69.56 ± 3.25% (p < 0.01). It was further observed that the

Figure 6. Degradation curves show modification of calf thymus DNA
in the absence and presence of either tnz or (▲) its monomeric (■),
dimeric (●) Cu(II) complexes; [tnz] = [Cu(tnz)2Cl2] =
[Cu2(OAc)4(tnz)2] = 1 × 10−4 mol dm−3. (▼) indicates modification
of calf thymus DNA in the absence of any compound when subjected
to a constant potential of −0.700 V for the same duration of time.

Figure 7. Maximum inhibition of biofilm formation due to P. aeruginosa and S. aureus was due to the monomeric complex (p < 0.01).
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monomeric complex was able to maximally reduce the protein
content of EPS of P. aeruginosa and S. aureus by 75.26 ± 5.8
and 80.29 ± 5.8%, respectively (p < 0.01), which was even
higher than that achieved with the standard antibiotic
amoxicillin (Figure 8).
Downregulation of the QS Pathway during Biofilm

Formation. Antimicrobial potential of monomeric and
dimeric complexes of CuII with tnz identifies them as
important therapeutic agents. It was earlier observed that the
monomeric complex plays a key role in controlling infections
caused by microbes.21 P. aeruginosa is known to have many
virulence genes viz LasI/Rhl that are activated during the QS
network leading to the expression of virulence factors such as
elastase, rhamnolipid, and pyocyanin.47 The amount of las A
protease and las B elastase was monitored with or without CuII

complexes (Figure 9). We observed that las-regulated virulence
genes las A and las B were significantly downregulated to 82.4
± 4.25% in the presence of the monomeric complex (Figure 8
A,B) as compared to the dimeric one or even in comparison to
amoxicillin suggesting that the monomeric complex has the
ability to block the synthesis of signaling molecules responsible

for regulating biofilm formation by inhibiting LasI/Rhl I
synthase.48 A lack of production of virulence factor pyocyanin
after treatment of P. aeruginosa with both complexes was
observed with a maximum reduction of 86.34 ± 7.25% in the
presence of the monomeric complex. Thus experimental
results show that the monomeric complex was able to bring
about inhibition of QS maximally in P. aeruginosa.

■ DISCUSSION
Maintenance of a glassy carbon electrode at the cathodic peak
potential of a compound, in aqueous solution, is evidenced to
bring about a “single-step four electron reduction” of 5-
nitroimidazoles. As a result, species are expected to be
sequentially generated within a small time scale. Hence, the
damage caused to a target, that is, to nucleic acid bases or to
calf thymus DNA, maintained in the immediate vicinity of the
generation of reduced species may not be exclusively due to a
particular species. While RNO2

•− could have a substantial role,
other reduction products formed during the electrochemical
reduction of the compounds would also generate species that
could modify targets. Because formation of RNO2

•− is the first

Figure 8. Reduction in carbohydrate (A) and protein (B) present within the EPS.

Figure 9. Inhibition of the QS signaling mechanism during biofilm formation.
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step of the reduction process and being a radical, it is likely to
have a high probability to interact with a target before being
reduced to its next state. If the rate of interaction of RNO2

•−

either with a nucleic acid base or with calf thymus DNA is
higher than its tendency to be reduced further, interaction with
RNO2

•− would be predominant. Hence, while other reduction
products of a complex or of tnz could well be involved in a
modification of the target, RNO2

•− might have a substantial
contribution to the damage detected (Scheme 1, shown with
respect to thymine).27,35 This study was actually performed to
realize how different reduction products generated electro-
chemically either on tnz or on its complexes with Cu(II)
interact with nucleic acid bases and with DNA to realize what
would happen when they are present within cells and undergo
enzymatic reduction. For several decades now, the reduction of
nitroimidazoles is considered very crucial for cytotoxic action
for which they are much sought after.1−3,5−14

Again, considering the variety of species that are formed in
solution, there is a good possibility for the formation of
RNO2

•− either directly or through comproportionation, when
an −NO2 containing moiety (either on tnz or on a complex)
interacts with another molecule that contains, say,
−NHOH.19,35,36,49,50 The possibility of disproportionation of
RNO2

•−, known to depend on pH, on the solvent and also on
the material of the electrode also exist.19,35,36,49,50 Hence,

depending on different reduction products, that in turn
depends on whether they were generated on tnz present
alone or on tnz present as part of a complex, substrates
(nucleic acid bases or calf thymus DNA) interacting with
RNO2

•− become a high possibility. If the rate of depletion of
RNO2

•− in solution either due to disproportionation or in
some other pathway is less, there is a good possibility of it
interacting with a target maintained in its immediate vicinity.
If, however, it is otherwise, then the interaction due to RNO2

•−

would not be dominant, that is, it would not be the major
cause of transformations either on nucleic acid bases or on calf
thymus DNA. However, given the experimental design,
although disproportionation is a possibility, it would only
occur if the concentration of the species formed in solution are
higher than that in our experiments. Under the conditions of
the experiment, concentrations of electrochemically reduced
species formed on tnz or its complexes would never be very
high in solution; in fact, immediately after their generation,
they would see more of the nucleic acid bases than one of its
own kind (target/compound: 10:1); hence, the scope of
disproportionation of RNO2

•− would be small.19,35,36,49,50

Although explained qualitatively, RNO2
•− could eventually

become an important species among other reduced products
generated either on free tnz or on tnz present as part of a CuII

complex that might interact with a target.

Scheme 1. Probable Mechanism for the Interaction of the Nitro-Radical Anion with Thymine

Table 1. Enhancement Ratio for the Damage Caused to Thymine Following the Reduction of tnz and Its Cu(II) Complexes at
Respective Reduction Potentials in Aqueous Solution

sensitizer
loss of thymine from

slope of degradation plot

enhancement
ratio (for
thymine)

loss of cytosine from
slope of degradation plot

enhancement
ratio (for
cytosine)

loss of adenine from
slope of degradation plot

enhancement
ratio (for
adenine)

0.73 0.51 0.61
tnz 0.86 1.18 0.54 1.06 0.67 1.10
Cu−tnzmonomer 1.43 1.96 0.65 1.27 2.11 3.46
Cu−tnzdimer 2.30 3.15 1.64 3.22 1.69 2.77
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A comparison of the damage caused to nucleic acid bases
(Table 1) or to calf thymus DNA (Table 2) reveals that the

dimeric complex is the most effective. As can be seen from the
structures of the two complexes (Figure 1), both have two
units of tnz in them. Moreover, because it has been shown
earlier that complex formation of tnz by CuII results in a
decrease in nitro-radical anion formation;20,21 hence, greater
efficacy due to the dimeric complex and its difference with the
monomeric one may not be due to the presence of tnz in the
complexes. Rather, the dimeric complex having two CuII

centers, against one in the monomer, could serve as a possible
reason for the difference in activity. A greater presence of CuII

in the dimer could be responsible for more interaction of the
dimeric complex with thymine or cytosine or with calf thymus
DNA via CuII that could help in the modification of the target
or simply enable the compound to engage more with the
target. Either way, a certain amount of thymine or cytosine or a
certain amount of calf thymus DNA would not be detected by
HPLC as free thymine or free cytosine (Table 1) or as free calf
thymus DNA in a fluorescence-based EtBr experiment (Table
2). In the case of adenine, however, the monomeric complex
performs much better which could be due to the larger size of
the dimeric complex and that adenine, being a purine-based
nuclei acid base, is also large.
Quite interestingly, trends observed in Tables 1 and 2 are

similar, indicating that DNA having a greater percentage of
thymine, similar to that in calf thymus DNA (41.9 mol % G-C
and 58.1 mol % A-T), should be susceptible to a greater attack
by the CuII complexes of tnz. Hence, a prior knowledge on the
damaging ability of a compound on nucleic acid bases is
extremely important because it helps one to use the correct
compound in targeting a disease-causing microbe; at the same
time, such prior knowledge also enables one to know the
extent to which the compound could be harmful to the host,
that is, whether it could affect the DNA of the host as well.
Therefore, the findings of this study helps one to realize why
tnz has been so successful against disease-causing microbes
that have a high thymine content in their DNA (Table S1,
Supporting Information).
In spite of decreased nitro-radical anion formation,20,21 CuII

complexes of tnz were found to be better in performance on
nucleic acid bases and calf thymus DNA than tnz. This is also
very interesting when for the 5-nitroimidazole family of drugs,
nitro-radical anion formation is considered important for drug
action. Therefore, it seems that the efficacy of the complexes
are not due to free radical formation involving redox pathways
that involve tnz; rather, a better performance by complexes is
due to certain attributes of complex formation, those that
involve the CuII center,41,42 or due to interaction between the
various constituents of DNA and the CuII center that is able to

cause double strand modification which is also detected by the
technique used (i.e., the decrease in DNA-EtBr fluores-
cence).38−42 Therefore, results of experiments with calf thymus
DNA indicate they are probably not a consequence of the free
radical activity involving tnz, rather other factors, such as the
presence of CuII in the complex could well be involved.
To be sure about our model studies, an attempt was made to

study the performance of the complexes, on their ability to
prevent biofilm formation on S. aureus and P. aeruginosa that
are responsible for causing nosocomial infections. Lower
minimum bactericidal concentration (MBC) values for the
monomeric and dimeric CuII complexes compared to tnz
suggests better efficacy due to the complexes in removing
biofilm cells. The in-dwelling bacterial cells within the biofilm
matrix have a continuous and rich supply of nutrients and
water molecules, much needed for their survival under stressed
conditions due to the extremes of temperature, pH, salt
concentration, or the presence of antimicrobials. The biofilm
matrix also consists of lipid molecules, nucleic acids, proteins,
extracellular DNA, and QS signaling molecules needed of cell
density-dependent intercellular communications that are
required for the growth of the biofilm and its sustenance. It
was found that CuII complexes of tnz were able to bring about
substantial changes in biofilm concentration both for S. aureus
and P. aeruginosa; monomeric complex having a better efficacy
against sessile colonies.
Biofilm-associated infections are found to occur via two

mechanisms: (1) through biofilm formation by enhanced QS
that occurs by the production of small signaling molecules
capable of detecting the cell population density in the
neighboring environment under stressed conditions and (2)
by the spreading of microbial cells from the EPS matrix
infecting newer places. From our study, we found that the
monomeric complex has the ability to block the synthesis of
signaling molecules responsible for regulating biofilm for-
mation by inhibiting LasI/Rhl I synthase.48 Thus, the
monomeric complex has the potential of inhibiting the QS
mechanism of P. aeruginosa by inhibiting QS-genes and
blocking transcriptional regulatory proteins that inactivate
LasR or RhlR systems.
While studying the interactions of tnz and its two complexes

with nucleic acid bases and calf thymus DNA, it was revealed
that the dimeric complex performs better, followed by the
monomeric one and tnz. Therefore, it was expected that
efficacy in prevention of biofilm formation would also follow
the same trend. However, in case of biofilm-related experi-
ments, we found that the monomeric complex was most
efficacious to the pathogenic target, followed by the dimeric
complex and tnz. Such an anomaly is not unexpected as nitro
radical anions generated from tnz and its complexes vary
widely. As observed in previous communications, complex
formation is associated with quenching of nitro radical anion
concentration.20,21 We expect the monomeric complex to
quench radical anion concentration in a manner just sufficient
to eliminate the excess that would be responsible for toxic side
effects, keeping the efficacious concentration of radical anions
intact. This combined with improved binding with DNA over
tnz is expected to give it the much superior boost for maximum
efficacy. The dimeric complex, on the other hand, is expected
to quench radical anion concentration more extensively due to
the presence of two CuII centers; hence, more of the efficacious
portion of the nitro radical anion concentration is eliminated.
Moreover, owing to a larger size, efficacy of the dimeric

Table 2. Enhancement Ratio for the Damage Caused to Calf
Thymus DNA Following the Reduction of tnz and Its
Cu(II) Complexes at Their Respective Reduction Potentials
in Aqueous Solution

sensitizer
DNA double strand modification from

slopes of degradation plots
enhancementratio

(for DNA)

