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Anthracylines and their analogues, that includes metal-complexes exhibit extra-ordinary
role as chemotherapeutic agents in the treatment of various forms of human cancers. The
presence of a planar anthraquinone ring with a sugar residue was identified to play a significant
role in healing ovarian, bladder, Hodgkin’s and non-Hodgkin’s lymphomas, Wilmi’s tumour and
neuroblastoma. Although anticancer features and drug functioning mechanism of such
anthracyclines and their derivatives including those of metal complexes are well investigated,
some ambiguity exists owing to high price and severe cardio-toxic features with an unexpected
multi-drug resistance (MDR) that restrict frequent use by oncologists. To overcome such
limitations, various attempts have been made by several research groups to arrive at suitable
alternatives of anthracyclines, particularly those that have low cardiotoxicity and other side

effects either through structural modification or synthesis of metal-anthracyclines complexes.

In the present study, sodium 3-amino-2-hydroxy-9,10-anthraquinone-1-sulphonate
(AQSH) was initially prepared and characterized. Its Cu'" and Ni'"' complexes and a Co'"' complex
of 1-amino-4-hydroxy-9,10-anthraquinone were prepared. These were characterized by
elemental analysis, UV-Vis spectroscopy, fluorescence spectroscopy, FTIR spectroscopy, mass
spectrometry, PXRD and theoretical studies, with the help of which their binding to metal ions

were identified and compared with that reported for standard anthracyclines.

Cu' forms 1:2 and Ni'" forms 1:1 metal-ligand complexes with 3-amino-2-hydroxy-9,10-
anthraguinone-1-sulphonate while Co'"' forms a ternary (1:3) complex with 1-amino-4-hydroxy-

9,10-anthraquinone.

In the current study, different methods were employed to obtain single crystals of metal
complexes taking different compositions of solvents. However, all efforts to obtain an
appropriate single crystal failed; the planarity of the anthraquinone unit in these complexes could
possibly be a hindrance in procuring single crystals. For this reason, an effort was made to
characterize the 1:3 Co'"' complex of 1-amino-4-hydroxy-9,10-anthraquinone theoretically using
density functional theory (DFT) based on experimental evidence obtained like elemental
analysis, IR spectroscopy, mass spectrometry, powder X-ray diffraction, molecular spectroscopy
and electrochemistry. DFT helped to generate energy optimized structures. Various essential

parameters of the complex were obtained from such theoretical studies.



Electrochemical studies on the chosen analogues and their metal complexes in aqueous
and organic solvents having different polarity were performed using cyclic voltammetry. Several
electrochemical parameters were evaluated to find out the actual mechanism of electrochemical
reduction. These were then compared with those of the different standard drugs. This is crucial
for determining the biochemical and biophysical action of chosen molecules. Electrochemical
behavior indicates that experimental compounds mimic action of standard anthracycline drugs.
To see whether such molecules permeate biological membranes, studies on interaction with
surfactant micelles were performed. Mode of interaction whether it is hydrophilic or
hydrophobic, were evaluated. The study suggests that chosen analogues and their corresponding
metal complexes might easily penetrate cell membranes in an encapsulated form without any
form of degradation. Partition coefficients, binding constants and other thermodynamic
parameters were evaluated that confirmed that such drug-micelle interactions were
thermodynamically favorable with adequate negative value of the Gibb’s free energy, under the

experimental conditions.

Finally, the chosen amino-anthraquinone ligands and their prepared complexes were
tested on different human cancer cell lines to see whether they initiate apoptosis. 1Cso of different
compounds chosen for experiments were estimated by employing a cell viability assay.
Apoptosis was characterized by cellular morphological changes observed during the process of
cell death which was analyzed by the dual staining method of acridine orange (AO) and ethidium
bromide (EB). Results of this study show that chosen molecules may be considered as less costly

alternatives of anthracyclines that are already in use.
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Chapter 1

Introduction

Earth is a unique planet in our solar system because conditions that are favorable to
support life are found here. The biosphere in which we live has oxygen, nitrogen, carbon
dioxide, argon and water vapor in a balanced ratio that ensures a healthy life. However, with the
advancement of civilization we are creating several forms of trouble in the environment either
with or without a proper knowledge about it. The air, the land and the water are getting polluted
increasingly creating several hazards to environment and to our health. The environment is
constantly being polluted as a result of various forms of pollution due to poisonous gases and
particulate matter, accumulation of toxic wastes, food additives and contaminants. Water and air
pollution due to automobile exhaust emissions and other combustion products is another area of
concern in an increasingly expanding population. Application of insecticides and pesticides in
agriculture and use of different chemical compounds at each stage of our lives also increase risks
that we face from the environment. Industrial wastes containing different species of arsenic,
antimony, chromium, cadmium, lead etc. and various forms of organic matter are responsible for
different types of cancer [1-3]. The increasing use of nitrates in agriculture and in food is also
considered a reason for cancer [4-6].Other reactive nitrogen and oxygen species cause what is
known as oxidative stress-induced cancers [7]. Enormous use of chlorofluorocarbons cause
depletion of the ozone layer thereby increasing the penetration of UV-radiation at the ground
level. Increasing doses of UV-B ray causes skin cancer, cataract of the eyes, damage to immune
system in animals and in humans having an adverse impact on the growth of plants making
cancer the most furious threat to mankind. It is therefore a great challenge to prevent and combat

cancer.



Introduction

For the last few decades, a lot of efforts has been on to augment our knowledge on
various aspects of cancer through studies on its initiation, its propagation and a possible
mechanism leading to rapid growth of cells, the possible approaches to check proliferation by
different modes of action using either drugs or radiation or a combination of both. Although
considerable progress has been made in this area, however a lot remains to be achieved. Till date
the most important approach in treating cancer is chemotherapy and radiotherapy in conjunction
with surgery. A relatively new technique like photodynamic therapy experienced a huge upsurge
in research activity over the last two decades. However, most of such approaches excepting
surgery have several serious side effects. It has been observed that most often an affected patient
dies not of the disease but more because of various forms of side effects during treatment. This is
very alarming and there is a growing need to think of new ways of treating cancer that takes care

of the aspect of side effects during treatment.

Anthracycline drugs like adriamycin (doxorubicin), daunorubicin, carminomycin,
aclacinomycin, nogalamycin, etc., are some of the important chemotherapeutic agents used to
treat of various forms of human cancers [8]. Long term cardiac damage is a major adverse side
effect of these drugs that limits effectiveness of these drugs [9]. Experimental evidence indicates
in vivo formation of semiquinone free radical intermediate by one-electron reduction of the
guinone moiety present in these drugs being a requirement both for chemotherapeutic efficiency
as well as toxicity. Both therapeutic efficiency and toxicity are seen to be associated with redox
properties and electrochemical parameters play an important role in determining structure-
activity relationship of such molecules. Upon complex formation with certain metal ions the
9,10-anthraquinone moiety of anthracyclines is modified and this considerably decreases any

form of toxicity of such drugs. A number of metal complexes of anthracyclines were tried for
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treatment of cancer. Use of such metal complexes explored a growing body of interest on the

role of metal ions in these compounds [10-12].

Deciphering structure—activity relationship may lead to introduction of new medicines for
a good number of diseases. Thus attempts have been made through earlier studies [13-15] so as
to lead to a proper understanding regarding structure—selectivity relationship of anthracyclines
that lead to bringing up a novel chemotherapeutic agent for treatment of cancer. Computational
and spectroscopic measurements were performed to understand the electronic state of the

molecules [16-19].

Though several mechanisms of drug action due to these molecules were been proposed,
the intercalation of such molecules into the DNA backbone has been established as the
dominating mode of their drug action [20, 21, 22]. In addition, mechanism of drug action is
related to the interaction of a drug molecule with biological tissues by means of its binding to
membranes at the molecular level [23-25]. Micellar systems posses the ability to solubilize
hydrophobic drugs [26-28] thereby increasing bioavailability and thus it can be used as a model
system for bio-membranes, as well as drug carriers in numerous drug delivery and drug targeting
systems [29-31]. The physicochemical interactions of drugs with surfactant micelles can be
visualized as an approximation for their interactions with biological membranes. This provides
an insight into more complex biological processes like the passage of drugs through cell

membranes.

Studies on anthracyclines and their analogues carried out in the last few decades are
briefly reviewed in Chapter 2. Aspects of anthracyclines and their analogues as anticancer agents
have been reviewed in Section2.1 (Chapter- 2). Section 2.2 (Chapter-2) deals with a review on

complex formation of anthracyclines and their analogues with metal ions. In Section 2.3,
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electrochemical behavior of such molecules and some other quinones in different solvents are

described. Section 2.4 deals with aspects of theoretical studies that are reviewed in brief. Section

2.5 describes interaction of molecules with surfactant micelles.
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Anthracyclines form a broad category of anticancer drugs. Following decades of their
discovery, biological features of such molecules were investigated by several workers to
recognize mechanism of drug action. Inspite of their growing consciousness in the field of
oncology, mechanism of drug action is not clearly recognized as yet. Since anthracycline drugs
are expensive and also have several adverse effects including multidrug-resistance (MDR), a
number of attempts were made to find suitable alternatives to overcome several limitations.
Similar chemical and biological features are exhibited by simple and inexpensive hydroxy-9,10-
anthraquinones, para-quinones and their analogues. The current chapter is dedicated to
compounds having structures similar to anthracyclines for whom mechanism of action on
biological targets are similar. The main purpose of this chapter is to provide a concise review on
anticancer activity of anthracyclines and analogous compounds including metal complexes, their
electrochemical behaviour in different solvents, interaction with different surfactant molecules to

understand membrane permeability and interaction with cancer cells.

2.1. Anthracyclines and their analogues as anticancer agents

Nowadays cancer is one of the major diseases responsible for death globally and is
characterized by uncontrolled and unlimited growth of cells accompanied with unusual cell
transformation resulting untamed proliferation and circumvention from normal cell growth.
Although anthracyclines were discovered in the last century, its systematic isolation and
separation was made in 1950s with identification of daunorubicin, that was well documented in
the early 1960s for its successful performance against acute leukemias and lymphomas [1].
Daunorubicin was cultivated from Streptomyces peucetius [2] and later in the same decade

another more efficient anticancer agent, a derivative of daunorubicin, 14-hydroxydaunomycin or
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adriamycin [doxorubicin (DOX)] was isolated from cultivation of Streptomyces
coerubleorubidus, a modified strain of the original mould. These anticancer agents showed
extraordinary antineoplastic activity than their predecessors [3, 4] against different types of
cancer [5, 6]. Later a good number of anthracyclines were introduced that were found to be
extremely promising as anticancer agents. Epirubicin is highly effective in treating stomach,
breast and urinary tract carcinomas [7], daunorubicin is a dependable agent in treating acute
leukemia, idarubicin shows its effectiveness in dealing myelogenous leukemia [8] and valrubicin
shows its efficacy in treating bladder cancer [9]. Mitoxantrone, anaminohydroxy-9,10-
anthraquinone, a simple analogue of anthracycline drugs has been used effectively in treating
prostate or breast cancer, non-Hodgkin’s lymphoma and acute myeloid leukemia [10].
Introduction of anthracyclines as anticancer drugs has reduced pre-mature death due to various
types of human cancer and therefore created a revolution in the area of contemporary oncology.
However, in spite of various applications, their use as anticancer drugs are restricted to some
extent due to high cost, strong cardiotoxic nature [11,12], multidrug-resistance [13,14] and other
related side effects. Thus efforts are being made worldwide to overcome such issues. Recently
anthracyclines are being introduced in human physiology in combined form of two or more
drugs instead of a single one which reduce toxicities significantly [6, 15] resulting in better

therapeutic efficacy [16-20].

Introduction of anthracycline anticancer drugs led to a breakthrough in the history of
oncology. However, exact mechanism of drug action and toxicities yet remain debated. Previous
studies show that mode of drug action is a combination of a group of mechanisms like oxidative
stress, binding to cellular DNA through intercalation and interaction with Topoisomerase 11 [21,

22]. Topoisomerase Il causes a change in the topology of DNA without any change in the
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structure or sequence of DNA. Topoisomerase | and Topoisomerase Il play important roles
during replication of DNA. The planar anthraquinone unit of anthracyclines intercalate between
DNA base pairs through hydrophobic and n-n stacking interactions in which the long axis of the
anthraquinone becomes almost perpendicular to the axis of DNA double helix. It has been found
that amino sugar residues remain as the non-intercalating portion of the anthracycline and that it
helps to stabilize the anthracycline-DNA-Topoisomerase Il ternary complex through interacting
with negatively charged phosphate groups in the DNA major groove [23, 24]. Along with this H-
bonding between adjacent base pairs of DNA and drug molecule plays a vital role in drug—DNA
interaction stabilizing the adduct [25,26]. In case of daunomycin drug—-DNA adduct gets
additional stability due to greater electrostatic force caused by the presence of the uni-positive
charge on daunomycin. Adriamycin and daunomycin were found to form aggregation with
chromosal DNA exclusively within the cellular nuclei [27, 28]. Intercalation of a drug molecule
into DNA results in distortion in the DNA double helix thereby hampering replication and
transcription of DNA and RNA respectively [25, 29, 30]. However, drug—DNA interaction is

insufficient to justify the actual mechanism of drug action.

DNA and protein (mainly Histone) combine to form chromatin [31] in the nucleus.
Chromatin undergoes unfolding and conglomeration upon interaction with anthracyclines
thereby leading to structural and functional changes of chromatin [32, 33]. A number of
metabolic processes of cellular DNA like DNA replication and transcription were severely
interrupted by structural deformation of chromatin due to such antitumor drugs in living cells

[32, 33].

Though aspects of cardiotoxicity caused by anthracycline drugs are complicated two

theories like formation of Reactive Oxygen Species (ROS) and mitochondrial damages are
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mainly considered to explain this. Formation of Reactive Oxygen Species (ROS) in
cardiomyocytes is an accepted theory [34, 35, 36] where ROS are predominantly generated in
presence of various cellular oxidoreductases [37] through different redox cycles catalyzed by
anthracyclines. In the presence of the reduced form of nicotinamide adenine dinucleotide
phosphate (NADPH), anthracycline reacts with cytochrome reductase producing semiquinone
free-radical that undergoes many redox reactions, finally generating superoxide (O,"), hydroxyl
radical (OH’) and hydrogen peroxide (H,0) [38, 39]. Such radicals are dangerous to human
physiology and damage DNA, brings about peroxidation of lipid of the cell membrane [40-43]
and oxidation of nuclear bases, thiols and amines. Heart tissues are devoid of glutathione
peroxidase which is an enzyme catalysing the conversion of superoxide radicals into oxygen [44,
45]. Thus heart tissues are easily affected by such radicals produced by anthracyclines and this is
the reason why they exhibit cardiotoxicity. Another theory in explaining cardiotoxicity due to
anthracyclines is the mitochondrial damage they cause. By affecting the bioenergetics of
mitochondria and mitochondrial DNA [46-48], disturbing mitochondrial homeostatis of
Ca®'[49], attacking sarcoplasmic reticulam, motivating programmed cell death [50,51] and
causing many related consequences, anthracyclines cause strong cardiotoxic action [52-59].
However, cardiotoxicity is also dependent on the nature of the drug used, extent of dose applied
[60, 61], condition, age [62] and gender of patients suffering from cancer. During the course of
treatment using anthracyclines, one should be careful about the dose of the drug used, time table
for delivering the drug, route of its action, choice of one or more drug(s) applied, etc. to reduce
effects of such toxicity. Further, during treatment one must be cautious about whether there is
any prior cardiovascular dysfunction, abnormalities in metabolic processes and over sensitivity

to the drugs applied to the suffering person. Beside their deadlier action on different cancer cells,
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sometimes normal tissue systems of the patient were found to be affected by the dose used
leading to variety of side effects like myelosuppression, neutropenia, nausea, hematopoietic,
mutagenesis, vomiting along with secondary tumors. Cardiotoxicity of anthracycline is related
considerably to age and it increases with olden [62]. Earlier studies showed that in case of a dose
of doxorubicin reaching to a maximum value of 400 mg/m?, probability of heart failure of a
patient with age more than 65 years is more than two times compared to a patient with age below
65 years [63]. Patients suffering from pre-existing cardiac abnormalities like hypertension,
diabetes, obesity, hyperthyroidism and obstructive lung disease have a threefold greater
consequences of cardiotoxicity than patients with no pre-existing cardiac abnormalities [64].
Apoptosis and cardiotoxicity induced by doxorubicin became more enthralling when sexual
distinction was observed in different case studies. Male patients were found to be suffering from
congestive heart failure and other cardiovascular diseases in large number in comparison to
female patients of similar age [65,66].This indicates the existence of sexual distinction in case of
cardio protection. Substantial secretion of female sex hormone estrogen and increasing activity
of telomerase [67, 68] accelerate tissue revival capability [69] and consequently brings about

sexual divergence.

Different in vitro studies showed anthracyclines damage cellular respiration and cause
cell death by lowering energy level and oxygen deficiency [34-36,70]. Cellular respiratory tract
was damaged indirectly by anthracycline drugs when it attacked the sarcoplasmic reticulum [34]
by using either destruction of pre-mature cell or by means of programmed cell death [35, 36].
Semiquinone free radicals produced by cellular reduction of the quinone in anthracycline drugs

are responsible in damaging mitochondria [6, 70].
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To improve their antineoplastic functionality and reducing cardiotoxicity more than 2000
modified anthracycline analogues were introduced [71-74]. Many of them have better clinical
activity [72-74]. Though such a huge number of anthracycline analogues have been tested for
clinical purpose only epirubicin [75] and idarubicin [76] were approved for medical use.
Mitoxantrone, an analogue of anthracycline, developed in 1980 received approval in 1987. It is
superior in antitumor efficiency and has less toxic side effects over that of adriamycin [19].
Mitoxantrone hinders the function of Topoisomerase Il and produces small number of reactive
free-radicals in comparison to other anthracycline drugs [77]. It is a milestone as an anticancer
agent in the treatment of various types of human cancer like breast cancer, prostate cancer, blood
cancer and lymphoma. It exhibits extra-ordinary performance for the condensation of segregated
chromatin [78], rupture of protein correlated DNA molecule [79] and plays a crucial role as an
inhibitor during DNA and RNA synthesis in malignant cancerous cells [80]. It is well known for
prolonged DNA damaging mechanism. Idarubicin (4-demethoxydaunorubicin), another analogue
of daunorubicin with similar morphology, lacking a methoxy group in its C-4 position, is more
lipophilic compared to daunorubicin with a higher affinity of accumulation in leukaemic cells.
When myeloid leukaemic cells are treated with idarubicin, it was found that inhibition of cell
proliferation takes place ten-folds stronger than daunorubicin [20]. It has been found that
idarubicin is absorbed by tumor cells at a faster rate in comparison to daunorubicin and that the
former binds with cellular DNA more tightly than the later. Idarubicin also exhibits less
cardiotoxic action than daunorubicin because it forms less free radicals during the course of its
action. This is why idarubicin shows a wide range of antitumor activity than daunorubcin and it
was suggested to be administered into patients orally [20]. Epirubicin, an analogue of

doxorubicin, shows 30% less cardiotoxicity than doxorubicin, administrated intravenously to
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patients suffering from breast cancer. It inhibits DNA synthesis [81]. lododoxorubicin, an iodine
substituted analogue of doxorubicin, exhibits higher cardiotoxicity than doxorubicin, yet it was
suggested to be an excellent anticancer drug in the treatment of human myeloma, ovarian and

colon cancer [82, 83].

To reduce cardiotoxicity several metal-anthracycline complexes have been prepared. It
directs a new series of anticancer drugs [84, 85] with reduced cardiotoxicity. Metal complex
formation results in a modification of the electrochemical properties of the original drug thereby
reducing its cardiotoxic property [86, 87]. It also changes the polarity of the drug molecule
which affects interaction of such modified structures with different cellular components such as
cell membranes and nucleic acids [88,89]. Due to inclusion of the positive charge due to the
metal ion, the metal-drug complex binds DNA more efficiently in comparison to that of parent
drug [90]. Fe"-carminomycin (1:3) and Pd" complexes of adriamycin and daunorubicin were
found to inhibit growth of P388 leukemia cells in a way similar to that of free drug molecules.
Electrochemical properties of such free drug molecules were found to be changed following
complex formation with metal ions. The metal-drug complexes were incapable of exhibiting
catalytic activity due to flow of electrons in presence of NADH dehydrogenase from NADH to
molecular oxygen. This reduces the chance of formation of superoxide radical anion by metal
complexes compared to free drugs [91].The in vivo and in vitro studies on Cu" complexes of
anthraquinone-1,5-disulphonic acid and carminic acid [92] showed complexes possess an
excellent growth inhibiting performance in sarcomal80 and L1210 leukemic cells compared to

free anthraquinone molecules [93].
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2.2. Metal Complexes of anthracyclines and their analogues

Nature has selected many metal ions [94] as important cellular component in a wide
variety of proteins and enzymes. Metals play vital roles in catalysis and are involved in swapping
of electrons to catalysts [95]. In human physiology, many metal ions like gallium, zinc,
strontium, manganese, cobalt, silver, vanadium, copper, etc., in macro or micro concentrations
are essential for growth and other biological processes. A deficiency in a particular metal ion or
presence in excess in our body causes different abnormalities and toxic side effects. Metals like
mercury, lead, nickel, arsenic, cadmium, chromium, are carcinogenic and have less contribution
in the body. Although introduction of anthracyclines as anticancer agents convey a dramatic
change in treatment of different human cancers but its acute and chronic toxicities are a major
drawback of using them. Therapeutic as well as cardiotoxic properties of anthracyclines were
found to be inter-related with various metal ions [96, 97]. Thus cardiotoxicities of these drugs
throw a challenge to investigators for synthesis of non-cardiotoxic and more sensitive anticancer
drugs which are efficient in showing antiproliferative property against malignant cells
selectively. Reduction in cardiotoxicity can be made through modification of the aglycon portion
of the molecules through complex formation with suitable metal ions. This generates a new class
of antineoplastic drugs with much lower toxicity. Numerous studies established that when metal
ions are combined with anthracyclines therapeutic efficiency and other biological actions
increase considerably [90, 98-107]. During complex formation, pH and other solution features
act as a referee to decide whether single or both doubly bonded oxygen atoms of the aglycon
moiety amalgamate with metal ions. Different spectroscopic and potentiometric methods were

employed by researchers to monitor complex formation of anthracycline with metal ions in solid
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state as well as in solution followed by calculation of stoichiometry and formation constants of

such complexes [92,108-110].

Among several metals, Cu is one of the requisite cellular elements which is involved in
different biological process and acts as a co-factor in different enzyme catalytic process
[111].Thus many Cu" complexes of anthracyclines were prepared and characterized [111]. The
complex formation between anthracyclines and other metals has also been reported [90,112-114]
where metal ions preferably exhibited their site of binding with the C5-, C12- carbonyl and C6-,
C11- phenolate oxygen. Beraldo et al. reported complex formation between adriamycin and Cu"
[99]. They showed 1:1 and 1:2 Cu" adriamycin complexes were formed at two different pH and
calculated their corresponding stability constants (1.8+0.7) x 10 and (4.6+1.1) x 10%,
respectively. The 1:1 complex comprises of an extended polymeric chain and observed at higher
pH (=7.2), whereas the binary complex is found distinctly at a comparatively lower pH (=5.2).
Chelation within such 1:1 and bis complexes arise due to preferential bonding opportunity of
Cu" with the aglycon ketonic oxygen and neighboring p-ketophenolate moieties established by
Resonance Raman spectroscopy. An analogues binding pattern were also observed between Cu"
and adriamycin during their complex formation [115] recommended by a parallel EPR study.
The pH of the solution plays a crucial role in explaining the stability of 1:2 Cu-adriamycin
complex. A similar study was carried out by a group of workers [101] who used Resonance
Raman spectroscopy to conclude that 1:2 Cu-adriamycin complex shows its existence
permanently in solution till pH 12 and that no alteration was found in Raman spectroscopy of the
metal-ligand mixture after studying at a variety of pH. Change in such spectra was observed

beyond pH 12 which was supposed to be a continuous transformation of the binary complex into
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a polymeric species. This study [101] contradicts the study carried out by Beraldo and his
coworkers [99] (mentioned above). Formation of a tris (1:3) Fe'-adriamycin complex was
reported at pH 7 by Feng et. al.[116]. A detailed study on magneto and other spectroscopic
properties of Cu-anthracycline complex was studied by Greenway and Dabrowiak [117]. They
suggested the simultaneous formation of two water soluble 1:1 and 1:2 Cu-adriamycin
complexes in a particular range of pH (5.5 — 8.0) in which 1:1 complex shows its supremacy at
lower pH (=6) whereas 1:2 complex was predominant in the pH range of 6.0 — 8.5. If such 1:1
and 1:2 metal-drug mixtures were brought into solution, an insoluble 1:1 complex is separated

out. Formation of a similar species was also observed in ethanolic media.

Anthracycline also forms very stable complexes with Pd" of both 1:2 and 2:2 (dimeric
form of 1:1 complex) stoichiometry [102]. Such complexes were found to intercalate between
base pairs of DNA acting as excellent anteneoplastic agents against P388 Leukemia cells in
comparison to free drugs. It was found that Pd"—anthracycline bis complex has mode of binding
analogous to Cu'. In the dimeric structure of 1:1 complex p-ketophenolate moiety of 1st
anthracycline and amino nitrogen of the sugar part of 2nd anthracycline molecule exposed as
preferential binding sites for each Pd" ions of two mutually interacting anthracycline [Figure 1]

instead of a polymeric appearance.
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Figure 1: Dimeric form of 1:1 Pd(I1)-Adriamycin complex

Iron is an important element extremely necessary in all living cells and plays a vital role
in many biological systems, including oxygen delivery, energy metabolism, cell proliferation,
metabolism of xenobiotics and it also participates in immune reactions and anabolic processes.
The most abundant form of iron in our body is metalloproteins (e.g., hemoglobin, myoglobin,
cytochromes). A lot of iron chelators were synthesized [118,119] that reduce participation of Fe"

and Fe™" in free-radical producing reactions and plays a beneficial role in treatment of ischemia

reperfusion injury [120,121], neurodegenerative diseases [122,123] and inflammation [124]
conditions. From the middle of the previous century numerous attempts were enlisted on

interaction between Fe'"

and anthracyclines to obtain Fe-anthracycline chelated compounds [84,
90, 91,112,125-127] that can display their pharmacological activity. Absorption and fluorescence
spectroscopy, °'Fe Mossbauer, EPR, X-ray absorption spectroscopy, CD, magnetic susceptibility
measurements, etc. were used to characterize the formation of momonuclear, dinuclear and

polynuclear Fe™ —anthracycline complexes. The first trinuclear Fe—doxorubicin chelate complex
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is quelamycin [84]; it was found to diminish the cardiotoxic effect of doxorubicin [125]. Many

other researchers put their efforts to characterize various Fe—doxorubicin and Fe

daunorubicin complexes [90, 91,112,126,127]. Formation of ternary complexes of Fe"' with
doxorubicin and daunorubicin were also reported [90] and in such cases each molecule of the

drug releases one proton from phenolic —OH at Cy;. Magnetic susceptibility measurements [90]

revealed complexes were in a high-spin state with 5 unpaired electrons and one Fe™ atom is

coordinated with six oxygen atoms from three neighboring B-ketophenolate moiety of three
anthracycline molecules [Figure 2].Two analogues of adriamycin such as 11-deoxyadriamycin

and aclacinomycin [128], lacking of phenolic —OH group at C;3, were found to be incapable to

form hexagonal chelate firmly with Fe™. This suggests coordination of Fe™ with anthracycline

involves the Cj, carbonyl and Cj;-phenolate oxygen atoms respectively. Bachur et al. [125]

published another parallel explanation that complex formation between Fe™ and doxorubicin

gives rise to two compounds, a monomer with 1:1 stoichiometry and an oligomer (or a polymer)
formed due to interaction between two or more monomeric fragments.>’Fe Méssbauer and EPR

studies were performed to investigate interactions between Fe''

and anthracyclines that
established in aqueous solution such monomeric species get stabilized by a large excess of
anthracycline [105,129]. 5-Iminodaunorubicin, a semi—synthetic analogue of anthracyclines with
a modified benzoquinone moiety was investigated to confirm whether any alternation of the
quinone moiety produces a new drug with low cytotoxic effect than adriyamycin. Therefore,

complex formation between Fe™ and 5-iminodaunorubicin provides a golden opportunity to

study impact of alternations in the quinone geometry on the formation and biochemistry of such

complexes. Fe™" forms a 1:3 chelate complex with 5-iminodaunomycin at physiological pH. The

complex yields less hydroxyl free radical (OH*) than that of doxorubicin. Formation of hydroxyl
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free radicals was found to be reduced considerably at high 5-iminodaunorubicin/ Fe™ ratio.

Coordination between idarubicin and Fe™™ were also of growing interest and this was well studied

by Fiallo and co-workers [90] with the help of absorption, CD, Mdssbauer and EPR

spectroscopy. They suggested formation of two Fe™ -idarubicin complexes having 2:1 and 1:1

stoichiometry with a very fair value of stability constants of (5.3x10%*) M2 and (4.8x10*) M™*

respectively. During formation of 2:1 Fe '—idarubicin complex, the ligand utilizes both of its -

ketophenolate portions towards the metal ions as binding sites for co-ordination.
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Figure 2: Binding pattern of 1:3 Fe'"

-Adriamycin complex

Complex formation of Uranyl (+6) ion (UO,*") with adriamycin and daunorubicin were
well studied by using circular dichroism, fluorescence, absorption and NMR spectroscopy and
these complexes depend strongly on dielectric constant of the solvent, the metal-to-ligand ratio
and pH of the solution [130]. Both the above mentioned drugs form two complexes with uranyl
ion in which the first complex is formed in aqueous solution with a 1:2 metal to ligand
stoichiometry at pH 6.5. The formation of second complex involved with drug molecules
bridging two metal ions and forming oligomeric or polymeric structures [Figure 3] in aqueous

solution of pH above 7.The chelation of 1:2 complex involved coordination of the metal ion to

[C(11)—0~, C(12)=0] chelating site, while the second complex (Il) involves coordination to
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[C(6)—0~, C(5)=0] site. CD and NMR studies suggest concomitant formation of both

complexes in methanolic solution.

Figure 3: The proposed structures of the complexes formed upon interaction of UO,** with

adriamycin (1) and daunomycin (1) [130].

