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Abstract 

In the present work pharmacodynamic interactions of thirteen antineoplastic 

drugs with DNA were investigated using experimental cylic voltammetric and UV-

Vis spectroscopic techniques and theoretical docking methods on molecular level. 

The experimental studies were carried out under physiological conditions i.e. pH 7.4, 

4.7 and body temperature (309.5K). 

In the CV experiments interacting modes of antineoplstic drugs with DNA were 

determined on the basis of decrease in the peak current and shift in the peak position. 

It was observed that a positive shift in the peak position and gradual decrease in peak 

current was indicative of the intercalative behavior. Based on this observation all 

anthracycline based drugs i.e. doxorubicin, epirubicin, daunorubicin, mitoxantron, 

idarubicin, dactinomycin and nogalamycin were kept under the category of 

intercalators. Cisplatin, carboplatin, fluorouracil, etoposide, cyclophosphamide and 

bleomycin were considered to be non-intercalators due to abrupt decrease in peak 

current. In UV experiments interacting modes were determined from the variation in 

spectral absorbance and shift in spectral position. The most important parameter 

obtained from the experimental studies was the binding constant (Kb) which is an 

indicator of the binding strength of the drug with DNA. 

Molecular docking and QSAR studies were carried out for the prediction of 

interactions between antineoplastic drugs and double stranded DNA. Quantitative 

structure activity relationship was established using MOE software package showing 

good correlation of binding strength with various physicochemical parameters e.g. 

hydrophobic surface area (Vsurf), EHOMO, ELUMO, partition coefficient (log P) and molar 

refractivity (MR) of the drugs. Binding constants were also predicted from molecular 

docking studies and it was of the same order of magnitude as those obtained from the 

experimental techniques. 

Investigation of the interaction of three anthracyclines namely doxorubicin, 

epirubicin and daunorubicin with DNA in the presence and absence of two natural 

additives (ascorbic acid and nicotinc acid) under physiological conditions were 

carried out using above three techniques. From voltammetric data, binding constants, 

binding site sizes and Gibb’s free energy were calculated for the drug-DNA and drug-

DNA-additive adducts. It was observed that the binding strength of drug-DNA 
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complex generally increased in the presence of ascorbic acid and nicotinic acid. 

Molecular docking studies (using MOE) confirmed that in the presence of AA and 

NA number of hydrogen bonds and hydrophobic interactions are increased in the 

drug-DNA–additive adduct. 

It is a known fact that the drugs interact with DNA as well as with enzymes 

involved in DNA replication inside the cell. The presently studied thirteen 

antineoplasti drugs are the cytotoxic agents which inhibits the activity of DNA 

enzymes namely Topoisomerase-II, polymerase and helicase and have shown 

remarkable anticancer activity in clinical trials. In the studied work, we performed 

molecular docking studies of twelve antitumor drugs against these DNA enzymes in 

the absence and presence of ascorbic acid (AA). It was predicted that in most of the 

cases drug-enzyme interaction is enhanced in the presence of AA. The increase in the 

binding constant (Kb) of drug-enzyme complex in the presence of AA is a 

manifestation of this enhanced interaction. Quantitative structure activity relationship 

(QSAR) model for anticancer activity screening was also developed. These results can 

offer useful references for directing the molecular design of DNA enzyme inhibitor 

with improved anticancer activity  

Pharmacodynamic drug interactions were also carried out on the cellular level 

using cell culture technique. Utilizing a multiwell plate cytotoxic assay, two non small 

cell carcinoma cell line (NSCLC) human carcinoma cell lines, H-1299 and H-157 

were tested against eight antineoplastic agents alone and in combination with ascorbic 

acid (AA). In these cell lines, it was observed that a moderately cytotoxic 

concentration of AA (2mM) improved the cytotoxic activity of antitumor drugs. Dose 

dependent response curves were drawn to calculate the LD50 values of the drugs for 

both cell lines. Percent cell inhibition of the drug in the presence of 2mM AA was 

determined in two combinations. In the first combination the concentration of the 

drug was taken equal to its LD50 value whereas in the second combination it was 

2mM. It was observed that combination effects between AA and drugs were partly 

synergistic and a consistent synergism was found between AA and all drugs for both 

cell lines. The only exception was that of bleomycin which exhibited an antagonistic 

effect with AA in H-157 cell line. 
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         INTRODUCTION 

 Studies on the binding mechanism of antineoplastic chemotherapeutic drugs with 

DNA have been identified as one of the key research topics during the past several 

years. The effect of DNA interacting drug can be experimentally observed at many 

different levels. The first, most basic level is the molecular level, which involve the 

direct chemical interaction of the drug with the DNA molecule. A variety of 

techniques developed to examine this level of interactions are DNA foot printing, 

Mass Spectroscopy, UV-Vis Spectroscopy, Electrochemistry, NMR, FTIR, Molecular 

Modelling, Equilibrium dialysis, Surface plasmon resonance and Electric linear 

dichromism [1]. The second level of interaction is cellular level, where drug 

interactions are associated with different forms of DNA, transcription factors and 

DNA replication enzymes. Most importat enzymes involved in DNA replication are 

topoisomerases (I, II and III), helicase and polymerase. Anti-cancer therapies often 

target the DNA or its enzymes to inhibit the rapid replication of cancer cells. The third 

level of interactions is clinical level, which is beyond the scope of present work.  

1.1 Therapeutic action of anticancer drugs 

 Cancer chemotherapy has conventionally been based on DNA interacting 

cytotoxic drugs, a number of which are DNA binding agents and many of these are 

continuously in clinical use now a days. Besides Drug-DNA interaction anticancer 

activity of drugs involves concurrent interactions with the DNA enzymes to form 

complexes. Thus in vivo interactions of drugs involve two types of interactions, Drug-

DNA and Drug-Enzymes. These drugs generally can cause DNA double-strand 

breaks ultimately leading to selective tumor cell demise. However, cytotoxic drugs 

generally have high toxicity to both normal and cancer cells but their therapeutic 

index (the ratio between a therapeutic and a toxic dose) is usually low [20]. An 

objective of the research in this field is to to understand the molecular and cellular 

level of mechanism of interactions. 
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 Drugs generally execute their therapeutic (pharmacological) actions via 

interaction with the specific proteins (i.e., enzymes or transporter proteins) that act as 

the drug receptors, thus generally inhibiting and sometimes enhancing the specific 

biological activity (e.g., polysaccharide hydrolysis digestion) of that particular protein 

[3]. But there are numerous DNA-binding drugs as well, with their therapeutic actions 

being the direct result of their interactions with some receptor DNA [4-7]. This is 

possible because of the reason that DNA is even more fundamental to the major 

biological processes, as it is the DNA-regulated transcription process (performed via 

involvement of RNA) that finally synthesizes the proteins themselves. DNA plays a 

major role in the life process because it carries heritage information and instructs the 

biological synthesis of proteins and enzyme through the process of replication and 

transcription of genetic information [5-7]. The self-replication of DNA is also another 

DNA-controlled [3] process crucial for multiplication of cells, leading to normal 

biological growth as well as fatal malignancies.  

 Transcription and replication are the processes that are normally initiated by 

DNA only when a dogmatic protein (e.g., glucocorticoid receptor) binds to some 

region of the DNA [4,8]. Thus, if a small-molecular drug mimics the DNA-binding, 

the DNA-function in question will be either inhibited (termed antagonist action) or 

over-activated (termed agonist action) due to the drug-DNA binding, leading to the 

observed therapeutic actions of the drug. Inhibition of the DNA function by the drug 

is more common [4,9] as it results either preventing cell multiplication or hindering 

cell metabolism imperative to cell life, and is permitted to happen in case of anti-

tumour chemotherapeutic DNA-binding drug.  

1.2 Types of DNA-Binding Drugs 

 The study of the interaction of small molecules with DNA has been the subject of 

rigorous exploration for decades because it provides imminent insight into the 

mechanism of interaction and may facilitate screening and design of new and more 

efficient drugs targeting to DNA, which can help to accelerate drug discovery and 

development processes [10]. As oncogenic processes are characterized by 

unrestrained increase in cell proliferation of abnormal cells due to uncontrolled 

replication of abnormal DNA; the DNA in the abnormal cell is the biological target of 
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many antitumor drugs. The characterization of interaction of small molecules, either 

synthetic or natural not only provides insights in biology, but also gives the 

opportunity for developing effective therapeutic agents for control of gene expression 

[11, 12]. Some small molecules have been proved to be useful as sensitive probes for 

nucleic acid structures [12]. 

 DNA-binding drugs may be alienated into two extensive classes [4, 9, 13], 

namely (i) covalently binding drugs and (ii) non-covalently binding drugs. The 

covalently binding drugs form covalent bonds to nucleobases as in the case of well-

known drug cisplatin [4, 6, 9], binding to N-atoms in nucleobases or to the phosphate-

sugar backbone. Besides such coordination compounds, there are also organic 

covalent binders such as ellipticene [14] that normally alkylate the nucleobases. Many 

covalent binders also build [4] intra-strand or inter-strand cross-links, causing further 

distortion to the DNA structure. Covalent DNA binding can't generally be reversed [4, 

9] and leads to complete inhibition of the DNA functions, accordingly leading to 

cellular death. Due to such strong (as well as non-selective) binding, the covalent 

binders are known to cause toxic side effects in the treated patients [3].  

 The non-covalently binding drugs generally belong only to three smaller groups 

[4, 15] explicitly (i) the intercalating drugs (ii) the minor-groove binding drugs and 

(iii) the drugs developing electrostatic interactions with the negatively charged sugar 

phosphate backbone of DNA. The intercalators get stacked between two flanking 

base-pairs contained by the DNA double helix. They contain planar heterocyclic 

groups, as in the case [5, 16] of anthracyclines, in which groups are considered to 

loosely bind to the nucleobases of DNA via π-π stacking interactions. Thus yet though 

they are bound only via non-covalent interactions, the intercalators set up rather 

strong perturbations to the DNA structure [3].  

 On the other hand, a groove-binding drug appropriately fits itself within the inter-

strand void structure of either of the two grooves created by the double-helical nature 

of DNA [4, 13]. Accordingly a groove-binding drug, unlike an intercalator, would not 

normally induce a major perturbation to the structure of DNA, yet usually binding 

DNA with a less strong affinity and sequence-specificity [13]. To understand the 

groove-binding behavior of such drugs, a better understanding of the double-helical 
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structure of DNA is needed here [16-18]. The DNA double helix has a right-handed 

helical structure (Figure 1.1).  

 

 

        Figure 1.1. Minor and major groove in DNA 

 The narrowness of the minor groove implies that the edges of the bases are more 

reachable in the major groove for the large DNA-binding proteins such as the 

transcription factors [17-18]. On the other hand, the small-molecular drugs prefer to 

bind at the minor groove [13], which being narrower provides better van der Waals 

contact [4, 6] of the drug fringe with the sugar-phosphate walls of the groove. with 

such interactions including the weak hydrogen bond [19] interactions enhancing [4,6] 

the net drug-DNA binding. Thus, the groove-binding drugs are usually of the DNA 

minor-groove binding category [4].  

In the present work binding studies of thirteen antineoplastic drugs with the DNA 

were carried out. Molecular level interactions were studied using cyclic voltammetry 

and UV-Vis spectroscopy at physiological conditions (pH= 7.4, 4.7 and T= 309.5 K). 

These interactions of drugs with DNA were also investigated in the absence and 

presence of ascorbic acid (AA) and nicotinic acid (NA). Molecular docking and 

QSAR studies were carried out for the investigation of interactions between thirteen 

antitumor drugs and double stranded DNA. Quantitative structure activity relationship 

was established showing good correlation of binding strength with various 

Minor groove Major groove 
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physicochemical parameters e.g. hydrophobic surface area (Vsurf), EHOMO, ELUMO, log 

P and molar refractivity (MR) of the drugs. 

Investigation of binding interactions of DNA immobilized on the surface of 

glassy carbon electrode was also carried out for IDA and NOM. It was observed that 

binding constant was much higher than that of DNA in solution. This implied that 

adsorptive accumulation of DNA on the electrode surface can be used as 

electrochemical affinity biosensor for the drugs investigated 

 Interactions of the anticancer drugs at cellular level were investigated using cell 

culture technique. ex vivo studies of chemotherapeutic agents against two Non Small 

Cells Lung Cancer (NSCLC) Cell Lines namely H-1299 and H-157 were carried out 

to determine the cytotoxicityof drugs. Percent cell inhibition (% CI) and LD50 values 

were determined as a measure of cytotoxicity. LD50 (Lethal Dose) is a measure of half 

minimal concentration of drug required to kill 50 % cancer cells [20]. These 

investigations of drug-cell interactions were then carried out in the presence of AA to 

ascertain effect of AA on the cytotoxicity of the drugs. It must be mentioned that at 

cellular level interaction of anticancer drugs with DNA as well as with its enzymes is 

possible.  

 As drug-DNA binding study is an emerging field of research and a number of 

researchers have carried out the DNA binding studies of drugs. A brief overview of 

the work already done on the drugs under investigation in this work is given below: 

1.2.1 Anthracyclines based drugs 

 Anthracyclines (or anthracycline antibiotics) are a class of drugs used in cancer 

chemotherapy derived from Streptomyces bacterium Streptomyces peucetius var 

caesius [24]. These compounds are used to treat many cancers, including leukemias, 

lymphomas, breast, uterine, ovarian, and lung cancers. The anthracyclines are some of 

the most effective anticancer treatments ever developed and are effective against more 

types of cancer than any other class of chemotherapeutic agents [25,26,27]. Their 

clinical usefulness is limited due to their dose related cardiotoxicity. The first 

anthracycline discovered was daunorubicin (trade name Daunomycin), which is 

http://en.wikipedia.org/wiki/Chemotherapy
http://en.wikipedia.org/wiki/Chemotherapy
http://en.wikipedia.org/wiki/Chemotherapy
http://en.wikipedia.org/wiki/Streptomyces
http://en.wikipedia.org/wiki/Anthracycline#cite_note-0
http://en.wikipedia.org/wiki/Leukemia
http://en.wikipedia.org/wiki/Lymphoma
http://en.wikipedia.org/wiki/Breast_cancer
http://en.wikipedia.org/wiki/Uterine_cancer
http://en.wikipedia.org/wiki/Ovarian_cancer
http://en.wikipedia.org/wiki/Lung_cancer
http://en.wikipedia.org/wiki/Anthracycline#cite_note-Weiss-1
http://en.wikipedia.org/wiki/Anthracycline#cite_note-Minotti-2
http://en.wikipedia.org/wiki/Anthracycline#cite_note-Minotti-2
http://en.wikipedia.org/wiki/Cardiotoxicity
http://en.wikipedia.org/wiki/Daunorubicin
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produced naturally by Streptomyces peucetius, a species of actinobacteria. 

Doxorubicin (Adriamycin) was developed shortly after, and many other related 

compounds have followed, although few are in clinical use [25]. In the present work 

interaction of seven anthracyclines with DNA was studied utilizing cyclic 

voltammetry, UV-Vis spectroscopy, Molecular Docking and Cell Culture techniques. 

Crystal structure studies of some anthracyclines carried out confirmed the planar 

structure and intercalation mode of interaction of anthracyclines.  

1.2.1.1 Doxorubicin 

 Doxorubicin (DXH) or adriamycin is an anthracycline antibiotic. Currently, it is 

commonly used in the treatment of a wide range of cancers. The exact mechanism of 

action of DXH is intricate and still somewhat unclear, though it is thought to interact 

with DNA by intercalation and topoisomerase II inhibition [28]. Extensive researches 

have been carried out to study the interactions of doxorubicin on the cellular level as 

well as on molecular level. 

 Some experiments were carried out by Kiyomia et al. to elucidate the 

intracellular specificity of the differential cytotoxic effects of DXH on neoplastic and 

normal cells. These results proposed that DXH exerts cytostatic effects on neoplastic 

and normal undifferentiated cells via inhibition of DNA synthesis by intercalation into 

stacked base pairs of DNA, and additional cytotoxic effects on neoplastic cells 

through the production of reactive oxygen species resulting. The cytotoxic effects on 

normal differentiated cells may be related to the high levels of production of reactive 

oxygen species due to high activity of mitochondrial NADH-cytochrome c reductase 

[28]. DXH is frequently used to treat some leukaemias, Hodgkin’s and non- 

Hodgkin’s lymphomas, as well as cancers of the bladder, breast, stomach, lung, 

ovaries, thyroid, soft tissue and bone sarcomas, multiple myeloma, and others.  

http://en.wikipedia.org/wiki/Streptomyces
http://en.wikipedia.org/wiki/Actinobacteria
http://en.wikipedia.org/wiki/Doxorubicin
http://en.wikipedia.org/wiki/Analog_%28chemistry%29
http://en.wikipedia.org/wiki/Analog_%28chemistry%29
http://en.wikipedia.org/wiki/Analog_%28chemistry%29
http://en.wikipedia.org/wiki/Anthracycline#cite_note-Weiss-1
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Figure 1.2. Chemical structure of Doxorubicin 

 Doxorubicin interacts with DNA on molecular level by intercalation and 

suppression of macromolecular biosynthesis. This causes inhibition of the function of 

the enzyme topoisomerase II, which is involved in unwinding of supercoiling of DNA 

for transcription. Doxorubicin stabilizes the topoisomerase II complex after it has 

broken the DNA strand for replication, preventing the DNA double helix from being 

resealed and thereby stopping the process of replication. The planar aromatic 

chromophore portion of the molecule intercalates between the base pairs of the DNA, 

while the six-membered daunosamine sugar sits in the minor groove and interacts 

with flanking base pairs immediately adjacent to the intercalation site, as evidenced 

by several crystal structures [29].  

 Production of reactive oxygen species by DXH causes lipoperoxidation that 

results in damaging of cell membranes [30, 31]. Doxorubicin have long been said to 

induce cardiotoxicity by mechanisms other than those mediating their antitumor 

effectiveness, a concept which has raised hopes to design strategies for protecting the 

heart while not diminishing tumour response. To reduce their free radical damage, use 

of natural additives (ascorbic acid and nicotinic acid) seems to be very convenient in 

the present work. 

 Previously great attention has been paid to the electrochemistry of doxorubicin 

and related drugs due to considerable electroactivity of these molecules [32-44]. 

Doxorubicin is an anthraquinone, where both quinone and hydroquinone moieties are 
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electroactive and can be used to recognize electrochemical reduction and/or oxidation 

of the drug (Figure. 1.2). A number of investigations have been carried with mercury, 

carbon and other types of modified electrodes. The redox process of substituted 

anthraquinones offer two sets of reduction waves, which is attributed to the reduction 

of the quinone group and the carbonyl side chain, respectively [45]. Polarographic 

behaviour of doxorubicin has been investigated by several authors with good 

sensitivity [32, 45-48]. Preliminary electrochemical behavior of doxorubicin at carbon 

paste electrode (CPE) was described in the beginning of eighties of the last century 

[49] followed by several other papers [50-54].  

Previously, on the molecular level, electrochemical study of Doxorubicin 

Interaction with Different Sequences of Single Stranded Oligonucleotides was studied 

by David Hynek et al [55]. They carried out adsorptive transfer stripping technique 

coupled with square wave voltammetry for studying of interaction of doxorubicin 

with single stranded oligonucleotides (ssODN) in various ratios (1:1, 1:2 and 1:5) and 

interaction times (0-300 min). The results showed the assumption that DXH peak 

height increased with increasing concentration of the drug intercalated into ssODN, 

but the peaks current changes during the interaction suggest the changes in the 

structure of ssODN. 

An electrochemical and spectroscopic study of the interaction of doxorubicin to 

DNA was reported by Hui-Min Zhang et al [56]. They studied weakly acidic media of 

pH 4.0–7.0. The addition of DNA to DXH solution resulted in the decrease of redox 

peak currents. In the presence of DNA, no new peak appeared and the standard rate 

constant ks,h  was not significantly changed. The binding of DXH to DNA by 

electrostatic attraction and intercalation formed a kind of supramolecular complex 

DXH–DNA, which was electrochemically non-active. The equilibrium constant for 

the formation of the complex was calculated. The decrease in the peak current is 

proportional to DNA concentration and was used to determine DNA concentration. 

Effect of DXH in combination therapy with other drugs was also investigated. On 

the cellular level, effects of high doses of vitamins C and E against doxorubicin-

induced chromosomal damage in Wistar rat bone marrow cells was investigated by 

Lusania Maria et al [57]. The objective of the present study was to investigate the 

possible protective effect of Vit C and / or Vit E on mammalian cells treated with 
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DXR in vivo. Animals treated with the lowest doses of Vit C and / or Vit E, alone or 

in combination, plus a single dose of DXR presented a statistically significant 

reduction in total number of chromosome aberrations and in number of abnormal 

metaphases. 

J. Viallet found that Etoposide and doxorubicin antagonize the in vitro activity of 

paclitaxel in human non-small cell lung cancer cell lines [58]. They measured the 

cytotoxic effects of paclitaxel when used alone or in combination with vinblastine, 

cisplatin, etoposide or doxorubicin in final concentrations covering 3-4 Logs in up to 

five cell lines using a 96-well plate MTT assay. Drug interactions were analyzed with 

the isobologram method of Steel and Peckham and bidimensional plots. They detected 

no interactions between paclitaxel and cisplatin in two cell lines. Despite sharing a 

molecular site of action, there were no interactions between paclitaxel and vinblastine 

in two cell lines. In contrast, significant antagonism was detected between paclitaxel 

and etoposide or doxorubicin. They failed to make out potentially synergistic 

combinations of paclitaxel for the treatment of non-small cell lung cancer.  

Increase in the antineoplastic activity of doxorubicin, cisplatin, and paclitaxel with 

ascorbic acid in human breast carcinoma cells was observed by Christian M. 

Kurbacher et al [59]. Using a microplate ATP bioluminescence assay, they tested two 

human breast carcinoma cell lines, MCF-7 and MDA-MB-231 against doxorubicin 

cisplatin and paclitaxel alone and in combination with Vit C. In both cell lines, Vit C 

exhibited cytotoxic activity at high concentrations (i.e. 10
2
-10

3
µM). Both cell lines 

also were resistant to doxorubicin. Vit C both at non-cytotoxic (1µM) and moderately 

cytotoxic concentrations (l0
2
µM) improved the cytotoxicity of doxorubicin. The 

mechanisms by which AA potentiates the cytostatics studied are yet unclear. 

 In the present work interaction studies of DXH were carried out on the molecular 

as well as on the cellular level. Electrochemical, UV-Vis spectroscopic and Molecular 

Docking investigations of DXH with DNA in the absence and presence of ascorbic 

acid at two physiological conditions (pH 7.4, 4.7 and 309.5K) have been investigated 

on molecular level. Molecular docking and QSAR studies of DXH with DNA and 

DNA enzyme (topoisomerase II) in the absence and presence of AA for the 

investigation of interactions were also carried out. Quantitative structure activity 

relationship was established using MOE software package. There has yet been no 
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report on electrochemical, spectroscopic and docking behavior of interaction of DXH 

with DNA in the absence and presence of AA. 

 In order to induce the desired biological action, the structure or active part of a 

drug should be complementary with the structure of the receptor. However, due to the 

complex nature of biological systems, the prediction of the effect of structural 

changes on the biological activity of the drug may not be free of uncertainty [20]. 

Therefore, extensive research is the pre-requisite for the determination of structure 

activity relationship and the consequences of structural modification. With these facts 

in mind the binding parameters and quantitative structure activity relationship of 

DXH with DNA were evaluated with the objective of searching out an increase in 

efficiency of DXH in the presence of natural additives.  

 Effect of ascorbic acid on the cytoxicity of the DXH against H-1299 and H-157 

was also studied in this work. Effect of AA on percent cell inhibition (% CI) of DXH 

was monitored using cell culture method. 

1.2.1.2 Epirubicin 

 Epirubicin (Epi-DXH) is an anthracycline antibiotic drug, an isomer of DXH, 

widely used for chemotherapy in cancer treatment. Epirubicin is favoured over 

doxorubicin, the most popular anthracycline, in some chemotherapy regimens as it 

appears to cause fewer side-effects. Epirubicin has a different spatial orientation of 

the hydroxyl group at the 4' carbon of the sugar, which may account for its faster 

elimination and reduced toxicity. Epirubicin is principally used against a number of 

cancer types including breast and ovarian cancer, gastric cancer, lung cancer.  

 Previousely some interaction studies of the anticancer drug epirubicin with DNA 

at pH = 4.8 was carried out by Arzum Erdem et al. They investigated the interaction 

of epirubicin (Epi-DXH) with calf thymus double-stranded DNA (dsDNA) and calf 

thymus single-stranded DNA (ssDNA) electrochemically by using differential pulse 

voltammetry (DPV) and cyclic voltammetry (CV) at carbon paste electrode (CPE). 

Experimental parameters, such as the concentration of Epi-DXH, the concentration of 

DNA and the accumulation time of Epi-DXH, were studied by using DPV. In 
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addition, the detection limit and the reproducibility were determined. It was observed 

that the signal at a bare electrode was higher than that at the dsDNA- immobilized 

CPE. The signals for Epi-DXH in CV were found to decrease in the order of bare 

CPE, ssDNA- immobilized and dsDNA-modified CPE. The interaction of Epi-DXH 

with smaller oligonucleotides was also evaluated for use as a hybridization indicator 

[60]. 

 

Figure 1.3. Chemical structure of Epirubicin 

The interactions between epirubicin (Epi-DXH) and double stranded DNA (ds-

DNA) had been studied by R. Haijan using UV-Vis spectrophotometry, cyclic 

voltammetry, fluorescence spectroscopy and viscometery [61]. The apparent binding 

constant of epirubicin with DNA was found to be 3.8 × 10
5
 mol-1 L and was studied 

at different temperatures. It indicated that the former method could be successfully 

applied to the determination of epirubicin. Also, the voltammetric behavior of Epi-

DXH was investigated at glassy carbon electrode using cyclic voltammetry. 

Thermodynamic parameters including ΔH
0
, ΔG

0
 and ΔS

0
 were determined. One 

indication of the strong interaction between DNA and Epi-DXH was increasing of 

viscosity. The diffusion coefficients of Epi-DXH in the absence and presence of ds-

DNA were calculated. The experimental results revealed that Epi-DXH and ds-DNA 

had strong interactions. The mechanism of quenching belonged to static quenching 

and the main sort of binding force was intercalation [62-64]. These studies were 

oriented towards the detection of small concentration of Epi-DXH as is required for 

the investigating the metabolism of drugs in body. 
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In the present work binding constants of interaction of Epi-DXH with the DNA in 

the absence and presence of AA and NA was evaluated on molecular level using CV, 

UV-Vis spectroscopic and Molecular docking methods at physiological conditions.  

1.2.1.3  Daunorubicin 

 Daunomycin (DNR) is a clinically useful anthracycline antibiotic whose 

antitumor activity has been attributed to the intercalation of the planar aromatic ring 

system between the DNA base pairs [65]. The first crystal structure with an 

oligonucleotide and a monointercalator was obtained for a complex of daunomycine 

and the oligomer d(CGTACG) in 1987 by Wang et al. [66]. The rings B and C of 

daunomycine core (Figure. 1.4) lie between base pairs, the aminosugar which is 

attached to ring A is twisted to develop interactions with the minor groove and ring D 

protrudes into the major groove. The above hexamer has two daunomycine molecules 

intercalated between the two GC pairs at the duplex ends. 

 

 

Figure 1.4. Chemical structure of Daunorubicin 

 Complexes of daunomycine with DNA have been studied by a variety of 

methods. Several researches have been devoted to electrochemical exploration of such 

interactions [67–74]. Most of these papers used DME or HMDE and focused on 

measuring changes in reduction current of daunomycine accrued from its interaction 

with DNA. Daunomycine contains two electroactive sites: an oxidizable 
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hydroquinone group in ring B (Figure. 1.4) and a reducible quinone center in ring C. 

Both rings are intercalated between the base pairs in the DNA–daunomycine complex 

[75]. Reduction and oxidation signals of daunomycin are significantly influenced by 

its binding to DNA. In fact, a decrease in the daunomycin reduction signal obtained 

with the mercury electrodes upon binding to DNA was described in literature [67–74]. 

Interactions of antitumor drug daunomycin with DNA in solution and at electrode 

surface by means of cyclic voltammetry and particularly by constant-current 

chronopotentiometric stripping analysis (CPSA) with the carbon paste electrode 

(CPE) at pH = 5.2 were studied by Joseph Wang et al. It was shown that daunomycin 

adheres strongly to the bare CPE resisting washing, so that a daunomycin-modified 

electrode can be easily prepared. Daunomycin immobilized at CPE interacted with 

DNA on immersion of the modified electrode into the dsDNA solution. Their results 

suggested that the interaction of daunomycin with DNA anchored at the surface may 

significantly differ from that with DNA in solution [66]. 

 In the present work we have used the voltammetric and UV-Vis spectroscopic 

signals (experimental techniques) of DNA and daunorubicin to study their interactions 

in solution in the absence and presence of ascorbic acid (AA) and nicotinic acid (NA) 

to find the effect of AA and NA on the binding of DNR to DNA. Some Molecular 

docking and QSAR studies of DNR –DNA complex in the absence and presence of 

AA were also carried out. Presently for anticancer activity screening molecular 

docking studies of DNR with topoisomerase-II was carried out in the presence of AA. 

Electronic and steric descriptors obtained from molecular docking investigation were 

considered important because DNR inhibits the activity of topoisomerase-II in in 

vitro. in vitro investigations of the effect of AA on percent cell inhibition (% CI) and 

hence on LD50 of DNR was monitored using cell culture technique. 

1.2.1.4  Mitoxantrone 

 Mitoxantrone is a synthetic antineoplastic drug, structurally similar to the 

anthracyclines, widely used as a potent chemotherapeutic agent in the treatment of 

various cancers such as advanced breast cancer, lymphoma and leukemia [76-78]. 

Extensive interest in the treatment with MTX has arisen because of its perceptible 

lower risk of cardiotoxic effects compared with the naturally occurring anthracycline 
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doxorubicin and daunorubicin [79]. The structure of MTX is given in Fig. 1.5. It has a 

planar anthraquinone ring intercalating between DNA base pairs and the nitrogen-

containing side chain electrostatic binding the negatively charged phosphate backbone 

of DNA [80]. The MTX exhibits an intricate molecular mechanism of action for 

example, production of free radicals [81] and the induction of DNA damage [82, 83] 

as well as intercalative binding [76]. Some investigators have reported that specificity 

of intercalation favours G–C base pair [84], while others argued that there is no such 

sequence specificity while considering intercalation mode of interaction [85]. 

However, the ability of MTX intercalative interaction with DNA has been proved to 

correlate with antitumor properties [79, 80]. 

 

Figure 1.5. Chemical structure of Mitoxantrone 

 

Various biochemical and physicochemical methods have been applied to examine 

the interaction of MTX–DNA. These methods include DNA foot printing assay [81], 

molecule dynamics simulation [82], electrical linear dichroism [83], scanning electron 

microscopy [84], and electrochemical techniques. In recent years, electrochemical 

methods have gained growing interests in the investigation of DNA–drug interactions 

[85–87], due to its simplicity, rapidness and economy.  

 

Electrochemical investigation of such interactions, differential pulse and square 

wave voltammetry were applied to study MTX in a DNA biosensor [88]. 

Additionally, the electrochemical behaviors of MTX–DNA were also reported at a 
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waxed graphite electrode [89], a Ni/GC ion implantation modified electrode [90] and 

a carbon paste electrode [91]. Cyclic voltammetry coupled with different 

spectroscopic (UV/Vis, fluorescence and Raman) techniques were used to study the 

interaction of mitoxantrone (MTX), an antitumor drug, with calf thymus DNA in 

acetate buffer solutions (pH 4.5) previously [92-98].  

Molecular docking studies of MTX by Pritish Varadwaj et al [99] suggested that 

intercalative binding of mitoxantrone in minor groove of DNA was much less 

favorable than in the major groove and also found to be much less sequence selective. 

Mitoxantrone shows considerable preference for intercalation of chromophore ring in 

a pyrimidine purine sequence (G-C) rather than the isomeric purine pyrimidine 

sequence (A-T). 

A theoretical study on the interaction between mitoxantrone as anticancer drugs 

and DNA was carried out to find application in drug designing [100]. The ultimate 

objective was to design drugs that interact more with DNA. Understanding the 

physicochemical properties of the drug as well as the mechanism by which it interacts 

with DNA, it ultimately allowed the rational design of novel anti-cancer or anti-viral 

drugs.  

in vitro genotoxicity of anticancer drug MTX against Peripheral blood 

leukocytesin comparison with idarubicin was investigated by Janusz Blasiak et al. 

The purpose of study was to observe much lesser genotoxicity of mitoxantrone 

compared to idarubicin in normal lymphocytes which assisted in planning 

chemotherapeutic strategies [101]. There has not yet any report about the cyclic 

voltammetric behavior of the MTX–DNA on the glass carbon electrode (GCE) at 

physiological conditions and docking behavior of MTX which has been done in the 

present work.  

 Accordingly, in this work, thorough investigations of the electrochemical 

behavior of MTX upon addition of DNA at physiological conditions were carried out. 

Furthermore, the changes in the electronic absorption spectra and Molecular Docking 

behavior were used to study the mode of such interaction. The agreement of the 

various methods is quite good. Thus it can be seen, there is a mutual complementarity 

between experimental and theoretical techniques, which can provide fruitful 

information about the mechanism of interaction and the conformation of adduct from 
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different aspects. On cellular level effect of ascorbic acid on antineoplastic activity of 

MTX was also studied. 

1.2.1.5 Nogalamycin 

 The nogalamycine (Figure. 1.6) belonging to the anthracycline family and 

isolated from streptomyces nogalator binds to DNA via intercalation [102]. 

nogalamycin arrests RNA synthesis in vivo [103] and exhibits an antineoplastic 

activity against a number of carcinoma cell lines [104]. As a member of the 

anthracycline family of molecules, nogalamycin possesses a planar aglycon 

chromophore. DNA–nogalamycin interactions have been studied over the past years 

using various techniques, including NMR [105], and X-ray crystallographic methods 

[106]. 

In a previous work, CV and DPV studies of the interaction of nogalamycin 

antitumor drug with DNA at 23
0
C was investigated [107]. Binding constants 

determined from voltammetric data revealed higher value for NOM as compared to 

DXH and DNR. The results showed that a slight change in chemical structure caused 

significant changes in the binding affinity to DNA and consequently in clinical 

properties. Some X-ray crystal structure studies of the complex formed between NOM 

and self complementary DNA hexamer confirmed that NOM intercalates at terminal 

GC base pairs and interacts with both strands in both grooves of DNA [108]. 

The interaction studies of NOM and its derivatives with DNA and other 

biopolymers using electronic absorption, circular dichroism (CD), thermal 

denaturation, solvent partition and pulse radiolysis techniques were carried out by 

some researchers [109]. Binding parameters indicated that the nogalamycin molecules 

differ from adriamycin in their interaction with calf thymus DNA. Base pair 

specificity studies by CD indicate that the nogalamycin molecules interact differently.  

Cytotoxicity of NOM against bacterial strain was determined by the method of Smith 

et al’ where the effect of nucleic acids and their derivatives, amino acids and vitamins 

on the cytotoxicity of a given substance were determined [110]. 
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Figure 1.6. Chemical structure of Nogalamycin 

 

In the present work, electrochemical studies of the interaction of nogalamycin 

(NOM) with DNA in the solution and DNA immobilized with DNA are reported. 

Because the anthracycline moiety of NOM possess redox activity, detailed 

investigations of the voltammetric behavior of NOM on addition of DNA has been 

carried out. The binding constant of the NOM–DNA interaction was also obtained by 

a titration of NOM with nucleotide phosphate using UV-Vis spectroscopy. 

Interactiong mode of NOM with DNA as well as with topoisomerase II was 

determined by Molecular Docking studies.  

1.2.1.6  Idarubicin 

 Idarubicin is an anthracycline antileukemic drug. It inserts itself into DNA by 

intercalation and also blocks DNA from unwinding by interfering with the enzyme 

topoisomerase II. It is an analog of daunorubicin, but the absence of a methoxy group 

increases its fat solubility and cellular uptake [111]. It belongs to the family of drugs 

called antitumor antibiotics. Idarubicin (4-demethoxy-daunorubicin) is a synthetic 

analog of daunorubicin (Figure. 1.8). Due to absence of the methoxy group 

lipophilicity of idarubicin increases compared with that of daunorubicin and 

doxorubicin, this enhances its uptake into tumor cells and may increase its binding to 

DNA. Idarubicin has orphan drug designation for acute myelogenous leukemia, acute 

lymphoblastic leukemia in children, chronic myelogenous leukemia and 

http://en.wikipedia.org/wiki/Anthracycline
http://en.wikipedia.org/wiki/Antileukemic_drug
http://en.wikipedia.org/wiki/Topoisomerase_II
http://en.wikipedia.org/wiki/Daunorubicin
http://en.wikipedia.org/wiki/Antineoplastic
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myelodysplastic syndrome. Idarubicin forms free radicals to a lesser extent than other 

anthracyclines; this may account for its reduced cardiotoxicity [112]. The dose of 

anthracyclines and other anticancer drugs sufficient to kill tumor cells often is toxic to 

normal tissue and leads to side effects e.g. myelosuppression, neutropenia, 

cardiomyopathy, nausea, vomiting and induction of secondary tumors. 

 

 

Figure 1.7. Chemical structure of Idarubicin 

 

The crystal structure of the DNA hexamer d (TGATCA) complexed with the 

anthracycline antibiotic idarubicin had been determined at 1.6 Å resolution by B 

Gallois et al[113]. The geometry of the intercalation and the nature of the interactions 

were conserved ignoring the DNA sequence involved in the binding. 

in vitro genotoxicity of anticancer drugs idarubicin was investigated by some workers 

[95] according to which the effect induced by idarubicin was more pronounced than 

by mitoxantrone. Direct strand breaks, oxidation and methylation of the DNA bases 

can trigger the DNA-damaging effect of idarubicin. 

 In the present study CV, UV-Vis spectroscopic and Molecular docking studies of 

IDA were carried out to investigate the mode of interactions. The main interest was 

focused on the determination of the type of interaction of DNA with drug 

(electrostatic versus hydrophobic).  
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1.2.1.7  Dactinomycin 

 Dactinomycin was one of the first cytotoxic drugs to be used as an anti-cancer 

drug. The cytotoxicity of dactinomycin was attributed to its apparent ability to bind to 

DNA by intercalation and groove binding, thus interfering with synthesis and function 

of DNA [114]. Dactinomycin is composed of two pentapeptide lactone rings 

composed of L-Threonine, L-Methyl-Valine, N-methyl-glycine, L-proline, and D-

valine attached to a phenoxazone ring through amide linkages. Both the phenoxazone 

ring and the lactone rings have been implicated in binding of the drug to DNA. The 

structure of Dactinomycin is shown below in Figure 1.8. 

 It has been suggested that phenoxazone ring of Dactinomycin binds to dsDNA 

through stacking interactions at and between intercalation sites and through 

intermolecular hydrogen bonds. The three rings in the phenoxazone portion of 

Dactinomycin interact with both guanine residues in the (dGdC)•(dGdC) sites, which 

contributes to the specificity of Dactinomycin for this sequence. It has been reported 

that phenoxazone rings intercalate between bases when Dactinomycin binds to DNA. 

In addition, the phenoxazone ring NH2 group participates in hydrogen bonding with 

the O4’ and O3’ of the residues between which it is intercalated [115]. It has been 

reported both lactone rings participate in hydrogen bonding with the bases in the 

minor groove. The lactone rings project in opposite directions from the intercalated 

phenoxazone ring into the minor groove. Intermolecular hydrogen bonds between the 

lactone rings and the minor groove of the DNA contribute to the sequence specificity 

of Dactinomycin for (dGdC)•(dGdC) sites. The strongest hydrogen bonds observed 

were between the carbonyl portions of the backbone of L-Thr and the exocyclic NH2 

protons on guanine. The weaker hydrogen bonds observed were between the amide 

portion of the backbone of L-Thr on the lactone rings of Dactinomycin and N3 on the 

guanine residues in the minor groove. Binding of Dactinomycin widens the minor 

groove to up to 19.4 Å as compared to roughly 6 Å in native B-DNA. DCT interacts 

with DNA both through interaction and groove binding. 

 Previously some electrochemical studies of reaction between DCT and DNA at 

pH = 7.0 were carried out by some researchers. They found that dactinomycin forms 

an electro inactive complex with DNA with a decrease in reductive current. UV/Vis, 
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fluorescence and circular dichroism spectroscopic study of investigation of DCT 

interactions with DNA revealed demonstrated that the absorbance at 260 and 210 nm 

was diminished and fluorescence emission intensity was reduced by quenching of 

drugs with DNA and chromatin chromospheres. Circular dichroism profiles revealed 

that the binding of drugs induced structural modifications in both positive and 

negative edges of DNA [116]. 

 In the present work electrochemical studies of DCT with DNA in solution as 

have been carried out. The binding studies of the DCT–DNA interaction using UV-

Vis spectroscopy shows the strength of interactions. Some Molecular docking studies 

of DCT with DNA and DNA enzymes (topoisomerase II) was also carried out for the 

comprehension of microscopic interactions. Increase in antineoplastic activities by the 

addition of ascorbic acid agaist non small cell lung cancer (NSCLC) cell lines was 

monitored on cellular level. 

 

 

               Figure 1.8. Chemical structure of Dactinomycin 

The peptide residues in the lactone ring are colour-coded: L-threonine (blue), L-methyl-

Valine (green), N-methyl-glycine (red), L-proline (yellow), and D-valine (purple). The 

phenoxazone ring is drawn in black. 
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1.2.2 Non Anthracycline anticancer drugs 

      Anthracyclines have been a key component of chemotherapy regimens since 

1990. However, there is augmented risk of the long-term, irreparable toxicities 

associated with these anthracycline-based chemotherapies, including cardiac failure 

and secondary leukemia. Currently different factors have prompted a re-evaluation of 

the role of non-anthracycline regimens for the treatment of early stages of cancer 

[117]. In the present study use of some the non-anthracycline adjuvant regimens has 

also been discussed which have established reduced toxicity compared to 

anthracycline-based regimens in various trials. 

1.2.2.1 Flourouracil 

 Fluorouracil (5-FU) is a drug that has structure very similar to the pyrimidine 

base of DNA. It is most oftenly called pyrimidine analog and is used in the treatment 

of several types of cancer. It is a suicide inhibitor and works through irreversible 

inhibition of thymidylate synthase. It also replaces the base pair of DNA to form a 

covalent bond. It belongs to the family of drugs called antimetabolites [118]. In recent 

years, 5-Fluorouracil (5-FU) has been tremendously employed alone or in 

combination with various cytotoxic drugs and hormones in the treatment of tumours, 

such as breast, colorectal and gastric cancers [119–124]. Particularly, many 

derivatives of 5-FU have been developed to improve the topical delivery efficiency 

and to reduce the side effects of 5-FU [125–127] due to high incidence of toxicity in 

the bone marrow, gastrointestinal tract, central nervous system and skin. 

 Cathodic stripping voltammetry of the anticancer agent 5-flourouracil in the 

presence of Cu (II) was carried out at pH = 10. By controlling the deposition 

potential, technique was used for the determination of 5-FU in urine [128]. 

  In the present work 5-FU was investigated in combination with the ascorbic acid 

on cellular level. Electrochemical, spectroscopic and molecular docking studies 

predicted the interacting modes of 5-FU on molecular level. Some docking 

investigations of FU with thymidylate synthase enzyme were also carried out in the 

absence and presence of AA. It was observed that number of hydrogen bonds and 

http://en.wikipedia.org/wiki/Medication
http://en.wikipedia.org/wiki/Pyrimidine_analog
http://en.wikipedia.org/wiki/Pyrimidine_analog
http://en.wikipedia.org/wiki/Pyrimidine_analog
http://en.wikipedia.org/wiki/Cancer
http://en.wikipedia.org/wiki/Suicide_inhibition
http://en.wikipedia.org/wiki/Thymidylate_synthase
http://en.wikipedia.org/wiki/Antimetabolite
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hydrophobic interactions increase in the presence of AA. The DNA interaction studies 

of FU- complexes may help in drug designing. 

 

 

Figure 1.9. Chemical structure of Fluorouracil 

1.2.2.2 Cyclophosphamide 

 Cyclophosphamide is a nitrogen mustard alkylating agent from the oxazophorines 

group (Figure 1.10). An alkylating agent adds an alkyl group (CnH2n+1) to DNA. 