0.0036
tnz 0.0040 1.10
Cu−tnzmonomer 0.0053 1.45
Cu−tnzdimer 0.0088 2.40
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complex through binding is probably compromised; reason
why in our model studies also the dimeric complex performs
better on pyrimidine-based nucleic acid bases cytosine and
thymine but not on purine-based adenine. The dimeric
complex was however found to be more efficacious than tnz
owing to attributes of complex formation.
The concentrations of compounds varied from one another

in biological studies on biofilm formation and the model
studies because in the case of prevention or eradication of
bacterial biofilm formation and growth, emphasis was given to
the obtained minimum inhibitory concentration (MIC) and
MBC values, respectively. Hence, while antibacterial and
antibiofilm studies were performed keeping in mind MIC and
MBC values on sessile P. aeruginosa (which for the monomeric
CuII complex was 20.25 μM and for the dimeric complex, 45.0
μM), for the model studies, slightly higher concentrations were
used because for the model studies, where the technique
employed was electrochemical reduction, if sufficient material
is not present, the species generated might not be adequate for
interaction with nucleic acid bases or with DNA.
The expression of biofilm-forming bacterial genes is

regulated by a cell-population density-dependent mechanism
known as QS. Both Gram-negative and Gram-positive bacteria
perform QS by the mechanism of small signal molecules that
varies from Gram-negative to Gram-positive bacteria. N-Acyl
homoserine lactone (AHL) molecules (autoinducer-1, AI-1)
are widely detected in Gram-negative bacteria, while for Gram-
positive bacteria mainly peptides [autoinducer peptides (AIP)
or QS peptides] are used.49 We also checked the expression of
virulence factors such as pyocyanin production, elastase, las A
protease, and las B elastase in P. aeruginosa (Gram-negative) in
the presence of the monomeric form of the compound. This
indicates the modulation and prevention of the biofilm forming
a signaling network in the presence of antimicrobial agents.
However, the expression of virulence factors in Gram-positive
bacteria such as S. aureus is directly linked to alterations in
expression profiles of peptides/proteins such as endotoxins,
haemolysins, exotoxins, autoinducing peptide 2 (AIP 2),
proteases, and so forth that were not monitored as a part of
this study.50

Our main aim was to highlight antibiofilm properties of
copper(II) complexes by the formation of electrochemically
generated nitro radical anion triggering bacteria-mediated
enzymatic reduction. For this purpose, we only showed
alterations in QS mechanism in P. aeruginosa. Alteration in
biofilm formation and growth is also affected in the presence of
copper(II) complexes in S. aureus as realized from Figure 8
that clearly depicts the reduction of EPS components.

■ CONCLUSIONS
Tnz is reported to bind to DNA while inside a cell initiating
cytotoxic action on a pathogen by forming nitro radical anion,
considered responsible for its efficacy. Excess production of
such nitro radical anion is responsible for idiosyncratic side
effects which metal complexes with reduced formation might
control. Hence, both from model studies and from the
prevention of biofilm formation, it may be said, what the
complexes compromise in the free radical pathway, they make
up through aspects such as better interaction with a target or
due to the redox active CuII/CuI couple. Hence, CuII

complexes of tnz, on the one hand, by controlling the
generation of RNO2

•−, might control neurotoxic side effects,
and on the other hand, continue to be better cytotoxic agents

than parent 5-nitroimidazoles (here, tnz) when one actually
might expect them to have compromised on efficacy. This was
clearly realized with the help of model studies using thymine,
cytosine, adenine, and calf thymus DNA as targets as well as
through studies on the prevention of biofilm formation. Such
electrochemically generated species using compounds under
consideration mimics what happens when the compounds are
actually reduced within cells, helping one to understand the
mechanism by which compounds impart biological efficacy.

■ EXPERIMENTAL SECTION
Materials and Methods. Chemicals Used. Tnz was

purchased from Sigma-Aldrich and purified by re-crystalliza-
tion from methanol. Copper(II) chloride (CuCl2·2H2O),
copper(II) acetate [Cu(OAc)2·H2O], NaCl, NaNO3, trichloro-
acetic acid (TCA), glacial acetic acid, sodium dihydrogen
phosphate, disodium hydrogen phosphate, anthrone as reagent,
Folin-Ciocalteu as reagent, congo red, cetyltrimethylammo-
nium bromide (CTAB), chitin flakes, Tris−HCl, β-mercaptoe-
thanol, phenylmethylsulfonyl fluoride (PMSF), and KCl (all
AR grade) were purchased from E. Merck, India. Thymine,
cytosine, and adenine were purchased from TCI, Japan, and
calf thymus DNA, crystal violet (CV), ethyl acetate, hydroxyl
amine, NaOH, and ferric chloride were procured from Sisco
Research Laboratories, India. Calf thymus DNA was dissolved
in triple distilled water in the presence of 120 mM NaCl, 35
mM KCl, and 5 mM MgCl2. Its concentration was determined
using a molar extinction coefficient of 6600 M−1 cm−1 at 260
nm. Absorbance of the DNA solution was also measured at
280 nm; A260/A280 was determined. The value found in the
range 1.8−1.9 was considered ready for use, not requiring
further purification. Quality of calf thymus DNA was verified
using circular dichroism (CD), recording its response at 260
nm on a CD spectropolarimeter (J815JASCO, Japan).
Aqueous solutions of all other substances were prepared in
triple distilled water.

Synthesis of [CuII(tnz)2Cl2] and [CuII2(OAc)4(tnz)2]. A
solution of tnz (0.494 g in 25 mL, 2.00 mmol) in methanol
was gradually added with stirring to a solution of CuCl2·2H2O
(0.17 g in 25 mL, 1.00 mmol) in methanol.21 The mixture was
warmed under reflux to ∼60 °C for 6 h. A green crystalline
monomeric compound was obtained after 10 days following
slow evaporation of the solvent.21 A solution of tnz (0.494 g in
25 mL, 2.00 mmol) in methanol was gradually added with
stirring to a solution of Cu(II) acetate (0.400 g in 25 mL, 2.00
mmol) in mildly warm methanol.24 The mixture was warmed
under reflux to ∼55 °C for 8 h. A dimeric Cu(II) complex of
tnz was obtained after a week’s time following slow
evaporation of the solvent.24 Both complexes were purified
and crystallized.

Electrochemical Measurements. Electrochemical experi-
ments were performed in an air-tight 50 mL electrochemical
cell. Voltammograms were recorded on a Metrohm−Autolab
PGSTAT 101 potentiostat. Analyses of data were done using
the NOVA 1.10.1.9 program. A conventional three-electrode
system, glassy carbon as the working electrode, platinum wire
as the counter electrode, and Ag/AgCl, satd. KCl as the
reference electrode were used. Solutions were degassed for
∼30 min prior to an electrochemical experiment using high-
purity argon. Reduction of the nitro group in both monomeric
and dimeric CuII complexes of tnz and on tnz itself were
followed in aqueous, aqueous-dimethyl formamide (DMF),
and pure DMF solvents using cyclic voltammetry. In the case
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of pure DMF, the electrolyte was tetrabutyl ammonium
bromide, while for aqueous solutions, it was KCl. In DMF,
there is initially one-electron reduction to NO2

•− that
subsequently undergoes three-electron reduction to
−NHOH.35,36 As the percentage of water increases, the clarity
of two reduction peaks is lost, and in purely aqueous solution,
a single-step four electron reduction occurs. Results were also
analyzed by the Randles−Sevcik equation because this
confirms that the process is diffusion controlled (eq 2), an
important prerequisite for experiments performed in this
study.35,51,52

ν= × · · · · ·i n D A C(2.69 10 )pc
5 3/2

0
1/2 1/2

(2)

ipc refers to the current in amperes at the cathodic peak
potential, n denotes the total number of electrons, D0 is the
diffusion coefficient of species, and A refers to the area of
electrode in cm2; surface area of the glassy carbon electrode
used was 0.1256 cm2. C refers to the concentration of
compounds in moles/cm3 and ν, the scan rate in V s−1. Most of
these parameters would have a role to play in the subsequent
reduction of each compound performed in the presence of
nucleic acid bases or calf thymus DNA.
Interaction of Reduced Products of tnz, [Cu(tnz)2Cl2],

and [CuII
2(OAc)4(tnz)2] with the Target. The glassy carbon

electrode maintained at a previously determined reduction
potential of each compound helped to electrochemically
generate different reduction products in aqueous solution
that includes RNO2

•− under de-aerated (Ar saturated)
conditions. Because in the immediate vicinity of such in situ
generated reduction products, thymine or cytosine or adenine
or calf thymus DNA were maintained (separately), and they
got an opportunity to interact with the species gener-
ated.26,27,53 Time for in situ electrochemical generation of
reduced species either on the monomeric or dimeric complexes
or on tnz was strictly maintained constant for a certain target
so that results obtained for nucleic acid bases and calf thymus
DNA, due to each compound used could be compared with
regard to species generated in solution.54,55 The generated
species bring about a change on the target maintained in the
immediate vicinity of their generation.53−55 Using the same
experimental setup in aqueous solution, reduction of tnz was
carried out at −0.745 V (pH 7.4), the monomeric complex at
−0.700 V (pH 7.4), and the dimeric complex at −0.710 V (pH
7.4). The nucleic acid bases or calf thymus DNA were each
investigated following interaction with reduced products
formed either on tnz or on tnz present as a ligand in the
complexes.26,27,53 Concentrations of compounds used in the
study were 1/10 that of the target (nucleic acid bases or calf
thymus DNA). Control experiments were performed where
aqueous solutions of nucleic acid bases or calf thymus DNA
(without any compound) were subjected to a constant
potential of −0.700 V at pH 7.4 using the same glassy carbon
electrode.26,27

The amount of nucleic acid bases remaining was determined
using HPLC. A C-18 column was used as the stationary phase
and 5% aqueous-methanol as the mobile phase.26,27 Amount of
calf thymus DNA remaining unaltered was determined by
treating it with ethidium bromide (EtBr) and subsequently
determining the fluorescence of the adduct on a RF-530 IPC
Spectrofluorophotometer, Shimadzu, Japan.26,27 Interaction of
EtBr with DNA leads to an increase in fluorescence, a fact that
was utilized in this case to determine the amount of DNA

remaining intact following interaction with electrochemically
generated reduced species.38−42

Determination of MIC and MBC. MBC values of
monomeric and dimeric complexes of CuII against P.
aeruginosa ATCC and S. aureus ATCC were determined by
micro-dilution techniques.56 Bacterial cells were inoculated in
microtiter plates at a concentration of 106 CFU/mL in a
volume of 50 mL. Complexes of varying concentrations were
added separately and incubated at 37 °C for 24 h. Afterward,
they were analyzed at 600 nm using a spectrophotometer.
Antibacterial efficacy of monomeric and dimeric complexes
was analyzed by determining the diameter of the zone of
inhibition in millimeters. Sterilized discs of paper soaked in
various concentrations of monomeric and dimeric complexes
were placed on agar plates possessing P. aeruginosa and S.
aureus, followed by the determination of clear zones of
inhibition. Susceptibility of microbial strains to antimicrobial
agents was determined by calculating the zone of inhibition as
per recommendations of the National Committee for Clinical
Laboratory Standards.57

Formation of P. aeruginosa and S. aureus Biofilm.
Formation of biofilm by P. aeruginosa and S. aureus was
determined using 96 polystyrene well plates for a period of 72
h at 37 °C, followed by washing with phosphate buffer and
staining with 0.4% (v/v) CV, dissolved in glacial acetic acid
30% (v/v) for 10 min. It was then allowed to dry for 30−45
min, followed by rinsing with phosphate buffer. Subsequently,
it was allowed to dry at room temperature for approximately an
hour. A 33% (v/v) acetic acid solution was added and optical
density (OD) was measured at 540 nm using a spectropho-
tometer.

Assay of Antibiofilm Activity. Rate of inhibition of
biofilm formation achieved by the action of the monomeric
and dimeric CuII complexes of tnz at MBC, incubated at 37 °C
for 72 h was detected by the CV assay.56,58

Percentage inhibition was measured with respect to
untreated control using the formula mentioned in eq 3.