Qualitative analysis by several researchers [131-134] suggest Al"' undergoes complex
formation with anthracyclines that are very useful in fluorescence labeling microscopy and DNA
cytochemistry. AI(II) forms 1:1 tetrahedral complex at pH > 5 with adriyamycin and its
analogues in which metal ion is attached with the ligand via anthracyclinic oxygen atoms which
was confirmed by potentiometric and spectroscopic analysis. Two OH™ groups complete the co-
ordination sphere. Although complexes are comparatively stable formation of [AI(OH),] at pH >

8.5 excludes adriamycin from the metal ion co-ordination sites.

Both adriamycin and daunorubicin have also been seen to form significantly stable

chelate complexes with various lanthanide ions. Due to wide optical, chemical and magnetic
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properties [135-138], lanthanide ions were considered to be useful equipment in exploring such
drug systems. Currently introduction of Ln** ions in the biochemical processes operating in
cellular membranes, organelles and cytoplasm have been studied by using several modern
techniques. As Ln**ions have strong affinity towards oxygen-rich ligands analogues to alkaline
earth metals, they get chelated with the B-ketophenolate moiety of anthracyclines and as a result
Ln®" ions impart better alternative for alkaline earth metals in anthracycline- metal binding
atmosphere of biomolecules [137,138]. Complexes of lanthanides as therapeutic agents could not
be implemented in the last century much impressively although a few successful applications of
radioactive lanthanide complexes were made in identifying and healing of cancer [139]. Some
lanthanide complexes show antitumor efficacy with significant toxicity [140] when a higher dose
is delivered [139]. The complex formation between different lanthanide ions with adriamycin
and daunorubicin was studied by performing optical and 2D NMR (COSY, TOCSY, and EXSY)
techniques in aqueous as well as methanolic solution. Studies on NMR suggested that the
predominant formation of 1:1 Yb®'- anthracycline complex in aqueous solution at the pH range 4
— 5 when metal to drug ratio was less than 10. Formation of three different Yb**- drug complexes
with the stoichiometry 1:2, 1:3 (both with the aid of a base) and 2:1 (when metal to drug ratio
higher than 25) were also reported [141]. Metalation with anthracyclines was observed at 11, 12-
B-ketophenolate in all complexes. The metalation of 2:1 metal- ligand complex was also seen at
5, 6-p-ketophenolate region [142]. Electrochemical, spectroscopic and NMR studies showed
other lanthanide ions like Pr¥®*, Eu** and Dy** exhibit analogous binding pattern both in aqueous
and methanolic solution like Yb*" to anthracyclines in accordance with same coordination

model[142,143]. As complexation of Ln**- drug followed the same binding protocol with other
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metal-anthracycline complexes [142] hence these Ln**-daunomycin complexes can present a

model system for understanding of other metal-anthracycline systems.

As hydroxy anthraquinones show pharmacological and pharmacokinetic activity like
known anthracycline drugs, several metal complexes of different hydroxy-9,10-anthraquinones
like anthracyclines. Complexation of Fe'"" and Al"' with 1,4-dihydroxy-9,10-anthraquinone were
characterized in many studies [144-147]. On the other hand formation of long chain polymeric
compounds of Cu" with 1,4—dihydroxy-9,10-anthraquinone was obtained [148].Transition metal
complexes of Cu", Ni", Mn" and zn" with 1,4-dihydroxy -9,10-anthraquinone were reported
[149, 150] . The studies [149,150] showed that complexes of Cu" and Ni" are found in both
monomeric and dimeric form whereas Mn" and Zn" are formed only monomeric complexes.
Formation and characterization of such complexes were studied in aqueous solution and in solid
states [151]. Complex formation of Pb'" with 1,2,5,8 —tetrahydroxy -9,10-anthraquinone
(quinalizarin) was reported though the actual structure of such complex was not clear [141].
Binary compounds of Cu" and Ce'" are formed with anthracycline analogue mitoxantrone in 2:1

stoichiometry [152,153].

The metal-anthracycline and metal-dihydroxy anthraquinone complexes are mostly
devoid of three dimensional structural informations due to some intrinsic difficulties in obtaining

suitable single crystal which is probably because of planarity of the aglycon moiety [154].

Beside metal complex formation of hydroxy anthraquinones, metal complex formation of
amino-hydroxy anthraquinones was studied along with corresponding metal complexes in

aqueous media and in solid states [154-160].
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2.3. Electrochemical behavior of anthracyclines and their analogues

Quinone/hydroquinone couple is common in chemistry for their unique redox features.
This is very significant from both biochemical and medicinal point of view. There is a direct
relationship between pharmacological action and toxicity of anthracyclines (a category of
anthraquinones drugs) with redox properties demonstrated by numerous studies [161-168].
Several living systems [169-171] are enriched pharmaceutically through the multistep redox
behaviour of quinones [172-174]. This led to the electrochemical study on quinones to be an
emerging field of research in medical science. Quinone derivatives are well studied
electrochemically for quite a long period [175-178] to investigate their redox machinery. The
electrochemical features of quinones are found to have direct connection with equilibrium and
kinetics of electron and proton transfer processes thereby providing precious information related
to molecular structure, mode of interaction and the atmosphere of the electrochemical processes
of quinones [172]. Some category of quinones, like napthaquinones are very much popular for
their anti-inflammatory, antibacterial, topoisomerase inhibition and antitumor activity and also
used successfully in the treatment of laceration [179-181]. Anthraquinones and their derivatives
are essential and elementary structural units of different electro-active molecules having
biological significance [172,37,182,161]. Anthracycline drugs have been found to have
cardiotoxicity and chromosome damaging activity which has reduced their efficacy in the field
of oncology. During the formulation of vitamin K, naphthaquinone moiety acts as a fundamental
constituent. In addition to this another fat soluble quinone, having similarities with vitamin,
Coenzyme Q10 (2,3-dimethoxy-5-methyl-6-decaprenyl-1,4-benzoquinone,CoQ10) commonly
known as ubiquinone or ubidecarenone (CoQ10) [183,184], a kind of electronic receptor [185],

serves versatile role in biological systems and respiratory chains of mitochondria [186,187]
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,existing in humans, most mammals and other edible vegetable soil [189-191] , participate in
electron and proton transfers [192—194], photosynthetic reaction [195-198], undergoes oxidation
and reduction by forming a free-radical intermediate [199,200], etc. On the other hand para-
quinones undergo induced reduction to semiquinones catalysed by mitochondrial NADH
dehydrogenase [201, 202] and as well as attached covalently to a large number of bio-active
molecules to prevent the mobility of the system and generate ROS [203] and thereby exhibits

comparable redox functioning as anthraquinones.

Electrochemical, electron spin resonance and pulse radiolysis techniques were performed
earlier [172,203,204] in studying the redox chemistry of quinones to investigate role of several
factors in the reaction pathway and in biological and chemical environments. By applying
solvents of different polarity under different reaction conditions polarography, cyclic
voltammetry, and square wave voltammetry were carried out [172] to investigate the effect of
these factors on the redox chemistry of quinones. Effect of several other important factors like
pH of the media [205], nature of supporting electrolytes, intramolecular/intermolecular hydrogen
bonding, stability of the semiquinone and quinone dianion [172], stereochemistry, diffusion,
solubility, partition coefficient, oxygen content in the electrochemical cell and more were also

examined by electrochemical studies [172,164].

2.3.1. Electrochemical properties in buffered aqueous media

The quinone-hydroquinone couple is the most well known example of single step two-
electron redox system where potentials are affected by various factors such as pH of the media,
concentration of the electrolytes and other species present in the media [205]. Existence of
numerous redox and protonated species in such solution as a function of their corresponding pKa

values and their redox property [178, 206-210] could be explained by means of the Pourbaix or
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potential- pH diagrams, a graphical illustration of equilibrium in solution.Studies on cyclic
voltammetry has shown a single reversible reduction wave associated with anthraquinones and
other para-quinones in buffered agueous media. In acidic media such reduction has been found to
be two-electron two-proton processes forming hydroquinone [Figure 5] [211-221] while in
alkaline medium proton independent two-electron reduction [221-225] has been seen leading to
the formation of quinone dianion [Figure 6]. On the other hand two-electron one-proton or
proton free two-electron reduction process is well documented in neutral pH [221-225]. In acidic
and neutral solution some anthracyclines and hydroxy-9,10-anthraquinones undergo irreversible

two-electron reduction which has been shown by cyclic voltammetric experiments [211].

The wide electro-analytical behavior of adriamycin, daunorubicin and doxorubicin has
been studied by several researchers since the last century [211-232] as the electrochemical
aspects of these molecules were seen to be related with their drug action and cardiotoxicity
[211,233,234]. Rao [211] and Molinier-Jumel et al. [212] investigated the electrochemistry of
daunorubicin and adriamycin in terms of two-electron reduction process by using a hanging drop
mercury electrode (HDME) and they established a relationship between pharmaceutical efficacy
of the drug with their practical redox identiy. Both observations were well characterized by two
significant reduction signals in which the first one was mounted with -0.6 V vs saturated calomel
electrode (SCE) corresponding to a reversible reduction of quinone to hydroquinone with the aid
of two-electron reduction, whereas the second one is completely irreversible in nature exhibiting
much more negative potentials leading to the irreversible reduction of side chain contiguous to
planer aglycone moiety of Adriamycin. An analogous electrochemical reduction on adsorbed
adriamycin was performed by Chaney and Baldwin at carbon paste electrode (CPE) which was

absolutely qualitative in nature [214].
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Redox mechanism of adriamycin and quinizarin were investigated electrochemically at
hanging drop mercury electrode surface by Kano and co-workers by using the theory of cyclic
a.c. and d.c. voltammetry for a two-step surface redox reaction proposed by Kakutani and
Senda [235] at pH 4.5 and concluded that such electrochemical redox reaction is dominated
extremely through adsorption of adriamycin whereas contribution of diffusion was observed
insignificantly and both processes characterized as a function of their respective current value. In
presence of acetate buffer cyclic d.c. voltammetry of adriamycin has been enriched with two
important reduction peaks, one remarkable peak functioned reversibly at -0.45 V while another
irreversible peak at -1.13 V under the experimental pH of 4.5. Almost an identical couple of
reduction peaks have also been observed in the cyclic d.c. voltammetry of quinizarin namely one
reversible peak at -0.416 V and another irreversible peak at -1.095 V, respectively. Kano has
shown that an analogous peak of unique nature was observed when same condition was applied
for a.c. voltammetry like d.c. Electrochemical reduction of adriamycin has a relation with the
thermodynamic and kinetic properties of the reduction. The study has also shown a dislocation of
second reduction potential by about 0.050 V when the scan rate increases in a span of 0.01to 0.5
V/s. The effect of increasing temperature on peak current has also been studied. Appearance of
the second irreversible reduction peak is the supportive documents for the catalytic evolution of
hydrogen catalyzed by two —OH groups adjacent to benzene rings. A drop in irreversible peak or
its complete disappearances can be visualized when adequate amount of dimethyl formamaide
(DMF) or alkali was added. Kano and his co-workers thus suggested that this instability of
reduction peak is due to the catalytic evolution of hydrogen caused by two —OH groups adjacent

benzene rings of the planer quinone molecule [215].
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Interesting redox behaviour was also exhibited by doxorubicin hydrochloride
(adriamycin) in aqueous solution. Hahn and his groups [218] examined the redox property of
doxorubicin hydrochloride by applying cyclic voltammetry and square wave voltammetry in the
presence of acetate buffer under different pH at the surface of hanging drop mercury electrode.
Studies showed that electro-chemical reduction of doxorubicin hydrochloride is quasi-reversible
in nature and associated with two-electron and two-proton at the hanging drop mercury electrode
surface under acidic pH. It has been observed that peak current maintains linearity with
doxorubicin concentration and concentration of many specimens under investigation has been
measured by applying this linearity principle with high accuracy [218]. Redox mechanism of
adriamycin could be explained in terms of surfactant interaction by Zhang and his group
members [219] at carbon paste electrode (CPE) by wusing a cationic surfactant
Cetyltrimethylammonium bromide (CTAB) as standard in which adriamycin gets adsorbed
appreciably at the electrode surface induced by CTAB. This leads to shifting of reduction peak
resulting in a change of peak current and redox potential values and ultimately reaching
irreversibly to a sensitive reductive wave value of -0.50 V [219] . Another endeavor has been
made by Hu and his co-researchers [220] on electro-analytical behaviour of adriamycin by

means of linear sweep voltammetry (LSV) using glassy carbon (GC) electrode and Ni-ion.

Redox behaviour of doxorubicin was also implanted glassy carbon electrode (Ni/GC) in
the presence of supporting electrolyte acetic acid-sodium acetate buffer under acidic pH 4.5. In
this case [220] the reduction of adriamycin at ion-implanted is well characterized by an
impressive quasi-reversible reduction peak of -0.55 V (vs SCE). It is evident from this study that
cathodic peak current is linearly dependent on the scan rate and they have concluded that the

reduction of adriamycin was entirely diffusion-controlled and independent of adsorption at the
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electrode surface. Characterized and measured voltammetrically using first time with a
renewable silver-amalgam film electrode (Hg(Ag)FE) by direct cathodic square-wave
voltammetry (SWV) and by highly sensitive adsorptive square-wave voltammetry (AdSWV) in
the presence of well buffered aqueous solution of Britton-Robinson buffer as supporting
electrolyte in the pH range 2-8 [236]. The Hg(Ag)FE electrode was monitored in the potential
range between -0.20 and -0.80.The reversible reduction process was explained by assuming as
two-electron and two-proton reduction [Figure 4]. On implementation of this adsorptive
technique sensitivity of the system was increased 50 folds more compared to the direct cathodic

determination.

Figure 4: Tentative reduction mechanism of DOX on Hg(Ag)FE at pH 6.0.

Thus spiked human urine sample containing doxorubicin can be estimated by using
silver-amalgam film electrode Hg(Ag)FE coupled with AASWYV technique under appropriate
condition to determine the concentration of doxorubicin upto nanogram level [236]. Redox
behaviour of daunomycin has also been illustrated by adsorption at hanging mercury drop
electrode (HMDE) under aqueous pH of 9.18 assuming two-electron reduction followed by ECE

route [221] and the results obtained corroborated well with earlier outcome [222].
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Aqueous electrochemistry of a lot of anthracycline was studied [231-237] in aqueous
buffer by cyclic voltammetry using a variety of anthraquinones and its versatile analogues to
confirm their function as an alternative of novel anthraquinone. Owing to poor solubility in water
anhraquinone preferentially derivatives of anthraquinone having sufficient water solubility was
selected as model compound during experiments. Potential- pH diagrams were formulated for
each of the individual compounds. Spectrophotometric studies have also been made to obtain pK
values for a few cases because pK values are important to understand the stability of reduced
species. Redox behaviour of anthraquinone-2-sulphonate in alkaline pH were studied
individually by Gill [223] and Furman [224] with their respective co-workers and described the
two-electron one-proton reduction of anthraquinone-2-sulphonate to form de-protonated
dihydroxy-anthracene, characterized by well-developed polarographic wave under alkaline pH.
Two-electron two-proton reduction was also found for disodium anthraquinone-2,6-sulphonate,
disodium  anthragquinone-2,7-sulphonate, sodium  anthraquinone-1-sulphonate,  sodium
anthraquinone-2-sulphonate, disodium anthraquinone-1,5-sulphonate, sodium anthraquinone-1-
amino-2- sulphonate, etc., under acidic pH in the presence of acetate buffer [226]. Reduction of
quinizarin in acidic pH also involved two-electron two-proton process in the presence of acetate
buffer as supporting electrolyte [237, 238].Wipf et al.[207] showed that in alkaline pH
anthraquinone, sodium anthraquinone-2-sulphonate and disodium anthraquinone-2,6-sulphonate
undergo exclusively two-electron reduction and thereby forming dianionic species. In spite of
some disputation they suggested that such electro-chemical reduction involved two reduction
waves in which the amplitude of first one is linearly dependent with the square root of the scan
rate indicating diffusion controlled event. On the other hand the second wave was found at more

negative potential with non-linear dependence on square root of scan rate indicates the reduction
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to be adsorption controlled at the surface of the electrode [207]. A negative slope of -0.060V/pH
in Pourbaix diagram confirmed that anthraquinone and its derivatives undergo similar type of
two-electron two-proton reduction under acidic condition [215] and thus a relation between
number of participating electrons required for reducible quinone, cathodic peak potential and

half width potential can be calculated by the following equation- (1).
[Epc - Epcr2| =90.6/n @)

Where Ep is the cathodic peak potential, Epc/2 is potential at half width of the cathodic peak and n

is the number of participating electrons involved in the reduction process.

0] OH
+2e,2H"

0] OH

Q QH;

Figure 5: Two-electron two-proton reduction of quinone in aqueous buffer [219-229]

2.3.2. Electrochemical properties in unbuffered agueous media

Although numerous studies were witnessed of electrochemical behaviour of quinones in
well buffered aqueous solution only a few cases under unbuffered medium has been reported
[178,208,228-232]. It was assumed that either quinones exhibit analogous behaviour in aqueous
solution both in buffered and unbuffered condition or unbuffered electrochemistry of quinones
possesses ambiguity in aqueous phase which is difficult to explain. A detailed voltammetric
inspection on quinhydrone (a 1:1 complex of benzoquinone and benzohydroquinone) has been

studied by Mdlleret al. [239] who suggested that electrochemical study must be carried out in the
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presence of well buffered condition. This was later supported by Kolthoff and Lingane [240] and
they confirmed the difficulties of interpretation of polarographic studies on quinones in
unbuffered or diluted buffer solution through their investigation. Although some controversial
cases on unbuffered aqueous electrochemistry of quinone has been reported
[239,241,242,209,243-245,228-230] experimental results and its elucidation were differed from
each other. When the proton concentration is almost equal with quinone concentration two
sensitive voltammetric waves were characterized. The reversible peak was characterized by two-
electron two-proton reduction while their reversible wave at more negative potential was
explained in terms of protons coming from either water or hydroquinone [239,241-243]. A
parallel investigation was made by Shim and Park [245,230] and they explained the same
through the formation of quinone radical anion by single electron reduction. Wang and co-
workers [229] claimed that quinone dianion is formed due to two-electron reduction. Later
Forster and Kelly [228] proposed a theory of adsorption of quinone monolayers on Hg
electrodes. Thus from the overall studies it has been concluded that electrochemical reduction of
quinone in unbuffered aqueous solution is associated with a two electron-reduction leading to the
formation of strongly hydrogen-bonded quinone dianion that is present in solution as an

equilibrium mixture with other protonated species depending on their respective pKa values.

o) |~ O--(H,0)n|
) Equilibrium
+ee, mix of 02'.
QH’, QH,
0 |~ O--(H.0)n
Q Q*(H20)2n

Figure 6: Two-electron reduction of quinone in aqueous buffer [229-233]
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2.3.3. Electrochemical Properties in Non-Aqueous Media

Reduction of para-quinones including 9,10-anthraquinones in non-aqueous medium like
acetonitrile or dimethyl sulfoxide, etc., involves two consecutive one-electron reductions leading
to formation of short living semiquinone radical (Q™) reversibly followed by formation of
quinone dianion (Q*"), through quasi-reversible process in succession [177, 246-251] [Figure 7].
By introducing conventional scan rates it was observed this transient species, i.e., semiquinone
radical (Q") smoothly disproportionate [178, 208] into a quinone and its corresponding dianion.
Moreover, reduction is controlled through diffusion [246, 247, 251, 252] as peak currents of first
and second electrochemical reductions [172] vary linearly with square root of traditional scan
rate. This two sequential reduction potentials were found to be influenced remarkably by several
auxiliary factors like solvent polarity [157, 159, 172, 177, 207, 237, 253-256], ion-pair formation
[237, 238, 257-259], nature of supportive electrolyte [237, 238, 248], protonation— deprotonation
equilibria [177, 255, 256, 259-261], intra- and intermolecular hydrogen bonding [177, 260-263],
different additive acidic or alkaline species [172, 177, 256, 257, 260, 261, 265] etc. Beside these
other significant processes such as disproportionation [178, 208], comproportionation,
[172,177,246,266-268] and dimerization [251] also affect the general electrochemical behavior

of quinones in non-aqueous media.

O O O
+€ +e

O O e

Q Q Q*

Figure 7: Two consecutive one-electron reductions in non-aqueous media [177,246-251]
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2.3.4. Electrochemical behaviour of quinones in oxygen mediated non-aqueous

media

Anticancer property of anthraquinone and its derivatives are closely related to formation of
electro-active superoxide radical anion and other reactive oxygen species in solution that are
produced through one-electron reduction of molecular oxygen. Voltammetric studies suggest
such mono-electronic reduction in non-aqueous oxygenated atmosphere can be explained by
introducing the following mechanism where the first step involved formation of semiquinone
through one-electron reduction of the original quinone (Q) followed by further oxidation of
semiquinone Q’(formed in the first step) by molecular oxygen leading to the formation of a
certain complex (QO;" ) that ultimately disproportionate to parent anthraquinone along with
superoxide anion radical (O, ") [269, 270].The overall mechanism can be expressed as follows:

Q+e—>Q" (3a)
Q" +0—> Q0"  (3b)

Q0 > Q+0,"  (3¢)

On the other hand, a second mechanism [271,272] also brought into consideration along with the
first one to explain such behaviour wherein the first step was accompanied with adduct formation
through an active participation of singlet oxygen and anthraquinone while the second step was
associated with one-electron reduction of such adduct to disproportionate into anthraquinone and
superoxide radical anion as follows:

Q+0,— QO; (4a)

QO,+e— QO  (4b)

Q0 > Q+0,"  (4c)
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2.4. Theoretical studies on anthracyclines and anthraquinones

Theoretical studies play a significant role in justifying experimental findings on structure,
energetics and spectroscopic behavior of anthracyclines and their analogues. Computational
chemistry is an important area of theoretical chemistry that acts in solving several chemical
problems through computer simulation. Quantum mechanical methods can be divided as ab-
initio and semi-empirical methods in which ab-initio method encompasses with Hartree-
Fock(HF), configuration interaction (CI), many-body perturbation theory (MBPT), coupled-
cluster(CC) theory, and other approaches [273-276], whereas semi-empirical method follows
quantum mechanical laws strictly containing few empirical parameters to patch things up.
Although Density functional theory (DFT) [277] is a quantum mechanical approach it is very
difficult to categorize this as ab-initio or semi-empirical method since some DFT methods are
free from empirical parameters, while others depend strictly on calibration with experiment.
Thus the current trend in DFT research is to employ increasing number of empirical factors,
making recent DFT techniques semi-empirical. In studying various molecules theoretically these

methods are highly imperative.

Deciphering structure—activity relationship may lead to introduction of new medicines for
a lot of diseases. Attempts were made in many earlier studies [278-280] so as to lead to a proper
understanding of structure—selectivity relationship of anthracyclines that may lead to bringing up
a novel chemotherapeutic agent for treatment of cancer. Thus computational and spectroscopic
measurements were performed to understand the electronic state of the molecules and to draw
knowledge on hydrogen bonding [155]. In this context, it is interesting to note that three-
dimensional structures are known only for a few anthracyclines and 1-amino-4-hydroxy- 9,10-

anthraquinone [155,281,282]. It is worth mentioning that although several metal complexes of
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adriamycin, daunorubicin, mitoxantrone and their analogues with Fe"", AI"", cu", Ni"" ,Pd" and
Tb"' were prepared and characterized [85, 108, 116, 144-146, 154, 283-295], a comprehensive
knowledge on structures of these metal complexes is lacking due to inherent difficulties in
obtaining single crystals for X-ray diffraction studies. Single-crystal X-ray diffraction structures
of only a few hydroxy-9,10-anthraquinone complexes have been reported so far [293, 296,
297].Thus in many studies, the optimized molecular structures with corresponding energy values
and various parameters like bond angle, bond length, etc., of some hydroxy and hydroxy- and
amino-9,10-anthraquinones and their metal complexes were estimated using HF, B3LYP and
PBEPBE [154,155,160,298]. In such studies, VEDA [299] with PED analysis has been carried
out to characterize vibrational spectra of the molecules. Various molecular orbitals were
characterized theoretically to explain and analyze the electronic transitions involved in the

molecular spectra of such molecules.

2.5. Interaction of anthracyclines and anthraquinones with surfactant micelles

Surfactant chemistry is now of growing interest to all, the world over, due to their unique
amphipathic features in solution [156, 252, 300, 301] . This is similar to a lipid molecule. The
presence of a polar head group along with concomitant existence of non-polar hydrophobic
moiety is responsible to exhibit such amphiphilic nature. Aggregation of such surfactant
molecules in solution occurred above a certain concentration, the critical micelle concentration
(CMC), leading to rapid formation of colloidal-sized clusters micelles, an extremely energetic
arrangement that exist within an equilibrium mixture between its monomeric and polymeric
architecture. Nowadays micelles are thought to be a simple and mimicking model to biological

membranes. Micelle plays an imperative role in a number of impressive processes in both
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fundamental and applied sciences through their amphiphilic nature [156, 252, 300, 301].
Numerous studies are on to investigate drug binding features from different perspective of
therapeutic categories to model and natural membranes (micelles of surfactants, phospholipid
bilayers, erythrocyte ghosts, etc.) [302-306]. Since it has already been established that biological
membranes are composed of tremendous multi-functional network and thus nowadays surfactant
micelles with less complicacy are extensively used as a standard model to explain bilayer
properties and functions [300,307] of bio-membrane. From the last century studies on drug-
surfactant interaction have drawn an emerging attention to the researches all over the world due
to their excellent capability in solubilizing hydrophobic drugs. This ensures extensive application

of surfactant micelles in pharmaceutical field [300, 308-310].

It has been assumed that micellization process involves several steps that was
characterized with several equilibria and corresponding equilibrium constants or as a phase
separation (all or none) process. Once a critical concentration (the critical micellar concentration,
cmc) is reached, further addition of the surfactant would result in aggregation [307]. Depending
on the nature of the polarity of the head group these amphiphilic surfactant molecules are
classified as anionic such as sodium dodecyl sulfate (SDS), cationic such as
dodecyltrimethylammonium bromide (DTAB) and Cetyltrimethylammonium bromide (CTAB)
and nonionic like n-dodecyl tetra (ethylene oxide) (Ci2E4) and zwitterionic surfactants like
dioctanoyl phosphatidylcholine (Cs-lecithin)(Figure 8) along with a characteristic long chain
hydrocarbon residue or sometimes a halogenated or oxygenated hydrocarbon or siloxane chain

[311, 312] as tail.
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Figure 8: (I): anionic (SDS), (I1): cationic (CTAB), (l11): nonionic (C12E4) and (1V) zwitterionic
surfactant (C8-lecithin).
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Figure 9: Schematic illustration of the reversible monomer-micelle thermodynamic equilibrium.
The black circles represent the surfactant head (hydrophilic moieties) and the black curved lines

represent the surfactant tail (hydrophobic moieties). [252]
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Energetics of micellization and different physicochemical parameters defining the
characteristic of micelles have been reported by a lot of studies [313-319]. Inside the cell when
incoming drug molecule approaches towards the targeting DNA it must passes through the
cellular and nuclear membranes. Predominance of lipid content as a building block in the
biomembrane, asymmetric nature of lipid molecules, versatility in lipid ingredients, coexistence
of different phases along with carbohydrate and protein molecules reduce the permeability of
cell-membrane. This provides a dynamic and complicated membrane structure which throws a
challenge to penetrate and interact for a bio-active molecule across the cell-membrane and
functioning in its desired site. Since inner core of the membrane is hydrophobic [320] in nature
smooth penetration and interaction of polar molecule through the cell-membrane is hindered.
Thus anti-cancer agents demand a suitable drug-membrane interaction mechanism to illustrate
their chemotherapeutic actions in their required operating location through the cell-membrane.
lonizable membrane surfaces or corresponding hydrophobic territory of membranes are very
much susceptible for most of the significant biological incidents where drug molecules are get
attached with cell membrane indicating interaction of drugs molecules at molecular levels with
biological tissues and thus provide an idea about drug functioning mechanism. Valuable
information related to nature of drug—membrane interaction was estimated when a parallel study
of drug interaction was performed with different types of surfactants [300, 302, 321].
Hydrophilic external portion along with hydrophobic inner core of micelles exhibit similarities
with cell membrane and thus used as a standard model to investigate the action of different
factors on the binding of the drug molecules [304]. Simple chemistry, poor toxicity, permeable
size distribution, longer life time in the system, elevated bioavailability as well as improved

stability of drug due to encapsulation into micelles made the process more superior over the
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application of conventional liposomes and soluble polymers [322,323]. Most of the anticancer
drugs are less soluble in aqueous media due to their hydrophobicity and therefore these should be
water soluble for administration to the patients those who are suffering from cancer. Micelles
increase the rate of water solubility of such water repellant drugs leading to the enhancement in
bioavailability and thus developed better therapeutic efficient drugs to reduce drug degradation
and damage, to suppress deadlier side effects when these are acted in enveloped mode by

micelles from site of application to its specific domains which is under consideration [252].

Insertion of drug molecules through the bio-membrane covering with surfactant
molecules is very much analogous with the launching of satellites into space by means of
thermally insulated rocket by preventing the frictional forces contributed by earth atmosphere.
Non-polar drugs get solubilized in the bulk of the micelle while drug molecules having
intermediate polarity get distributed along the certain intermediate sites of surfactant molecules

[259, 302, 304] .

Drug transport mechanism currently has become very much popular in medicinal field
due to their paramount drug loading skill and extra-ordinary selective action on desired site in
the tissue system [324-326]. When loaded drugs are encapsulated within drug transporters then
their disposition throughout the body is predominantly dependent on surface activity and particle
size of the drug carrying agent which plays a phenomenal role in regulated drug delivery system

and it is almost independent on the features of loaded drugs [327, 328].

The mechanism of drug action is also related to the interaction of a drug molecule with
biological tissues by means of its binding to membranes at the molecular level [329-331]. Many
biological processes occur at the ionizable surface of the membranes or along their hydrophobic

region which makes a comparative study on the interaction of the drug with cationic, zwiterionic,
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anionic and neutral surfactants to be imperative [332,333]. This provides useful information on
the nature of drug—membrane interaction. The studies on the drug—surfactant interactions have
been done by several workers using various techniques as it has widespread applications in
pharmaceutical field. Micellar systems posses the ability to solubilize hydrophobic drugs [306,
310, 311] thereby increasing their bioavailability and thus it can be used as a model system for
bio-membrane, as well as drug carriers in numerous drug delivery and drug targeting systems
[334, 335]. The physicochemical interactions of drugs with surfactant micelles can be visualized
as an approximation for their interactions with biological membranes. This provides an insight

into more complex biological processes like the passage of drugs through cell membrane.

Keeping these aspects in mind various studies on drug-surfactant interaction including

anthracycline molecules have been carried out by different researchers [248, 336, 156, 158] .