Metabolites cyclophosphamide attaches to the guanine base of DNA, at the number 7 

nitrogen atom of the imidazole ring [129]. 

 Previously no electrochemical, spectroscopic and molecular docking studies of 

cyclophosphamide were carried out.  

 Some autoimmune disorders and several types of cancer are cured by 

cyclophosphamide. As a "prodrug", it is converted in the liver to active forms that 

have chemotherapeutic activity. The main effect of cyclophosphamide is due to its 

metabolite phosphoramide mustard. This metabolite is only formed in cells that have 

low levels of ALDH (aldehyde dehydrogenase). Phosphoramide mustard forms DNA 

crosslinks both between and within DNA strands at guanine N-7 positions (known as 

interstrand and intrastrand crosslinkages, respectively). This process is irreversible 

and leads to cell death [129]. 

 Cyclophosphamide has relatively little typical chemotherapeutic toxicity as 

ALDHs are present in relatively large concentrations in bone marrow stem cells, liver 

and intestinal epithelium. ALDHs protect these actively proliferating tissues against 

 

http://en.wikipedia.org/wiki/Nitrogen_mustard
http://en.wikipedia.org/wiki/Alkylating_antineoplastic_agent
http://en.wikipedia.org/w/index.php?title=Oxazophorine&action=edit&redlink=1
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http://en.wikipedia.org/wiki/Autoimmune_disorder
http://en.wikipedia.org/wiki/Cancer
http://en.wikipedia.org/wiki/Prodrug
http://en.wikipedia.org/wiki/Liver
http://en.wikipedia.org/wiki/Chemotherapy
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toxic effects of phosphoramide mustard and acrolein by converting aldophosphamide 

to carboxyphosphamide that does not give rise to the toxic metabolites 

phosphoramide mustard and acrolein [129]. Cyclophosphamide-induced liver necrosis 

was studied by S. Shaunak et al previousely [130]. 

 

 

Figure 1.10 Chemical structure of Cyclophosphamide 

 In the present work we have used electrochemical CV, UV-Vis spectroscopic and 

molecular docking investigations are carried out in order to better understand the 

mode and mechanism of interaction. Dose dependent inhibitory effect of 

cyclophosphamide against NSCLCC in the absence and presence of AA was also 

studied. Presence of AA led to an increase in the induction of apoptosis. 

1.2.2.3 Etoposide 

 Etoposide (Fig 1.11) is an anticancer agent, which belongs to the drug type 

topoisomerase inhibitor. Etoposide forms a ternary complex with DNA and the 

topoisomerase II enzyme (which aids in DNA unwinding), prevents re-ligation of the 

DNA strands, and causes DNA strands to break. Cancer cells rely on this enzyme 

more than healthy cells, since they divide more rapidly. Therefore, this causes errors 

in DNA synthesis and promotes apoptosis of the cancer cell [131, 132]. Patients with 

advanced hematological malignancies are treated with etoposide [133]. The exact 

mechanism and mode of action of etoposide is still not known but it is a phasespecific 

drug that appears to act either by causing DNA breaks by an interaction with DNA-

topoisomerase II or by forming free radicals [134-138].  

http://en.wikipedia.org/wiki/Topoisomerase_inhibitor
http://en.wikipedia.org/wiki/DNA
http://en.wikipedia.org/wiki/Topoisomerase_II
http://en.wikipedia.org/wiki/Cancer
http://en.wikipedia.org/wiki/DNA_synthesis
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Figure 1.11. Chemical structure of Etoposide 

 

Huai Na Li et al’ examined the electrochemical method for analyzing the HL-60 

apoptosis induced by etoposide. The cyclic voltammetric response of HL-60 cells was 

observed over the life-cycle of apoptotic cells. It showed that the oxidation peak 

current of cells decreased with etoposide treatment. The electrochemical responses of 

living cells can be used for probing intracellular redox activity of initiation of 

apoptosis and analyzing the whole process of apoptosis [139]. 

 In the present work Cyclic voltammetric, UV-Vis spectroscopy and Molecular 

docking have provided an estimate of interacting mode of etoposide. Some docking 

investigations of ETS with Topoisomerase-II enzyme were also carried out in the 

absence and presence of AA.  

1.2.2.4 Bleomycin 

 Bleomycins belong to an important group of antitumour agents discovered 

initially as fermentation products of Streptomyces verticillus [140]. Structure of 

bleomycin is depicted in Figure 1.12. Bleomycin is an antibiotic widely used in 

cancer chemotherapy for its ability to cause both single and double-strand cleavage of 

DNA through abstraction of the deoxyribose C4'-H.  
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 In past magnetic circular dichroism (MCD) and X-ray absorption (XAS) 

spectroscopies had been used to study the interaction of the biologically significant 

Fe(II)BLM complex with DNA. They used Calf thymus DNA as the substrate as well 

as short oligonucleotides, including one with a preferred 5'-G-pyrimidine-3' cleavage 

site [d(GGAAGCTTCC)2] and one without [d(GGAAATTTCC)2]. They found that 

DNA binding to Fe(II)BLM appreciably perturbed the Fe(II) active site, leading to a 

change in intensity ratio of the d-d transitions and a decrease in excited-state orbital 

splitting (5Eg). The fact that the Fe(II) active site is perturbed irrespective of DNA 

sequence is consistent with the fact that cleavage is observed for both 5'-GC-3' and 

nonspecific oligomers [141]. 

 

Figure 1.12. Chemical structure of Bleomycin 

 

 In the present work electrochemical and spectroscopic investigation of bleomycin 

(BLM) and its interaction with DNA at physiological conditions was carried out for 

the first time. The interaction of BLM with DNA resulted in the formation of 

electrochemically active complex. Moleclur Docking of BLM with DNA provided 

information about the mode of interaction of BLM. Using cell culture technique 

percent cell inhibition of NSCLCC caused by BLM in the absence and presence of 

AA was determined.  
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1.2.3  Platin complexes 

During the recent years, only a few platinum compounds such as cisplatin, 

carboplatin, and more recently nedaplatin and oxaliplatin have been known to have 

antitumor acivity in clinical treatments; the research in this field is still growing [142–

146]. Platinum compounds are an important part of the first line of treatment for many 

types of cancers such as testicular and ovarian cancer. Cisplatin, cis-[PtCl2(NH3)2], 

and carboplatin, Pt(cbca)(NH3)2 have been in use clinically for more than 30 years. 

The original studies of metal containing intercalators is focused on square planar 

platinum (II) complexes containing phenanthroline ligand [147, 148]. Transition 

metal complexes with octahedral geometry containing three bipyridine or 

phenanthroline ligands have been shown to be groove binders or possible partial 

intercalators [149, 150]. Concerning the noncovalent interactions between transition 

metal complexes and DNA, they can occur by intercalation, groove binding, or 

external electrostatic binding [151]. In general, metal complexes upon binding to 

DNA are stabilized through a series of weak interactions such as the π-stacking 

interactions of aromatic heterocyclic groups between the base pairs (intercalation), 

hydrogen bonding, and van der Waals interactions of functional groups bound along 

the groove of the DNA helix [152]. To be specific, the "second generation" Pt drug 

carboplatin [cis-diammine(1,1-cyclobutane-dicarboxylato)platinum(II)] was 

developed in the 1980s as a less toxic alternative to cisplatin, providing less severe 

side effects [153-155]. NMR spectroscopy and QSAR studies of platinum compounds 

were carried out for elucidating the mechanism of Pt drug action in order to improve 

effectiveness and reduce side effects [156]. 

Two platin complexes used presently are cisplatin and carboplatin. 

1.2.3.1  Cisplatin 

 Cisplatin (CP), cisplatinum, or cis-diamminedichloroplatinum(II) (CDDP) is a 

chemotherapy drug [157]. Various types of cancers treated with cisplatin include 

sarcomas, some carcinomas (e.g. small cell lung cancer, and ovarian cancer), 

lymphomas, and germ cell tumors. Cisplatin was the first member of a class of 

platinum-containing anti-cancer drugs, which now also includes carboplatin and 
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oxaliplatin as well. These platinum complexes react in vivo, leading to cellular 

apoptosis (programmed cell death) through binding and causing crosslinking of DNA. 

 

 

Figure 1.13. Chemical structure of Cisplatin 

 

It was of interest of many researchers to find how cisplatin interacts with DNA 

but the exact mechanism is still unclear [158-160]. Current accepted opinion is that 

the main biochemical mechanism of cisplatin action involves the binding of the drug 

to DNA in the cell nucleus with subsequent interference with normal transcription 

and/or DNA replication [161,162]. Following administration, one of the two chloride 

ligands is slowly displaced by water (an aqua ligand), in a process termed as aquation. 

The resulting aqua ligand [PtCl(H2O)(NH3)2]
+
 is itself easily displaced, allowing the 

platinum atom to bind to bases preferentially to the guanine. Subsequent to formation 

of [PtCl(guanine-DNA)(NH3)2]
+
, crosslinking can take place through displacement of 

the second chloride ligand, typically by another guanine [163] Cisplatin crosslinks 

DNA in several different ways, interfering with cell division by mitosis. The damaged 

DNA blocks DNA repair mechanisms, which promotes cellular apoptosis when repair 

proves impossible. The formation of Pt–DNA adducts causes significant structural 

distortions of the double helix, which are recognized by specific proteins and 

eventually lead to tumor cell apoptosis. Although cisplatin can induce apoptosis 

selectively in cancer cells through binding to DNA, it undergoes many nonselective 

reactions with a variety of biomolecules [164-165], which can decrease therapeutic 

concentration of this drug. Previously the effect of DNA and phosphate buffer on 

cisplatin hydrolysis was determined [166].  

 Present work carried out against two Non Small Cell Lung Cancer (NSCLC) cell 

lines reveals that coadministration of ascorbic acid increases therapeutic efficiency of 
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cisplatin on molecular level. Interacting mode of cisplatin was determined using CV 

and UV-Vis spectroscopic technique. Molecular docked structure of CP with the 

DNA in the absence and presence of AA revealed pictorial depiction of interaction. 

1.2.3.2   Carboplatin 

 Carboplatin is a chemotherapy drug used against some forms of cancer (mainly 

ovarian carcinoma, lung, head and neck cancers) [167]. It has gained amazing 

popularity in clinical treatment due to its vastly reduced side-effects compared to its 

parent compound cisplatin.  

 

Figure 1.14. Chemical structure of Carboplatin 

 

Some workers carried out NMR and HPLC study of the reaction of carboplatin 

with a variety of sulphur-containing amino acids. They showed that very stable ring 

opened adducts of carboplatin may be formed [168,169]. However present work was 

aimed at the determination of mode of carboplatin interaction with DNA 

electrochemically, spectroscopically and theoretically in the absence and presence of 

ascorbic acid (AA) and nicotinic acid (NA). 

 

1.3  Present Experimental detail 

The thirteen anticancer drugs were studied using CV, UV-Vis spectroscopy, 

Molecular docking and cell culture techniques. The important parameter calculated 
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from these techniques was binding constant (Kb) of the drug-DNA complex. Strength 

of drug-DNA complex was determined from the value of binding constant. From the 

variation in voltammetric and spectroscopic response, interacting modes of the drugs 

were also predicted. Theoretical MOE gave visual representation of interactions and 

the interacting modes. 

As molecular docking formed a very important part of this work providing visual 

insight into the mechanism of interaction, molecular docking and QSAR studies were 

carried out for the investigation of interactions between thirteen antineoplastic drugs 

and double stranded DNA. QSAR was established using MOE software package 

showing good correlation of binding strength with various physicochemical 

parameters e.g. hydrophobic surface area (Vsurf), EHOMO, EHUMO, log P and molar 

refractivity (MR) of the drugs.  

Three anthracyclines (doxorubicin, epirubicin and daunorubicin) were 

investigated in the absence and presence of two natural additives i.e. ascorbic acid 

(AA) and nicotinic acid (NA) utilizing the cyclic voltammetric and UV-Vis 

spectroscopic to find the effect of these essential vitamins on voltammetric, and 

spectroscopic behavior of these anthracyclines. There has yet no report on the study of 

effect of ascorbic acid and nicotinic acid on the effectivity of these drugs utilizing CV 

and UV techniques at physiological conditions. From cyclic voltammetric data, 

formation constants, binding site sizes and Gibb’s free energy were calculated for the 

drug-DNA and drug-DNA-additive adduct. It was observed that the binding strength 

of drug-DNA complex increases in the presence of ascorbic acid and nicotinic acid. in 

silico studies of interaction of drugs with enzymes (involved in DNA replication) in 

the absence and presence of ascorbic acid were also carried out.  

 Cell culture technique was used to study interactions of the anticancer drugs. 

Cytotoxicity of chemotherapeutic drugs was carried out against H-1299 and H-157 

cell lines. Percent cell inhibition (% CI) and LD50 values were determined as a 

measure of cytotoxicity. These investigations of drug-cell interactions were then 

carried out in the presence of AA to ascertain effect of AA on the cytotoxicity of the 

drugs. 
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1.4  Molecular Docking of anticancer drugs with DNA 

 Since the intracellular target for a wide range of anticancer and antibiotic drugs is 

deoxyribonucleic acid (DNA), the studies of interaction of drug molecules with DNA 

have become an active area of research in recent years. These studies can greatly help 

to understand drug–DNA interactions and design of new and promising drugs for 

clinical use. Usually, non-covalent binding of small molecules to DNA occurs 

through three modes: electrostatic interactions with the negatively charged nucleic 

acid sugar–phosphate structure, binding interactions with two grooves of the DNA 

double helix and intercalation between the stacked base pairs of native DNA. Among 

these the intercalative binding is stronger than others because the surface of 

intercalative molecule is sandwiched between the aromatic, heterocyclic base pairs of 

DNA [170–171]. However covalent binding of small molecules to DNA is also 

possible and the three modes in this case are: replacement of nitrogenous bases, inter 

and intrastrand cross linking and alkylation of nitrogenous bases. Anthracycline 

antibiotics, cisplatin, carboplatin, flourouracil, etopside, bleomycine, dectinomycin, 

and cyclophosphamide are commonly used as antitumour agents [172–176]. 

Molecular docking techniques play an important role in the drug design as well as in 

the mechanistic study by placing a molecule into the binding site of the target 

macromolecule in a non-covalent fashion [177]. DOCK [178], AutoDock and 

Molecular Operating Environment. 

 Operating Environment (MOE) [178] as flexible docking programs enables us to 

predict favorable biological macromolecule–ligand complex structures with 

reasonable accuracy and speed. These docking programs, when used prior to 

experimental screening, can be considered as powerful computational filters to reduce 

labor and cost needed for the development of potent medicinal compounds. When 

used after experimental screening, they can help in better understanding of bioactivity 

mechanisms. MOE is said to offer a reasonable result in comparison with other 

popular docking programs [179]. The docking technique will undoubtedly continue to 

play an important role in drug discovery [180]. Several drugs that were designed by 

intensive use of computational methods are currently under investigation for clinical 

trials [181]. Therefore, MOE 2010 was utilized to interpret probable mechanism of 
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anti-proliferative action of above mentioned anticancer drugs. In order to find most 

probable conformation, first MOE was used to estimate the most negative energy of 

docking for all of the compounds. Conformation of the drug–DNA complex with 

minimum energy has the maximum probability of formation. Accordingly, in this 

work, a detailed investigation and comparison of docking behavior of these anticancer 

drugs with DNA has been carried out using experimental and theoretical methods. 

The changes in the cyclic voltammogram and absorption spectrum of a drug on 

addition of DNA help to probe the nature and strength of interaction between the two 

entities. Furthermore, docking studies confirm the mode of interaction of drugs. A 

quantitative structure activity relationship has been interpreted by calculating a 

number of electronic parameters by the use of software package Molecular Operating 

Environment (MOE) [182-183], and reasonable QSAR relationship was established 

with a number of physicochemical determinants especially with EHOMO, ELUMO and 

log P. 

1.5  Role of Ascorbic acid in prevention of Cancer 

 The role of ascorbic acid (AA) in medicine in general and anticancer therapy in 

particular has been discussed quite controversially during recent decades. Several 

articles postulate a beneficial role on the basis of the findings that ascorbic acid in 

combination with antitumor agent produce H2O2, leading to reactive oxygen species 

(ROS) that interact with biomolecules and thereby kill cancer cells [184–186]. This 

mechanism is assumed to be cancer-cell-specific because cancer cells have lost the 

efficiency of antioxidative stress defense [187]. On the other hand, some studies claim 

that ascorbic acid does not have antiproliferative properties [188, 189]. It must be 

considered that the divergent effects of ascorbic acid are strongly dependent on the 

route of administration. Previousely, effects of high doses of vitamins C and E against 

doxorubicin-induced chromosomal damage in Wistar rat bone marrow cells have been 

reported by Lusania et al [57] according to which AA in combination with DXH 

reduced the chromosomal aberration and increased the anticlastogenic effect of DXH. 

However this ability of AA was dose dependent. Christian M. et al reported in vitro 

studies on the effect of AA on antineoplastic activity of doxorubicin, cisplatin and 

paclitaxel in human breast carcinoma cell lines [190] where AA at high 
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concentrations improved the cytotoxicity of drugs. Dual role of vitamin C on lipid 

profile and combined application of cyclophosphamide, methotrexate and 5-

fluorouracil treatment in fibrosarcoma-bearing rats was investigated by G. 

Muralikrishnan et al [191]. However there has been no report on synergistic effect of 

AA with eight antitumoral drugs in human NSCLC cell lines.  

 Accordingly route of administration is important. Oral administration of vitamin 

C even in high doses can only yield blood plasma levels below 100 µM [192]. In 

contrast, higher plasma levels in a concentration range of 1–5 mM [193], which seem 

to be beneficial in cancer treatment, can only be achieved by intravenous infusion. 

 Some researchers are of opinion that ascorbic acid (vitamin C) and a number of 

other substances which are not known as classical anticancer agents have been found 

to exhibit some degree of antineoplastic activity which seems to be associated with 

the generation of oxyradicals [194-199]. Correspondingly, these free radicals appear 

as an important determinant in the anticancer activity of several established 

cytostatics such as doxorubicin (DXH) [200]. Over expression of detoxifying 

enzymes like superoxide dismutase, catalase, or glutathione peroxidase may thus 

contribute to drug resistance protecting healthy cells from oxidative stress [201]. Even 

though AA alone clinically failed to produce any significant antitumoral effect [202], 

a body of experimental work suggests that it might act as a chemomodulator 

potentiating the cytotoxic activity of different cytostatics [203-204].  

 Previously some in vitro studies regarding the effect of opioid and nicotin on 

growth regulation of non-small cell lung carcinoma cell (NSCLC) line (H-1299) were 

carried out by Rhoda Maneckjee et al [205]. Antagonistic effect of doxorubicin, 

etoposide and vinblastin on the cytotoxicity of paclitaxel tested on NSCLCC (H-157) 

was investigated by J. VialleP et al [58]. NSCLC cell lines [206] have been shown to 

exhibit some in vitro sensitivity to high concentrations of vitamin C suggesting a 

relationship with oxyradical formation [207]. Regarding the well recognized activity 

of anticancer drugs in clinical NSCLC [196], it seems to be of particular interest that 

oxygen radical production may also be involved in drugs’s cytotoxicity in carcinoma 

cell lines.  
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 In the present work two NSCLC cell lines (H-1299 and H-157) have been used. 

Keeping in view the evidence for the influence of AA on the therapeutic action of 

drugs eight antineoplstic drugs were tested alone and in combination with AA to 

observe the effect of AA on percent cell inhibition of both cell lines. 

1.6  Future Perspectives of the Investigation Undertaken 

 It has thus been seen that there have been only a few experimental and theoretical 

investigations [208, 209-210] reported on the interaction of antineoplastic drugs, 

although there have been reported many in vitro experimental as well as in vivo 

animal/clinical studies, illuminating various aspects of mechanisms of their 

pharmacological actions [211-212] Yet there does remain need for more detailed 

experimental and theoretical investigations, particularly for the more accurate 

physical techniques and less commonly attempted molecular docking techniques, on 

the origin of their pharmacological activity, i.e., on their DNA-binding properties of 

the drugs and the resulting biological processes. Naturally, such theoretical studies 

would greatly help in designing better drugs of this class, whether with anti-tumour 

activities. More computational investigations are to be done here on the DNA-binding 

characteristics of antineoplastic drugs that it directly binds with DNA.  
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     Chapter-2  

 

THEORETICAL BACKGROUND OF THE 

EXPERIMENTAL TECHNIQUES 

In the present work electrochemical Cyclic Voltammetry (CV), UV-Vis 

spectroscopy, Molecular Docking and cell culture techniques have been used for the 

DNA binding studies 

2.1 Cyclic Voltammetry 

Cyclic voltammetry is one of the most versatile techniques for the study of 

electroactive species, as it has a provision for mathematical analysis of an electron 

transfer process at the electrode [1-5]. It is an electroanalytical means for monitoring 

and detection of many electrochemical reactions taking place at the surface of 

electrode. Cyclic Voltammetry can be used to study redox processes in biochemistry 

and macromolecular chemistry [6]. 

In cyclic voltammetry, the electrode potential ramps linearly versus time as 

shown (Figure 2.1). This ramping is known as the experiment's scan rate (V/s). The 

potential is applied between the reference electrode and the working electrode and the 

current is measured between the working electrode and the counter electrode. This 

data is then plotted as current (i) vs. potential (E). As the waveform depicts, the 

forward scan produces a current peak for any analytes that can be reduced through the 

range of the potential scanned. The current will rise as the potential approaches the 

reduction potential of the analyte, but then drops down as the concentration of the 

analyte is depleted near the electrode surface. If the redox couple is reversible then as 

applied potential is reversed, it will reach the potential that will oxidize the product 

formed in the first reduction or oxidation reaction, and produce a current of reverse 

polarity from the forward scan. This oxidation peak will usually have a similar shape 

to the reduction peak (Figure 2.2). As a result, information about the redox potential 

and electrochemical reaction rates of the compounds are obtained [7]. Similary in the 

anodic scan the current will rise as the potential approaches the oxidation potential of 

http://en.wikipedia.org/wiki/Redox_couple
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the analyte, and then drops down as the concentration of the oxidized product is 

depleted near the surface of electrode. The electrochemical reversible reaction taking 

place at two electrodes can be summarized as,  

   O + ne
-
                               R 

R is electrochemically generated as indicated by the cathodic current. Reverse scan is 

indicated by the reaction. 

 

 

    Figure 2.1. cyclic voltammetric waveform 

 A reversible wave is when an analyte is reduced or oxidized on a forward scan 

and is then the product formed is oxidized or reduced in a predictable way on the 

return scan as shown in the Figure 2.2. The fundamental parameters which 

characterize a redox couple are peak potentials (E
p

c 

and E
p

a

) and the peak currents (i
p

c 

and i
p

a

) as shown in Figure 2.2.  

An electrochemically reversible system for diffusion should follow the following 

condition: 

2.22
p pa pc

RT
E E E

nF
                                               (2.1)
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where n is the number of electrons transferred, Epa and Epc, are the anodic and 

cathodic peak potentials in volts respectively. The separation of peak potentials with a 

value of 0.058/n is independent of scan rate for a reversible couple, but is slightly 

dependent on switching potential and cycle number. The formal reduction potential of 

the reversible couple is the potential midway between the two potentials. 

    
0

2

pa pcE E
E


                                         (2.2)

 Equation (2.2) accounts for only for a reversible electron transfer process having 

α=0.5.  

 Electrochemical irreversibility is caused by slow electron exchange of the redox 

species with the working electrode. It is characterized by a separation of peak 

potentials that is greater than 0.058V/n and is dependent on the scan rate. 

When process is not diffusion controlled and species is adsorbed on the 

surface of electrode, a change in the shape of the cyclic voltammogram is observed. In 

particular, if only adsorbed species are oxidized or reduced, in the case of fast kinetics 

the cyclic voltammogram is symmetrical, with coincident oxidation and reduction 

peak potentials [8]. 

 

   Figure 2.2. Cyclic voltammogram of 5µM DXH  in 0.12 Mcillvain  

   Buffer (pH 7.4) at a potential scan rate of 100 mVs-1. 
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2.1.1 Electron Transfer Processes 

Based on values of electrochemical parameters, i.e., peak potential Ep, half 

peak potential(Ep/2), half wave potential (E1/2), peak current (ip), anodic peak potential 

Ep
a
, cathodic peak potential Ep

c 
etc, it can be ascertained whether a reaction is 

reversible, irreversible or quasi-reversible. The electrochemical parameters can be 

graphically obtained from the voltammogram as shown in the Figure 2.3. 

Three types of single electron transfer process can be studied. 

a.  Reversible process. 

b.  Irreversible process 

c.  Quasi-reversible. 

2.1.1 (a) Reversible Processes 

The heterogeneous transfer of electron from an electrode to a reducible species 

and vice versa is a form of Nernstian electrode reaction with the assumption that at 

the surface of electrode rate of electron transfer is so rapid that a dynamic equilibrium 

is established and Nernstian conditions hold. The current expression is obtained by 

solving Fick‟s second law of diffusion [2,3]. 

2/12/1

2/1

*4463.0 op D
RT

nF
nFACoi 








             (2.3) 

Where ip is the peak current or maximum current. Using, T=298K, Area (A) in cm
2
, 

Diffusion coefficient (Do) in cm
2
/s, Co* (concentration of species O) in molesdm

-3
 and 

scan rate ( ) in volts sec
-1

 equation 2.3 reduces to the following form, 

    
5 3/2 1/2 1/2(2.69 10 ) *p o oi n AC D               (2.4) 

Equatio (2.4) is called Randle‟s Sevcik equation [2,3].The value of numerical constant 

of equation (2.4) determined by sevcik was little low. The correct value of this 
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constant was determined by Randle [2] and was experimentally verified by Delahay, 

Muller and Adams [9].  

Diagnostic Criteria of Reversibility 

Certain well-defined characteristic values can be obtained from the 

voltammogram, for a reversible electrochemical reaction [5]. 

a) Relationship between peak potential (Ep) and half wave potential (E1/2) for a 

 reversible reaction is given by. 

 
nFRTEE

c

p /)002.0109.1(2/1              (2.8a) 

             1/2 (1.109 0.002) /a

pE E RT nF                 (2.8b) 

Where E1/2 is potential corresponding to i = 0.8817ip 

At T=298 K, 

              
nVEEpa /0285.02/1                    (2.8c) 

b) From Eq (2.8a) and (2.8b) one obtains,  

       ΔEp= 2.22 /c a

p pE E RT nF                     (2.9a) 

 At 298K 

   ΔEp =
0.057c a

p pE E Volts
n


            (2.9b) 

(c)  The position of peak potential does not alter as scan rate varies. In some cases, 

the precise determination of peak potential Ep is not easy because the observed CV 

peak is somewhat broader. So it is sometime more convenient to report the potential 

at i=0.5ip called half peak potential, which is used for E1/2 determination [10] which is 

related with thermodynamic redox potential. 

   nFRTEE
c

p /09.12/12/               (2.10a) 
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  At 298 K 

   nEE
c

p /028.02/12/              (2.10b) 

   nEE p
a /028.02/12/             (2.10c) 

 From equations (2.8a) and (2.10a) we obtain, 

   
nFRTEE

c

p

c

p /2.22/             (2.11a) 

  At 298K, 

   nEE p
cc

p /0565.02/             (2.11b) 

(d)  The ratio of ip
a
 to ip

c
 is unity i.e.  

   1

a

p

c

p

i

i
               (2.12) 

 These act as diagnostic criteria for reversibility shows that with increase in 

number of electrons transferred, peak separation (Ep
c
-Ep

a
) decreases. For one, two and 

three electrons it is 57mV, 29mV and 19mV respectively. pE i.e;(Ep
c
-Ep

a
) and Ep is 

independent of scan rate for a reversible system [11]. Generally pE  increases with

, because of presence of finite solution resistance between the reference electrode and 

working electrode.  

2.1.1 (b) Irreversible processes 

 Reverse reaction of the electrode process does not occur for a totally irreversible 

process. For such a process, stationary electrode voltammetric curves were described 

by Delahay [9], Matsuda and Ayabe [12] and Reinmuth [13]. The irreversible process 

can be expressed by the following reaction, 

     O ne R   
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There are three major criterias on the basis of which irreversibility can be diagnosed  

a) A shift in peak potential occurs as the scan rate varies. 

b) Peak width for irreversible process is given by 

 
/ 2 1.857p p

a

RT
E E

n F
        (2.13) 

Where “na” is the number of electrons transferred, 

 
/ 2

47.7
25o

p p

a

E E mV at c
n

              (2.14) 

c) Peak current expression for an irreversible system is given by equation (2.15). 

   
5 1/2 * 1/2 1/22.99 10 ( )p a oi n n ACo D              (2.15) 

Here α is transfer coefficient and na is the number of electrons involved in  charge 

transfer process. ip is still proportional to the bulk concentration (but the peak will be 

somewhat lower in height). Assuming an α value of 0.5, the ratio of reversible to 

irreversible current peaks is 1.27 (i.e. the peak current for the irreversible process is 

about 80% of the peak for a reversible one). For an irreversible system process, ip in 

terms of ks,h is given as,  

   

*

,0.227 exp ( )o

p s h p

nF
i nFACo k E E

RT


           (2.16a) 

Taking natural log of both sides changes equation 2.16a to equation 2.16b. 

   *

, 0ln ln( .227 ) ( )p o s h p

nF
i o nFAC k E E

RT


                                 (2.16b) 

A plot of lnip Vs (Ep-E
o
) or (Ep/2-E

o
) for different scan rates would give straight line 

yielding α from its slope and ks,h from intercept. For totally irreversible process, the 

standard heterogeneous electron transfer rate constant10
-5

cm sec
-1

, charge transfer is 
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extremely low and current is mainly controlled by the rate of charge transfer reaction. Nernst 

equation is not applicable for such type of reaction. 

 

 

          Figure 2.3. CV for irreversible process 

2.1.1 (c ) Quasi-reversible Process 

Quasi-reversible process shows intermediary behavior between reversible and 

irreversible processes. For quasi-reversible reaction, current of the reaction is 

controlled by charge transfer as well as by mass transfer. Cyclic voltammogram for 

quasi-reversible process is shown in Figure 2.4. Nernst equation is partially satisfied 

for quasi-reversible process and standard heterogeneous electron transfer rate 

constant, ks,h lies in the range of 10
-1

 to 10
-5

 cm sec
-1

[14]. 

An expression relating the current to potential dependent charge transfer rate 

was first provided by Matsuda and Ayabe [24]. 

( , ) , ( , ) ,( ) { ( ) } { ( ) }o o

o o t s h R o t s h

nF nF
i t C k Exp E t E C k Exp E t E

RT RT

    
        

   
    (2.17) 

Where, ks, h is the heterogeneous electron transfer rate constant at standard potential 

(E
o
) of redox system, is the transfer coefficient and  =1- . For quasi-reversible 

system ,

5 0.3 / 2 10 /s hcm s k cm s   . 
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    Figure 2.4. CV for quasi reversible process 

2.1.2 Multielectron Transfer Process  

 Polcyn and Shain [15] investigated the multistep electron transfer processes using 

cyclic voltammetry. Each heterogeneous electron transfer process is characterized by 

a heterogeneous rate constant and the standard potential value. The difference in the 

standard potentials E
o

s 
(if the E

o

s 
were close together) has been quantitatively 

correlated with the shape and the peak current function of reversible voltammetric 

waves by Myers and Shain [16]. Multielectron transfer can put a much more strict 

demand on the heterogeneous electron transfer rate if the wave is shifted significantly 

from its E
o 

value due to the second electron transfer.  

The stepwise multielectron transfer process (Figure. 2.5.) may be represented as, 

 

1 1 1( )oO n e R E      (2.18a) 

   1 2 2 2( )oR n e R E      (2.18b) 

Each electron transfer step is associated with ks,h and α values.  
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Figure 2.5. Cyclic voltammogram of polythiophene in acetonitrile at 0.1 V/s. 

 In equations (2.18a), and (2.18b), „O‟ and „R
1
‟ are electroactive species, n

1 
and n

2 

are number of electrons involved in the respective reduction step. If the reduction of 

„O‟ and „R
1
‟ occurs at sufficiently separated potentials, (with „O‟ more easily 

reducible than R
1
), the resultant voltammogram will show two separate waves. The 

first wave corresponds to reaction (2.18a) and in this potential range substance R
1 

diffuses into the solution. The second wave appears on further potential scan in the 

cathodic direction. It is made up of two superimposed parts. The current related to 

species O, which is still diffusing towards the electrode, increases since it is reduced 

now directly to R
2 

by (n
1 

+ n
2
) electrons. On the other hand R

1 
can be reduced in this 

potential region and a portion of this material diffuses back towards the electrode and 

reacts. The shape of the peaks and the magnitude of the peak current depend upon the 

difference between the redox potentials. Each heterogeneous electron transfer step is 

associated with its own electrochemical parameters i.e., ks,h
i 
 and αi, where i = 1, 2 for 

the 1st and 2nd electron transfer respectively. The value of k
0

s,h for first reversible 

electron transfer limiting case can be calculated as [17]: 

  

0
0 1

, ,
2

s h s h

E
k k exp 

RT

  
  

 
                                  (2.19) 

Where, 
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0 0 0

2 1E E E    

For ∆E
o
 greater than 180 mV, shape of wave does not dependent on the relative 

values of E
o
, otherwise shapes of peak and peak currents depend upon ∆E

o
 [15]. 

Based on the value of ∆E
o
, we come across different types of cases as shown in the 

Figure 2.6.  

 

 

Figure 2.6. Cyclic voltammograms for a reversible two-step system. (a) ΔEo 

= - 180 mV, (b) ΔEo = -90 mV, (c) ΔEo = 0 mV, (d) ΔEo = 180 mV. 

Source: Polcyn, D.S.; Shain, I. Anal. Chem. 1966, 38, 370. 
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2.1.3 Study of Reaction Mechanism 

 One of the most important applications of cyclic volatmmetry is for qualitative 

diagnosis of chemical reactions that precede or succeed the redox process. Such 

electrochemical reactions are commonly classified by using the letters E and C (for 

redox and chemical steps, respectively) in the order of steps in the reaction 

mechanism. Changes in the shape of cyclic volltammogram,resulting from chemical 

competition for electroactive reactant or product, can be extremely useful fro 

elucidating these reaction pathways and providing reliable chemical information 

about the reactive intermediates. 

 For example, when redox system is perturbed by a following chemical reaction. It 

is termed as EC mechanism and is represented as, 

    O ne R            (2.20a) 

    R Z P             (2.20b) 

The cyclic voltammogram will exhibit a smaller reverse peak (because product R is 

chemically removed from surface). The ration of ip,r/ip,f will thus be smaller than 

unity. In the extreme case, chemical reaction may be so fast that all of R is converted 

to Z and no reverse peak will be observed. 

 A special case of EC mechanism is the catalytic regeneration of O during the 

chemical step.  

  
O ne R 

                     (2.21)              

  R A O            (2.22) 

The peak ratio for such a catalytic reaction is always unity. Another type of reaction is 

CE mechanism, where a slow chemical reaction precedes the electron transfer, the 

ration of ip,r/ip,f is generally larger than one and approaches unity as scan rate 

decreases. 



Chapter-2   Theoretical background of experimental techniques 
 

57 
 

 

Another case of mechanism is ECE process, with a chemical step being interposed 

between electron transfer steps. 

    1 1 1O n e R               (2.23a) 

    1 2R O              (2.23b) 

    2 2 2O n e R              (2.23c) 

These reactions are also easily explored by cyclic voltammetry, because the two redox 

couples can be observed separately. The rate constant of the chemical step can thus be 

estimated from the relative sizes of the two cyclic voltammetric peaks [18]. 

2.1.4 Evaluation of heterogeneous electron transfer rate constant by 

CV 

Cyclic voltammetry provides a systematic approach to solution of diffusion 

problems and determination of different kinetic parameters including ks,h. For the 

determination of heterogeneous rate constants various methods have been reported in 

literature. Nicholson [14,19], Gileadi [20] and Kochi [21] developed different 

equations to calculate heterogeneous electron transfer rate constants. 

2.1.4.1 Peak Separation Method 

 Peak separation method involves the determination of heterogeneous electron 

transfer rate constant by determining the difference between a

pE and c

pE  i.e.; ∆Ep. 

Nicholson [14, 19], and Kochi [21] developed different equations on the basis of peak 

separation voltage. 

2.1.4.1 (a) Nicholson’s Method for quasi-reversible case 

 For the evaluation of heterogeneous electron transfer rate constant ks,h , Nicholson 

derived a relation. This method relates ks,h with pE  through dimensionless parameter 

  by following equation,  
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  2/1

,

o

hs

aD

k




       (2.24) 

Ψ for different values of ΔEp can be obtained from the Table (2.1). Hence, if ΔEp (Ep
a
-

Ep
c
) is determined from the voltammogram, Ψ can be known from Table (2.1). From 

the knowledge of Ψ, equation (2.24) can be written as, 

    ,

1/2

s h

o

k

nF
D

RT







 
 
 

    (2.25) 

Where , ,o

R

D nF
a

D RT


    is scan rate. If Do=DR then γ=1.  

 This method is applied for voltammogram having peak separation in the range of 

57mV to 250mV (in this range electrode process progresses from reversible to 

irreversible with increasing scan rate and hence with a peak separation ψ (Table 2.1). 

 

Table 2.1 Separation of cathodic and anodic peak potential as a function of the kinetic 

parameter  in the cyclic voltammogram at room temperature. 

 Ep
298

  Ep
298

 

19.20 60.0 0.77 90.0 

11.50 61.0 0.653 95.0 

8.40 62.0 0.568 100.0 

6.45 63.0 0.496 105.0 

5.10 64.0 0.441 110.0 

4.30 65.0 0.356 120.0 

3.63 66.0 0.323 125.0 

3.16 67.0 0.295 130.0 

2.81 68.0 0.269 135.0 

2.51 69.0 0.248 140.0 

2.26 70.0 0.229 145.0 

1.51 75.0 0.356 120.0 

1.14 80.0 0.394 115.0 

0.92 85.0   
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 It can be observed from the Table (2.1) that for a reversible reaction 7   and 

∆Ep is almost independent of the  . For a totally irreversible reaction 0.001   i.e. 

the backwards reaction becomes unimportant. Anodic peak and pE  are not 

observed. For Quasi-reversible reaction   has intermediate value i.e. 0.001< ψ< 7. 

The form of currents changes and ∆Ep depends on ψ. 

2.1.4.1 (b) Kochi’s Method  

Another expression developed by Kochi and Klinger [21] gave a correlation 

between ΔE
p 

and heterogeneous rate constant ks,h. Consider the general electron 

transfer reaction  

  O ne R    (at the surface of electrode)          (2.26) 

The expression for ks,h given by Kochi was, 

   
















 p

c
p

ao
hs EE

RT

nF

RT

nFD
k

22/1

, exp18.2


           (2.27) 

Knowing the value of hsop kDandE ,,,   can be calculated from equation (2.27) 

even at sufficient high scan rate. E
o
 can then be directly derived from Nicholson‟s and 

Shain‟s expression [14,19]. 

   p
a

p
co EEE   )1(             (2.28) 

0

1/ 2E  = E (For reversible reaction), we have, 

   
nF

RT
EE p 09.12/2/1              (2.29) 

So, 
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c

p

a c

p p

E E

E E


 
 

  

     (2.30) 

This expression is used for the determination of , the transfer coefficient. Assuming that, 

2/1EE o   for reversible as well as for quasi-reversible system.  

2.1.4.1 (c) Gileadi’s Method 

 Gileadi [20] formulated a more sophisticated method for the determination of 

heterogeneous electron transfer rate constant, ks,h, using the idea of critical scan rate, 

 c [Fig 2.7]. This method can be used in the case where anodic peak is not observed. 

When reversible heterogeneous electron transfer process is studied at increasing scan 

rates, peak potential values also vary and process progress towards irreversible. If Ep
c
 

are plotted against the logarithm of scan rates, a straight line at low scan rates and 

ascending curve at higher scan rate is obtained. Extrapolation of both curves intersect 

them at a point know as “toe”. This “toe” corresponds to critical scan rate,  c. [Figure 

2.7.]. 

 

Figure 2.7. Peak potential against the logarithm of scan rates. A horizontal 

curve is obtained at low scan rate and a linear at high san rates [17,22].  
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Getting the critical scan rate,  c, ks,h can be calculated as, 

   log

2/1

,
303.2

log52.048.0 









RT

DnF
k

oc

hs


   (2.31) 

“ ” is a dimensionless parameter, called transfer coefficient and Do is diffusion 

coefficient. 

2.1.5 Binding Constants of Drug-DNA complex 

One of the applications of CV in the study of drug-DNA interaction is to 

determine the binding strength of interactions in terms of binding constant. The 

interaction of anticancer drugs with DNA can be described using the following 

equation: 

drug + DNA                     drug–DNA  

Equilibrium constant of the above reaction, termed as binding constant (Kb) gives an 

estimate of binding strength of the drug-DNA complex. 

   
]][[

][

DNAdrug

DNAdrug
Kb




            (2.32) 

The concentration of the electroactive drug can be related to the current. In CV, 

initially voltammeric signature is recorded for pure drug. Peak current attributed to 

the drug is IG. DNA is added gradually to the drug solution. 

 Peak current attributed to the drug-DNA complex would be IH-G. After formation 

of complex, peak current related to the free drug would be (IG-IH-G). Logarithmic form 

of equation 2.32 can be written in terms of peak current can be written as, 

   
1

log( ) log( ) log( )
[ ]

H G
b

G H G

I
K

I I DNA





  


      (2.33) 

Kb 
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Equation used for amperometric titration using cyclic voltammtry has been to be 

deduced from equation 2.33 [16, 23].  

)log()log()
][

1
log(

GHG

GH
b

II

I
K

DNA 




 )  (2.34) 

where Kb is the apparent binding constant, IG and IH-G are the peak current for the drug 

in the absence and presence of DNA respectively. Under the assumption of reversible, 

diffusion-controlled electron transfer and the formation of a 1:1 association complex 

of drug with DNA, the plot of log(1/[DNA]) versus log(IH-G/(IG − IH-G) becomes linear 

with the intercept of log(Kb) as apparent in equation (2.34). The binding constants of 

these complexes were evaluated from the intercept of equation (2.34).  

 

 

Figure 2.8. Graph showing relationship between log(IH-G/IG-IH-G) and log 

[1/DNA] to calculate formation constant for nogalamycin. 
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A simple site binding model was used to fit the experimental data obtained from the 

drug-DNA interaction. In biochemistry, a binding site is a region on a protein, DNA, 

or RNA to which specific other molecules and ions form a chemical bond. Binding 

site size is expressed in the units of free base pairs (bp). Binding site size are number 

of free base pairs (bp) interacting with drug molecule.  

     Cb/Cf  ==Kb {[DNA]/2s}    (2.35) 

 Where „s‟ is binding site in terms of base pairs. Kb is binding constant. The 

concentration of DNA was measured in terms of [NP], Cb and Cf are concentration of 

free and bound drug respectively and can be calculated as, [24]. 

    Cb/Cf  = (IG-IH-G) /IG     (2.36) 

 Where IG the peak current of free drug and IH-G is peak current of complex. 

Binding site also exist on antibodies as specifically coded regions that bind antigens 

based upon their structure. Binding sites size also exhibit chemical specificity, a 

measure of the types of ligands that will bond, and affinity, which is a measure of the 

strength of the chemical bond. Binding site sizes are often an important component of 

the functional characterization of biomolecules. For example, the characterization the 

binding site of a substrate to an enzyme is essential to model the reaction mechanism 

responsible for the chemical change from substrate to product [24]. 

2.2 UV-Visible Spectroscopy 

In Ultraviolet–visible spectroscopy molecular electronic transitions take place 

when electrons in a molecule are excited from one energy level to a higher energy 

level. 

http://en.wikipedia.org/wiki/Biochemistry
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/DNA
http://en.wikipedia.org/wiki/RNA
http://en.wikipedia.org/wiki/Molecules
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Figure 2.9. Possible electronic transitions of π, σ and n electrons. 

 

2.2.1 Beer-Lambert law 

 For the study of absorption of monochromatic radiation by homogeneous clear 

solution or system, Beer-Lambert law is used in UV-Visible spectroscopy [25]. 