=
[ − ]

×

Percentage biofilm inhibition
(OD of untreated control) (OD of treated sample)

(OD of untreated control)

100 (3)

Detection of QS in test P. aeruginosa and S. aureus
The supernatant of bacterial culture broth was filtered using

a membrane filter having pore size 0.2 μm. Ethyl acetate was
added to the filtrate with gentle shaking for 10 min to allow for
phase separation.56,58 The upper fraction of the mixture was
mixed with 2 M hydroxyl amine and 3.5 M NaOH (1:1),
followed by 10 μL of alcoholic ferric chloride solution (ferric
chloride in 95% 1:1 ethanol). Color of the solution was
measured with a spectrophotometer at 520 nm.59

Quantification of Secondary Metabolite Pyocyanin
Produced by P. aeruginosa during Biofilm Formation.
Quantification of pyocyanin60 produced by P. aeruginosa upon
incubation with MBC concentrations of monomeric and
dimeric CuII complexes and amoxicillin (standard antibiotic)
was done at 37 °C for 48 h. The culture supernatant (5 mL)
collected after centrifugation at 10,000 rpm for a period of 15
min61 was added to 3 mL of chloroform, followed by re-
extraction with 1 mL of 0.2 N HCl, resulting in a color change
from orange to pink that was detected at 520 nm using a
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spectrophotometer. This helped in determining the percentage
reduction of pyocyanin.
Determination of Elastase Activity. Quantification of las

B expression was done by determining the elastase activity. An
aliquot of culture supernatant (100 μL) was added to 900 μL
of Elastin Congo red (ECR) and incubated at 37 °C for 3 h.
Insoluble ECR was removed by centrifugation and absorbance
was measured at 495 nm.62

Determination of Rhamnolipid Production and Drop
Collapse Assay. The amount of rhamnolipid was estimated
with CTAB-methylene blue plates in accordance with a
method described earlier.63,64 Plates were supplemented with
0.2% (w/v) CTAB, 0.0005% (w/v) methylene blue, and
solidified with 1.5% (w/v) agar. An overnight grown liquid
culture of P. aeruginosa was used and a spot was applied at the
middle of the plate for swarming assays. To all plates, except
control, monomeric, and dimeric, CuII complexes were added
separately. Plates were incubated at 37 °C for 24 h, followed by
incubation at room temperature for another 24 h. Production
of rhamnolipid was estimated by measuring the dark blue halo
surrounding the colony and quantification was done following
a protocol described earlier.65

Detection of Viability Count of the Sessile Group of
Bacterial Cells. The working strain grown on 0.1% chitin
flakes (w/v) for 72 h was washed with 0.1% (w/v) normal
saline to eliminate planktonic groups of cells. Following the
treatment of sessile cells as control or with monomeric and
dimeric CuII complexes, bacterial growth was determined at
590 nm using a spectrophotometer at varying intervals of
time.66

Determination of EPS Degradation on Being Chal-
lenged by Monomeric and Dimeric CuII Complexes.
Biofilms of the working strain were grown on chitin flakes 0.1%
(w/v) separately in 100 mL of LB media and centrifuged at
12,000 rpm for 15 min at 4 °C to break the biofilm. 5 mL of
PBS buffer was used to wash the pellets collected after
centrifugation and mixed with 2.5 mL of 10 mM Tris−HCl
(pH 7.8). After thorough cyclomixing, 20 mM β-mercaptoe-
thanol and 1 mM PMSF were added. The cell suspension of
bacterial culture was sonicated, followed by centrifugation
(12,000 rpm, 30 min) at 4 °C, followed by the addition of 10%
TCA in acetone.67

Estimation of Carbohydrate and Protein Content in
EPS when Challenged by Monomeric and Dimeric
Complexes of CuII. The carbohydrate present in EPS was
quantified using the Anthrone method.68 Protein present in
EPS was quantified by the Lowry method.69

Isolation and Estimation of DNA from Prokaryotic
Cells. To have a check on adverse effects related to the use of
monomeric and dimeric CuII complexes on genomic DNA of
bacterial strains, they were isolated using CTAB after
treatment with monomeric and dimeric complexes for 2 h
keeping the “control” untreated. Concentration of DNA was
measured spectrophotometrically at 260 nm and quantified as
in eq 4.

×

= × ×

−Units( )mg mL

50 OD at 260 nm dilution factor

1

(4)
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J.; de Souza, A. A.; de Abreu, F. C.; Jardim, G. A. M.; da Silva, E. N.;
Goulart, M. O. F.; Frontana, C. Nature of electrogenerated
intermediates in nitro-substituted nor-β-lapachones: The structure
of radical species during successive electron transfer in multiredox
centers. J. Org. Chem. 2014, 79, 5201−5208.

(20) Santra, R. C.; Ganguly, D.; Singh, J.; Mukhopadhyay, K.; Das,
S. A study on the formation of the nitro radical anion by ornidazole
and its significant decrease in a structurally characterized binuclear
Cu(II)-complex: impact in biology. Dalton Trans. 2015, 44, 1992−
2000.
(21) Santra, R. C.; Ganguly, D.; Jana, S.; Banyal, N.; Singh, J.; Saha,
A.; Chattopadhyay, S.; Mukhopadhyay, K.; Das, S. Synthesizing a
CuII complex of tinidazole to tune the generation of the nitro radical
anion in order to strike a balance between efficacy and toxic side
effects. New J. Chem. 2017, 41, 4879−4886.
(22) Dan, M.; Wang, A. L.; Wang, C. C. Inhibition of pyruvate-
ferredoxin oxidoreductase gene expression in Giardia lamblia by a
virus-mediated hammerhead ribozyme. Mol. Microbiol. 2000, 36,
447−456.
(23) Graves, K. J.; Novak, J.; Secor, W. E.; Kissinger, P. J.; Schwebke,
J. R.; Muzny, C. A. A Systematic review of the literature on
mechanisms of 5-nitroimidazole resistance in trichomonas vaginalis.
Parasitology 2020, 147, 1383−1391.
(24) Santra, R. C.; Sengupta, K.; Dey, R.; Shireen, T.; Das, P.; Guin,
P. S.; Mukhopadhyay, K.; Das, S. X-ray crystal structure of a Cu(II)
complex with the antiparasitic drug tinidazole, interaction with calf
thymus DNA and evidence for antibacterial activity. J. Coord. Chem.
2014, 67, 265−285.
(25) Nandy, P.; Singha, S.; Banyal, N.; Kumar, S.; Mukhopadhyay,
K.; Das, S. A ZnII complex of ornidazole with decreased nitro radical
anions that is still highly active on Entamoeba histolytica. RSC Adv.
2020, 10, 23286−23296.
(26) Nandy, P.; Das, S. Interaction of electrochemically generated
reduction products of ornidazole with nucleic acid bases and calf
thymus DNA. J. Indian Chem. Soc. 2018, 95, 1009−1014.
(27) Nandy, P.; Das, S. In situ reactivity of electrochemically
generated nitro radical anion on ornidazole and its monomeric Cu(II)
complex with nucleic acid bases and calf thymus DNA. Inorg. Chim.
Acta 2020, 501, 119267.
(28) Lund, H. Cathodic reduction of nitro and related compounds.
In Organic Electrochemistry, 3rd ed.; Lund, H., Baizer, M. M., Eds.; M.
Dekker Inc.: New York, 1990; p 411.
(29) Costerton, J. W.; Stewart, P. S.; Greenberg, E. P. Bacterial
biofilms: a common cause of persistent infections. Science 1999, 284,
1318−1322.
(30) Khan, H. A.; Ahmad, A.; Mehboob, R. Nosocomial infections
and their control strategies. Asian Pac. J. Trop. Biomed. 2015, 5, 509−
514.
(31) Potera, C. Forging a link between biofilms and disease. Science
1999, 283, 1837−1839.
(32) Amorena, B.; Gracia, E.; Monzón, M.; Leiva, J.; Oteiza, C.;
Pérez, M.; Alabart, J.-L.; Hernández-Yago, J. Antibiotic susceptibility
assay for Staphylococcus aureus in biofilms developed in vitro. J.
Antimicrob. Chemother. 1999, 44, 43−55.
(33) Lahiri, D.; Dash, S.; Dutta, R.; Nag, M. Elucidating the effect of
anti-biofilm activity of bioactive compounds extracted from plants. J.
Biosci. 2019, 44, 52.
(34) Stewart, P. S. Mechanisms of antibiotic resistance in bacterial
biofilms. Int. J. Med. Microbiol. 2002, 292, 107−113.
(35) Mandal, P. C. Reactions of the nitro radical anion of
metronidazole in aqueous and mixed solvent: A cyclic voltammetric
study. J. Electroanal. Chem. 2004, 570, 55−61.
(36) Squella, J. A.; Gonzalez, P.; Bollo, S.; Nuñ́ez-Vergara, L. J.
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H I G H L I G H T S

• Most of the compounds interacting
with DNA exist in more than one form
in solution.

• Most often this is a consequence of one
or more proton dissociation equili-
brium.

• The amount of the contributing forms
present in solution keeps changing
with pH.

• To know the correct amount of a form
present appropriate pKa must be used.

• Overall binding of a compound with
DNA is a consequence of the con-
tributions of different forms of it.

G R A P H I C A L A B S T R A C T

Anthracycline analogues alizarin and purpurin were used to find how DNA influences determination of pKa.
pKa1 and pKa2 were different when evaluated in presence of DNA. pKa1 determined in presence of DNA was
used to evaluate contributions of two forms of the molecules towards overall binding with calf thymus DNA.
Revised calculations show contribution of the neutral form was different while that of the anionic form was
same.

A R T I C L E I N F O
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A B S T R A C T

pKa of a compound is crucial for determining the contributions of different forms of it towards overall binding
with DNA. Hence it is important to use correct pKa values in DNA interaction studies. This study takes a look at
the importance of pKa values to realize binding of compounds with DNA. Since pKa of a compound determined in
the presence of DNA is quite different from that determined in its absence hence, presence of different forms of a
compound during interaction with DNA is different from that realized if the determination of pKa is done in
normal aqueous solution in absence of DNA. Hence, calculations determining contributions of different forms of
a compound interacting with DNA are affected accordingly. Two simple analogues of anthracyclines, alizarin
and purpurin, were used to investigate the influence DNA has on pKa values. Indeed, they were different in
presence of DNA than when determined in normal aqueous solution. pKa1 for alizarin and purpurin determined
in the absence and presence of calf thymus DNA were used in equations that determine contributions of two
forms (neutral and anionic) towards overall binding with DNA. The study concludes that correct pKa values,
determined correctly i.e. under appropriate conditions, must be used for DNA binding experiments to evaluate
contributions of individual forms.

1. Introduction

Studies on interaction of compounds with DNA are important for
many reasons and there are lots of information in the literature as well
[1–9]. They help us realize the utility of these interactions and their

relevance in different aspects of chemical biology [10–13]. Although lot
is known on interaction of different compounds with DNA, it is still too
early, even for experiments in vitro, to say that all interactions are
characterized correctly. This is because there are too many factors in-
volved in an interaction of a compound with DNA than we can possibly
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imagine [6,10,12,14,16,17]. Things get even more complicated when
the compound exists in more than one form in solution [18–23]. When
that is the case, experimental values determined for overall binding
constant are actually a consequence of the interaction of each in-
dividual form of the compound in solution [18–23]; each form inter-
acting with DNA differently depending on its characteristic properties
[16–18]. The amount of each form present during interaction with DNA
is also crucial for a correct determination of binding parameters
[18,20–23]. Since interaction of each form with DNA is different, it gets
manifested in the overall binding constant, an experimentally de-
termined parameter [18,20]. Hence, the contribution of different forms
of a compound towards overall binding constant is important in un-
derstanding DNA interactions.

Reasons for the existence of a compound in more than one form are
varied. It could be the consequence of a racemic mixture, or of cis-trans
isomerism, or that the compound has one or more easily dissociable
protons [18,20–22]. For a proton dependent equilibrium for example,
the contributing forms of the compound change with changes in pH of
the medium affecting binding parameters with DNA [20–23]. Most
studies somehow fail to realize this. In fact, very few compounds exist
exclusively in one form in solution; there is almost always another form
present (however small it may be) that influences binding with DNA
and hence determination of binding parameters.