An exclusive study of drug-surfactant interaction was performed with anthracycline
anticancer antibiotic daunomycin by Dignam et al. [337] using sodium dodecyl sulfate (SDS)
and Triton X-100 micelles as model instance to investigate hydrophobic interaction with
membranes. Insertion of anthracycline ring in the inner core of SDS and Triton X-100 micelles
brings a sharp change in absorbance, fluorescence intensity followed by a characteristics
hypsochromic shift in emission spectrum which confirmed the hydropobic nature of the drug-

micelle interaction.

Enache et al. [338] has investigated drug-surfactant interaction with the anthracycline
anticancer drug mitoxantrone and anionic surfactant SDS under the influence of phosphate buffer
in physiological pH (=7.4) using UV-Vis spectroscopy and electrochemical methods. The
partition coefficient for the distribution of mitoxantrone between aqueous phase and SDS

micelles was calculated and has indicated that it is strongly dependent on the drug concentration.
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Both absorption and cyclic voltammetry has revealed that depending on surfactant concentration
two different drug-surfactant interactions were operated between mitoxantrone and SDS in
which process | is associated with in premicellar range, assigned to the electrostatic interaction
between the positively charged groups of the drug and the negatively charged surfactant group
leading to the formation of mitoxantrone-SDS complex with a defined stoichiometry while
process Il was accompanied with micellar range when the surfactant micelles were formed and

the drug is encapsulated in micelles in monomer form.

Toader et al. studied [339] drug—surfactant interaction by absorption spectroscopic and
conductometric methods with quinizarin, an analogue of anthracycline anticancer drugs and
anionic SDS micelles in 0.1 M phosphate buffer under pH 7.4 in the temperature range of
293.15-323.15 K. Value of binding constant for the quinizarin—-SDS micelle interaction has also
been compared with the binding constant values of mitoxantrone—SDS [340, 341] and epirubicin
— SDS interactions [303] at 293.15 K. Both binding and partition processes have been found to
be entirely entropy controlled over the range of experimental temperatures and the hydrophobic

interactions are dominant evident.

A typical drug-surfactant interaction was studied by Roy et al. [158] with 1-amino-4-
hydroxy-9,10-anthraquinone, a simple analogue of anthracycline anticancer drugs and cationic
surfactant cetyltrimethylammoniumbromide (CTAB) in aqueous solution at physiological pH (=
7.4) using cyclic voltammetry and UV-Vis spectroscopy. Using a series of fitting models
intrinsic binding constant, partition coefficient and stoichiometry was computed and compared
with earlier studies with analogous anthracycline drug mitoxantrone [342, 343]. Result of the
above investigation established a significant participation of hydrophobic mode of interaction of

the molecule. Another drug-surfactant interaction was studied by Das et al. [160] with 2-amino-
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3-hydroxy anthraquinone with anionic surfactant SDS and cationic surfactant CTAB
respectively, under physiological pH (7.4) in aqueous solution by UV-Vis spectroscopy. The
binding constant, partition coefficient and Gibbs free energy for binding and distribution of AQ
between bulk aqueous solution and surfactant micelles were determined for AQ-surfactant
interactions. It was found that encapsulation of AQ into bulk of SDS and CTAB predominantly
monitored by hydrophobic and hydrophilic interaction respectively resulted in smooth
distribution of AQ between surfactant micelle—water phases. Successful permeation across cell
membrane of investigating drug without any degradation was revealed. Another drug—surfactant
interaction was studied by Roy et al. [156] using a Cu" complex of 1-amino-4-hydroxy-9,10-

anthraquinone and SDS and CTAB separately in aqueous solution at physiological pH (= 7.4).
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Anthracycline antibiotics adriamycin (doxorubicin), daunorubicin (daunomycin),
aclacinomycin, carminomycin, nogalamycin, actinomycin-D, mitoxantrone, etc. are used in
clinics in the treatment of various forms of human cancers since 1970s. However, the principal
drawback of using anthracyclines as anticancer agents includes their cardiotoxic nature and high
cost. For quite some time now, various efforts are on to identify cheap and efficient analogues as
substitutes [1-8]. Earlier studies showed that the hydroxy-9,10-anthraquinone moiety present in
anthracyclines is the seat of all biochemical and biophysical interactions and that in many
studies, anthraquinone analogues or their derivatives were used as models for anthracyclines [8-
15]. The drugs produce superoxide radical anion through several enzymatic reduction processes
that are responsible for toxic side effects [16-18]. Earlier studies established the fact that sugar
moiety present in the drugs assist in recognition of cancer cells [3, 19-22]. However, presence of
the sugar moiety on the aliphatic side chain, connected to the hydroxy-9,10-anthraquinone unit in
the drug makes them very costly and it becomes extremely difficult for many to continue
treatment with these drugs. The problem is aggravated for people of economically marginalized
families, particularly if they are from developing nations. Though there are wide applications of
anthracyclines in cancer chemotherapy the two aspects mentioned above are really unfortunate

and require serious consideration. This is discussed in Chapter 2, Section 2.1.

Though many hydroxy and amino hydroxy anthraquinones imitate a lot of the
biochemical and biophysical actions of established anthracyclines, still there is a lot to be done.
The focus of the present work was to evaluate whether amino hydroxy-9,10-anthraquinones
taken in the form of sodium 3-amino-2-hydroxy-9,10-anthraquinone-1-sulphonate and its metal

complexes and 1-amino-4-hydroxy-9,10-anthraquinone along with its Co™ complex, that are less

expensive, could provide feasible alternatives to anthracycline anticancer drugs.
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Complex formation of anthracyclines with metal ions modifies the anthraquinone moiety
and resists formation of superoxide radical anion which might then definitely reduce toxicity
imparted by the molecules. Many metal complexes of anthracyclines were tried in the treatment
of different cancers and their increasing use has stimulated a growing interest on the role of
different metal ions in such compounds [12, 16-18, 22-26]. In such metal complexes, one of the
two quinone oxygen atoms is engaged in binding the metal ion while the other quinone oxygen is
free. During the course of a chemical transformation, a quinone is converted to semiquinone. The
electron at the semiquinone site is then quickly transferred to the metal centre, governed by
electrode potential of M™/M®™* and the stability of the lower oxidation state of the metal ion.
These two factors decrease the possibility of superoxide radical anion formation appreciably that
has an impact on decreasing cardiotoxicity considerably. As metal ions are good binding agents
for cellular target DNA, complex formation results in better DNA targeting, apart from forming

less cardiotoxic molecules [16-18]. This is discussed in Chapter 2, Section 2.2.

Redox properties of molecules determine their toxicity as well as chemotherapeutic
efficiency [27-32]. In aqueous buffer, anthracycline drugs undergo a single step two-electron
reduction [33, 34] while in non-aqueous media they undergo two steps of one-electron reduction,
at first forming semiquinone and then quinone dianion [35-37]. lonic strength, pH, polarity of the
medium, presence of cations and anions from supporting electrolytes seriously influence

reduction processes. This is discussed in Chapter 2, Section 2.3.

These days, studies on structure—activity relationships are gaining importance, more so in
case of drug molecules, that leads to introduction of new medicines for various diseases. Hence
various attempts have been made through several forms of studies [7, 15, 38] to build a proper

understanding of structure—selectivity relationship that might have an impact in pharmaceutical-
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clinical domain. This may lead to the generation of a novel chemotherapeutic agent for treatment
of cancer. Different computational and spectroscopic measurements were made to understand the

electronic state of molecules [16-19]. These are discussed in Chapter 2, Section 2.4.

For the anthracyclines, among different mechanisms suggested for drug action
intercalation into the DNA backbone was found to be the principal mode of drug action [43-45].
The mechanism of drug action is also related to interaction of the drug molecule with biological
tissues through interaction with membranes at the molecular level [46-48]. Micellar systems
have the ability to solubilize hydrophobic drugs [49-51] thereby increasing bio-availability.
Hence, studies in micellar medium were performed as model systems to mimic bio-membranes
and drug carriers in numerous drug delivery and drug targeting systems [52-54]. Interaction of
drugs with surfactant micelles may then be treated as “model systems” for interaction of drugs
with biological membranes. This is discussed in Chapter 2, Section 2.1.

Keeping all these facts in mind, sodium 3-amino-2-hydroxy-9,10-anthraquinone-1-

sulphonate, its Cu'" and Ni" complexes and a Co"

complex of 1-amino-4-hydroxy-9,10-
anthraquinone were tried in investigations related to biochemical and biophysical modes of
action to see whether chosen compounds for this study mimic anthracycline anticancer agents. If
it really does then it would be beneficial in developing cheaper, simpler alternatives in
comparison to the costly anthracyclines. As already mentioned, experimental molecules closely
resemble anthracyclines like adriamycin, daunorubicin and mitoxantrone. Further sodium 3-

amino-2-hydroxy-9,10-anthraquinone-1-sulphonate is soluble in water and may find use under

physiological conditions.
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Adriamycin Daunorubicin

OH O HN._~ -~ _OH
H

(0] SO3Na

. Sodium 3-amino-2-hydroxy-9,10-anthraquinone-1-sulphonate
mitoxantrone

Co'"' complex of 1-amino-4-hydroxy-9,10-anthraquinone

Scheme 1: Some anthracycline anticancer drugs (adriamycin, daunorubicin, mitoxantrone),

sodium 3-amino-2-hydroxy-9,10-anthraquinone-1-sulphonate and the Co™ complex of 1-amino-

4-hydroxy-9,10-anthraquinone.
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Studies on electrochemical behavior of sodium 3-amino-2-hydroxy-9,10-anthraquinone-

1-sulphonate, its Cu" and Ni" complexes and the Co"

complex of 1-amino-4-hydroxy-9,10-
anthraquinone would enable us to see any difference in activity between anthracyclines and their
metal complexes. This may serve as a valuable tool in searching for a justification for lower
cardiotoxicity due to complexes from an electrochemical point of view. Theoretical studies on
experimental molecules may be fruitful in finding a structure — activity relationship.

Studies on interaction of sodium 3-amino-2-hydroxy-9,10-anthraquinone-1-sulphonate,

its Cu" and Ni" complexes and a Co"

complex of 1-amino-4-hydroxy-9,10-anthraquinone with
surfactant micelles may be useful in establishing permeation of molecules in different cancer
cells. The mode of interaction of molecules with surfactant micelles, i.e. hydrophobic and
hydrophilic mode of interaction might be fruitful in understanding interactions of such molecules
with biological membrane. Finally, molecules were treated to various cancer cells to determine
ICso values and to see whether cell killing is by apoptosis or necrosis. The change in cellular
morphology due to apoptosis was characterized by AO/EB staining method.

Therefore, theoretical and physicochemical studies on sodium 3-amino-2-hydroxy-9,10-

anthraquinone-1-sulphonate, its Cu" and Ni" complexes and the Co""

complex of 1-amino-4-
hydroxy-9,10-anthraquinone, their electrochemical behavior, interaction with surfactant micelles
and different cancer cells could establish if such molecules, simpler analogues of anthracycline

anticancer drugs would be cheaper but efficient alternatives to the costly anthracyclines.
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4.1. Introduction

In the present study, complexes of sodium 3-amino-2-hydroxy-9,10-anthraquinone-1-
sulphonate (AQSH) were prepared using Cu" and Ni" as metal ions. The complexes were

characterized using different experimental and theoretical techniques. A Co"

complex of 1-
amino-4-hydroxy-9,10-anthraquinone (QH) was also prepared and characterized. Spectroscopic
and electrochemical behavior of all molecules used in the study was analyzed and different
parameters that were required were evaluated. Interaction of the compounds used as a part of the
study with micelles of sodium dodecyl sulphate (SDS), an anionic surfactant was carried out
using UV-Vis spectroscopy. This was done as a model study to see whether the molecules used
in the study have the potential or ability to permeate biological membranes. The molecules were
also subjected to interaction with different cancer cells to estimate whether they are able to bring
about apoptosis during the killing of such cells. Different assays like the cell viability assay, the
acridine orange and ethidium bromide staining, Hoechst 33528 staining and JC-1 staining were
used to characterize the mode of apoptosis and morphology of dead cells. This chapter mentions

chemicals and apparatus that was required and used as a part of the study. It introduces and

discusses various experimental techniques that were used.
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4.2. Materials

2-Amino-3-hydroxy-9,10-anthraquinone (AQ) (95%) was bought from TCI, Japan while
1-amino-4-hydroxy-9,10-anthraquinone(QH) (>96%) was bought from Alfa Aesar, Germany.
Both compounds were recrystallized using an equimolar mixture of ethanol and methanol before
characterization and use. Experimental solutions of the compounds were stored in the dark owing
to the high photo-responsive properties of the quinone moiety present in them. If the compounds
are kept in the presence of light, unexpected decomposition of their experimental solution occurs
that could lead to erroneous results in actual experiments. Analytical grade Sodium Sulphite
(Na,S0O3) and cupric oxide (CuO) were purchased from Merck, India that were used during the
sulphonation of 2-amino-3-hydroxy-9,10-anthraquinone to produce sodium 3-amino-2-hydroxy-
9,10-anthraquinone-1-sulphonate. CuCl,.2H,O (AR grade), NiCl,.6H,O (AR Grade) were
purchased from Merck, India and BDH, London respectively. These were used to synthesize Cu"
and Ni" complexes of sodium 3-amino-2-hydroxy-9,10-anthraquinone-1-sulphonate. Analytical

grade CoCl,.6H,0 was bought from Merck, India to prepare a Co"

complex of 1-amino-4-
hydroxy-9,10-anthraquinone. pH of experimental solutions were adjusted using phosphate buffer
prepared by using AR grade K,HPO, and KH,PO, (E-Merck, India).Analytical grade Sodium
chloride (E-Merck, Germany) was used to maintain the ionic strength of the desired solution.
Analytical grade KCI and tetrabutyl ammonium bromide [TBAB] from Spectrochem, India were
used as supporting electrolytes in aqueous and non-aqueous media respectively during various
electrochemical experiments. Dimethyl sulfoxide (DMSO) (99.0%, Spectrochem, India), N,N-
Dimethyl formamide (DMF) (99.5%, Spectrochem, India) and acetonitrile (>99%, Spectrochem,

India) were made anhydrous for use during electrochemical experiments. DMSO was dried using

fused CaCl; for a minimum of 3-4 days and then distilled under reduced pressure [1]. In case of
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DMF, such operation [2] was performed by initial distillation of DMF under reduced pressure
providing an inert atmosphere through N, followed by re-distillation using dry K,CO3 (Merck)
for at least one week. It was then further dried with dry P,Os (Riedel) to get it in anhydrous form.
Acetonitrile was purified [1, 3] by refluxing with KOH (Merck) for several hours followed by
fractional distillation. Then it was refluxed with CaH, (Merck) for several hours followed by
fractional distillation. The middle fraction was collected from each such distillation, ensuring
removal of ammonia evolved during alkali treatment. Triple-distilled water was used during
execution of each operation related to aqueous environment. Drug-surfactant interaction was

studied by using SDS (AR grade) which was purchased from E-Merck, India.

4.3. Methods

4.3.1. Instruments

Using a Perkin-Elmer 2400 11 elemental analyzer carbon, hydrogen and nitrogen analyses
were done. FTIR analysis was performed on a Perkin Elmer RX-1 spectrophotometer. Spectra
were obtained using KBr pellets in the range 4000 cm ™ — 400 cm ™. Mass spectrum was recorded
on Micromass Q-Tofmicro (Waters Corporation). Metal complexes were dissolved in anhydrous
acetonitrile (solvent) and MS data was recorded using ESI positive mode. *H NMR of both
ligands and their metal complexes were recorded on a Bruker Avance 300 NMR spectrometer
using tetramethylsilane (TMS) as internal standard in DMSO-d®as solvent. PXRD data was
collected on Bruker AXS D8 powder diffractometer using Cu-Ka radiation (A = 1.548 A)
generated at 40 kV and 40 mA. UV-visible spectroscopy was done on a spectrophotometer
(Model: MECASYS OPTIZEN POP). Fluorescence spectra were recorded on FluoroMax-P

(Horiba JobinYvon) fluorescence spectrophotometer. Experiments related to cyclic voltammetry
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were performed using the conventional three-electrode system. Temperature was maintained at
25°C with the help of a circulating water bath. The working electrode, glassy carbon had a
surface area of 0.07065 cm?, the counter electrode was a platinum wire and reference electrode
was Ag/AgCI, in satd. KCI. Using a potentiostat (Model DY2312, Digi-Ivy) all electrochemical
studies were performed. The range of concentrations of different solutions were 5 x 10™ moldm™
to 1.5x 10 moldm™. Before a solution was subjected to cyclic voltammetry, it was degassed for
nearly 30 minutes using highly pure Ar.

Experimental records coincided satisfactorily with corresponding equations and different

parameters were predicted theoretically by using Grafit 3.0 and Origin 8.

4.3.2. Preparation and characterization of sodium 3-amino-2-hydroxy-9,10-

anthraquinone-1-sulphonate (AQSH)

2-Amino-3-hydroxy-9,10-anthraquinone (AQ) was recrystalized from a methanol—
ethanol mixture. 3.76 mmol of 2-amino-3-hydroxy-9,10-anthraquionone was taken in a round
bottom flask containing 125 ml 4:1 ethanol-water mixture under nitrogen atmosphere at room
temperature and stirred continuously until the compound dissolved completely. To it solid
anhydrous Na,SOj3 (2.8 mmol) was added and stirred for 10 min. 1.88 mmol CuO was introduced
to the reaction mixture under refluxing conditions (Temperature of~ 85°C and nitrogen
atmosphere of approximately 30 hours). The deep pink coloured solution obtained was filtered.
CuO and unreacted material got collected as residue. The filtrate was evaporated in air till
volume of the experimental solution was 5 ml. It was again filtered to separate the product and
subsequently dried in air. The product (AQSH) thus obtained was recrystalized from ethanol and
dried in air. Elemental analysis, ESMS and NMR were done. Elemental analysis showed C, H

and N contents to be 49.27%, 2.30 % and 4.13 % respectively (calculated values were C:
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49.23%, H: 2.34%, N: 4.10%). Since quinone containing molecules are easily photo-bleached
they were stored carefully. All solutions were prepared just before experiment. A standard
solution of 1 mM AQSH in dimethylsulphoxide (DMSO) was made by weighing an exact
amount of AQSH and subsequently diluted to desired strengths. 10% DMSO was used for
studying AQSH-surfactant interaction. SDS (AR grade) was procured from E-Merck, India.

Compounds were used in experiments without further purification.

4.3.3. Synthesis of Cu" complex of sodium 3-amino-2-hydroxy-9,10-
anthraquinone-1-sulphonate [Cu(AQS),]

The solid Cu" complex of AQSH was prepared by mixing AQSH (0.58mmol) and
CuCl,.2H,0 (0.29mmol) in a molar ratio 2:1 in a mixed solvent system of ethanol and
acetonitrile (1:1) in a nitrogen atmosphere and refluxing the reaction mixture for 25 hrs. After the
reaction was over, the reaction mixture was cooled solvent was evaporated slowly in air to obtain
a blackish violet mass. Finally, the product that was obtained was recrystalized from ethanol and
dried in air. Results of elemental analysis showed the Cu'" complex has the formula [Cu(AQS).].

Found: C, 45.21 %:; H, 1.88%:; N, 3.79 %. Calculated: C, 45.18%:; H, 1.90%; N= 3.76%.

4.3.4. Synthesis of Ni" complex of sodium 3-amino-2-hydroxy-9,10-
anthraquinone-1-sulphonate [Ni(AQS)Cl,(H,0),]

The solid Ni" complex of AQSH was prepared by treating AQSH (0.58mmol) with
NiCl,.6H,0(0.29mmol) in 2:1 proportion using equimolar mixture (1:1) of ethanol and
acetonitrile and refluxing for 25 hours under nitrogen atmosphere to bring about an inert
condition. After the completion of the reaction, the crude reaction mass was allowed to cool to

room temperature. The solvent was evaporated gently in normal atmosphere. A blackish violet
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mass was obtained. The complex was recrystalized from ethanol and dried carefully in air to
collect the product. Results of elemental analysis showed the nickel (I1) complex has the formula
[Ni(AQS)CIy(H20),]. Found: C, 44.75 %; H, 2.96 %; N, 3.51 %.Calculated: C, 33.22%; H=

2.175%; N= 2.768%.

4.3.5. Synthesis of Co'"' complex of 1-amino-4-hydroxy-9,10-anthraquinone
(CoQy)

An aqueous solution of 0.5 mmol CoCl,.6H,O and a solution of 1.5mmol QH in
acetonitrile were mixed and stirred for about 6 hours using a magnetic stirrer. Co" was oxidized
to Co'"' by purging air into the reaction media. The solution was kept for 7 days in air to allow it
to evaporate till it was 5 mL. A violet coloured complex was separated by filtration followed by
washing with acetonitrile. The complex was recrystalized from a methanol-acetonitrile mixture
and dried in air. Results of elemental analysis showed it has the formula CoQs. Found: C,
65.09%; H, 3.08%; N, 5.51%.Calculated: C, 65.13%; H, 3.10%; N, 5.43%. In 25% aqueous
ethanol solution, 0.1 mM CoQ3 showed a conductance less than 5 uS/cm at 298.15 K indicating

that it is a neutral species.

4.3.6: Preparation of solutions of complexes of Cu(AQS),, Ni(AQS)CI,(H,0),,

CoQ; and surfactants

Since AQSH exhibits poor solubility in aqueous media, standard solutions of AQSH in
ethanol and DMSO having strength of 1mM were prepared by dissolving an appropriate weighed
amount of AQSH. These were further diluted as required in 0.1M phosphate buffer to produce 50
UM i.e. 50x10° M concentration of AQSH for various titrations and analysis. Similarly weighed

amounts of Cu" and Ni" complexes of AQSH were dissolved in ethanol and DMSO to prepare
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stock solutions having strength ImM. These stock solutions were diluted to 0.1M.Phosphate
buffer to produce 50 pM i.e. 50x10° M concentration for different titrations and analysis.
Standard solutions of AQSH, its Cu" and Ni'" complexes in anhydrous acetonitrile, DMF and
DMSO media in 0.1M tetrabutyl ammonium bromide (TBAB) were also prepared having

strength 1 mM which were further diluted in electrochemical analysis.

In case of CoQs3;, 1ImM standard solution was prepared which was further diluted to a
concentration range of 5x10 °>moldm to 1.5 x 10 moldm ™. UV-Visible spectra were recorded
with the help of a spectrophotometer using 30% aqueous ethanolic solution of CoQ:s.
Electrochemical reduction was carried out with 1mM solution of CoQ3 in anhydrous DMSO and

DMF media using with 0.1M TBAB as supporting electrolyte.

Determination of pKa of AQSH in the absence and presence of Cu" and Ni" was carried
out with 50 uM aqueous-ethanolic solution of AQSH by pH metric titration using 0.01 M HCI

and 0.01 M NaOH solution respectively. The same was monitored spectrophotometrically.

In studying the interaction of experimental molecules with surfactant, a 10mMstock
solution of anionic surfactant SDS was prepared. The interaction was studied by

spectrophotometric method with 50 uM AQSH solution in 100 mM phosphate buffer.

In the same way, surfactant interaction of Cu(AQS), and Ni(AQS)CI,(H,0), complexes
were performed with 50 pM solution of each metal complexes with 10 mM solution of anionic
surfactant SDS. The pK, values of both metal complexes were evaluated with 50 UM aqueous
solution of each metal complexes and 0.01 M HCI and 0.01 M NaOH respectively. Cyclic
voltammetry was performed with 1mM solution of Cu(AQS), and Ni(AQS)CI,(H,0), complexes
in anhydrous acetonitrile media in the presence of 0.1M tetrabutyl ammonium bromide (TBAB)

as the supporting electrolyte.
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4.3.7: Computational studies

Density functional theory was employed to estimate geometrical parameters and energy
of AQSH. DFT level (Gradient corrected) used three-parameter fit exchange—correlation
function of Becke (B3LYP), that comprised of the correlation function of Lee, Yang and Parr
[4,5]. Minimization of energy and optimization of full unconstrained geometry of AQSH were
done using Berny optimization algorithm under tight convergence. To compute the potential
energy distribution (PED) Vibrational Energy Distribution Analysis (VEDA) 4.0 was introduced
[6]. Vibrational modes of AQSH were assigned by using PED values and visual check using
Gauss View 5.0.

The structure of CoQ3 was optimized using DFT with Ahlrich SV basis [7, 8] and B3LYP
functional [9-11], using Orca program suite [12] Electronic transitions were calculated by time-
dependent DFT (TDDFT) method with the same basis set and functional using Orca. Pictures of
molecular orbitals (MOs) were generated with the same basis set and functional using Gaussian

09W [13] and MaSK software [14].

4.3.8: Spectroscopic studies

In this section, we attempted a series of useful spectroscopic measurements for our
investigating molecules. Absorption studies were performed by a standard spectrophotometer
(model: OPTIZEN POP, MECASYS, South Korea) that contained a pair of quartz cuvette
(10x10 mm). Fluorescence spectroscopy plays a significant role for investigating cell
morphology and this was used with a standard fluorescent microscope (model: Carl Zeiss,
Axioscope2plus) that contained an UV filter (450—490 nm) and a pair of 10x10 mm fluorescence

cuvette.pH-metric titration was carried out using a standard pHmeter (model number of
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microprocessor pH/ION Meter, pMX 3000) that was helpful for determining the pKa values of
AQSH and its corresponding metal complexes. A sensitive thermo electronic peltier was used for
controlling temperature of experimental solutions taken in a cuvette during spectrophotometric

and fluorometric experiments.

4.3.9: Electrochemical studies

Using cyclic voltammetry we have studied electrochemical behavior of AQSH, its metal
complexes and CoQs in purely aqueous and different anhydrous organic media like acetonitrile,
DMSO and DMF in the presence of either 0.1M NaCl or 0.1M TBAB as supporting electrolyte,
respectively. An inert atmosphere was maintained by purging high purity argon gas for at least
30 minutes just before performing cyclic voltammetry experiments. All experimental solutions
were prepared in the range of 5 x 10> moldm = to 1.5 x 10 > moldm™. Reduction potential values
in solvents of different polarity were compared to find out the role of polarity of solvents in
stabilizing reduced species formed. By comparing different electrochemical parameters and the
cyclic voltammograms of free ligands and their metal complexes, effect of metalation of ligands
during electrochemical behavior could be explained. By finding a linear relationship between
reduction peak current and square root of scan rate, it was concluded that reduction was diffusion
controlled and that there is no scope for adsorption on the electrode surface. Reversibility of the
reaction was determined from ratio of cathodic peak current to anodic peak current. Different
electrochemical parameters were evaluated using different equations and techniques.
Electrochemical experiments were repeated four times and an average of electrochemical

parameters were reported.
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4.3.10: Studies on the interaction of compounds with surfactant micelles

UV-Vis spectroscopy was used to investigate surfactant interaction with AQSH and its
metal complexes at physiological pH with anionic surfactant SDS as standard using100 mM
phosphate buffer in pre-micellar and micellar concentration ranges. Standard solution of AQSH
and its metal complexes with a fixed concentration (50 uM) of each was titrated by gradual
addition of SDS solution separately. Each solution was incubated with SDS for a minimum of 1-
2 minutes. Changes in absorbance at a particular wavelength in the UV—Vis spectra of AQSH
and its metal complexes were monitored. Critical micelle concentration (CMC) of each
experimental solution was determined individually that helped further calculations of other
binding parameters. CMC values of SDS in pure aqueous system and in 100 mM phosphate
buffer were compared with previous results of similar kinds of experiments. Influences of
different ions and molecules on CMC were also analyzed. Binding constant (K), partition
coefficient (Kx), Gibbs free energy of binding (AG®) and standard free energy change (AG, ) for
transfer of AQSH and its metal complexes from aqueous to micellar phase for interaction of

AQSH and its metal complexes with surfactants were also determined.

4.3.11. Determination of critical micelle concentration

Change of slope or discontinuity of physicochemical property—concentration dependence
provides the CMC value. A series of mixtures of a certain concentration of AQSH and different
concentrations of SDS were prepared. Absorbance of these solutions were measured at 320 nm
for AQSH and plotted against concentration of SDS. Change of slope of absorbance —

concentration dependence provides the CMC value.
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4.3.12. Cell Culture

Human A549 lung cancer cells and MCF-7 human breast cancer cells were acquired from
NCCS, Puneg, India. In a CO, incubator (Thermo Scientific, USA), with humidified atmosphere
containing 5% CO,, cells were cultured at 37°C in DMEM high glucose medium (Sigma-Aldrich,
USA), accompanied byl0% fetal bovine serum (HiMedia), and penicillin/streptomycin as
antibiotics (HiMedia) in 96 well culture plates. Studies were done using cells from passage 15 or

less.

4.3.13. Cell Viability Assay

Solid AQSH, its metal complexes and CoQ3z were dissolved individually in dimethyl
sulfoxide to prepare a stock solution that was diluted separately with media to obtain different
concentrations of AQSH, its metal complexes and CoQjs. 200 pL solution was then mixed with
5x10° A549 cells per well. After an incubation of 24 hours, 20 pl of MTT [3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide] solution (5mg/mL in PBS) was added
to each well and the plate enfolded by Al foil. It was again incubated for 4 hours at 37°C [15].
The formazan product, purple in colour was liquefied by adding 100 uL. dimethylsulfoxide in
every well. With a 96-well plate reader (Bio-Rad, iMark, USA), the optical density was
supervised at 570 nm for the measurement and 630 nm for reference. Experimental data were
collected for three replicates each and used to determine the respective mean. Percentage

inhibition was evaluated using the formula:

[Average OD of untreated cells (control )— Average OD of treated cells (treated )]x100

Percentage inhibition =

Average absorbance of untreated cells (control )
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By plotting % inhibition against concentration of AQSH, its metal complexes and CoQs, a
standard curve was obtained. Concentration of AQSH that reduced viability to 50% (ICsg) was

determined.

4.3.14. Acridine orange and ethidium bromide (AO/EB) staining

Following the technique illustrated by Spector and coworkers [16] apoptosis was studied
by using AO/EB double staining technique with certain modifications. After incubating cells
with an ICsy concentration of AQSH, its metal complexes and CoQ3 for 24 hours they were
harvested and washed by using cold PBS. By using PBS again, cell pellets were re-suspended
and diluted to 5x10° cells/mL. It was mixed with 25 pL of PBS containing 3.8 uM of AO and
2.5 UM of EB on a clean slide and viewed through a microscope. Without wasting time, it was
studied under a fluorescent microscope (Carl Zeiss, Axioscope2plus) having UV filter (450 —
490 nm).With staining the structure of the nucleus and membrane integrity, 300 cells for every
sample were scored as necrotic, apoptoticor viable. The % of necrotic and apoptotic cells were

calculated accordingly.