Majority of the chemical applications of spectrophotometry are based on this law 

which can be expressed as,    

     A = εcl     (2.37) 

 where ε is refered to as molar absorptivity (also known as the molar extinction 

coefficient is the characteristic of the molecule and the probability of the electronic 

transition). The symbol c represents the concentration of the analyte in moles per liter.   

Lambert-Beer law forms the basis for quantitative analysis of substance. A system 

should obey Lambert-Beer law for spectrophotometeric analysis. According to the 

above law the absorbance (A) of a solution at a specific wavelength remains constants 

as long as the product of the concentration and the path length is constant and also for 

a particular substance ε is constant. But this statement is not always followed because 

sometimes apparently the molar extinction coefficient changes with the concentration 
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of the solute. This effect which may be due to one of the several reasons like 

molecular association of the solute at high concentration, ionization of the solute in 

the case of acids, bases and salts, poor transmission of the solvent or fluorescence of 

the solute etc. Molar extinction coefficient may be quite large for strongly absorbing 

compounds (ε >10,000) and very small if absorption is weak (ε = 10 to 100). In 

absorption spectrophotometry, Lambert-Beer law cannot be assumed to hold good for 

any system without confirmation when a spectrophotometric method is being 

developed for quantitative determination of the components of the system, the visible 

region is considered to be the most suitable for analysis. Spectrophotometric 

technique is simple, specific, rapid and useful in determining very low concentration 

of various components present in a given system [26].  

One of the applications of the Beer-Lambert,s law is the measurement of extent of 

reaction in a chemical reaction where one or more than one species are UV-Vis 

active. In the case of drug interaction with DNA both drug and DNA are UV-Vis 

active. 

2.2.2 Determination of Binding constant and molar extinction 

coefficient (ε) using UV-Vis spectroscopy 

 When an electron donor (D) interacts with an electron acceptor (A), a complex is 

formed. This interaction may be represented by the following equation: 

 D + A ↔ AD             (2.38) 

Equilibrium constant expression for the above reaction can be written as, 

 
  b

AD
K

A D
            (2.39) 

[AD], [A] and [D] corresponds to equilibrium concentrations of 1:1 complex (AD), 

acceptor (A) and donor (D) respectively.  

 Solution containing D and A species shows absorption in the ultraviolet regions 

corresponding to D and A. In addition, one or new bands may also appear which may 
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corresponds to intermolecular charge-transfer transitions of the complex formed. 

Spectroscopic method may be used to study association equilibrium in the following 

way. The intensity of the CT band is a measure of the concentration of complex in a 

given solution. Spectroscopic measurements are generally made in those regions 

where the complex usually absorbs. 

For an ideal system in which 1:1 complex is formed, 

   𝐾𝐴𝐷 =  
[𝐴𝐷]

 [𝐷𝑜 ]− 𝐴𝐷  ( 𝐴𝑜  − 𝐴𝐷 )
         (2.40) 

In this equation the symbols ([D]o and [A]o) correspond to initial concentrations of 

donor and acceptor respectively. 

Where,  

[D]o = total D (uncomplexed and complexed) = [D] + [DA] 

[A]o = total A (uncomplexed and complexed) = [A] + [DA] 

([D]o - [AD]) is molar concentration of free donor whereas ([A]o - [AD]) represents 

molar concentration of free acceptor. If donor concentration is large as compared to 

acceptor concentration i.e. [D]o >> [A]o implying that [D]o >> [AD], then ([D]o - [AD]) 

is replaced with [D]o and the equation (2.40) can be written as: 

         𝐾𝐴𝐷 =  
[𝐴𝐷]

  𝐷𝑜   ( 𝐴𝑜  − 𝐴𝐷 )
              (2.41) 

According to Lambert-Beer law, the absorbance (A*) of the complex is represented by 

equation (2.42). 

   𝐴∗ = 𝑙𝑜𝑔
 𝐼𝑜

𝐼
 = 𝜀𝜆

𝐴𝐷[𝐴𝐷]𝑙                                             (2.42) 

   [AD] =   
𝐴∗

𝜀𝑙
         (2.43) 
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Now substituting the values of [AD] in equation, (2.41) 

KAD  =  
𝐴∗

𝜀𝑙 

  𝐷𝑜  (  𝐴𝑜  −𝐴∗⁄𝜀𝑙  )         (2.44) 

Rearranging the equation (2.44) 

  

* *

0

0

1 1

[ ]AD

A A
A

l l K D 
   

              (2.45) 

If l = 1cm then equation 2.45 can be  written as follow, 

   
[ 𝐴𝑜 ]

𝐴
 =  

1

𝐾
𝐴𝐷 𝜀𝜆

𝐴𝐷
 

1

[𝐷𝑜 ]
+

1

𝜀𝜆
𝐴𝐷          (2.46) 

This equation (2.46) is known as Benesi-Hildebrand equation [27]. The value of 𝜀𝜆
𝐴𝐷  

is calculated from the intercept of [A]o/A vs. the reciprocal [D]o plot. The advantage is 

that both 𝜀𝜆
𝐴𝐷and KAD can be obtained from the ratio of intercept and slope of the 

straight line. As an alternative of the Benesi-Hildebrand equation, Scott [28] 

suggested a rearrangement of equation (2.46) 

   
[𝐷]𝑜 [𝐴]𝑜

𝐴
.=  

[𝐷]𝑜

𝜀𝜆
𝐴𝐷  +

1

𝐾
𝐴𝐷  𝜀𝜆

𝐴𝐷
                                       (2.47) 

A plot of [D]o [A]o/A  against [D]o should be linear with a slope of 1
𝜀𝜆

𝐴𝐷    and an 

intercept 1 𝐾𝐴𝐷𝜀𝜆
𝐴𝐷 .

 .This equation has been used by Popove and Deskin for the study 

of iodine-halides and acetonitrile [29]. Further rearrangement of equation (2.47) gave 

 

  
𝐴

[𝐷]𝑜
 = −𝐾𝐴𝐷𝐴 + 𝐾𝐴𝐷𝐴𝑜𝜀𝜆

𝐴𝐷                (2.48)       
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This equation has been used by Foster, Hammick and Wardely [30]. For a series of a 

solutions containing different concentration of donor but with constant concentration 

of acceptor, and with the condition [D]o > > [A]o, a plot of A /[D] against A expected 

to give a straight line with negative slope from which K may be evaluated directly and 

ε may be obtained from the intercept. Rose and Drago [31] modified Benesi-

Hildebrand equation and modified form is: 

        
𝐶𝐴

(𝐴−𝐴𝑜)
=  

1

𝐾𝐴𝐷 (𝜀𝑐  −𝜀𝐴 )

1

𝐶𝐷
+

1

(𝜀𝑐−    𝜀𝐴 )
                                (2.49) 

In this equation (2.49) CA is the concentration of the acceptor, CD is the concentration 

of donor, (A
*–

Ao
*
) is the absorbance of the complex at the wavelength of measurement 

and KAD is the equilibrium constant of the complex. The equation (2.49) is applicable 

only when CD >> CA. 

For molecules interacting with DNA the binding constant can be evaluated 

spectrophotometrically according to the following Benesi-Hildebrand equation [27]. 

         
𝐴𝑜

∗

(𝐴∗−𝐴𝑜
∗ )

=  
𝜀𝐺

(𝜀𝐻−𝐺  −𝜀𝐺 )
+

1

(𝜀𝐻−𝐺−    𝜀𝐺 )

1

𝐾𝑏  [𝐷𝑁𝐴]
      (2.50) 

where A0
*
and A* are the absorbance of drug and complex respectively, 𝜀G and εH-G are 

the molar extinction coefficients of drug and complex respectively. 

2.3 Molecular Docking 

 In the ground of molecular modeling, docking is a method which predicts the 

preferred orientation of one molecule to a second when bound to each other to form a 

stable complex [32]. From this preferred orientation strength of association or binding 

affinity between the two molecules can be predicted. The binding interactions 

between biologically important molecules like proteins, nucleic acids, carbohydrates, 

and lipids occupy a vital role in many biological processes. Several biological signals 

(e.g., agonism vs. antagonism) are directly influenced by the relative orientation of the 

two interacting partners. Therefore docking is useful for predicting both the strength 

and type of signal produced. Docking is a method frequently used to predict the 
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binding orientation of small drug molecule candidates to their macromolecular targets 

in order to predict the affinity and activity of the small molecule. Hence docking plays 

an important role in the rational design of drugs [33]. Due to remarkable biological 

and pharmaceutical implication of molecular docking, considerable efforts have been 

directed towards improving the methods used to predict docking. 

Molecular docking problems can be considered like a a problem of “lock-and-

key”, where relative orientation of the “key” which will open up the “lock” is most 

important (where key hole is on the surface of the lock). In Molecular Docking, 

macromolecule can be considered as the “lock” and the ligand can be thought of as a 

“key”. Molecular docking, more specifically may be defined as an optimization tool, 

which would describe the “best-fit” orientation of a ligand that binds to a particular 

macromolecule of interest. However, due to flexibility of both ligand and the 

macromolecule “hand-in-glove” terminology is more convenient than “lock-and-

key” [34]. During the process of docking, first step is geometry optimization. To 

optimize the geometry the ligand and the biopolymer adjust their conformation to 

obtain an overall “best-fit” and this kind of conformational adjustments resulting in 

the overall binding is referred to as “induced-fit” [35]. The aim of molecular docking 

is to achieve an optimized conformation for both the macromolecule and ligand and 

relative orientation between macromolecule and ligand such that the free energy of 

the overall system is minimized. 

 

Figure 2.10. Schematic diagram illustrating the docking of a small molecule 

ligand (brown) to a macromolecule receptor (green) to produce a complex. 

2.3.1 Docking approaches 

 In the world of molecular docking two approaches are particularly well-liked. 

One of the approaches uses a harmonizing methodology that describes the 
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macromolecule and the ligand as complementary surfaces [36,37,38]. The second 

approach simulates the actual docking process in which pair wise interactions 

energies of the ligand-macromolecule are calculated [39]. Both approaches have 

significant advantages as well as some limitations associated with them. These are 

outlined below. 

2.3.1.1 Shape complementarity 

 Shape complementarity methods describe the macromolecule and ligand as a set 

of features that make them dockable [40]. Molecular surface or complementary 

surface descriptor is the specific feature that describes shape complementary. In this 

case, the molecular surface of receptor is described in terms of its solvent-accessible 

surface area and molecular surface of the ligand is described in terms of its matching 

surface description. The complementarity between the shapes of surfaces of ligand 

and target determine the pose of docking. Assigning and describing the hydrophobic 

features of the biopolymer is another approach using turns in the main-chain atoms. 

However Fourier shape descriptor technique is another to use approach [41,42]. 

Docking approaches based on shape complementarity are characteristically rapid and 

robust, so the dynamic changes in the ligand/ macromolecules conformations are 

usually cannot be explained accurately by shape complementarity. Recently several 

developments have been made to allow these methods to probe ligand flexibility. 

Shape complementarity methods are good enough to figure the active site of 

biopolymer and even figure out the macromolecule-macromolecule interaction. 

Furthermore, these methods can rapidly scan through several thousand ligands in a 

matter of seconds. These methods are also accessible to pharmacophore based 

approaches, since optimal binding require geometric descriptions of the ligands which 

is possible through shape complementarity. 

2.3.1.2  Simulation 

 The simulation of the docking process as such is a much more intricate process. 

In simulation, the macromolecule (or biopolymer like DNA) and the ligand are 

separated by some physical distance and the ligand finds its position into the 

macromolecules‟s active site after a certain number of “moves” in its conformational 

space. These moves include certain transformations in rigid body like translations, 
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rotations and torsion angle rotations (internal changes to the ligand‟s structure). After 

each move total energy of the system is calculated and most stable conformation is 

obtained. The apparent advantage of the simulation is that it is more amenable to 

incorporate ligand flexibility into its modeling whereas shape complementarity 

techniques have to use some original methods to incorporate flexibility in ligands. 

Another most important advantage is that the process is physically closer to what 

happens in reality, when the macromolecule and ligand approach each other after 

molecular recognition. A clear disadvantage of this technique is that it takes a long 

time to evaluate the optimal pose of binding since they have to explore a rather large 

energy landscape. However grid-based techniques as well as fast optimization 

methods have significantly ameliorated these problems [42]. 

2.3.2 Mechanics of docking 

 As a first step in molecular docking to perform a docking screen, structure of 

macromolecule or biopolymer is the first which is obtained from Protein Data Bank 

(PDB). Usually the structure in PDB has been determined using a biophysical 

technique such as x-ray crystallography, or less often, NMR spectroscopy. This 

biopolymer structure obtained from PDB and imported to docking screen with 

database of potential ligands serve as inputs to a docking program. The achievement 

of a docking program depends on two components: the search algorithm scoring 

function and ligand receptor flexibilty. 

2.3.2.1 Search algorithm  

 The theory of search algorithm comprises of all possible orientations and 

conformations of the macromolecule docked with the ligand. Due to limited recent 

computational resources, it is not possible to enumerate all possible distortions of 

each molecule, since molecules are dynamic and exist in an ensemble of 

conformational states. Most docking programs in use account for a flexible ligand, 

and several attempt to model a flexible biopolymer receptor. Each "snapshot" or 

possible conformation of the pair is referred to as a pose. A diversity of 

conformational search strategies have been applied to the ligand and to the receptor. 

These include: 
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 systematic torsional searches about rotatable bonds  

 molecular dynamics simulations  

 genetic algorithms to "evolve" new low energy conformations  

2.3.2.2 Scoring function 

 The scoring function is actually a representation of favorable binding interaction 

by taking a docking pose as input. Most scoring functions are physics-based 

molecular mechanics force fields. These scoring functions approximation of the pose 

energy, a low (negative) energy indicates stability of the system and thus a probable 

binding interaction. X-ray crystallography may determine a large number of structures 

for complexes between macromolecules and high affinity ligands, but fewer for low 

affinity ligands which are less stable and therefore more difficult to crystallize. 

Scoring functions can dock high affinity ligands more correctly, but they will also 

give credible docked conformations for ligands that do not bind. This results in a large 

number of false positive hits, i.e., ligands predicted to bind to the receptor that 

actually don't interact when placed together in wet lab experiment. One way to reduce 

the number of false positives is to recalculate the energy of the top scoring poses 

using (potentially) more accurate but computationally more intensive techniques such 

as Generalized Born or Poisson-Boltzmann methods [39].  

2.3.2.3 Ligand and Receptor flexibility 

2.3.2.3 (a) Ligand flexibility 

 As a first step in the docking process conformations of the ligand may be 

generated in the absence of the receptor and afterwards docked [43] or different 

conformations in the receptor binding cavity may be generated with different binding 

poses [44]. Most stable energy conformations are evaluated using force field energy. 

[45, 46, 47]. 

2.3.2.3 (b) Receptor flexibility 

 Over the last decade due to recent developments in intensive methods in 

computer-assisted drug design computational capacity has increased dramatically. 
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However, dealing with receptor flexibility in docking process is still a thorny issue. 

The chief difficulty encountered while dealing with receptor flexibility is the large 

number of degrees of freedom that have to be considered in this kind of calculations. 

Neglecting degrees of freedom lead to poor docking results [48]. Multiple static 

structures determined experimentally for the same macromolecule in different 

conformations are often used to reproduce receptor flexibility [49]. 

2.3.3 Applications of Molecular Docking 

A binding interaction between a small molecule ligand and an enzyme protein 

(or biopolymer like nucleic acid) may result in the inhibition of the enzyme activity 

and replication of DNA. If the protein is a macromolecule receptor, ligand binding 

may result in agonism or antagonism. Docking is most commonly used in the field of 

drug design. Since most drugs are small organic molecules, and docking may be 

applied to (i) Hit identification – docking combined with a scoring function can be 

used to rapidly screen large databases of potential drugs in silico to recognize 

molecules that are likely to bind to protein target of interest, (ii) lead optimization – 

docking can be used to predict actual position in receptor pocket where ligand binds 

(also referred to as the binding mode or pose). This information may in turn be used 

to design more potent and selective analogs, (iii) Bioremediation – Protein ligand 

docking can also be used to predict pollutants that can be degraded by enzymes and 

drug-DNA docking can be used to predict the drug like behavior of potential 

compounds [50].  

2.4 Cell Culture  

 Cell culture is a complex process of growing cells under controlled conditions, 

generally outside body of organism. The term "cell culture" practically refer to the 

multi-cellular eukaryotes derived culturing of cells. However, there are also cultures 

of plants, fungi and microbes, including viruses, bacteria and protists. The 

chronological progress and methods of cell culture are closely interrelated to those of 

tissue culture and organ culture. Idea of maintaining live cell lines outside the living 

body (ex vivo or in vitro studies) was discovered in the 19th century [51]. 
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2.4.1 Isolation of cells 

 A variety of ways can be adopted to isolate cells from tissues for ex vivo culture. 

Although white cells as well as red cells can be easily purified from blood, however 

only the white cells are capable of growth in culture.  

 

Figure 2.11. Cell culture in a Petri dish 

 In the process of cell culture certain digestion enzymes are involved .The 

digestion enzymes release mononuclear cells from soft tissues by enzymatic digestion 

which break down the extracellular matrix. These digestion enzymes are collagenase, 

trypsin, or pronase etc. On the other hand, tiny pieces of tissue can be placed in 

growth media, which provide essential nutrients for cell growth and the cells that 

grow out are available for culture. This method is known as explant culture. Cells that 

are cultured directly from a subject are known as primary cells. Lifespan of the cells 

maintained in cell culture is very short. After a certain number of population 

doublings (called the Hayflick limit) cells stop dividing and leading to the cellular 

apoptosis, while generally retaining viability. There are numerous well established 

cell lines representative of particular cell types. 

http://en.wikipedia.org/wiki/Ex_vivo
http://en.wikipedia.org/wiki/White_blood_cell
http://en.wikipedia.org/wiki/Petri_dish
http://en.wikipedia.org/wiki/Extracellular_matrix
http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Matrix_metalloproteinase
http://en.wikipedia.org/wiki/Trypsin
http://en.wikipedia.org/wiki/Pronase
http://en.wikipedia.org/wiki/Growth_medium
http://en.wikipedia.org/wiki/Explant_culture
http://en.wikipedia.org/wiki/Hayflick_limit
http://en.wikipedia.org/wiki/File:Cell_culture.jpg


Chapter-2   Theoretical background of experimental techniques 
 

75 
 

 

2.4.2 Maintaining cells in culture 

 In the process of cell culture, cells are grown and maintained under the conditions 

similar to organism‟s body conditions. These conditions are appropriate temperature 

and gas mixture (typically, 37 °C, 5% CO2 for mammalian cells) in a cell incubator. 

Culture conditions are widely dependent on each cell type, and variation of conditions 

for a particular cell type can result in different phenotypic expressions. Besides 

temperature and gas mixture, the most important and commonly varied factor in 

culture systems is the growth medium. Composition of the growth media can vary in 

growth factors, pH, glucose concentration, and the presence of other nutrients. The 

growth factors are often obtained from animal blood, such as calf serum. Growth 

factors are used to supplement media with nutrients essential for cell growth. One 

potential obstacle of these blood-derived ingredients is the risk for contamination of 

the culture with viruses or prions, especially in biotechnology medical applications. 

2.4.3 Role of Tissue Culture in Cancer Studies 

 The aim of biologists who cram the cancer in cell/tissue culture is to recognize 

the behavior of cancer cells in the intact organisms. Studying in situ model in the 

animals is an intricate process so the culture techniques have been developed to study 

population and behavior of cells in a relatively simplified environment. Activities of 

cancer cells which they execute in intact organism can be studied outside the body of 

organism. The mechanism and regulations of numerous essential cell functions 

including replication and migration can be examined directly relatively easily. Like 

cell culture, tumor culture technique is also developing recently.Many current 

antitumor drugs target tumor cells by disturbing vital processes during cell division. 

They are selective only in those tumor cells that have a higher mitotic index than 

normal cells. 

2.4.4 Applications of cell culture 

2.4.4.1 Determination of IC50 of a drug 

 The effectivity of a drug against particular type of cells can be measured by the 

IC50 or LD50. The half maximal inhibitory concentration (IC50) is a measure of the 
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effectiveness of a compound in inhibiting biological or biochemical function. This 

quantitative measure indicates how much of a particular drug or other substance 

(inhibitor) is needed to inhibit a given biological process by half. IC50 or LD50 

represents the concentration of a drug that is required for 50% inhibition in vitro [52]. 

It is commonly used as a measure of drug potency in pharmacological research. 

Sometimes, it is also converted to the pIC50 scale (-log IC50), where higher values 

indicate exponentially greater potency.  

2.4.4.2 Tissue culture and engineering 

 Cell culture is an elementary component of tissue culture and tissue engineering, 

as it establishes the basics of growing and maintaining cells ex vivo. Human cell 

culture is important in stem cell industry, where mesenchymal stem cells can be 

cultured and cryopreserved for future exercise. 

2.4.4.3 Vaccines 

 Viral vaccines and other products of biotechnology are manufactured using mass 

culture of animal cell lines. The process of cell cultures is being utilized for making 

vaccines for polio, measles, mumps and chickenpox. Novel ideas in the field of cell 

culture field include recombinant DNA-based vaccines, such as one made using 

human adenovirus (a common cold virus) as a vector [53, 54] and novel adjuvants 

[55]. 
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Chapter-3  

 

RELATION OF CELL WITH DNA AND THEIR 

INTERACTION WITH ANTICANCER DRUGS 

Cancer, most commonly termed as a malignant neoplasm in medical sciences, 

is a extensive group of various diseases, where the cells lose their control and 

multiply chaotically, leading to unregulated cell growth. In cancer, cells divide and 

grow uncontrollably, forming malignant tumors (tumor genesis), invading nearby 

parts of the body (metastasis). The cancer may also spread to more far-off parts of the 

body via lymphatic system or bloodstream [1]. Usually all tumors are not cancerous. 

Cancer cells are characterized by the properties different from the normal stem cells. 

These properties are retained in the specific cell lines under examination. 

Cell and nucleic acids have intimate relationship with each other. A human 

cell has hereditary material enclosed in the cell nucleus (the nuclear genome). In 

human cells the nuclear genome is divided into 23 pairs of chromosomes. 

Chromosomes are the compact structures in which genetic material is present as 

double helical DNA. The mitochondrial genome is a circular DNA molecule distinct 

from the nuclear DNA [2].  

The nucleic acids (DNA and RNA) are biological molecules vital for different 

forms of life on planet earth. Nucleic acids are the most important biological 

macromolecule.s, which have their role in encoding, transmitting and expressing 

genetic information. Nucleic acids were discovered by Friedrich Miescher in 1869 

[3]. As the interaction of potential anticancer drugs with DNA has been investigated 

in this work and most cancers are reported to initiate by a change in the nucleotides’ 

sequence of genomic DNA [4], so the current chapter has been devoted to the 

structure, function and mode interaction of DNA with anticancer drugs.  

For decades, human immortal cancer cell lines have constituted an accessible, 

easily usable set of biological models with which to investigate cancer biology and to 
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explore the potential efficacy of anticancer drugs. However, cancer cell lines have 

been subject to criticism because they may represent a highly selected subgroup of the 

cancer classes from which they have been derived and may have acquired additional 

genetic abnormalities in vitro [5]. In the current chapter nature, analysis and utility of 

lung cancer cell lines have been reported  

3.1 Structure of Cell 

The cell is the basic structural and functional unit of all known living 

organisms. It is the smallest unit of life and is often called the building block of life 

[6]. The word cell comes from the Latin cella, meaning "small room". Cells are 

visible only under the microscope [7] because of their small size which is usually 

between 1 and 100 µm for plant and animal. The first discovery of cell was made by 

Robert Hooke in 1665. The cell theory which was first put forwarded by Matthias 

Jakob Schleiden and Theodor Schwann in 1839, states (i) all organisms are composed 

of one or more cells, (ii) that all cells come from preexisting cells, (iii) that vital 

functions of an organism occur within cells (iv) and that all cells contain the 

hereditary information necessary for regulating cell functions and for transmitting 

information to the next generation of cells [8]. 

All eukaryotic cells are enveloped by a membrane that separates its interior 

from its outside environment. Cell membrane is selectively permeable membrane 

which regulates the inside and outside movement and maintains the electric potential 

of the cell. Inside the membrane, a salty fluid takes up most of the cell volume is 

called cytoplasm. All cells contain hereditary material termed as DNA that is 

responsible for transferring genetic information from one generation to next, and 

RNA containing the information necessary to synthesize various proteins such as 

enzymes. There are several kinds of cellular organelles each performing its 

specialized function. These cellular organelles include Cell nucleus, Mitochondria, 

Endoplasmic reticulum, Golgi apparatus, Ribosomes, Lysosomes, Centrosome, 

Vacuoles. Among the cellular organelles, cell nucleus has central position and 

controls all fuctions of a cell. 
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Nucleus: Nucleus is a center which controls all informations of the cells. 

The cell nucleus is the most striking organelle found in a eukaryotic cell. 

Chromosomes which are the compact structures containing coiled DNA are present in 

the nucleus. So chromosome is the place where almost all DNA replication and RNA 

synthesis occur. The nucleus is spherical in shape and separated from the cytoplasmic 

body by a double membrane known as nuclear membrane. The nuclear membrane 

separates and protects a cellular DNA from the factors that could accidentally damage 

its structure or obstruct with its processing. During processing, DNA is transcribed or 

copied into a special RNA, called messenger RNA (mRNA). This mRNA is then 

transported out of the nucleus. This mRNA is then translated into a particular protein 

molecule. The nucleolus is a particular region within the nucleus where ribosomes are 

present [9]. Figure 3.1 gives the graphical representation of a typical cell. 

 

 

Figure 3.1. A typical animal Cell 
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Some basic definitions of cellular organelles are described below. 

Golgi Apparatus:  These are the organelles which are involved in transport of 

lipids and secretion of lysosomes [10]. 

Cell Membrane: The cell membrane is a biological membrane that isolates the 

interior of all cells from the external environment [11].  

Centriol: Centrioles are cylinderical shaped bodies involved in the association of 

the mitotic spindle and in the completion of cytokinesis [12]. 

Cytoplasm: The cytoplasm is the a substance having gel-like composition residing 

inner to the cell membrane. It holds all the cellular organelles outside the nucleus 

[13]. 

Ribosomes: The ribosome is a large and complex molecular machine, found within 

all living cells, that serves as the primary site of biological protein synthesis [14]. 

Nucleolus: The nucleolus is a non-membrane bound structure
 
made up of proteins 

and nucleic acids present within the nucleus of cells. It is involved in transcription of 

ribosomal RNA (rRNA) [15]. 

Lysosomes: Lysosomes are cellular organelles that contain acid hydrolase enzymes 

that crash down the dissipate materials and cellular debris [16].  

Mitochondrion: Mitochondrion is a membrane-enclosed organelle present in the 

most eukaryotic cells. Mitochondria are also termed as "cellular power plants" 

because of their ability to generate adenosine triphosphate (ATP), used as a source of 

chemical energy [17]. 

Nuclear Membrane: A nuclear membrane also known as the nuclear envelope, is a 

double lipid bilayer that encloses the genetic material in eukaryotic cells [18]. 
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3.2  Structure and Functions of DNA  

DNA is genetic material involved in the transfer of genetic characteristics 

from parents to offsprings which is used in the development and functioning of all 

known living organisms.  

3.2.1 Structure of DNA 

Fundamental structure of DNA comprises of (i) two antiparallel and 

complimentary strands of deoxyribonucleic acid (ii) Hydrophillic polar external 

sugar-phosphate backbone and (iii) Hydrophobic core of bases. DNA is a 

macromolecule composed of large number of polynucleotides. Each polynucleotide in 

turn is composed of monomer units called nucleotide. Each nucleotide is composed of 

a 5-carbon deoxyribose sugar, a nitrogenous base attached to the sugar and a 

phosphate group. DNA nucleotides are of four types depending on the nitrogenous 

base. The nitrogenous bases found in DNA are shown in Figure 3.2. All of them are 

basic because they are heterocyclic amines Adenine (A) and guanine (G) are purines 

bases, and the other two cytosine (C) and thymine (T) are pyrimidines bases [19].  

DNA has primary and secondary structures [4]. The basic structure of DNA 

shown in Figure 3.3 can be divided into two portions (i) the external sugar-phosphate 

backbone (ii) the internal bases that form the side-chain groups. The sugar-phosphate 

backbone, as its name implies, is the major structural component of the DNA 

molecule. The backbone is constructed from alternating deoxyribose sugar and 

phosphate molecules which are highly polar. Because the backbone is polar, it is 

hydrophillic which means that it likes to be immersed in water. The deoxyribose 

sugars are joined at both the 3'-hydroxyl and 5'-hydroxyl groups to phosphate groups 

in ester links, also known as "phosphodiester" bonds. All DNA strands run from the 5' 

to the 3' end. The 5' end terminates in a phosphate group and the 3' end terminates in a 

sugar molecule. In the double-stranded DNA structure, the two strands run in opposite 

directions. The backbone provides structural stability to the DNA molecule. 

Nitrogenous bases form side chains of the DNA backbone. These bases pair up in 

such a way that A forms 2 hydrogen bonds with T and G always pairs up with C 

developing 3 hydrogen bonds [20].  
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Figure 3.2. Pyrimidine and Purine 

 

 

    Figure 3.3. Primary structure of the DNA backbone 

The chain of sugars and phosphate groups joined by phosphodiester bond is 

termed as the backbone of the nucleic acid. The backbone is constant in DNA and the 

bases vary from one monomer to the next. Analysis of the base composition of DNA 

molecules obtained from many different species was done by Erwin Chargaff showed 

that the quantity of adenine is always approximately equal to that of thymine and the 

quantity of guanine is always approximately equal to that of cytosine. This important 
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information helped to establish the secondary structure of DNA. In 1953 James 

Watson and Francis Crick established the three dimensional secondary structure of 

DNA (see Figure 3.3). Their model was based on two important informations 

obtained by other researchers: (i) the Chargaff rule that (A and T) and (G and C) are 

present in equimolar quantities and (ii) X-ray diffraction photographs obtained by 

Rosalind Franklin and Maurice Wilkins. By the use of these facts Watson and Crick 

concluded that DNA is composed of two strands entwined around each other in a 

double helix as shown in Figure 3.4. 

In the DNA double helix, the two polynucleotide chains run in opposite 

directions. The sugar phosphate backbone is on the outside; exposed to the aqueous 

environment and the bases point inward. 

 

 

   Figure 3.4. Secondary structure of DNA double helix 

The bases form specific pairs with one another that are stabilized by hydrogen 

bonds. The base pairing results in the formation of a double helical structure. These 

base pairs provide a mechanism for copying the genetic information in an existing 

nucleic acid chain to form a new chain. DNA is replicated by the action of DNA 
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polymerase enzymes. These exquisitely specific enzymes copy sequences from 

nucleic acid templates with an error rate of less than 1 in 100 million nucleotides [21]. 

3.2.1.1 Alternate DNA structures 

In the nature DNA is present in a number of possible conformations including 

A-DNA, B-DNA, and Z-DNA forms. However only B-DNA and Z-DNA have been 

directly observed in functional organisms [22]. The conformation that DNA adopts 

depends on the hydration level, DNA sequence, the amount and direction of 

supercoiling, chemical modifications of the bases, the type and concentration of metal 

ions, as well as the presence of polyamines in solution [23]. According to the 

secondary structure of a DNA molecule, the two running strands are not parallel, but 

entwined around each other to form double helical structure. In this structure, also 

known as the B form, the helix makes a turn every 3.4 nm, and the distance between 

two neighboring base pairs is 0.34 nm. Hence, there are about 10 pairs per turn 

(Figure 3.5). The intertwined strands make two grooves of different widths, referred 

to as the major groove and the minor groove, which may facilitate binding with 

specific proteins. In a solution with higher salt concentrations or with alcohol added, 

the DNA structure may change to an A form, which is still right-handed, but every 

2.3 nm makes a turn and there are 11 base pairs per turn. Another DNA structure is 

called the Z form, because its bases seem to zigzag. Z DNA is left-handed. One turn 

spans 4.6 nm, comprising 12 base pairs. The DNA molecule with alternating G-C 

sequences in alcohol or high salt solution tends to have such structure [24].  

3.2.1.2  Supercoiling of DNA 

DNA supercoiling is a process in which DNA double strands are twisted like a 

rope. With In its relaxed double helix turns around its axis once every 10.4 base pairs. 

But if the DNA is twisted or entwined two strands become more tightly or more 

loosely wound [25]. Positive supercoiling and negative supercoiling depends upon the 

direction of DNA twist. DNA twist in the direction of the helix is refered to as 

positive supercoiling and the bases are held more tightly together. On the other hand 

DNA twist in the opposite direction of helix is termed as a negative supercoiling and 

the bases come apart more easily. Naturally occuring DNA has slight negative 

supercoiling which is due to the presence of enzymes called topoisomerases [26]. 
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Topoisomerases are the enzymes also used to relieve the twisting stresses built in 

DNA strands during  replication and transcription processes [27]. 

 

 

Figure 3.5. Comparison between A form, B form and Z form. 

 

3.2.1.3  DNA Grooves 

Double helical strands of the DNA form the DNA backbone. Two strands of 

DNA may turn around each other by tracing the spaces, or grooves, between them. 

These voids are adjacent to the base pairs and may provide a binding site. Since the 

strands are not exactly opposite each other, the grooves are not equal in size. On one 

side backbones of the DNA are farther apart from each other, hence the void formed 

is larger in size. This groove is called major groove and is 22Å wide. On the other 

side, backbones are closer to each other and void formd in this way is smaller in size. 

This groove is called minor groove and is 12 Å wide [28]. The narrowness of the 

A B ZA B Z
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minor groove means that the boundaries of the bases are more reachable in the major 

groove. As a result, proteins like transcription factors that can bind to specific 

sequences in double-stranded DNA usually make contacts to the sides of the bases 

exposed in the major groove [29]. Difference in the major and minor grooves is more 

visible in the ordinary B form of DNA.  

3.2.2 Functions of DNA  

DNA primarily has two major functions (i) replication and (ii) transfer of 

genetic information. Scientist use DNA and proteins as a means to study an 

organism's progress 

3.2.2.1 Replication 

 DNA replication is a biological process taking place in all living organisms and it 

is the basis for biological inheritance. In the process of replication one double-

stranded DNA molecule produces two identical copies of the DNA molecule. For the 

growth of an organism cell division is vital process, but, when for a cell division, its 

DNA must replicate in its genome so that the two daughter cells produced have 

genetic information similar to their parents. The double-stranded structure of DNA 

provides a simple mechanism for DNA replication. Similar to all biological 

polymerization processes, DNA replication is assisted by three enzymatically 

catalyzed steps i.e. Initiation, Elongation and Termination. 

3.2.2.1 (a) Initiation 

Replication process is initiated at specific points in the DNA. This point is 

known as "origin" which is targeted by enzymes that opens up the two strands and 

initiate DNA synthesis [30]. These initiators enzymes take on other proteins also to 

split up the strands and initiate replication forks. Replication fork is created by 

enzymes helicase which breaks up the hydrogen bonds holding the two strands of 

DNA. Two strands created from DNA double helix are made up of single strands 

which serve as templates for leading and lagging strands.  
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3.2.2.1 (b) Propagation  

Next step is the propagation the step. In this step, polymerase enzyme reads 

DNA on leading strand and adds nucleotides to it continuously. The leading strand is 

the template strand of the DNA double helix so that the replication fork moves along 

it in the 3' to 5' direction. Second strand formed from parent DNA is lagging strand. 

The lagging strand is the strand of the template DNA double helix where replication 

fork moves along it in a 5' to 3' manner due to its opposite orientation. On the lagging 

strand primase reads the DNA and adds RNA to it in the form of separate segments 

forming Okazaki fragments. These Okazaki fragments are then joined by DNA ligase 

[30]. 

 

 

Figure 3.6. Summary of DNA Replication 

3.2.2.1 (c) Termination 

In eukaryotes DNA replication is initiated at a number of points in the 

chromosome, so replication forks meet and terminate at many points in the 

chromosome. Due to linear shaped chromosomes in eukaryotes, DNA replication 
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cannot reach the very end of the chromosomes, but ends at the telomere region of 

repetitive DNA close to the end. This decreases the telomere length of the daughter 

DNA strand. This is a normal process in somatic cells. As a result, cells can only 

replicate a definite number of times before the DNA loss stops further division. (This 

is known as the Hayflick limit.) Within the germ cell line, which passes DNA to the 

next generation, telomerase extends the repetitive sequences of the telomere region to 

prevent degradation. Telomerase can become erroneously active in somatic cells, 

sometimes leading to cancer formation [31]. 

3.2.2.2 DNA Transmits Hereditary characteristics from Organism to Organism 

DNA is positioned in the cell nucleus and is liable for carrying all the 

hereditary information. It is possible for living organisms to replicate the DNA and 

transfer DNA daughter strands from one generation to the next. During the process of 

reproduction copies of DNA are produced and it transmits parental DNA to its 

offspring. The process of copying of DNA molecules is termed as DNA replication. 

DNA molecule is special since it gives directions for its own replication. It is also 

involved in RNA synthesis. One DNA molecule consists of thousands of genes. 

Information required for all types of cellular activity is encoded in the structure of 

DNA. These characteristics are strongly dependent on the capability of the bases to 

form specific base pairs in such a way that a new helical structure consisting of two 

strands is formed. Once a cell starts to divide, the two strands of the double helix 

separate. Replication of the DNA double helix is the basis for heredity. Genes and 

their proteins synthesize by RNA dictate the hereditary or genetic background of an 

organism [32, 33].  

3.3  DNA Damage from drugs 

 Different sorts of mutagens can damage the DNA by changing the DNA structure 

and base pair sequence. Mutagens include oxidizing agents, alkylating agents and also 

high-energy electromagnetic radiation such as ultraviolet light and X-rays. Types of 

mutagens determine the type of DNA damage. For example, UV radiations can 

produce thymine dimers. These thymine dimers cross-link between pyrimidine bases 

thus damaging the normal DNA structure [34]. Oxidants such as free radicals or 
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hydrogen peroxide induce multiple forms of damage, including base modifications, 

predominantly modification of guanosine, and double-strand breaks [35]. A normal 

human cell contains about 150,000 bases that have suffered oxidative damage [36]. 

The most dangerous oxidative lesion of all is the double-strand breaks, because these 

are not easy to repair and induce point mutations, along with chromosomal 

translocations [37]. These mutations are responsible to cause cancer. Due to decreased 

ability of DNA repair system, if humans lived long enough, they would all ultimately 

develop cancer [38, 39]. Several mutagens can slide into the space or intercalate 

between two adjacent base pairs. Intercalators are mostly aromatic and planar ring 

molecules; e.g; ethidium bromide, acridines, daunomycin, and doxorubicin. When an 

intercalator fits between base pairs, the normal distance between the bases is altered, 

distorting the DNA strands by unwinding of the double helix. This inhibits both 

transcription and DNA replication, causing toxicity and mutations [40] As a result, 

DNA intercalators may be carcinogens [41]. Nevertheless, due to their ability to 

inhibit DNA transcription and replication, other similar toxins are also used in 

chemotherapy to inhibit rapidly growing cancer cells [42] 

 DNA-binding drugs can be classified according to the type of association with 

DNA. Drugs bind to DNA both covalently as well as non-covalently. Covalent 

binding in DNA is irreversible and invariably leads to complete inhibition of DNA 

processes and subsequent cell death. Covalent binding drugs include interstrand and 

intrastrand cross linkers (alkylating agents) and base pair replacers. Non-covalent 

binding is reversible and is typically preferred over covalent adduct formation keeping the 

drug metabolism and toxic side effects in mind. However, the high binding strength of 

covalent binders is a major advantage. Non covalently binding drugs generally fall 

under the category of intercalators and groove binders [43]. 

3.3.1. Non Covalent Binding drugs 

3.3.1 (a) Intercalators 

In chemistry, intercalation is the reversible insertion of a molecule or group 

between two other molecules. Intercalators can be defined as “ small organic 

molecules or metal complexes that unwind DNA in order to -stack between two base 
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pairs”Intercalators contain planar aromatic heterocyclic groups which stack between 

adjacent DNA base pairs. The intercalated complex is thought to be stabilized by π-π 

stacking interactions between the drug molecule and flanking DNA bases. 

Intercalators introduce strong structural perturbations in DNA [44,45]. Intercalation 

into DNA (insertion between a pair of base pairs) is a very important process, 

especially with regards to the function of many anticancer drugs. The unwinding of 

the double strand leads to a lengthening of the helix by approximately 3.4 Å to 6.8 

Å, which induces a conformational change of some sugar moieties involved [45, 46] 

thus inhibiting the transcription and replication of DNA. Thus intercalation 

represents a non-covalent interaction between a drug and DNA in which the drug is 

held perpendicular to the axis.  

In the process of intercalation, ligands of an appropriate size and chemical 

nature fit themselves in between the DNA base pairs. These ligands are mostly 

polycyclic, aromatic and planar that binds by inclusion of aromatic ring between the 

flanking base pairs of DNA. Some non planar molecules have also been reported to 

intercalate (partially) due to conformational changes. They may have non-polar 

substitutes, be either cationic or neutral, which protrude into a groove region [47]. 

Specificity of intercalation usually favors G-C base pairs. Generation of intercalated 

complex causes DNA backbone unwinding, local extension of base pairs and other 

possible distortions in DNA structure. Examples of intercalators include 

anthracyclines, flavone, flavonoids, lumazine, ethidium etc. DNA must energetically 

open a space between its base pairs by unwinding in order for an intercalator to fit 

between base pairs, the. The degree of unwinding varies depending upon the 

intercalator [48]. In general, the angle of the phosphate groups change (opening) 

allowing for the intercalation. Extensive theoretical studies have shown that, in fact, 

the dispersion energy contributes mostly to the overall energy of the intercalation 

complex. Intercalators are important in cancer chemotherapy, because most of the 

anticancer drugs having planar aromatic ring structure that distort the DNA to inhibit 

replication of abnormal DNA. 
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3.3.1 (b) Groove binders 

Two grooves of the DNA (major and minor grooves of DNA) are different in 

their electrostatic potential, hydrogen bonding capability, steric factor and hydration. 

Sequence-specific DNA-binding proteins normally interact with the major groove of 

B-DNA, because it exposes more functional groups that identify a base pair. However 

small DNA-binding ligands interact with minor groove of DNA [49, 50]. 

Minor groove binding drugs are usually crescent shaped, which complements 

the shape of the groove and facilitates binding by promoting van der Waals 

interactions. In addition, groove binding drugs develop hydrogen bonds to bases, 

usually to N3 of adenine and O2 of thymine. Most minor groove binding drugs prefer 

to bind to A-T rich sequences.The prefernce of the groove binding drugs are possibly 

A-T sequences due to better Van der Waals contacts between the drug and groove 

walls in this region. Because A-T sequence are narrower than G-C groove sequence 

and also because of the steric hindrance in the latter, presented by the C2 amino group 

of the guanine base. Fewer synthetic compounds like lexitropsins and imidazole-pyrrole 

polyamides have been designed which interact with major groove of DNA. 

3.3.2 Covalent Binding drugs 

3.3.2.1 DNA Cross linkers 

Crosslinks in DNA occur when various exogenous or endogenous agents react 

at two different positions in the DNA. This either occurs in the same strand 

(intrastrand crosslink) or in the opposite strands of the DNA (interstrand crosslink). 

DNA replication is blocked by crosslinks, which causes replication arrest and cell 

death if the crosslink is not repaired [51]. 

Intrastrand Cross linkers 

 DNA damages induced by oxidative intrastrand cross-links have been the subject 

of intense research during the past decade. One of the noticeable changes in the DNA 

is the 1, 2-intrastrand cross-links with purine bases. One of the examples of 

intrastrand crosslinkers are cisplatin which displaces its two chloride group allowing 
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the platinum atom to bind to bases. Of the bases on DNA, guanine is preferred. 

Cisplatin interacts with DNA via intrastrand crosslinking in several different ways, 

snooping with cell division by mitosis. The damaged DNA activate apoptosis when 

repair proves impossible [52]. 

Interstrand Cross linkers 

Interstrand crosslinks (ICLs) are highly toxic class of DNA damages 

incurred during cancer chemotherapy. ICLs prevent strand unwinding essential 

for polymerase access by covalently tethering both strands of duplex DNA. 

Repair of interstrand crosslinks need multiple-strand incisions to split the two 

covalently bonded strands of DNA [53]. 