DNA being a negative polymer, as a general rule, tendency of ca-
tionic species interacting with it is greater than species that are neutral
which in turn is greater than species negatively charged [10,16–18]. A
good deal of approximation has allowed most researchers to either
knowingly or unknowingly report DNA binding data as if the compound
exists in one form; not considering the fact there could be at least an-
other form in solution under different experimental conditions like pH,
ionic strength or temperature and that different structural forms in-
teract differently with DNA [20–25]. In fact, some of the variations
observed experimentally in the determination of overall binding con-
stant of a compound with DNA under different conditions have some-
times been reported as “within experimental error” when these small
differences were actually because different forms of the molecule were
present in different amounts; their contribution to overall binding
constant being different. For example, the titration of a compound at
pH 6.8 and 7.5 would not be the same if it has a group present in it
whose pKa is 7.2. Species present in solution at the two pH would be
completely different, having a huge impact on binding parameters. This
is the case in cell biology processes which can therefore be explained
[9–12]. Hence, there is a need to incorporate the aspect of contribution
of different forms while considering data generated on DNA interaction
to arrive at a realistic picture. As mentioned earlier, a vast majority of
compounds studied for DNA binding exists in two or more forms in
solution. The ones which do not apparently have a second form at a
particular pH could dissociate under the influence of nucleic acids
present in DNA as the compound tries to interact with it [26]. While
some researchers have been careful to take a note of this, many ne-
glected the fact there could be more than one form in solution whose
interaction with DNA is different from the main species they were re-
porting [18–20,22,27].

Apart from the aspect mentioned above another reason for concern
is the very determination of pKa of a compound which is crucial for
drug selection and optimization [28,29]. We usually determine pKa in
an aqueous solution at a low ionic strength of the medium and utilize it
to understand its implications in different physicochemical experiments
to realize its importance in physiological processes [30]. The question
here is to what extent is this correct i.e. to use a pKa determined in
normal aqueous solution not containing DNA and to use it in a DNA
binding analysis, the very experiment for which is performed at a
reasonably high ionic strength [20,21,23]. Needless, to say this is one of
many reasons why results for most compounds studied in vitro and in
vivo differ in a big way. It is now known pKa of a compound could be
different in presence of DNA or more specifically in presence of nucleic

acid bases that make DNA [26]. In fact, DNA itself (i.e. nucleic acid
bases that make it) undergoes significant changes owing to changes in
the pH of the medium [26]. Protonation causes change in DNA con-
formation depending on the composition of nucleic acid bases present
and the ionic strength of the medium [31,32]. For this reason, we
decided to re-investigate some of our own DNA binding data where pKa

used to evaluate contributions of different forms of a compound binding
with DNA was determined in normal aqueous solution [21]. pKa for the
same dissociation was re-determined, this time in presence of different
concentrations of calf thymus DNA and that was done in an ionic
strength of the medium that is normally maintained for DNA titrations.
Since different forms of the compound present in solution are a con-
sequence of their proton dissociation equilibria, proper determination
of pKa becomes very essential.

When the pKa of a compound falls in the physiological pH range in
which most of our DNA titrations are performed its importance is even
more. Any change in pKa obviously affects the overall binding constant
value since the contributing forms differ and hence their interaction
with DNA [27,33]. Therefore, it is important to find out the reasons
responsible for changes in pKa. One important factor is the ionic
strength of the medium but when ionic strength is kept constant it could
vary depending on the amount of DNA present, with which it interacts
[8,10,24–26,33]. Nucleic acid bases present in DNA influence proton-
dissociation equilibria [26]. Moreover, when the pH of the medium is
different it affects the three dimensional structure of DNA which in turn
either exposes or withholds nucleic acid bases present in it in different
ways that affect the manner in which they influence pKa of the com-
pound [26]. Only when pKa value is either well below or well beyond
the physiological pH range, a single form of a compound would exist or
predominate [27]. As early as 1988, a report showed the base ellipti-
cine (pKa= 7.4) binds calf thymus DNA at pH 5 when its cationic form,
the ellipticinium cation predominates, while at pH 9 the neutral form is
the principal species responsible for binding [34]. However, there are
no reports to show what happens between pH 5 and pH 9 when both
forms are simultaneously present in solution. Although an excellent
piece of work, it does not consider the fact that at pH 5.0, apart from the
cation there is ~0.40% of a neutral form and at pH 9.0, apart from
ellipticine free base there would be ~2.45% of the cation in solution.
This requires consideration for it affects overall binding constant va-
lues; hence values reported for the binding constant of the respective
forms are not exclusively those claimed in the report. Although the
situation is not that serious for the study mentioned above [34] because
the presence of the minor form at any pH is really very small it could
however altogether change binding constant values for many other
compounds reported in the literature. In the example above, had ti-
trations been done at four or five other pH values between pH 5.0 and
pH 9.0 then with the help of appropriate equations and a proper use of
pKa contributions of the two forms could be obtained [18]. Using them,
overall binding constant of ellipticine could then be known at any pH
without having to perform a titration at that pH [18]. When pKa of a
compound lies in the physiological pH range as in the example above, a
slight change due to interaction of the compound with nucleic acid
bases could affect calculations. Therefore, the influence nucleic acid
bases might have on a molecule chosen for DNA interaction needs
proper investigation. In fact, if this is done, DNA binding parameters
may be claimed to have been more rigorously determined. The present
study makes an attempt to understand fluctuations in pKa of alizarin
and purpurin, simpler analogues of anthracycline anticancer agents,
evaluated with the help of pH-metric titrations in presence of varying
concentrations of calf thymus DNA against those determined in normal
aqueous solution. When pKa values determined in the presence of DNA
were used in Eqs. (4) & (5) to determine contributions of each form to
overall binding constant at physiological pH they gave different results
from those determined earlier i.e. when pKa values were determined in
normal aqueous solution. The work allowed us to see manifestations
small changes in pKa has on contributions of different forms of a
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compound to its overall binding with DNA.

2. Experimental

Alizarin and purpurin (~96% pure) were purchased from Sigma-
Aldrich and re-crystallized from an ethanol-water mixture. Since hy-
droxy-9,10-anthraquinones are photosensitive, compounds were care-
fully stored in the dark. Stock solutions in ethanol were ~10−4 M.
HEPES buffer [4-(hydroxyethyl)-1-piperizine ethane sulphonic acid]
was used. Sodium nitrate (AR) and sodium chloride (AR) were used to
maintain ionic strength of the medium. Calf thymus DNA purchased
from Sisco Research Laboratories, India was dissolved in triple distilled
water using 120mM NaCl, 35mM KCl and 5mM MgCl2. Concentration
of DNA was determined from its absorbance at 260 and 280 nm re-
spectively. A260 / A280 was calculated. The ratio obtained being in the
range 1.8 < A260 / A280 > 1.9 indicate no further purification was
required. The DNA was also characterized with the help of CD spec-
troscopy at 260 nm using a CD spectropolarimeter J815, JASCO.
Concentration of DNA was determined in terms of nucleotide con-
sidering its molar extinction coefficient at 260 nm to be
6600M−1 cm−1.

O

O

OH

OH*
1

2

9

10

Alizarin, LH2 or LHH*

Proton dissociation constants of the compounds were determined
with the help of pH-metric titrations in the presence of different con-
centrations of calf thymus DNA. 10% ethanol-90% aqueous solutions of
compounds were used. The ionic strength of the medium was main-
tained at 0.12M. pH was recorded with the help of a pH meter
[Equiptronics, EQ-610, India]. Absorbance of alizarin recorded at
525 nm and purpurin at 513 nm were plotted against pH of the medium.
Equilibrium showing dissociation of purpurin is provided in Eqs. (1)
and (2) respectively. In case of alizarin, LH2H∗ would be LHH* [20,30].
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Eq. (3) yields values for pKa1 and pKa2 respectively [20,21,30,35]
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A1, A2 and A3 refer to absorbance of the forms LH2H⁎, LH2
−, L3−

respectively for purpurin and LHH⁎, LH−, L2− respectively for alizarin
[20,21,30]. pKa1 and pKa2 are pKa values for the dissociation of the two
compounds in the presence of different concentrations of calf thymus
DNA.

3. Results & discussion

The compounds were titrated very slowly using very dilute NaOH in
the presence of different concentrations of calf thymus DNA at a con-
stant ionic strength of the medium. Figs. 1 & 2(A and B) are typical plots
for variation of absorbance of alizarin and purpurin with pH, recorded

at different concentrations of calf thymus DNA. Fitting the experimental
data according to Eq. (3), pKa1 and pKa2 for alizarin and purpurin were
determined. These were individually plotted against increased presence
of calf thymus DNA for both compounds. It was observed that with an
increase in concentration of calf thymus DNA, pKa1 of alizarin and
purpurin decreased [Fig. 3] indicating constituent nucleic acid bases of
DNA clearly affect the dissociation of phenolic eOH protons; the gra-
dient of the plots were however different for the two compounds, which
is expected. Since the second dissociation of alizarin [30], second and
third dissociations of purpurin [36] occur well beyond physiological pH
these were not included in the main text. The second and third dis-
sociation of purpurin occur almost at the same time [21]; Fig. 1S [SI] is
a plot of pKa2 of purpurin with increased concentrations of calf thymus
DNA.

The interaction of purpurin with calf thymus DNA with regard to
evaluation of the contribution of its neutral and anionic forms to overall
binding constant under physiological conditions was revisited [21]. For
alizarin, its interaction with calf thymus DNA with an emphasis on the
contribution of its two forms was evaluated. Contributions of the neu-
tral and anionic forms of the compounds towards their overall binding

constant with calf thymus DNA was determined by considering pKa1

once evaluated in normal aqueous solution and again in presence of a
definite concentration of calf thymus DNA. For both compounds, pKa1

that was used in the calculations and determined in the presence of calf
thymus DNA was chosen from Fig. 3A and B respectively (from best fit
lines) by selecting a value intermediate between lowest and highest
concentrations of DNA used in the plots. Values chosen for pKa1 were
5.94 for alizarin and 5.71 for purpurin. The corresponding values de-
termined in normal aqueous solution was 6.2 for alizarin and 5.57 for
purpurin.

Table 1 provides overall binding constant values of alizarin and
purpurin determined at different pH at a constant ionic strength (with
respect to 120mM NaCl) of the medium. Considering overall binding
constant values for the two compounds at different pH and using Eqs.
(4) and (5), contributions of neutral (K0) and anionic (K−) forms of
each compound to the overall binding constant with calf thymus DNA
was evaluated.

+ = + ×
∗ −K (1 10 ) K K 10pH‐pK 0 pH‐pK (4)

= + × +
∗ −or K (K K 10 )/(1 10 )0 pH‐pK pH‐pK (5)

In Eqs. (4) & (5), K* is the overall binding constant (determined
experimentally) for the interaction of either alizarin or purpurin with
calf thymus DNA. ∗K is equal to [C ]

[C ] [DNA]
ь

f
. K* values of purpurin were

taken from an earlier study [21] while that of alizarin was determined
as a part of this study [Fig. 2S–Fig. 6S]. K0 denotes the binding constant
of the neutral form [ =K0 [C ]

[C ][DNA]
ь0

f 0 ] and K− that of the anionic form

[ =
−

−

−
K [C ]

[C ][DNA]
ь

f
] [18,21]. The total concentration of each compound

was considered as C0 where C0=Cь+Cf. Cь denotes bound form and
Cf, the free form of the two compounds interacting with calf thymus
DNA.

Therefore, at any pH of the medium, during titration with calf
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thymus DNA both bound and free forms of the compounds would be
present in solution. Of the bound form, a portion would bind to calf
thymus DNA as neutral species while another portion would bind to it
as anionic species. Similarly, the free form (not bound to DNA) would
exist as neutral and anionic species. Hence, we may write

= +
−[Cь] [Cь ] [Cь ]0 (6)

= +
−and [C ] [C ] [C ]f f

0
f (7)

A plot of K*(1+ 10pH-pK) versus 10pH-pK (Eq. (4)) considering
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Fig. 1. pH-metric titration of alizarin as shown by a variation in absorbance at 525 nm in the presence of calf thymus DNA of concentrations (A) 62.7 μM and (B) 221.97 μM.
[alizarin]= 100 μM; Temperature= 300 K.
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different values of pKa1 for each compound (i.e. determined in the
absence and presence of calf thymus DNA) generates a straight line
(Fig. 4B & D, alizarin and Fig. 5B & D, purpurin) from where K− was
determined as the slope and K0 as the intercept (Table 1). Overall
binding constant (K*) was also plotted against different pH for the two
compounds. The data was fitted to Eq. (5) (Fig. 4A & C, alizarin and
Fig. 5A & C, purpurin) and values for binding constants of the neutral
and anionic species, K0 and K− were evaluated. A comparison of the
values obtained for K0 and K− from Eqs. (4) & (5) for the two

compounds suggest they are close to each other. What was observed as
a consequence of these calculations (Table 1) is that K0, contribution of
the neutral form to the overall binding constant (K*) showed a good
variation corresponding to a change in pKa1 (i.e. determined in the
absence and presence of DNA) while contribution of the anionic form
(K−) remained practically the same.