4.3.15. Hoechst 33528 staining

A549 and MCF-7 cells were cultured separately in separate 6-well plates and incubated
with 1Csp concentration of AQSH, its metal complexes and CoQsz for 24hours. Treated and
control cells were harvested and stained with Hoechst 33258 stain (1 mg/mL, aqueous) for 5 min
at room temperature [17]. A drop of cell suspension was introduced on a glass slide, and a
coverslip was laid over into reduce light diffraction. In a fluorescent microscope, arbitrary 300

cells in triplicate were introduced and percentage cells undergoing pathological changes were

82



Chapter 4

measured. Data were collected for three replicates each to calculate the mean and standard

deviation.

4.3.16. Mitochondrial membrane potential assessment by JC1 staining

Mitochondrial membrane potential was measured by using the fluorescent probe JC-1. In
this method orange-red fluorescence was observed when gathered in healthy cell mitochondria
but when extracted out in cytosol it fluoresces green owing to loss of membrane potential leading
to a negative internal potential [18]. A549 cells were grown in glass coverslips (22 x 22 mm)
placed in wells of 6-well plates and treated with 1Cso of AQSH and its metal complexes
separately. DMSO was employed as solvent control. After an exposure 12 hours, cells were
stained with the dye. Depolarization patterns of mitochondria were found in fluorescent

microscope and pathological changes in the cells were found and recorded.
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5.1. INTRODUCTION

There is a constant effort by various researcher groups to find comparatively inexpensive
alternatives to the anthracycline class of anticancer agents that could simultaneously reduce
cardiomyopathy but such effort till date have met with limited success [1-9]. Previous studies
have established the fact that the hydroxy-9,10-anthraquinone moiety present at the core of
anthracyclines control biological action. For this reason, we selected a simple analogue, i.e.
sodium 3-amino-2-hydroxy-9,10-anthraquinone-1-sulphonte (AQSH) for this work. The efficacy
of such molecules in penetrating biological cell membranes could be established by carrying out
studies on molecule — surfactant interactions [10, 11].

Along with some of the above mentioned facts, molecular and electronic structures of
drugs are also important since they enable formation of different types of hydrogen bonding and
other forms of interactions with bio-membranes. This helps to find a structure—activity
relationship for a molecule and may provide information in identifying new drugs for different
diseases. In this study, computational measurements were performed to depict the electronic
structure of AQSH. The objective of the present study was to see whether AQSH has the
potential to permeate biological membranes, identified with model studies using an anionic
surfactant micelle. AQSH was chosen in this study since it is inexpensive and has a planar
hydroxy-9,10-anthraquinone unit. Interaction of AQSH with micelles of the anionic surfactant
sodium dodecyl sulphate (SDS) was monitored by UV-Vis spectroscopy to estimate binding
parameters for AQSH-surfactant interaction. In order to justify whether the results are important
for the chosen molecule to permeate biological membrane, AQSH was treated with A549 human

lung cancer cells and studied to see if interaction induces apoptosis.
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5.2. RESULTS AND DISCUSSION

5.2.1. Structure of AQSH

In order to establish a structure—activity relationship for the current molecule, its molecular and

electronic structures were characterized by theoretical and experimental studies.
5.2.2. Energy optimized structure from computation

Structure of AQSH was optimized with the help of B3LYP/6-31+ g(d,p) (Figure 1). The
optimum energy for the structure was found to be-1604.94a.u. Estimated bond lengths and bond

angles for the molecule is mentioned in Table-1a and 1b respectively having been evaluated by

HF/6-31+g(d,p), B3LYP/6-31+g(d,p) and PBEPBE/6-31+g(d,p).

Figure 1: Optimized molecular structure of free AQSH using B3LYP/6-31+g(d,p) protocol.

For a molecule, the frontier molecular orbitals (FMO) are built by HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital). Examination of

energy and population in these orbitals is important in determining donor-acceptor behavior of
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the molecule when it interacts with any biologically important molecule [12]. Energy separation
between HOMO and LUMO in FMO is related to chemical reactivity as HOMO functions as
electron donor and LUMO as electron acceptor. In the present study, energy separation between
HOMO and LUMO in AQSH was found to be 0.11904 a.u. The iso-density plot of FMO (Figure

2) clearly shows that HOMO and LUMO have different extents of delocalization.

Table 1a: Optimized bond lengths (A) of AQSH.

Bond length HF/6-31+g(d,p) B3LYP/6-31+g(d,p) | PBEPBE/6-31+g(d,p)
C13-N23 1.359 (1.354) 1.377 (1.380) 1.390(1.395)
N23-H24 1.001 (1.005) 1.009 (1.015) 1.088 (1.055)
N23-H25 1.002 (1.001) 1.008 (1.009) 1.016 (1.019)
C14-022 1.335 (1.330) 1.345 (1.355) 1.361 (1.368)
022-H26 0.998(0.993) 1.001 (1.005) 1.017(1.201)
S27-028 1.438 (1.444) 1.459 (1.444) 1.470 (1.478)
S27-029 1.534 (1.539) 1.554 (1.555) 1.564 (1.569)
S27-030 1.486 (1.490) 1.504 (1.511) 1.517 (1.514)
C8-021 1.204 (1.210) 1.224 (1.220) 1.244 (1.249)
C4-C8 1.501 (1.503) 1.497 (1.501) 1.509 (1.515)
C9-C8 1.477 (1.480) 1.487(1.488) 1.501 (1.497)
C7-020 1.216 (1.220) 1.228 (1.224) 1.239 (1.241)
C7-C3 1.468 (1.460) 1.484 (1.480) 1.499 (1.493)
C7-C10 1.502 (1.509) 1.491 (1.487) 1.505 (1.516)
C15-S27 1.816(1.820) 1.830 (1.828) 1.842 (1.848)
C11-C13 1.368(1.370) 1.385(1.379) 1.401 (1.411)
C13-C14 1.430(1.429) 1.428 (1.420) 1.440(1.445)

The data in the parenthesis are calculated in the solution.
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Table 1b: Optimized bond angles (in degree) of AQSH

Bond angle HF/6-31+g(d,p) B3LYP/6-31+g(d,p) PBEPBE/6-31+g(d,p)
H25-N23-H24 117.78 (117.70) 115.59 (116.15) 114.45 (114.44)
C13-N23-H25 117.65 (117.48) 116.86(117.39) 116.05 (1116.41)
C13-N23-H24 116.70 (116.76) 115.37(116.13) 114.40 (114.40)
C14-C13-N23 115.64 (115.44) 117.67(116.05) 119.96 (119.76)
C11-C13-N23 121.87 (121.42) 123.15 (123.06) 124.10 (124.92)
C14-022-H26 108.72 (108.45) 107.39 (107.14) 105.62 (105.67)
C13-C14-022 111.18 (111.07) 113.61 (113.10) 115.37 (115.88)
C15-C14-022 125.51(125.59) 126.08 (126.85) 128.14 (128.76)
028-S27-029 114.54 (114.11) 111.75(111.30) 111.50 (111.43)
030-S27-028 119.49 (119.67) 118.51(117.99) 117.84 (117.65)
030-S27-029 106.68 (106.41) 104.11 (105.42) 103.45 (103.46)
C9-C15-S27 120.22(120.56) 122.42(122.04) 123.44(123.89)
C14-C15-S27 115.23(115.87) 117.56(117.89) 118.09(118.65)
C9-C8-021 121.54(121.12) 122.35(122.98) 123.33(123.67)
C4-C8-021 117.88(117.44) 119.39(119.10) 121.51(121.04)
C3-C7-020 120.66(120.98) 121.09(121.66) 123.06(123.66)
C10-C7-020 119.87(119.34) 121.03(121.44) 122.22(122.68)

The data in the parenthesis are calculated in solution
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EI_UMO + 1=-0.06786 a.u.

LUMO =-0.08468 a.u.

AE =0.11904 a.u.
AE =0.16991 a.u.

HOMO =-0.20372 a.u.

EHOMO-1 =-0.23777 a.u.

Figure 2: The iso-density plot of HOMO, LUMO, HOMO-1and LUMO+1 for free AQSH.

5.2.3. NMR:
'H NMR (300 MHz, CDCls): 6(ppm): 10.64 (s,1H, Ar-OH), 7.93 (d,2H, Ar-Cs, Cg), 7.36 (d,2H,

Ar-C,C7), 6.05 (s,1H,Ar- Cy), 3.31 (s,2H,Ar-NH) (Figure 3) .
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J / '\ / /) N

Figure 3: *H NMR of AQSH in DMSO-D6.

In 2-amino-3-hydroxy-9,10-anthraquionone the OH and NH, protons appeared at §10.0
and 63.30 respectively [13]. However, due to incorporation of electron withdrawing sulphonate
at ortho- position to C,-OH, the peak for the C,-OH proton shifted to higher & value and
appeared at 010.64 as a singlet. However, no change was observed for -NH; protons and those
appeared as singlet at 03.31. Since AQSH was prepared in presence of Na,SOj3 suggesting that
the medium was basic, sulphonation was more favored at ortho to C,-OH but not ortho to
NH,(4- position). In sodium 3-amino-2-hydroxy-9,10-anthraquionone-1-sulphonate (AQSH)
aromatic protons (Cs-Hand Cg-H) close to the electron withdrawing carbonyl group appeared at
07.93 as a doublet because of ortho coupling with adjacent protons. The other aromatic protons

in the sulphonate product like Cg-H, C;-H and C4-H appeared at 67.36 as doublet and at ¢ 6.05 as
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singlet respectively. Lower ¢ value of C4-H protons arise due to electron releasing effect of

adjacent -NH; group.

5.2.4. Mass spectroscopy

In the ESIMS of AQSH (Figure 4) the molecular ion peak (NaC14HgNSOg) was detected
at m/z = 341.27; the protonated molecular ion peak expected at m/z = 342.27 was not observed.
However, an intense peak at m/z = 338.30 indicates that a species was obtained following
deprotonation of three hydrogen atoms from AQSH. The peak at m/z = 254.1088 is probably the
protonated fragment formed by loss of sodium, -NH,, —OH and two oxygen atoms from AQSH.
A very sharp signal at m/z=240.03 corresponds to the protonated fragment generated due to loss
of —SO3Na from AQSH. A less intense band at m/z = 124.06 is due to loss of -SO3Na, —-OH, —

NH, and two quinone oxygen atoms, four carbon atoms and one hydrogen atom from AQSH.

SD-2-AHAQ-P 23 (0.214) Cm (21:114) TOF MS ES+
100 240.0350 3.05e5

338.3080

254.1088

124.0664

0 1 H J . m/z

100 200 300 400 500 600 700 800 900 1000 1100

Figure 4: ESIMS of AQSH.
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5.2.5. Theoretical and experimental vibrational spectra of AQSH

Using “Vibrational Energy Distribution Analysis” (VEDA) and PED (Potential Energy
Distribution) analysis, the theoretical IR spectrum of AQSH was created. According to VEDA
some normal modes are extended over the whole molecule. PED used at certain levels account
for the contribution to movement of groups of atoms in a normal mode quantitatively. AQSH
consists of 30 atoms and exhibits 84 IR active fundamental vibrations of which 29 are stretching,
28 bending and 27 torsional. Computed vibrational frequencies were overestimated and scaled
by 0.9613 for B3LYP/6-31+ G (d,p) level of calculation [14, 15]. IR frequency and intensity,
PED and modes of vibration for AQSH are shown in Table- 2. Comparing theoretical and
experimental bands (Table- 2) and the spectra (Figures 5a and 5b) it could be said that both
spectra do not match very well in the region of 3000 cm™ to 1600 cm™. However, they matched
better above 3000 cm™ and below 1600 cm™. Deviation of results between theoretical and
experimental spectra may be due to the effect of crystal field [16] or due to the fact that
experimental and theoretical results were studied in different states like solid state in case of

experiment and gaseous state in case of theoretical studies.

Table: 2. Comparison of theoretical and experimental IR stretching frequency of free AQSH.

Vea(CM™) | Vscaed | INtENSity PED (%) Interpretation oexpt(cm‘l)
(cm™)
3714 3570 31 S, Vsym(N23-Hz4), Vasym(N23-Hzs) 3689
3592 3452 78 S5 (100) Vsym(N2z~H24), Lasym(N2z-Hzs) 3353
3119 2998 820 S1(98) Vsym (O22-Has)
1752 1684 186 Se (69) Sy (11) Vsym (021-Cg), Lsym (O20-C7)
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Vea(cM™) | vscaeq | INtensity|  PED (%) Interpretation Vexpt(cmM™)
(cm™)
1660 1595 42 S»5(-10)S3,(41) Vsym (C3-C7), Vsym (Cs5-Cé), Lsym (C7- 1655
Cio), Usym (Cq-Cys), Usym (C10-C1a). B
(Has5-N2s-Ha4)
1647 1583 68 Si5 (54) Sag (16) Vsym (C2-C1), vgym (C5-C2), vgym (Cs- 1610
C5), vsym (C13-C11), P (H17-C2-Cy), B
(H18-Cs5-Co)
1636 1572 26 811(50) Sa1 (15) Usym (Cl'CG): Usym (CZ'C3): Usym (C9'C10)1 1526
B (C2-C1-Cs), B (C3-C2-Cy), B (C4-Cs-
Cs), B (C13-C11-Cyo),
1523 1464 161 Su (_13)835(46) Usym (Cl'CG): Usym (CB'CS): Usym (C9'C10)1 1347
Vsym (C11-Cap), P (H26-045-C14)
1437 1381 126 819('12)820(16)824(' Usym (C9_Cl5)v Usym (C14_C15)1 Usym (NZS' 1267
13)825(14) C13): Usym (022_C14)7 Usym (C3_C7)7 Usym
(Cq-Cis), Usym (Cg-Cy),
1282 1232 83 S26(66)327('10) Usym (827'028): Usym (827'030)1 1195
994 955 38 Ses (86) T(H1s.C1-C-C3), T(H10.C-Cy- 967
CZ),T(ng _C5'C6'Cl),T(H17 _Cz'Cl'Ce)
897 862 38 | Ss(100Sa(-12) | B (C5-Cy-Cas). B (Ci0-Cr-O) T(Has.- 891
04,-C14-C13),
837 804 63 S8 (-18)  Seo (57) Vsym (S27-029), T(H26 .022-C14-C13) 793
809 777 7 Se3 (-54) Sgo (13) T(H15.C1-C5-C3), T(H19.Cs-C1-Cy), 712
T(H17.C5-C41-Ce), T(N23.C13-C14-C13),
T(Ozo ,C3'Clo'C7), T(OQ]_.C4'C9'C8),
T(02,.C13-C15-C1a)
623 598 65 Ssg(-18) B (O29-S27-03) 612
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Figure 5a: Theoretical IR spectrum of AQSH using B3LYP/6-31+g(d,p)

651

%T

//J I i
1655.68cm-1, 64.63%1 \ |
” V)

\ \ |
601 ' 7.4dcm-1)\6364%

S 1610.68cm-1, 60.51%[T| 4347.8600)-1,
|

.90
\
3353.04cm-1, 61.50%T

\

I X
\\1 267.49cm-1, 62403

\J ~
551 891.16cm-{, 59.8B%T
|

el
612.97cm-1,

504 \ BV 3.940m-1, 51;.79%1
\. 1195.46cm\-1, 56.48%T :‘
i ‘ 1526 Aamt skl 793.000m-1, 63.0§gT_712.026m-1,4
%600 3500 3000 2500 : 2000 1500 1000 500450
cm-

Figure 5b: Experimental IR spectrum of AQSH.

5.2.6. Determination of pK, of AQSH

During interaction of the current molecule with surfactant micelles or biological cells,
ionization of the phenolic —-OH group may play an important role [13]. This is why it is
imperative to measure the pK, of AQSH. This was done with the help of a spectrophotometric

titration of AQSH with NaOH. Initially, 50 uM aqueous AQSH was acidified with 0.01 M HCI
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to pH 2.23. It was then titrated with 0.01 M NaOH keeping concentration of AQSH constant.
UV-Vis spectra of the experimental mixture were recorded (Figure 6) at different pH and a plot
of absorbance at 560 nm against pH was fitted to equation 1 (Figure 7). A change in absorbance
at 560 nm indicates dissociation of phenolic —OH in the pH range 7.30-9.10. pK, was obtained as

8.10 £ 0.05 [reduced Chi squared = 0.00444].

3.5
pH2.23
——pH3.57
3.0 pH4.09
—pH5.41
25 pH6.85
pH7.31
@
> pH7.78
£ 2.0 pHS.34
= 1 ——pH10.17
2 1.5 ——pH10.68
——pH11.76
< l

1.0
0.5+

0.0- = -

400 450 500 550 600 650 700
Wavelength (nm)

Figure 6: UV-Vis spectra of AQSH in aqueous media at different pH. [AQSH] = 50 uM,
[NaCl] =0.01 M, T =298.15 K.

Absorbance at 560 nm is fitted to equation 1

Ay A
Aceo = +
560 ™ 1 4+ 10 WH-PK) T 1 + 10@K-pH)

[1]
Asgo is the overall absorbance of the solution at 560 nm at different pH; A; and A; are absorbance

respectively of AQSH and the phenoxide ion(AQSf). pK, for phenolic-OH of AQSH was higher

than that of 2-amino-3-hydroxy anthraquinone (7.90 £ 0.06) [13], suggesting that the phenolic-
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OH proton in AQSH is strongly held (probably through hydrogen bonding) by neighboring

sulphonate.

1.6 T T T T T T T T T

1.4 =

1.2 -

<L’; 1 -—

0.8 -
» F X

0.6 P . | .
2 4 6 8 10 12

pH
Figure 7:  Variation of absorbance of AQSH at 560 nm with pH. [AQSH] = 50 uM, [NaCl] =
0.01 M, T =298.15 K.

5.2.7. Interaction of AQSH with sodium dodecyl sulfate (SDS)

A study on the interaction of AQSH with SDS was carried out using UV—Vis spectroscopy at pH
7.4 maintained with 100 mM phosphate buffer in pre-micellar and micellar concentration range.
A series of mixtures containing a specific concentration of AQSH and variable concentration of
SDS were prepared and the absorption at 320 nm was monitored to evaluate different parameters
for the interaction of AQSH with SDS micelle. Absorbance of solutions was measured with the
help of a spectrophotometer following incubation of SDS with AQSH for 1 - 2 minutes. Change
in absorption of AQSH upon adding different concentrations of SDS is shown in Figure 8a. By
monitoring changes in UV-Vis spectra (Figure 8a) of AQSH, the critical micelle concentration

(CMC) of SDS in the presence of AQSH was evaluated and found to be 234 uM. This value of
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CMC was used in the entire calculation in evaluating binding parameters. CMC values of SDS in
pure water and in 50 mM phosphate buffer were evaluated in an earlier study and found to be
8080 uM and 1990 uM respectively [17]. Lowering in CMC value of SDS in comparison to that
obtained earlier may be explained as the influence of various ions and molecules present in the
mixture [18]. The change in absorbance of AQSH at 510 nm with various surfactant
concentrations is depicted in Figure 8b which shows that absorbance decreases with increasing
SDS concentration until it reaches a saturation level for a particular concentration of SDS. This
can be elucidated by assuming incorporation of AQSH into SDS micelles. Assuming 1:1
interaction between AQSH and SDS and considering Equation 2 the binding isotherm was

examined (Figure 8b).

10

Increasing SDS

Absorbance

L) L] ¥ L) b L] -
400 500 600 700 800
Wavelength(nm)

bt L}
200 300

Figure 8(a): Absorption spectra of AQSH (50 uM) in the absence and presence of increasing
concentrations of SDS. [Phosphate buffer] = 100 mM, pH 7.4, T = 298.15 K.
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Figure 8(b): A non-linear fitting of the absorbance of AQSH at 320 nm using equation 2
considering 1:1 interaction between AQSH and SDS.
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Figure 8(c):  Plot of 1/|AA| vs. 1/([SDS] + Ct - CMC) [Eq. 4] for AQSH (50 uM) in SDS
micelles at pH 7.4.

98



Chapter 5

Binding constant was evaluated and found to be (1.21+0.06) x 10°M™(Table 3) [15, 16] (reduced
Chi squared = 4.37x10°).

_ Ap+ AK[L]
 1+KJ[L]

[2]
L represents the surfactant used (here SDS); A andA, are absorbance of AQSH at 510 nm in the
absence and presence of SDS whereas A, corresponds to absorbance of AQSH bound to SDS.
Gibbs free energy for interaction of AQSH to SDS micelles was calculated with the help of
equation 3 and found to be -29.02 kJ/mol (Table 3) [19, 20].

AG®=—RT InK [3]

Where R is the molar gas constant and T = 298.15 K.

In a recent study [13], we observed that binding constant for 1:1 interaction of neutral 2-
amino-3-hydroxyanthraquinone with anionic SDS was 652.81 where hydrophobic mode of
interaction was established to be more important than the electrostatic mode. AQSH is an anionic
molecule. It has a binding constant value of (1.21+0.06) x10° M which is greater than that of 2-
amino-3-hydroxy-9,10-anthraquinone with SDS micelles under similar experimental conditions
[13]. This indicates hydrophobic interactions are far stronger in the present study in comparison
to that obtained earlier [13]. Binding constant for a 1:1 interaction of mitoxantrone, a cationic
anthracycline drug with anionic surfactant SDS, as shown in a previous study [19] was
(1.1440.05) x 10°M™". In that study it was shown, a cationic drug like mitoxantrone having one
unit residual positive charge interacts with anionic SDS micelles through electrostatic and
hydrophobic modes [19]. It is interesting to note here that binding constant for mitoxantrone—
SDS micelles is less than that of AQSH-SDS micelles which means that hydrophobic

interactions are more important. Using the pK, value of phenolic-OH of AQSH as 8.10,
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percentage of phenoxide ion (AQS ) in the experimental solution at pH 7.40 was found to be
19.95%. During interaction of AQSH with SDS micelles there is competition between AQS and

AQSH to penetrate the micelle. Due to greater negative charge and lower concentration, AQS

has lower probability of interaction compared to AQSH with anionic SDS.

Measurement of partition coefficient (Kx) is another important aspect for characterizing
drug—membrane interactions since it depicts the affinity of a molecule to fuse into a micellar
phase from an aqueous solution. Kx helps in illuminating the mechanism of solubilization of a
drug molecule, helping us to understand biological phenomenon like interaction of drugs with
biological membranes. By considering the pseudo-phase model [19, 21, 22] Kx was evaluated

using equation 4:

1 1 n,,

AA = DA, T KyA([L]+ Cr — CMC)

[4]

where, AA = A — Ao, AAs, = Ap — Ay, [L] = [SDS] and ny, = 55.51 M is the molarity of water.
Value of Kx was calculated from the slope of the plot of 1/AA vs. 1/([SDS] + Ct —CMC) (Figure
8c) and found to be (1.59+0.04)x10° (Table 3) [Reduced Chi squared = 0.14]. It is necessary to
note that in a large region of the surfactant concentration, the above mentioned linear relation
clutches fine, below which the curve tends to bend upwards with decreasing surfactant
concentration. A departure from linearity was owing to estimation made in the evaluation of
equation 4 [22].

The standard free energy change for the transfer of AQSH from the bulk aqueous phase
to micellar phase was obtained as —35.40kJ/mol (Table 3) by putting the value of Kx in Eq. 5
[20] (mentioned in Table 1).

AG? = —RTInKy [5]
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The partition coefficient corresponding to distribution of positively charged mitoxantrone
in SDS micelle was studied by Enache et al. [19] in different concentrations of mitoxantrone and
Kx values were found to be smaller than AQSH (a negatively charged molecule) in similar
micelles as in the present study. In that study [19] mitoxantrone was established to be interacting
with anionic surfactant both through electrostatic and hydrophobic modes. Under similar
experimental conditions, Ky of 2-amino-3-hydroxyanthraquinone was 5.22 x10* [13] which is
smaller than that in the present work. Since in that study [13] hydrophobic interaction was
suggested, comparing those results with the current report, it may be said hydrophobic

interaction is more important in the distribution of AQSH in anionic SDS micelles.

Table 3: Binding constant (K), partition coefficient (Kx), Gibbs free energy of binding (AG®)
and the standard free energy change (AG) for the transfer of AQSH from aqueous to micellar

phase for the interaction of AQSH with surfactants

Binding parameters SDS
K, M* (1.21+0.06) x10°
AG®, kJ mol™ -29.02
Kx (1.59+0.04)x10°
AG’, kJ mol™ —35.40

5.2.8. Biological Study

To see whether information obtained from the analysis of the electronic and molecular

structure of AQSH and its efficiency in penetrating a miceller phase is really useful in infusing a
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biological membrane and induce apoptosis, it was allowed to interact with A549 human lung

cancer cells which was studied by different assays.

5.2.9. Cell viability Assay

Cytotoxic activity of AQSH was investigated against A549 human lung cancer cells
using MTT assay [23]. Cytotoxic activity was estimated according to dose values of the exposure
of the experimental molecule required to reduce survival to 50% (ICsp) in comparison to
untreated cells. The ICs value was found to be 83.5+ 0.05 uM after incubation for 24 h. Results

of MTT assay hint at the fact that AQSH exhibits dose dependent toxic effect on A549 cells
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Figure- 9: Cytotoxic effect of AQSH on A549 cells after exposure for 24 h.
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5.2.10. AO/EB staining

Morphological changes in apoptosis induced by AQSH were determined by AO/EB
staining. Figure 10 shows AO/EB double-stained A549 human lung cancer cells which was
treated with AQSH and incubated for 24 hours. Control or viable cells reveal green fluorescence
and normal cells feature of uniform chromatin with an intact cell membrane, whereas late and
early apoptotic cells showed yellowish green and orange-red color, respectively. The AO/EB
results clearly indicate that AQSH leads most of the cell death by apoptosis mode and very few

in the necrosis pathway after incubating for 24 hours (Figure 10).

Control AOS

AO/EB

Hoechst

JC1

Figure 10: AO/EB staining, Hoechst, and JC-1 Staining. Control, DAU II, DNI-8, Ag-Nano and
DAU+Ag+Bpy treated cells.
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5.2.11. Hoechst 33528 staining

Hoechst staining was introduced to estimate apoptosis at a basic level. Results of Hoechst
expressed the changes in morphology of the cells, with special reference to cytoplasm and
nucleus. The observations expressed that early apoptotic features like chromatin condensation
and fragmentation were mostly seen in AQSH treated cells; small numbers of necrotic cells were

also observed (Figure 10 and 11).

90 -
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% of Cells
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Normal Abnormal
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Figure 11: Hoechst 33258 staining study of control and AQSH treated cells. Graph
is shown manual count of apoptotic cells in percentage.

5.2.12. Assessment of mitochondrial membrane potential (JC1 staining)

AQSH induced mitochondrial membrane potential depolarization was assessed with the
JC-1 assay. The fluorescent cationic dye JC-1 accumulates in the mitochondria of control or
healthy cells and emits red fluorescence. Conversely, cells undergoing apoptosis, fluoresce green

due to mitochondrial membrane depolarization. Results of JC-1 staining of lung cancer cells

104



Chapter 5

treated with AQSH at 12 hours incubation confirms loss of mitochondrial membrane potential

while control cells were seen to have healthy mitochondria (Figure 10).

5.3. Conclusion

AQSH was prepared and characterized by different experimental and theoretical
techniques. Binding constant for the interaction of AQSH with SDS was (1.21 + 0.06) x 10° M
and the corresponding Gibbs free energy was —29.02 kJmol™. Hydrophobic interactions were
identified to be important in AQSH-SDS micellar interaction. In order to see whether these
results are really important for AQSH to infuse a biological membrane and induce apoptosis it
was allowed to interact with A549 human lung cancer cells. The studies showed that AQSH
induced apoptosis in A549 human lung cancer cells with 1Cs, value found as 83.5 + 0.05 uM for

a 24 hour incubation.
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Chapter: 6

Formation and characterization of a Cu'' complex of sodium 2-
amino-3-hydroxy-9,10-anthraquinone-1-sulphonate and studies on
its electrochemical behavior, interaction with SDS micelles and

nucleation in A549 human lung cancer cells



Chapter 6

6. 1. Introduction

Metal complex formation of anthracycline reduces the aspects of toxic side effects [1-3].
The presence of metal ion in such metal complexes stabilizes the semiquinone formed by the
electrochemical reduction and hence reduces the toxicity [4, 5]. Therefore, for this study, we
decided to prepare a Cu' complex of sodium 2-amino-3-hydroxy-9,10-anthraquinone-1-
sulphonate (AQSH) and look at its electrochemical behavior in different solvents having varying

polarity, to see whether it mimics the action of anthracycline drugs.

The most important aspect of a molecule during the course of its biological action is its
ability to pass through the cell membrane [6, 7]. Earlier studies have established that the
mechanism of drug action is related to its binding to the membrane at the molecular level [8-11].
Drug — surfactant interactions have been studied by several workers using various techniques due
to the wide spread application of surfactants in pharmaceutical field [12]. Micellar systems
posses the ability to solubilize hydrophobic drugs [13-15] thereby increasing their bioavailability
and can be used as a model system for bio-membrane, as well as drug carriers in numerous drug
delivery and drug targeting systems [16-18]. The physicochemical interactions of drugs with
surfactant micelles can be envisaged as an approximation for their interactions with biological
membranes. This provides an insight into more complex biological processes like passage of
drugs through cell membranes. Thus to see whether the prepared Cu" complex is able to
penetrate biological membranes, a model study on its interaction with SDS micelles was
performed. The complex was also tried on A549 human lung cancer cells to find out if it is able
to induce apoptosis, thereby, raising hopes that it might be used as an anticancer agent in the near

future.
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6.2. Results and Discussions

6.2.1. Stoichiometry of complex formation due to Cu' and AQSH at neutral
pH

Absorption spectra of sodium 2-amino-3-hydroxy-9,10-anthraquinone-1-sulphonate
(AQSH) at neutral pH both in the absence and the presence of different amounts of Cu'" were
recorded. To determine stoichiometry of the copper complex formed in solution, a mole-ratio
study was performed. Keeping AQSH concentration fixed metal concentration was varied from a
ratio of 0.10 to 6.40 and absorbance was measured at 520 nm. In the mole ratio plot, two straight
lines were obtained, the intersection of which determines stoichiometry of complex formation in
aqueous solution. Figure 1 suggests stoichiometry of the Cu"' complex in the solution has a metal

to AQSH ratio of 1:2, at neutral pH.
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Figure 1: Mole-ratio plot of the absorbance of AQSH at 520 nm at varying [Cu?*]J/[AQSH] for a
fixed AQSH concentration, at neutral pH; [AQSH] = 50 uM, [NaCl] = 10 mM, 25°C.
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6.2.2. Determination of formation constant of Cu(AQS), complex in aqueous

solution

pK of AQSH in aqueous solution was determined by a spectrophotometric titration as
described in Chapter 5 (Section 5.2.6). The value was found to be 8.10 + 0.05. To determine the
binding constant of Cu(AQS),, Cu'" and AQSH were taken in the mole ratio 1:2 and a
spectrophotometric titration was carried out. At first Cu' and AQSH were taken in the ratio 1:2
and the mixture was acidified to pH 2.23. It was slowly titrated with 0.01 M NaOH solution
keeping Cu" and AQSH concentrations fixed. Absorption spectra at various pH were recorded
(Figure 2). It was found that intensity of the peak at 520 nm gradually increased with an increase
in pH. The change in absorbance at 520 nm was monitored against pH (Figure 3). Aqps for AQSH
at 520 nm in the presence of Cu" was fitted according to equation (1).