3.3.2.2 Base Pair Replacers 

Base pair replacers are pyrimidine or purine analogs used in the 

treatment of cancer.  As a nitrogen base analogue, these are transformed inside 

the cell into different cytotoxic metabolites. These metabolites are then 

incorporated into DNA and RNA, ultimately blocking the cell cycle and leading 

to cellular apoptosis by inhibiting the cell's ability to synthesize DNA. Base pair 

replacer drugs have been shown to inhibit the activity of the exosome complex, 

an exoribonuclease complex of which the activity is essential for cell survival. A 

good example of base pair replacers is fluorouracil which is a pyrimidine analog 

wich is used in the treatment of cancer. It is a suicide inhibitor and works 

through irreversible inhibition of thymidylate synthase [54]. Thymidylate 

synthetase  is the enzyme used to generate thymidine monophosphate which is 

subsequently phosphorylated to thymidine triphosphate for use in DNA 

synthesis and repair [55]. 

3.3.2.3 Alkylating agents 

An akylating agent is used in cancer cure. It attaches an alkyl group (CnH2n+1) 

to DNA. The alkyle group is attached to the guanine base of DN A, at the 

number 7 nitrogen. atom of the purine ring. Several types of cancers are cured 

by alkylating agents, being toxic to cancer cells as well as normal cells [56]. 
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3.4  DNA Binding Enzymes  

DNA replication like other biological polymerization processes is assisted by a 

number of enzymetically catalyzed steps. Each step is catalyzed by enzymes involved 

in unwinding of DNA and synthesis of new daughter DNA strands. Although several 

enzymes involved in DNA replication, major DNA replication enzymes in the 

Replisome are [57]. 

 Topoisomerase 

 Helicase 

 Polymerase 

 

 Study of DNA binding enzymes is important in drug-DNA interactions because if 

the drug interacts with any one of these enzymes, then DNA replication is not 

processed. The mode of interaction of the drugs with DNA enzymes is discussed 

below. 

 

3.4.1 Topoisomerases 

Topoisomerases are enzymes that are involved in the overwinding or 

underwinding of DNA. During the process of DNA replication, DNA double helix 

overwinds at the point of replication fork. If left unsolved, this stress would ultimately 

cause replication to stop. Topoisomerases bind to either DNA strands and cut the 

phosphate backbone of the DNA. This backbone break causes DNA to be untangled 

and finally DNA backbone is resealed again [58]. DNA replication is associated with 

three types of topological problems i.e. supercoiling, knotting and catenation. 

Topoisomerases which can fix these topological problems are of two types [59]. 

Topoisomerase I and Topoisomerase II. Topoisomerases I cuts one strand of double-

stranded DNA, loosen up the strand, and reanneal the strands. Topoisomerases II 

incises both strands of the DNA helix simultaneously in order to handle DNA tangles 

and supercoils.  
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3.4.2 Helicases 

Helicases are the enzymes fundamental to all living bodies. Helicases are the 

motor proteins that move directionally over the  a phosphodiester backbone of nucleic 

acid, separating two annealed nucleic acid strands (i.e., DNA, RNA, or RNA-DNA 

hybrid) utilising energy resulting from ATP hydrolysis. 

Several cellular processes (DNA replication, transcription, translation, 

recombination, DNA repair, ribosome biogenesis) entail the unzipping or separation 

of nucleic acid strands. These strands of the DNA double helix are separated by 

helicases using the energy from ATP hydrolysis, a process which is accompanied by 

the breaking of hydrogen bonds between annealed nucleotide bases. They move along 

one nucleic acid strand of the duplex with a directionality and processivity specific to 

each particular enzyme. There are about 24 helicases in human cells which catalyze a 

great variety of strand incision processes. Helicases adopt different structures 

depending upon the type of DNA. Helicases of B-DNA relax the DNA by unwinding 

and converting it into donut-shaped hexamers. Studies have shown that helicases may 

perform uncatalyzed unwinding in the absence of energy when ATP hydrolysis is not 

taking place [60] or may perform catalyzed strand separation using the energy 

generated in ATP hydrolysis [61]. Helicases may perform their function much faster 

in vivo than in vitro due to the presence of accessory proteins in the living systems 

that help in the destabilization of the fork junction [62]. 

3.4.3 Polymerases 

Polymerases are biological enzymes that synthesize polynucleotide chains 

from nucleoside triphosphates free dispersed in the nucleoplasm. The Polynucleotides 

synthesized from enzymetic process of polymerase have same sequence as that 

sequence of existing polynucleotide chains– which are called templates. These 

enzymes add free nucleotides onto the 3′ hydroxyl group in a DNA strand. Therefore, 

all polymerases work in a 5′ to 3′ direction [63]. The incoming nucleoside 

triphosphates join to form base-pairs to the template in the active site of these 

enzymes. This allows polymerases to manufacture the complementary strand of their 

template. There are different types of polymerases depending upon the type of 

template that they use. In DNA replication process, polymerase synthesizes a copy of 
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a DNA sequence. Accuracy is essential in this process, a number of these polymerases 

have a proofreading action. Here, the polymerase recognizes the intermittent faults in 

the synthesis process due to the lack of base pairing between the mismatched 

nucleotides. If a mismatching is detected, a 3′ to 5′ exonuclease activity is activated 

and the incorrect base is detached [64]. In most organisms, DNA polymerases 

function in a large complex called the replisome that contains multiple accessory 

subunits, such as the DNA clamp or helicases [65].  

3.5   Lung Cancer and Lung Cancer Cell Lines 

Lung cancers are considered to involve pre-cancerous changes in the lung. The 

first changes in the genes happen and then start to grow faster. The cells are visible a 

microscope as a bit abnormal but at this point they do not accumulate to form a mass 

or tumor. Initially they cannot be seen on an x-ray and do not show any symptoms. 

With the passage of time, these pre-cancerous changes in the cells may grow to true 

cancer. As a cancer progresses to advanced stage, the cancer cells may produce 

chemical substances that increase the density of blood vessels per unit area and form 

new blood vessels. These new blood vessels provide nourishment to the malignant 

cells, which can continue to grow and form a large tumor which can be seen on 

imaging tests such as x-rays. At somewhere, some cells may break away from the 

original tumor and spread (metastasize) to other parts of the body. Lung cancer is 

habitually a life-risky disease because it spreads at enormous speed before it can be 

detected on an imaging test such as a chest x-ray [66-67]. 

Two major types of lung cancer are: 

(i) Small cell lung cancer (SCLC) 

(ii) Non-small cell lung cancer (NSCLC)  

(If a lung cancer has characteristics of both types it is called a mixed small cell/large 

cell cancer. This is uncommon.)  

3.5.1  Small cell lung cancer  

Small cell lung cancer (SCLC) is named depending upon the small size of the 

cancer cells when seen under a microscope. About 10% to 15% of all lung cancers are 
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small cell lung cancer (SCLC). Small cell lung cancer is developed in tobacco 

smokers. SCLC most often starts to develop in the bronchi in close proximity of the 

chest, and it tends to spread extensively throughout the body quite early in the course 

of the disease [68]. 

3.5.2  Non-small cell lung cancer  

Non-small cell lung cancer (NSCLC) is named based on the large size of 

cancer cells It constitutes 85% to 90% of lung cancers. There are 3 main subtypes of 

NSCLC. The cells in these subtypes vary in their size, shape and genetic make-up 

when observed under a microscope. But they are grouped together because the 

approach to treatment and diagnosis are very similar. 

3.5.2.2 Squamous cell (epidermoid) carcinoma 

Squamous cell carcinomas constitutes about 25% to 30% of all lung cancers. These 

cancers cells develop inside airways in the lungs. They are often more likely to 

develop in the chain smokers found in the middle of the lungs near a bronchus.  

3.5.2.3 Large cell (undifferentiated) carcinoma 

Large cell carcinoma accounts for about 10% to 15% of lung cancers. It may 

emerge in any part of the lung. It tends to grow and spread rapidly making it difficult 

to treat.  

3.5.2.4 Adenocarcinoma 

About 40% of lung cancers are adenocarcinomas. These cancers start to 

develop in the cells that would normally secrete mucus. This type of lung cancer may 

occur in smokers as well as non smokers. Adenocarcinoma is usually originates in the 

outer region of the lung. It tendency of growth is slower than other types of lung 

cancer, and is more likely to diagnose before it speads to other parts of the lung [68].  
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Chapter-4  

      EXPERIMENTAL 

In this chapter a brief description of instruments, chemicals and procedures used 

is presented. Cyclic voltammetric, UV-Vis spectroscopic and Molecular docking 

studies were carried out to study the DNA binding behavior, binding constant and 

interacting modes of anticancer drugs at molecular level. Cell culture technique has 

been used to study the interactions of anticancer drugs at cellular level. 

4.1 Instrumentation 

The detail of the instruments used for electrochemical and spectroscopic 

measurements, extraction of DNA and cytotoxic assay evaluation is given below: 

4.1.1 Instruments used for Cyclic Voltammetric studies 

4.1.1 (a) Electrochemical Work station 

Cyclic Voltammetric titrations were carried out using Eco Chemie Autolab 

PGSTAT 12 running with the electrochemical software package GPES 4.9 (Utrecht, 

The Netherlands). 

4.1.1 (b) Cell assembly 

Cell assembly consists of two parts: 

(i) Electrochemical cell 

(ii) Electrodes 
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(i) Electrochemical cell 

Electrochemical cell is a double walled cylindrical cell with cell top (Model K64 

PARC), self escalating plastic cap with easily interchangeable bottom. Top to the cell 

cap there are five 14/20 standard taper ports into which electrodes (working electrode, 

counter electrode and reference electrode) and nitrogen and/Argon gas inlet etc. are 

introduced. Cells contains a water circulatory jacket through which water enters or 

leaves the cell. On both sides of the cell there are also inlets and outlets through which 

it is connected to thermostat LAUDA Model K-4R for the maintenance of 

temperature during the measurement. For the establishment of electrode reaction 

mechanism an electrochemical cell of 15 mL was used. 

(ii) Electrode system 

For cyclic voltammetric studies a three-electrode system was used consisting of 

(i) Working electrode    (ii) Reference electrode      (iii) Counter electrode 

(i)  Working Electrode: Glassy carbon (GC) electrode (area = 7.1 mm
2 

or 0.017cm
2
) 

was used as the working electrode. The electrode was polished, when needed 

followed by thorough rinsing with distilled water to attain vitreous and good 

conductive surface.  

(ii) Counter Electrode: Pt wire of thickness 5×10
-4

 m with an exposed end of 10
-2

m 

sealed at one end in a pyrex glass tube and covered with mercury at that end for the 

external connection to copper wire was used as an auxiliary electrode.  

(iii)  Reference Electrode: Saturated Calomel Electrode (SCE), with Cat # 13-6398-51, 

of Fisher Scientific Company was used as reference electrode. In the calomel 

electrode a paste of mercury and calomel (Hg2Cl2) is covered with a pool of mercury 

and filled with saturated KCl, acting as an electrolyte. Such an electrode is 

represented by Hg/ Hg2Cl2/KCl. 
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4.1.2 Instrument for UV-Vis spectroscopic measurements 

4.1.2 (a) UV-1601 Shimadzu spectrophotometer 

The UV-Visible spectrophotometer (UV-1601 Shimadzu spectrophotometer) 

with measurement wavelength range of 190-1100 nm connected through Julabo F-34 

(±0.1
o
C) was used for spectroscopic analysis. 

4.1.2 (b) UV-Cells 

Matched quartz cells having 1cm path length were used for spectroscopic studies. 

4.1.3 Instruments used for DNA extraction 

4.1.3 (a) Autoclave 

Autoclave Model HVE-50 of company Hiramaya was used to autoclave the 

apparatus used in DNA extraction process. 

4.1.3 (b) Centrifuge Machine 

Tabletop Centrifuge Model PLC 03 [Digital regulate speed control knob from 0 

to 6000 rpm] was used for the extraction of DNA from the chicken blood. 

4.1.4 Work area and Equipment used in Cell Culture Studies 

4.1.4 (a) Laminar Flow Hood 

A laminar flow cabinet or laminar flow closet or tissue culture hood is a 

cautiously enclosed bench constructed to stop contamination of biological samples. 

Air is drawn through a HEPA (High Efficiency Particulate Air) filter and blown in a 

very even, laminar flow towards the worker. The cabinet is typically made of stainless 

steel with no gaps or joints where spores may collect. Two types of laminar flow 

hoods, vertical and horizontal are currently under use. The vertical flow hood is finest 

http://en.wikipedia.org/wiki/HEPA
http://en.wikipedia.org/wiki/Laminar_flow
http://en.wikipedia.org/wiki/Stainless_steel
http://en.wikipedia.org/wiki/Stainless_steel
http://en.wikipedia.org/wiki/Stainless_steel
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for working with harmful organisms because the aerosols produced inside the hood 

are filtered out before they are free into the surrounding environment. Horizontal 

hoods are designed in such a way that the air flows directly at the worker hence they 

are not valuable for working with dangerous species. Horizontal hoods provide the 

greatest shield for your cultures. Horizontal and vertical hoods have constant 

displacement of air that removes particulates from the air. The filtered air flows 

downwards from the top of the cabinet in a vertical hood. In a horizontal hood, the 

filtered air blows out at the operator in a horizontal manner. In the present work 

horizontal laminar flow Lunaire Model HLF3072BT Horizontal was used. 

 

 

Figure 4.1. Horizontal laminar flow hood 

4.1.4 (b) CO2 Incubator  

In this work cells were grown in an atmosphere of 5-10% CO2 since the medium 

used to grow cells is buffered through sodium bicarbonate/carbonic acid and the pH 

must be rigorously maintained. The caps of culture flasks were loosened to permit for 

ample gas exchange. The incubator doors should not be opened for very long. Inside 

the incubator, humidity must also be maintained for cells growing in tissue culture 

dishes so a pan of water is kept filled at every time. 
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Figure 4.2. Benchtop CO2 incubator 

4.1.4 (c) Microscope 

For visualizing the cells, inverted phase contrast microscope MRP-161 was used. 

Microscopes should be kept covered and the lights turned down when not in use.  

 

Figure 4.3. Microscope profesional binocular MRP-161 
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4.1.4 (d) Vessels  

Growing cells necessitate a nontoxic, optically transparent and biologically inert 

surface that will let cells to attach and allow movement for growth. In the present 

work most convenient vessels made up of polystyrene plastic T-25 and T-75 (cm
2
 of 

surface area) were used. Suspension cells were \shaken, stirred, or grown in vessels. 

 

Figure 4.4. Storage vessels for cell culture.  

4.1.5 Software used for Molecular Docking Studies 

MOE-dock 2010 by Chemical Computing Group Inc. was used in the current 

study. All docking studies were carried out on a Pentium1.6 GHz workstation, 512 

MB memory with the Windows. 

4.2 Compounds 

4.2.1 Compounds under investigation 

All compounds used in the present study were clinical compounds. For this study, 

commercial formulations of DXH (Adriblastina®, Actavis, Italy), DNR 

(Daunoblastina®, Actavis, Italy), Epi-DXH (Farmorubicine ® Pharmacia and 

Upjohn, Italy), CP (Cisplatin, Lorea United Pharm Inc.), CRP (Carboplatin, Lorea 

United Pharm Inc.), CYP (Cyclomide, Pharmedic Laboratories (Pvt) LTD, MTX 
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(Mitomycin®, Korea United Inc.), BLM (bleomycin®, Nippon Kkayaku.co.Ltd), FU 

(Pharma uracil, Pharmedic Laboratories (Pvt) Ltd, NOM (nogalamycine, Lot # 

80H4012, Sigma Chemical Co ), DCT (dactinomycin ® , Korea United Farm Inc), 

IDA®  (Idarubicin ® , Korea United Inc were used. The names, structures and 

symbols of the electroactive compounds used in this work are given below: 

     

 Doxorubicin      Epirubicin 

    

    Daunorubicin     Cisplatin 

    

Flourouracil      Carboplatin 

   

Etopside       Cyclophosphamide 

http://en.wikipedia.org/wiki/File:Doxorubicin_chemical_structure.png
http://en.wikipedia.org/wiki/File:Fluorouracil.svg
http://images.google.com.pk/imgres?imgurl=http://upload.wikimedia.org/wikipedia/commons/thumb/c/cd/Cyclophosphamide_structure.svg/481px-Cyclophosphamide_structure.svg.png&imgrefurl=http://commons.wikimedia.org/wiki/File:Cyclophosphamide_structure.svg&usg=__GSKUHumCzwZYle8SGxVIhv8GJro=&h=590&w=481&sz=13&hl=en&start=1&itbs=1&tbnid=uQ_dCRpxnWjiHM:&tbnh=135&tbnw=110&prev=/images?q=CYCLOPHOSPHAMIDE&hl=en&gbv=2&tbs=isch:1
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   Dactinomycin     Mitoxantron 

     

   Bleomycin      Idarubicin 

       

   Nogalamycin     Ascorbic Acid 

 

Nicotinic acid 

http://en.wikipedia.org/wiki/File:Actinomycin_D.png
http://en.wikipedia.org/wiki/File:Mitoxantrone_skeletal.svg


Chapter-4   Experimental 

112 

 

 

4.2.2 Chemicals used for the extraction of DNA 

For the extraction of DNA from blood the following two types of lysis buffers 

were used. 

 Cell lysis buffer  

 Nuclear lysis buffer 

4.2.2 (a) Cell lysis buffer 

The cell lysis buffer of pH 7.4 was prepared by mixing: 

 Ammonium chloride (155 mM)( For 1000 mL buffer add 155 mL 1M stock) 

 Potassium bicarbonate 10 mM,(For 1000 mL buffer add 10 mL 1M stock) 

 EDTA 0.1mM, ( For 1000 mL buffer add 200 μL 0.5 M stock) 

 Sterile distilled water 834.8 mL. 

4.2.2 (b) Nuclear lysis buffer 

The nuclear lysis buffer was prepared by mixing: 

 Tris-Cl 10mM pH 8.0, (For 1000 ml buffer add 10 ml 1 M stock) 

 NaCl 400 mM, (For1000 mL buffer add 80 mL 5 M stock). 

 EDTA 2mM, (For 1000 mL buffer add 4 mL 0.5 M stock) 

 Sterile distilled water 906 mL. 

4.2.3 Chemicals used as solvents and supporting electrolytes 

The chemicals species used in Cyclic Voltammetry and UV-Vis spectroscopic 

studies were divided in to solvents and supporting electrolyte.  

Cyclic Voltammetric studies are commonly carried out in a medium comprising 

of solvent containing supporting electrolyte. Selection of the solvent is very important 

primarily from solubility and redox activity point of view of the analyte. Electrical 
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conductivity, electrochemical activity and chemical reactivity of solvent are also 

important. Solvent should be inert to the analyte and its redox products. It should not 

endure electrochemical reactions over a wide range of potential. In the present work 

different Mcillvain Buffer (0.2 mol L
−1

 Na2HPO4.2H2O and 0.1 mol L
−1

 citric acid). 

Mcillvain buffer itself acts as supporting electrolyte. 

4.2.4 Chemicals used in Cell Culture 

4.2.4 (a) Growth Medium RPMI 1640 

In the present study medium used for culturing cell was RPMI1640. RPMI-1640 

was made by Moore et. al. at Roswell Park Memorial Institute, hence termed as 

RPMI. It is a sterile filtered liquid with sodium bicarbonate and L-glutamine as 

essential constituents [1]. RPMI-1640 is a formulation utilizing a bicarbonate 

buffering system with variations in the amounts of amino acids and vitamins. RPMI-

1640 medium has been used for the culture of human normal and neoplastic 

leukocytes. Properly supplied RPMI-1640 has established wide applicability for 

supporting growth of many types of cultured cells. 

4.2.4 (b). Lung Carcinoma Cell Lines 

H-1299 and H-157 (non-small cell lung carcinoma cell line with common term 

NSCLC) was a kind gift from IBGE (Institute of Biomedical and Genetic 

Engineering, department of KRL institute, Pakistan). Cell lines were maintained in 

cell culture medium (CCM), RPMI 1640 supplemented with 10% fetal calf thymus 

(FCS) and 1% GPPS at 37°C, 5% CO2 and 100% humidity. Cell culture was 

incubated for 24 hrs before treatment with drug and ascorbic acid concentrations.  

4.2.4(c) Trypsin-EDTA 

Presently Trypsin-EDTA 1X has been used to remove the adherent cells from 

culture plates. Trypsin is used to let loose adherent cells from tissue culture plates 

enzymatically. Divalent cations such as calcium and magnesium, which are often 

present in the cell culture environment, tend to inhibit this action [2]. EDTA 

http://en.wikipedia.org/wiki/Non-small_cell_lung_carcinoma
http://en.wikipedia.org/wiki/Cell_line
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sequesters these ions and thus enhances the efficacy of trypsin. This product contains 

trypsin at a concentration of 0.05% with 0.53 mM EDTA, and does not contain 

sodium bicarbonate. 

 

 

 

Figure 4.5. Flasks containing tissue culture growth medium 

which provides nourishment to growing cells. 

4.2.4 (d) SRB Stain  

sulforhodamine B (SRB) solution 0.4% (w/v) in 1% acetic acid was used for the 

staining of culture. 

4.3 METHODS 

4.3.1 DNA extraction 

There are two methods most oftenly used for the extraction of genomic DNA in 

the field of Biochemistry.  

(i) Falcon Method (ii) Phenolic Method 

http://en.wikipedia.org/wiki/Growth_medium
http://en.wikipedia.org/wiki/File:Tissue_culture_vials_nci-vol-2142-300.jpg
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Falcon method [3] was used for the extraction of genomic DNA from chicken blood 

in the present work. 

Falcon method 

1. 2.5 mL blood in a 15 mL falcon tube was taken. 7.5 mL lysis buffer was added, 

mixed by inversion, and set on ice for 15 min. 

2. Centrifuged at 2000 rpm for 15-minute at room temperature. Discarded the 

supernatant (repeated this step). 

3. Resuspended the pellet in 250 mL nuclear lysis buffer. 

4. Digested over night at 37
0
C by adding 85μL 20% SDS & 8 μL Proteinase-K. 

5. Added 0.83 mL of saturated solution (5 M) of sodium chloride. Shook vigorously 

for 15 sec, centrifuged at 4000 rpm for 30 min. 

6. To supernatant part, added two volumes of ethanol (99% or 95%) or one volume of 

isopropanol and inverted the tubes several times to precipitate the DNA. 

7. Removed the DNA from tube and placed it in an eppendorf tube. Washed it with 

70% cold ethanol and then removed the ethanol with the help of micropipette. 

8. Left the DNA to dry in an incubator for 45 min at 37
0
C. 

9. Added autoclaved distilled water to dissolve the DNA, and left it overnight. 

4.3.2 Cyclic Voltammetric experiments 

Cyclic voltammetric measurements were carried out at Auto lab PGSTAT 302 

Echo Chemie (Utrecht, The Netherlands) with the electrochemical software package 

GPES 4.9. The glassy carbon working electrode was polished prior to each 

measurement and then washed with deionized water and buffer solution. After 

cleaning the surface of the electrode, a background current response was measured in 

supporting electrolyte.  
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For electrochemical measurements three electrode cell was set up. 15 mL of the 

0.12M Mcillvain buffer were placed inside the cell body. Purging of the solution was 

done with nitrogen/argon gas for 10 to 15 minutes in order to remove oxygen. After 

necessary purging of the solution, a background current response was determined in 

the supporting electrolyte. A smooth baseline is an indication of the clean electrode 

surface. Cyclic voltammograms of pure drugs were recorded at different scan rates in 

the range of 100 mVs-1000 mVs-1 for the determination of diffusion coefficients. 

Similarly diffusion coefficients were calculated for drug-DNA complex. Percent error 

calculated in peak potential was ˂ 1mV and in peak current was ˂ 1µA. 

4.3.3 UV-Vis spectrophotometric measurements 

All working solutions of desired concentration were prepared in 0.12M Mcillvain 

buffer. The concentration of ds. DNA was determined using UV-Vis spectroscopy at 

260 nm with molar extinction coefficient ε = 6600 M
-1

 cm
-1

 (molarity of nucleotide 

phosphate groups) [4,5]. The ratio of absorbance at 260 and 280 nm was considered to 

be the criteria to judge purity of DNA (free from bound protein) [6]. The A260/A280 

ratio was 1.80-1.90, predicting that the DNA was adequately free from protein. First 

of all the spectra of the drugs before the addition of DNA were recorded by taking 

buffer in the reference cell and solution of the drugs in the sample cell. Then different 

concentrations of DNA were added in the constant concentration of the compound the 

spectra were recorded by adding. The entire experiment was carried out by keeping 

the volume and concentration of the compound constant while varying the amount of 

DNA. During experiment temperature was maintained at 37
0
C. Percent error in UV-

Vis spectroscopic measurements was ˂ 1 nm. 

4.3.4 Docking procedure 

4.3.4(a)Docking and Simulation of drug-DNA interactions 

MOE-dock by Chemical Computing Group Inc was used in the current study. All 

docking studies were carried out on a Pentium1.6 GHz workstation, 512 MB memory 

with the Windows Operating System. The ligand was drawn in the MOE 2010. The 

geometry was optimized through molecular dynamic method AMBER and semi-
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empirical method PM3. The DNA duplex receptor structure was obtained from 

Protein Data Bank (PDB ID1R2L) with 12 base pairs running in 3'–5' direction. The 

base pair sequence was CCATAATTTACC:CCTATGAAATCC. The edited structure 

was imported into MOE workstation and all hydrogen atoms were added to the 

structure with their standard geometry followed by their energy optimization tool 

using MOPAC 7.0. The resulting model was subjected to systematic conformational 

search at default parameters of 80 cycles of calculation were used in order to get a 

final binding position as accurate as possible. The best conformation was selected 

based on energetic ground [7, 8]. The docking procedure was run and the minimum 

Final Docking Energy (ΔG) was calculated. 

4.3.4 (b) Computer modeling and calculation of the electronic and steric 

descriptors 

The structure of each drug was drawn and subjected to the energy minimization 

and then imported to ds.DNA molecule for docking purpose. The resulting drug–

DNA complex was then used for calculating the energy parameters using MMFF94x 

force field PM3 energy calculations. The software package MOE was used to 

generate the descriptor-based QSAR. The final structures that represented the most 

stable conformer for a given compound were used to obtain a set of descriptors. The 

following descriptors were selected and calculated as they represented electronic and 

steric features of the compounds studied and are known to be important for biological 

activity. Electronic descriptors calculated were dipole moment (µ), energy of frontier 

orbitals (EHOMO and ELUMO) and total energy of the most stable conformer (ETotal). 

Steric descriptors include octanol–water partition coefficient (log P), molecular 

refractivity (MR), heat of formation (Hf) and hydrophobic surface area (Vsurf). 

4.3.5 Cell Culture Procedure 

Cell culture procedure follow a number of one week steps, each involving daily 

examination of growing cells and observing the cellular death cause by antineoplastic 

drugs. Presently percent cell inhibition (% CI) of eight drugs for different 

concentrations was calculated. Cytostatic concentrations used for each drug were 

2.50Mm, 1.25mM, 0.625mM, 0.312mM, 0.156mM. LD50 of eight anticancer drugs 
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(clinic grade) was determined. LD50 is the concentration for which % CI is 50%. 

Simliarly cytotoxic studied were carried out in the presence of AA. Cytotoxic studies 

in the presence of 2mM AA co-administered with three concentrations of drugs 

(LD50, 1mM and 2mM) were carried out to elucidate the effect of fixed concentration 

of AA on percent CI. 

4.3.5 (a) Day 1. Thawing of the cells 

 Cells from frozen storage were removed and quickly were thawn at 37°C in a 

waterbath by gently agitating the vial. 

 Upon melting the ice crystals, cells were pipett out gently into a culture flask 

containing pre-warmed growth medium 

4.3.5 (b) Day 2. Incubation 

The cells in the flask were grown in an atmosphere of 5-10% CO2 because the 

medium used is buffered with sodium bicarbonate/carbonic acid and the pH must be 

strictly maintained. 

4.3.5 (c) Day 3. Spliting 

Flasks containing cell culture and feeding  medium RPMI 1640 were observed 

under the microscope. 

 First of all medium present in the flask was removed followed by the addition of 

1X Trypsin-EDTA {trypsin (0.05%):EDTA (0.02%)} to remove the adherent 

cells. 5mL of trypsin-EDTA was added to the small flask and 10 mLof trypsin-

EDTA was added to large flask. 

 Cells were removed from the inner surface of flask by gentle tapping until 

medium was made turbid. Allowed to stand for 5 min.  

 Equal volume of RPMI 1640 was added to the flasks to neutralize the effect of 

trypsin-EDTA because trypsin-EDTA can destroy the cells. 

 Solution was then transferred to the falcon tubes. These falcon tube were 

centrifuged at 1000rpm for 10min. 
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 Decanted the supernatant. Cells sediment at the bottom. 2-3mL of feeding 

medium was added to each falcon tube to mix the cells 

 These cells were transfered from falcon tube to flask and again RPMI 1640 was 

added (5mL in small flask and 10mL in large flask). 

 These flasks were placed in incubator for overnight. 

4.3.5 (d) Day 4. Plating 

A 96 well plate was utilized for the establishing cytotoxicity assay. In top and 

bottom wells 100µL of RPMI 1640 were transferred. In right-left wells, cells 

supplemented with feeding medium were transferred with the help of multidispenser. 

4.3.5 (e) Day 5. Establishing Cytotoxicity assay  

In vitro cytotoxicity assay was developed using 96 wells plates. After 24-h 

incubation, solutions of eight anticancer drugs (100 µL) at different concentrations 

(starting from higher to the lower concentration) were added to individual wells 

containing cell suspensions. The plates were then incubated under the same conditions 

for 24h. Similar procedure was carried out for assay making in the presence of 

ascorbic acid. 

4.3.5 (f) Day 6. Fixing, Staining and Assay evaluation 

Day 6 was assay evaluation day. At the end of incubation time, plates were 

removed from incubator. The incubation was finished by addition of cold TCA. Cells 

in situ were fixed by gentle addition of 50 l per well of 50% TCA (w/v) (final 

concentration of 10% TCA). Plates were incubated for 1 hour at 4
o
C and supernatant 

was discarded. Plates were then washed 5 times with water and air dried. 100 l of 

sulforhodamine B (SRB) solution 0.4% (w/v) in 1% acetic acid were added to each 

well. Plates were incubated for 10 minutes at room temperature. After staining, 

unbound dye is removed by washing 5 times with 1% acetic acid and plates were air 

dried. Bound stain was solubilized with 10mM Tris base. Absorbencies were taken on 

an automated plate reader (96 well microtiter) at 515 nm. 
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Chapter-5  

PHARMACODYNAMIC DRUG INTERACTIONS WITH 

DNA AT MOLECULAR LEVEL  

In the present work pharmacodynamic interactions of thirteen antineoplastic 

drugs were studied using UV-Vis spectroscopy, Cyclic Voltammetry (CV), and 

Molecular Docking techniques on the molecular level. CV and UV-Vis spectroscopic 

investigation were carried at 309.5K and at two physiological pH values i.e; 7.4 and 

4.7 in the absence and presence of two natural additives, ascorbic acid and nicotinic 

acid. Visual representation of interacting modes was confirmed from Molecular 

Docking studies. 

Pharmacodynamic interactions of DNA with thirteen antineoplastic drugs namely 

doxorubicin (DXH), Epirubicin (Epi-DXH), daunorubicin (DNR), cisplatin (CP), 

carboplatin (CRP), fluorouracil (FU), cyclophosphamide (CYP), etoposide (ETS), 

bleomycine (BLM), dactinomycin (DCT), idarubicin (IDA), Mitoxantrone (MTX) 

and nogalamycine (NOM) were investigated. The modes of interaction of binding 

strength of the drug with DNA were determined using the above techniques. The 

interaction of three anthracyclines namely DXH, Epi-DXH and DNR with DNA were 

also investigated in the presence of ascorbic acid (AA) and nicotinic acid (NA) to find 

the effect of these two natural additives on the binding strength of drugs with DNA.  

Spectroscopic transitions before and after addition of DNA resulted in 

hypochromic or hyperchromic effect and bathochromic or hypsochromic shift. In 

cyclic voltammetry the nature of the electrochemical process was judged from the 

variation in peak position and peak current with the scan rate. The binding interaction 

of drugs with DNA was ascertained from the decrease in peak current of the drug on 

addition of DNA. Decrease in diffusion coefficient before and after addition of DNA 

was indicative of formation of electroactive complex of drug with DNA. Similary 

determination of heterogenous electron transfer rate constant (ks,h) furnishes kinetic 

facility of the redox couple. Molecular docking depicted the visual picture of 
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interacting modes of antineoplastic drugs with double stranded DNA. Binding 

constants (Kb) and Gibbs free energy (ΔG) of the drug-DNA complex obtained from 

the three molecular level techniques gave an estimate of strength of complex.  

5.1  UV-Vis spectrophotometric analysis of drug-DNA 

interactions 

In this work UV-Vis spectra of thirteen antineoplastic drugs in the presence and 

absence of DNA were recorded. UV-Vis spectra of three anthracycline drugs (DXH, 

Epi-DXH and DNR) were also obtained in the presence of DNA and additives 

(ascorbic acid and nicotinic acid). Three anthracyclines were selected as there was 

some clinical evidence that interaction with DNA of these drugs was affected by the 

presence of ascorbic acid and nicotinic acid [1]. Above mentioned investigations were 

carried out at physiological pH values (pH = 7.4 and pH= 4.7) at body temperature. 

The comparison of UV-Vis spectra of compounds in the absence and presence of 

ds.DNA was used to determine the binding strength of drug with DNA. The 

comparison of spectra in the absence and presence of additives provides an efficient 

tool for recognition of their interaction with drugs and helped in monitoring the effect 

of additives on the efficiency of anticancer drugs. 

5.1.1 UV-Vis spectra of drugs in the absence and presence of DNA. 

Initially UV-Vis spectra of the pure compounds in 0.12M Macillvain buffer in 

presence and absence of ds.DNA were recorded. A UV-Vis spectrum of pure DNA 

was also recorded (Figure 5.1). The λ max of pure DNA was at 260 nm which showed 

an agreement with the literature value [2]. UV-Vis characterization of antitumor drugs 

was carried out with the determination of λmax. The UV-Vis spectra were recorded 

with gradual addition of DNA (Figure 5.2). In UV-Vis spectroscopy, the absorbance 

and λmax of the compounds show a variation by the addition of DNA if the drug 

interacts with nucleic acid to form a complex. The variation in absorbance and 

wavelength can be utilized for the determination of binding parameters. For molecules 

interacting with DNA the binding constant can be evaluated spectrophotometrically 

according to the following Benesi-Hildebrand equation [3]. 
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where A0 and A are the absorbance‟s of drug in the absence and presence of DNA 

respectively, εG and εH-G are the molar extinction coefficients of drug and drug-DNA 

respectively. A slight shift in the λmax may be observed on the addition of DNA. This 

blue or red shift may predict the mode of interaction of drugs with DNA. 

 

Figure 5.1. The UV-Vis spectrum of DNA in water extracted from chicken 

blood (2.56 × 10
-4

 M). 

5.1.1 (a) UV-Vis spectra of anthracyclines in the absence and presence of DNA. 

In this work six anthracyclines namely doxorubicin (DXH), epirubicin 

(EpiDXH), daunorubicin (DNR), mitoxantron (MTX), idarubicin (IDA) and 

dactinomycin (DCT) were studied spectroscopically.  

It may be mentioned that DXH and EpiDXH are chemotherapeutic drugs which 

are structural isomers of each other. EpiDXH has a different spatial orientation of the 

hydroxyl group at the 4' carbon of the sugar, which may account for its faster 

elimination and reduced toxicity [4]. DNR and IDA have the structure very similar to 
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the DXH and EpiDXH. Structural similarity is the reason for the identical UV-Vis 

spectral behavior of these four anthracyclines. Before addition of DNA each of the 

drugs namely DXH, EpiDXH, DNR and IDA show two peaks in the lower 

wavelength region (at 254nm and 292nm) and one broad peak in the higher 

wavelength region range (at 481nm). These absorptions in anthracyclines may be 

attributed to the excitation of electron from non bonding p-orbital localized on oxygen 

atom to a π antibonding molecular orbital n    π* and π      π* transitions. After 

addition of ds.DNA there was a decrease in the absorbance (hypochromism) which 

might be due to intercalation process (Figures.5.2-5.9). The aromatic n-π* and π- π* 

states of the planar group seem to interact strongly with the electronic states of the 

DNA bases causing an extensive hypochromic shift with no significant shift in peak 

position.  

The origin of hypochromism must lie in the mechanism of interaction of 

compounds with DNA. Figures 5.2-5.9 show the UV/Vis spectra of DXH, EpiDXH, 

DNR and IDA at two pH values in the absence and presence of ds.DNA. In presence 

of increasing concentrations of ds.DNA, the hypochromic effect is obviously 

observed. This hypochromic effect is thought to be due to the overlap of the π electron 

cloud of the anthraquinone chromophore with the ds DNA base pairs [5,6]. Gradual 

hypochromic effect in UV/Vis spectra upon ligand binding to DNA is a typical 

characteristic of an intercalating mode [7]. These results may be explained by 

assuming that the anthraquinone chromophore of drugs can slide into the base pairs 

upon binding to DNA and the binding mode between these anthracyclines and ds. 

DNA might be intercalation. Intercalation may cause the structure of DNA to distort. 

The mode of interaction can be inferred from the shift in λmax. A significant red 

shift in λmax indicates intercalation and blue shift (spectral shift to lower wavelength) 

represents electrostatic mode of interaction. However a small red shift in λmax is 

indicative of groove binding or partial intercalation [8,9]. In case of DXH at pH = 4.7, 

a slight red shift of 2nm from 254-256nm takes place. This lack of pronounced red 

shift is suggestive of partial intercalation as classical intercalation exhibits appreciable 

shift in wavelength i.e. red shift ≥ 15 nm [10]. The reason for partial intercalation 

could be the stereochemical effect of the non-planar groups, which will prevent the 
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whole molecule from intercalating into DNA [11]. In case of DXH, Epi-DXH and 

DNR, amino sugar is the non-planar hooked moiety.  

 

Figure 5.2. UV/Vis signature of the interaction between DXH and ds.DNA in 

Mcllvaine buffer solution CDXH=5.0 µM. From 1 to 10: CDNA=0, 2µM, 2.5µM, 3µM, 

3.5µM, 4.0µM, 4.5µM, 5.0µM, 5.5µM, 6.0µM (pH =7.4, T=309.5K). 

 

Figure 5.3. UV/Vis signature of the interaction between DXH and ds.DNA in 

Mcllvaine buffer solution CDXH=5.0 µM. From 1 to 8: CDNA=0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM (pH =4.7, T=309.5K). 
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Figure 5.4. UV/Vis signature of the interaction between EpiDXH and ds.DNA 

in Mcllvaine buffer solution CEpiDXH=5.0 µM, From 1 to 6: CDNA=0, 2µM, 

2.5µM, 3µM, 3.5µM, 4.0µM (pH =7.4, T=309.5K). 

 

Figure 5.5. UV/Vis signature of the interaction between EpiDXH and ds.DNA in 

Mcllvaine buffer solution CEpiDXH=5.0 µM. From 1 to 8: CDNA=0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM (pH =4.7, T=309.5K). 
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Figure 5.6. UV/Vis signature of the interaction between DNR and ds.DNA in 

Mcllvaine buffer solution CDNR=5.0 µM. From 1 to 6: CDNA=0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM (pH =7.4, T=309.5K). 

 

Figure 5.7. UV/Vis signature of the interaction between DNR and ds.DNA 

in Mcllvaine buffer solution CDNR=5.0 µM. From 1 to 7 CDNA=0, 2µM, 

2.5µM, 3µM, 3.5µM, 4.0µM, 4.5µM (pH =4.7, T=309.5K). 
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Figure 5.8. UV/Vis signature of the interaction between IDA and ds.DNA in 

Mcllvaine buffer solution CIDA=5.0 µM. From 1 to 8: CDNA=0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM (pH =7.4, T=309.5K). 

 

Figure 5.9. UV/Vis signature of the interaction between IDA and ds.DNA in 

Mcllvaine buffer solution CIDA=5.0 µM. From 1 to 8: CDNA=0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM (pH =4.7, T=309.5K). 

1 

 

8 

 

11 

1 

 

8 



Chapter-5   Pharmacodynamic drug interactions with DNA at molecular level 

129 

 

 

Mitoxantron (MTX) is an anthracenedion which furnishes absorption maxima at 

664nm and 610nm. It is well recognized that the absorption bands of the 

anthraquinone chromophore, typically in the visible region, are ascribed to 

substitution of the anthraquinone ring by electron-donating substituent such as amino 

and hydroxyl groups [12]. In MTX molecule, both these types of hydroxyl and amino 

groups are present, so, the above-mentioned maximum absorption bands were 

ascribed to the charge transition from the hydroxyl and amino substituents on the 

anthraquinone ring to the ring itself, respectively [13]. It was observed that a 

continuous hypochromism was followed by a slight red shift from 664nm to 665nm at 

pH= 7.4 and 4.7 after the addition of DNA (see Figures.5.10 and 5.11).  

Gradual hypochromism observed at both pH values was suggestive of the 

intercalation mode of interaction. The effect of different concentration of DNA on the 

electronic absorption spectrum of 5µM MTX is shown in Figure 5.10-5.11 at pH=7.4 

and 4.7 respectively. The peaks at 610 and 564 nm can be attributed to aromatic π-π* 

and n-π* transitions to the planar anthraquinone moiety. The slight bathochromic 

effect can be associated to the decrease in the energy gap between the highest 

(HUMO) and the lowest molecular orbitals (LUMO) after the interaction of MTX to 

DNA. It has been suggested that compactness in the structure of either the drug alone 

and/or DNA after the formation of drug-DNA complex may result in hypochromism. 

Such a peculiar characteristic due to DNA contraction has also been reported by Li et 

al [14]. 
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Figure 5.10. UV/Vis signature of the interaction between MTX and ds.DNA 

in Mcllvaine buffer solution CMTX=5.0 µM. From 1 to 8: CDNA=0, 2µM, 

2.5µM, 3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM (pH =4.7, T=309.5K). 

 

Figure 5.11. UV/Vis signature of the interaction between MTX and ds.DNA 

in Mcllvaine buffer solution CMTX=5.0 µM. From 1 to 11: CDNA=0, 2µM, 

2.5µM, 3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM, 5.5µM, 6.0µM, 6.5µM. 

(pH=7.4, T=309.5K). 
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Dactinomycin is a lactone with phenoxazone ring in its structure. Phenoxazone is 

planar ring structure having structural similarity with anthracyclines. The absorption 

spectra of DCT registered a single broad absorption band with λmax of 440 nm at pH 

=7.4 (Figure 5.12). Absorption band at 440nm arises from the π→π* transition in the 

phenoxazone part of the molecule at pH= 7.4. At pH =4.7 While DCT exhibited two 

absorption bands with absorption maxima at 243 nm and 440 nm wavelength. As 

described earlier single broad absorption band of DCT at 440nm could be due to the 

transition between n-π* energy levels of the UV-Vis spectroscopically phenoxazone 

ring of the DCT. Moreover, the sharp band at 243 nm at pH 4.7 (Figure 5.13) can be 

due to π -π* transitions which may have activated by the protonation of drug. Figure 

5.12 shows only a shift of 440-441nm accompanied by hypchromism after addition of 

successive concentrations of DNA. The hypochromic effect could be associated with 

the overlapping of the electronic states of the intercalating chromophore of the DCT 

with the DNA bases [13]. At pH 4.7 a slight red shift from 243nm-245nm takes place 

suggestive of the groove binding or partial intercalative nature of lactone moieties 

revealing that DCT exhibits mixed mode of interaction (Figure 5.13).  

 

Figure 5.12. UV/Vis signature of the interaction between DCT and ds.DNA 

in Mcllvaine buffer solution CDCT=5.0 µM. From 1 to 7: CDNA=0, 2µM, 

2.5µM, 3µM, 3.5µM, 4.0µM, 4.5µM (pH =7.4, T=309.5K). 

1 

7 



Chapter-5   Pharmacodynamic drug interactions with DNA at molecular level 

132 

 

 

 

Figure 5.13. UV/Vis signature of the interaction between DCT and ds.DNA 

in Mcllvaine buffer solution CDCT=5.0 µM. From 1 to 8: CDNA=0, 2µM, 

2.5µM, 3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM (pH =4.7, T=309.5K). 

5.1.1 (b)  UV-Vis spectra of Platin complexes in the absence and presence of 

DNA. 