In case of alizarin, K0 was slightly higher when pKa1 was considered
to be 5.94 (determined in presence of DNA) than when it was 6.2
(determined in normal aqueous solution). In case of purpurin however,

Table 1
Overall binding constant values of alizarin and purpurin interacting with calf thymus DNA at different pH. Contributions of the neutral (K0) and anionic (K−) forms of each compound to
their respective overall binding constants.

Compound pH Overall binding constant with
calf thymus DNA
(K*× 10−4)

pKa1 in the
absence of DNA

pKa1 in the
presence of DNA

K0 from Eq. (4)
(K0×10−5)

K0 from Eq. (5)
(K0× 10−5)

K−

from Eq. (4)
(K−×10−4)

K−

from Eq. (5)
(K−×10−4)

Alizarin 6.50 3.17 6.2 1.04 0.87 0.54 0.69
6.70 2.80
7.02 1.91
7.40 1.04 5.94 1.68 1.31 0.56 0.75
7.65 1.05
7.97 0.67

Purpurin 6.65 9.33 5.57 10.8 8.87 2.40 2.67
6.88 6.45
7.16 4.84
7.40 4.51 5.71 8.0 6.68 2.39 2.65
7.88 2.95
8.35 2.56
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Fig. 4. (A) & (C) show overall binding constant (K*) for alizarin interacting with calf thymus DNA at different pH where the solid line is the fitted data obeying Eq. (5) considering
pKa1=6.2 (A) determined in normal aqueous solution in absence of DNA and pKa1=5.94 (C) determined in presence of DNA. (B) and (D) are linear plots obtained by plotting
K*(1+ 10pH-pK) versus 10pH-pK where (B) uses pKa1 as 6.2 and (D) uses pKa1 as 5.94. They provide K0 and K−, binding constants of neutral and anionic forms of alizarin from the intercept
and slope respectively. [Alizarin]= 50 μM; [NaCl]= 120mM; [Tris buffer]=30mM; Temp.= 298 K.
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K0 was higher when pKa1 was 5.57 (determined in normal aqueous
solution) than when it was 5.71 (determined in presence of DNA). It
appears therefore that for alizarin contribution coming from the neutral
form was greater when pKa1 used was determined in the presence of
DNA while it was the reverse for purpurin; the value of K− remained
more or less the same, i.e. not showing much variation corresponding to
a change in pKa1.

Results clearly indicate that for both alizarin and purpurin, dis-
sociation of phenolic eOH is influenced by the nucleic acid bases pre-
sent in DNA. Therefore, such molecules that exist in two distinctly
different forms at physiological pH, to correctly determine their con-
tributions to the overall binding constant (K*) with DNA, it is essential
that correct values of pKa are used. A direct benefit of the study is that
from a knowledge of K0 and K− it would be possible to evaluate the
overall binding constant of a molecule interacting with DNA at any pH
without having to perform the experiment at that pH.

4. Conclusion

The study helps us to realize that a proper determination of pKa is
essential for use in physicochemical experiments for determination of
biophysical parameters. This was understood through this study using
two hydroxy-9,10-anthraquinones, alizarin and purpurin. Evaluation of
the contributions of the neutral and anionic forms of the molecules with
the help of suitable equations, where pKa1 of the compounds have a
decisive role, reveal contributions of different forms to the overall
binding constants are actually different when the pKa are different.

Therefore, if appropriate values of pKa are not used, like that realized
from this study, there is every possibility of either over emphasizing or
under emphasizing the contribution of a certain form. The study em-
phasizes on the fact that there is a need to realize that most molecules
interacting with DNA have more than one form in solution and that it
must be considered for a correct analysis of any DNA interaction. This is
also the reason why overall binding constants of a molecule change
with a change in experimental (environmental) conditions having very
high physiological significance. The study further revealed binding of
purpurin to calf thymus DNA was higher than alizarin when the only
difference between the two is an eOH group.
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ABSTRACT: A family of three water-soluble half-sandwich arene−ruthenium complexes, depicted as C1−C3, having the general
formula [Ru(p-cymene)(L)Cl]Cl has been synthesized, where L represents (1H-benzo[d]imidazol-2-yl)guanidine (L1) or
(benzo[d]oxazol-2-yl)guanidine (L2) or (benzo[d]thiazol-2-yl)guanidine (L3). The crystal structure of complex C3 has been
determined. The complexes show several absorption bands in the visible and ultraviolet regions, and they also show prominent
emission in the visible region while excited near 400 nm. Studies on the interaction of ligands L1−L3 and complexes C1−C3 with calf
thymus DNA reveal that the complexes are better DNA binders than the ligands, which is attributable to the imposed planarity of the
ruthenium-bound guanidine-based ligand, enabling it to serve as a better intercalator. Molecular docking studies show that the
complexes effectively bind with DNA through electrostatic and H-bonding interactions and partial intercalation of the guanidine-
based ligands. Cytotoxicity studies carried out on two carcinoma cell lines (PC3 and A549) and on two non-cancer cell lines (BPH1
and WI-38) show a marked improvement in antitumor activity owing to complex formation, which is attributed to improvement in
cellular uptake on complex formation. The C1 complex is found to exhibit the most prominent activity against the PC3 cell line.
Inclusion of the guanidine-based ligands in the half-sandwich ruthenium−arene complexes is found to be effective for displaying
selective cytotoxicity to cancer cells and also for convenient tracing of the complexes in cells due to their prominent emissive nature.

1. INTRODUCTION

Development of a new series of therapeutic agents and
modification of any existing series are an essential and
challenging aspect of research related to the treatment of
cancer. Platinum metal-based species, especially coordination
and organometallic complexes, are widely employed as
chemotherapeutics in combating this dreadful disease.1

However, relatively low selectivity and adverse side effects of
majority of these species have led to new initiatives toward
development of better chemotherapeutic agents, particularly of
new platinum metal-based anticancer complexes with minimal
side effects and high selectivity and cytotoxicity toward cancer
cells.
Among the platinum metal-based species, ruthenium

compounds have found a very special position owing to their
prominent anticancer activities.2 Ruthenium-based molecular
species are found to be promising candidates for the
development of novel anticancer agents, primarily as they
can bind DNA in several possible modes, a property usually
not found in platinum-based species. Hence, the ruthenium-
based species also have the potential to treat platinum-resistant
cancers. Among the different oxidation states of ruthenium, the

+2 state is most preferred for antitumor activity due to stability
of the ruthenium(II) complexes in vitro. Proper choice of a
ligand scaffold is crucial for inducing the desired DNA binding
and antitumor activity in the ruthenium(II) complexes. In this
context, half-sandwich ruthenium−arene complexes are
particularly noteworthy.3,4 The presence of the planar arene
moiety primarily blocks one face of the complex and thus
directs most of the reactivity toward the other side. Besides,
para-cymene, a heavily used arene moiety, is known to cause
distortion in DNA conformation that eventually leads to DNA
damage.5 In half-sandwich ruthenium−arene complexes, there
is ample scope of varying the ligand/ligand combination to
occupy the remaining three coordination sites on the metal
center. In the present work, where our main objective was to
develop a new family of half-sandwich ruthenium−arene
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complexes for efficient DNA binding and anticancer activity, a
group of three guanidine-based compounds was selected
(Chart 1) as ancillary ligands. These ligands have several

important features, which are favorable for developing efficient
DNA binding and anticancer agents. They have multiple N−H
bonds, which are expected to favor solubility in water and
binding with pyrimidine or purine bases via H-bonding and
thus mislead the transcription process, resulting in DNA
damage. In addition, the near-planar geometry of these ligands
may enable them to function as intercalating moieties in the
derived ruthenium complexes.3c,h,6 The skeleton of the
selected ligands has close resemblance with that of 4′,6-
diamidino-2-phenylindole (DAPI), a conjugated system that is
known to efficiently stain DNA present in a cell,7 which further
encouraged us to use this group of ligands, with the hope that
the mixed-ligand half-sandwich complexes derived from them
may exhibit luminescence property and thus, they will be
useful for measuring the capacity for cellular uptake and track a
molecule within a cell. Among the three chosen ligands,
synthesis of L1 and L2 and complexes of L1 with few metals are
known in the literature,8,9 while L3 is, to the best of our
knowledge, new and coordination chemistry of L2 and L3
appears to remain unexplored. The L1 ligand is known to
coordinate metal centers as a bidentate N,N-donor, forming a
stable six-membered chelate ring (I, X = NH),9 and the L2 and
L3 ligands are likely to display a similar mode of binding (I, X
= O and S). As a source of ruthenium(II) and the arene moiety
the dimeric [{Ru(p-cymene)Cl2}2] compound was utilized.
Reaction of the selected guanidine-based ligands (L1−L3) with
[{Ru(p-cymene)Cl2}2] indeed afforded half-sandwich ruthe-
nium−arene complexes containing the ligands L1−L3. Herein,
we describe the formation and characterization of these
complexes, their DNA binding properties, and their cytotox-
icity toward selected cancer cell lines.

2. EXPERIMENTAL SECTION
2.1. Materials. Ruthenium trichloride was purchased from

Arora Matthey, Kolkata, India. α-Phellandrene, [Ru(bpy)3]-
(ClO4)2, and dicyandiamide were purchased from Sigma-
Aldrich, USA. o-Phenylenediamine, 2-aminophenol, and 2-
aminothiophenol were procured from Spectrochem, India. The
guanidine-based ligands (L1−L3) were synthesized by reaction
between o-phenylenediamine (or 2-aminophenol or 2-amino-
thiophenol) and dicyandiamide following a reported protocol.8

[{Ru(p-cymene)Cl2}2] was synthesized by following a
published procedure.10 All other chemicals and solvents were
reagent-grade commercial materials and were used as received.
2.2. Physical Measurements. Microanalyses (C, H, and

N) were performed on a Heraeus Carlo Erba 1108 elemental
analyzer. Magnetic susceptibilities were measured using a

Sherwood MK-1 balance. NMR spectra were recorded in
CDCl3 solution on Bruker Avance DPX 300 and 400 NMR
spectrometers. IR spectra were obtained on a PerkinElmer
Spectrum Two spectrometer with samples prepared as KBr
pellets. Mass spectra were recorded with a Micromass LCT
electrospray (Qtof Micro YA263) mass spectrometer. Elec-
tronic spectra were recorded on a PerkinElmer LAMBDA 25
spectrophotometer. Steady-state emission spectra were col-
lected on a PerkinElmer LS 55 fluorescence spectrometer, and
the quantum yields were determined by a relative method
using [Ru(bpy)3]

2+ as the standard. Solution electrical
conductivities were measured using an Elico CM 180
conductivity meter with a solute concentration of ca. 10−3

M. Geometry optimization by the density functional theory
(DFT) method and electronic spectral analysis by TDDFT
calculation were performed using the Gaussian 09 (B3LYP/
SDD-6-31G) package.11

2.3. X-ray Crystallography. Single crystals of [Ru(p-
cymene)(L3)Cl]Cl (C3) were grown by diffusion of diethyl
ether vapor into a solution of the complex in acetonitrile.
Selected crystal data and data collection parameters are given
in Table 1. Data were collected on a Bruker SMART CCD

diffractometer using graphite monochromated Mo Kα
radiation (λ = 0.71073 Å) at 296 K. X-ray structure solution
and refinement were done using the SHELX-97 package.12 H
atoms were added at calculated positions.