Acog = A Az 1
5207 1+ 10 GWH-PK) + 1+ 10@K-pH) [1]

Asyo denotes the overall absorbance of the solution at 520 nm at different pH while A; and A; are
absorbances of AQSH and AQS respectively in presence of Cu'". Fitting the experimental data
according to equation 1, pK was found to be 6.03 = 0.04. During complex formation, the
phenolic-OH proton of AQSH would be released. This value of pK (6.03 = 0.04) was used to
determine the binding constant of the complex. Formation constants ~ and p for the 1:2 complex
can then be described as follows:

Cu®*" + 2AQSH = Cu(AQS), + 2H* (2)
B = [CU(AQS)J[H'T/[CU”I[AQSH]*  (3)

Cu?* + 2AQS™ = Cu(AQS), (4)
B =[Cu(AQS).J/[ Cu”][ AQST? (5)

From equations (3) and (5) B can be deduced as
B=p/K (6)
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where K is the equilibrium constant for the dissociation of phenolic-OH of AQSH. Hence,
formation constant B~ and p of the Cu'" complex were determined. p was found to be 5.52 x 10"

and log  was 12.74.
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Figure 2: UV-Vis spectra of a 1:2 mixture of Cu" and AQSH in aqueous media at different pH.
[Cu"] = 25 uM, [AQSH] =50 uM, [NaCl] = 0.01 M, T = 298.15 K.
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Figure 3: Spectrophotometric titration of AQSH in presence of Cu®*, shown by a variation in
absorbance at 520 nm; [AQSH] = 50 uM, [Cu®]=25 uM, [NaCl] = 10 mM, 25°C.
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6.2.3. Analysis of thermo-gravimetric response due to the copper complex

The thermo-gravimetric analysis was performed based on the fact that Cu" forms an
octahedral complex with two quinone ligands having a molecular weight of 743.66. At 134°C
there is a slight decrease corresponding to a molecular mass of 691.66. Hence, loss in weight of
52.00 might correspond to the loss of one butadiene unit. The next characteristic decrease was
observed at 170 °C and corresponds to a mass of 636.59. Hence, the decrease in mass of 107.06
is due to the loss of two butadiene units, one from each ligand. The next decrease was noticed at
232.56°C having a mass at this stage of 568.30. Hence the breakaway portion could be due to

loss of two butadiene units, one from each ligand and four quinone oxygens.
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Figure 4: TG analysis of the copper complex.

6.2.4. Analysis of the IR spectrum of the copper complex

In the IR spectrum of AQSH (Figure 5b, Chapter 5, Sec. 5.2.5) O—H and N-H stretching

frequencies were found at 3500 and 3353.04 cm™ respectively. In case of the complex (Figure 5),
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important changes were seen in the range 3300 — 3500 cm™. The O—H peak at 3500 cm™ is not
seen due to formation of a covalent bond between the phenoxide unit and Cu®* ion. In Figure 5
the N-H stretching frequency shifts slightly at 3349 cm™ [19] suggesting nitrogen of —NH,
coordinates with Cu". Other characteristic peaks of the free ligand did not change in case of the
complex. This clearly indicates that phenolic -OH and —NH; are involved in complex formation

with Cu" (Scheme- 1).

%T :
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4000 3500 3000 2500 2000 1500 1000 500
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Figure 5: IR spectra of Cu(AQS)..

0 0
s }
o/ o
o SO,Na SO,Na O

Scheme 1: Structure of the Cu'" complex of AQSH.
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6.2.5. Analysis of the EPR spectra of the copper complex

ESR spectrum of the copper complex (Figure 6) in the solid state provides information
about the environment around metal ion in the complex. Room-temperature ESR spectrum of
crystalline Cu(AQS), exhibits only one large signal without hyperfine splitting, with a g value of
2.06 (AHpp = 3.7 mT) which is greater than the g value of a free electron, 2.0023. This clearly

indicates that there is increase in covalent nature of bonding between metal ion and AQSH [20].

15 2.0 2.5 3.0
g Values

Figure 6: The ESR spectrum of Cu(AQS),.

6.2.6. Electrochemical behavior of AQSH and its Cu" complex in anhydrous

non-aqueous media

As observed earlier for similar quinone systems [21,22], in anhydrous acetonitrile (ACN)
and dimethyl formamide (DMF) in the presence of 0.1 M tetrabutyl ammonium bromide
(TBAB), AQSH also undergoes successive two one-electron reduction to give semiquinone —935
and —940 mV in ACN and DMF respectively and quinone dianion at —1270 and —1340 mV in
ACN and DMF respectively. The two reduction peaks are well separated by 335 and 400 mV in
ACN and DMF respectively (Figure 7 and 8). From the cyclic voltammograms (Figure 7 and

Figure 8) it is clear that both the reductions are irreversible in both solvents at different scan
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rates. Irreversibility in reductions is probably due to the presence of an electron withdrawing
sulphonate group having — R effect at C1-position of AQSH. The first reduction potentials are
almost same while the second reduction potentials are significantly different in both solvents.
The more negative second reduction potential of AQSH in anhydrous DMF in comparison to that
in anhydrous ACN is due to greater polarity of DMF than ACN. The quinone dianion formed by
AQSH in two successive reduction steps is more stabilized in DMF than in ACN as the former
has greater polarity. Both first reductions were seen to be diffusion controlled as cathodic
reduction peak current (lc) varies linearly with square root of scan rate (v*?). The diffusion
coefficient (Do) was calculated by using Equation 7 and by plotting cathodic peak current (l,c)
versus square root of scan rate (V') (Figure 9) it was estimated to be 1.344x10° and 7.84x10°
cm?s tin anhydrous ACN and DMF respectively.

loc = (2.687 x 10°) n¥2 D2 A C V2 7)

l,c = Cathodic peak current in amperes, n = number of electrons involved in the reduction, A =

Avrea of the electrode (cm?); C = Concentration (moles/cm®), v = Scan rate (\V/s).
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Figure 7: Cyclic voltammogram of AQSH in anhydrous ACN. Scan rate: 0.10 V s *. [AQS] = 1
x 10 M, [TBAB] = 0.1 M, T = 298.15 K.
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Figure 8: Cyclic voltammogram of AQSH in anhydrous DMF. Scan rate: 0.10 V s *. [AQSH]
=1x10°M, [TBAB] =0.1 M, T = 298.15 K.
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Figure 9:  Plot of I, vs. square root of scan rate (v*?) of AQSH in (a) anhydrous ACN media
and in (b) anhydrous DMF media.

Cyclic voltammograms of Cu(AQS), in anhydrous ACN and DMF in the presence of 0.1
M tetrabutyl ammonium bromide (TBAB) are shown in Figure 10 and 11 respectively. In

anhydrous ACN, Cu(AQS), undergoes successive three one-electron reduction with reduction
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potentials of —775, —920 and —1260 mV respectively. Comparing the cyclic voltammogram of
Cu(AQS), in ACN (Figure 10) with that of free AQSH in ACN (Figure 7), it can be said that the
second and third reduction potentials of Cu(AQS), are comparable to those of AQSH though
such potential values are increased to some extent in the metal complex. Such increase in the
second and third reduction potentials in Cu(AQS); is probably due to stabilization of the formed
semiquinone and quinone dianion by Cu®*. However, the first weak reduction peak at —775 mV
is probably due to the reduction of a third quinone moiety in AQSH present in the complex since
there is a total of four quinone moieties present in Cu(AQS),. An oxidation peak at —400 mV is
most probably due to oxidation of Cu' formed by electron transfer from the formed semiquinone
and quinone dianion to Cu®*. The second and third reduction potentials are slightly greater than
that of free AQSH which is probably due to stabilization of the semiquinone and quinone dianion

by Cu".

In anhydrous DMF, there are three reduction peaks of Cu(AQS), at —925 —1220 and —
1330 mV (Figure 11). As found in ACN, an oxidation peak at 400 mV is also seen in DMF.
Such reduction and oxidation of the experimental molecule in DMF can be explained as
discussed above for ACN. The diffusion coefficient (Do) for reduction of Cu(AQS), was

calculated by plotting the cathodic peak current (l,c) versus square root of scan rate (v?

) using
Equation 7 (Figure 12). Dy was estimated to be 9.69x10 and 8.05x10° cm?* in anhydrous
ACN and DMF respectively. Comparing electrochemical behaviour of Cu(AQS), with AQSH it
can be said that this behaviour of AQSH is significantly modified when bonded to Cu" in

Cu(AQS),.
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Figure 10: Cyclic voltammogram of Cu(AQS), in anhydrous ACN. Scan rate: 0.10 Vs ..
[CU(AQS),] =50 x 10 °M, [TBAB] = 0.1 M, T = 298.15 K.
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Figure 11: Cyclic voltammogram of Cu(AQS), in anhydrous DMF media. Scan rate: 0.10 Vs ™.
[Cu(AQS),] =50 x 10 °M, [TBAB] =0.1 M, T = 298.15 K.
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Figure 12: Plot of I, vs. square root of scan rate (v''%) for Cu(AQS); in (a) anhydrous ACN
(b) and in anhydrous DMF.

6.2.7. Interaction of Cu(AQS), with SDS micelles

Surfactant interaction of Cu(AQS), was performed at physiological pH with SDS
micelles. This was followed with the help of UV-Vis spectroscopy in pre-micellar and micellar
concentration span under the influence of phosphate buffer having a concentration of 100 mM.
Spectrophotometric titration was carried out at a wavelength of 510 nm by keeping concentration
of Cu(AQS), fixed with changing concentrations of SDS that was already prepared. Thus the
corresponding parameters of such Cu(AQS),-SDS interaction was determined. Each reaction
mixture was incubated for 1-2 min. Gradual addition of SDS micelle to the experimental
solution of Cu(AQS), leads to a variation of absorbance of Cu(AQS), depicted by Figure 13. The
change in absorbance is significant for calculating the CMC of SDS during interaction with
Cu(AQS), and it was evaluated to be 157 uM, This value of CMC was used for the entire
calculation to evaluate binding parameters. CMC of SDS in pure water and in 50 mM phosphate

buffer were evaluated as in an earlier study and found to be 8080 uM and 1990 uM respectively
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[23]. Lowering of CMC value of SDS in comparison to that obtained earlier may be explained as
an influence of various ions and molecules present in the mixture [24]. It was observed that
increasing SDS concentration, the absorbance of Cu(AQS), gradually decreased (wavelength
510 nm) which implies that enhanced surfactant concentration induced insertion of Cu(AQS); at
the interior of micelles till all binding sites inside the surfactant were occupied i.e. saturated. This
results to a decrease in absorbance of Cu(AQS), at a particular concentration of surfactant and
thus CMC was achieved. A number of such studies have reported [23-30] the binding mode
between metal-drug complex and surfactant through non-linear analysis by incorporating 1:1
interaction between them. Nature of binding isotherm was determined by using equation 8.
Considering 1:1 interaction between Cu(AQS), and SDS (Figure 14) the corresponding binding
constant was evaluated as (2.83 + 0.04) x 10* M™* (Table 1) [25,26] (reduced Chi squared =
1.50x107).

_ AgHtALK[L]
T 1+K[L]

(8)

L represents the surfactant (here SDS); A and A, are absorbance of Cu(AQS), at 510 nm in the
absence and presence of SDS. A, corresponds to absorbance of Cu(AQS), bound to SDS. Gibbs
free energy for interaction of Cu(AQS), to SDS micelles was calculated with the help of

equation 9 and found to be —25.41 kJ/mol (Table 1 ) [27, 28].

AG’=_RTI, K 9)

where R is the molar gas constant at 298.15 K.
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Figure 13: Absorption spectra of Cu(AQS); (50 uM) in the absence and presence of increasing
concentrations of SDS. [Phosphate buffer] = 100 mM, pH 7.4, T = 298.15 K.
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Figure 14: A non-linear fitting of the absorbance of Cu(AQS), at 510 nm using equation- 9
considering 1:1 interaction between Cu(AQS), and SDS.
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Role of hydrophobic interaction in the binding of an analogous molecule with SDS
micelles is more superior over the electrostatic interaction established by investigating a 1:1
interaction [31] of neutral 2-amino-3-hydroxyanthraquinone with SDS. In such a study the
binding constant for the interaction was found as 652.81. In the present study, binding constant
for the interaction of Cu(AQS), with SDS micelles was evaluated to be (2.83 + 0.04) x 10* M™.
The present value is far greater than the earlier value [31] which means that in case of the present
study hydrophobic interactions predominate over hydrophilic interaction. Under similar
experimental conditions, the binding constant for 1:1 AQSH-SDS micelle interaction was found
to be (1.21 + 0.06) x 10° M™* (Chapter 5, Section 5.2.7). This is indicative of the fact that
Cu(AQS); is less efficient in penetrating SDS micelles and hence in penetrating a biomembrane
in comparison to AQSH. The partition coefficient (Kx) for the transfer of Cu(AQS), from
aqueous to micellar phase provides valuable information related to solubility of hydrophobic
drugs. The value of partition coefficient (Kx) was determined by using a pseudo-phase model
[27,29, 30] according to equation 10 as shown below.

1 1 n,,

=—+
AA A, ' K.A,([SDS] + C; — CMC)

(10)

where, AA = A — Ao, AA, = Ay, — Ao, [L] = [SDS] and n,, = 55.55 M is the molarity of water.
The nature of the curve is linear upto a large concentration of surfactant but linearity falls sharply
with decreasing surfactant concentration which can be measured by equation 10 [30]. The value
of Kx was calculated from the slope of the plot of 1/AA versus 1/([SDS] + C+ — CMC) (Figure

15) and found to be (4.48 + 0.05) x 10° [reduced Chi squared = 1.812].
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Figure 15: Plot of 1/]AA| vs. 1/([SDS] + Ct - CMC) [equation-11] for Cu(AQS), (50 uM) in
SDS micelles at pH 7.4.

The value of partition coefficient thus obtained was compared with The standard free energy
change for the transfer of Cu(AQS), from aqueous to micellar phase was measured as —32.26
kJ/mol and may be calculated using equation 11 [28] (mentioned in Table- 1). As the standard
free energy change is highly negative, movement of Cu(AQS), molecule into the micellar phase
from the hydrophilic location is thermodynamically feasible.

AG%x= - RTI, K, (11)
Comparison with previous studies and it has been suggested that hydrophobic interactions play a

fundamental role in the distribution of Cu(AQS), in anionic SDS micelles.
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Table 1: Binding constant (K), partition coefficient (Kx), standard Gibbs free energy of binding
(AG®) and the standard free energy change (AG®x) for the transfer of Cu(AQS), from

aqueous to micellar phase for the interaction of Cu(AQS), with surfactants.

Binding parameters SDS
K, M* (2.83+ 0.04) x10*
AG?, kJ mol™ -25.41
Kx (4.48+ 0.05)x10°
AG%%, kJ mol™ -32.26

6.2.8. Cell Viability Assay

Cytotoxic activities of AQSH and Cu(AQS), were investigated against A549 human lung
cancer cells by the MTT assay [19]. The cytotoxic activity was determined according to the dose
used for exposure of the complex required to reduce survival to 50% (ICs), compared to
untreated cells. The 1Csy values of AQSH and Cu(AQS),were found to be (83.5 + 0.05) uM and
(125+ 0.05) uM respectively. Results of the MTT assay indicate that compounds exhibit dose

dependent toxic effects against the treatment with A549 cells (Figure 17).
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Figure 16: Cytotoxic effect of AQSH (Blue Curve) and Cu(AQS), (Red Curve) on A549 cells

after exposure for 24 h
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6.2.9. Acridine orange (AO) and ethidium bromide (EB) staining

Morphological changes in apoptosis induced by AQSH and Cu(AQS), were determined
by AO/EB staining. Figure 17 represents that AO/EB double-stained A549 human lung cancer
cells treated with the experimental molecules for incubation of 24 h. This shows that such cells
underwent cell death through apoptosis mode. Control or viable cells show green fluorescence.
The normal cell features of uniform chromatin with an intact cell membrane. In contrast, early
apoptotic and late apoptotic cells show yellowish green and orange-red color, respectively. The
AO/EB results demonstrate that the compounds induce the majority of cell death through

apoptosis mode and very fewer by necrosis for 24 h incubation (Figure 18).

Control AOQSH Cu(AQS):

AO/EB

Hoechst

JCI

Figure 17: AO/EB staining, Hoechst, and JC-1 Staining. Control, DAU Il, DNI-8, Ag-Nano
and DAU+Ag+Bpy treated cells
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Figure 18: AO/EB fluorescent study of control and experimental molecule induced apoptosis of

cells. Graph is shown manual count of apoptotic cells in percentage

6.2.10. Hoechst 33528 staining

Hoechst staining was adopted to determine apoptosis at a basic level. Results of Hoechst
staining revealed the changes in morphology of cells with special reference to cytoplasm and the
nucleus. Observations reveal that early apoptotic features such as chromatin condensation, and
fragmentation were seen mostly in complex treated cells. Small numbers of necrotic cells were

also observed (Figure 17 and 19).
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Figure 19: Hoechst 33258 staining study of control [blue] and AQSH [red] and Cu(AQS).
[green] treated cells. Graph is shown manual count of apoptotic cells in percentage.

6.2.11. Assessment of mitochondrial membrane potential (JC1 staining)
Mitochondrial membrane potential depolarization induced by AQSH and Cu(AQS), was
characterized by JC-1 assay. The fluorescent cationic dye JC-1 accumulation in the mitochondria
of control or healthy cells emits red fluorescence. Consequently, cells undergoing apoptosis
fluoresce green due to mitochondrial membrane depolarization. Results of JC-1 staining of lung
cancer cells treated with compounds at 12 h of incubation confirms the loss of mitochondrial

membrane potential; control cells were observed with healthy mitochondria (Figure 17).

6.3. Conclusion

The 1:2 Cu(ll) complex of sodium 2-amino-3-hydroxy-9,10-anthraquinone-1-sulphonate

(AQSH) having the molecular formula Cu(AQS), was synthesized and characterized by different
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techniques. The stability constant was evaluated as 5.52 x 10'. The study showed that the
electrochemical behaviour of AQSH is significantly modified when it is bonded to Cu(ll). The
binding constant and Gibbs free energy for the interaction of Cu(AQS), with SDS micelles were
calculated as (2.83 + 0.04)x10* M* and —25.41 kJ/mol, respectively. Various assays established
that Cu(AQS), induced apoptosis in A549 human lung cancer cells. The ICso value of Cu(AQS);

was found as 125 £ 0.05 uM for a 24 hour incubation.
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sodium 2-amino-3-hydroxy-9,10-anthraquinone-1-sulphonate, its
electrochemical behavior and interaction with SDS micelles and
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7. 1. Introduction

The presence of metal ions in complexes formed by anthracylines were found to reduce
the toxicity of anthracycline drugs [1-3] through modification of their electrochemical behavior
and stability of the radical intermediates [4-6]. Several studies [7-10] explored that the
mechanism of action of a biologically active molecule is related to its interaction with biological
tissues through binding to membranes at the molecular level. Several biological processes have
been observed to occur at the ionizable surface of bio-membranes or along their hydrophobic
area, leading to a comparative study on interaction of such molecules with cationic, zwiterionic,
anionic and neutral surfactants [7-10]. This provides helpful information on nature of drug—
membrane interactions. This is why studies on drug-surfactant interactions were carried out by
several researchers using various models and techniques owing to extensive application of

surfactants in the field of pharmaceutical research.

In the present study, a Ni"" complex of sodium 2-amino-3-hydroxy-9,10-anthraquinone-1-
sulphonate (AQSH) was synthesized and characterized. Its electrochemical behavior was studied
in different solvents to see whether that is modified with regard to sodium 2-amino-3-hydroxy-
9,10-anthraquinone-1-sulphonate. Interaction of the molecule with SDS micelle was studied to
see if it is able to nucleate a biological membrane. Finally, the molecule was tried on A549

human lung cancer cells to see if it induces apoptosis.
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7.2. Results and discussions

7.2.1. Stoichiometry of Ni' interacting with AQSH at neutral pH in solution

The absorption spectra of sodium 2-amino-3-hydroxy-9,10-anthraquinone-1-sulphonate
(AQSH) at neutral pH in the absence and presence of different amounts of Ni'" were measured.
To find the stoichiometry of the Ni"' complex in solution, a mole-ratio study was performed. In
this case, concentration of AQSH was constant (50 uM) and the metal concentration was varied
from a ratio of 0.10 to 4.20. Absorbance was measured at 520 nm. In the mole ratio plot two
lines were obtained, the intersection of which determines the stoichiometry of the complex
formed in aqueous solution. Figure 1 shows that stoichiometry of the Ni'" complex in solution for

metal to ligand (AQSH) is 1:1 at neutral pH.

Absorbance

Figure 1:  Mole-ratio plot of absorbance of [Ni*]/[AQSH] at a fixed ligand (AQSH)
concentration at neutral pH; [AQSH] = 50uM, [NaCl] = 10 mM, 25°C.
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7.2.2. Determination of formation constant of a 1:1 Ni"'-AQSH complex

AQSH exists in aqueous solution in two distinct forms (AQSH and AQS") depending on the pH

of the medium. The dissociation of the molecule may be described as follows:
AQSH= H" + AQS™ (D

[H*][AQST]
K= TTagsHT @

Proton dissociation constant K was calculated from the change in absorbance of the compound at
520 nm in the pH range 3.53 — 12.02. The observed absorbance at 520 nm would be given by

A = A 42 3
5207 1+ 10 GH-PK) + 1+ 10@K-pH) [3]

Asy is the overall absorbance of the solution at 520 nm at different pH; A; and A; are the
absorbance of AQSH and the phenoxide ion, AQS", respectively. pK value of AQSH was
determined by spectrometric titration as described in Chapter 5, Section 5.2.6. The pK found as

pK= (8.10+ 0.05).

To determine the binding constant of Ni"-AQSH complex, Ni" and AQSH were taken in
molar ratio 1:1 and a spectrophotometric titration was carried out. At first the 1:1 Ni'— AQSH
mixture was acidified to pH 3.53 and it was slowly titrated with 0.01M NaOH solution keeping
Ni" and AQSH concentrations fixed. Absorption spectra at various pH values were collected
(Figure 2). It was found that the intensity of the peak at 520 nm gradually increases with an
increase in pH. Change in the absorbance at 520 nm was monitored against pH (Figure 3). The
absorbance Aoys at 520 nm of AQSH in the presence of Ni'" was fitted according to equation (3).
In this case A; and A; are the absorbances of AQSH and AQS respectively, in the presence of

Ni". Fitting the experimental data according to equation (3), pK was found as (7.73 + 0.05).
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During complex formation the phenolic proton of AQSH is released and so pK (=7.73 =
0.05) was used to determine the binding constant of the complex. The formation constants ~ and

B for the 1:1 complex can be described as follows:

Ni?* + AQSH =Ni(AQS) + H* (4)
B = [NI(AQS)I[H V[ Ni*'I[AQSH] (5)
Ni ?* + AQS™ = Ni(AQS) (6)
B = [Ni(AQS)I/[ Ni *][AQS ] ()
From equations (1), (5) and (7) B can be deduced as
B=p/K (8)
where, K is the equilibrium constant for dissociation of the first proton of AQSH as shown in

equation 1. Formation constant §~ was determined from the above spectrophotometric titration.

Formation constant B of the 1:1 complex was calculated using expression 7 and found to be

4.69x10%,

1.0 -

Absorbance

v T v T - T T T - T - T v
300 350 400 450 500 550 600 650
Wavelength(nm)

Figure 2: UV-Vis spectra of a 1:1 mixture of Ni'" and AQSH in aqueous media at different pH.
[Ni'"] = 25uM, [AQSH] = 50uM, [NaCl] = 0.01 M, T =298.15 K.
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A520
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Figure 3: Spectrophotometric titration of AQSH in presence of Ni** as shown by a variation
of absorbance at 520 nm; [AQSH] = 50 uM, [Ni*'] = 50 uM, [NaCl] = 10 mM,

250cC.

7.2.3. Analysis of the mass spectra of the Ni'' complex of AQSH

Considering the complex to be Ni(AQS)CI,(H20),, the obtained mass spectrum (Figure
4) was analyzed. Molecular ion peaks expected at m/z = 506.0 or 508.0 or 510.0 based on
isotope distribution of CI (33CI ®™ 3'Cl) were actually obtained at m/z = 507.19 and 508.19
respectively (minor deviations may be attributed to loss of one or more protons). A relatively less
intense peak at m/z = 413.20 may be assigned to a species formed due to loss of Na* and two ClI
atoms from the molecular ion peak. The peak at m/z = 360.264 corresponds to a species obtained
due to a further removal of two coordinated water molecules and an —NH, from the ligand

(AQSH).
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Figure 4: Mass spectrum of the Ni'" complex.

7.2.4. TGA of the Ni'"' complex

Thermo-gravimetric analysis was performed on the basis that Ni" forms an octahedral
complex with AQS, two Cl'and two water molecules having a molecular weight 506.0. The first
sharp decrease at 101°C corresponds to a molecular mass of 343.42. Hence, loss in weight of
162.58 might correspond to the loss of the -SO;3 unit, two quinone oxygens, a molecule of water
and a Cl atom. The next characteristic decrease was observed at 247.57°C and corresponds to a
mass of 306.86. Hence, the decrease attests to the loss of the -SO3 unit, two quinone oxygens, a
molecule of water and two Cl atoms. The next decrease was noticed at 377.1°C. The sample
remaining corresponds to a mass of 257.92. Hence the breakaway portion could be due to the
loss of the -SO3 unit, the butadiene unit, two quinone oxygens from the ligand, along with a

coordinated water molecule and two CI. Hence, at this stage of the TG analysis it may be said
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that in the complex Ni" is bound to a naphthaquinone moiety. The point of ligation to the metal
centre via —NH; and O remains and therefore can be termed to be pretty stable. Hence, a logical
fragmentation as mentioned above suggests Ni' forms an octahedral complex with AQS , two

molecules of water and two CI.

100

80 —

60 — —— Ni-Compound

Weight (%)

40 -

20 —

] * ] b ] . L) i | b 1 > I
100 200 300 400 500 600 700

Temperature (OC )

Figure 5: TG analysis of the Ni'" complex.

7.2.5. Analysis of IR spectrum of Ni(AQS)CI,(H,0),

In AQSH, O-H and N—H stretching frequencies show up at 3500 cm™ and 3353.04 cm™
respectively (Fig. 5b, Chapter 5, Section 5.2.5). In the IR spectrum of the Ni'" complex (Figure
6) disappearance of —OH peak at 3500 cm™ is attributed to coordination to Ni" by the phenolate
oxygen. That there is a change in —NH stretching frequency suggests coordination of Ni" via —
NH, group of AQSH. Thus coordination of Ni(Il) occurs via phenolic -OH and —NH; groups of

AQSH (Scheme- 1).
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Figure-6: IR spectra of Ni(AQS)Cl2(H20)s,.
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Scheme 1: Proposed structure of Ni(AQS)ClI,(H,0),.
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7.2.6. Electrochemical behavior of the Ni'"' complex in anhydrous acetonitrile,

dimethylformamide and dimethylsulphoxide.

Cyclic voltammograms of Ni(AQS)CI,(H20) in anhydrous acetonitrile in presence of 0.1 M
tetrabutyl ammonium bromide (TBAB) is shown in Figure 7. In anhydrous acetonitrile,
Ni(AQS)Cl,(H,0), undergoes two successive one-electron reductions with reduction potentials
of —990 mV and —1310 mV respectively. Under similar experimental conditions AQSH shows
two reduction peaks at —935 mV and —1270 mV in anhydrous acetonitrile (Chapter 6, Section
6.2.6). This indicates electrochemical behaviour of AQSH is altered significantly when it is
bound to Ni". In anhydrous DMF, Ni(AQS)Cl(H,0), undergoes successive two one-electron
reductions with reduction potentials of -970 mV, and —1390 mV, respectively (Figure 8). Two
oxidation peaks were observed at —1050 mV and —1260 mV (Figure 8). Hence, reduction at —
1235 mV and —-1390 mV are quasi reversible. Comparing the cyclic voltammograms of the
present complex with that of AQSH (Chapter 6, Section 6.2.6), it may be said that the
electrochemical behaviour of Ni(AQS)CI,(H,0), is significantly different from that of AQSH.
The diffusion coefficient (Do) for the reduction of Ni(AQS)Cl,(H20), was calculated by plotting

1/2

cathodic peak current (I,c) versus square root of scan rate (v=°) (Figure 9) using equation 9. Do

were 3.88 x 102 and 5.52 x 10 cm?s " in anhydrous ACN and DMF respectively.

loe = (2.687 x 10°%) n¥? DY?A C v (9)
p
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Figure 7: Cyclic voltammogram of Ni(AQS)CI(H20), in anhydrous acetonitrile media. Scan
rate: 0.10 Vs . [Ni(AQS)Cl,(H20),] =50 x 10 ° M, [TBAB] = 0.1 M, T = 298.15 K.
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Figure 8: Cyclic voltammogram of Ni(AQS)CIl,(H.0), in anhydrous dimethyl formamide

media. Scan rate: 0.10 Vs . [Ni(AQS)Cl»(H,0),] =50 x 10 °M, [TBAB] = 0.1 M, T
=298.15 K.
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Figure 9: Plot of I, vs. square root of scan rate (v*?) of Ni(AQS)Cly(H,0), in (a)anhydrous
ACN and (b)anhydrous DMF.