Cisplatin and carboplatin belong to the group of platinum-based antineoplastic 

agents. In terms of its structure, carboplatin differs from cisplatin in that it has a 

bidentate dicarboxylate (CBDCA) ligand in place of the two chloride ligand, which 

are the leaving groups in cisplatin [15] (See chapter 4). 

The mode of interaction and binding strength of platin (cisplatin and carboplatin) 

complexes with DNA were examined by UV-Vis absorption titration at pH = 7.4 

(Figure 5.14 and 5.15). At pH = 4.7 CP and CRP furnished no spectral wave. The 

effect of varying concentration of DNA on the electronic absorption spectra of 5µM 

CP at pH 7.4 is shown in Figure 5.14. CP registered absorption maxima at 232nm. 

Addition of successive concentrations of DNA resulted in significant blue shift from 

232-218nm which is indicative of the non-intercalative behavior of CP. The 

hypochromic effect in CP could be associated with the overlapping of the electronic 

states of CP and DNA [16]. 
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Figure 5.14. UV/Vis signature of the interaction between CP and ds.DNA in 

Mcllvaine buffer solution CCP=5.0 µM. From 1 to 9: CDNA=0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM, 5.5µM (pH =7.4, T=309.5K). 

CRP registered absorption maxima at 235nm. In contrast to CP, CRP exhibited 

red shift and hyperchromism effect. The observed hyperchromism can be explained 

by the fact that CRP during interaction undergoes conformational changes in the 

cyclobutane rings which could be tilted and rotated. The origin of hyperchromism 

might lie in the mechanism of CRP interaction with DNA. The interaction of CRP in 

DNA is likely to reduce the base stacking, causing deformation of the DNA, which 

results in hyperchromic effect. The same effect has also been observed by other 

investigators for the short bands of certain porphyrins, phenanthroliens and Al-

salophen complex when interacted with DNA [16,17]. Several authors have suggested 

that hyperchromism results from the damage of the DNA double helical structure 

[18,19]. Therefore the above process reflects the structural damage of DNA.  
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Figure 5.15. UV/Vis signature of the interaction between CRP and ds.DNA 

in Mcllvaine buffer solution CCRP=5.0 µM. From 1 to 6: CDNA=0, 2µM, 

2.5µM, 3µM, 3.5µM, 4.0µM (pH =7.4, T=309.5K). 

5.1.1 (c) UV-Vis spectra of Etoposide in the absence and presence of DNA. 

Etoposide exhibited absorption signals at 285nm at both pH values suggestive of 

the π-π* electronic transitions. Etoposide is a lactone semisynthetic drug with lactone 

moiety fused with cyclic ring structure [20]. Due to single aromatic ring in planar part 

of structure, π-π* transitions occur at lower wavelength. Effect of different 

concentration of DNA can be observed in the Figures 5.16-5.17. Spectrum recorded 

after addition of each concentration of DNA reveals a hyperchromic effect. Different 

behavior of ETS and observed hyperchromism may be explained on the fact that ETS 

undergoes conformational changes in its structure and causes DNA damage. It can be 

predicted that mode of interaction is not intercalative. 

 

6 

 

 

1 



Chapter-5   Pharmacodynamic drug interactions with DNA at molecular level 

135 

 

 

 

Figure 5.16. UV/Vis signature of the interaction between ETS and ds.DNA in 

Mcllvaine buffer solution CETS=5.0 µM. From 1 to 8: CDNA= 0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM (pH =7.4, T=309.5K). 

 

Figure 5.17. UV/Vis signature of the interaction between ETS and ds.DNA 

in Mcllvaine buffer solution CETS=5.0 µM. From 1 to 5: CDNA=0, 2µM, 

2.5µM, 3µM, 3.5µM (pH =4.7, T=309.5K). 
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5.1.1 (d) UV-Vis spectra of Bleomycin in the absence and presence of DNA. 

 Bleomycin is a glycopeptides planar structure with nine amino acids and one 

acetate [21]. It furnishes absorption maxima at 292nm at 7.4 pH whereas at pH =4.7 

an additional peak appears at 234nm. The effect of different concentration of DNA on 

the electronic absorption spectrum of BLM is shown in Figure 5.18-5.19 at both pH 

values. Hyperchromism was observed accompanied with slight red shift from 234nm 

to 237nm at 4.7 pH which is indicative of the partial intercalation of BLM. The slight 

red shift can be associated to the decrease in the energy gap between the highest 

(HOMO) and the lowest molecular orbitals (LUMO) after the interaction of BLM to 

DNA when BLM makes DNA structure compact by covering maximum base pairs.  

 

 

Figure 5.18. UV/Vis signature of the interaction between BLM and ds.DNA 

in Mcllvaine buffer solution CBLM=5.0 µM. From 1 to 13: CDNA=0, 2µM, 

2.5µM, 3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM, 5.5µM, 6.0µM, 6.5µM, 7.0µM, 

7.5µM. (pH =7.4, T=309.5K). 
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Figure 5.19. UV/Vis signature of the interaction between BLM and ds.DNA 

in Mcllvaine buffer solution CBLM=5.0 µM. From 1 to 9: CDNA=0, 2µM, 

2.5µM, 3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM, 5.5µM (pH =4.7, T=309.5K). 

5.1.1 (e) UV-Vis spectra of Fluorouracil in the absence and presence of DNA. 

Flourouracil is pyrimidine analogue (IUPAC name 5-fluoro-1H, 3H-pyrimidine-

2,4-dione) with the structure very similar to the Thymine base of DNA [22]. Figures 

5.20 and 5.21 show the UV-Vis behavior of FU at pH = 7.4 And 4.7 respectively. FU 

registered absorption maxima at 266nm ascribed to the transition of non bonding 

electron in p-orbital on oxygen atom to antibonding π* orbital (n - π*). Figures show 

that the absorbance of FU at 266 nm decreases with the gradual increase of DNA 

concentration. At the same time, the maximum wavelength furnished by FU does not 

show a shift. The peculiar spectral characteristics at 266nm are expected to be due to 

the overlap of the electronic states of the FU with the electronic states of the DNA 

bases. It is clear from the figure 5.20 that an abrupt decrease in absorbance takes place 

upon addition of concentration of DNA equivalent to the concentration of FU at pH= 

7.4 which is 5.0µM. At pH 4.7 an abrupt decrease takes place at 2.5µM concentration 

of DNA. 
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Figure 5.20. UV/Vis signature of the interaction between FU and ds.DNA in 

Mcllvaine buffer solution CFU=5.0 µM. From 1 to 9: CDNA= 0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM, 5.5µM (pH =7.4, T=309.5K). 

 

Figure 5.21. UV/Vis signature of the interaction between FU and ds.DNA in 

Mcllvaine buffer solution CFU=5.0 µM. From 1 to 8: CDNA=0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM (pH =4.7, T=309.5K). 
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Binding constant values for thirteen antineoplastic drugs calculated using 

equation 5.1 have been listed in the Table. 5.1 which shows a highest value of Kb for 

MTX and lowest Kb value for EpiDXH and ETS at pH = 7.4. Out of all 

anthracyclines, MTX has highest value of Kb indicative of the strongest complex 

formation. Highest Kb value for MTX may be due to the sliding of planar aromatic 

into the space between the DNA without any stereochemical hinderance.  

It was observed from UV-Vis spectra that the anthracycline based drugs exhibited 

a gradual hypochromism and a slight red shift indicative of partial intercalation. This 

was explained on the assumption that planar aromatic group intercalates between the 

stacked base pairs of DNA and amino sugar group turns to interact with grooves.  

CP exhibited hypochromism and CRP furnished gradual hyperchromism with a 

blue shift, which was indicative of electrostatic intractions. CP and CRP are not UV 

active at pH 4.7. ETS and BLM showed hyperchromism with no spectral shift, 

however at pH = 4.7 BLM showed a shift from 234nm-237nm. FU exhibited addition 

of DNA indicating that FU does not intercalate into DNA base pairs. 

From the Table 5.1 it is clear that out of all intercalators, MTX binds most 

strongly whereas in the non-intercalators FU binds most strongly at both pH. 
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Table 5.1. Binding constants and free energies for the complexes of antineoplastic 

drugs with DNA calculated from UV-Vis spectroscopic data at T =309.5K. 

 

       Complex 

pH= 7.4 pH= 4.7 

Binding constant      

“Kb”/M
-1   

×10
-5

 

Free energy  

-∆G/kJmol
-1

 

Binding constant      

“Kb”/M
-1   

×10
-5

 

Free energy  

-∆G/kJmol
-1

 

DXH-DNA 0.17 25.06 1.88 31.24 

Epi-DXH-DNA 0.14 24.56 2.06 31.48 

DNR-DNA 11.80 35.97 2.40 31.87 

IDA-DNA 0.17 25.06 0.54 28.03 

MTX-DNA 61.9 40.24 3.53 32.87 

DCT-DNA 3.61 32.92 1.98 31.38 

CP-DNA 0.41 27.33 ----- ------- 

CRP-DNA 2.41 31.88 ----- ------ 

ETS-DNA 0.14 27.33 0.270 26.22 

FU-DNA 18.70 37.16 3.44 32.80 

BLM-DNA 5.20 33.86 2.41 31.88 
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5.1.2 Interaction of Drug-Additive with DNA 

In the present work the effect of two natural additive i.e. ascorbic acid and 

nicotinic acid on the DNA binding properties of three anthracyclines were 

investigated. The anthracyclines used under investigation were DXH, Epi-DXH and 

DNR. It is known that these anthracyclines (DXH, Epi-DXH and DNR) show 

absorption maxima at 254, 292 and 481 nm. It is also known that as DNA is added 

gradually, a decrease in the absorbance takes place for these anthracyclines (Figure 

5.2 -5.7). Presence of ascorbic acid may affect the absorption maxima of the 

anthracyline compounds. 

UV-Vis spectrum of AA in Mcillvaine buffer solution is shown in the Figure 5.22. 

It was observed that AA showed no spectral wave in this medium but cut off region is 

observed at 318nm. In this part of the work AA was added to the drug solution and it 

was assumed that drug and AA interact to form drug-AA adduct. It is this adduct 

which interacts with DNA and form drug-additive-DNA adduct. 

5.1.2.1 Effect of ascorbic acid on drug-DNA interaction 

5.1.2.1 (a) Doxorubicin  

UV-Vis spectra of DXH in the absence and presence of AA was recorded. It was 

seen that when AA is added to the DXH solution, the peak at 480nm shows a decrease 

in absorbance which may be attributed to the decrease in the concentration of free 

DXH because of formation of DXH-AA adduct (Figure. 5.23). Addition of AA to the 

DXH solution causes disappearance of peaks at 254nm and 292nm due to cut off 

phenomenon. Effect of different concentrations of AA on the spectroscopic behavior 

of DXH is depicted in the Figure 5.23. When DNA is gradually added to the drug-AA 

solution, absorbance decreases (Figure 5.24). The rationale behind the reason may be 

the fact that DXH-AA adduct intercalates between the DNA base pairs. The Kb values 

of DXH-DNA, DXH-AA and DXH-AA-DNA are given in the Table 5.2. A 

comparison of the Kb values from Table 5.2 shows that complex of drug with AA is of 

weakest type in nature and that of drug-AA -DNA is of strongest type in nature.  
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Figure 5.22. UV-Vis signature of AA 1.2mM AA in Mcllvaine buffer solution 

(pH =7.4, T=309.5K). 

 

Figure 5.23. UV-Vis signature of the DXH and different concentrations of AA in 

Mcllvaine buffer solution CDXH= 5.0 µM, From 1 to 10: CAA=  0mM, 1.2mM, 

1.6mM, 2.0mM, 2.4mM, 2.8mM, 3.2mM, 3.6mM, 4.0mM, 4.4mM (pH =7.4, 

T=309.5K). 
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Figure 5.24. UV-Vis signature of DXH-AA adduct in the presence of DNA 

in Mcllvaine buffer solution. CDXH = 5.0µM, CAA=2mM. From 1 to 6: CDNA= 

0µM, 2µM, 2.5µM, 3µM, 3.5µM, 4.0µM (pH =7.4, T=309.5K).  

5.1.2.1 (b) Epirubicin 

It is known that EpiDXH shows spectral waves at 254nm, 292nm and 481nm, 

Addition of AA to the solution of EpiDXH resulted in hypochromism with 

disappearance of peaks at 254nm and 292nm. This decrease in absorbance is again 

due to decrease in the concentration of free EpiDXH because of the formation of 

EpiDXH-AA adduct. Effect of different concentrations of AA on the absorbance of 

EpiDXH can be observed in Figures 5.25.  

Adding DNA to the EpiDXH-AA adduct resulted in an abrupt decrease in peak 

height. After that addition of DNA causes no significant decrease in absorbance. A 

slight decrease in absorption is due to intercalation of that EpiDXH-AA adduct. It is 

apparent in Figure. 5.26. Similar trend was observed at pH=4.7. 
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Figure 5.25. UV-Vis signature of the EpiDXH and different concentrations of 

AA in Mcllvaine buffer solution CEpiDXH= 5.0 µM, From 1 to 7. CAA= 0mM 

1.2mM, 1.6mM, 2.0mM, 2.4mM, 2.8mM, 3.2mM (pH =7.4, T=309.5K). 

 

Figure 5.26. UV-Vis signature of EpiDXH-AA adduct in the presence of DNA in 

Mcllvaine buffer solution. CEpiDXH= 5.0 µM, CAA=2mM. From 1 to 6: CDNA= 

0µM, 2µM, 2.5µM, 3µM, 3.5µM, 4.0µM (pH =7.4, T=309.5K).  
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5.1.2.1 (c) Daunorubicin 

Similar to DXH and Epi DXH, DNR also shows absorption at 254nm, 292nm and 

481nm. Addition of 1.2mM AA to DNR solution resulted an abrupt decrease of 

spectral absorbance at 481nm and disappearance of peaks at 254nm and 292nm 

(Figure 5.27). Effect of different concentrations of AA on DNR is also shown in 

Figure 5.27. After that when different concentrations of DNA were added gradually, a 

small decrease in absorbance occurred, which implies that DNR-AA adduct is now 

not being used in intercalation (Figure 5.28). A similar pattern was observed at 

pH=4.7. 

Kb values for DXH, Epi-DXH and DNR complexes with DNA and AA have been 

shown in Tables 5.2. Highest value of binding constants and negative free energy is 

for the DNR-DNA (implying strongest complex formation and greater spontaneity of 

reaction) and lowest value is for the DNR-AA (implying weakest complex formation 

and lesser spontaneity of reaction. Kb values of DXH-DNA and EpiDXH-DNA are 

enhanced in the presence of AA whereas presence of AA decreases Kb values of 

DNR-DNA adduct.  

 

Figure 5.27. UV-Vis signature of the DNR and different concentrations of AA in 

Mcllvaine buffer solution CDNR= 5.0 µM. From 1 to 6: CAA=  0mM, 1.2mM, 

1.6mM, 2.0mM, 2.4mM, 2.8mM (pH =7.4, T=309.5K). 
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Figure 5.28. UV-Vis signature of DNR-AA adduct in the presence of DNA in 

Mcllvaine buffer solution. CDNR= 5.0 µM, CAA=2mM. From 1 to 9: CDNA= 0µM, 

2µM, 2.5µM, 3µM, 3.5µM, 4.0µM, 4.5µM, 5.5µM, 5.0µM (pH =7.4, 

T=309.5K).  

5.1.2.2 Effect of Nicotinic acid on drug-DNA interaction 

5.1.2.2 (a) Doxorubicin  

UV-Vis spectrum of NA was recorded initially. Figure 5.29 shows that NA 

furnishes no UV-Vis spectral wave in Macillvain buffer solution. 

Addition of NA to the DXH solution causes disappearance of peaks at 254nm and 

292nm and decrease in absorbance at 481nm (Figure 5.30). Effect of different 

concentrations of NA on DXH is also depicted in Figure 5.30. When DNA is 

gradually added to the DXH-NA adduct, result was a phenomenon of hyperchromism, 

which shows that DXH-NA is intercalating into DNA base pairs as it can be seen 

from the Figure 5.31.  
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Figure 5.29. UV-Vis signature of NA 1.2mM NA in Mcllvaine buffer 

solution (pH =7.4, T=309.5K). 

 

Figure 5.30. UV-Vis signature of the DXH and different concentrations of NA in 

Mcllvaine buffer solution CDXH= 5.0 µM. From 1 to 7: CNA=  0mM, 1.2mM, 

1.6mM, 2.0mM, 2.4mM, 2.8mM, 3.2mM. (pH =7.4, T=309.5K). 
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Figure 5.31. UV-Vis signature of DXH-NA adduct in the presence of DNA in 

Mcllvaine buffer solution. CDXH= 5.0 µM, CNA=2mM. From 1 to 8: CDNA= 

0µM, 2µM, 2.5µM, 3µM, 3.5µM, 4.0 µM, 4.5µM, 5.0µM. (pH =7.4, 

T=309.5K).  

5.1.2.2 (b) Epirubicin 

 It is known that EpiDXH furnishes spectral absorption maxima at 254nm, 292nm 

and 482nm. It can be seen from the Figure 5.32 that addition of NA to the EpiDXH 

resulted in the disappearance of peaks in the lower wavelength region (254nm and 

292nm) and no change of the peak position in higher wavelength region (481nm). 

Effect of different concentration of NA on the spectroscopic behavior of EpiDXH is 

also clear in Figure 5.32. 

Adding different concentration of DNA to the EpiDXH-NA solution resulted in a 

gradual increase of absorption and broadening of peak (see Figure 5.33). Gradual 

hyperchromism may be due to the fact that EpiDXH-NA-DNA adduct undergoes 

more intense absorption as compared to the EpiDXH-NA adduct. At pH= 4.7 similar 

effect was observed. 
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Figure 5.32. UV-Vis signature of the EpiDXH and different concentrations of 

NA in Mcllvaine buffer solution CEpiDXH= 5.0 µM. From 1 to 7: CNA=  0mM 

1.2mM, 1.6mM, 2.0mM, 2.4mM, 2.8mM, 3.2mM, (pH =7.4, T=309.5K). 

 

Figure 5.33. UV-Vis signature of EpiDXH-NA adduct in the presence of 

DNA in Mcllvaine buffer solution. CEpiDXH= 5.0 µM, CNA=2mM. From 1 to 5: 

CDNA= 0µM, 2µM, 2.5µM, 3µM, 3.5µM (pH =7.4, T=309.5K).  
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5.1.2.2 (c) Daunorubicin 

 It is clear from the Figure 5.34 that addition of NA to the DNR resulted in the 

disappearance of peaks at 254nm and 292nm and a slight decrease in absorbance at 

481nm. Further addition of different concentration of NA on the UV-Vis signature of 

DNR showed a gradual hypochromism. 

When DNA was added to the DNR-NA adduct, initially a decrease in absorbance took 

place. After that further addition of DNA resulted in hyperchromism. This 

phenomenon of hyperchomism may be due to development of hydrogen bonding 

between DNR-NA adduct and DNA. 

 

 

Figure 5.34. UV-Vis signature of the DNR and different concentrations of NA 

in Mcllvaine buffer solution CDNR= 5.0 µM. From 1 to 6: CNA=  0mM 1.2mM, 

1.6mM, 2.0mM, 2.4mM, 2.8mM (pH =7.4, T=309.5K). 
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Figure 5.35. UV-Vis signature of DNR-NA adduct in the presence of DNA in 

Mcllvaine buffer solution. CDNR= 5.0 µM, CNA = 2.0mM. From 1 to 4: CDNA= 

0µM, 2µM, 2.5µM, 3µM, (pH =7.4, T=309.5K).  

It is clear from the Tables 5.2 and 5.3 that binding strength of DXH and EpiDXH 

with DNA is enhanced in the presence of additives (AA and NA), whereas for DNR it 

is reduced. 
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Table 5.2. Binding constants and free energies for the complexes of anticancer drugs 

with ds.DNA and Ascorbic Acid as additive from UV-Vis spectrophotometric data at 

pH=7.4 and T=309.5K 

Complex. Code Binding constant 

“Kb”/M
-1        

×10
-5

 

Free energy  

-∆G/kJmol
-1

 

Binary complexes of DNA 

DXH-DNA 

EpiDXH-DNA  

DNR-DNA 

 

0.17 

0.14 

11.80 

 

25.06 

24.56 

35.97 

Binary complexes of AA 

DXH-AA 

EpiDXH-AA 

DNR-AA 

 

0.067 

0.016 

0.028 

 

22.67 

18.98 

20.42 

  Tertiary complexes 

DXH-AA-DNA 

EpiDXH-AA-DNA   

      DNR-AA-DNA 

 

8.72 

5.50 

0.23 

 

35.19 

33.76 

25.89 

Binding constants were evaluated spectrophotometrically according to Benesi–Hildebrand equation

  

Where A0 and A are the absorbances of free drug and complex respectively,εG and εH-G are the molar 

extinction coefficients of drug and complex, respectively. 

ΔG has been calculated using equation   ΔG = –RTlnKb 
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Table 5.3. Binding constants and free energies for the complexes of antineoplastic 

drugs with ds.DNA and Nicotinic acid as additive from UV-Vis spectrophotometric 

data at pH=7.4 and T=309.5K 

Complex. Code Binding constant 

“Kb”/M
-1      

×10
-5

 

Free energy  

-∆G/kJmol
-1

 

Binary complexes of DNA 

DXH-DNA 

EpiDXH-DNA  

DNR-DNA 

 

0.17 

0.14 

11.80 

 

25.06 

24.56 

35.97 

Binary complexes of NA 

DXH-NA 

EpiDXH-NA 

DNR-NA 

 

0.74 

0.01 

0.021 

 

32.99 

17.77 

19.68 

  Tertiary complexes 

DXH-NA-DNA 

EpiDXH-NA-DNA   

    DNR-NA-DNA 

 

2.51 

2.75 

2.13 

 

31.99 

32.22 

31.57 

 

Binding constants were evaluated spectrophotometrically according to Benesi–Hildebrand equation

  

Where A0 and A are the absorbances of free drug and complex respectively,εG and εH-G are the molar 

extinction coefficients of drug and complex, respectively. 

ΔG has been calculated using equation   ΔG = –RTlnKb 

 
1o G G

o H G G H G G b

A

A A K DNA

 

    

 
  



Chapter-5   Pharmacodynamic drug interactions with DNA at molecular level 

154 

 

 

5.2  Electrochemical Studies of Drugs and Their complexes 

with DNA 

Cyclic voltammetry is widely used to study the interaction between DNA and 

small molecules. The electroactive species are those species which undergo oxidation 

or reduction in a specific range i.e, from +2 to -2 volts. The i-E response is 

characteristic of each species and the graph is termed as voltammogram. As DNA is 

added and the species interacts with DNA, the i-E response changes. The interaction 

mode of drug with DNA can be inferred by the change in peak potential (Ep) and peak 

current (ip) in cyclic voltammogram. Peak potential (Ep) and peak current (ip) values, 

in the absence and presence of DNA yield information  about the diffusion coefficient 

(Do), binding constant “Kb” and free energy ∆G of drug-DNA complex. 

Cyclic Voltammetric experiments were carried out to determine the strength and 

mode of interaction of drugs with DNA. For the electrochemical characterization of 

drug-DNA interactions, kinetic parameters including diffusion coefficient (Do), 

charge transfer coefficient (α) and heterogenous electron transfer  rate constant (ks,h) 

of the antineoplastic drugs in the absence and presence of ds.DNA were calculated 

using CV data. For a reversible diffusion controlled processes the diffusion 

coefficients of the drugs in the absence and presence of DNA were calculated using 

the Randles- Sevcik equation at 298 K [23, 24]. 

5 3/2 1/2 1/22.69 10p o oI n AC D           (5.2) 

For a diffusion-controlled irreversible process diffusion coefficient can be evaluated 

using the following form of Randles- Sevcik equation. 

   
1/25 1/2 1/22.99 10p a o oI n n AC D           (5.3) 

where Ipc is the cathodic peak current in amperes, na is the number of electrons 

transferred during the reduction, A is the geometric area of the electrode in cm
2
, αc is 

the cathodic charge transfer coefficient, Do is the diffusion coefficient in cm
2
 s

-1
, Co* 
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is the bulk concentration of the oxidizing species in mol cm
-3

 and v is the scan rate in 

V s
-1

 [25,26]. The value of αna was calculated from the relation, 

     /2

47.7
p p

a

E E
n

           (5.4)  

The diffusion coefficient (Do) of the drug in the presence of the DNA is known as the 

apparent diffusion coefficient. If the drug-DNA complex is electro-inactive, this Do is 

due to the presence of free drug and no change in Do is observed after the addition of 

DNA. However if the drug-DNA complex is electroactive then the observed or 

apparent diffusion coefficient is due to the free drug and the slow moving drug-DNA 

complex. This apparent diffusion coefficient is obviously smaller than that of pure 

drug.  

5.2.1 Electrochemical confirmation of the interaction of Intercalators 

with DNA 

Intercalators interact with DNA and characteristically a gradual decrease in the 

peak current with an anodic shift in peak position may be observed. 

5.2.1 (a) Doxorubicin (DXH) 

Electrochemical reduction of 5.0 x 10
-6 

M DXH in Mcillvain buffer solution at 

pH = 7.4 and pH = 4.7 at GCE can be seen in Figures 5.36 and 5.37 which show well 

developed reversible couples at both pH values. On bare electrode the DXH is 

voltammetrically reduced on the glassy carbon electrode in a one step process at 

around -0.60 V for pH 7.4 (peak 1c). Voltammetric signal for the reverse scan, where 

the anode-to-cathode peak height ratio (ip
a
/ip

c
) is 0.90 clearly indicates that the process 

is almost reversible in this experimental condition.  

It is obvious from Figures 5.36 and 5.37 that ip
a
 and ip

c
 decrease gradually as we 

increase the concentration of DNA. This decrease in the peak current for reduction 

and oxidation reaction steps might be due to the decrease in the concentration of 

electroactive compound due to interaction with DNA. Decrease is maximum for 

4.5µM concentration of DNA. It was observed that addition of successive 

concentrations of DNA greater than 4.5µM resulted no change in peak current and 

peak potential. In the presence of DNA, both peak currents of DXH decreased 
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considerably due to the decrease of the equilibrium concentration of DXH, which is in 

good agreement with the report of Erdem [27]. Addition of successive concentrations 

of DNA results in the anodic shift (positive shift in peak potential) in the CV of DXH. 

Bard and co-workers [28] reported that positive shifts in the peak potential of 

intercalators were observed in the binding form via hydrophobic interactions 

(intercalation) while electrostatic interactions led to negative shifts. From the CV data 

(Tables A-1 and A-2 of Appendix), it can be observed that E1/2 values decrease as we 

increase the concentration of DNA implying that addition of DNA increases the ease 

of reduction. Ep-Ep/2 values show that reaction is reversible before addition of DNA 

and even after addition of ds.DNA; there is no change in the reversibility of reaction 

for doxorubicin. At pH 4.7 similar trends were observed. CVs were also obtained for 

different scan rates in a solution of 5.0µM DXH at both pH values. By increasing the 

scan rate, the potential of peak 1c and peak 1a were not displaced. Diffusion 

coefficients were calculated using equation. 5.2. By plotting ip vs. v
1/2

, using equation 

5.2 considering n = 1 for DXH the value of DDXH and DDXH-DNA are listed in Table 5.4.  

 

Figure 5.36. CV behavior of the interaction between DXH and ds.DNA in 

Mcllvaine buffer solution CDXH=5.0µM. From 1 to 7: CDNA=0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM, 4.5 µM (pH =7.4, T=309.5K). 
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Figure 5.37. CV behavior of the interaction between DXH and ds.DNA in 

Mcllvaine buffer solution CDXH=5.0 µM. From 1 to 8: CDNA= 0, 2 µM, 2.5µM, 

3µM, 3.5 µM, 4.0µM, 4.5µM, 5.0µM (pH =4.7, T=309.5K) 

5.2.1 (b) Epirubicin (Epi-DXH) 

CV studies of Epi-DXH at a GCE in Mcllvaine buffer solution revealed that the 

peak potential separations ΔEp = Ep
c
 −Ep

a
 are 90 mV indicating a quasi-reversible 

redox process (Figure. 5.38 and 5.39). The gradual decrease in peak current of Epi-

DXH upon the addition of ds.DNA solution is an evidence of drug-DNA interaction 

and anodic shift in peak potential is indicative of the intercalation mode of interaction. 

The changes in current upon addition of ds-DNA can be explained in terms of 

diffusion of an equilibrium mixture of free and bound EpiDXH to the electrode and 

which can be used to quantify the binding of EpiDXH to ds.DNA. In this context 

current titrations were performed by keeping the concentration of EpiDXH constant 

while varying the concentration of DNA using cyclic voltammetry at pH 7.4 and 4.7.  

Accordingly, it seems that the decrease of peak current of Epi-DXH after addition of 

ds-DNA is caused by the intercalation of epirubicin to the bulky, slowly diffusing 

ds.DNA. The apparent diffusion coefficient of the free and bound epirubicin was not 

found to be significantly different (see Table 5.4). This is an indicative of the fact that 
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complex of epirubicin with DNA is not electrochemically active. Electrochemical 

parameters of EpiDXH in the presence of different concentrations of DNA can be 

seen in Tables A-3 and A-4 in appendix. 

 

Figure 5.38. CV behavior of the interaction between Epi-DXH and ds.DNA in 

Mcllvaine buffer solution CEpiDXH=5.0 µM. From 1 to 5: CDNA=0, 2µM, 

2.5µM, 3µM, 3.5µM (pH =7.4, T=309.5K). 

 

Figure 5.39. CV behavior of the interaction between Epi-DXH and ds.DNA in 

Mcllvaine buffer solution CEpi-DXH= 5.0 µM. From 1 to 6: CDNA= 0, 2µM, 

2.5µM, 3µM, 3.5µM, 4.0µM (pH =4.7, T=309.5K). 
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5.2.1 (c) Daunorubicin (DNR) 

CV behavior of daunomycin at pH 7.4 and 4.7 is shown in Figure 5.40 and 5.41 

which undergoes a reversible oxidation with oxidation potential at about 0.70 V in CV 

mode. Behavior of DNR is different from DXH and EpiDXH which undergo 

reduction. A mixture of DNA with daunomycin produced the same peaks but the peak 

currents of daunomycin were decreased with an anodic shift of peak potential. Peak 

current decrease was maximum till 3.5µM DNA concentration and no change was 

observed after that at pH 7.4. Ep
a
-Ep/2/V and E1/2 values predict the nature of reaction 

to be quasi-reversible (Tables A-5 & A-6 in appendix). Diffusion coefficients 

calculated for DNA and DNR-DNA complex were same which depict 

electrochemically inactive nature of the DNR-DNA complex formed (Table 5.4). ks,h 

values at both pH before and after complex formation gave a measure of kinetic 

facility of redox reaction. At pH =7.4 and at pH = 4.7, ks,h obtained for free DNR and 

DNR complexed with DNA using Nicholson‟s method is shown in the Table 5.5.  

 

Figure 5.40. CV behavior of the interaction between DNR and ds.DNA in 

Mcllvaine buffer solution CDNR= 5.0 µM, From 1 to 5: CDNA=0, 2µM, 2.5µM, 

3µM, 3.5µM (pH =7.4, T=309.5K). 
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Figure 5.41. CV behavior of the interaction between DNR and ds.DNA in 

Mcllvaine buffer solution CDNR= 5.0 µM. From 1 to 3: CDNA= 0, 2µM, 2.5µM. 

(pH=4.7, T=309.5K). 

5.2.1 (d) Mitoxantrone 

The cyclic voltammogram of MTX in 0.12M Mcillvain buffer solution clearly 

indicated that the electrochemical oxidation of MTX at a GCE was an irreversible 

process (Figure 5.42 & 5.43). In MTX according to literature first oxidation peak (1a) 

at +0.313V corresponded to the one-electron oxidation process of 5, 8-hydroxyl 

substituents on MTX. The second peak (2a) at +0.474V was also attributed to the two-

electron reversible oxidation of the aminoalkyl substituents after tautomeric structural 

rearrangements [29]. Thus, the electrochemical oxidation mechanism of MTX was an 

ECE process [30]. Our CV data at pH 7.4 and 4.7 also confirms the above literature 

report. Electrochemical parameters of MTX are given in the Table A-7 and A-8 at 

both pH.  

Based on this report, the positive shifts in the peak potential of MTX upon 

binding to DNA should be as a result of specific intercalation to DNA. In addition, the 
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effect of scan rate (ν) on peak current (ip) of MTX was tested before and after its 

interaction with DNA (Figure 5.44). 

Both peak currents of MTX and MTX–DNA adduct were linearly dependent on 

the square root of the scan rate, suggesting that the oxidation process was controlled 

by diffusion of the electroactive species to the electrode surface [31]. Furthermore, the 

smaller linear slope of plot of ν
1/2 

vs ip demonstrated that MTX could intercalate with 

DNA in solution, forming MTX–DNA adduct with large molecular weight, resulting 

in a considerable decrease in the apparent diffusion coefficient [32]. Diffusion 

Coefficients before and after addition of DNA were calculated using Randles‟ Sevcik 

Eqn. 5.2 [18, 19] and they are listed in Table 5.4. A plot of ip vs ν
1/2

 gives straight line 

and diffusion coefficient can be calculated from the slope. A decrease in apparent 

diffusion coefficient supports the electroactive complex formation phenomenon.  

Gileadi [33] method was used for the determination of heterogeneous electron 

transfer rate constant, ks,h, using the idea of critical scan rate,  c. This method can be 

used in the case where reverse peak is not observed.  

 

 

Figure 5.42. CV behavior of the interaction between MTX and ds.DNA in Mcllvaine 

buffer solution (pH=7.4). CMTX= 5.0 µM. From 1 to 11: CDNA= 0, 2µM, 2.5µM, 3µM, 

3.5µM, 4.0µM, 4.5µM, 5.0µM, 5.5µM,
 
6.0 µM,

 
6.5µM, (pH =7.4, T=309.5K). 
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Figure 5.43. CV behavior of the interaction between MTX and ds.DNA in 

Mcllvaine buffer solution.CMTX= 5.0 µM. From 1 to 6: CDNA= 0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM (pH =4.7, T=309.5K). 

 

Figure 5.44. Relationship between the peak currents of the first oxidation wave 

of MTX in the absence (      ) and presence of (     ) DNA at the different scan 

rates at pH 7.4. 
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5.2.1 (e) Dactinomycin 

The cyclic voltammogram of DCT in 0.12M Mcllvaine buffer solution clearly 

showed that the electrochemical oxidation of DCT at GCE was a quasi-reversible 

process at pH 7.4 (Figure 5.45) and 2e
-
 reversible oxidation with no reverse peak at 

pH 4.7 (Figure 5.46). At pH 7.4 oxidation signal is observed at -0.097V attributed to 

oxidation of D-Valine group. The cathodic peak (1c) was observed but it did not 

formed redox couple with 1a. The electron transfer process possibly follows an ECE 

mechanism where the reduced species may undergo a chemical reaction and the 

product formed is oxidized to give peak 1c. At pH 4.7 sharp reversible anodic peak 

appears at 0.011V but no reverse peak was seen. Apparently 2e
-
 oxidation takes place 

but the oxidation product undergoes a chemical reaction to form an electro inactive 

product. After addition of DNA a negative shift in peak potential is observed assigned 

to binding with minor groove of DNA thus widening the groove size. This shows that 

oxidation of DCT becomes easier after the addition of DNA. Electrochemical 

parameters of DCT at pH 7.4 and pH 4.7 are listed in Tables A-9 and Table A-10 

respectively. From the Table Ep
a 

-Ep/2 predict that oxidation process is two electron 

transfer irreversible process. E1/2 values predict that DCT has very low redox potential 

i.e. it can be oxidized very rapidly.  

 

Figure 5.45. CV of the interaction between DCT and ds.DNA in Mcllvaine 

buffer solution (pH=7.4). CDCT=5.0 µM. From 1 to 6: CDNA=0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM (pH =7.4, T=).309.5K 

1 

 

6 
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Figure 5.46. CV behavior of the interaction between DCT and ds.DNA in 

Mcllvaine buffer solution. CDCT= 5.0 µM, From 1 to 9: CDNA=0, 2µM, 2.5µM, 

3µM, 3.5µM, 4.0µM, 4.5µM, 5.0µM, 5.5µM. (pH =4.7, T=309.5K). 

CVs were also obtained for different scan rates in a solution of 5.0 µM DCT at 

both pH values. By increasing the scan rate, the potential of peak 1c was slightly 

displaced to more negative values and peak 1a is shifted to more negative value. 

Diffusion coefficients were calculated using equation. 5.3. By plotting ipc vs. v
1/2

, 

using equation 5.3 considering n = 2 for DCT the value of DDCT obtained is apparent 

in Table 5.4 at both pH values. 

5.2.1 (f)  Idarubicin 

Electrochemical reduction of idarubicin is a one electron reduction process 

(Figure 5.47). Reduction peak of IDA appeared at -0.67V, which after addition of 

DNA is shifted to less negative value with a decrease in peak current. This decrease in 

peak current is attributed to the specific interaction between IDA and DNA. Decrease 

in peak current is due to decrease in apparent diffusion coefficient (Do). This fact 

1 

9 
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showed that complex of IDA with DNA is electroactive. Diffusion coefficients for 

IDA and IDA-DNA complex are shown in Table 5.4.  

 

 

Figure 5.47. CV behavior of the interaction between IDA and ds.DNA in 

Mcllvaine buffer solution CIDA= 5.0 µM. From 1 to 5: CDNA= 0, 2µM, 2.5µM, 

3µM, 3.5µM (pH =7.4, T=309.5K). 

5.2.1 (g) Nogalamycin 

 Typical CV behavior of NOM in the absence and presence of ds-DNA is 

shown in Figure 5.48. The cyclic voltammogram of free NOM exhibits one cathodic 

peaks at −0.40V and an anodic peak with smaller peak current at -0.347V at pH 4.7. 

No experiment was carried at pH 7.4. The Ep-Ep/2 values as listed in the Table A-12 

imply the reduction to be reversible. Thus an ECE mechanism can be predicted. In the 

presence of DNA, the equilibrium concentration of NOM decreases which results in a 

decrease of peak current with a positive shift of the peak potential. Apparent diffusion 

coefficient of NOM-DNA complex was 100 times smaller than that of NOM. 

1 

5 
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According to these observations, it seems that the decreases of peak currents and 

apparent diffusion coefficients of NOM after addition of excess DNA are caused by 

the intercalation of NOM to the bulky, slowly diffusing DNA, which results in a 

considerable decrease in the apparent diffusion coefficient [34]. 

 

Figure 5.48. CV behavior of the interaction between NOM and ds.DNA in 

Mcllvaine buffer solution. CNOM= 5.0 µM. From 1 to 6: CDNA= 0, 2µM, 

2.5µM, 3µM, 3.5µM, 4.0µM (pH =7.4, T=309.5K). 

In CVs of NOM, the cathodic peak potential (Ep
c
) was −0.434V and the anodic 

peak potential (Ep
a
) was −0.347V (at 50 mV/s). The separation of the anodic and 

cathodic peak potentials, ΔEp = 0.053 V, indicated a reversible, 1e
−
 redox process. As 

ip
a
 is significantly smaller than ip

c
, some sort of coupling is taking place. Thus an EC 

mechanism may be proposed. Adding different concentration of DNA resulted in a 

slight positive shift in anodic and cathodic peak potential indicative of the intercalate 

formation. The value of ΔEp in the presence of 2.5μM DNA was 49mV, showing that 

DNA did not appreciably affect the reversibility of the process and electron transfer 

process of NOM molecules. Anodic peak showed irregular shift in peak potential after 

1 

6 
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DNA addition, suggesting a difference in the binding properties of the oxidized 

(anthraquinone) and reduced (dihydroxy-anthraquinone) species of NOM to DNA. 

Further addition of DNA results in the disappearance of anodic peak.  

Table 5.4. Diffusion coefficients (cm
2
/s) of intercalators at pH 7.4 and 4.7  

                                 pH7.4 pH4.7 

 

DXH 

DXH-DNA 

 

3.66×10
-6 

1.80×10
-6 

 

2.86×10
-7 

1.33× 10
-8 

Epi-DXH 

Epi-DXH-DNA 

8.77×10
-6 

7.95× 10
-6 

8.77×10
-6 

8.19 ×10
-6 

DNR 

DNR-DNA 

7.95 ×10
-6 

5.48 ×10
-6 

3.03 ×10
-6 

1.25 ×10
-6 

MTX 

MTX-DNA 

7.89 × 10
-8 

7.50 × 10
-8

 

4.79 × 10
-8 

4.83× 10
-8

 

DCT 

DCT-DNA 

7.6 × 10
-6 

2.16 × 10
-6 

1.40×10
-7 

2.22 × 10
-8 

IDA 

IDA-DNA 

1.68× 10
-7 

1.15× 10
-8 

× 

× 

NOM  

NOM-DNA 

× 

× 

1.34×10
-6

  

4.31×10
-8×× 

From the measured slope diffusion coefficients were calculated. It was observed that 

IDA and NOM showed different behavior i.e. apparent diffusion coefficients were 

different in the absence and presence of DNA. It can be said that IDA-DNA and 
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NOM-DNA complexes are elelctroactive. IDA and NOM proved to be 

electrochemical inactive at pH =4.7. Generally at pH = 4.7 diffusion coefficient were 

decreased after addition of DNA. This effect was more pronounced For DXH and 

DCT. This point needs to be further investigated. 

 

Table 5.5. Heterogenous electron transfer rate constant (cm/s) of intercalators at pH 

7.4 and 4.7  

                           pH7.4 pH4.7 

 

DXH 

DXH-DNA 

 

4.21 × 10
-4

 

2.13 × 10
-4

 

 

13.4 × 10
-3

 

6.41 × 10
-3

 

Epi-DXH 

Epi-DXH-DNA 

4.72 ×10
-4 

1.23×10
-4 

4.97 ×10
-4 

1.24×10
-4 

DNR 

DNR-DNA 

14.0×10
-3 

2.11×10
-3

 

8.34×10
-3 

5.93×10
-3

 

MTX 

MTX-DNA 

2.50 × 10
-3

 

3.65 × 10
-3 

1.01× 10
-2

 

5.0× 10
-3 

DCT 

DCT-DNA 

1.95×10
-3 

2.12×10
-4 

5.13× 10
-3 

1.81× 10
-3 

IDA 

IDA-DNA 

3.3.1× 10
-3 

9.078 × 10
-4 

× 

× 

NOM  

NOM-DNA 

× 

× 

2.73×10
-2 

4.39 ×10
-3 
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From the Table 5.3 it is clear that addition of DNA does not appreciably change the 

ks,h values because order of magnitude of ks,h before and after DNA addition is almost 

same. Reason for the observation is same as discussed for Do.  

5.2.2 Electrochemical confirmation of the interaction of Platin 

complexes (Interstrand cross linkers) with DNA 

Cisplatin and carboplatin are chemotherapeutic drugs, used for the treatment of 

different types of cancers, particularly solid tumors. Cispaltin and carboplatin, like 

other platinum containing drugs, exert their cytotoxic effect through DNA binding via 

cross-linking. They form interstrand and intrastrand cross-linking with DNA. 

Intrastrand cross-linking is dominant and believed to be conferring antitumoral 

efficacy of the drug. This cross-linking results in alteration of DNA winding and 

bending, which hampers DNA replication and transcription and finally leads to cell 

death [35]. 

5.2.2 (a) Cisplatin 

Cispaltin (CP) undergoes 2e
-
 oxidation with one oxidation and two reduction 

peaks observed at pH= 7.4. (depicted in Figure 5.49). Before addition of ds.DNA E1/2 

is 0.15V and after addition of ds.DNA E1/2 values decrease, i.e; oxidation process 

become more feasible. DNA binds with the oxidized species followed by formation of 

reduction product. Ep
c
-Ep/2 values from the Table A-13 reveal that the oxidation as 

well as first reduction involves two electron transfer processes. Second reduction 

wave may be the product of first reduction wave. Thus the proposed mechanism may 

be the ECE mechanism. It is also clear from the Table A-13 that ip
c 

and ip
a 

decreases 

as we increase the concentration of DNA .This decrease in the peak current for 

reduction and oxidation reaction steps might be due to the decrease in the 

concentration of electroactive compound due to interaction with ds.DNA. Peaks do 

not disappear easily in this case.  
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Figure 5.49. CV behavior of the interaction between CP and ds.DNA in 

Mcllvaine buffer solution. CCP=5.0µM. From 1 to 5: CDNA= 0, 2µM, 2.5µM, 

3µM, 3.5µM (pH =7.4, T=309.5K). 