2.4. Synthesis of Complexes. The [Ru(p-cymene)(L)Cl]
Cl complexes (C1−C3) were synthesized by following a general
procedure as described below.
The guanidine-based ligand (L1−L3) (0.2 mmol) was

dissolved in hot methanol (50 mL). To it was added a
solution of [{Ru(p-cymene)Cl2}2] (50 mg, 0.08 mmol) in
dichloromethane (10 mL). The resulting solution was heated
at reflux for 4 h to generate a yellowish-orange solution. The
solvent was evaporated to almost one-fourth of its initial
volume, diethyl ether (50 mL) was added to it, and the mixture
was kept in a freezer for 12 h. Orange crystalline solid was

Chart 1

Table 1. Crystal Data and Details of the Structure
Determination for Complex C3

empirical formula C18H24Cl2N4ORuS
formula mass 516.45
crystal system orthorhombic
space group P212121
a (Å) 7.5864(4)
b (Å) 12.9878(7)
c (Å) 21.6163(12)
V (Å3) 2129.9(2)
Z 4
Dcalcd (g/cm

3) 1.611
F(000) 1048
crystal size (mm) 0.16 × 0.18 × 0.24
T (K) 296
μ (mm−1) 1.101
R1
a 0.0452

wR2
b 0.1175

GOFc 1.03
aR1 = Σ||Fo| − |Fc||/Σ|Fo|. bwR2 = [Σ[w(Fo2 − Fc

2)2]/Σ[w(Fo2)2]]1/2.
cGOF = [Σ[w(Fo2 − Fc

2)2]/(M − N)]1/2, where M is the number of
reflections and N is the number of parameters refined.
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separated, which was collected by filtration, washed with
dichloromethane followed with diethyl ether, and dried in air.
2.4.1. [Ru(p-cymene)(L1)Cl]Cl (C1). Yield: 79%. Anal. Calcd

for C18H23N5Cl2Ru: C, 44.90; H, 4.78; N, 14.55. Found: C,
45.02; H, 4.68; N, 14.42%. MS-ES+ in CH3OH (m/z):
410.1216 [M − HCl−Cl−]+. IR data/cm−1: 3367, 2969, 1673,
1611, 1581, 1462, 1268. 1H NMR (DMSO-d6, 500 MHz): δ
(ppm) 7.43 (br s, 1H, NH), 7.28 (m, 2H, ArH), 7.09 (m, 2H,
ArH), 6.03 (d, 2H, ArH, 3JHH = 5.6 Hz), 5.87 (d, 2H, ArH,
3JHH = 5.5 Hz), 3.43 (m, 1H, CH), 2.49 (s, 3H, CH3), 1.01 (m,
6H, 2CH3).

13C NMR (DMSO-d6, 400 MHz): δ (ppm) 158.6,
152.3, 129.2, 126.4, 122.0, 112.4, 111.5, 30.5, 24.3. Molar
conductivity in methanol at 298 K [ΛM/S m2 M−1]: 83.
2.4.2. [Ru(p-cymene)(L2)Cl]Cl (C2). Yield: 74%. Anal. Calcd

for C18H22N4O1Cl2Ru: C, 44.81; H, 4.56; N, 11.61. Found: C,
44.50; H, 4.41; N, 11.91%. MS-ES+ in CH3OH (m/z):
411.1928 [M − HCl−Cl−]+. IR data/cm−1: 3392, 1690, 1620,
1562, 1457, 1324, 1243. 1H NMR (DMSO-d6, 500 MHz): δ
(ppm) 7.91 (br s, NH), 7.50 (d, 1H, ArH, 3JHH = 8.0 Hz), 7.48
(d, 1H, ArH, 3JHH = 8.0 Hz), 7.27 (m, 1H, ArH), 7.21 (m, 1H,
ArH), 5.77 (d, 1H, ArH, 3JHH = 6.0 Hz), 5.72 (d, 1H, ArH,
3JHH = 5.5 Hz), 2.80 (m, 1H, CH), 2.50 (s, 3H, CH3), 1.17 (m,
6H, 2CH3).

13C NMR (DMSO-d6, 400 MHz): δ (ppm) 158.1,
154.5, 135.5, 122.2, 116.0, 110.2, 106.3, 43.4, 35.6. Molar
conductivity in methanol at 298 K [ΛM/S m2 M−1]: 81.
2.4.3. [Ru(p-cymene)(L3)Cl]Cl (C3). Yield: 81%. Anal. Calcd

for C18H22N4S1Cl2Ru: C, 43.37; H, 4.41; N, 11.24. Found: C,
43.20; H, 4.43; N, 11.40%. MS-ES+ in CH3OH (m/z):
427.0103 [M − HCl−Cl−]+. IR data/cm−1: 3408, 3246, 2964,
2817, 1680, 1613, 1598, 1520, 1445, 1390, 1284, 1254, 1230.
1H NMR (DMSO-d6, 400 MHz): δ (ppm) 7.25 (s, NH), 6.96
(d, 2H, ArH, 3JHH = 8.5 Hz), 6.73 (d, 2H, ArH, 3JHH = 8.5 Hz),
5.20 (br m, 2H, ArH), 4.96 (br m, 2H, ArH), 2.99 (m, 1H,
CH), 1.59 (s, 3H, CH3), 1.40 (m, 6H, 2CH3).

13C NMR
(DMSO-d6, 500 MHz): δ (ppm) 160.1, 157.5, 152.0, 125.6,
120.0, 102.5, 30.7, 22.6. Molar conductivity in methanol at 298
K [ΛM/S m2 M−1]: 85.
2.5. Biological Studies. 2.5.1. Interaction with CT-DNA.

Phosphate buffer was prepared using NaH2PO4 and Na2HPO4
using triple-distilled water. Sodium nitrate (AR) was used to
maintain the ionic strength of the medium. Calf thymus DNA,
purchased from Sisco Research Laboratories, India, was
dissolved in triple-distilled water containing 120 mM NaCl,
35 mM KCl, and 5 mM CaCl2. Absorbance was recorded at
260 and 280 nm; A260/A280 was determined. The ratio being
between 1.8 and 1.9 suggests that the DNA was sufficiently
free from protein. It was characterized by measuring its CD
spectrum at 260 nm using a CD spectropolarimeter (J815,
JASCO). Concentration was determined in terms of
nucleotide, considering the molar extinction coefficient at
260 nm to be 6600 M−1 cm−1.
50 μM L1 (ligand) and 50 μM C1 (complex) were titrated

separately with calf thymus DNA at constant pH and ionic
strength of the medium. For the interaction of L1 followed by
fluorescence spectroscopy, excitation was done at 295 nm and
emission was recorded at 331 nm. For the complex, the
excitation was done at 425 nm and emission was recorded at
496 nm. Ionic strength was maintained using NaCl and
NaNO3. The interaction of the compounds with DNA during
titration led to a decrease in fluorescence in the case of the
ligand and to an increase in fluorescence for the complex at the
respective wavelengths where they were followed. The

interaction of compounds with DNA could be realized with
eq 1.13−18

KL DNA L DNA
L DNA

L DNAd+ − = [ ][ ]
[ − ]

F
(1)

L represents compounds and Kd is the dissociation constant for
the interaction whose reciprocal provides the apparent binding
constant (Kapp). Equation 2 is obtained from eq 1 where the
reciprocal of the change in absorbance was plotted against the
reciprocal of (CD − C0).

13−18 CD refers to concentration of calf
thymus DNA and C0 refers to concentration of compounds.
Using eq 2, ΔFmax could be determined along with Kapp (1/Kd)
from the intercept and slope.13−18
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ΔF/ΔFmax was plotted against CD. Equations 3 and 4 were
used to fit the data to a non-linear square fit that provides
another set of values for the apparent binding constant.13−18

Titrations were also analyzed using a modified form of the
Scatchard equation [eq 5].19 The overall binding constant (K′)
and site size (n) were determined.

r
C

K n r( )
f

= ′ −
(5)

r denotes the ratio of the concentration of the compound
bound to DNA to the total concentration of DNA present in
the reaction mixture at any point of the titration (Cb/CD); Cb is
the concentration of the bound compound, while Cf is that of
the free compound. “n” provides binding stoichiometry in
terms of the bound compound per nucleotide, while “nb” being
the reciprocal of “n” denotes binding site size in terms of the
number of nucleotides bound to a compound. “nb” was
obtained by plotting ΔF/ΔFmax against CD/[compound]. K′
may also be obtained by multiplying Kapp with “nb” and is
compared with values obtained from a modified form of the
Scatchard equation.

2.5.2. Molecular Docking Studies. Molecular docking
studies on complexes C1−C3 were performed using HEX 6.3
software to identify possible binding sites in biomolecules. The
three guanidine-based ligands (L1−L3) were also docked using
AutoDockTools 1.5.6 software. The coordinates of each
ruthenium complex were taken from its optimized structure
as a .mol file and converted to a .pdb format using PyMOL 2.4
software. The crystal structure of B-DNA (PDB ID: 1BNA)
was retrieved from the Protein Data Bank (http://www.rcsb.
org./pdb). Visualization of the docked systems was performed
using BIOVIA Discovery Studio Visualizer (DSV) 2020
software. Default parameters were used for docking calcu-
lations with the correlation type shape only, FFT mode at the
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3D level, and grid dimension of 0.6 with receptor range 180
and ligand range 180 with twist range 360 and distance range
40.
2.5.3. Cell Culture. PC3, BPH1, A549, and WI-38 lung

fibroblast cells were cultured in RPMI or DMEM medium
(GIBCO, Invitrogen, Carlsbad, CA, US) supplemented with
10% fetal bovine serum (GIBCO), 100 IU/mL penicillin, and
100 μg/mL streptomycin at 37 °C in a humidified atmosphere
containing 5% CO2 (Heraeus, Thermo Scientific, MA, USA).
All cell lines were procured from the National Centre for Cell
Science in Pune, India. Cells were seeded in 96 well plates for
24 h prior to treatment with compounds.
2.5.4. MTT Assay. The antiproliferative effect of three

complexes and the guanidine-based ligands on four cell lines,
PC3, BPH1, A549, and WI-38 was determined by the MTT
assay. Cells were seeded at a density of 1 × 104 cells per well in
a 24-well plate. Next, the cells were exposed to the complex
and its ligand at different concentrations for another 24 h.
After incubation, cells were washed with 1× PBS twice.
Thereafter, they were treated with 0.5 mg mL−1 MTT solution
(SRL) and incubated for 3−4 h at 37 °C until an insoluble
purple-colored formazan product developed. The resulting
product was dissolved in MTT extraction buffer and the OD
was measured at 570 nm using a microplate reader (Epoch).
The percentage survival was calculated considering the
untreated cells as 100%.
2.5.5. Single-Cell Gel Electrophoresis/Comet Assay. A

comet assay was performed after treating the cells (PC3 and
BPH1) with complex C1 for 24 h at the lower (20 μM) and
higher (80 μM) concentrations of the IC50 dose of 39.5 μM for
PC3. Briefly, 1 × 105 cells mL−1 were mixed with 0.7% LMPA
and embedded onto frosted slides. The slides were then dipped
in a lysis solution [2.5 M NaCl, 100 mM EDTA, 10 mM Tris−
HCl (pH 10)] that contains freshly added 1% Triton-X 100
and 10% DMSO and incubated for 1 h at 4 °C and placed into
a horizontal electrophoresis tank filled with freshly prepared
buffer (1 mM EDTA, 300 mM NaOH). Next, electrophoresis
was performed for 20 min at a fixed voltage of 25 V and 300
mA. After that, slides were washed with a neutralization buffer
(0.4 M Tris−HCl, pH 7.5) followed by staining with 20 mg
mL−1 ethidium bromide (SRL, India) for 15 min. The slides
were then washed three times with 1× PBS and observed
under a fluorescence microscope (model: Leica, Germany).
Around 50 comets per slide were counted for both the cell
lines. An extension of each comet was analyzed using a
computerized image analysis system (Kometsoftware 5.5) that
gave % of tail DNA.20

2.5.6. DAPI Staining. After exposure with complex C1 at
lower and higher concentrations of the IC50 dose of PC3 (39.5
μM) for 24 h, both the cells (PC3 and BPH1) were washed
several times with 1× PBS and stained with 0.2 mg mL−1 DAPI
in Vecta shield (Vector Laboratories Inc.). The percentage of
cells with ruptured and decondensed nuclei was counted under
a fluorescence microscope (Leica) and photographs were taken
at 40× magnification.
2.5.7. Measurement of Intracellular Reactive Oxygen

Species. The production of intracellular reactive oxygen
species (ROS) was estimated using a fluorescent dye,
DCFDA. Approximately, 3 × 105 cells per well were seeded
in 35 mm plates, and after 24 h of seeding, cells were incubated
with 20 μM DCFDA (Sigma) dye for 1 h at 37 °C under dark
conditions followed by the treatment of complex C1 for 24 h,
at the lower (20 μM) and higher (80 μM) concentrations of

the IC50 doses of PC3 (39.5 μM). Cells without the complex
were used as control. Fluorescence intensity was measured in a
fluorescence spectrophotometer (model Hitachi, USA) at
excitation and emission wavelengths of 504 and 529 nm,
respectively. To nullify the autofluorescence of the complex
which may interfere with the DCFDA dye, a set of experiments
without cells were performed simultaneously.