7.2.7. Interaction of Ni(AQS)ClI,(H,0), with SDS micelles

Interaction of anionic surfactant (SDS) micelles with Ni(AQS)Cl,(H,0), was studied at
physiological pH using UV-Vis spectroscopy in pre-micellar and micellar concentration range in
aqueous phosphate buffer (Figure 10). A spectrophotometric titration was performed by
maintaining a constant concentration of Ni(AQS)CI,(H20), and varying concentrations of SDS
(Figure 10). The reaction mixture was incubated for 1-2 minutes and absorbance at 320 nm was
measured. The change in absorbance at 320 nm of Ni(AQS)CI,(H,0), by adding increasing
amounts of SDS is shown in Figure 11 which was used to calculate the CMC of SDS during the
course of interaction with Ni(AQS)Cl,(H,0),. The critical micelle concentration (CMC)
evaluated was 160uM. This value of CMC was used in all calculations to estimate binding
parameters. In an earlier study, the CMC values of SDS in pure water and in 50 mM phosphate
buffer were evaluated and found to be 8080 uM and 1990 uM respectively [11]. Lowering in
CMC value of SDS in the present study in comparison to that obtained earlier may be due to an

influence that various ions and molecules present in the mixture might have [12]. It was observed
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that as SDS concentration increases absorbance of Ni(AQS)CI,(H,0), steadily decreases at 320
nm which indicates enhanced surfactant concentration induced insertion of the experimental
molecule at the interior of the micelles till all binding sites inside the surfactant got saturated.
This leads to a decrease in absorbance of Ni(AQS)CI,(H,0), at a particular concentration of
surfactant i.e. CMC. The nonlinear analysis by incorporating 1:1 interaction between an
experimental molecule with a surfactant micelle has been shown as the most accepted model.
Thus the present binding isotherm was analyzed by using equation 10. By considering 1:1
interaction between Ni(AQS)Cl,(H20), and SDS (Figure 11) the corresponding binding constant

was evaluated as (1.40 + 0.06) x 10° M (Table 1) [13,14] (reduced Chi squared = 2.67x107).

— AO +AK [L]

1+K[L] (10)

Where L represents the surfactant used (here SDS); A and A, are absorbance of
Ni(AQS)ClI,(H20), at 320 nm in the absence and presence of SDS. A, corresponds to absorbance
of Ni(AQS)CI,(H20), bound to SDS. Gibbs free energy for the interaction of Ni(AQS)ClI,(H,0),
to SDS micelles was calculated with the help of equation 11 and found to be —29.38 kJ/mol
(Table 1) [15,16].

AG®= - RTInK (11)

Where R is the molar gas constant and T = 298.15 K.
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Figure 10: Absorption spectra of Ni(AQS)CI;(H,0), (50 uM) in the absence and presence of
increasing concentrations of SDS. [Phosphate buffer] = 100 mM, pH 7.4, T =
298.15 K.
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Figure 11: A non-linear fit of absorbance of Ni(AQS)CI,(H20), at 320 nm using equation 10
considering 1:1 interaction between Ni(AQS)CI,(H,0),and SDS.
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In an earlier study on interaction of neutral 2-amino-3-hydroxyanthraquinone with
anionic SDS micelles binding constant was evaluated and found to be 652.81 under similar
experimental condition [17]. In such study binding of 2-amino-3-hydroxyanthraquinone with
anionic SDS micelles was justified by using hydrophobic mode as the dominating mode of
interaction. In the present study, binding constant for interaction of Ni(AQS)ClI,(H,0), with SDS
micelles was (1.40+ 0.06) x 10°M* which is far greater than the previous value of the analogous
molecule [17]. Further both SDS and Ni(AQS)CI,(H,0), are anionic in aqueous solution which
means hydrophilic interaction between them is unimportant. Thus in the present study,
hydrophobic interaction plays a superior role over hydrophilic interaction. Under similar
conditions the binding constant for 1:1 interaction of Cu(AQS), with SDS micelles was
calculated and found to be (2.83 + 0.04)x10* M™! (Chapter 6, Section- 6.2.7) while it was
(1.21£0.06) x10° M* for 1:1 AQSH-SDS micelle interaction (Chapter 5, Section: 5.2.7). This
clearly shows that binding constant of Ni(AQS)ClI,(H,0), is greater than free AQSH ligand and
Cu(AQS),. Thus Ni(AQS)ClI,(H20). is an efficient agent in penetrating SDS micelles and hence
a bio-membrane. The value of partition coefficient (Kx) was determined using the pseudo-phase
model [15,18, 19] according to equation 12.

Loy o 12
AA A,  K.A([SDS] + Cr — CMC) (12)

Where, AA = A — Ay, AA,= Ay— Ao, [L] = [SDS] and ny, = 55.55 M is the molarity of water.
The nature of the curve is linear upto a large concentration of surfactant but linearity falls sharply

with decreasing surfactant concentration that can be measured using equation 12 [19]. The value
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of Kx was calculated from the slope of the plot of 1/AA versus 1/([SDS] + C+ — CMC) (Figure

12) and found to be (6.32 + 0.05) x 10° [reduced Chi squared = 0.16].

The standard free energy change for the transfer of Ni(AQS)Cl,(H,0), from the aqueous
phase to the micellar phase was measured and found to be —33.11 kJ/mol that can be calculated
using equation 13 [16] (mentioned in Table 1). This justifies that the movement of
Ni(AQS)Cl,(H,0), into the micellar phase from its hydrophilic location is thermodynamically

feasible which can be confirmed by the standard free energy change.

AG’x=—-RTI, K, (13)
The value of partition coefficient thus obtained was compared with previous studies [17] and
from such comparison it was suggested that hydrophobic interaction plays a fundamental role in

the distribution of Ni(AQS)CI,(H,0) in anionic SDS micelles.
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Figure 12: Plot of 1/|AA| vs. 1/([SDS] + Ct - CMC) [equation12] for Ni(AQS)CI,(H20)., (50
puM) in SDS micelles at pH 7.4.
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Table 1: Binding constant (K), partition coefficient (Kx), standard Gibbs free energy of binding
(AG% and the standard free energy change (AG’) for the transfer of
Ni(AQS)Cly(H,0), from aqueous to micellar phase for the interaction of
Ni(AQS)ClI,(H,0), with surfactants.

K, M* (1.40+ 0.06) x10°
AG?, kJ mol™ -29.38

Kx (6.32+ 0.05)x10°
AG%;, kJ mol™ -33.11

7.2.8. Cell Viability Assay

The cytotoxic activity of Ni(AQS)CI,(H,0), was investigated against A549 human lung
cancer cells using the MTT assay [20]. The cytotoxic activity was determined according to dose
of exposure of the complex required to reduce survival to 50% (ICsp) compared to untreated
cells. 1Cso value of Ni(AQS)CI,(H20), treated cells was 68.5+0.05 puM. I1Cso of AQSH and
Cu(AQS);, treated cells were evaluated and found to be 83.5+0.05 puM and 125+0.05 pM
respectively [Chapter 5, Section: 5.2.9 and Chapter 6, Section: 6.2.8]. This indicates that the
Ni(AQS)CIy(H20), is more efficient in killing cancer cells than AQSH and Cu(AQS),. The
results of the MTT assay indicate Ni(AQS)CI,(H,0), exhibits dose dependent toxic effects
against A549 cells (Figure 13). Results of AQSH and Cu(AQS); are also shown in Figure 13 to

draw a comparative account of their efficacy (Table- 2).
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Figurel3: Cytotoxic effect of AQSH (blue curve), Cu(AQS),(red curve), and
Ni(AQS)Cl,(H,0). (green curve) on A549 cells following an exposure of 24

hours.

Table 2. In vitro cytotoxicity assays for AQSH, Cu(AQS), and Ni(AQS)CI,(H,0), against

human A 549 lung cancer cells.

Compound ICso values (24 h incubation)
AQSH 83.5+0.05 uM
Cu(AQS), 125.0 + 0.05 UM
Ni(AQS)Cly(H20), 68.5 + 0.05 uM

7.2.9. Acridine orange (AO) and ethidium bromide (EB) staining

Morphological changes of cells in apoptosis induced by Ni(AQS)Cly(H.0), were
determined by AO/EB staining. Figure 14 represents AO/EB double-stained A549 human lung
cancer cells treated with Ni(AQS)Cl2(H.0), after incubation for 24 hours that underwent the
apoptosis mode of cell death. Results of Ni(AQS)CI,(H,0), were compared with AQSH and

Cu(AQS), (Figures 14 and 15). Control or viable cells show green fluorescence while normal
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cell features of uniform chromatin with an intact cell membrane. In contrast, early apoptotic and

late apoptotic cells show yellowish green and orange-red color respectively. The AO/EB results

demonstrate that compounds induce cell death, largely by apoptosis, and few by the necrosis

pathway during the 24 hour incubation period (Figure 15).

Control AQSH Cu(AQS): Ni(AQS)Cl(H20),

AO/EB

Hoechst

JC1

Figure 14: AO/EB staining, Hoechst, and JC-1 Staining. Control, DAU Il, DNI-8, Ag-Nano and
DAU + Ag + Bpy treated cells.
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Figure 15: AO/EB fluorescent study of control and experimental molecule induced apoptosis of

cells. Graph is shown manual count of apoptotic cells in percentage.
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7.2.10. Hoechst 33528 staining

Hoechst staining was adopted to determine apoptosis. The results of Hoechst staining
revealed changes in morphology of cells, with particular reference to the cytoplasm and the
nucleus. Observations revealed early apoptotic features like chromatin condensation and
fragmentation in Ni(AQS)ClI,(H,0), treated cells. Small number of necrotic cells were also
observed (Figurel4 and 16). Results obtained with Ni(AQS)Cl2(H,0), was compared with those

of AQSH and Cu(AQS)..
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Figure 16: Hoechst 33258 staining study of control [blue], AQSH [red], Cu(AQS), [green] and
Ni(AQS)Cl,(H,0), [violet] treated cells. Graph shows a manual count of apoptotic

cells in percentage.

7.2.11. Assessment of mitochondrial membrane potential (JC1 staining)

Mitochondrial membrane potential depolarization induced by Ni(AQS)CI,(H.0), was
determined by JC-1 assay. Accumulation of the fluorescent cationic dye (JC-1) in the
mitochondria of control or healthy cells emitted fluorescence. Consequently, cells undergoing
apoptosis fluoresce green due to mitochondrial membrane depolarization. Results of JC-1

staining of lung cancer cells treated with compounds at 12 hour incubation confirms loss of
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mitochondrial membrane potential; control cells were observed with healthy mitochondria

(Figure 14).

7.3. Conclusion

The 1:1 Ni" complex of sodium 2-amino-3-hydroxy-9,10-anthraquinone-1-sulphonate
(AQSH) with the molecular formula Ni(AQS)CI(H20), was prepared and characterized by
different techniques. The electrochemical behaviour of Ni(AQS)CI,(H,0), was studied in
anhydrous organic solvents and it was compared with that of the free ligand (AQSH). The
binding constant and Gibbs free energy for the interaction of Ni(AQS)CI;(H,0), with SDS
micelles were calculated as (1.40+ 0.06) x10° M™* and —29.38 kJ/mol, respectively. The study
showed that the experimental molecule penetrates the SDS micelle through hydrophobic mode of
interaction. Ni(AQS)CI,(H,0), induces apoptosis in A549 human lung cancer cells. The 1Cs

value was found as 68.5 + 0.05 uM for 24 hour incubation.
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Chapter: 8

A Co"' Complex of 1-Amino-4-hydroxy-9,10-anthraquinone
Exhibits Apoptotic Action against MCF-7 Human Breast

Cancer Cells



Chapter 8

8.1. Introduction

Anthracycline drugs are used to treat different forms of human carcinoma [1-4]. They are
often questioned for their associated cardiotoxicity and high cost involved. Hence, there is an
effort worldwide [5-19] to find alternative, less costly analogues that are less cardiotoxic [5-10].
Earlier studies have shown that 1-amino-4-hydroxy-9,10-anthraquinone (QH) [Scheme- 1]

behaves as potential alternatives to anthracyclines [6-9].

Participating in reactions of the respiratory chain, they produce semiquinone radical
anion and related intermediates by one-electron reduction of the quinone that are responsible for
chemotherapeutic efficacy as well as for cardiotoxicity [20-24]. Previous research on the subject
suggests complex formation of these drugs with different metal ions lead to decreased toxicity.
Metal complexes stabilize the semiquinone radical-anion formed. Hence, superoxide formation
due to a reaction between a semiquinone radical-anion and molecular oxygen is either inhibited

or decreased drastically. In this chapter, we have studied the formation of a Co""

complex of 1-
amino-4-hydroxy-9,10-anthraquinone to see whether it has any improvement in biochemical

properties than QH and it mimics the action of anthracyline drugs.

As single crystals for CoQs was not obtained, we made an effort to characterize CoQj3
theoretically using density functional theory (DFT) based on experimental data. The complex
was tested on MCF-7 human breast cancer cells to see whether it initiates apoptosis and thus

could be considered as less costly alternative to anthracyclines that are in use.
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Scheme 1: 1-Amino-4-hydroxy-9,10-anthraquinone (QH)

8.2. Results and Discussion:

8.2.1. Analysis of the mass spectra of CoQ;

Assuming that the formula of the complex is CoQs (Scheme 2), analysis of its mass
spectrum (Figure 1) was attempted. The molecular ion or protonated molecular ion peak
expected at a region around m/z = 773.62 was not found. However, a clear signal at m/z =
689.46 corresponding to a fragment remaining of the complex following the loss of an—-NH,
group from each ligand (i. e. loss of 28 mass units from each ligand; 78 mass units from the
complex) to result in a peak theoretically expected at m/z = 689.62, was obtained. From this
peak, the loss of two quinone oxygens would result in a peak theoretically expected at m/z =
661.62. Hence, an experimental peak at 661.45 could be this species. Loss of four quinone
oxygens from the first fragment results in a peak theoretically expected at m/z = 633.62; this was
experimentally found at m/z = 633.42. Similarly, loss of six quinone oxygens of three ligands,
from the first fragment should result in a peak at m/z = 605.62. This was experimentally

observed at m/z = 605.39 indicating close agreement.
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Figure 1: ESIMS of CoQs.

At this stage of fragment formation in mass analysis the metal centre is bound to three
ligands via three phenolic —OH on each of them. The peaks identified above categorically
indicate formation of a 1:3 complex. Subsequent to fragmentations mentioned above, further loss
of 2 carbon atoms and a few hydrogens at a time explains peaks at m/z = 577.35 and also the
cluster of peaks at m/z values of 533.99, 532.99 and 531.98, respectively. Peaks at lower m/z
values correspond to smaller fragments. Therefore, from the analysis of the mass spectrum of the

cobalt complex it may be concluded that the complex has a formula CoQ3 as shown in Scheme 3.
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8.2.2. Analysis of IR spectrum of CoQ3

The FTIR spectrum for QH (Figure 2) shows a peak at 3431 cm™ which is due to N-H
bond stretching while that at 3300 cm™ is due to the stretching of O-H bond[6].The O-H
stretching is modified significantly in the complex (Figure 3) indicating involvement of the -OH
group during complex formation. Since there is deprotonation of -OH during complex formation,
the molecule ceases to show intra-molecular hydrogen bonding which is identified. Peaks in this
region do not disappear completely in the complex if compared with QH indicating the presence
of free -NH; on each ligand (just as that observed in the IR spectrum of QH). In the IR spectrum
of CoQs (Figure 3), peaks at 1625 cm™, 1586 cm™ and 1537 cm™ are attributed to stretching due
to free carbonyl and C=C respectively, or a combination of both. In an earlier study[6],we
showed peaks obtained in the region 1464 cm™ to 1031 cm™ in the IR spectrum of the ligand
(QH) may be attributed to combinations of O—H, N-H and C—H bending modes. Nature of peaks
in this region is somewhat different in the complex. More specifically, the peak at 1121 cm™ is
reduced significantly, probably due to binding of oxygen of the —OH group to Co"', following its

deprotonation.
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8.2.3. Powder X-ray Diffraction of CoQs

Powder X-ray diffraction (PXRD) pattern of CoQ3 is shown in Figure 4. All peaks can be
indexed with a space group R32(155), CuKa = 1.5406A using the WINPLOTR program.
Refined cell parameters were found to be a = 7.45 A, b = 6.52 A, ¢ = 27.8 A. The unit cell
volume was 1352 A3; a = 33.43°, B =90° vy = 90°. Thus PXRD analysis provides information

about the dimension of the unit cell of crystalline CoQ:s.
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021)

Intensity ( Arb. Unif)
(021)

&(214)
b (303)

10 20 30 40 50
2 theta ( degrees) )

Figure 4: Powder X-ray diffraction patterns of CoQs.

8.2.4. Structure of CoQ;from density functional theory

Energy optimized molecular structure of CoQs is shown in Figure 5 and structural
parameters are summarized in Table-1. Figure 5 shows three QH molecules coordinated to Co""

through phenolic- O and quinone oxygen forming CoQ:s.
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The energy level diagrams of QH and CoQjs are shown in Figure 6. HOMO (H) and LUMO (L)
are indicated in each case (Figure 7). Red lines indicate the r orbitals, black lines indicate ¢ and
blue lines represent mixed metal-ligand (M-L) orbitals. Some M-L type MOs may have mixed ¢
and & character. The three ligands are arranged in such a manner that o of one may mix with = of

" orbitals are much lower in

another. Metal orbitals are mainly dr, with some pr mixed. Co
energy to be shown in the above diagram. It should also be noted that HOMO and LUMO are M-

L type orbitals.

Figure 5: Energy optimized structure of CoQ:s.
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Figure 6: Energy level diagram of QH and CoQ:s.

Scheme 2: Structure of CoQ:3.
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Table 1: Structural parameters of CoQs.

Figure 7: Different HOMOs (H) and LUMOs (L) of CoQ:s.

Bond distances (in A)

Co-01
Co-04
01-1
3-4

6-1

8-9

4-N1
11-12
14-8
16 -17
19-20
05-21
22-23
24 - 08
25-26

1.87915
1.88654
1.30411
1.44799
1.44955
1.42373
1.33954
1.40744
1.41394
1.36419
1.41579
1.29163
1.42351
1.26087
1.40743

Co-02
Co-05
1-2

4-5

6-7

9-10
10-07
12-13
03-15
17-18
20-15
06-7
23-24
24 -19
26 — 27

1.89840
1.89389
1.44976
1.45335
1.46966
1.47250
1.26097
1.40809
1.30378
1.44802
1.44991
1.29166
1.47244
1.49122
1.40801

158

Co-03
Co-06
2-3

5-6

7-8

10-5
9-11
13-14
15-16
18-19
20-21
21-22
18 — N2
23-25
27-28

1.88397
1.89270
1.36438
1.41605
1.45978
1.49120
1.40485
1.40290
1.44995
1.45337
1.46986
1.45961
1.33967
1.40483
1.40274
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28-22
30-31
32—-N3
34-35
36 -37
37-39
41-42

Bond angles (in degrees)

01-Co-03
01-Co-04
03-Co-02
05-Co-02
02-Co-04
Co-01-1
2-3-4
3-4-N1
5-6-7
8-9-10
10-5-6
7-6-1
06-7-8
14-13-12
11-9-8
03-15-16
17-18-19
18-19-20
20-15-03
08-24-23
22-21-05
21-20-15
22-23-25
26-—-27-28
28—-22-23
04-29-34
31-32-33
N3-32-33

1.41400
1.36436
1.33971
1.47016
1.42352
1.40504
1.40305

89.002

89.773

90.106

89.354

91.155
129.056
120.858
119.505
120.017
120.614
120.356
120.230
117.443
120.172
119.980
115.925
119.093
119.949
125.070
120.840
117.481
120.217
119.975
120.152
119.396
125.084
119.071
121.450

04-29
31-32
33-34
35-02
37-38
39-40
42 -36

01-Co-05
01-Co-06
03-Co—-04
0O5-Co—-04
02-Co-06
01-1-2
3-4-5
N1-4-5
6-7-8
9-10-5
9-10-07
Co-06-7
7-8-14
13-12-11
11-9-10
15-16-17
17 -18-N2
19-20-15
18-19-24
24 -23-22
Co-05-21
21-20-19
23-25-26
27 -28-22
Co-04-29
29-30-31
32-33-34
33-34-29

1.30386
1.44804
1.41591
1.29061
1.47256
1.40728
1.41392

89.225
91.684
178.089
90.014
89.753
115.897
119.072
121.423
120.235
118.647
120.837
131.401
120.526
120.150
119.406
121.346
119.461
119.755
119.673
120.616
131.423
120.023
120.097
120.229
129.392
121.381
119.943
119.798
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29-30
32-33
34-29
35-36
38-33
40-41
38-09

01-Co-02
03-Co-05
03 -Co-06
0O5-Co-06
04-Co-06
1-2-3
4-5-6
5-6-1
7-8-9
10-5-4
07-10-5
06-7-6
8-14-13
12-11-9
Co-03-15
16-17-18
N2 -18-19
20-15-16
19-24-08
23-22-21
05-21-20
O0l1-1-6
25-26-27
28—-22-21
04-29-30
30-31-32
31-32-N3
34-29-30

1.44993
1.45350
1.45013
1.46024
1.49147
1.40814
1.26089

178.303
91.435
89.562

178.663
89.008

121.341
119.956
119.751
120.064
119.687
120.514
122.322
120.202
120.086
129.201
120.848
121.445
119.005
120.523
120.102
122.301
125.084
120.150
120.501
115.970
120.857
119.479
118.945
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29-34-35 120.169 34-35-36 120.201
36-37-38 120.600 37-38-09 120.837
38-33-34 120.360 38-33-32 119.696
36-37-39 119.967 37-39-40 120.077
40-41-42 120.149 41-42-36 120.196
Dihedral angles (degrees)

Co-01-1-2 -175.665 01-1-2-3

Co-01-1-6 4.962 01-1-6-5

01-1-7-6 -0.500 1-2-3-4

2-3-4-5 0.281 3-4-5-6

4-5-6-1 0.818 5-6-1-2

6-1-2-3 -0.217 2-3-4-N1

N1-4-5-6 179.342 N1-4-5-10
4-5-6-7 -179.641 5-6-7-8

6-7-8-9 2.464 7-8-9-10

8-9-10-5 -1.610 9-10-5-6

10-5-6-7 0.581 10-5-6-1

06-7-6-5 177.175 06-7-8-9

8-9-10-07 178.826 07-10-5-6
07-10-5-4 1.277 9-10-5-4

5-10-9-11 178.360 10-9-11-12
07-10-9-11 -1.204 9-11-12-13
11-12-13-14 -0.212 12-13-14-8
13-14-8-9 0.175 14-8-9-11
2-1-6-7 -179.854 1-6-7-8

6-7-8-14 -177.505 7-8-14-13
Co-06-7-6 2.650 Co-06-7-8
Co-03-15-16 179.828 Co-03-15-20
03-15-16-17 -179.186 03-15-20-21
15-16-17-18 -0.127 16-17-18-19
17-18-19-20 0.158 18-19-20-15
19-20-15-16 -0.733 20—-15-16-17
16-17-18—-N2 179.871 N2-18-19-20
N2-18-19-24 0.129 18-19-20-21
19-20-21-22 -1.997 20—-21-22-23
21-22-23-24 -0.301 22-23-24-19
23-24-19-20 0.277 24-19-20-21

160

35-36-37
09-38-33
38—-37-39
39-40-41
42 -36-37

-179.630
179.040
0.227
-0.807
-0.315
-179.865
-0.879
-2.579
-0.349
1.490
-178.959
-177.302
-178.945
-178.288
-179.726
0.036
0.104
-0.349
176.959
-179.855
-177.590
0.024
-1.740
-0.273
0.345
0.631
-179.988
-178.851
1.627
-0.650
1.031

120.107
120.496
119.433
120.176
119.433
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20—-19-24-08
Co-05-21-20
21-22-23-25
23-25-26-27
26—-27-28-22
28—-22-23-24
18-19-24-23
24-23-25-26
15-20-21-22
21-22-28-27
Co—-04-29-30
04-29-30-31
30-31-32-33
32-33-34-29
34-29-30-31
N3-32-33-34
33-34-35-36
35-36-37-38
37-38-33-34
34-33-38-09
35-36-37-39
37-39-40-41
40-41-42-36
42-36-37-39
32-33-38-37
38-37-39-40
29-34-35-36
35-36-42-41
29-34-35-02
Co-02-35-36

-179.874
7.031
179.981
0.061
0.034
-0.365
-179.841
-179.505
178.811
179.893
-177.001
-179.701
-0.008
0.663
0.045
179.545
-1.956
-0.438
0.861
-179.578
179.669
0.014
0.136
-0.388
-179.028
-179.598
177.836
-179.885
-2.302
-177.638

08-24-23-22
Co-05-21-22
22-23-25-26
25-26—-27-28
27-28-22-23
17-18-19-24
19-24-23-25
16-15-20-21
20—-21-22-28
08-24-19-18
Co—-04-29-34
29-30-31-32
31-32-33-34
33-34-29-30
30-31-32-N3
32-33-34-35
34-35-36-37
36-37-38-33
38—33-34-35
09-38-37-36
36-37-39-40
39-40-41-42
41-42-36-37
31-32-33-38
33-38-37-39
30-29-34-35
34-35-36-42
04-29-34-35
Co-02-35-34

161

179.502
-173.481
0.215
-0.187
0.241
-179.724
179.069
178.461
-178.023
0.008
3.270
0.194
-0.425
-0.477
-179.979
-179.544
1.892
-0.928
0.567
179.512
0.296
-0.232
0.172
179.464
178.965
179.730
-178.050
-0.549
2.497
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8.2.5. UV-Vis spectroscopy of CoQ;

The absorption spectrum of QH (Figure 8a) in 30% ethanol[6,7] shows four absorption
bands (at 250 nm, 290 nm, 530 nm and 565 nm) due to n—n* and n—n* transitions of its various
tautomeric forms in rapid equilibrium in aqueous solution[6,7,25].From the UV-Vis spectrum of
CoQs (Figure 8b) it is clear the absorption peaks at 250 nm, 290 nm, 530 nm and 565 nm remain
almost unaltered, which indicate that electronic absorption spectrum of CoQ3 depends weakly on
the nature of Co"" and is primarily defined by the ligand (QH)[25]. However, appearance of a
new peak at 600 nm is characteristic of the complex (CoQs3). It is important to mention here that
tautomeric structures found for free QH [25] in aqueous media are not possible for CoQs3, since

phenolic —OH in QH are deprotonated owing to coordination with Co™ by phenolic oxygens.
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Figure 8: UV-Vis spectrum of (a) QH (b) CoQs in aqueous ethanol.

8.2.6. Fluorescence spectroscopy of CoQ3

Fluorescence spectra of QH and CoQjs; are shown in Figure 9, recorded following
excitation at 530 nm. Emission spectrum exhibits a maximum at 590 nm for QH and 594 nm for

CoQs. The difference in emission peak of CoQ3; compared to QH is due to the metal ligand bond.
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Figure 9: Fluorescence spectra of QH and CoQ3 in aqueous ethanol.

8.2.7. Electrochemical reduction of CoQ; in organic polar solvents

Electrochemical behavior of CoQs; was studied in anhydrous DMSO and DMF in
presence of TBAB as supporting electrolyte using cyclic voltammetry. In anhydrous DMSO,
CoQs undergoes successive three one-electron reductions having peak potentials (E,c) at -0.795,
-1.010 and -1.295V, respectively, vs. Ag/AgCl/saturated KCI (Figure 10, Table- 2). In this case,
the first reduction is reversible, while the other two shows quasi-reversible at different scan rates.
These three one-electron reduction steps are owing to reduction of the three free quinone centres
of three Q~ bound to Co"' inCoQs [Scheme 3]. For these reductions, the formal potentials (E) of
the respective reduction steps were at -0.750, -0.987 and -1.255 V respectively. It is to be noted
although there are three equivalent free quinone sites in CoQ3 (Scheme 3), there is a difference in
their formal potential values which is appreciable. Thus, after reduction at the first free quinone
in CoQg3, reduction of the second and third quinone sites are significantly delayed. In other
words, the reduced species (semiquinone radical anion) formed due to the first or second

reduction is stabilized in a metal ion environment due to delocalization of the negative charge.
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This is important with regard to the compound’s biochemical action, since a stabilized
semiquinone would delay the reaction between semiquinone and molecular oxygen [24, 26-29]
within cells where it would be employed. Further, three distinctly different reduction potentials
could have a biological implication and serve as an important attribute of complex formation.

In anhydrous DMF, under similar experimental conditions, CoQ3 undergoes three-one electron
reductions having peak potentials (Eyc) at -1.025 V, -1.225 V and -1.475 V respectively; the
corresponding formal potentials (E) being -0.950 V, -1.195 V and -1.405 V, respectively (Figure
11, Table- 2). Considering polarity of DMF is less than DMSO [30] and comparing three
reduction potentials of CoQs in the two solvents, it can be said that with increasing polarity of
the medium reduction potentials move in a positive direction and that reductions become more
feasible as polarity of the solvent increases. This implies stability of formed semiquinone
increases with an increase in the polarity of the medium. Stabilization of the semiquinone is also
reflected in the formal reduction potential data. This aspect is important with respect to
chemotherapeutic efficiency [24, 26-29]. Owing to the stabilization of semiquinone radical
anion, the probability for the reaction of semiquinone radical anion with molecular oxygen
would be delayed and that might reduce cardiotoxicity, if the molecule were to be employed as
an anticancer agent [24,26-29].

Under similar experimental conditions, cyclic voltammogram of QH shows two
reversible waves at —0.816V and —1.355 V in anhydrous DMSO and at —0.832 V and—1.309 V in
anhydrous DMF versus Ag/AgCI, saturated KCI, forming semiquinone radical anion and
quinone dianion respectively [7,8]. Formal potentials for such reductions were evaluated as -
0.770 and -1.308V in anhydrous DMSO and —0.785 and —1.258 V in anhydrous DMFI8].
Comparing electrochemical parameters and cyclic voltammograms (Figure 10 and Figure 11) of
CoQ3; with those of QH in anhydrous DMSO and anhydrous DMF [8], one can say

electrochemical behavior of QH bound to Co™" in CoQ3as Qis significantly altered.
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Figure 10(a): Cyclic voltammogram of CoQj in anhydrous DMSO media. Scan rate: 0.10 Vs ™.
[CoQs] = 1x10°M,[TBAB] = 0.1 M, T = 298.15 K. (b): Plot of cathodic peak
current vs. square root of scan rate for first (®), second (0) and third reduction

(m) of CoQ3 in anhydrous DMSO.
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Figure 11(a):  Cyclic voltammogram of CoQj3 in anhydrous DMF media. Scan rate: 0.10 Vs ™.
[CoQs] = 1x10°M,[TBAB] = 0.1 M, T = 298.15 K. (b): Plot of cathodic peak
current vs. square root of scan rate for first (0), second (0) and third reduction
(m) of CoQs in anhydrous DMF.