At pH 4.7 no peak is observed for cisplatin implying the ineffectivity of the drug at 

stomach pH values. DCP calculated using Randles Sevcik Eqn was 8.44×10
-4

 cm
2
/s 

and 8.77×10
-8

 for CP-DNA complex implying that complex of CP with DNA is 

electrochemically active. Using Kochi‟s expression, ks,h values were found to be 1.55× 

10
-3

cm/s and 2.71× 10
-4

cm/s for CP and CP-DNA adduct respectively. 

 5.2.2 (b) Carboplatin 

Cyclic voltammogram for carboplatin (Figure 5.50) furnished electrochemical 

parameters at only pH 7.4 at different scan rates and no results obtained at 4.7 

implying ineffectivity of carboplatin at stomach pH values.  

Table A-14 shows Ep
c
 as well as Ep

a
 values for carboplatin at pH7.4. Cyclic 

voltammogram of CRP shows that electro-reduction of the CRP takes place at -0.83V 

but the corresponding oxidation peak is not observed. Instead an oxidation peak is 

observed at 1.24V which may be attributed to the oxidation of some reduction 

product. The following mechanism is proposed for the reduction of CRP. 

1 

5 
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       CRP + e
− 

                        CRP
− 

      
CRP

−
                            RP  

      RP                                 RP
+
  + e

−
  

Where RP is the reduction product of CRP. Then oxidation of reduction product 

of CRP takes place. As no redox couple is observed, the reaction may be termed as an 

ECE reaction. See Figure 5.48. 

After addition of 2.0µM concentration of DNA a paramount anodic shift and an 

abrupt decrease in the peak current was observed. It is clear from the Table A-14 that 

E1/2 values for carboplatin decrease as we increase the concentration of DNA implying 

that addition of DNA increases the ease of reduction. Ep
c
-Ep/2 values show that 

reaction is irreversible before addition of DNA and even after addition of ds.DNA 

there is no change in the irreversibility of reaction. It is also clear from the Table. A-

14 that ip
c 

and ip
a 

 decrease as we added 2.0µM concentration of DNA. This decrease 

in the peak current for reduction and oxidation reaction steps might be due to the 

decrease in the free concentration of electroactive CRP due to interaction with DNA. 

Addition of different concentrations after 2.0µM DNA resulted no further decrease in 

peak current. In comparison with CP which undergoes oxidation, CRP undergoes 

reduction. An abrupt decrease in peak current and abrupt shift in peak potential is 

characteristic behavior of non-intercalators. 
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Figure 5.50. CV behavior of CRP in Mcllvaine buffer in the absence (a) and 

presence of 2.0×10
-6

 M DNA (b) (pH =7.4, T=309.5K). 

At pH 4.7 no electrochemical signals were observed implying ineffectivity of 

carboplatin at acidic pH. Diffusion coefficients calculated using Randle‟s Sevcik Eqn 

was found to be 6.42 ×10
-4

cm
2
/s for CRP and 1.17×10

-4
 cm

2
/s for CRP-DNA 

complex. Utilizing Kochi‟s methods for calculation of ks,h,, heterogenous electron 

transfer rate constant was found to be 6.20 ×10
-4

 cm/s and 5.6×10
-5 

cm/s for CRP and 

CRP-DNA complex respectively. 

5.2.3 Electrochemical confirmation of the interaction of Etoposide 

with DNA 

In case of Etoposide (ETS) cyclic voltammograms also furnished electrochemical 

parameters at only pH 7.4 at different scan rates (Table A-15) and no results obtained 

at 4.7 implying ineffectivity of ETS at stomach pH values. Figure 5.51 shows that 

ETS undergoes oxidation process and then reduction of that oxidation product takes 

place at pH 7.4. Oxidation of the ETS takes place at 0.99V but the corresponding 

reduction peak is not observed. A reduction peak is observed at -0.199V which may 

be attributed to the reduction of some oxidation product. The following mechanism is 

proposed for the oxidation of ETS. 

a 

 

b 
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      ETS                                 ETS
+
 + e

− 
  

 

      
ETS

+
                                OP  

      OP+ e
−
                             OP

−
   

After addition of 2.0µM, 2.5µM, 3.0µM concentrations of DNA no significant 

shift was observed but a very significant cathodic shift in peak position and abrupt 

decrease in peak current was accompanied on addition of 3.5µM concentration of 

DNA as it is seen from Figure 5.51. Abrupt decrease in peak current and cathodic 

shift in peak position is characteristic behavior of groove binders or crosslinkers. 

Diffusion coefficient values of ETS in the absence and presence of DNA were 

3.17×10
-6

 cm
2
/s and 5.61×10

-8
 cm

2
/s respectively. 

 

Figure 5.51. CV behavior of ETS at and 309.5K in the absence (a) and 

presence (b) of 3.5µM DNA. 

It is clear from the Table A-15 that E1/2 values for etopside decrease as we increase 

the concentration of DNA implying that addition of DNA increases the ease of 

oxidation. Ep-Ep/2 values show that reaction is 2e
-
 quasi-reversible before addition of 

DNA and even after addition of ds.DNA, there is no change in the quasi-reversibility 

b 

 

 

 

a 

 
b 
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of reaction. ip
c 

and ip
a 

 decrease as we increase the concentration of DNA as it is seen 

from the Table A-15. This decrease in the peak current for reduction and oxidation 

reaction steps might be due to the decrease in the concentration of electroactive 

compound due to interaction with DNA. Decrease is maximum for 3.5µM DNA 

concentration. At pH 4.7 no electrochemical signals are observed revealing 

ineffectivity of etoposide at acidic pH.  

5.2.4 Electrochemical confirmation of the interaction of 

Cyclophosphamide with DNA 

Electrochemical parameters for cyclophosphamide at pH 7.4 and pH 4.7 have 

been displayed in Table A-16 and A-17. Figures. 5.52 and 5.53 depict the irreversible 

electrochemical behavior of CYP at both physiological pH values. Figures 5.52 and 

5.53 show that oxidation of CYP occurs and results in the formation of oxidation 

product which undergoes reduction. 

At pH 7.4 addition of 2.0µM concentration of DNA brought an insignifcant 

cathodic shift in peak position and a prominent decrease in peak. Table A-16 reveals 

that E1/2 values for cyclophosphamide at pH 7.4 increase as we increase the 

concentration of DNA implying that addition of DNA decreases the ease of oxidation. 

Ep-Ep/2 values show that reaction is irreversible before addition of DNA and even after 

addition of ds.DNA; there is no change in the irreversibility of reaction. Afterwards 

peak current decrease is small and gradual.  

At pH 4.7 remarkably similar trend was observed in the shift of peak potential as 

compared to that at pH 7.4. Addition of 2.0µM concentration of DNA brought a no 

significant shift in peak position and decrease in peak current is also very slight. Upon 

adding 2.5µM concentration of DNA change in the peak current of oxidation product 

is observed which is not relevant for binding strength calculations, it is clear in Figure 

5.53 and Table A-17. This decrease in the peak current for reduction and oxidation 

reaction steps might be due to the decrease in the concentration of electroactive 

compound due to interaction with DNA. After addition of 2.5µM DNA gradual 

decreasing current trend is observed just similar to that observed at pH 7.4. Diffusion 

coefficients for free and bound CYP at pH= 7.4 were 1.82×10
-4 

cm
2
/s and 1.82×10

-5
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cm
2
/s. Do values for free and bound species were 7.95×10

-4 
cm

2
/s and 1.79×10

-6
 at 

pH= 4.7. Similarly heterogenous electron transfer rate constant values were 3.71×10
-4

 

and 1.90 ×10
-5

 cm/s for free and bound CYP at 7.4. At pH = 4.7 these values were 

0.13×10
-6

 and
 
0.304 ×10

-7
 cm/s for free and bound species.

 

 

Figure 5.52. CV behavior of the interaction between CYP and ds.DNA in 

Mcllvaine buffer solution. CCYP= 5.0µM. From 1 to 5: CDNA= 0, 2µM, 2.5µM, 

3µM, 3.5µM (pH =7.4, T=309.5K). 

 

Figure 5.53. CV behavior of the interaction between CYP and ds.DNA in 

Mcllvaine buffer solution. CCYP= 5.0µM. From 1 to 3: CDNA= 0, 2µM, 2.5µM. 

(pH =4.7, T=309.5K). 
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5.2.5 Electrochemical confirmation of the interaction of bleomycin 

with DNA  

Bleomycin exhibits irreversible oxidation process with no corresponding cathodic 

peak at pH 7.4. Table A-18 and Figure 5.54 indicate that an anodic shift after the 

addition of 2.0×10
-6

 M DNA takes place. But exceeding this concentration of DNA no 

change in peak position and peak current takes place. At pH 4.7 no electrochemical 

signals were observed. Diffusion coefficients values were 1.39×10
-3

 and 1.43×10
-6 

cm
2
/s for BLM and BLM-DNA

 
adduct respectively. 

 

 

Figure 5.54. CV behavior of BLM in the absence (a) and presence (b) of 

2.5µM DNA (pH = 7.4 and T = 309.5K). 

5.2.6 Summary of the Voltammetric pattern  

In case of intercalators i.e. DXH, EpiDXH, DNR, MTX, DCT, IDA and NOM a 

gradual decrease in peak current and anodic shift in peak position takes place. The 

complex of intercalators formed with DNA is electro inactive except for IDA and 

NOM which are electroactive. 

1a 

 

 

 

b 

 

 

 

a 
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Non-intercalators can be classified as groove binders, electrostatic, interstrand 

crosslinkers, intrastrand crosslinkers and base pair replacers. CV does not give any 

information about their pattern of interactions. However certain voltammetric 

observations can be made about non-intercalators. Abrupt change in peak current and 

peak potential was observed for CP, CRP and ETS at pH =7.4. At pH = 4.7 no peak 

was observed for CP, CRP and ETS. CP-DNA and ETS-DNA complexes are 

electroactive whereas CRP-DNA complex is electro inactive. 

No change in peak potential and peak current takes place for CYP and a positive shift 

in peak position takes place for BLM. Complex of CYP and BLM with DNA was 

electroactive. 

5.2.7 Interaction of Drug-Additive adduct with DNA 

In this work the effect of two natural additives i.e. ascorbic acid (AA) and 

nicotinic acid (NA) on the DNA binding properties of some drugs were investigated. 

In the present work interaction of three anthracyclines namely DXH, Epi-DXH and 

DNR with DNA have been studied in the presence of additives. Anthracyclines were 

selected because the anthracycline antibiotic daunorubicin have been used clinically 

since the 1990s and so far, anthracyclines are considered to be the most important 

agents in use in cancer chemotherapy. Drug resistance and cardiotoxicity of 

anthracyclines limit their clinical application. Many researchers have investigated 

various methods to modify the structure of anthracyclines to generate more analogs to 

reduce the side effects and reverse multidrug resistance, however, these efforts only 

have limited success. Although clinically some studies about the effect of AA on 

cytotoxicity of the drugs have been carried out [36], there has yet been no report 

regarding the effect of AA and NA on DNA binding properties of the drugs on 

molecular level. 

The influence of two additives i.e. AA and NA on the DNA binding strength of three 

anthracycline based drugs (DXH, Epi-DXH and DNR) was investigated. 
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5.2.7.1 Effect of Ascorbic Acid (AA) on drug-DNA interaction 

CV behavior of AA and drug was investigated. It is known that AA is oxidized 

and the drug is reduced (DXH, Epi-DXH) or oxidized (DNR). DNA showed no 

appreciable peak in the given range. It is also known that as DNA is added gradually, 

the reduction or oxidation peak of the drug shows a decrease in peak current (Figures 

5.36 - 5.41). In this part of the work AA was added to the drug and it was assumed 

that drug and AA interact to form a loose drug-AA adduct. It is this adduct which then 

intercalates into DNA. 

Voltammetric behavior of Ascorbic Acid (AA) and DNA  

Cyclic Voltammetry of 2mM AA produces an irreversible peak with oxidation at 

0.66V at pH 7.4 (Figure 5.55). Electrochemical parameters of AA are depicted in the 

Table A-19 in appendix. Through oxidation the dehydroascorbic acid (DHA) is 

produced by electrode process of AA, which in turn rapidly becomes hydrated [37]. 

Interaction of AA with DNA results in gradual decrease in peak current and a slight 

positive shift in peak potential which is characteristic behavior of intercalators. 

Binding constant of AA-DNA complex was calculated to be 3.45 × 10
5
 M

-1
. Table A-

19 depicts that ease of oxidation increases as concentration of DNA was increased 

since E1/2 values were decreased upon addition of DNA. Ep-Ep/2 depicts the 

irreversibility of the reaction which remains irreversible even after addition of DNA. 

 

Figure 5.55. CV behavior of the interaction between AA and ds.DNA in 

Mcllvaine buffer solution CAA= 2mM, From 1 to 9: CDNA= 0, 2 µM, 2.5µM, 

3µM, 3.5 µM, 4.0µM, 4.5µM, 5.0µM, 5.5µM (pH =7.4, T=309.5K).  

1 
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5.2.7.1 (a) Doxorubicin (DXH) 

Votammetric behavior of DXH-AA and DXH-AA-DNA 

It is known that AA has no effect on the antitumour activity of DXH, but it 

significantly prolonged the life of patient treated with DXH. DXH elevates the lipid 

peroxide in heart muscles and AA prevents that elevation. After 17 days of 

inoculation of DXH cardiotoxicity is observed and AA should be injected within this 

period to stop toxicity [38 -40].  

Cyclic voltammogram of DXH shows that a redox couple is obtained with 

reduction peak at -0.60V and oxidation peak at -0.56V at pH 7.4.  

It can be seen that redox peaks of DXH are affected by the addition of AA (Figure 

5.56). Table A-20 shows electrochemical parameters of DXH in the presence of 

different concentrations of AA. At pH = 7.4 Ep
c
 as well as Ep

a
 values show a 

remarkable anodic shift in peak position and significant increase in the peak current 

after addition of AA, which might be due to development of hydrogen bonding 

between anthracycline moeity and hydrogen bondable hydrogen atoms of AA (Figure 

5.56). Effect of different concentrations of AA on the voltammetric behavior of DXH 

has been shown in Figure 5.57. It can be observed that as AA is added to DXH, 

initially the current is increased and then it decreases which is shown in the Figure 

5.57. The DXH-AA binding constant at pH = 7.4 comes out to be 9.0 × 10
2
 M

-1
.
 

When DNA is added to the solution of DXH-AA adduct (5µM DXH and 2.0mM 

AA) a decrease in the peak current was observed and anodic shift was less prominent 

as compared to the shift in case of AA (see Figure 5.58). It was observed that, in 

presence of DNA, the redox potential of DXH-AA complex shifted to a more positive 

value and the peak currents of CVs were decreasing with increasing concentrations of 

DNA (Table A-21). It is also clear from the Table A-21 that E1/2 values for the DXH 

decrease as we increase the concentration of DNA implying that addition of DNA 

increases the ease of reduction. Addition of AA also increases the ease of reduction. 

Ep-Ep/2 values show that reaction is reversible before addition of AA and DNA and 

even after addition; there is no change in the reversibility of reaction. It is also clear 
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from the Table that ip
c 
and ip

a 
 decrease as we increase the concentration of DNA. This 

decrease in the peak current for reduction and oxidation reaction steps might be due to 

the decrease in the concentration of electroactive compound due to interaction with 

DNA. 

Similar results were observed at pH = 4.7 which are shown in Figure 5.59 and 

Table A-22. The binding constant of DXH-AA-DNA adduct was determined as 1.94 

× 10
5
 M

-1
 at pH= 7.4. The binding constant for DXH-DNA complex is 5.0 × 10

5
 M

-1
. 

A similar behavior was observed at pH 4.7. Kb value of DXH-DNA and that of DXH-

AA-DNA was 3.30 × 10
5
 M

-1
 and 200 × 10

5
 M

-1
 respectively at this pH. 

 

 

Figure 5.56. CV behavior of the DXH in the (a) absence and (b) presence of 

1.2mM AA in Mcllvaine buffer solution CDXH= 5.0 µM. (pH =7.4, T=309.5K). 

a 

b (DXH-AA adduct) 
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Figure 5.57. CV behavior of the DXH and different concentrations of AA in 

Mcllvaine buffer solution CDXH= 5.0 µM. Different concentrations of AA were 

0mM, 1.2mM, 1.6mM, 2.0 mM, 2.4 mM, 2.8 mM (pH =7.4, T=309.5K). 

  

Figure 5.58. CV behavior of DXH-AA adduct (5µM DXH and 2mM AA) in the 

presence of DNA in Mcllvaine buffer solution. From 1 to 5: CDNA= 0µM, 2µM, 

2.5µM, 3µM, 3.5µM, (pH =7.4, T=309.5K).  

DXH-AA adduct 
1 

 

5 

Pure DXH 
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Figure 5.59. CV behavior of DXH-AA adduct (5µM DXH and 2mM AA) in 

the presence of DNA in Mcllvaine buffer solution. From 1 to 6 CDNA= 0µM, 

2µM, 2.5µM, 3µM, 3.5µM, 4.0µM (pH = 4.7, T=309.5K). 

 

5.2.7.1 (b) Epirubicin (Epi-DXH) 

Votammetric behavior of EpiDXH-AA and EpiDXH-AA-DNA 

Cyclic voltammetric studies of EpiDXH shows that electro-reduction of the 

EpiDXH takes place with a reduction peak at -0.62V and corresponding oxidation 

peak at -0.45V at pH 7.4.  

Tables A-23 shows electrochemical parameters of EpiDXH-AA adduct in the 

presence of different concentrations of DNA at pH 7.4. Figure 5.60 shows that 

reduction peak of EpiDXH is affected by the addition of AA. Figure 5.60 represents 

an elevation of the peak current after addition of AA. Addition of DNA to the solution 

of EpiDXH containing 2.0×10
-3

M solution of AA results in diminuation of the peak 

current (Figure 5.61). In the presence of DNA, the redox potential of EpiDXH-AA 

complex shifted anodically and the peak currents of voltammograms were decreasing 

DXH-AA adduct 1 

 

6 

DXH-AA adduct 
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with increasing concentrations of DNA. Reason for this is same as described in case 

of DXH-DNA interaction in the presence of AA that instability of complex is 

responsible for change in peak potential and peak current after addition of DNA. This 

suggested that the complexes of EpiDXH-AA decomposed when interact with DNA. 

Accordingly, the interaction of EpiDXH with DNA is more favoured and thus the AA 

is replaced by DNA to form intercalate with EpiDXH.  

Tables A-23 and A-24 show that E1/2 values for the EpiDXH decrease as we 

increase the concentration of DNA implying that addition of DNA increases the ease 

of reduction. Addition of AA also increases the ease of reduction. Ep-Ep/2 values 

indicate the quasi-reversibility of reaction before and after addition of AA and DNA. 

It is also clear from the Tables A-23 and A-24 show that ip
c 

and ip
a 

 decrease as we 

increase the concentration of DNA and AA due to the decrease in the concentration of 

electroactive compound on account of interaction with DNA. Effect of different 

concentration of DNA on EpiDXH-AA adduct at pH 4.7 has been depicted in the 

Figure 5.62. A very prominent anodic shift was observed in this case. 

 

 

Figure 5.60. CV behavior of the EpiDXH in the (a) absence and (b) presence of 

1.2mM AA in Mcllvaine buffer solution CEpiDXH= 5.0 µM. (pH =7.4, 

T=309.5K). 

b (EpiDXH-AA adduct) 

a (pure EpiDXH) 
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Figure 5.61. CV behavior of EpiDXH-AA adduct (5µM EpiDXH and 2mM AA) 

in the presence of DNA in Mcllvaine buffer solution. From 1 to 4: CDNA= 0µM, 

2µM, 2.5µM, 3µM (pH =7.4, T=309.5K).  

 

Figure 5.62. CV behavior of EpiDXH-AA adduct (5µM EpiDXH and 2mM AA) 

in the presence of DNA in Mcllvaine buffer solution. From 1 to 4: CDNA= 0µM, 

2µM, 2.5µM, 3µM (pH = 4.7, T=309.5K). 

EpiDXH-AA adduct 
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1a 

EpiDXH-AA adduct 
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5.2.7.1 (c) Daunorubicin (DNR) 

Votammetric behavior of DNR-AA and DNR-AA-DNA 

It is known that DNR undergoes oxidation with oxidation potential at 0.70V. 

From the Figure 5.63 it is clear that a very slight anodic shift in peak position and 

small elevation of the peak current after addition of AA takes place. Interaction of 

DNR with AA was very small. Addition of DNA to the solution of DNR containing 

2.0×10
-3

M solution of AA (DNR-AA adduct) resulted in the decrease of the peak 

current (Figure. 5.64 represents the fact). In the presence of DNA, the redox potential 

of DNR-AA adduct shows no shift in position implying that DNR-AA adduct is stable 

and not decomposed on addition of DNA. This suggests that DNR-AA adduct is not 

decomposed when interact with DNA. But at the same time decrease in the peak 

height reveals that DNR-AA is intercalated into DNA base pairs. Voltammetric 

behavior of DNR-AA and DNR-AA-DNA adduct is depicted in the Figure 5.63 and 

5.64 respectively. Tables A-25 and A-26 show that E1/2 values for the DXH increase 

as we increase the concentration of DNA implying that addition of DNA increases the 

ease of oxidation. Addition of AA also increases the ease of oxidation. Ep-Ep/2 values 

indicate the reversibility of reaction before addition of AA and becomes irreversible 

after addition of AA and DNA. It is also clear from the Table A-25 that ip
c 

and ip
a 
 

increase with addition of AA. Similar behavior was observed at pH 4.7 in Figures 

5.65 - 5.66 and Table A-26. 
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Figure 5.63. CV behavior of the DNR in the (a) absence and (b) presence of 

1.2mM AA in Mcllvaine buffer solution. CDNR= 5.0µM. (pH =7.4, T=309.5K). 

 

Figure 5.64. CV behavior of DNR-AA adduct (5µM DNR and 2mM AA)in the 

presence of DNA in Mcllvaine buffer solution. CDNR= 5.0µM, CAA= 2.0mM. 

From 1 to 4: CDNA= 0µM, 2µM, 2.5µM, 3µM (pH = 7.4, T=309.5K). 

a (pure DNR) 

b (DNR-AA adduct) 

DNR-AA adduct 

1 

 

4 
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Figure 5.65. CV behavior of the DNR in the (a) absence and (b) presence of 

1.2mM AA in Mcllvaine buffer solution. CDNR=5.0µM. (pH = 4.7, T=309.5K).

 

Figure 5.66. CV behavior of DNR-AA adduct (5µM DNR and 2mM AA) in the 

presence of DNA in Mcllvaine buffer solution. From 1 to 5: CDNA= 0µM, 2µM, 

2.5µM, 3µM, 3.5µM (pH = 4.7, T=309.5K). 

b (DNR-AA adduct) 

a (pure DNR) 

DNR-AA adduct 

1 

 

5 
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5.2.7.2 Effect of Nicotinic Acid (NA) on drug-DNA interaction. 

Malignant cells display increased demands for energy production and DNA 

repair. Nicotinamide adenine dinucleotide (NAD) is required for both processes and is 

also continuously degraded by cellular enzymes. Nicotinic acid is a crucial factor in 

the resynthesis of NAD, and thus in cancer cell survival [41]. Current research 

suggests niacin, or vitamin B3, may play a key role in cancer prevention through its 

activities in cellular repair [42]. It may increase the efficiency of anticancer drugs by 

developing desirable interactions with anticancer drugs. 

Voltammetric behavior of NA and DNA  

CV of 2mM NA produces an irreversible peak with two-electron reduction at -

1.64V in the pH 7.4 as it seen in Figure 5.67 and Table A-27. Interaction of NA with 

DNA results in decrease in peak current and a slight negative shift in peak potential 

which is characteristic behavior of non intercalators. Binding constant of NA-DNA 

complex was calculated to be 6.35 × 10
6
 M

-1
. 

 

Figure 5.67. CV behavior of the interaction between NA and ds.DNA in 

Mcllvaine buffer solution. CNA= 2mM. From 1 to 3: CDNA= 0, 2 µM, 2.5µM, 

(pH =7.4, T=309.5K).  

1c 

1 
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5.2.7.2 (a) Doxorubicin (DXH) 

Votammetric behavior of DXH-NA and DXH-NA-DNA 

 It is clear from the Figure 5.68 that addition of NA to aqueous solutions of DXH 

causes changes in the voltammogram of the latter (Figure 5.68 is a represents this 

fact). It may be mentioned that DXH undergoes reduction at -0.56V and NA at -

1.68V. In this case potential is scanned in the range of DXH.  

From the Table A-28 and Figure 5.69 we can have insight into the 

electrochemical parameters of DXH at pH 7.4 in the presence of NA as additive. Ep
c
 

as well as Ep
a
 values show a remarkable anodic shift in peak position and significant 

increase in the peak current after addition of NA, which might be due to development 

of hydrogen bonding between quinone moeity and hydrogen bondable hydrogen 

atoms of NA.  

Addition of NA to aqueous solutions of DXH results in change of CV behavior of 

DXH. The figure 5.68 shows clearly that DXH and NA have some interaction. 

Although NA has a reduction peak, its potential is inactive in this range. With the 

increase in the amounts of NA, the cathodic peak potentials shifted to anodic 

direction, and at the same time, the cathodic peak current increased (Figure 5.69). 

When DNA is added to the solution of DXH-NA adduct (5µM DXH and 2mM 

NA) a decrease in the peak current was observed and significant anodic shift was seen 

(Figure 5.70). In the presence of DNA it was observed that, the redox potential of 

DXH-NA complex shifted to a value which is near to the peak potential of the DXH 

(A-29). Peak currents of CVs were decreasing with increasing concentrations of 

DNA. E1/2 values from the Table A-29 depicts that reduction of DXH becomes 

difficult in the presence of NA. Ep-Ep/2 values show that reaction is reversible before 

addition of NA and DNA and even after addition; there is no change in the 

reversibility of reaction. ip
c 
and ip

a 
 decrease as we increase the concentration of DNA 

due to formation of intercalate. Pattern of interaction of DXH with NA and DXH-NA 

adduct with DNA at pH 4.7 is depicted in Figure 5.71 and Figure 5.72. 
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Electrochemical parameters of interaction of DXH-NA adduct with DNA at pH =4.7 

has been represented in the Table A-30. 

 

 

 

Figure 5.68. CV behavior of the DXH in the (a) absence and (b) presence of 

1.2mM NA in Mcllvaine buffer solution. CDXH= 5.0 µM. (pH =7.4, 

T=309.5K). 

 

b (DXH-NA adduct) 

a (pure DXH) 
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Figure 5.69. CV behavior of the DXH and different concentrations of NA in 

Mcllvaine buffer solution CDXH= 5.0 µM. Different concentrations of NA were 

0mM, 1.2mM, 1.6mM, 2.0 mM, 2.4 mM, 2.8mM (pH =7.4, T=309.5K). 

 

Figure 5.70. CV behavior of DXH-NA adduct (5µM DXH and 2mM NA) in the 

presence of DNA in Mcllvaine buffer solution. From 1 to 5: CDNA= 0µM, 2µM, 

2.5µM, 3µM, 3.5µM (pH = 7.4, T=309.5K). 

DXH-NA adduct 
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Figure 5.71. CV behavior of the DXH in the (a) absence and (b) presence of 

1.2mM NA in Mcllvaine buffer solution CDXH= 5.0 µM. (pH =4.7, T=309.5K). 

 

Figure 5.72. CV behavior of DXH-NA adduct (5µM DXH and 2mM NA) in the 

presence of DNA in Mcllvaine buffer solution. From 1 to 6: CDNA= 0µM, 2µM, 

2.5µM, 3µM, 3.5µM, 4.0µM (pH = 4.7, T=309.5K). 

DXH-NA adduct 

1 

 

6 

b (DXH-NA adduct) 

a (pure DXH) 
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5.2.7.2 (b) Epirubicin (Epi-DXH) 

Votammetric behavior of EpiDXH-NA and EpiDXH-NA-DNA 

Voltammetric behavior of EpiDXH was observed in the presence of NA. Table A-31 

depicts the electrochemical parameters of EpiDXH furnished at pH= 7.4 in the 

presence of NA as additive. From the Figure 5.73 it is clear that Ep
c
 as well as Ep

a
 

values show a significant increase in the peak current after addition of NA. 

 

Figure 5.73. CV behavior of the Epi-DXH in the (a) absence and (b) presence 

of 1.2mM NA in Mcllvaine buffer solution CEpiDXH= 5.0 µM. (pH =7.4, 

T=309.5K). 

From our previous knowledge we know that addition of NA to aqueous solutions 

of DXH causes changes in the voltammogram of the latter (Figure 5.69). With the 

increase in the amounts of NA, the cathodic peak potentials shifted in a positive 

direction, and at the same time, the cathodic peak current decreased due to formation 

of the complex. When DNA is added to the solution of DXH-NA adduct (5µM DXH 

and 2mM NA) a decrease in the peak current was observed with no shift in peak 

potential was seen (Figure 5.74). This reveals that EpiDXH-NA adduct is 

intercalating into DNA base pairs. From the Table A-31 it is clear that Ep-Ep/2 values 

depict the reversibility of reaction before and after addition of NA and DNA. ip
c
 and 

b (EpiDXH-NA adduct) 

a (pure EpiDXH) 
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ip
a 

 decrease as we increase the concentration of DNA due to formation of intercalate. 

A similar behavior was observed at pH = 4.7 is depicted in Figures 5.75-5.76 and 

Table A-32.  

 
Figure 5.74. CV behavior of EpiDXH-NA adduct (5µM Epi-DXH and 2mM 

NA) in the presence of DNA in Mcllvaine buffer solution. From 1 to 5: CDNA= 

0µM, 2µM, 2.5µM, 3µM, 3.5µM, (pH = 7.4, T=309.5K). 

 

Figure 5.75. CV behavior of the Epi-DXH in the (a) absence and (b) presence 

of 1.2mM NA in Mcllvaine buffer solution CEpiDXH= 5.0 µM. (pH = 4.7, 

T=309.5K). 

1 

 

5 

b (EpiDXH-NA adduct) 

a (Pure EpiDXH) 

EpiDXH-NA adduct 
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Figure 5.76. CV behavior of EpiDXH-NA adduct (5µM Epi-DXH and 2mM 

NA) in the presence of DNA in Mcllvaine buffer solution. From 1 to 4: CDNA= 

0µM, 2µM, 2.5µM, 3µM (pH = 4.7, T=309.5K) 

 

5.2.6.2 (c) Daunorubicin (DNR) 

Votammetric behavior of DNR-NA and DNR-NA-DNA 

It is known that DNR undergoes oxidation with oxidation potential at 0.70V. 

From the Figure. 5.77, it is clear that a slight anodic shift in peak position and a small 

elevation of the peak current after addition of NA takes place. Addition of DNA to the 

solution of DNR-NA adduct (5µM DNR and 2mM NA) resulted in the decrease of the 

peak current (Figure. 5.78 represents the fact).  

1 

 

4 

EpiDXH-NA adduct EpiDXH-NA adduct 
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Figure 5.77. CV behavior of the DNR in the (a) absence and (b) presence of 

1.2mM NA in Mcllvaine buffer solution CDNR= 5.0 µM. (pH = 7.4, 

T=309.5K). 

In the presence of DNA, the redox potential of DNR-NA adduct shows a small 

shift in position implying that DNR-NA adduct is unstable and not decomposed on 

addition of DNA. This suggests that DNR-NA adduct is not decomposed when 

interact with DNA. But at the same time decrease in the peak height reveals that 

DNR-NA is intercalated into DNA base pairs. Votammetric behavior of DNR-NA and 

DNR-NA-DNA adduct is depicted in the Figure 5.77 and 5.78 respectively. Tables A-

33 shows that E1/2 values for the DNR increase upon addition of DNA implying that 

addition of DNA increases the ease of oxidation. Addition of NA also increases the 

ease of oxidation. Ep-Ep/2 values indicate the irreversibility of reaction before addition 

of NA and seems to be reversible after addition of NA and DNA. It is also clear from 

the Table A-33 that ip
c 

and ip
a 

 increase with addition of NA. Voltammetric behavior 

of DNR in the absence and presence of NA at pH 4.7 is depicted in Figures 5.79-5.80. 

A very prominent shift in peak position takes place after addition of NA at pH=4.7. 

 

b (DNR-AA adduct) 

a 

b (DNR-NA adduct) 

a (pure DNR) 
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Figure 5.78. CV behavior of DNR-NA adduct (5µM DNR and 2mM NA) in 

the presence of DNA in Mcllvaine buffer solution. From 1 to 5: CDNA= 0µM, 

2µM, 2.5µM, 3µM, 3.5µM, (pH = 7.4, T=309.5K). 

 

Figure 5.79. CV behavior of the DNR in the (a) absence and (b) presence of 

1.2mM NA in Mcllvaine buffer solution CDNR= 5.0 µM. (pH= 4.7, 

T=309.5K). 

DNR-NA adduct 1 
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b (DNR-NA adduct) 

a (pure DNR) 
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Figure 5.80. CV behavior of DNR-NA adduct (5µM DNR and 2mM NA) in 

the presence of DNA in Mcllvaine buffer solution. From 1 to 3: CDNA= 0µM, 

2µM, 2.5µM (pH = 4.7, T=309.5K). 

5.2.8. Kinetic Parameters of Compounds 

5.2.8.1 Determination of Diffusion Coefficient 

 Presently, diffusion coefficients of the drugs have been calculated by 

electrochemical method at two physiological pH values. Purpose of evaluation of 

diffusion coefficients is to predict whether anticancer compounds are forming 

electroactive or electro inactive complexes with ds.DNA and additives or not. 

Diffusion coefficient has been calculated using the Randle Sevcik equation 5.2 for 

reversible systems and equation 5.3 for irreversible systems [18,19]. Values of 

diffusion coefficient for the complexes of DXH, EpiDXH and DNR with DNA in the 

absence and presence of additive (AA and NA) have been given in Table [5.6-5.7]. If 

we go into the morphology of the complexes formed with DNA in the presence of 

some additives taken as drug, their interpretation becomes quit complex. 

Taking ascorbic acid (AA) as additive, it potentiates the activity of interaction of 

DXH with DNA. Due to formation of large sized tertiary complexes of DXH-AA-

1 

 

3 

DNR-NA adduct 



Chapter-5   Pharmacodynamic drug interactions with DNA at molecular level 

199 

 

 

DNA and DNR-AA-DNA, diffusion coefficient is decreased 10 times as compared to 

that pure drugs (DXH and DNR) and binary complex of these drugs with DNA, 

implying that tertiary complexes of these drugs are electroactive. However in case of 

EpiDXH, diffusion coefficient of EpiDXH-AA-DNA complexes is insignificantly 

smaller than that of EpiDXH and EpiDXH- DNA complex. Complexes of DXH and 

DNR with DNA and AA seems to be electrochemically active at pH= 4.7 due to 

decrease in the diffusion coefficient of the binary and tertiary complexes. Comparison 

of diffusion coefficients of binary and tertiary complexes with AA as an additive is 

given in the Table 5.6. 

Taking nicotinic acid (NA) as additive, it was observed that diffusion coefficients 

of tertiary complexes of DXH, EpiDXH and DNR with NA in the presence of DNA 

were 10 times smaller than diffusion coefficients of pure DXH, EpiDXH, DNR. 

Diffusion coefficients of tertiary complexes were also 10 times smaller than the 

binary complexes of these drugs with DNA and NA. A comparison of Do values of 

binary and tertiary complexes with NA as an additive is evident in the Table 5.7. 
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Table 5.6. Diffusion Coefficients (cm
2
/s) of compounds at pH 7.4 and 4.7 with 

Ascorbic Acid (AA) as additive  

Complexes               pH 7.4                                            pH4.7 

Reduction Peak Reduction Peak 

AA 

DXH 

EpiDXH 

DNR 

               9.33×10
-4 (oxidation peak)

 

3.66×10
-6

 

8.77×10
-6 

7.95 ×10
-6 

                    7.41×10
-4 (oxidation peak)

 

2.86×10
-7 

8.77×10
-6 

3.43 ×10
-6 

Binary complexes of DNA 

DXH-DNA 

EpiDXH-DNA 

DNR-DNA 

AA-DNA 

 

1.82×10
-6 

7.95×10
-6 

5.48×10
-6 

1.11 ×10
-6

 

 

1.33×10
-8 

8.19×10
-6

 

4.33×10
-6 

2.12 ×10
-6

 

Binary complexes of NA 

DXH-AA 

Epi DXH-AA 

DNR-AA 

 

3.41×10
-6 

1.04×10
-6 

6.43×10
-6 

 

1.55×10
-7 

7.14×10
-6 

2.75×10
-6 

Tertiary Complexes 

DXH-AA-DNA 

EpiDXH-AA-DNA 

DNR-AA-DNA 

 

2.20×10
-7 

1.92×10
-6 

1.00×10
-6

 

 

1.12×10
-8 

2.21×10
-6 

5.01×10
-7

 

Following equation is used to calculate diffusion coefficients for reversible processes 

                                        ip=   0.4463 nF
 
ACo* (nF/RT)Do

1/2
ν

1/2 
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Table 5.7 Diffusion coefficients (cm
2
/s) of compounds at pH 7.4 and 4.7 with 

Nicotinic acid (NA) as additive. 

Complexes                 pH 7.4                                            pH4.7 

Reduction Peak Reduction Peak 

NA 

DXH 

EpiDXH 

DNR 

2.92×10
-3 

3.66×10
-6

 

8.77×10
-6 

7.95 ×10
-6 

5.5×10
-3 

2.86×10
-7 

8.77×10
-6 

3.43 ×10
-6 

Binary complexes of DNA 

DXH-DNA 

EpiDXH-DNA 

DNR-DNA 

NA-DNA 

 

1.82×10
-6 

7.95×10
-6 

5.48×10
-6 

3.07×10
-4

 

 

1.33×10
-8 

8.19×10
-6

 

4.33×10
-6 

1.97×10
-3

 

Binary complexes of NA 

DXH-NA 

Epi DXH-NA 

DNR-NA 

 

2.69×10
-6 

5.23×10
-6 

1.05×10
-6 

 

2.04×10
-7 

8.14×10
-6 

1.00×10
-6 

Tertiary Complexes 

DXH-NA-DNA 

EpiDXH-NA-DNA 

DNR-NA-DNA 

 

1.69×10
-7 

9.52×10
-7 

1.21×10
-6

 

 

2.38×10
-6 

3.11×10
-6 

2.91×10
-7

 

Following equation is used to calculate diffusion coefficients for reversible processes 

                                   ip=   0.4463 nF
 
ACo* (nF/RT)Do

1/2
ν

1/2
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5.2.8.2 Experimental Determination of Heterogeneous Electron Transfer Rate 

Constants 

 The heterogeneous electron transfer rate constants determined experimentally are 

listed in Tables 5.8 and 5.9. Kochi‟s method [43] has been followed to calculate the 

ks,h experimentally for two additive compounds (ascorbic acid and nicotinic acid). 

using equation 5.5.  

      

   
















 p

c
p

ao
hs EE

RT

nF

RT

nFD
k

22/1

, exp18.2


     (5.5)  

 

Where „n‟ is number of electrons transferred in redox process, „F‟ is faraday‟s 

constant and ν is the scan rate in V/s. 

         (5.8) 

Where α is transfer coefficient. 

For AA, AA-DNA, NA and NA-DNA heterogeneous electron transfer rate constants 

were calculated by Gileadi‟s method using equation (2.27).  

Effect of additives on the efficacy of anticancer drugs were investigated also using 

cyclic voltammetry and ks,h  values were calculated in the absence and presence of 

ascorbic acid (AA) and nicotinic acid (NA) as additives. An acute look over the Table 

5.8 tells us that complexation of the DXH, Epi-DXH and DNR with AA is 

accompanied with the decrease in ease of reaction and formation of electroactive 

species. AA hinders the mobility of drugs and drug-DNA complexes. This behavior is 

evident at both physiological pH values. 

 
 

1/ 2

c

p

a c

p p

E E
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Table 5.8. Heterogeneous electron transfer rate constants (cm/s) of compounds at pH 

7.4 and 4.7 at 309.5K using ascorbic acid (AA) as additive. 

Complexes        (ks,h) ×10 
3
pH 7.4                               (ks,h) ×10 

3 
pH4.7 

AA 

DXH 

EpiDXH 

DNR 

1.19
 

42.0
 

4.17 

14.0 

2.33 

10.06 

4.17 

8.34 

Binary complexes of DNA 

DXH-DNA 

EpiDXH-DNA 

DNR-DNA 

AA-DNA 

 

2.13 

1.25 

2.71 

6.24 

 

2.51 

1.29 

5.93 

6.12 

Binary complexes of NA 

DXH-AA 

Epi DXH-AA 

DNR-AA 

 

27.0 

1.75 

5.71 

 

2.56 

4.47 

6.43 

Tertiary Complexes 

DXH-AA-DNA 

EpiDXH-AA-DNA 

DNR-AA-DNA 

 

2.09 

1.95 

2.23 

 

1.77 

4.14 

1.58 

For AA and AA-DNA heterogeneous electron transfer rate constants calculated using following 

equation of Gileadi’s method 

2/1

,
303.2

log52.048.0log 









RT

DnF
k

oc

hs


  

For DXH, Epi-DXH and DNR complexes ks,h calculated using following Kochi’s expression was, 
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Using nicotinic acid as additive, complexes of DXH, Epi-DXH and DNR and their 

DNA adducts show a decrease in ks,h  values. Reason being the same as described in 

case of interaction of AA with above mentioned anthracyclines and their adducts with 

DNA. This fact is true at both physiological pH values (Table 5.9). 

Table 5.9. Heterogeneous electron transfer rate constants (cm/s) of compounds at pH 

7.4 and 4.7at 309.5K using nicotinic acid (NA) as additive 

Complexes         (ks,h) ×10 
3
pH 7.4                               (ks,h) ×10 

3 
pH4.7 

NA 

DXH 

EpiDXH 

DNR 

14.5
 

42.0
 

4.17 

14.0 

53.1 

10.06 

4.17 

8.34 

Binary complexes of DNA 

DXH-DNA 

EpiDXH-DNA 

DNR-DNA 

NA-DNA 

 

2.13 

1.25 

2.71 

46.6 

 

2.51 

1.29 

5.93 

18.5 

Binary complexes of NA 

DXH-NA 

Epi DXH-NA 

DNR-NA 

 

2.78 

3.88 

1.71 

 

0.75 

4.76 

0.95 

Tertiary Complexes 

DXH-NA-DNA 

EpiDXH-NA-DNA 

DNR-NA-DNA 

 

0.68 

1.63 

1.83 

 

2.57 

2.95 

0.49 
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5.2.9 Binding Constants of Drug-DNA complex 

Binding constants and binding site size of drug-DNA complexes were calculated 

using equation 2.34 and equation.2.35 respectively. It is clear from the Table 5.10 that 

binding constants for all compounds were sufficiently higher. Binding constant value 

is highest for the fluorouracil showing that it makes reasonably strong type of 

complex with DNA, because it is a nitrogen base analogue and replaces the nitrogen 

base and in this course develops a number of bondings with the ds.DNA. All 

anthracyclines (DXH, DNR, DCT, MTX, IDA and NOM) are intercalator and form a 

strong type of complexes with DNA. Anthracyclines form complexes with DNA 

having Kb values of 10
5
 orders of magnitude, developing strong type of hydrogen 

bonding with N-7 guanine of DNA. MTX is strongest among intercalators and it is a 

synthetic anthracycline. Its two side chains buckle the two grooves of DNA as 

compared to natural anthracyclines where only amino sugar develops interactions 

with one minor groove of DNA. EpiDXH has smallest value of Kb among 

intercalators (.See Table 5.10) Reason for this small value may be tautomeric 

rearrangement of the amino sugar group of EpiDXH. Clinically it is known to be less 

potent with smaller cardiotoxicity and used for heart patients [4]. Non intercalators 

(CP, CRP, ETS, CYP and BLM) have binding constant values smaller or higher 

depending upon the mode of their interaction (Table 5.10). Among non-intercalators 

FU is strongest because it develops irreversible covalent linkage with DNA. CP is 

observed to be the least strong binder among non-intercalators. 