2.5.8. Cellular Imaging Study. Both the cell lines PC3 and
BPH1 were seeded in a cover slip for overnight. Next day, cells
were incubated with 3 mM complex C1 for 1 h in 37 °C in a
CO2 incubator. After incubation, cells were washed several
times with 1× PBS under dark conditions. Cells were then
stained with DAPI in Vecta shield and observed under a
fluorescence microscope.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization. As delineated in

the Introduction, the first task of the present study was to
synthesize a group of arene−ruthenium complexes using the
chosen guanidine-based ancillary ligands (L1−L3). Accord-
ingly, reactions of these ligands (L1−L3) with [{Ru(p-
cymene)Cl2}2] were carried out in 5:1 methanol/dichloro-
methane, which furnished the desired complexes of type
[Ru(p-cymene)(L)Cl]Cl in decent yields. The three com-
plexes obtained with ligands L1, L2, and L3 are depicted,
respectively, as C1, C2, and C3. Preliminary characterization
(microanalysis, mass, IR, and NMR) data of these complexes
agreed well with their compositions. In order to ascertain the
coordination mode of the guanidine-based ligands in these
complexes, the crystal structure of C3 was determined by X-ray
crystallography.21 The structure is presented in Figure 1, and

some selected bond distances and angles are provided in Table
2. The structure reveals that the guanidine-based ligand (L3) is

Figure 1. Crystal structure of the [Ru(p-cymene)(L3)Cl]
+ complex.

Table 2. Selected Bond Distances and Bond Angles of
Complex C3

Bond Distances (Å)
Ru1−Cl1 2.4309(16) N2−C18 1.377(8)
Ru1−N1 2.106(4) N3−C18 1.308(8)
Ru1−N3 2.074(5) N4−C18 1.340(9)
N1−C16 1.406(8) S1−C15 1.734(7)
N1−C17 1.316(7) S1−C17 1.739(6)
N2−C17 1.356(8)

Bond Angles (deg)
N1−Ru1−N3 82.83(19) Cl1−Ru1−N1 86.13(16)

Cl1−Ru1−N3 88.50(17)
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coordinated to ruthenium as a neutral N,N-donor, forming a
six-membered chelate ring (I, X = S and M = Ru) with a bite
angle of ∼83°. The Ru(L3) fragment of the complex is found
to be nearly planar, as envisaged. The p-cymene moiety is
bound to ruthenium in the usual π-fashion, and a chloride ion
has taken up the sixth coordination site on the metal center.
Another isolated chloride ion was located outside the
coordination sphere. The bond parameters around ruthenium
and within the coordinated organic ligands are all found to be
quite usual.3,9 Based on the similarity of the synthetic method
and properties (vide infra), the other two complexes (C1 and
C2) are assumed to have similar structures as C3.
3.2. Spectral Studies. Magnetic susceptibility measure-

ments show that the C1−C3 complexes are diamagnetic, which
is consistent with the +2 oxidation state of ruthenium (low-
spin d6 S = 0) in them. In the 1H NMR spectra of the
complexes, signals from both the coordinated p-cymene and
guanidine-based ligand were expected, majority of which could
be identified. For example, all the signals for the p-cymene
ligand could be distinctly observed in all three complexes.
Three signals from the alkyl groups are observed within 1.1−
3.5 ppm and two signals from the aromatic fragment are
observed within 5.2−5.8 ppm. From the guanidine-based
ligands, the NH and NH2 signals appeared within 6.5−8.2
ppm, while signals from the aromatic protons are observed
around 7.5 ppm. In complex C1, a broad signal is observed at
10.50 ppm, which is absent in the spectra of the other two
complexes, and hence, it is attributable to the benzimidazole-
NH in metal-bound L1.

13C NMR spectra of the complexes are
also found to be consistent with their compositions. For the p-
cymene ligand, three signals from the alkyl carbons are found
below 40 ppm and four from the aromatic carbons appear
within 70−90 ppm. For the guanidine-based ligands, two
signals are observed above 150 ppm and signals from the
phenyl ring are found within 110−130 ppm.
The mass spectra of complexes C1−C3, recorded in the

positive ion mode, provide proof of coordination of the
guanidine-based ligands. Each complex shows a peak at a m/z
value that corresponds to the [Ru(p-cymene)(L-H)]+ frag-
ment, which is generated via loss of HCl from the cationic
[Ru(p-cymene)(L)Cl]+ unit. Associated with loss of the
coordinated chloride ion, loss of proton is believed to take
place from the central −NH− moiety of the guanidine-based
ligand. This particular proton in such ligands is known to
undergo facile dissociation.22 Elimination of one equivalent
HCl from compositionally similar arene−ruthenium complexes
is precedent.22 A similar mass spectral behavior of complexes
C1−C3 supports their similar composition and structure.
Infrared spectra of complexes C1−C3, recorded in the 450−

4000 cm−1 region, exhibit several bands. Upon comparison of
the spectrum of each complex with that of the starting [{Ru(p-
cymene)Cl2}2] complex reveals the presence of several new
bands (near 3400, 3180, 1680, 1615, 1256, and 752 cm−1) in
the spectra of the complexes, which are attributable to the
coordinated guanidine-based ligand. Among these bands, the
two near 3400 and 3180 cm−1 are attributable to the −NH−
and −NH2 fragments, respectively. The NMR and IR data are
therefore in good agreement with the composition of the
complexes.
The C1−C3 complexes are soluble in polar solvents, such as

water, methanol, ethanol, dimethylformamide, and dimethyl-
sulfoxide, producing yellow solutions. Electronic spectra of the
complexes were recorded in methanol solutions. Spectral data

are presented in Table 3. Each complex shows four absorptions
spanning the visible and ultraviolet regions. To have an insight

into the nature of these absorptions, TDDFT calculations have
been performed on the C1−C3 complexes, using the Gaussian
09 package,11 and the results are found to be similar for all the
complexes. The DFT-optimized structures of the complexes
are shown in Figure S1 (Supporting Information) and some
computed bond parameters are listed in Table S1 (Supporting
Information). The computed bond parameters in the DFT-
optimized structure of C3 are comparable with those found in
its crystal structure. The main calculated transitions for the
C1−C3 complexes and compositions of the molecular orbitals
associated with the transitions are presented in Tables S2−S7
(Supporting Information), and contour plots of selected
molecular orbitals are shown in Figure S2 (Supporting
Information). As the computed optical transitions and
compositions of the participating orbitals are similar for all
three complexes, the case of C1 is described here as
representative. Plots of experimental and theoretical spectra
for C1 are deposited in Figure S3 (Supporting Information).
The close match between each set of experimental and
theoretical spectra testifies validity of the optimized structures
of the complexes, particularly of complexes C1 and C2, for
which crystal structures remained elusive. The lowest energy
absorption at 451 nm is attributable primarily to a HOMO − 1
→ LUMO transition, with much less HOMO − 3 → LUMO,
HOMO − 2 → LUMO and HOMO → LUMO character.
Additionally, based on the nature of the participating orbitals,
the electronic excitation is best described as a MMCT
transition mixed with some MLCT, LMCT, and LLCT
character. The next absorption at 294 nm is mostly due to a
HOMO − 1 → LUMO + 2 transition and assignable primarily
to a MLCT transition with much less LLCT and ILCT
character. The third absorption at 237 nm is largely due to a
HOMO − 3 → LUMO + 2 transition and has a dominant
MLCT character. The fourth absorption at 211 nm has a
dominant HOMO − 3 → LUMO + 4 character and is
assignable to a MLCT transition with some LLCT character.
Luminescence property of the complexes was examined in

methanol solution. All three complexes were found to show
prominent emission when excited near 400 nm (Table 3). It is
interesting to note that the complexes absorb and emit in the
visible region, a property much sought after in an antitumor
agent for its easy identification in a biological matrix.

3.3. DNA Binding Studies. The interaction of the calf
thymus DNA with complex C1, a representative of this family
of complexes, was studied in detail to assess its potential as an
antitumor agent. Initially, titration of the uncoordinated

Table 3. Electronic Absorption and Emission Spectral Data
of the Complexes

absorption spectral dataa emission spectral dataa

complex λmax, nm (ε, M−1 cm−1)
λF, nm

[ΦF × 10−3]c life time (τ)

C1 451(400), 294 (5940), 237b,
211 (21,970)

518 [8.6] τ1 = 0.26 ns,
τ2 = 4.10 ns

C2 449 (530), 282 (9190), 239b,
209 (22,770)

558 [6.5] τ1 = 1.75 ns

C3 429 (490), 289 (7780), 255b,
220 (28,780)

486 [17.3] τ1 = 0.36 ns,
τ2 = 5.02 ns

aIn methanol. bShoulder. cQuantum yield was calculated with
reference to [Ru(bpy)3]

2+ (ΦF = 0.09).
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guanidine-based ligand L1 was carried out with the calf thymus
DNA. Figure 2A shows a typical plot of this titration at the
ionic strength and pH mentioned. Figure 2B is a similar plot
for a titration performed with complex C1. The plots show that
saturation is achieved in the binding of the compounds with
DNA. Representative plots based on eq 2 are shown in Figure
S4 (Supporting Information), from which the apparent binding
constant (Kapp) was evaluated (Table 4).13−18 Plots in Figure
3A,B were fitted by the non-linear square fit analysis that also
helps to evaluate Kapp. Different binding parameters are shown
in Table 4. The inset of Figure 3A,B provides nb, the number of
nucleotides bound to each compound (Table 4).13−18 It is

worth mentioning that the value for nb obtained in the case of
the complex binding to the calf thymus DNA was
approximately 1.5 times greater than that obtained when the
guanidine-based ligand L1 binds to the same DNA, suggesting
that the complex engages more nucleic acid bases when it
interacts with DNA, thus being able to bring about more
distortion in DNA, an outcome of enforced planarity of the
guanidine portion of the ligand following chelation to
ruthenium (Table 4).15,16,18

Utilizing Kapp and nb from Table 4 and the relation Kapp × nb
= K′, the overall binding constants could be evaluated for the
uncoordinated guanidine-based ligand L1 and complex

Figure 2. Fluorescence emission spectra of (A) 50 μM L1 and (B) 50 μM C1 in aqueous solution in the presence of 0.12 M NaCl and 30 mM Tris
buffer (pH 7.4) in the absence (1) and presence of different concentrations of calf thymus DNA; temperature = 300 K.

Table 4. Binding Constant Values Obtained for the Interaction of Ligand L1 and Complex C1 with the Calf Thymus DNA that
was Followed by Fluorescence Spectroscopy

Kapp K* = Kapp × nb

compound expt

from
double-reciprocal

plot (a)

from
non-linear
plot (b)

from
double-reciprocal

plot with
y-intercept = 1(c)

site
size
nb

from
double-reciprocal

plot (a)

from
non-linear
plot (b)

from
double-reciprocal

plot with
y-intercept = 1(c)

K* from
Scatchard

nb from
Scatchard as
nb = (n−1)

L1 1 2.80 × 103 3.30 × 103 1.60 × 103 8 2.20 × 104 2.60 × 104 1.28 × 104 1.86 × 104 8

2 2.20 × 103 2.80 × 103 2.20 × 103 9 1.98 × 104 2.50 × 104 1.98 × 104 3.60 × 104 7

C1 1 0.94 × 104 0.80 × 104 0.70 × 104 13 1.20 × 104 1.04 × 104 0.91 × 104 1.53 × 104 15

2 1.60 × 103 1.04 × 103 0.78 × 103 14 2.20 × 104 1.40 × 104 1.09 × 104 2.15 × 104 14