It is seen that reduction peak currents (l,) for three successive reductions of CoQs in both

DMSO and DMF have a linear relationship with square root of scan rate and that it passes
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through the origin (Figure 10 and Figure 11). This suggests such reductions are fully diffusion
controlled and that there is no adsorption on the electrode surface. The diffusion coefficient (Do)
of CoQ; was determined using the relation shown in equation 1[31] and found to be 3.04x10°

and 6.31x10° cm?s™ in DMSO and DMF respectively (summarized in Table- 2).
loc = (2.69 x10°) n*? DA C v*2 [1]

wherel,; = cathodic peak current in amperes, n = number of electron involved in the reduction, A

= area of the electrode (cm?), C = concentration (moles-cm™) and v = scan rate (V-s?).

From values of diffusion coefficients of CoQs in two different solvents (Table- 2) it is
evident Do increases as the polarity of the solvent decreases, clearly indicating greater solvation
of CoQs in a more polar solvent that causes lower diffusion onto the surface of the electrode.
Thus CoQs; is more solvated in DMSO due to hydrogen bonding and other electrostatic
interactions [8]. Intermolecular hydrogen bonding between one of the two hydrogen of the amino
group (-NH,) of QH and negatively charged oxygen of the solvent (DMSOQO) is very strong [8].
This type of hydrogen bonding would be weak in DMF, since for this solvent oxygen has a less

partial negative charge than that on oxygen in DMSO [8].
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- NH;
N

Scheme 3: The three step one-electron reductions of CoQs in organic polar solvents like DMSO
and DMF.

Table- 2: Electrochemical Parameters of CoQ;

Media Epc-1 Epc-2 Epc-3 E-1(V) E-2 (V) E-3(V) Do(Cm’s
1

(V) (V) (V) )
DMSO  -0.795  -1.010  -1295  -0.750  -0.987  -1.255  3.04x10®
DMF  -1025  -1225  -1475  -0950  -1195  -1405  6.31x10°

(Potentials were measured with respect to vs. Ag/AgCl/saturated KCI.)
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8.2.8. Effect of CoQ; on viability of MCF-7 human breast cancer cells by the

MTT assay

Using MTT assay, the cytotoxic activity of CoQsz was analyzed against MCF-7 human breast
cancer cells (Figure 12). It was estimated according to dose values of exposure of CoQj3 required
to reduce the survival to 50% (ICsp) in comparison to that of untreated cells. The 1Cs value for
24 h was found to be (95£0.05) ug/mL. This indicates CoQj3 is cytotoxic against MCF-7 breast

cancer cells.

CoQ,
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80
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60
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O T T T T T T T T T 1
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Percentage of inhibition
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Figure 12:  Cytotoxic effect of CoQs on MCF-7 human breast cancer cells after exposure for

24 h.

8.2.9. AO/EB Staining

Apoptosis is the hallmark of cell death and can be characterized by cellular
morphological changes observed during the process of cell death. The dual staining method of
AO/EB detects such morphological changes. Figure 13 corresponds to AO/EB staining of

control/non-treated and CoQ3 treated MCF7 breast cancer cells. Based on fluorescence emission
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and nuclei morphology, the cells were distinguished to have viable, apoptotic or necrotic
characteristics. Viable cells were observed to have uniform green colored nuclei with typical cell
morphology and intact membrane. On the other hand, apoptotic cells showed irregular cell
morphologies with orange to red condensed chromatin and/or fragmented nuclei. Furthermore
the large orange to red fluorescent swollen cells with no fragmented nuclei were differentiated as
necrotic cells. The results from AO/EB staining reveal that the control group contains more
viable cells and a few apoptotic and necrotic cells. In contrast, CoQ3 treated MCF7 breast cancer
cells induced majority of cell death through apoptosis mode and actually very few by necrosis.
Furthermore, condensed and fragmented morphologies were mostly observed in CoQ3 treatment
group. The results of calculating the percentage of apoptotic cell death induced by CoQ3; and
analyzed by fluorescent images of AO/EB staining revealed that AQS-treated cells generated a
higher percentage of apoptotic cells and a much lower percentage of necrotic cells than untreated
cells (Figure 14). The graph depicts a percentage count of apoptotic normal and abnormal cells.

The error bar represents the standard deviation across three replicates.

Control CoQ 3

Figure 13: AO/EB Staining ofcontrol andCoQstreated MCF-7 human breast cancer cells.
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Figure 14: Comparison of percentage of cells in apoptotic death compared to healthy cells and

necrotic death.

8.3. Conclusions:

A Co"' complex of 1-amino-4-hydroxy-9,10-anthraquinone having molecular formula
CoQ3 was synthesized and characterized by different methods. Optimized molecular structure of
CoQ3; was estimated using computational methods. HOMO and LUMO of CoQs were
characterized by this method. Electrochemical properties of CoQs were studied in anhydrous
DMSO and anhydrous DMF using cyclic voltammetry and the mechanism of reduction was
established. It showed that different reduced anions of CoQ; are stabilized in a metal surrounding
environment and that reductions would be delayed. Polarity of solvents affect stability of the
reduced anion. A significant modification of electrochemical properties of QH was seen when it
was bound to Co"' in CoQs. I1Csp 0fCoQjs for 24 hour incubation corresponding to cytotoxicity of
CoQz on MCF-7 human breast cancer cells was evaluated as 95+0.05 pg/mL. The study revealed

that such cancer cells underwent both early and late apoptosis due to CoQ:s.
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Chapter 9

2-amino-3-hydroxy-9,10-anthraquinonerepresenting the core of anthracycline anticancer
agents has a good amount of similarity on a number of aspects. Its 1-sulphonate derivative,
sodium 3-amino-2-hydroxy-9,10-anthraquinone-1-sulphonate (AQSH) was prepared since it
would increase the former’s solubility in aqueous solution. As part of the work, AQSH was
investigated with the help of several model studies and tried on cancer cell lines to determine

biochemical and biophysical parameters.

Complex formation of anthracyclines with metal ions has been reported to decrease
toxicity and metal ions play a significant role during various biochemical action. Metalation of
sodium 3-amino-2-hydroxy-9,10-anthraquinone-1-sulphonate (AQSH) with Cu" and Ni" was
investigated in aqueous solution and in solid state using different techniques (Chapters 6&7).
Our study revealed Cu" forms a 1:2 metal-ligand complex in aqueous solution while Ni" forms a
metal-ligand complex havingl:1 stoichiometry. Formation constants of the Cu" and Ni"
complexes of AQSH were 5.52 x 10" (Chapter6) and 4.69 x 10* (Chapter7) respectively. Solid
AQSH, its Cu" complex [Cu(AQS),] and Ni" complex [Ni(AQS)Cl,.2H,0] were synthesized and
characterized by different techniques (Chapters 4, 5, 6 and 7 respectively). Nature of metal—
ligand bond in Cu(AQS), was characterized by EPR spectroscopy and found to be mostly

covalent in nature. A ternary (1:3) Co"

complex of 1-amino-4-hydroxy-9,10-anthraquinone
(QH) having the molecular formula CoQ3 was prepared and characterized by different techniques
(Chapter8). Although various metal complexes of 1-amino-4-hydroxy-9,10-anthraquinone have

been studied earlier, a Co"

complex was not prepared. In the absence of a crystal structure,
computational measurements were performed to depict the electronic structure of AQSH

(Chapter 5) and CoQ3 (Chapter 8).
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Electrochemical behavior being an important aspect in understanding the mechanism of
action of anthracyclines and its analogues, cyclic voltammetry of AQSH and its metal complexes
(Chapters6 and 7) formed an important part of the study. These were done in acetonitrile and
dimethyl formamide as solvents. The study showed electrochemical behavior of AQSH is
significantly modified when bound to Cu" and Ni". Findings were compared with data available

on anthracyclines.

Electrochemical properties of CoQs; were studied in different solvents using cyclic
voltammetry and the mechanism of reduction was realized (Chapter- 8). Our investigation
concludes that in anhydrous non-aqueous media, CoQs undergoes three successive one-electron
reduction attributed to reduction of three free quinone centres in the complex bound to Co". In
this case, the first reduction is reversible, while the other two are quasi-reversible at different
scan rates. Comparing three reduction potentials of CoQs in different solvents, it was concluded
that with increasing polarity of the medium, reduction potentials move in a positive direction and
that reductions become more feasible as polarity of solvent increases. It was found that there is a

significant modification of electrochemical properties of QH bound to Co"' in CoQs.

A molecule is considered to be biologically competent when it penetrates biological
membranes through different physicochemical or biophysical interactions with such membranes.
Hence, surfactant interactions of AQSH and its corresponding metal complexes were performed
to investigate efficacy through model studies using an anionic surfactant micelle, sodium
dodecyl sulphate (SDS).This was studied in aqueous phosphate buffer at pH 7.4 using UV-Vis
spectroscopy (Chapter 5).The outcome of the study was compared with similar molecules.
Binding constant for the interaction of AQSH with SDS was (1.21+0.06) x10° M™ and

corresponding Gibbs free energy was —29.02 kJmol™. Partition coefficient and Gibbs free energy
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for distribution of AQSH between bulk aqueous and miceller phases were (1.59+0.04) x 10°M™
and —35.40 kJmol™respectively. Hydrophobic interactions were identified to be important in
AQSH-SDS micellar interactions. These have a fundamental role in the distribution of AQSH
between surfactant micelle—water phase. The study also established the fact that sulphonation of
AQ producing AQSH brings about improvement in binding with SDS since binding constant and
partition coefficient of AQSH-SDS interaction was greater than AQ-SDS interaction. This could

lead to improvement in biological interactions of AQSH over that of AQ.

Under similar condition Cu" and Ni" complexes of AQSH were allowed to interact with
SDS micelles to see whether these are able to penetrate biological membranes. Binding constants
and Gibbs free energies were calculated and found to be (2.83 + 0.04) x 10* M* and —25.41
kJ/mol for Cu(AQS), and (1.40+0.06) x 10° M* and —29.38 kJ/mol for Ni(AQS)Cl,(H,0),. The
study showed both compounds Cu(AQS), and Ni(AQS)CI,(H,0), penetrate SDS micelles by
hydrophobic mode of interaction. The value of partition coefficient (Kx) and corresponding
Gibbs free energy for the distribution of Cu(AQS), from the aqueous phase to the micellar phase
was estimated to be(4.48+0.05) x 10° and -32.26 kJ/mol respectively while for
Ni(AQS)Cl,(H,0), these were found to be (6.32+0.05) x 10° and —33.11kJ/mol respectively.
Comparison of such binding parameters of metal complexes with AQSH under similar
experimental conditions indicate that values for Cu(AQS), were less than that for AQSH while
they were higher in case of Ni(AQS)CI,(H,0),. Thus comparing binding constants and partition
coefficients of metal complexes of AQSH with AQSH it can be inferred that Cu(AQS); is less
efficient in penetrating biological membranes than AQSH while Ni(AQS)CI,(H.0),would
exhibit a greater efficiency. Thus the nickel complex should be more efficient in penetrating

biological membrane.
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Studies were performed with AQSH and its metal complexes on A549 human lung
cancer cell and that of CoQ3; on MCF-7 human breast cancer cell using a series of assays viz. cell
viability assay, AO/EB staining, Hoechst 33528 staining and JC-1 staining (Chapters5,6,7,8).
ICso values were (83.5+0.05) uM, (125+£0.05) uM and (68.5+£0.05) uM for AQSH, Cu(AQS),,
Ni(AQS)CI,(H.0), after incubation for 24 hours. Data shows Ni(AQS)Cl,(H.0), is the most
efficient among the compounds in inducing apoptosis in A549 human lung cancer cells. The
result corroborates well with binding constant and partition coefficient values for interaction of

compounds with SDS micelles.

Similarly, 1Csq value of CoQs for 24 hour incubation corresponding to cytotoxicity of
CoQs on human breast cancer cells MCF-7 was evaluated as (95+0.05) pug/mL. It was found that
such cancer cells underwent both early and late apoptosis due to CoQ:s.

Thus after considering all aspects ofbiophysical and biochemical properties displayed

with regard to AQSH, its Cu" and Ni" complexes and the Co""

complex of 1-amino-4-hydroxy-
9,10-anthraquinone, facts indicate a close similarity between behavior of amino-hydroxy-9,10-
anthraquinones, their metal complexes with anthracyclines as anticancer agents keeping open the

possibility that the compounds that are much cheaper may be utilized in cancer chemotherapy.
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Abstract

Sodium 3-amino-2-hydroxyanthraquinone-1-sulphonate (AQS) is an analogue
of the anthracycline based chemotherapeutic drugs that was prepared as a part
of the reported study. As the surfactant micelles mimics the biological mem-
brane the present study comprises the interaction of AQS with an anionic
surfactant, sodium dodecyl sulfate (SDS) in aqueous media at pH 7.4 which
was monitored by using UV-Visible spectroscopy. The aim of the study is
to see whether the present molecule penetrates a biological membrane. Differ-
ent binding parameters like binding constant, partition coefficient, and
corresponding Gibbs free energies of the interaction of AQS and its distribu-
tion between aqueous media and SDS micelles were measured. The study
revealed that hydrophobic interactions play the most important role in binding
of AQS to SDS micelles. To see whether AQS really permeates a biological
membrane and induces apoptosis, it was allowed to interact with A549 human
lung cancer cells. This study established the fact that AQS results apoptosis by
means of nucleation into this cell.

KEYWORDS

A549 human lung cancer cell, apoptosis, AQS, density functional theory, hydrophobic
interactions, SDS micelles

1 | INTRODUCTION

Anthracycline based anticancer drugs with the hydroxy-9,
10-anthraquinone moiety at its core like in doxorubicin
hydrochloride, daunorubicin, carminomycin, mitoxantrone
(Scheme 1), are common chemotherapeutic agents used in
the treatment of different forms of human cancers."™*! The
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drugs are very expensive and their use is limited due to
adverse drug reactions and cardiotoxicity..>””) Efforts by dif-
ferent groups to find comparatively inexpensive alternatives
that could simultaneously reduce cardiomyopathy have met
with limited success.!®®! Previous studies established the
fact that hydroxy-9,10-anthraquinones, present at the core
of the anthracyclines control biological action. For this
reason, different hydroxy-9, 10-anthraquinones, hence-
forth referred to as simpler analogues, were studied both
from a chemical point of view as well as a biological point
of view to check whether they could be promoted as inex-
pensive alternatives to some of the anthracycline drugs
already in use.® ¢

Any molecule is screened as biologically efficient only
if it shows effectiveness in penetrating biological mem-
branes!'”*®! through different physicochemical or biophys-
ical interactions with the bio-membranes.'>2? Both
hydrophobic and hydrophilic parts of a membrane were
identified that helped in characterizing such interactions
taking place with a foreign body, that is, the target mole-
cule."”2?! Efficacy of molecules could be established by
carrying out studies on molecule-surfactant interac-
tions!*>?* that serve as models for drug-membrane inter-
actions.””>** Various methods have been introduced by
different workers in monitoring drug-surfactant interac-
tions since this has enormous potential in pharmaceutical

research.!?”! Further, a micellar system has the potential to
solubilize a hydrophobic drug!?*®! which introduces it as
a replica for bio-membrane plus drug carrier in various
drug delivery and drug targeting systems.[>>-3!

Along with some of the above mentioned facts,
molecular and electronic structures of drugs are also
important that enable the formation of different types of
hydrogen bonding and other interactions with bio-mem-
branes. This helps to find a structure-activity relationship
for a molecule that may provide information in identify-
ing new drugs for different diseases. In this study, com-
putational measurements were also performed to depict
the electronic structure of sodium 3-amino-2-hydro-
xyanthraquinone-1-sulfonate (AQS) (Scheme 2), a simple
analogue of anthracyclines. Objective of the present study
was to see whether AQS has the potential to permeate bio-
logical membranes, identified with the help of model stud-
ies using an anionic surfactant micelle. AQS was chosen
in this study since it is inexpensive, has a planar hydroxy-
9, 10-anthraquinone that serves as a representative to the
core moiety of many established anthracyclines, and
playing a crucial role in biological functions for the mole-
cule. Interaction of AQS with micelles of the anionic sur-
factant sodium dodecyl sulfate (SDS) (Scheme 3) was
monitored by UV-Vis spectroscopy to estimate binding
parameters for the AQS-surfactant interaction. In order to
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SCHEME 2
sulphonate (AQS)

Sodium 3-amino-2-hydroxyanthraquinone-1-

SCHEME 3 Chemical structure of SDS

justify whether the results are important for the chosen
molecule to permeate biological membrane, AQS was
treated with A549 human lung cancer cells and studied to
see if interaction induces apoptosis.

2 | EXPERIMENTAL

2.1 | Materials and methods

2-Amino-3-hydroxyanthraquinone (>95%) was acquired
from TCI, Japan and recrystallized from a methanol-etha-
nol mixture. Methyl alcohol (HPLC grade, E-Merck, India),
absolute ethyl alcohol (AR grade), and dimethylsulfoxide
(AR grade, Spectrochem India) were used in experiments.
3.76 mmol of 2-amino-3-hydroxyanthraquionone (AQ) was
taken in a round bottomed flask containing 125 ml 4:1 etha-
nol-water mixture under nitrogen atmosphere at room tem-
perature and stirred continuously until the compound
dissolved completely. To it, solid anhydrous Na,CO;
(2.8 mmol) was added and stirred for 10 min. 1.88 mmol
CuO was introduced to the reaction mixture under
refluxing conditions (Temperature ~ 85°C) and nitrogen
atmosphere for approximately 30 hr. The deep pink colored
solution that was obtained was filtered. CuO and unreacted
material got collected as residue. The filtrate was evaporated
in air till the volume of the experimental solution was about
5 ml. It was again filtered to separate the product that was
subsequently dried in air. The product thus obtained was
recrystallized from ethanol and dried in air. Elemental
analysis, ESMS, and nuclear magnetic resonance (NMR)
were done. Elemental analysis was carried out on a 2,400
Series II CHN Analyzer, Perkin Elmer, which found C, H,

CHEMICAL SOCIETY

and N contents to be 49.27, 2.30, and 4.13%, respectively
(calculated values being C: 49.23%, H: 2.34%, N: 4.10%).
Since quinone containing molecules are easily photo-
bleached they were stored carefully; solutions prepared
just before an experiment. A standard solution of 1 mM
AQS in dimethylsulphoxide (DMSO) was made by
weighing an exact amount of AQS and subsequently
diluted to desired strengths. Ten percentage DMSO solu-
tion was used for studying AQS-surfactant interaction.
SDS (AR grade) was procured from E-Merck, India. Com-
pounds were used in the experiments without further puri-
fication. pH (~7.4) of all experimental solutions were
maintained with the help of phosphate buffer. All aqueous
solutions were made using triple distilled water. UV-Vis
spectra were recorded on a spectrophotometer (OPTIZEN
POP, MECASYS, South Korea).

2.2 | Computational methods

Density functional theory was employed to estimate the
geometrical parameters and energy of AQS. Discrete Fou-
rier transform level (Gradient corrected) used three-
parameter fit exchange-correlation function of Becke
(B3LYP), which comprised of the correlation function of
Lee, Yang, and Parr.l***¥] Minimization of energy and
optimization of full unconstrained geometry of AQS were
done using the Berny optimization algorithm under tight
convergence. To compute the potential energy distribu-
tion (PED) Vibrational Energy Distribution Analysis
(VEDA) 4.0 was introduced.® Vibrational modes of
AQS were assigned by using PED values and visual check
using Gauss View 5.0.

2.3 | Determination of critical micelle
concentration

Change of slope or discontinuity of property-concentration
dependence gives the critical micelle concentration (CMC)
value.

A series of mixtures of a certain concentration of AQS
and different concentrations of SDS were prepared.
Absorbance of these solutions were measured at 510 nm
and plotted against concentrations of SDS. Change of the
slope of absorbance-concentration dependence provides
the CMC value.

2.4 | Cell culture

Human A549 lung cancer cells were acquired from
NCCS, Pune, India. In a CO, incubator (Thermo
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Scientific) with humidified atmosphere containing 5%
CO, cells were cultured at 37°C in DMEM high glucose
medium (Sigma-Aldrich) which was accompanied by10%
fetal bovine serum (HiMedia) and with penicillin/strepto-
mycin as antibiotics (HiMedia) in 96 well culture plates.
The studies were done using cells from passage 15 or less.

2.5 | Cell viability assay

Solid AQS was dissolved in DMSO to prepare a stock solu-
tion that was diluted separately with the media to obtain
different concentrations of AQS. Two-hundred microliters
solution was then mixed with 5 x 10°> A549 cells per well.
After an incubation for 24 hr, 20 upl of MTT [3-(4,5-di-
methylthiazol-2-y1)-2,5-diphenyl-2H-tetrazolium bromide]
solution (5 mg/ml in PBS) was added to each well and the
plate enfolded by Al foil. It was again incubated for 4 hr at
37°C.3%1 The formazan product which is purple in color
was liquefied by adding 100 pl DMSO in every well. With a
96-well plate reader (Bio-Rad, iMark) the optical density
was supervised at 570 nm for the measurement and 630 nm
for reference. Experimental data were collected for three
replicates each and used to determine the respective mean.
Percentage inhibition was evaluated using the formula:

By plotting % inhibition against concentration of AQS, a
standard curve was obtained and the concentration of AQS
that reduced the viability to 50% (ICs,) was determined.

nucleus and membrane integrity, 300 cells for every sample
were scored as necrotic, apoptoticor viable. The % of
necrotic and apoptotic cells were calculated accordingly.

2.7 | Hoechst 33528 staining

A549 cells were cultured in separate 6-well plates and incu-
bated with IC5, concentration of AQS for 24 hr. Then treated
and control cells were harvested and stained with Hoechst
33258 stain (1 mg/ml, aqueous) for 5 min at room tempera-
ture.*”! A drop of cell suspension was introduced on a glass
slide, and a coverslip was laid over it to reduce light diffrac-
tion. In fluorescent microscope, arbitrary 300 cells in tripli-
cate were introduced and percentage cells undergoing
pathological changes were measured. Data were collected
for three replicates each to calculate mean and the SD.

2.8 | Mitochondrial membrane potential
assessment by JC-1 staining

Mitochondrial membrane potential was measured by
using the fluorescent probe JC-1. In this method, orange-
red fluorescence is observed when gathered in healthy
cell mitochondria but when extracted out in cytosol it fluo-
resces green owing to the loss of membrane potential lead-
ing to a negative internal potential.*® The A549 cells were
grown in glass coverslips (22 x 22 mm) placed in the wells

[Average OD of untreated cells (control) — Average OD of treated cells (treated)] x 100

Percentage inhibition =

2.6 | Acridine orange and ethidium
bromide staining

Following the technique illustrated by Spector and
coworkers!**! apoptosis was studied by using acridine
orange and ethidium bromide (AO/EB) double staining
technique with certain modifications. After incubating cells
with an ICs, concentration of AQS for 24 hr, they were
harvested and washed by using cold PBS. By using PBS
again, cell pellets were resuspended and diluted to 5 x 10°
cells/ml. It was mixed with 25 pl of PBS containing 3.8 pM
of AO and 2.5 pM of EB on a clean slide and viewed
through a microscope. Quickly it was studied under a fluo-
rescent microscope (Carl Zeiss, Axioscope2plus) having a
UV filter (450-490 nm). With staining the structure of

Average absorbance of untreated cells (control).

1)

of 6-well plates and treated with ICs, of AQS. DMSO was
employed as solvent control. After 12 hr exposure cells were
stained with the dye. Depolarization patterns of mitochon-
dria were found in fluorescent microscope and pathological
changes in the cells were found and recorded.

3 | RESULTS AND DISCUSSION

31 | Structure of AQS

In order to establish a structure-activity relationship for
the current molecule, its molecular and electronic struc-
tures were characterized by different theoretical and
experimental studies.
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3.1.1 | Energy optimized structure from
computational study

Structure of AQS was optimized with the help of B3LYP/
6-31+g(d,p) (Figure 1). The optimum energy for the
structure was found to be -1,604.94 a.u. Estimated bond
lengths and bond angles for the molecule are mentioned
in Tables 1 and 2 respectively having been evaluated by
HF/6-31+g(d,p), B3LYP/6-31+g(d,p) and PBEPBE/6-31
+g(d,p).

FIGURE 1

Optimized molecular structure of free AQS using
B3LYP/6-31 + g(d,p) protocol

TABLE 1 Optimized bond lengths

CHEMICAL SOCIETY

For a molecule, the frontier molecular orbitals (FMO)
are built by HOMO (highest occupied molecular orbital)
and LUMO (lowest unoccupied molecular orbital). Exam-
ination of energy and population in these orbitals is
important in determining donor-acceptor behavior of the
molecule when it interacts with a biologically important
molecule.® Energy separation between HOMO and
LUMO in FMO is related to chemical reactivity as the
HOMO functions as electron donor and LUMO as elec-
tron acceptor. In the present study, energy separation
between HOMO and LUMO in AQS was found to be
0.11904 a.u. The iso-density plot of FMO (Figure 2)
clearly shows that HOMO and LUMO have different
extents of delocalization.

3.1.2 | Nuclear magnetic resonance

'H NMR (300 MHz, CDCly): &(ppm): 10.64 (s,1H,
Ar—OH), 7.93 (d,2H, Ar—Cs, Cy), 7.36 (d,2H, Ar—Cs,C5),
6.05 (s,1H,Ar—C,), 3.31 (s,2H,Ar—NH,) (Figure S1).

In 2-amino-3-hydroxy-9,10-anthraquionone -OH and
-NH, protons appeared at §10.0 and &3.30, respec-
tively.[4°] However, due to incorporation of an electron
withdrawing sulphonate at ortho-position to the C,—OH,
peak for the C,—OH proton got shifted to higher & value
and appeared at §10.64 as a singlet. However, no change
was observed for —NH, protons and those appeared as
singlet at §3.31. Since AQS was prepared in the presence

A Bond length HF/6-31+g(d,p) B3LYP/6-31+g(d,p) PBEPBE/6-31+g(d,p)
(R)of AQS C13—N23 1.359 (1.354) 1.377 (1.380) 1.390 (1.395)
N23—H24 1.001 (1.005) 1.009 (1.015) 1.088 (1.055)
N23—H25 1.002 (1.001) 1.008 (1.009) 1.016 (1.019)
C14—022 1.335 (1.330) 1.345 (1.355) 1.361 (1.368)
022—H26 0.998 (0.993) 1.001 (1.005) 1.017 (1.201)
S27—028 1.438 (1.444) 1.459 (1.444) 1.470 (1.478)
$27—029 1.534 (1.539) 1.554 (1.555) 1.564 (1.569)
S27—030 1.486 (1.490) 1.504 (1.511) 1.517 (1.514)
C8—021 1.204 (1.210) 1.224 (1.220) 1.244 (1.249)
C4—C8 1.501 (1.503) 1.497 (1.501) 1.509 (1.515)
C9—C8 1.477 (1.480) 1.487 (1.488) 1.501 (1.497)
C7—020 1.216 (1.220) 1.228 (1.224) 1.239 (1.241)
C7—C3 1.468 (1.460) 1.484 (1.480) 1.499 (1.493)
C7—C10 1.502 (1.509) 1.491 (1.487) 1.505 (1.516)
C15—S27 1.816 (1.820) 1.830 (1.828) 1.842 (1.848)
C11—C13 1.368 (1.370) 1.385 (1.379) 1.401 (1.411)
C13—C14 1.430 (1.429) 1.428 (1.420) 1.440 (1.445)

Note: The data in the parenthesis are calculated in the solution.
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Bond angle
H25—N23—H24
C13—N23—H25
C13—N23—H24
C14—C13—N23
C11—C13—N23
C14—022—H26
C13—C14—022
C15—C14—022
028—S27—029
030—S27—028
030—S27—029
C9—C15—S27
C14—C15—S27
C9—C8—021
C4—C8—021
C3—C7—020
C10—C7—020

BANERIJEE ET AL.

HF/6-31+g(d,p)
117.78 (117.70)
117.65 (117.48)
116.70 (116.76)
115.64 (115.44)
121.87 (121.42)
108.72 (108.45)
111.18 (111.07)
125.51 (125.59)
114.54 (114.11)
119.49 (119.67)
106.68 (106.41)
120.22 (120.56)
115.23 (115.87)
121.54 (121.12)
117.88 (117.44)
120.66 (120.98)
119.87 (119.34)

B3LYP/6-31+g(d,p)

115.59 (116.15)
116.86 (117.39)
115.37 (116.13)
117.67 (116.05)
123.15 (123.06)
107.39 (107.14)
113.61 (113.10)
126.08 (126.85)
111.75 (111.30)
118.51 (117.99)
104.11 (105.42)
122.42 (122.04)
117.56 (117.89)
122.35 (122.98)
119.39 (119.10)
121.09 (121.66)
121.03 (121.44)

Note: The data in the parenthesis are calculated in solution.

AE=0.16991 a.u.

E

LUMO + 1=-0.06786 a.u.

+d

T iy <

HOMO-1=-0.23777a.u. <

b ¥

PBEPBE/6-31+g(d,p)
114.45 (114.44)
116.05 (1,116.41)
114.40 (114.40)
119.96 (119.76)
124.10 (124.92)
105.62 (105.67)
115.37 (115.88)
128.14 (128.76)
111.50 (111.43)
117.84 (117.65)
103.45 (103.46)
123.44 (123.89)
118.09 (118.65)
123.33 (123.67)
121.51 (121.04)
123.06 (123.66)
122.22 (122.68)

(in degree) of AQS

TABLE 2 Optimized bond angles

FIGURE 2 The iso-density plot of
HOMO, LUMO, HOMO-1and LUMO+1

for free AQS

ELUMO =-0.08468 a.u.

AE=0.11904 a.u.

O E__

HOMO = -0.20372 a.u.
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of Na,COj; suggesting that the medium was basic, the sul-
fonation reaction was more favored at ortho to C,—OH
but not ortho to NH,(4-position). In AQS aromatic pro-
tons (Cs—H and Cg—H) close to the electron withdrawing
carbonyl group appeared at §7.93 as doublet because of
ortho coupling with adjacent protons. The other aromatic
protons in the sulphonate product like Cs—H, C,—H, and
C,—H appeared at 6 7.36 as doublet and at § 6.05 as sin-
glet, respectively. Lower & value of C,—H protons arise
due to electron releasing effect of the adjacent —NH,

group.

3.1.3 | Mass spectroscopy

In the ESIMS of AQS (Figure S2) small molecular ion
peak (NaC,4HgNSOg¢) was detected at m/z = 341.27 but
the protonated molecular ion peak at m/z = 342.27 was
not observed. However, an intense peak at m/z = 338.30
indicates a species obtained by deprotonation of three
hydrogen atoms from AQS. Peak at m/z = 254.1088 is
probably the protonated fragment formed by the loss of
sodium, —NH,, —OH, and two oxygen atoms from AQS.
The sharp signal at m/z = 240.03 corresponds to the pro-
tonated fragment generated due to the loss of —SO;Na
from AQS. A less intense band at m/z = 124.06 is due to
loss of —SOs;Na, —OH, —NH, and two quinone oxygen
atoms, four carbon atoms, and one hydrogen atom
from AQS.