Binding constants, binding site sizes and free energies of the adducts of three 

anthracyclines (DXH, EpiDXH, DNR) with DNA in the absence and presence of two 

additive (AA and NA) have been represented in Tables 5.11-5.14 at both 

physiological pH values. It was observed that drug-additive complexes were of 

weakest type in nature and drug-additive-DNA complexes were of strongest type in 

nature. 

From the knowledge of binding constants, Gibb‟s free energy of complex 

formation was calculated for all drug-DNA complexes. From the Table 5.10 it can be 

seen that ∆G values for all drug-DNA complexes were negative implying that process 

of drug-DNA complex formation is spontaneous for all investigated drugs. 
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The values of Kb obtained from the two techniques are generally of the same 

order of magnitude and trend observed is same as in two cases. This shows that 

spectrophotometric results support the cyclic voltammetric results 

Table 5.10. Binding constants, free energies and binding site sizes for the complexes 

of antineoplastic drugs with ds.DNA from Cyclic Voltammetric data at 

physiological pH conditions and T=309.5K  

Complex. pH= 7.4 pH= 4.7 

“Kb”/M
-1  

×10
-5

 -∆G/kJmol
-1

 Binding site   

size(bp) 

“Kb”/M
-1 

×10
-5

 -∆G/kJmol
-1

 Binding site   

size(bp) 

DXH-DNA 5.00 33.76 5.21 3.30 32.69 1.60 

Epi-DXH-DNA 0.11 29.89 4.37 0.45 27.57 1.31 

DNR-DNA 17.2 36.94 4.90 19.20 36.91 1.51 

CP-DNA 0.42 27.39 0.41 ------ ------ ------ 

FU-DNA 65.1 40.37 2.71 ------ ------ ------ 

CRP-DNA 5.33 33.91 0.50 ------ ------ ------ 

ETS-DNA 3.33 32.69 3.21 ------ ------ ------ 

CYP-DNA 4.21 33.32 0.18 2.84 32.29 0.62 

DCT-DNA 0.44 27.51 3.61 2.95 32.41 3.61 

MTX-DNA 57.1 40.03 4.79 5.32 21.03 3.33 

IDA-DNA 2.82 32.29 4.60 ------ ------ ------ 

BLM-DNA 5.00 33.76 6.50 ------ ------ ------ 

NOM-DNA ------ ------ ------ 1.87 31.23 1.51 
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Table 5.11. Binding constants, binding site sizes and free energies for the complexes 

of antineoplastic compounds with ds.DNA and Ascorbic Acid as additive from 

Cyclic Voltammetric data at pH=7.4 and T=309.5K 

Complex. Code Binding constant 

“Kb”/M
-1               

×10
-5

 

Binding site size(bp) Free energy  

-∆G/kJmol
-1

 

Binary complexes of DNA 

AA-DNA 

DXH-DNA 

EpiDXH-DNA  

DNR-DNA 

 

3.45 

5.00 

0.11 

17.2 

 

5.11 

5.22 

1.37 

1.90 

 

32.81 

33.76 

29.89 

36.94 

Binary complexes of AA 

DXH-AA 

EpiDXH-AA 

DNR-AA 

 

0.009 

0.0062 

0.003 

 

N.C 

N.C 

               N.C 

 

17.50 

16.56 

14.77 

  Tertiary complexes 

DXH-AA-DNA 

EpiDXH-AA-DNA   

      DNR-AA-DNA 

 

1.94 

3.99 

4.91 

 

0.513 

1.55 

1.20 

 

31.34 

33.18 

33.71 

An equation for amperometric titration using cyclic voltammtry used for binding 

constant calculations was [44,45].     

GHG

GH
b

II

I
K

DNA 




 log()log()

][

1
log( ) 

Equation used for the calculation of Gibb‟s free energy was      ∆G  =  −RTln Kb 
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Table 5.12. Binding constants, binding site sizes and free energies for the complexes 

of anticancerous compounds with ds.DNA and ascorbic acid as additive from Cyclic 

Voltammetric data at pH=4.7and T=309.5K 

Complex. Code Binding constant 

“Kb”/M
-1               

×10
-5

 

Binding site size(bp) Free energy  

-∆G/kJmol
-1

 

Binary complexes of DNA 

AA-DNA 

DXH-DNA 

EpiDXH-DNA  

DNR-DNA 

 

1.31 

3.30 

0.45 

19.20 

 

2.00 

1.60 

1.31 

1.51 

 

30.31 

32.61 

27.57 

37.22 

Binary complexes of AA 

DXH-AA 

EpiDXH-AA 

DNR-AA 

 

0.0076 

0.006 

0.00089 

 

N.C 

N.C 

               N.C 

 

17.06 

16.56 

11.55 

  Tertiary complexes 

DXH-AA-DNA 

EpiDXH-AA-DNA   

      DNR-AA-DNA 

 

200.0 

3.99  

3.91 

 

2.72 

1.55 

2.0 

 

43.25 

33.18 

33.12 
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Table 5.13. Binding constants, binding site sizes and free energies for the complexes 

of antineoplastic compounds with ds.DNA and Nicotinic Acid as additive from 

Cyclic Voltammetric data at pH=7.4 and T=309.5K 

Complex. Code Binding constant 

“Kb”/M
-1               

×10
-5

 

Binding site size(bp) Free energy  

-∆G/kJmol
-1

 

Binary complexes of DNA 

NA-DNA 

DXH-DNA 

EpiDXH-DNA  

DNR-DNA 

 

63.5  

5.00 

0.11 

17.2 

 

3.00 

5.22 

1.37 

1.90 

 

40.30 

33.76 

29.89 

36.94 

Binary complexes of AA 

DXH-NA 

EpiDXH-NA 

DNR-NA 

 

0.0030 

0.00104 

0.00051 

 

N.C 

N.C 

N.C 

 

14.84 

11.19 

10.11 

  Tertiary complexes 

DXH-NA-DNA 

EpiDXH-NA-DNA   

      DNR-NA-DNA 

 

1.25 

1.75 

3.34 

 

0.20 

0.50 

1.01 

 

30.19 

31.06 

33.71 
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Table 5.14. Binding constants, binding site sizes and free energies for the complexes 

of antineoplastic compounds with ds.DNA and Nicotinic Acid as additive from 

Cyclic Voltammetric data at pH=4.7 and T=309.5K 

Complex. Code Binding constant 

“Kb”/M
-1               

×10
-5

 

Binding site size(bp) Free energy  

-∆G/kJmol
-1

 

Binary complexes of DNA 

NA-DNA 

DXH-DNA 

EpiDXH-DNA  

DNR-DNA 

 

3.09 

3.30 

0.45 

19.2 

 

4.69 

1.60 

1.31 

1.51 

 

32.52 

32.61 

27.57 

37.22 

Binary complexes of NA 

DXH-NA 

EpiDXH-NA 

DNR-NA 

 

0.0831 

0.00104 

0.0471 

 

N.C 

N.C 

N.C 

 

23.22 

11.19 

21.76 

  Tertiary complexes 

DXH-NA-DNA 

EpiDXH-NA-DNA   

      DNR-NA-DNA 

 

1.51 

1.75 

21.1 

 

0.58 

0.50 

2.14 

 

30.19 

31.06 

37.47 
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5.3  Molecular Docking 

5.3.1  Docking of antineoplastic drugs with DNA 

Molecular docking studies were carried out for anticancer drug– DNA 

complexes. Using MOE tool, binding free energy (ΔG), total energy of the complex, 

(Etotal), electrostatic interactions (Eelec) and vander Waals energies (Evdw) between 

drugs and DNA was calculated on the basis of force field energy calculations. From 

the knowledge of binding free energy (ΔG), formation constants were calculated. 

5.3.1 (a) Binding constants 

Table 5.15 gives the binding constants obtained from MOE and two experimental 

techniques. The Kb values from the docking studies are generally of the same order of 

magnitude as those obtained from CV and UV investigations. The general trend 

observed in the magnitude of binding strength is same as observed in CV and UV 

studies, e.g; binding affinity of MTX to DNA calculated theoretically is higher than 

that of other anthracyclines like DXH, Epi-DXH, and DNR. This trend is analogous to 

the trend observed using two other techniques. This implies that binding strength of 

anticancer drug with DNA can be predicted reasonably well theoretically also and this 

may be helpful in future drug designing. Using docking approach Kb values of thirteen 

antitumor drugs were predicted.  

5.3.1 (b) Electronic and Steric descriptors 

A number of both electronic and steric descriptors were also calculated with a 

view to find some possible correlation between the observed binding strength and 

these descriptors. These descriptors are listed in Tables 5.16 and 5.17 
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Table 5.15. Binding constants for the complexes of anticancer compounds with 

ds.DNA from Cyclic Voltammetric, UV-Vis spectroscopic and Molecular docking 

data  

Sr.No. Complex. From CV data 

“Kb”/M
-1      

×10
-5

 

From UV-Vis data 

“Kb”/M
-1      

×10
-5

 

From theoretical data 

“Kb”/M
-1

×10
-5

 

1 DXH-DNA  5.00 0.17 3.55 

2 Epi-DXH-DNA  0.11 0.14 0.43 

3 DNR-DNA  17.21 1.80 42.81 

4 CP-DNA  0.42 0.41 0.36 

5 FU-DNA 65.16 8.7 10.66 

6 CRP-DNA  5.33 2.41 1.48 

7 ETS-DNA  3.33 0.14 6.86 

8 CYP-DNA  4.21 ----- 0.42 

9 DCT-DNA 0.44 3.61 5.63 

10 MTX-DNA  57.11 61.91 45.0 

11 IDA-DNA  2.82 0.17 0.24 

12 BLM-DNA  5.00  5.20  26.3  

13 NOM-DNA 1.87 4.44 2.71 
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Table 5.16. Data set of selected electronic descriptors for drug-DNA complex 

Drugs EHOMO 

(Kcal.mol
-1

) 

ELUMO 

(Kcal.mol
-1

) 

Eele 

(Kcal.mol
-1

) 

Evandr 

(Kcal.mol
-1

) 

ETotal 

(Kcal.mol
-1

) 

Kb/M
-1

 

DXH -9.036 -1.4394 17.1899 124.794 -153710 3.55×10
5
 

EpiDXH -8.9754 -1.3731 8.7407 125.008 -125981 4.36×10
4
 

DNR -9.1130 -1.6617 0.0000 222.8146 -167590 4.28×10
6
 

CP ---- ------- -14.4020 0.5476 ----- 3.60×10
4
 

CRP ----- ------ -0.4262 3.3638 ------ 1.485×10

5
 

FU -9.8092 -0.6505 -25.3329 2.6232 -482667 1.066×10

6
 

ETS -8.6789 -0.2278 10.0449 75.2962 -191826 6.86×10
5
 

CYP -10.8114 0.4070 -87.5064 85.0378 -62851 4.22×10
4
 

DCT ------ ----- -27.5495 110.7052 ------ 5.63×10
5
 

MTX -8.0050 -0.9919 26.6654 64.0636 -137279 45.0×10
5
 

IDA -9.2301 -1.6617 -25.5495 110.7052 -156628 2.24×10
4
 

NOM -9.85601  -0.2135  -10.1472  103.7052  -156628  2.71×10
5

  

BLM -8.3141 -1.6181 -13.5421 -275.1002 -182134 2.63×10
6
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Table 5.17. Data set of selected steric descriptors drug-DNA complex 

No. Drugs log P MR Hf  (Kcal.mol
-1

) Vsurf Kb/M
-1

 

1 DXH -9.036 1.4394 17.1899 124.794 3.55×10
5
 

2 EpiDXH -8.9754 1.3731 8.7407 125.008 4.36×10
4
 

3 DNR 1.1224 13.0454 -345.6981 646.8750 4.28×10
6
 

4 CP -1.2383 1.7482 269.6250 ----- 3.60×10
4
 

5 CRP -2.8957 3.4174 ----- 289.0000 1.485×10
5
 

6 FU -0.3633 2.8565 -93.7548 192.8750 1.066×10
6
 

7 ETS 1.4341 13.8454 -460.4358 801.5000 6.86×10
5
 

8 CYP 0.7288 4.8771 -170.8703 525.2500 4.22×10
4
 

9 DCT -1.9177 29.5326 -------- 2580.6250 5.63×10
5
 

10 MTX -0.1392 11.9969 -191.9396 1516.7500 45.0×10
5
 

11 IDA 1.1158 12.3902 -315.7285 2580.6250 2.24×10
4
 

12 NOM  -7.3251  -12.3902  -153.7285  2580.6250  27.1×10
5

  

13 BLM -8.3141 -1.7631 -13.5421 -275.1002 2.63×10
6
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5.3.2 Establishing quantitative structure activity relationship 

For the comprehension of microscopic interactions and binding between a ligand 

and a receptor, a detail analysis in SAR is important. A number of parameters are 

reported to be responsible for their molecular interactions. Although many reports on 

the structure activity relationships based on the biological properties of anticancer 

drugs have been the subject of a large number of investigations [46–48] but the 

present study is the first report of its nature on the anticancer activity of eleven 

commercial drugs. Electronic and steric descriptors were calculated by software 

package namely Molecular Operating Environment (MOE), Chemical Computing 

Group, (Montreal, Canada) in order to derive a quantitative relation between binding 

strength of anticancer drugs and structural properties. The plot of the electronic 

descriptors as independent variables against binding constant values as dependent 

variable is shown in Figures 5.81–5.83. The most important electronic parameters 

were energy of the frontier orbitals i.e. EHOMO and ELUMO as shown in Table. 5.16. 

EHOMO and ELUMO values give an estimate of the electron-donating and electron-

accepting character of a given compound and, consequently, a compound is 

considered more electron-donating as the value of its EHOMO increases (or becomes 

lesser) and more electron accepting as the value of its ELUMO decreases [49]. Since 

both EHOMO and ELUMO represent the electronic interactions, a good inverse relation of 

the Kb with these two parameters was observed. Plot for EHOMO and Kb is shown in 

Figure 5.81 (R
2
 = 0.89). An important observation is that ELUMO is negative for most 

of the drugs. A negative ELUMO indicates an affinity for the electrons or an ability to 

act as an acceptor. In drug–DNA complex presumably the electron rich bases of DNA 

act as donors whereas the drugs with negative ELUMO can act as acceptors.  

A correlation of the steric parameters, partition coefficient (log P) and Molar 

refractivity (MR) with binding strength is observed, partition coefficient (log P) is 

representative of hydrophobicity of the molecule. In the present study it showed a 

reasonable correlation with the Kb of anticancer compounds. A direct correlation of 

the Kb with log P (R
2
 = 0.805) was indicative of the fact that drugs with a higher log P 

are expected to form stronger complex (Figure 5.82). Another important steric 

descriptor is Molar refractivity (MR) or orientation polarization which is a measure of 

the total polarizability of a mole of a substance and is dependent on the temperature, 
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the index of refraction, and the pressure. A direct correlation of the binding strength 

with the MR (R
2
 = 0.808) was observed. As it is evident from figure 5.83, the Kb of 

anticancer drugs increases with an increase in the Molar refractivity. 

 

 

Figure 5.81. Plot of binding constant Kb vs (EHOMO) 

 

Figure 5.82. Plot of binding constant Kb vs partition coefficient 

(log P). 
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Figure 5.83. Plot of binding constant Kb vs Molar Refractivity (MR) 

 

5.3.3 Visual representation of drug–DNA complex 

Docking studies of thirteen anticancer drugs with ds.DNA were carried out and 

the structure of the drug–DNA complex was predicted on the basis of docking results. 

Drug–DNA adducts for the drugs. doxorubicin (DXH), daunorubicin (DNR), cisplatin 

(CP), carboplatin (CRP), flourouracil (FU), etopside (ETS), cyclophosphamide 

(CYP), dactinomycin (DCT), mitoxantron (MTX), idarubicicn (IDA) and bleomycin 

(BLM), are shown in Figures 5.84–5.94. It can be observed from the Figures 5.84-

5.87 that docked complexes of anthracycline based intercalators i.e DXH, DNR, MTX 

and IDA interact with DNA in a similar fashion. In MOE, docking results predict that 

for intercalators e.g; DXH, DNR, MTX, and IDA, planar aromatic ring structure of 

these drugs intercalates between the adjacent base pairs of DNA duplex with part of 

the drug (amino sugar moiety in case of DXH, DNR and IDA) protruding into the 

minor groove of duplex enhancing the binding strength. 
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Docking studies also predict that in the DXH-DNA complex, planar ring 

structure (labeled yellow) of DXH intercalates between nitrogenous base pairs of 

DNA while amino sugar group (labeled purple) acts like groove binder which binds to 

the major groove of DNA double helix (figure 5.84). Presently docking studies 

showed that the planar aromatic chromophore portion of the molecule intercalates 

between two base pairs of ds.DNA, while the six-membered daunosamine sugar sits 

in the minor groove and interacts with flanking base pairs immediately adjacent to the 

intercalation site, as evidenced by several crystal structures [50]. Although exact 

mechanism of action of doxorubicin is complex and still somewhat unclear, though it 

was thought to interact with DNA by intercalation [51,52]. 

Action of DNR  with DNA is similar fashion which is depicted in Figure 5.84.  

 Figure 5.86 represents docked complex of MTX with the DNA double strand. 

MTX is labeled with white color. NH group of planar anthraquinone moiety develops 

hydrogen bonding with H of guanine of one base pair and N of cytosine of other base 

pair of DNA base pairs whereas the nitrogen-containing side chain develops 

electrostatic binding the negatively charged phosphate backbone of DNA. MTX is an 

anthracenedione (not an anthracycline but like anthracycline) antineoplastic agent. It 

disrupts DNA synthesis and DNA repair in both healthy cells and cancer cells. It also 

engages in intercalation.[53-56]. There is still a considerable degree of conjecture 

regarding the mechanism of action of MTX and little is known of the mechanism by 

which MTX binds to DNA. MTX intercalates into DNA and can be oxidatively 

activated to bind to nucleotides on DNA [57].  

Molecular docked complex of IDA with DNA has been shown in the Figure 5.87, 

where IDA is labeled yellow. It is clear from the figure that IDA inserts itself into the 

DNA. The drug is at right angles to the direction of the DNA bases. The amino-sugar 

attached to the ring form further H-bonding with the DNA major groove. IDA is an 

anthracycline antileukemic drug. IDA intercalates with nucleolar DNA (to form a 

sandwich, where the drug is the filling in the sandwich and the base pairs are the 

bread) to form a stabilized interaction, which is reversible. The DNA base pairs 

buckle in order to accept the molecule. The aromatic A-ring substituted with amino 

http://en.wikipedia.org/wiki/Antineoplastic
http://en.wikipedia.org/wiki/DNA_synthesis
http://en.wikipedia.org/wiki/DNA_repair
http://en.wikipedia.org/wiki/Intercalation_(chemistry)
http://en.wikipedia.org/wiki/Mitoxantrone#cite_note-pmid-3#cite_note-pmid-3
http://nar.oxfordjournals.org/content/27/14/2918.full#ref-7#ref-7
http://en.wikipedia.org/wiki/Anthracycline
http://en.wikipedia.org/wiki/Antileukemic_drug
http://www.jonathanpmiller.com/intercalation/
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sugar is at the minor groove. There is considered to be Л-bonding above and below 

the aromatic rings in the complex [47,58-59].  

Figures 5.88-5.89 give glimpses of complexation of CP and CRP with DNA 

double strand. In the figure 5.88 CP (labeled purple) sits into the minor groove of 

double helical DNA developing interactions with flanking DNA base pairs. Figure 

5.89 shows the docked complex of CRP (CRP is labeled with green) with DNA, 

clearly representing the crosslinking on base pairs of double helical DNA. Two 

theories exist to explain the molecular mechanism of action of carboplatin with DNA.  

 Aquation, or the like-cisplatin hypothesis.  

 Activation, or the unlike-cisplatin hypothesis.  

The former is more accepted owing to the similarity of the leaving groups with its 

predecessor cisplatin. In aquation hypothesis two Cl
-1

 groups are removed leaving 

(NH3)2Pt
2+

 which develops electrostatic interactions with negatively charged electron 

clouds of groove. Latter hypothesis envisages a biological activation mechanism to 

release the active Pt
2+

 species [15].  

It is clear from the Figure 5.90 that FU (labeled as white) has taken the position 

of thymine and produced a change in the normal DNA structure. FU is a nitrogen base 

pair replacer that can replace thymine thus distorting the normal DNA structure. As a 

pyrimidine analogue, it is transformed inside the cell into different cytotoxic 

metabolites which are then incorporated into DNA and RNA, finally inducing cell 

cycle arrest and apoptosis by inhibiting the cell‟s ability to synthesize DNA. It is an S-

phase specific drug and only active during certain cell cycles. In addition to being 

incorporated in DNA and RNA, the drug has been shown to inhibit the activity of the 

exosome complex, an exoribonuclease complex of which the activity is essential for 

cell survival [60].  

In Figure 5.91 it is clearly observable that ETS spans maximum number of base 

pairs and sequence specifically complements binding to the grooves of DNA which 

causes collapse of both DNA strands. Actually etoposide forms a ternary complex 
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with DNA, preventing re-ligation of the DNA strands. This causes errors in DNA 

synthesis and promotes apoptosis of the cancer cell [61-63]. 

It can be observed in Figure 5.92 CYP disrupts DNA structure by cross linking 

DNA strands. Cyclophosphamide is an inactive cyclic phosphamide ester of 

mechlorethamine. Cyclophosphamide causes prevention of cell division primarily by 

cross-linking DNA strands. It disrupts normal H-bonding of two base pairs and 

develops interaction of its Chloride groups with base pairs [64].  

Interacting mode of DCT with DNA is depicted in Figure 5.93. It can be seen that 

phenoxazone ring of DCT slides into the double helix and intercalates, while the 

pentapeptide side chains interact with the DNA minor groove by forming hydrogen 

bonding and hydrophobic interactions. Dactinomycin inhibits both DNA synthesis 

and RNA synthesis by blocking chain elongation. They interact with G·C base pairs 

as they require the 2-amino group of guanine for binding. The result of these two 

mechanisms of interaction (intercalation and groove binding) between small molecule 

and DNA (intercalation and minor-groove binding) is a very stable complex [65, 66].  

Using X-ray crystallography, the scientists produced the first 3-D molecular level 

images of bleomycin bound to DNA. X-ray crystallography is a widely used 

analytical technique in which X-rays are directed through crystals and results are 

deduced from the pattern of diffraction of the X-rays [67]. Our docking results predict 

the mode very similar to X-ray crystallographic results. It can be observed from the 

Figure 5.94 that BLM exhibits three modes of interactions. Due to having large 

structure its one part intercalates, long chain spans maximum number of base pairs 

covering the DNA grooves and its S
+(

CH3)2 moeity develops electrostatic ineractions 

with the negatively charged sugar phosphate backbone of DNA. 
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 Figure 5.84. Docked complex of DXH (labeled yellow and purple) with DNA 
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Figure 5.85.  Docked complex of DNR (labeled green) with DNA 
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Figure 5.86. Docked complex of MTX (labeled white) with DNA 
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Figure 5.87. Docked complex of IDA (labeled yellow) with DNA 
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Figure 5.88. Docked complex of CP (labeled purple) with DNA 
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Figure 5.89. Docked complex of CRP (labeled green)with DNA 
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Figure 5.90. Docked complex of FU (labeled white) with DNA 



Chapter-5   Pharmacodynamic drug interactions with DNA at molecular level 

228 

 

 

 

 

Figure 5.91.  Docked complex of ETS (labeled white) with DNA 
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Figure 5.92. Docked complex of CYP (labeled yellow) with DNA 
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Figure 5.93. Docked complex of DCT (labeled green) with DNA 
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Figure 5.94. Docked complex of BLM (labeled green) with DNA 
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5.3.4 Molecular Docking of anticancer drugs with DNA in the 

presence of Ascorbic acid and Nicotinic Acid.  

Molecular Docking studies of some of these drugs (DXH and DNR in the present 

studies) in the presence of AA and NA were carried out using MOE. Docking studies 

also reveal increased interactions of drugs with DNA in the presence of AA. AA can 

develop hydrogen bonds with DXH and DNR on one hand and makes intrastrand 

crosslinks with DNA on the other hand thus increasing the strength of interaction and 

hence increasing binding constants. This fact is illustrated in the Figures 5.95(A) and 

5.96(A). Molecular Docking studies reveal that in the presence of AA number of 

hydrogen bonds and hydrophobic interactions are increased (Figure 5.95. B and C and 

also 5.96 B and C). Tertiary docked complexes of DXH and DNR with DNA in the 

presence of NA is depicted in Figures 5.97 and 5.98. 
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Figure 5.95. (A) Tertiary Docked complex of DXH (yellow) and AA (green) 

with DNA, (B) Hydrogen bonding and hydorophobic interactions in the complex 

of DXH with DNA, red contours showing O atoms and blue contours showing N 

atoms, green visible beeds are H-bonds (C) Hydrogen bonding and hydorophobic 

interactions in the complex of DXH with DNA in the presence of AA. 
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Figure 5.96. (A) Tertiary Docked complex of DNR (yellow) and AA (green) 

with DNA, (B) Hydrogen bonding and hydorophobic interactions in the complex 

of DNR with DNA, red contours showing O atoms and blue contours showing N 

atoms, green visible beeds are H-bonds (C) Hydrogen bonding and hydorophobic 

interactions in the complex of DNR with DNA in the presence of AA. 
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Figure 5.97. Tertiary docked complex of DXH (yellow) and NA (green) with DNA. 
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Figure 5.98. Tertiary docked complex of DNR (yellow) and NA (green) with DNA. 
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5.3.5 Molecular Docking of anticancer drugs with Enzymes involved 

in DNA Replication in the absence and presence of AA. 

In this work theoretical molecular docking studies of twelve antitumor drugs with 

the enzymes involved in DNA replication were carried out in the absence and 

presence of AA. Binding strength of drug-Enzymes complex was measured in terms 

of the binding constants calculated from scoring function values. 

5.3.5.1 Binding strength of Drug-Enzyme complex 

The presently studied anticancer drugs are the cytotoxic agents which inhibit 

DNA replication by directly binding to DNA and by inhibiting the activity of DNA 

enzymes (namely Topoisomerase-II, polymerase and helicase) and have shown 

remarkable anticancer activity in clinical trials. In the studied work, we performed 

molecular docking studies of twelve antitumor drugs with these DNA enzymes in the 

absence and presence of ascorbic acid (AA) and developed the quantitative structure 

activity relationship (QSAR) model for anticancer activity screening. The enzyme 

chosen for docking with each drug was selected from the information available from 

literature on drug-enzyme interactions. Each drug was docked with the enzyme it was 

known to inhibit. A number of electronic and steric descriptors were calculated using 

MOE software package. QSAR was established showing a correlation of binding 

strength with various physicochemical descriptors. 

Molecular docking studies were carried out for complex of twelve anticancer 

drug with DNA enzymes in the absence and presence of ascorbic acid. Using MOE 

tool, binding free energy (∆G), total energy of the complex, (Etotal), electrostatic 

interactions (Eelec) and vander Waals energies (Evdw) between drugs and enzymes 

were calculated on the basis of force field energy calculations. From the knowledge of 

free energy, binding constants (Kb) were calculated in the absence and presence of 

AA. Table.5.18 gives the Kb obtained from MOE in the absence and presence of AA. 

It was predicted from MOE that drugs bind reasonably well with their respective 

enzymes and in most of the case binding strength increases in the presence of AA. 

MOE technique is considered direct molecular modeling where the 3D structure of the 

enzyme is known and is used to predict the detailed intermolecular interactions 
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between the ligand (drug in this case) and the target enzyme. An automated docking 

study was carried out using the crystal structure of enzymes obtained from protein 

data bank website (pdb).  

Doxorubicin is known to interact with DNA by intercalation and also by 

inhibition of macromolecular biosynthesis [51,52]. This inhibits the progression of the 

enzyme topoiso-merase II, which relaxes supercoils in DNA for transcription. 

Doxorubicin stabilizes the topoisomerase II complex after it has broken the DNA 

chain for replication, preventing the DNA double helix from being resealed and 

thereby stopping the process of replication. 

 There are several classes of topo II inhibitors, these are known as "poisons" 

because they bind to topoII-DNA complex and thereby converts the essential enzyme 

to DNA damaging agents. One class of such poisons is anthracyclines. In addition to 

intercalation mode of interaction, DXH inhibits the progression of topoisomerase II, 

which relaxes supercoils in DNA for transcription. Doxorubicin stabilizes the 

topoisomerase II complex after it has broken the DNA chain for replication, 

preventing the DNA double helix from being resealed and thereby stopping the 

process of replication [68, 50]. DXH acts as topoisomerase II inhibitor deactivating 

the enzyme active sites. DNR, IDA and MTX inhibit the activity of topoisomerase II 

in similar fashion (See Figures 5.99-5.102). Table 5.18 gives the binding constants of 

antitumor agents in the absence and presence of ascorbic acid obtained from MOE. It 

is clear from the table that Kb in most of the cases has enhanced in the presence of AA 

because numbder of hydrogen bonds has increased in ternary complex in the presence 

of AA. Binding strength of drug with the relevant enzymes was increased in the 

presence of AA except for EpiDXH, DNR and DCT. Interaction of CRP with 

polymerase has been shown in Figure 5.103. 

5-Fluorouracil is one of the example of Thymidylate synthase inhibitors which 

are chemical agents which inhibit the enzyme thymidylate synthase and have potential 

as an anticancer chemotherapy [60]. Thymidylate synthase enzyme is used to generate 

thymidine monophosphate (dTMP), which is subsequently phosphorylated to 

thymidine triphosphate for use in DNA synthesis and repair [69]. In the presence of 

http://en.wikipedia.org/wiki/Transcription_(genetics)
http://en.wikipedia.org/wiki/DNA_replication
http://en.wikipedia.org/wiki/Enzyme_inhibitor
http://en.wikipedia.org/wiki/Thymidylate_synthase
http://en.wikipedia.org/wiki/Chemotherapy
http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Thymidine_monophosphate
http://en.wikipedia.org/wiki/Phosphorilation
http://en.wikipedia.org/wiki/Thymidine_triphosphate
http://en.wikipedia.org/wiki/DNA


Chapter-5   Pharmacodynamic drug interactions with DNA at molecular level 

239 

 

 

AA binding strength of FU with thymidylate synthase is increased significantly 

(Figure 5.104). 

It is clear from Figure 5.105 that ETS forms a ternary complex with DNA and the 

topoisomerase II enzyme, preventing re-ligation of the DNA strands. This causes 

errors in DNA synthesis and promotes apoptosis of the cancer cell [61]. 

While considering the activity of DCT, DCT is primarily used as an investigative 

tool in cell biology to inhibit transcription. It does this by binding DNA at the 

transcription initiation complex and preventing elongation by RNA polymerase. 

Because it can bind DNA duplexes, it can also interfere with DNA replication
 
[66,67] 

(Figure 5.106). BLM works by causing breaks in DNA strands inhibiting the activity 

of polymerase (Figure 5.107). Tertiary docked complex of NOM with helicase is 

evident in Figure 5.108. NOM an antineoplastic and Immunosuppressive interferes 

with DNA synthesis through inhibition of DNA helicase [70]. It can be seen that these 

drugs bind reasonably well with topoisomerase II with binding constants ranging 

from3.61 M
-1

 to 3.75×10
4
 M

-1
 (Table 5.18). 
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Table 5.18 Binding constants for the complexes of anticancer compounds with DNA 

enzymes in the absence and presence of AA. 

Drugs DNA enzymes Binding constants in 

the absence of AA 

“Kb”/M
-1

 

Binding constants in 

the presence of AA 

“Kb”/M
-1

 

DXH Topoisomerase II 7.22×10
2
 3.54×10

3
 

Epi-DXH  Topoisomerase II 5.61×10
3
 8.92×10

2
 

DNR Topoisomerase II 5.90×10
3
 9.48 ×10

2
 

CRP Helicase 2.78 6.52×10
2
 

FU Thymidylate synthase 3.61 2.88×10
2
 

ETS Topoisomerase I 91.74 99.46 

DCT Polymerase 3.75×10
4
 3.51×10

3
 

MTX Topoisomerase II 2.84×10
2
 6.82×10

2
 

IDA Topoisomerase II 30.24 7.00×10
2
 

NOM Helicase 2.67×10
2
 1.36×10

3
 

BLM Polymerase 2.50×10
2
 2.91×10

3
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Figure 5.99. Tertiary docked complex of DXH (blue) with Topisomerase II in the 

presence of AA (labeled green) 
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Figure 5.100. Tertiary docked complex of DNR (blue) with Topisomerase II in the 

presence of AA (labeled green) 
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Figure 5.101. Tertiary docked complex of MTX (green brown) with Topisomerase II 

in the presence of AA (labeled pink). 
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Figure 5.102. Tertiary docked complex of IDA (sea green) with Topisomerase- II in 

the presence of AA (labeled pink). 
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Figure 5.103. Tertiary docked complex of CRP (green) with Polymerase in the 

presence of AA (labeled pink). 
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Figure 5.104. Tertiary docked complex of FU (green blue) with Thymidylate 

Synthase in the presence of AA (labeled pink) 
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Figure 5.105. Tertiary docked complex of ETS (white brown) with Topisomerase II 

in the presence of AA (labeled pink). 
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Figure 5.106. Tertiary docked complex of DCT with Polymerase in the presence of 

AA (labeled pink). 
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Figure 5.107. Tertiary docked complex of BLM (red green) with Polymerase in the 

presence of AA (labeled pink). 
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Figure 5.108. Tertiary docked complex of NOM with Helicase in the presence of AA 

(labeled pink) 
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5.3.5.2 QSAR descriptors for drug-Enzyme complex  

The values obtained from the descriptors calculations explain the structural 

parameters and the possible interaction with the binding site of enzyme. Hydrophobic 

pocket of enzymes is mostly exploited by inhibitors. A number of chemical 

parameters are reported to be responsible for their molecular interactions. Although 

many reports on the structure activity relationships based on the biological properties 

of anticancer drugs have been the subject of a large number of investigations [46–48] 

but the present study is the first report of its nature on the anticancer activity of eleven 

commercial drugs. Using scoring function binding constants have been calculated in 

the absence and presence of ascorbic acid (listed in Table 5.18). Electronic and steric 

descriptors were calculated by software package namely Molecular Operating 

Environment (MOE) and a correlation was established between binding strength of 

anticancer drugs and structural properties.  

 Binding constants (Kb) in the absence and presence of AA was calculated. It was 

observed that Kb increases in the presence of AA for all drugs except EpiDXH, DNR 

and DCT, where Kb decreases in the presence of AA. A number of both electric and 

molecular descriptors in the absence and presence of AA were also calculated with a 

view to find some possible correlations between the observed binding strength and 

these descriptors. These descriptors are listed in Tables 5.19, 5.20, 5.21 and 5.22. 

Electronic descriptor in the presence of AA showed no correlation with Kb. The most 

important electronic parameters were energy of the frontier orbitals i.e. EHOMO and 

ELUMO as shown in Tables 5.19 and 5.20. The plot of the steric descriptors as 

independent variables against binding constant values as dependent variable is shown 

in Figures 5.109–5.111.  

A correlation of the steric parameters, partition coefficient (log P), Hydrophobic 

volume (Vsurf) and Molar refractivity (MR) with binding strength is observed. 

Hydrophobic volume describes the molecular envelope which is accessible to and 

attractively interacts with water molecules [71]. The volume of this envelope varies 

with the level of interaction energies. A very good correlation of Kb with Vsurf  in the 

presence of AA is clear in Figure 5.109. A direct relation of Kb with Vsurf shows that as 

Vsurf  increases, sphere of interactions increases and Kb also increases. 
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Partition coefficient (logP) is representative of steric inter actions and hydrophobicity 

of the molecule. In the present study it showed a reasonable correlation with the Kb of 

anticancer compounds. A direct correlation of the Kb with logP (R
2
 = 0.613) in the 

presence of AA was indicative of the fact that drugs with a higher logP are expected 

to form stronger complex (Figure 5.110). Another important steric descriptor is Molar 

refractivity (MR) or orientation polarization which is a measure of the total 

polarizability of a mole of a substance and is dependent on the temperature, the index 

of refraction, and the pressure. A direct correlation of the binding strength with the MR 

(R
2
 = 0.681) in the presence of AA was observed. As it is evident from the figure 

5.111, the Kb of anticancer drugs increases with an increase in the Molar refractivity. 
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Table 5.19. Data set of selected electronic descriptors in the absence of AA 

No. Drugs EHOMO 

(Kcal mol
-1

) 

ELUMO 

(Kcal mol
-1

) 

Eele 

(Kcal mol
-1

) 

EIP 

(Kcal mol
-1

) 

ETotal 

(Kcal mol
-1

) 

1 DXH -8.91 -0.741 -1298136 8.914 -150727.78 

2 EpiDXH -9.0601 -0.8839 -3984611 9.0601 -150728.52 

3 DNR -8.7046 -0.5260 -1234494.5 8.7046 -143324.01 

4 CP ---- ------- ------- ------ ----- 

5 CRP ----- ------ -------- ------- ------ 

6 FU -9.8108 -0.6505 -175040.92 9.8108 -48266.51 

7 ETS -8.9670 -0.02481 -1810996.5 8.9670 -188861.01 

8 DCT ------ ----- -------- --------- ------ 

9 MTX -9.7102 -0.6215 -297428.00 9.7102 -137274.69 

10 IDA -11.2475 -4.7203 -1449995.7 11.2475 -157322.46 

11 NOM -9.1689 -1.3121 -249878.51 9.1689 -229667.45 

12 BLM ------- ------- -------- ------- -------- 
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Table 5.20. Data set of selected electronic descriptors in the presence of AA 

No. Drugs EHOMO 

(Kcal mol
-1

) 

ELUMO 

(Kcal mol
-1

) 

Eele 

(Kcal mol
-1

) 

EIP 

(Kcal mol
-1

) 

ETotal 

(Kcal mol
-1

) 

1 DXH -8.9149 -0.8131 -1289471 8.9149 -149997.00 

2 EpiDXH -9.7685 -0.7449 -297120.12 9.7685 -64595.45 

3 DNR -9.5571 -0.6116 -296800.0 9.5571 -143324.01 

4 CP ---- ------- ------- ------ ----- 

5 CRP -9.5571 -0.4220 -297717.87 9.5571 -64591.0 

6 FU -9.7238 -0.5487 -296091.03 9.7238 -64593.405 

7 ETS -8.8723 -0.1215 -1796095.0 8.9670 -188864.43 

8 DCT -9.7570 -0.6215 -299936.25 9.7570 -64596.31 

9 MTX -7.8672 -1.0283 -1097432.5 7.8672 -137272.00 

10 IDA -9.7570 -0.6215 -299936.25 9.7570 -64596.31 

11 NOM -9.6356 -0.5348 -294878.00 9.6356 -64596.187 

12 BLM -9.5138 -0.3749 -296904.69 9.5138 -64595.160 
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Table 5.21. Data set of selected steric descriptors in the absence of AA. 

No. Drugs log P MR Hf (Kcal mol
-1

) Vsurf log S 

1 DXH -0.9330 11.6050 -336.2356 1168.2500 -1.4262 

2 EpiDXH -0.8911 11.6050 -337.0821 46.5000 -1.4262 

3 DNR 0.7955 11.45912 -281.4791 609.5114 -1.3912 

4 CP -5.6710 2.5361 ------ 128.8750 -1.0953 

5 CRP -0.6480 5.0899 ----- 81.3750 -1.1000 

6 FU -0.8580 2.6746 -93.8105 58.1250 -0.8023 

7 ETS 0.0650 2.6454 -430.5644 721.3750 -2.3219 

8 DCT 0.6420 28.3443 -------- 23.7500 -0.7921 

9 MTX -0.5360 11.7470 -187.2453 56.1250 -1.8828 

10 IDA 0.0720 12.5476 -72.2596 25.6333 -3.0518 

11 NOM -2.728 16.9742 -563.9976 650.732 -2.5064 

12 BLM -6.4640 36.5718 -240.0408 2048.3750 -8.6091 
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Table 5.22. Data set of selected steric descriptors in the presence of AA. 

No. Drugs log P MR Hf (Kcal.mol
-1

) Vsurf log S 

1 DXH -1.3773 11.6050 -336.2354 1168.2500 -1.4560 

2 EpiDXH -0.9321 13.2001 -240.0641 421.000 -1.4262 

3 DNR -1.2530 11.3595 -231.5948 168.2500 0.4035 

4 CP -0.0173 2.5361 ------ 1061.00 -1.3120 

5 CRP -0.6480 3.5381 -236.0700 87.1252 -1.1000 

6 FU -1.2530 3.5381 -238.1218 32.8750 -0.4035 

7 ETS 0.0650 13.5834 -455.1026 56.2540 -2.3219 

8 DCT -1.2530 3.5381 241.2352 678.21 -0.4035 

9 MTX -0.5360 11.7470 -184.6774 202.124 -1.8828 

10 IDA 0.0720 12.5476 -72.2596 25.6333 -3.0518 

11 NOM -1.2530 3.5381 -240.0552 432.00 0.4053 

12 BLM -6.7342 3.5381 -240.0408 805.211 -8.6091 
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Figure 5.109. Plot of binding constant Kb vs Hydrophobic surface 

volume (Vsurf) in the presence of AA 

 

Figure 5.110. Plot of binding constant Kb vs log P in the presence of 

AA. 
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Figure 5.111. Plot of binding constant Kb vs Molar Refractivity (MR) in the 

presence of AA 
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Chapter-6  

PHARMACODYNAMIC DRUG INTERACTIONS AT 

CELLULAR LEVEL  

In the second part of work eight antineoplastic drugs were tested again Non 

Small Cell Lung Cancer (NSCLC) cell lines in the absence and presence of ascorbic 

acid to observe the effect of AA on percent cell inhibition of both cell lines on the 

cellular level. Dose dependent response curves were drawn to calculate the LD50 

values of the drugs for both cell lines. % Cell inhibition of the drug in the presence of 

2mM AA was determined in two combinations. In the first combination the 

concentration of the drug was taken equal to its LD50 value whereas in the second 

combination it was 2mM. It was observed that combination effects between AA and 

drugs were partly synergistic and a consistent synergism was found between AA and 

all drugs for both cell lines. The only exception was that of bleomycin which 

exhibited an antagonistic effect with AA in H-157 cell line. 

6.1 CELL CULTURE 

In this part of the work two human Non Small Cell Lung Cancer (NSCLC) 

cell lines namely H-1299 and H-157 were initiated in order to investigate the effect of 

ascorbic acid on the cytotoxicity of eight antineoplastic drugs. Eight antineoplastic 

drugs tested for both cell lines were DXH (doxorubicin), DNR (daunorubicin), CP 

(cisplatin), FU (fluorouracil), BLM (bleomycin), CYP (cyclophosphamide), MTX 

(mitoxantron) and DCT (dactinomycin). 50 percent Lethal dose (LD50) of eight 

antitumor drugs was calculated. To investigate the effect of ascorbic on antitumor 

activity of these drugs percent cell inhibition (% CI) in the presence of AA was 

elucidated. 

6.1.1  Cytotoxic effect of drugs 

It was observed that proliferation of cell lines H-1299 and H-157 was inhibited 

by all tested drugs. The cytotoxicity of the all anticancer drugs increased with 
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increasing their concentrations. The percentage growth inhibition was calculated 

using following formula [1]. 

 

% Cell Inhibition=   100-{(At-Ab)/(Ac-Ab)}x100 

Where, 

At= Absorbance value of test compound 

Ab= Absorbance value of blank (growth medium RPMI 1640) 

Ac=Absorbance value of control (cells supplemented RPMI 1640) 

Figures. 6.1-6.6 show representative dose response plots for H-1299 cells 

exposed to BLM, MTX, CP, DCT, DXH and DNR for 24 hrs. For H-1299 maximum 

% CI was shown by FU and CP for its maximum concentration used presently. The 

LD50 of eight anticancer drugs in the absence of ascorbic acid against H-1299 and H-

157 cell line are shown in Table 6.1. It is clear from the Table 6.1 that out of all eight 

antineoplastic drugs DNR is most potent due to lowest LD50 value for H-1299 cell line 

and FU is least potent due to highest value of LD50 for this particular cell line. 

Regarding H-157 cell line MTX is most potent drug and here again least potent is FU. 

It must be mentioned that in cancer cell lines the drug interacts with DNA as 

well as with the enzymes present in the cells. Some informations of the mode of 

interactions of drugs with DNA and its enzymes is available in literature. 
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Table 6.1. LD50 of eight antitumoral drugs against NSCLC cell lines. 