Figure 3. Binding isotherms for (A) ligand L1 and (B) complex C1 binding to the calf thymus DNA at pH ∼ 7.4 and an ionic strength of 0.12 M.
Corresponding non-linear fits are shown for these titrations that evaluate Kapp. Inset: plot of the normalized increase in fluorescence as a function of
the ratio of the calf thymus DNA to (A) ligand L1 and (B) complex C1. [L1] = [C1] = 50 μM, pH = 7.40, T = 300 K.
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C1.
13−18 Overall binding constants were also obtained from a

modified version of the original Scatchard equation (eq 5),19

and plots obeying this equation are shown in Figure S5
(Supporting Information). The overall binding constant values
from the Scatchard equation were strikingly similar to those
evaluated by multiplying Kapp with nb (eqs 2 and 4).
An interesting aspect regarding titration of the complex with

the calf thymus DNA, followed by fluorescence spectroscopy,
was that with an increase in the concentration of DNA (Figure
4), there was a gradual increase in fluorescence similar to that

observed for compounds including ethidium bromide that are
known to intercalate DNA.23−26 Hence, a logical conclusion is
that the complex too is able to intercalate DNA, registering an
increase in fluorescence. Such an increase in fluorescence upon
interactions is an important attribute of the complex that may
be utilized in a number of biological experiments to realize
possible interactions of the compound with a biological target.
3.4. Molecular Docking with DNA. To elucidate the

mode of interaction and binding affinity, docking studies were
performed on B-DNA (PDB ID: 1BNA) in the presence of all
the three complexes. The results show that the complexes
interact with DNA quite similarly via the electrostatic mode.
This is illustrated in Figure 5 for complex C1 and in Figures S6
and S7 (Supporting Information) for complexes C2 and C3,
respectively. In each case, the guanidine-based ligand is
observed to form H-bonds with oxygen atoms of the
phosphate backbone and also with the N3 atom of adenine
of a single DNA strand. Additional H-bonding is observed in

complex C1 due to the presence of an NH fragment in L1 that
is absent in L2 or L3. The coordination-induced planarity of the
guanidine-based ligands is found to favor strong H-bonding
interactions, with better match of the complexes inside DNA
strands allowing partial intercalation. Due to the combined
effect of the van der Waals and H-bonding interactions, the
complexes fit comfortably into the minor groove of the
targeted DNA near the A−T rich regions.
Docking of the individual guanidine-based ligands with

DNA has also been looked into. From the docked structures
(Figure S8; Supporting Information), it is observed that the L1
ligand shows the highest binding affinity to DNA, which is
attributable to additional H-bonding possible due to the
presence of an NH fragment in L1, instead of oxygen (in L2) or
sulfur (in L3). The same trend is observed in the complexes,
which is also manifested in the biological studies. It is
interesting to note that while all the uncoordinated guanidine-
based ligands preferred to approach the G−C base pairs, upon
binding to the metal center, the A−T base pairs have become
their preferred binding location. Planarity of the guanidine-
based ligands in the complexes and the presence of the Ru-
coordinated p-cymene probably have caused this observed
variation in their binding preference.

3.5. Cytotoxicity Studies. Cisplatin shows a remarkable
efficacy in treating prostate cancer and has been quite
successfully and extensively used in the last few decades.27−29

However, as delineated in the Introduction, ruthenium-based
molecular species, particularly the half-sandwich ruthenium−
arene complexes, are also attracting attention owing to their
demonstrated anticancer activities with minimal side effects.
Encouraged by the prominent DNA binding properties of our
three complexes (C1, C2, and C3), we also determined the
potency of these three complexes and cisplatin on the human
prostate cancer cell line PC3 and the human benign prostate
tumor cell line BPH1. Similarly, we have evaluated the toxic
effect of these three complexes and cisplatin on the lung cancer
cell line A549 and the normal lung fibroblast cell line WI-38.
Cells were treated with three complexes (C1, C2, and C3) in
the concentration range of 0−100 μM for 24 h, followed by
MTT assay. The results are displayed in Figure 6. Complex C1
was found to be the most cytotoxic to PC3 cells (IC50 = 39.5 ±
1.57 μM) among the three complexes (Figure 6A). Complex
C1 was found to be non-toxic to the human prostate benign
tumor cell line BPH1 even after 24 h of treatment, which
suggests no side effects of it on non-carcinoma cells in our
body. In this context, it is worth mentioning that cisplatin
shows comparable cytotoxicity toward both PC3 and BPH1
cell lines. In A549 and WI-38 cell lines, C1 shows moderate
(IC50 values 69.4 ± 1.2 and 69.6 ± 3.45) and almost
comparable cytotoxicity like cisplatin (IC50 values 60.1 ± 2.43
and 66.5 ± 2.12). Guanidine-based ligands (L1, L2, and L3)
have no cytotoxicity toward any type of cell lines, which
signifies the effect of their coordination to ruthenium in
antiproliferative activity. Figure 6B shows the % cell survival
comparison between BPH1 and PC3 with C1 complex for 24 h.
The IC50 doses for all the complexes and cisplatin are
summarized in Table 5. Interestingly, it was observed that the
complexes could not exert significant toxicity toward A549 and
WI-38. Among the different cells we have tested, only PC3 is
PTEN-negative. Thus, it is reasonable to state that cytotoxicity
generated through the compounds is presumably governed by
nonfunctional PTEN. Similar results are also found in the case

Figure 4. Gradual variation in fluorescence observed for the
compounds as the calf thymus DNA was added during titration;
(■) complex C1, (•) ligand L1. Ionic strength of medium = 0.12 M;
pH ∼ 7.4; [L1] = [C1] = 50 μM; temperature = 300 K.

Figure 5. (a) Complex C1 interacted with the DNA strand and (b)
core view of the interaction (ball and stick model).
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of curcumin.30 All the other biological studies were done on
two cell lines, PC3 and BPH1, taking C1 as a model complex.
The cytotoxic effect of the C1 complex is most likely linked

to the DNA-damaging effects of the compound, and hence, we
performed comet assay, a very useful and sensitive experiment
for elucidating single- or double-strand DNA damage caused
by any exogenous or endogenous species.31 A small amount of
nuclides/cells is required to perform this experiment and the
tail length is considered to represent the level of DNA
damage.32 As shown in Figure 7A, the C1 complex caused
significantly (p < 0.05) more DNA damage at a concentration
<IC50 or >IC50 dose in the case of PC3. However, at the same

concentrations, no significant (p > 0.05) DNA damage was
observed when BPH1 is used. Consistent with these data, the
percentage of tail DNA increased significantly (p < 0.05) for
C1 complex-treated PC3 cells after 24 h of treatment (Figure
7B).
Nuclear morphology and the nature of cell death were

studied by DAPI staining. The fluorescence micrographs of
DAPI-stained PC3 and BPH1 cell lines are shown in Figure
8A, and the percentage of apoptotic cells is presented
graphically in Figure 8B. When PC3 cells were treated with
the C1 complex at a concentration >IC50 dose for 24 h, we

Figure 6. (A) MTT assay on the PC3 cell line after 24 h of treatment with three separate complexes C1−C3. (B) MTT assay on PC3 and BPH1
cell lines after 24 h of treatment with the C1 complex. Data are presented as % survival relative to the untreated control. They are the mean ± SD of
three independent experiments.

Table 5. IC50 Values of Ligands (L) and Complexes toward Different Cell Linesa

complex PC3 BPH1 A549 WI-38 R1
b R2

c

L1 121.0 ± 1.57 >500 ± 4.5 >200 ± 2.2 >500 ± 4.67 nd nd
L2 168.8 ± 1.9 >500 ± 4.09 167.4 ± 1.77 >500 ± 5.03 nd nd
L3 446.4 ± 1.05 >500 ± 2.32 >200 ± 1.86 >500 ± 4.41 nd nd
C1 39.5 ± 1.57 263.0 ± 1.87 69.4 ± 1.2 69.6 ± 3.45 6.6 1.0
C2 267.3 ± 2.01 443.9 ± 1.04 168.6 ± 1.5 135.9 ± 3.21 1.6 0.8
C3 125.0 ± 1.43 175.2 ± 1.88 112.2 ± 1.9 135.7 ± 4.89 1.4 1.2
cisplatin 5.4 ± 1.93 8.0 ± 1.03 60.1 ± 2.43 66.5 ± 2.12 1.4 1.1

aThe drug treatment period was 24 h. bR1 = IC50 ratio of BPH1 cells to PC3 cells. cR2 = IC50 ratio of WI-38 cells to A549 cells.

Figure 7. (A) Representative images of the comet assay of PC3 and BPH1 cell lines treated with the C1 complex with respect to the untreated
control. (B) Histogram shows % of comet tail DNA for PC3 and BPH1 cells treated with the C1 complex for 24 h with respect to their untreated
control at two different doses (<IC50 and >IC50 doses of PC3). Values are the mean ± SD of three independent experiments. *(p < 0.005) and
**(p < 0.005) denote the statistically significant difference compared to the untreated control.
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found that 80−85% cells were apoptotic in nature, whereas for
BPH1, the amount of apoptotic cells reduced to only 30−35%.
Ru(II)−arene complexes are well known to bring about cell

damage via production of ROS within the cells.33 It is
interesting to note that among the other metals (such as Pt,
Pd, and Au) used as therapeutics, only Ru shows higher
antitumor activity mediated by an enhanced ROS produc-
tion.34 Apoptotic cell death and DNA damage are connected
with ROS production, and we also estimated ROS production
induced by the C1 complex in PC3 and BPH1, where we have
used a fluorescent dye, DCFDA (2′,7′-dichlorofluorescin
diacetate), for indicating oxidative stress and hydroxyl and
peroxyl radical generation.35 The ROS generation in PC3 and
BPH1 cell lines after treating with the C1 complex for 24 h is
shown in Figure 9. It was observed that PC3 cells exposed to

the C1 complex produced a significantly high amount (p <
0.005) of ROS, compared to BPH1 cells. The intracellular
imaging behavior of the C1 complex was studied in both PC3
and BPH1 cell lines using fluorescence microscopy, and the
results obtained are illustrated in Figure 10. After incubation
with the C1 complex, BPH1 cells display no intracellular
fluorescence. However, PC3 shows green fluorescence both in
the cytoplasm and nuclei, suggesting that the C1 complex was
distributed both in the cytosol and nucleus in the proliferating
cancer cell line.

4. CONCLUSIONS
The present study shows that the guanidine-based ligands (L)
undergo facile reaction with [{Ru(p-cymene)Cl2}2] to furnish
cationic half-sandwich complexes of type [Ru(p-cymene)(L)-
Cl]+. This study also reveals that the complexes are better
DNA binders than the corresponding uncoordinated guani-
dine-based ligands, and the observed enhancement in DNA
binding is attributable to the imposed planarity of the
guanidine-based ligand upon coordination to ruthenium that
enabled it to serve as a better intercalator. Cytotoxicity studies
also show a similar trend, the complexes being more cytotoxic
than the uncoordinated guanidine-based ligands, presumably
because complex formation leads to an improvement in cellular
uptake that permits more molecules to enter cells, showing
greater cytotoxicity. The other important aspect is that
compared to cancer cells, the complexes were found to be
significantly less toxic to normal cells, and this is most
prominent in the C1 complex. This is probably due to the
increased uptake of the complex molecules in cancer cells than
normal cells, as the membrane transport system of cancer cells
is more active than that of the normal cells or benign cells.
Additionally, more uptake of complex molecules generates
more reactive oxygen species that lead to more oxidative DNA
damage as observed by the comet assay.36 This study also
demonstrates that inclusion of the guanidine-based ligands in
the half-sandwich ruthenium−arene complexes, particularly in
the C1 complex, has been useful for exhibition of remarkable

Figure 8. (A) Fluorescence micrographs of DAPI-stained PC3 and BPH1 cell lines under 40× magnification. Both the cells are treated with the C1
complex for 24 h at two different doses (<IC50 and >IC50 doses of PC3). The arrow represents the decondensed nucleus of the apoptotic cells. (B)
% of apoptotic cells as determined by DAPI staining followed by fluorescence microscopic observations. Each value represents the mean ± S.D. of
three independent experiments. *(p < 0.05) and **(p < 0.005) denote the statistically significant difference compared to the untreated control.

Figure 9. Intracellular ROS generation of PC3 and BPH1 cell lines
treated with the C1 complex for 24 h at two different doses (<IC50
and >IC50 doses of PC3). Data are presented as % increase in ROS
relative to untreated controls. Values are the mean ± SD of three
independent experiments. ***(p < 0.0005) and ** (p < 005) denote
the statistically significant difference compared to untreated controls.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.0c06265
ACS Omega 2021, 6, 8226−8238

8234



antiproliferative activity against cancer cells with high
selectivity and also for convenient tracing of the complexes
in cells due to their prominent emissive nature. It is worth
highlighting that such studies involving ligand modification at a
single point (NH vs O vs S) are rare in the literature.37
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curcumin organometallic conjugate. Chem. Commun. 2018, 54, 4120−
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