Tested drugs
 (a)

LD50
(H1299)

/µM 
(a)

LD50
(H157)

/µM 

DXH 

DNR 

CYP 

MTX 

DCT 

CP 

BLM 

FU 

500 

330 

420 

390 

340 

941 

1300 

2240 

410 

310 

430 

127 

330 

1000 

1600 

6000 

 (a)       
LD50 calculated experimentally from cell culture technique
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Figure 6.1. Dose dependent response plot of BLM for H-1299 cell 

line.  

 

Figure 6.2. Dose dependent response curve of MTX for H-1299 cell 

line. 
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Figure 6.3. Dose dependent response curve of CP for H-1299 cell line.  

  

Figure 6.4. Dose dependent response curve of DCT for H-1299 cell 

line.  
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       Figure 6.5. Dose dependent response curve of DXH for H-1299 cell line 

 

     Figure 6.6. Dose dependent response curve of DNR for H-1299 cell line 

In the next step dose response of the drugs with concentration corresponding 

to the LD50 of drugs was studied in the presence of different concentrations of AA. In 

this experiment 100µL of 0.5mM, 1mM and 2mM of AA was taken. It was observed 

that incorporation of low doses of AA (500μM and 1mM) did not affect the 
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cytotoxicity of drugs and %CI remained 50% in both the case. However after the 

incorporation of 2mM ascorbic acid (high dose) efficiency of all eight drugs increased 

as %CI of cells was increased from 50%. The results for 2mM AA are depicted 

graphically in Figures 6.7 and 6.8 for H-1299 and H-157 respectively. Figures 6.7 and 

6.8 show the increase in % CI upon addition of AA for both cell lines. In case of cell 

line H-157, BLM is an exception where % CI decreases upon addition of AA (Figure 

6.8B). Maximum increase in %CI after incorporation of AA was observed for FU and 

CP implying that LD50 was of FU and CP was decreased for H-1299 cell line. 

Ascorbic acid increased the anticancer effect of FU dose-dependently, only a high 

concentration of vitamin C increased the cytotoxicity of FU with decrease of LD50.  

Effect of AA on the cell inhibition caused by CYP, MTX, DCT and BLM 

against H-1299 is evident in Figure 6.7B. The synergistic effect of MTX and ascorbic 

acid has also been explained in the literature [2]. The effect is explained by a cascade 

electron transfer process from the ascorbic acid to MTX, where ascorbic acid is acting 

as a major electron source. These results might be of importance in cancer therapy. 

Simultaneous incorporation of BLM and ascorbic acid results in increasing the %CI 

of BLM. From the % CI analysis of BLM it was established that ascorbic acid (high 

dose) has increased the percent cell inhibition when incorporated to LD50 

concentration of BLM (see Figure 6.7B). This increase in %CI for the BLM is also 

attributed to the generation of reactive (ROS) in the presence of ascorbic acid. It is 

believed that bleomycin produces a pseudoenzyme that reacts with oxygen to produce 

superoxide and hydroxide free radicals that cleave DNA, These hydroxide free 

radicals are converted to H2O2  in the presence of ascorbic acid thus intesifying the 

antitumor activity of BLM and decreasing the LD50.  

Dose-dependent inhibitory effect of AA on the %CI of drugs against cell lines 

H-1299 shows that maximum increase in cell inhibition was observed for FU and CP 

and minimum increase was seen for DXH when concentration of drug is LD50.  
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Figure 6.7. Cytotoxicity of drugs in H-1299 cells in the absence and presence 

of 2mM ascorbic acid added to LD50 concentration of the drugs. 
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Figure 6.8. Cytotoxicity of drugs in H-157 cells in the absence and presence 

of 2mM ascorbic acid added to LD50 concentration of the drugs. 



 Chapter-6   Pharmacodynamic drug interactions at cellular level 
 

272 
 

 

In case of H-157 cell line %CI was also increased for all tested drugs except 

BLM. DNR furnishes minimum increase in %CI whereas FU shows maximum 

increase in % CI for H-157 as well (shown in Figure 6.8). In contrast, BLM shows an 

antagonism with AA resulting in a decrease in %CI from 50%. In H-157, % CI is 

decreased for BLM in the presence of AA. Thus in case of this cell line greatest 

increase in the cytotoxicity was for CP and FU and smallest increase was for DNR, 

whereas a decrease in the cytotoxicity of BLM was observed for BLM upon addition 

of AA. 

Another experiment was performed in which 2mM AA was added to the 

2mM, 1mM and LD50 concentration of drugs. %CI is increased upon addition of AA 

to all these concentrations. From the Table 6.2 it is clear that when 2mM AA was 

added to 2mM concentration of drugs a significant increase in %CI takes place for all 

drugs against cell line H-1299. Table 6.3 depicts the %CI of tested drugs (2mM) 

coadministered with 2mM AA against H-157 cell line.  

The observations from afore mentioned experiments indicated that addition of 

AA statistically increases the % CI of all drugs under investigation and enhances their 

antineoplastic activities for these particular cell lines. Figures 6.9-6.11 give pictorial 

representation for increased cytoxicity of DXH, CP and FU treated with AA as 

compared to those untreated with AA against H-1299 cell line (Figures for the rest of 

drugs are not shown). Figures 6.12-6.14 give the same for H-157 cell line. 
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Table 6.2. Dose Dependent Response of anticancer drugs and AA against H-1299 cell 

line  

Administered 

drugs 

% CI of administered 

Drug (2mM) 

% CI of Drug-AA 

complex 

^ % increase of 

CI 

DXH 57.88 83.94 45.04 

DNR 68.75 97.29 41.51 

CYP 74.55 75.96 1.891 

DCT 75.24 93.54 24.32 

MTX 65.93 75.24 9.644 

CP 68.62 79.13 15.31 

BLM 57.56 76.93 33.65 

FU 47.00 82.33 75.17 

 

^  % increase in CI was calculated using following relation. 

% increase in CI  = % CI of Drug-AA complex       % CI of administered Drug ×100 

     % CI of administered Drug    

 

 

Table 6.3. Dose Dependent Response of anticancer drugs against H-157 cell line 
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Administered 

drugs 

  % CI of administered 

Drug (2mM) 

% CI of Drug-AA 

complex 

^ % increase of  CI 

DXH 51.59 56.55 9.61 

DNR 75.39 98.69 30.90 

CYP 65.5 90.89 38.76 

DCT 66.43 69.00 3.86 

MTX 55.7 63.81 14.56 

CP 84.69 98.51 16.31 

BLM 74.94 71.65 -4.39 

FU 40.54 73.58 81.49 

 

^  % increase in CI was calculated using following relation. 

% increase in CI  =    % CI of Drug-AA complex    % CI of administered Drug ×100   

     % CI of administered Drug    
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Figure 6.9. (a) Control for cell line H-1299, (b) Intracellular DXH distribution (Only 

2mM DXH) and DXH -induced cell damage, (c) Intracellular AA distribution (2mM 

AA) and AA induced cell damage, (d) Intracellular DXH distribution (LD50 

coadministerd with 2mM AA) and drug-induced cell damage, (e) Intracellular DXH 

distribution (1mM coadministerd with 2mM AA) and drug-induced cell damage, (f) 

Intracellular DXH distribution (2mM coadministerd with 2mM AA) and drug-induced 

cell damage. 
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Figure 6.10. (a) Control for cell line H-1299, (b) Intracellular CP distribution (Only 

2mM CP) without AA and CP induced cell damage, (c) Intracellular AA distribution 

(2mM AA) and AA induced cell damage, (d) Intracellular CP distribution (LD50 

coadministerd with 2mM AA) ) and drug-induced cell damage, (e) Intracellular CP 

distribution (1mM coadministerd with 2mM AA) and drug-induced cell damage, (f) 

Intracellular CP distribution (2mM coadministerd with 2mM AA) ) and drug-induced 

cell damage.  
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Figure 6.11. (a) Control for cell line H-1299, (b) Intracellular FU distribution (Only 

2mM FU) and FU induced cell damage, (c) Intracellular AA distribution (2mM AA) 

and AA induced cell damage, (d) Intracellular FU distribution (LD50 coadministerd 

with 2mM AA) and drug-induced cell damage, (e) Intracellular FU distribution (1mM 

coadministerd with 2mM AA) ) and drug-induced cell damage, (f) Intracellular FU 

distribution (2mM coadministerd with 2mM AA) and drug-induced cell damage. 
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Figure 6.12. (a) Control for cell line H-157, (b) Intracellular DXH distribution (Only 

2mM DXH) without AA and DXH -induced cell damage, (c) Intracellular AA 

distribution (2mM AA) and AA induced cell damage, (d) Intracellular DXH 

distribution (IC50 coadministerd with 2mM AA) and drug-induced cell damage, (e) 

Intracellular DXH distribution (1mM coadministerd with 2mM AA) and drug-induced 

cell damage (f) Intracellular DXH distribution (2mM coadministerd with 2mM AA) 

and drug-induced cell damage. 
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Figure 6.13. (a) Control for cell line H-157, (b) Intracellular CP distribution (Only 

2mM CP) without AA and CP induced cell damage, (c) Intracellular AA distribution 

(2mM AA) and AA induced cell damage, (d) Intracellular CP distribution (LD50 

coadministerd with 2mM AA) and drug-induced cell damage, (e) Intracellular CP 

distribution (1mM coadministerd with 2mM AA) and drug-induced cell damage, (f) 

Intracellular CP distribution (2mM coadministerd with 2mM AA) and drug-induced 

cell damage. 
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Figure 6.14. (a) Control for cell line H-157, (b) Intracellular FU distribution 

(Only 2mM FU) without AA and FU induced cell damage, (c) Intracellular AA 

distribution (2mM AA) and AA induced cell damage, (d) Intracellular FU 

distribution (LD50 coadministerd with 2mM AA) and drug-induced cell damage, 

(e) Intracellular FU distribution (1mM coadministerd with 2mM AA) and drug-

induced cell damage, (f) Intracellular FU distribution (2mM coadministerd with 

2mM AA) and drug-induced cell damage. 

LD50 values were calculated for all tested drugs and values were found to be in 

the range of mM. However studies carried out by some researches show the LD50 
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values of DXH, FU, Vincritine and Paclitaxel in the range of µM [3]. The rationale 

behind this reason might be the fact drugs used by these researchers were pure 

analytical grades and the drugs used by us were clinical drugs with certains additive in 

them responsible for increasing the LD50 of drugs and decreasing their efficiency. In 

the second step effect of AA on % CI of these antitumor drugs was observed. In case 

of all drugs % CI was increased upon addition of AA for both cell lines except for 

BLM which showed a decrease in %CI with AA against H-157 cell line. This is 

depicted in Figure 6.8A & 6.8B which shows significant increase in % CI from 50% 

when coadministered with high dose of AA. In the field of oncology effect of AA on 

antineoplastic activity have been carried out by several workers. For almost two 

decades, ascorbic acid was proposed for cancer treatment and prevention [4-9]. A 

body of experimental data had arisen suggesting AA to improve the cytotoxicity of 

different antineoplastic agents [10-12]. AA induced potentiation of cytostatic drug 

effects thus is likely to be related to generation of oxyradicals because vitamins are 

known to interact with enhanced formation of semiquinone and dehydroascorbate as 

potentially sources of free radical production [13]. Accordingly, the cytotoxic 

potentiation induced by AA was completely reversed by adding catalase [14, 15]. 

Other mechanisms such as alteration of intracellular drug accumulation, however, 

might also he important for the chemomodulating action of ascorbic acid, since it was 

found to improve cytostatics like vinca alkaloids which are not known to act primarily 

on DNA [16, 17-18]. Until today, the chemomodulating properties of AA are only 

poorly understood and have not been elucidated profoundly, particularly not in 

common neoplasms like NSCL cancer. In the experiments described here, we found 

AA at cytotoxic concentrations to produce a consistently synergistic antineoplastic 

activity with eight antineoplastic drugs in human NSCL cancer.  

Since anthracyclines are key substances for the treatment of cancer, the 

combination with AA seems to be of particular interest in as much as AA and its 

derivatives have been found to reduce anthracycline induced cardiotoxicity which, as 

one of its most important adverse effects, can compromise the clinical use of 

anthracyclines [19]. DXH and DNR are major antitumoral agents available for clinical 

use. In addition to intercalating into the DNA molecule, these drugs generate free 

radicals. Low dose of ascorbic acid can protect normal cells from the damage caused 

by radicals without interfering with the cytotoxicity of these anthracyclines against 
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tumors [20]. Incorporating high dose of AA to these drug results in a strong 

synergistic action (effect of two chemicals on an organism to be greater than the effect 

of each chemical individually, or the sum of the individual effects). DXH and DNR 

inhibit the progression of topoisomerase II as well as intercalates into the base pairs of 

DNA [21, 22]. Kb(theo) and Kb(exp) have been calculated considering the interaction of 

drug with DNA only. CYP and MTX are alkylating agent and interact with DNA by 

crosslinking the strands [23]. In cell biology dactinomycin is used to inhibit 

transcription. It does so by binding and preventing elongation by RNA polymerase 

[24]. Considering CP, following administration, one of the chloride ligands is slowly 

resplaced by water (an aqua ligand), in a process termed aquation. The aqua ligand in 

the resulting [PtCl(H2O)(NH3)2]
+
 is itself displaced very easily, thus allowing the 

platinum atom to bind with bases. Of the bases on DNA, guanine is preferred [25]. 

Bleomycin interacts with DNA by induction of strand breaks. DNA cleavage by 

bleomycin is dependent upon oxygen and metal ions, at least in vitro. It is concieved 

bleomycin forms chelate with iron producing a pseudoenzyme that reacts with oxygen 

to produce superoxide and hydroxide free radicals that cleave DNA [23]. FU is a 

pyrimidine analogue; inside the cell it is transformed into different cytotoxic 

metabolites, finally inducing cell cycle arrest and apoptosis by inhibiting the cell's 

ability to synthesize DNA [26]. FU is not involved in the cell cycle arrest by 

inhibiting DNA enzyme activity. 

Our results with AA combined with DXH, DNR, CP, FU CYP, MTX, DCT, 

BLM, generally are confirmative of observations which have been made with other 

malignancies in vitro and in vivo suggesting a potentiating effect when both drugs are 

combined. Like for anthracyclines, formation of oxyradicals appears to mediate 

cytotoxicity of these compounds [27].  
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Conclusions 

The binding constants of drug-DNA complex obtained from three methods i.e. 

Cyclic Voltammetry, UV-Vis spectroscopy and molecular docking were reasonably 

high and were in the range of 10
4
 -10

5
M

-1
. A reasonable agreement was observed in 

the binding constants obtained from two experimental and theoretical docking 

techniques. Although the numerical values of Kb from three techniques differed 

slightly, but the order of magnitude was same. Also the general trend was similar in 

all the three cases. The highest Kb value was for fluorouracil which forms a covalent 

linkage by base pair replacement, whereas lowest value was that of EpiDXH which is 

an intercalator. 

 CV studies exhibited a very clear pattern of a gradual decrease of peak current 

for intercalators. UV-Vis investigations provided the values of only Kb whereas in CV 

studies, besides Kb, diffusion coefficients, heteogenous electron transfer rate constants 

and binding site size were also calculated. A change in the diffusion coefficient after 

addition of DNA was indicative of the electroactive drug-DNA adducts. It was 

observed that generally for the intercalators drug-DNA adduct was electro inactive. 

This may be explained by the fact that the intercalator drug is shielded by the DNA 

base pairs and hence does not undergo oxidation or reduction. Binding site size which 

measures the number of base pairs covered is largest for BLM as expected from large 

structure and smallest for CP. Docking technique gives a visual picture of drug-DNA 

interaction phenomena. It was observed from docked pictures that most of the 

anthracyclines besides intercalators were also groove binders. The sugar moiety 

attached to the anthracycline ring fitted into the groove and acting as a “latch” or a 

hook. The latching was strongest in case of MTX where two side chains acted as very 

efficient latches in the two grooves. MTX is a synthetic drug, its docking picture 

provides a guideline for the drug designing. A planar intercalating pharmacophore 

with efficient latches can prove to be effective drug. 

 In the second part of this work the interaction of three drugs i.e. DXH, 

EpiDXH and DNR were studied in the absence and presence of ascorbic acid (AA) 

and nicotinic acid (NA) as natural additives. It was assumed that the additive (AA or 

NA) forms an adduct with DNA. This assumption was validated by the evidence the 

Kb for drug-additive was found to be of order of magnitude of 10
2
M

-1
 both by CV and 
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UV techniques. It was also determined that the additives bind to DNA significantly 

and their Kb values were 1.31 ×10
5
M

-1
 and 63.5×10

5
M

-1
 respectively for AA and NA. 

The binding of drug-additive adduct with DNA was also quite strong and Kb values 

were in the range of 10
5
-10

7
 M

-1
. It was observed that the binding strength of the drug 

with DNA was generally enhanced in the presence of additives. At pH=7.4 in the 

presence of AA, Kb value for the EpiDXH was increased significantly whereas a 

decrease was observed for DNR.  

At pH=4.7 Kb values were increased for EpiDXH and DXH appreciably. A 

similar trend was observed for NA as additive. However the binding strength of DNR 

was also enhanced in this case. Docking technique also predicted greater interactions 

of drug with DNA in the presence of additives due to increased hydrogen bonding as 

evident from visual representation. 

It known that the anticancer activity of drugs can be attributed to their DNA 

binding and enzyme inhibiting activities. DNA death can be caused by drug-DNA 

binding and also by inhibition of activity of enzymes involved in DNA replication by 

the drugs. As each drug interacts with a specific enzyme and the docking interactions 

of relevant enzymes with twelve antitumor drugs were investigated in the absence and 

presence of AA. It was predicted that Kb for drug-enzyme was of the order of 

magnitude 10
2
 M

-1
. It was also predicted by docking calculations that Kb for drug-

enzyme complex was enhanced in most of the cases in the presence of AA. Thus AA 

had a two pronged effect on drug-DNA interaction. It increased the binding strength 

of drug with DNA leading to DNA apoptosis and it also increases the binding strength 

of drugs with DNA enzymes, thus preventing DNA replication. 

A very important conclusion from this part of the work is that as binding 

interactions of drug with DNA increases in the presence of AA and NA. It may be 

inferred that the same dosage of drug can cause greater DNA apoptosis in the 

presence of additives. Hence the dosage of drug in the presence of additives can be 

decreased hence leading to fewer side effects. 

Pharmacodynamic interaction at cellular level demonstrated that ascorbic acid is 

expected to potentiate eight of the most active drugs for the treatment of NSCLC. 

Cytotoxic effect on H-1299 and H-157 cell lines showed significant cell inhibition at 

all tested concentrations with gradual increase in percent CI on increasing 
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concentrations. LD50 values were calculated for all drugs in the absence of AA. For 

H-1299 cell line DNR is most potent due to lowest LD50 value and FU is least potent 

due to highest value of LD50 for this particular cell line. Regarding H-157 cell line 

MTX is most potent drug and here again least potent is FU. Effect of AA on %CI 

caused by eight antineoplastic drugs established that increase in percent CI in was 

maximum for CP and FU in the presence of AA whereas it is minimum for DXH. 

Similar trend was observed in case of H-157 cell line except for BLM where percent 

cell inhibition decreases in the presence of AA for this particular cell line. 

Combination effects in the presence of AA were mostly synergistic. Our results 

showing increase of %CI of chemotherapeutic drugs after coadministration of high 

dose AA strongly recommend the intravenous inoculation to cancer patient. A 

decrease in the LD50 of the drug in the presence of AA implies a greater interaction 

of drug with DNA or its enzymes. Hence a lower dosage of a drug with lesser side 

effects would suffice the required results. Due to the low toxicity of ascorbic acid 

even at high concentrations, combinations of ascorbic acid with DXH, DNR, CYP, 

DCT, MTX, BLM, CP and FU appear to be striking for the future cure of NSCL 

cancer.  
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     Appendix-A 

Table A-1. Electrochemical parameters of DXH in 0.12M Mcllvaine buffer solution 

at 309.5K and pH 7.4 with 0.1V/s and different concentrations of DNA  

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E

c
1/2/V 

0 -0.56 -0.52 5.82 4.99 0.060 -0.54 

2.0 -0.54 -0.50 5.12 4.63 0.060 -0.52 

2.5 -0.52 -0.48 3.42 3.82 0.059 -0.50 

3.0 -0.50 -0.46 4.34 2.92 0.060 -0.48 

3.5 -0.48 -0.44 4.25 2.89 0.060 -0.46 

4.0 -0.46 -0.42 3.23 1.80 0.060 -0.44 

4.5 -0.45 -0.42 2.52 0.72 0.060 -0.43 

Table A-2. Electrochemical parameters of DXH in 0.12M Mcllvaine buffer solution 

at 309.5K and pH 4.7 with 0.1V/s and different concentrations of DNA. 

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

a
-Ep/2/V E

c
1/2/V 

0 -0.50 -0.45    8.03    7.29  0.060 -0.49 

2.0 -0.49 -0.41    7.19    6.90  0.060 -0.47 

2.5 -0.47 -0.38        6.81    5.75  0.058 -0.42 

3.0 -0.42 -0.36       6.02    4.89  0.045   -0.39 

3.5 -0.39 -0.36    5.63    4.45  0.049` -0.36 

4.0 -0.35 -0.34    5.15    3.99  0.051 -0.31 

4.5 -0.32 -0.31    5.15    3.99  0.051 -0.30 

5.0 -0.30 -0.25    5.15    3.99  0.051 -0.28 
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Table A-3. Electrochemical parameters of Epi-DXH in 0.12M Mcllvaine buffer 

solution at 309.5K and pH 7.4 with 0.1V/s and different concentrations of DNA in the 

presence of Ascorbic Acid. 

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E

c
1/2/V 

0 -0.62 -0.45   4.31    4.26  0.090 -0.54 

2.0 -0.57 -0.45    3.69    3.75  0.074 -0.51 

2.5 -0.43 -0.37        2.99    2.95  0.068   -0.40 

3.0 -0.43 -0.40        2.92    2.82  0.067   -0.41 

3.5 -0.43 -0.43    0.97    0.94  0.068` -0.43 

 

Table A-4. Electrochemical parameters of Epi-DXH in 0.12M Mcllvaine buffer 

solution at 309.5K and pH 4.7 with 0.1V/s and different concentrations of DNA. 

[DNA]/µ

M 

Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E

c
1/2/V 

0  -0.60 -0.47   4.58    4.11  0.053 -0.54 

2.0  -0.57 -0.45    3.91    3.24  0.059 -0.42 

2.5  -0.54 -0.45          2.99    2.95  0.050   -0.50 

3.0  -0.52 -0.43          1.82    1.95  0.050   -0.49 

3.5 -0.49 -0.43          1.53    1.33  0.050   -0.45 

4.0  -0.49 -0.43          1.02    0.95  0.050   -0.45 
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Table A-5. Electrochemical parameters of DNR in 0.12M Mcllvaine buffer solution 

at 309.5K and pH 7.4 with 0.1V/s and different concentrations of DNA. 

[DNA]/µM Ep
a
/V Ep

c
/V ip

c
/µA ip

a
/µA Ep

a
-Ep/2/V E

a
1/2/V 

0 0.70     0.40 2.02 2.40 0.094 0.55 

2.0 0.73 0.49 2.33 2.89 0.071 0.61 

2.5 0.75 0.51 2.26 2.76 0.078 0.63 

3.0 0.75 0.50 2.09 1.97 0.078 0.63 

3.5 0.76 0.50 1.47 1.33 0.064 0.63 

 

Table A-6. Electrochemical parameters of DNR in 0.12M Mcllvaine buffer solution 

at 309.5K and pH 4.7 with 0.1V/s and different concentrations of DNA  

[DNA]/µM Ep
a
/V Ep

c
/V ip

a
/µA ip

c
/µA Ep

a
-Ep/2/V E

a
1/2/V 

0 0.38 0.15    1.27 1.11  0.074 0.27 

2.0 0.47 0.31    1.82 -2.00  0.103 0.36 

2.5 0.47 p.d 1.74 p.d  0.110  0.36 
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Table A-7. Electrochemical parameters of MTX in 0.12M Mcllvaine buffer solution 

at 309.5K and pH 7.4 with 0.1V/s and different concentrations of DNA. 

[DNA]/ μM Ep
a 1

/V Ep
a,2 

/V ip
a, 1

/μA ip
a, 2

/μA Ep
a,1 

-Ep/2/V Ep
a,2 

-Ep/2/V E
a,2

1/2/V 

0 0.347 0.474 6.68 27.6 0.077 0.024 0.45 

2.0 0.322 0.470 4.15 16.90 0.072 0.023 0.44 

2.5 0.313 0.464 2.74 15.56 0.063 0.024 0.44 

3.0 0.303 0.464 3.48 15.15 0.090 0.024 0.44 

3.5 0.303 0.459 2.57 13.22 0.090 0.029 0.44 

4.0 0.332 0.500 2.29 7.21 0.060 0.040 0.46 

 4.5  0.332 0.460 2.31 6.96 0.070 0.040 0.46 

5.0 p.d 0.483 p.d 6.33 p.d 0.030 0.46 

5.5 p.d 0.562 p.d 5.69 p.d 0.050 0.51 

6.0 p.d 0.605 p.d 1.19 p.d 0.042 0.51 

6.5 p.d 0.640 p.d 0.26 p.d 0.040 0.51 

p.d   implies peak disappeared 
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Table A-8. Electrochemical parameters of MTX in 0.12M Mcllvaine buffer solution 

at 309.5K and pH 4.7 with 0.1V/s and different concentrations of DNA. 

[DNA]/ μM Ep
a 1

/V Ep
a,2 

/V ip
a, 1

/μA ip
a, 2

/μA Ep
a,1 

-Ep/2/V Ep
a,2 

-Ep/2/V E
a,2

1/2/V 

0 0.50 0.70 1.71 55.7 0.070 0.065 0.67 

2.0 0.49 0.70 3.36 41.1 0.080 0.060 0.65 

2.5 0.48 0.72 2.86 15.4 0.110 0.050 0.66 

3.0 0.48 0.73 3.01 9.17 0.066 0.050 0.65 

3.5 0.59 0.75 2.57 9.00 0.080 0.050 0.65 

4.0 0.55 0.72 1.99 7.30 0.070 0.040 0.66 

 

Table A-9. Electrochemical parameters of DCT in 0.12M Mcllvaine buffer solution 

at 309.5K and pH 7.4 with 0.1V/s and different concentrations of DNA. 

[DNA]/ μM Ep
a
/V Ep

c 
/V ip

a
/μA ip

c
/μA Ep

a 
-Ep/2/V Ep

c
-Ep/2/V E

c
1/2/V 

0 -0.10 -0.45 0.140 -0.413 0.045 -0.040 0.67 

2.0 -0.13 -0.50 0.523 -0.307 0.042 -0.040 0.65 

2.5 -0.14 -0.50 0.990 -0.179 0.040 -0.090 0.66 

3.0 -0.16 -0.49 0.116 -0.154 0.035 -0.080 0.65 

3.5 -0.17 -0.424 0.110 -0.132 0.030 0.040 0.65 

4.0 -0.19 p.d -0.318 p.d 0.025 p.d p.d 
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Table A-10. Electrochemical parameters of DCT in 0.12M Mcllvaine buffer solution 

at 309.5K and pH 4.7 with 0.1V/s and different concentrations of DNA. 

[DNA]/ μM Ep
a 

/V ip
a 

/μA Ep
a 

-Ep/2/V E
a
1/2/V 

0 0.03 77.2 0.037 0.005 

2.0 0.03 70.6 0.029 0.003 

2.5 0.01 57.0 0.029 -0.008 

3.0 0.00 46.2 0.026 -0.082 

3.5 -0.02 37.1 0.025 -0.028 

4.0 -0.04 30.3 0.025 -0.044 

4.5 -0.04 15.8 0.024 -0.057 

5.0 -0.05 22.6 0.023 -0.062 

5.5 -0.056 20.8 0.023 -0.063 

 

Table A-11. Electrochemical parameters of IDA in 0.2M sod. Acetate buffer solution 

at 309.5K and pH = 7.4 with 0.05 V/s and different concentrations of DNA. 

[DNA]/ μM Ep
c 
/V ip

c
/mA Ep

c 
-Ep/2/V E

c
1/2/V 

0 -0.67 -17.9 0.12 -0.60 

2.0 -0.55 -12.5 0.10 -0.49 

2.5 -0.52 -6.00 0.09 -0.49 

3.0 -0.49 -5.40 0.09 -0.47 

3.5 -0.49 -4.70 0.09 -0.47 
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Table A-12. Electrochemical parameters of NOM in 0.2M sod. acetate buffer 

solution at 309.5K and pH = 7.4 with 0.05V/s and different concentrations of DNA. 

[DNA]/ μM Ep
c 
/V  Ep

a 
/V ip

c
/μA ip

a
/μA Ep

c 
-Ep/2/V Ep

a 
-Ep/2/V E

c
1/2/V 

0 -0.40 -0.34 -2.68 0.485 -0.060 0.070 -0.37 

2.0 -0.39 -0.35 -2.43 0.291 -0.060 0.050 -0.36 

2.5 -0.39 -0.32 -2.37 0.083 -0.060 0.045 -0.36 

3.0 -0.38 p.d -2.04 0.044 -0.050 p.d -0.35 

3.5 -0.39 p.d 1.66 0.012 -0.050       p.d -0.36 

4.0 -0.38 p.d 1.19 0.012 -0.050      p.d -0.36 

 

Table A-13. Electrochemical parameters of Cisplatin in 0.12M Mcllvaine buffer 

solution at 309.5K and pH7.4 at 0.1V/s and different concentrations of DNA. 

[DNA]/µM Ep
c(1)

 Ep
c(2)

 Ep
a
 ip

c(1)
/µA ip

c(2)
 /µA ip

(a)
 /µA Ep

c(1)
-Ep/2

c(1)
 Ep

a
-

Ep/2
a
 

E1/2 

0 0.15 0.05 0.25 6.8 6.5 8.3 0.025 0.035 
0.20 

2.0 0.15 0.05 0.24 6.7 5.0 8.3 0.025 0.035 
0.19 

2.5 0.15 0.05 0.24 6.6 4.5 8.2 0.025 0.035 
0.19 

3.0 0.15 -0.18 0.23 6.6 4.2 8.2 0.025 0.035 
0.19 

3.5 0.14 -0.20 0.22 5.2 3.0 7.0 0.024 0.35 
0.18 
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Table A-14. Electrochemical parameters of carboplatin in 0.12M Mcllvaine buffer 

solution at 309.5K and pH7.4 with 0.1V/s scan rate and different concentrations of 

DNA. 

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E

c
1/2/V 

0 -0.93 1.24 0.15 1.12 0.090 -0.767 

3.5 -0.65 0.97 0.05 0.52 0.050 -0.482 

 

Table A-15. Electrochemical parameters of Etoposide in 0.12M Mcllvaine buffer 

solution at 309.5K and pH 7.4 with 0.1V/s and different concentrations of DNA. 

[DNA]/µM Ep
a
/V Ep

c 
/V ip

a
/µA ip

c
/µA Ep

a
-Ep/2/V E

a
1/2/V 

0 1.00 -0.199 1.44 4.92 0.35 0.86 

2.0 0.98 -0.199 1.44 4.92 0.39 0.80 

2.5 0.98 -0.199 1.44 4.92 0.39 0.80 

3.0 0.98 -0.199 1.44 4.92 0.39 0.80 

3.5 0.98 -0.12 1.43 4.91 0.39 0.70 
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Table A-16. Electrochemical parameters of CYP in 0.12M Mcllvaine buffer solution 

at 309.5K and pH 7.4 with 0.1V/s and different concentrations of DNA. 

[DNA]/µM Ep
a
/V Ep

c 
/V ip

a
/µA ip

c
/µA Ep

a
-Ep/2/V E

a
1/2/V 

0  0.99 -1.42     7.3    6.08 0.25 0.85 

2.0  0.99 -1.50     6.0    4.82  0.20 0.85 

2.5  0.91  -1.61     4.0    2.95  0.16   0.81 

3.0  p.d  -1.86     3.9    2.40 p.d N.C 

3.5 p.d p.d    N.C     N.C   N.C N.C 

 

Table A-17. Electrochemical parameters of CYP in 0.12M Mcllvaine buffer solution 

at 309.5K and pH 4.7 with 0.1V/s and different concentrations of DNA. 

[DNA]/µM Ep
a
/V Ep

c 
/V ip

a
/µA ip

c
/µA Ep

a
-Ep/2/V E

a
1/2/V 

0  0.69 -1.70    2.56    3.8 0.090 0.66 

2.0  0.70 -1.72    1.67    3.1 0.090 0.64 

2.5  0.71      -1.72    1.34    2.9  0.090 0.61 

Table A-18. Electrochemical parameters of BLM in 0.12M Mcllvaine buffer solution 

at 309.5K and pH7.4 with 0.1V/s scan rate and different concentrations of DNA. 

[DNA]/µM Ep
a
/V ip

a
/µA Ep

a
-Ep/2/V E

a
1/2/V 

0 1.09 1.12 0.26 1.75 

2.0 1.05 0.52 0.20 1.72 

a (pure drug) 
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Table A-19. Electrochemical parameters of Ascorbic Acid in 0.12M Mcllvaine buffer 

solution at 309.5K and pH 7.4 with 0.1V/s and different concentrations of DNA 

[DNA]/µM Ep
a
/V ip

a
×10

4
/A Ep

a
-Ep/2/V E1/2/V 

0 0.65 4.67 0.17 0.47 

2.0 0.62 4.47 0.17 0.43 

2.5 0.62 4.29 0.17 0.43 

3.0 0.62 1.51 0.16 0.43 

3.5 0.60 0.99 0.17 0.42 

4.0 0.60 1.51 0.18 0.42 

4.5 0.60 0.99 0.17 0.42 

5.0 0.58 0.73 0.17 0.41 

5.5 0.58 0.51 0.17 0.41 

Table A-20. Electrochemical parameters of DXH in 0.12M Mcllvaine buffer solution 

at 309.5K and pH 7.4 with 0.1V/s and different concentrations of Ascorbic Acid 

(AA). 

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E1/2/V 

0 -0.56 -0.52 5.82 4.99 0.060 -0.54 

1.2 -0.56 -0.51 5.82 4.99 -0.065 -0.53 

1.6 -0.55 -0.50 4.25 3.82 -0.065 -0.56 

2.0 -0.57 -0.51 3.42 2.92 -0.060 -0.55 

2.4 -0.56 -0.49 4.34 2.89 -0.070 -0.53 

2.8 -0.55 -0.51 3.23 1.80 -0.070 -0.53 
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Table A-21. Electrochemical parameters of DXH-AA adduct (5µM+2mM AA) in 

0.12M Mcllvaine buffer solution at 309.5K and pH 7.4 with 0.1V/s and different 

concentrations of DNA. 

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E1/2/V 

DXH+AA (2mM) 
-0.57 -0.53 3.42 2.92 -0.052 -0.55 

2.0 -0.57 -0.53 2.14 1.70 -0.054 -0.55 

2.5 -0.56 -0.52 2.00 2.11 -0.054 -0.54 

3.0 -0.55 -0.51 1.61 4.98 -0.054 -0.53 

3.5 -0.56 -0.52 1.48 5.02 -0.054 -0.54 

Table A-22. Electrochemical parameters of DXH-AA adduct (5µM+2mM AA) in 

0.12M Mcllvaine buffer solution at 309.5K and pH 4.7 with 0.1V/s and different 

concentrations of DNA. 

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E1/2/V 

DXH+AA (2mM) -0.50 -0.45    8.03    7.29  0.060 -0.48 

2.0 -0.48 -0.43 7.00 7.00 0.059 -0.46 

2.5 -0.48 -0.43 6.10 6.99 0.059 -0.46 

3.0 -0.48 -0.43 6.61 6.87 0.059 -0.46 

3.5 -0.48 -0.43 5.58 5.80 0.059 -0.46 

4.0 -0.48 -0.43 4.70 4.91 0.059 -0.46 
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Table A-23. Electrochemical parameters of EpiDXH-AA adduct (5µM EpiDXH and 

2mM AA) in 0.12M Mcllvaine buffer solution at 309.5K and pH 7.4 with 0.1V/s in 

the presence of different concentrations of DNA.  

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E1/2/V 

EpiDXH+2.0mM AA  -0.65 -0.48 4.64 4.61 0.075 -0.57 

2.0 -0.59 -0.52 3.69 3.75 0.067 -0.55 

2.5 -0.59 -0.52 2.95  2.99 0.074 -0.55 

3.0 -0.59 -0.52 2.73 2.81 0.068 -0.55 

 

Table A-24. Electrochemical parameters of EpiDXH-AA adduct (5µM EpiDXH and 

2mM AA) in 0.12M Mcllvaine buffer solution at 309.5K and pH 4.7 with 0.1V/s in 

the presence of different concentrations of DNA.  

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E1/2/V 

EpiDXH+2.0mM AA  -0.58 -0.47   4.31    4.26  0.06 -0.54 

2.0 -0.47 -0.42 3.69 3.75 0.067 -0.46 

2.5 -0.45 -0.39 2.95  2.99 0.074 -0.42 

3.0 -0.45 -0.39 2.73 2.81 0.068 -0.42 
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Table A-25. Electrochemical parameters of DNR-AA adduct (5µM DNR and 2mM 

AA) in 0.12M Mcllvaine buffer solution at 309.5K and pH 7.4 with 0.1V/s and 

different concentrations of DNA. 

 [AA]/mM Ep
a
/V Ep

c 
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E1/2/V 

DNR 0.63   0.48 2.02 2.40 0.094 0.55 

1.2 0.64 0.46 2.33 2.89 0.084 0.55 

1.6 0.65 0.45 1.97 2.79 0.071 0.55 

2.0 0.67 0.44 2.26 2.76 0.078 0.55 

2.4 0.63 0.44 2.09 1.97 0.078 0.54 

 

Table A-26. Electrochemical parameters of DNR-AA adduct (5µM DNR and 2mM 

AA) in 0.12M Mcllvaine buffer solution at 309.5K and pH 4.7 with 0.1V/s and 

different concentrations of DNA. 

[DNA]/µM Ep
a
/V Ep

c 
/V ip

a
/µA ip

c
/µA Ep

a
-Ep/2/V E1/2/V 

DNR+2mM AA 0.39 0.27    3.86  3.41  0.040 0.33 

2.0 0.36 0.33    4.64    2.21  0.035 0.34 

2.5  0.38    0.35    3.75 2.85  0.039 0.35 

3.0  0.38     0.33    3.30  2.07  0.039 0.34 

3.5  0.38     0.33    3.18   1.68  0.040 0.34 
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Table A-27. Electrochemical parameters of Nicotinic Acid in 0.12M Mcllvaine buffer 

solution at 309.5K and pH 7.4 with 0.1V/s and different concentrations of DNA. 

[DNA]/µM Ep
a
/V ip

a
/mA Ep

a
-Ep/2/V E1/2/V 

0 -1.68 2.68     0.034 -1.64 

2.0  -1.72 2.01    0.030 -1.67 

2.5  -1.75       1.62     0.032 -1.69 

3.0  -1.75        0.11  0.031   -1.70 

 

 

Table A-28. Electrochemical parameters of DXH in 0.12M Mcllvaine buffer solution 

at 309.5K and pH 7.4 with 0.1V/s and different concentrations of Nicotinic Acid 

(NA)  

[NA]/mM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E1/2/V 

DXH -0.56 -0.52 5.82 4.99 0.060 -0.54 

1.2 -0.40 -0.39 7.41 5.56 0.056 -0.40 

1.6 -0.42 -0.40 6.46 4.71 0.055 -0.41 

2.0 -0.45 -0.43 6.19 4.98 0.051 -0.44 

2.4 -0.49 -0.45 5.95 4.62 0.054 -0.46 

2.8 -0.62 -0.59 5.55 4.19 0.54 -0.60 
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Table A-29. Electrochemical parameters of DXH-NA adduct (5µM DXH and 2mM 

NA) in 0.12M Mcllvaine buffer solution at 309.5K and pH 7.4 with 0.1V/s and 

different concentrations of DNA. 

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E1/2/V 

DXH + 2.0mM NA -0.40 -0.39 8.75 7.92  0.056 -0.40 

2.0 -0.45 -0.42 7.41 5.56 0.065 -0.44 

2.5 -0.50 -0.47 5.47 4.84 0.067 -0.48 

3.0 -0.51 -0.51 4.67 4.19 0.068 -0.51 

3.5 -0.51 -0.51 3.80 3.92 0.065 -0.51 

 

Table A-30. Electrochemical parameters of DXH-NA adduct (5µM DXH and 2mM 

NA) in 0.12M Mcllvaine buffer solution at 309.5K and pH 4.7 with 0.1V/s and 

different concentrations of DNA. 

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E1/2/V 

DXH -0.50 -0.45 8.60       7.63   0.060 -0.49 

DXH+2.0mM NA  -0.45 -0.38 8.03    7.29     0.047 -0.42 

2.0  -0.43 -0.39    7.19    6.90  0.060 -0.41 

2.5  -0.43 -0.39    6.81    5.75  0.058 -0.47 

3.0  -0.43 -0.39    6.02    4.89  0.045   -0.47 

3.5  -0.43 -0.39    5.63    4.45  0.049` -0.47 

4.0  -0.43 -0.39    5.15    3.99  0.051 -0.47 
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Table A-31. Electrochemical parameters of EpiDXH-NA adduct (5µM 

EpiDXH+2mM NA) in 0.12M Mcllvaine buffer solution at 309.5K and pH 7.4 with 

0.1V/s and different concentrations of DNA.  

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E1/2/V 

EpiDXH -0.62 -0.48   4.31    4.26  0.047 -0.55 

EpiDXH+2.0mM NA -0.62 -0.48 6.71 5.37 0.040 -0.55 

2.0 -0.60 -0.50 3.69 3.75 0.047 -0.55 

2.5 -0.59 -0.50 2.56 1.34 0.045 -0.55 

3.0 -0.57 -0.52 1.25 0.95 0.045 -0.55 

3.5 -0.57 -0.52 1.00 0.52 0.045 -0.55 

 

Table A-32. Electrochemical parameters of EpiDXH-NA adduct (5µM 

EpiDXH+2mM NA) in 0.12M Mcllvaine buffer solution at 309.5K and pH 4.7 with 

0.1V/s and different concentrations of DNA 

[DNA]/µM Ep
c 
/V Ep

a
/V ip

c
/µA ip

a
/µA Ep

c
-Ep/2/V E1/2/V 

EpiDXH -0.60 -0.52 4.31 4.26 0.070 -0.56 

EpiDXH+2.0mM NA -0.59 -0.52 4.72 4.44 0.090 -0.56 

2.0 -0.58 -0.52 2.99  2.95  0.090 -0.56 

2.5 -0.58 -0.52 2.91 2.24 0.070 -0.56 

3.0 -0.60 -0.52 2.43 1.98 0.070 -0.56 
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Table A-33. Electrochemical parameters of DNR-NA adduct (5µM DNR+2mM NA) 

in 0.12M Mcllvaine buffer solution at 309.5K and pH 7.4 with 0.1V/s and different 

concentrations of DNA. 

[DNA]/µM Ep
a
/V Ep

c 
/V ip

a
/µA ip

c
/µA Ep

a
-Ep/2/V E1/2/V 

DNR 0.70 0.40 2.02 2.40 0.10 0.55 

DNR+2.0mM NA 0.70 0.45    4.33 3.21  0.10 0.57 

2.0 0.66 0.48    1.24 1.09  0.050 0.57 

2.5  0.65 0.48    1.12 1.01  0.050 0.57 

3.0  0.63 0.50    1.07 0.97  0.050 0.57 

3.5  0.68    0.50    0.97 0.81  0.07  0.57 

 

Table A-34. Electrochemical parameters of DNR-NA adduct (5µM DNR+2mM NA) 

in 0.12M Mcllvaine buffer solution at 309.5K and pH 4.7 with 0.1V/s and different 

concentrations of DNA 

[DNA]/ µM Ep
a
/V Ep

c 
/V ip

a
/µA ip

c
/µA Ep

c
-Ep/2/V E1/2/V 

DNR 0.38 0.17    1.27 1.11  0.074 0.32 

0+2.0mM NA 0.55 0.07    6.3 1.21  0.062 0.48 

2.0 0.55 0.07    1.24 1.09  0.054 0.48 

2.5  0.55 0.07    1.12 1.01  0.044 0.48 
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