3.14 | Theoretical and experimental
vibrational spectra of AQS

Using VEDA and PED analysis, the theoretical IR
spectrum of AQS could be created. According to VEDA,
some normal modes are extended over the whole mole-
cule. PED used at certain levels accounted for the contri-
bution to movement of groups of atoms in a normal
mode quantitatively. AQS consists of 30 atoms and
exhibits 84 IR active fundamental vibrations of which
29 are stretching, 28 are bending and 27 are torsional.
Computed vibrational frequencies were overestimated
and scaled by 0.9613 for B3LYP/6-31+G (d,p) level of cal-
culation.®**!! IR frequency and intensity, PED, and
modes of vibration for AQS are shown in Table 3. Com-
paring theoretical and experimental bands (Table 3) and
the spectra (Figure 3a,b) it could be said that both spectra
do not match very well in the region of 3,000-1,600 cm™t.
However, they matched better above 3,000 cm™! and
below 1,600 cm™!. Deviation of results between theoreti-
cal and experimental spectra may be due to the effect of
crystal field? or due to the fact that experimental and

CHEMICAL SOCIETY

theoretical results were studied in different states such as
solid state in case of experiment and gaseous state in case
of theoretical study.

3.1.5 | Determination of pK, of AQS
During the interaction of the current molecule with
surfactant micelles or biological cells the ionization of phe-
nolic —OH group may play an important role.!*! This is
why it is imperative to measure its pK, of AQS. This was
done with the help of a spectrophotometric titration of
AQS with NaOH. Initially, 50 pM aqueous AQS was acidi-
fied with 0.01 M HCI to a pH of 2.23. It was then titrated
with a 0.01 M NaOH keeping concentration of AQS con-
stant. UV-Vis spectra of the experimental mixture were
recorded (Figure 4) at different pH and the plot of absor-
bance at 560 nm against pH was fitted to Equation (1)
(Figure 5). A change in absorbance at 560 nm indicates
the dissociation of phenolic —OH in the pH range 7.30-
9.10. pK, was obtained as 8.10 + 0.05 [reduced Chi
squared = 0.00444].

B A A,
T 14 10PH-PK) T 1 4 10PK-pH)

1)

Aseo

Asgo is the overall absorbance of the solution at
560 nm at different pH; A; and A, are the absorbance,
respectively, of AQS and the phenoxide ion. The pK, for
phenolic-OH of our molecule (AQS) was higher than that
of 2-amino-3-hydroxy anthraquinone (7.90 + 0.06),1"’
suggesting that the phenolic-OH proton in AQS is
strongly held (probably through hydrogen bonding) by
the neighboring sulphonate.

3.2 | Interaction of AQS with SDS

A study on the interaction of AQS with SDS was carried
out using UV-Vis spectroscopy at pH 7.4 maintained
with 100 mM phosphate buffer in premicellar and micel-
lar concentration range. A series of mixtures containing a
specific concentration of AQS and variable concentra-
tions of SDS were prepared and absorption at 510 nm
was monitored to evaluate different parameters for the
interaction of AQS with the SDS micelle. The compound
AQS has only a visible peak at 510 nm which is why we
have monitored this peak in the present study. Absor-
bance of the solutions were measured with the help of a
spectrophotometer following incubation of SDS with
AQS for 1-2 min. Change in absorption of AQS upon
adding different concentrations of SDS is shown in Fig-
ure 6a. By monitoring changes in the UV-Vis spectra
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TABLE 3 Comparison of theoretical and experimental IR stretching frequency of free AQS

Ucal Uscaled

(cm™) (cm™) Intensity PED (%)

3,714 3,570 31 S,

3,592 3,452 78 S5 (100)

3,119 2,998 820 S, (98)

1,752 1,684 186 So (69) S10 (11)

1,660 1,595 42 S»s5 (—10) S35 (41)

1,647 1,583 68 S15 (54) Sag (16)

1,636 1,572 26 S11 (50) S5, (15)

1,523 1,464 161 S14 (=13) S35 (46)

1,437 1,381 126 S1o (=12) Sap (16) Spq (~13)
So5 (14)

1,282 1,232 83 S26 (66) Sy7 (—10)

994 955 38 Ses (86)

897 862 38 Ss5 (—10) Seo (—12)

837 804 63 Sog (—18) Seo (57)

809 777 7 Se3 (—54) Sgo (13)

623 598 65 Ssg (—18)

(Figure 6a) of AQS, the CMC of SDS in the presence of
AQS was evaluated and found to be 234 pM. This value
of CMC was used in the entire calculation in evaluating
binding parameters. CMC values of SDS in pure water
and in 50 mM phosphate buffer were evaluated in an ear-
lier study and found to be 8,080 and 1990 pM, respec-
tively.[**! Lowering in CMC value of SDS in comparison
to that obtained earlier may be explained by means of the
influence of various ions and molecules present in the
mixture.[**! The change in absorbance of AQS at 510 nm
with various surfactant concentrations is depicted in Fig-
ure 6b which shows that absorbance decreases with
increasing SDS concentration until it reaches a saturation
level for a particular concentration of SDS. This can be
elucidated by assuming incorporation of AQS into the
SDS micelles. Usually in studying small molecule-surfac-
tant interaction a nonlinear analysis has been introduced
by several workersi*'™*8] considering 1:1 interaction

Uexpt

Interpretation (cm™)

Vsym (N25—H24), Vasym(N23—Hss) 3,689

Vsym (N23—H4), Vasym(N23—Hss) 3,353

Usym (022_H26) -

Usym (02,—Cy), Usym (02—C7) -

Usym (C3—C7), 0sym (C5—Cé), Vsym (C7—Ci0); Oym 1,655
(Co—C15), Usym (C10—Ci11), p (Hps—Np3—Hby)

Usym (CZ_CI), Usym (C3_C2), Usym (C4_CS)’ Usym 1,610
(C13—Cu), p (H17—C,—Cy), f (H15—Cs—Cs)

Usym (CI_C6)7 Usym (CZ_C3)7 Usym (CQ_CIO)’ [7) 1,526
(C;—C,—Cs), p (C5—C5—Cy), p (C4—Cs—Cq), p
(C15—C11—Cyo),

Usym (Cl_cé)a Usym (CG_CS)a Usym (C'B—CIO)v Usym 1,347
(C11—Ci0), # (H26—05,—C14)

Usym (Co—Cs5), Usym (Cra—Cys), Usym (N23—C;3), 1,267
Usym (0—=—Ca), Usym (Cs—Cy), Usym (Co—Cs5),

Usym (CS_CQ),

Usym (827—028), Usym (S27—030), 1,195

7(H;4—C,;—C,—C3), 7(H,;9_C¢—C,—C2),z 967
(H,6—C5s—Cs—C1),7(H;7—C;—C1—Co)

B (Cs_C9_C15), B (Clo_c7_020),‘f 891
(Hz6—02,—C14—C13),

Usym (S277029),7(H26—02—C14—C13) 793

7(H6—C1—C5—C3), 7(H;9_Cs—C,—C)), 712
7(H;7—C5;—C1—Cq), 7(N23—C11—C14—C13),
7(020—C5—C1¢—C5), 7(05;_C4—Cy—Cs),
7(02,—C15—C15—C14)

f (029—S57—030) 612

between the molecule and surfactant to analyze the bind-
ing isotherm (Figure 6b). Thus assuming 1:1 interaction
between AQS and SDS and considering Equation (2), the
binding isotherm was examined (Figure 6b). The binding
constant was evaluated and found to be (1.21 =+
0.06) x 10° M~! (Table 4)!*1*? (reduced Chi squared =
4.37 x 107°).

A= Ao +AKI[L] 2)
1+KJ[L]

L represents the surfactant used (here SDS); A and A,
are absorbance of AQS at 510 nm in the absence and
presence of SDS whereas A, corresponds to the absor-
bance of AQS bound to SDS. Gibbs free energy for
interaction of AQS to SDS micelles was calculated with
the help of Equation (3) and found as —29.02 kJ/mol
(Table 4).[454¢]
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FIGURE 3
AG’ = —RTInK (3)

where R is the molar gas constant while 7' = 298.15 K.

In a recent study,*! we observed that the binding
constant for al:1 interaction of neutral 2-amino-3-hydro-
xyanthraquinone with anionic SDS was 652.81 where the
hydrophobic mode of interaction was established to be
more important than electrostatic mode. AQS is an
anionic molecule. It has a binding constant value of
(1.21 + 0.06) x 10° M~ which is greater than that of 2-
amino-3-hydroxyanthraquinone with SDS micelles under
similar experimental conditions.!*”! This indicates that
hydrophobic interactions are far stronger in the present
study in comparison to the earlier.[’! Binding constant for
a 1:1 interaction of mitoxantrone, a cationic anthracycline
drug with anionic surfactant SDS, as shown in a previous
study** was (1.14 + 0.05) x 10> M. In that study, it was
shown that a cationic drug like mitoxantrone having one
unit residual positive charge interacts with anionic SDS
micelles through electrostatic and hydrophobic modes.|*’!
It is interesting to note here that binding constant for
mitoxantrone-SDS micelles is less than that of AQS-SDS

cm-1

(a) Theoretical IR spectrum of AQS using B3LYP/6-31 + g(d,p). (b) Experimental IR spectrum of AQS

3.5
—— pH2.23
—— pH3.57
3.0 ——— pH4.09
——pH5.41
25 pH6.85
——pH7.31
@
] pH7.78
£ 20 ——pHS.34
= ——pH10.17|
2 15 ——pH10.68|
——pHI11.76
< jE===pel-i o)

1.0

0.5

0.0

400 450 500 550 600 650 700
Wavelength (nm)

FIGURE 4 UV-Vis spectra of AQS in aqueous media at
different pH. [AQS]| = 50 uM, [NaCl] = 0.01 M, T = 298.15 K

micelles which means that hydrophobic interactions are
more important. Using the pK, value of phenolic-OH of
AQS as 8.10, percentage of phenoxide ion (AQS) in the
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AS 60

FIGURE 5 Variation of absorbance of AQS at 560 nm with
pH. [AQS] = 50 pM, [NaCl] = 0.01 M, T = 298.15 K

TABLE 4 Binding constant (K), partition coefficient (Kx),
Gibbs free energy of binding (AG®) and the standard free energy
change (AG%) for the transfer of AQS from aqueous to micellar
phase for the interaction of AQS with surfactants

Binding parameters SDS

KM™) (1.21 + 0.06) x 10°
AG® (kJ/moP —29.02

Kx (1.59 + 0.04) x 10°
AG%% (kJ/mol) —35.40

experimental solution at pH 7.40 was found to be 19.95%.
During interaction of AQS with SDS micelles there is com-
petition between AQS and AQS to penetrate the micelle.
Due to greater negative charge and lower concentration,
AQS has lower probability of interaction compared to
AQS with anionic SDS.

The measurement of partition coefficient (Kx) is
another important aspect for characterizing drug-mem-
brane interactions since it depicts the affinity of a mole-
cule to fuse into a micellar phase from an aqueous
solution. Kx helps in illuminating the mechanism of solu-
bilization of a drug molecule, helping us to understand
biological phenomenon like interaction of drugs with bio-
logical membranes. By considering the pseudo-phase
model*>#748] Ky was evaluated using Equation (4):

1 1 Nw
= +
AA  AA, KxA.([L]+ Cp—CMC)

(4)

where, AA = A — Ay, AA,, = Ay — Ao, [L] = [SDS] and
ny = 55.51 M is the molarity of water. The value of Kx

was calculated from the slope of the plot of 1/AA versus
1/([SDS] + Cr — CMC) (Figure 6¢) and found as (1.59
+ 0.04) x 10° [Reduced Chi squared = 0.14]. It is neces-
sary to note that in a large region of the surfactant con-
centration the above mentioned linear relation clutches
fine, below which the curve tends to bend upwards
with decreasing surfactant concentration. A departure
from linearity was owing to the estimation made in the
evaluation of Equation (4).1481

The standard free energy change for the transfer of
AQS from the bulk aqueous phase to the micellar phase
was obtained as —35.40 kJ/mol by putting the value of Kx
in Equation (5)!*®! (mentioned in Table 4).

AG? = —RTInKy (5)

The partition coefficient corresponding to distribution
of the positively charged mitoxantrone in SDS micelle
has been studied by Enache et al.**! in different concen-
trations of mitoxantrone and the K, values were found to
be smaller than AQS (a negatively charged molecule) in
similar micelles as in the present study. In that study!**!
mitoxantrone was established to be interacting with
anionic surfactant both through electrostatic and hydro-
phobic modes. Under similar experimental conditions, Ky
of 2-amino-3-hydroxyanthraquinone was 5.22 x 10%4°!
which is smaller than that in the present work. Since in
that study®’ a hydrophobic interaction was suggested,
comparing those results with the current report, it may
be said that hydrophobic interaction is more important in
the distribution of AQS in anionic SDS micelles.

3.3 | Biological study

In order to see whether information obtained from the
analysis of the electronic and molecular structure of AQS
and its efficiency in penetrating a miceller phase can really
be useful in infusing a biological membrane and induce
apoptosis, it was allowed to interact with A549 human
lung cancer cells which was studied by different assays.

3.3.1 | Cellviability assay

Cytotoxic activity of AQS was investigated against A549
human lung cancer cells using the MTT assay.**! Cyto-
toxic activity was estimated according to dose values of
the exposure of the experimental molecule required to
reduce survival to 50% (ICsp) in comparison to untreated
cells. The ICs, value was found to be 83.5 + 0.05 pM after
incubation for 24 hr. Results of the MTT assay hint at the
fact that AQS exhibits dose dependent toxic effect on
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FIGURE 6 (a) Absorption spectra of AQS (50 pM) in the absence and presence of increasing concentrations of SDS. [Phosphate

buffer] = 100 mM, pH 7.4, T = 298.15 K. Inset: Change of the spectra in the wavelength range 400-600 nm with increasing SDS
concentration. (b) A non-linear fitting of the absorbance of AQS at 320 nm using Equation (2) considering 1:1 interaction between AQS and
SDS. (c) Plot of 1/IAAl versus 1/([SDS] + Ct — CMC) (Equation 4) for AQS (50 pM) in SDS micelles at pH 7.4
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FIGURE 7 Cytotoxic effect of AQS on A549 cells after

exposure for 24 hr. Error bar denotes SD of three replicates

A549 cells (Figure 7). The result of MTT assay detects
that the AQS induced cell death is linear. Since the MTT
assay tests cell viability according to a linear relationship
between cell activity and absorption, increased concen-
trations are expected to produce a linear range of cell

deaths. Furthermore, the effect of drug on cells is mainly
dependent on (a) effective concentrations of drug,
(b) incubation time, and (c) the number of cell. Further
research is, therefore, necessary to elucidate the mechanism
behind this phenomenon.

3.3.2 | AO/EB staining

Morphological changes in apoptosis induced by AQS
were determined by AO/EB staining. Figure 8 shows AO/
EB double-stained A549 human lung cancer cells which
was treated with AQS and incubated for 24 hr. The con-
trol or viable cells reveal green fluorescence and normal
cells feature of uniform chromatin with an intact cell
membrane, whereas late and early apoptotic cells showed
yellowish green and orange-red color, respectively. The
AO/EB results clearly indicate that AQS leads most of
the cell death by apoptosis mode and very fewer in necro-
sis after incubating 24 hr (Figure 8).
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AQS

Control

AO/EB
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FIGURE 8 AO/EB staining, Hoechst, and JC-1 Staining of
Control and AQS treated cells. Scale bar denotes 50 pm

3.3.3 | Hoechst 33528 staining

Hoechst staining was introduced to estimate the apoptosis
at a basic level. The results of Hoechst expressed the
changes in morphology of the cells, with special reference
to cytoplasm and nucleus. The observations expressed
that early apoptotic features like chromatin condensation
and fragmentation were mostly seen in AQS treated cells
and small numbers of necrotic cells were also observed
(Figures 8 and 9).

3.3.4 | Assessment of mitochondrial
membrane potential (JC1 staining)

AQS induced mitochondrial membrane potential depo-
larization was assessed with the help of the JC-1 assay.
The fluorescent cationic dye JC-1 accumulation in the
mitochondria of control or healthy cells emits red

% of Cells

Abnormal

Normal

u Control AQS

FIGURE 9 Hoechst 33258 staining study of control and AQS
treated cells. Graph is shown manual count of normal and
abnormal cells in percentage

fluorescence. Conversely, cells undergoing apoptosis,
fluoresce green due to mitochondrial membrane depolar-
ization. The results of the JC-1 staining of lung cancer
cells treated with AQS at 12 hr incubation confirms the
loss of mitochondrial membrane potential while control
cells were seen to have healthy mitochondria (Figure 8).

4 | CONCLUSIONS

Interaction of AQS with anionic surfactant SDS was stud-
ied in aqueous phosphate buffer at pH 7.4 using UV-Vis
spectroscopy. The outcome of the study was compared
with similar molecules. Binding constant for the interac-
tion of AQS with SDS was (1.21 + 0.06) X 10° M~ and the
corresponding Gibbs free energy was —29.02 kJ/mol. Parti-
tion coefficient and Gibbs free energy for the distribution
of AQS between the bulk aqueous and miceller phases
were (1.59 + 0.04) x 10° M™! and —35.40 kJ/mol, respec-
tively. Hydrophobic interactions were identified to be
important in AQS-SDS micellar interactions. This interac-
tion also has a fundamental role in the distribution of
AQS between surfactant micelle-water phase. The study
clearly established that sulphonation of 2-amino-3-hydro-
xyanthraquinone (AQ) producing AQS brings about an
improvement in binding of the molecule with SDS because
the binding constant and partition coefficient of AQS-SDS
interaction is greater than those of 2-amino-3-hydro-
xyanthraquinone-SDS interaction. This may lead to an
improvement in biological properties of AQS over that of
2-amino-3-hydroxyanthraquinone. In order to see whether
these results are really important for AQS to infuse a bio-
logical membrane and induce apoptosis, it was allowed to
interact with A549 human lung cancer cells that was stud-
ied by different assays. Such studies showed that AQS
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induced apoptosis in A549 human lung cancer cell. The
ICs, value was found to be 83.5 + 0.05 pM for a 24 hr
incubation.
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A Co(lll) Complex of 1-Amino-4-hydroxy-9,10-anthraquinone
Exhibits Apoptotic Action against MCF-7 Human Breast Cancer Cells
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ABSTRACT: A Co(III) complex of 1-amino-4-hydroxy-9,10-anthraquinone (QH) (Scheme-1) having the molecular formula CoQ;
(Scheme-2) was prepared and characterized by elemental analysis, FTIR spectroscopy, UV—vis spectroscopy, fluorescence
spectroscopy, and mass spectrometry. In the absence of a single crystal, the energy-optimized molecular structure of CoQ; was
determined by employing computational methods that was validated using spectroscopic evidences, elemental analysis, and mass
spectrometry data. The electrochemical properties of the complex were analyzed using cyclic voltammetry and indicate a substantial
modification of the electrochemical properties of the parent amino-hydroxy-9,10-anthraquinone. CoQ; was thereafter tested on
MCF-7 human breast cancer cells. The IC;, value for a 24 h incubation was found to be (95 + 0.0S) ug/mL. The study showed that
such cancer cells underwent both early and late apoptosis following the interaction with CoQ;.

1. INTRODUCTION of redox reactions as in oxidative phosphorylation, complex
formation with phospholipid, and in lipid peroxidation.w_32
Previous research on the subject suggests that complex
formation of these drugs with different metal ions leads to
decreased toxicity, the magnitude of which depends on the

Anthracycline drugs are anticancer agents used in treating
different forms of human carcinoma.'~* Although they enjoy
wide acceptance in chemotherapy, their use is often questioned

for the associated cardiotoxicity and high cost involved,

. . . metal jon. Those metal ions having a stable lower oxidation
particularly for people from economically weaker sections of found ) ) i o 3
the society. Hence, there is an effort worldwi de5™° to find state were found to cause maximum decrease in O,* formation

alternative cheaper analogues that are less cardiotoxic.”™'° in an assay where NADH was the electron df)nor and
These are either derivatives of anthracyclines that are less cytochrome c was the electron acceptor. Hence, studies related
costly or their simpler analogues 11-20 to metal complexes gained a lot of importance regarding this
The limitation due to acute and chronic toxicity,”’ > of matter.”'>'**"** Metal complexes stabilize the semiquinone

)

. . . . . . . radical anion formed. Hence eroxide formation
which cardiotoxicity receives the maximum attention, is the adical anion formed. Hence, superoxide tion due to a

most disturbing regarding the use of anthracyclines or their reaction ,bem.’een a semiquihone radical anion an.d molecula.nr
derivatives and analogues as anticancer agents.2 ! Participat- oxygen is either inhibited or decreased drastically. It is

ing in reactions of the respiratory chain, they produce

semiquinone radical anions and related intermediates by one- Received: November 1, 2021
electron reduction of the quinone. Although a pre-requisite for Accepted: December 22, 2021
chemotherapeutic efficacy, such generation is also responsible Published: December 29, 2021

L 26-30 o . .
for cardiotoxicity. Semiquinone upon reaction with O,

generates superoxide radical anion (O,*”) that in turn produce
H,0,/OH*.**"7>* These species participate in a wide range

© 2021 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.1c06125
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therefore imperative to study such metal complexes,
particularly with regard to their electrochemical behavior
under different experimental conditions.

It is worth mentioning that although several metal
complexes of adriamycin, daunorubicin, mitoxantrone, and
their analogues with Fe(III), AI(III), Cu(1I), Ni(II), Pd(II),
and Tb(III) were prepared and characterized,”'?~"*37%
comprehensive knowledge on structures of these metal
complexes is lacking due to inherent difficulties in obtaining
single crystals for X-ray diffraction studies. Single-crystal X-ray
diffraction structures of only a few hydroxy-9,10-anthraquinone
complexes are reported.*”*”** In this study also, different
methods were employed to obtain single crystals of CoQ;
taking different compositions of solvents. However, all efforts
in getting an appropriate single crystal for CoQ; failed. The
planarity of the anthraquinone unit in these complexes could
possibly be a hindrance in getting single crystals.” For this
reason, we made an effort to characterize CoQj theoretically
using density functional theory (DFT) based on experimental
data we obtained such as elemental analysis, IR spectroscopy,
mass spectrometry, powder X-ray diffraction, molecular
spectroscopy, and electrochemistry. DFT is helpful in
generating the energy optimized structure, and various
essential parameters of the complex may also be obtained
from this study. The thus prepared complex was tested on
MCE-7 human breast cancer cells to see whether it initiates
apoptosis and thus could be considered as a less costly
alternative to anthracyclines already in use.

Scheme 1. 1-Amino-4-hydroxy-9,10-anthraquinone (QH)

o NH
O  on

2. RESULTS AND DISCUSSION

2.1. Analysis of the Mass Spectra of CoQs. Assuming
that the formula of the complex is CoQ; (Scheme 2), an
analysis of its mass spectrum (Figure S1, SI) was attempted.
The molecular ion peak or that of the protonated molecular
ion expected at m/z = 773.62 was not found. However, a clear

Scheme 2. Structure of CoQ;
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signal at m/z = 689.46 corresponds to a fragment remaining of
the complex following loss of a carbon-bound —NH, group
from each ligand (a loss of 28 mass units from each ligand, i.e.,
78 mass units from the complex) to result in a peak
theoretically expected at m/z = 689.62. From this peak, loss
of two quinone oxygens would result in a peak theoretically
expected at m/z = 661.62. The experimental value is 661.45,
which tallies with the expected value. Loss of four quinone
oxygens from the first fragment results in a peak theoretically
expected at m/z = 633.62 and experimentally found at 633.42.
Here also, the agreement is close. Similarly, loss of six quinone
oxygens from all the three ligands of the first fragment should
result in a theoretical peak at m/z = 605.62. This was
experimentally observed at 605.39, again pointing to a close
agreement. At this stage of fragment formation in mass
analysis, the metal center is bound to three ligands via the
three phenolic —OH groups on each of them. The peaks
identified above therefore categorically indicate the formation
of a 1:3 complex. Subsequent to the fragmentations mentioned
above, further loss of two carbon atoms and a few hydrogens at
a time explains peaks at an m/z value of 577.35 and also the
cluster of peaks at m/z values of 533.99, 532.99, and 531.98,
respectively. Peaks at lower m/z values correspond to smaller
fragments. Therefore, from an analysis of the mass spectrum of
the cobalt complex, it may be concluded that the complex has
the formula CoQ; as shown in Scheme 2.

2.2. Analysis of the IR Spectra of CoQ;. The FTIR
spectrum for QH (Figure S2, SI) shows a peak at 3431 cm ™,
which is due to N—H bond stretching, while that at 3300 cm™"
is due to stretching of O—H bonds.” The O—H stretching is
modified significantly in the complex (Figure S3, SI),
indicating an involvement of the —OH group during complex
formation. Since there is deprotonation of —OH during
complex formation, the molecule ceases to show intra-
molecular hydrogen bonding identified in QH. Peaks in this
region do not disappear completely in the complex when
compared with QH, indicating the presence of free —NH, on
each ligand (just as that observed or the IR spectrum of QH).
In the IR spectrum of CoQs (Figure S3, SI), peaks at 1625,
1586, and 1537 cm™" are attributed to stretching due to free
carbonyl and C=C or a combination of both, respectively. In
an earlier study,” we showed that peaks obtained in the region
1464—1031 cm ™" in the IR spectrum of the ligand (QH) may
be attributed to combinations of O—H, N—H, and C—H
bending modes. Natures of the peaks in this region are
somewhat different in the complex. More specifically, the peak
at 1121 cm™ is reduced significantly, probably due to binding
of oxygen of the —OH group to Co(Ill) following its
deprotonation.

2.3. Powder X-ray Diffraction of CoQ;. The powder X-
ray diffraction (PXRD) pattern of CoQ; is shown in Figure 1.
All peaks can be indexed with the space group R32(155), and
Cu Ka = 1.5406 A using the WINPLOTR program. Refined
cell parameters were found to be a = 7.45 A, b = 6.52 A, and ¢
=27.8 A. The unit cell volume was 1352 A% a = 33.43°, 8 =
90° and y = 90°. Thus, PXRD analysis provides information
about the dimension of the unit cell of a crystalline CoQ;.

2.4. Structure of CoQ;from Density Functional
Theory Methods. The energy-optimized molecular structure
of CoQ; is shown in Figure 2, and structural parameters are
summarized in Table S1 (SI). Figure 2 shows three QH
molecules coordinated to Co(III) through phenolic O~ and
quinone oxygen, forming CoQ.

https://doi.org/10.1021/acsomega.1c06125
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Figure 1. Powder X-ray diffraction patterns of CoQj.

Figure 2. Energy optimized structure of CoQj.

The energy level diagrams of QH and CoQ; are shown in
Figure S3 (SI). The HOMO (H) and LUMO (L) are
indicated in each case (Figure 3). Red lines indicate the 7

L+1

H-1

Figure 3. Different HOMOs (H) and LUMOs (L) of CoQj.

orbitals, black lines indicate o, and blue lines represent mixed
metal—ligand (M-L) orbitals. Some M-L type MOs may have
mixed ¢ and 7 characters as the three ligands are arranged in
such a manner that ¢ of one may mix with 7z of another. Metal
orbitals are mainly dz, with some pz mixed. Co(IIl) orbitals
are much lower in energy to be shown in the above diagram. It
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should also be noted that the HOMO and LUMO are M-L
type orbitals.

2.5. UV-vis Spectroscopy of CoQ;. The absorption
spectrum of QH (Figure 4a) in 30% ethanol®’ shows four
absorption bands (at 250, 290, 530, and 565 nm) due to 7—n*
and n—7* transitions of its various tautomeric forms in rapid
equilibrium in aqueous solution.””** From the UV-vis
spectrum of CoQ; (Figure 4b), it is clear that the absorption
peaks at 250, 290, 530, and 565 nm remain almost unaltered,
which indicate that the electronic absorption spectrum of
CoQ; depends weakly on the nature of the metal and is
primarily defined by the ligand (QH).” However, the
appearance of a new peak at 600 nm is characteristic of the
complex (CoQ). It is important to mention here that
tautomeric structures found for free QH" in aqueous media
are not possible for CoQ; since phenolic —OH groups in the
QH molecule are deprotonated owing to coordination of
Co(III) by phenolic oxygens.

2.6. Fluorescence Spectroscopy of CoQ;. Fluorescence
spectra of QH and CoQj are shown in Figure S4 (SI) recorded
following an excitation at 530 nm. The emission spectrum
exhibits a maximum at 590 nm for QH and 594 nm for CoQj.
The difference in the emission peak of CoQ; compared to QH
is due to the metal ligand bond.

2.7. Electrochemical Reduction of CoQ; in Organic
Polar Solvents. Electrochemical behavior of CoQ, was
studied in anhydrous DMSO and DMF in the presence of
TBAB as the supporting electrolyte using cyclic voltammetry.
In anhydrous DMSO, CoQ; undergoes successive three one-
electron reductions having peak potentials (E,.) at —0.795,
—1.010, and — 1.295 V, respectively, vs Ag/AgCl/saturated
KCl (Figure S and Table 1). In this case, the first reduction is
reversible, while the other two are quasi-reversible at different
scan rates. These three one-electron reduction steps are due to
the reduction of the three free quinone centers of the three Q~
bound to Co(Ill) inCoQ; (Scheme 3). For these reductions,
the formal potentials (E) of the respective reduction steps were
found at —0.750, —0.987, and —1.255 V, respectively. It is
noted that although there are three equivalent free quinone
sites in CoQ; (Scheme 3), there exists a difference in their
formal potential values, which is quite appreciable. Thus, after
reduction at the first free quinone in CoQj, reduction of the
second and third quinone sites is significantly delayed. In other
words, the reduced species (semiquinone radical anion) that
formed due to the first or second reduction is stabilized in the
metal ion environment due to delocalization of the negative
charge. This is important with regard to the compound’s
biochemical action since a stabilized semiquinone would delay
the reaction between semiquinone and molecular oxygen®’~**
within cells where it would be employed.

In anhydrous DMF, under similar experimental conditions,
CoQ; undergoes three-one electron reductions having peak
potentials (EPC) at —1.025, —1.225, and —1.475 V, respectively,
with the corresponding formal potentials (E) being —0.950,
—1.195, and —1.405 V, respectively (Figure 6 and Table 1).
Considerin$ the fact that the polarity of DMF is less than that
of DMSO®" and comparing the three reduction potentials of
CoQ; in the two solvents, it can be said that with the
increasing polarity of the medium, reduction potentials move
in a positive direction and that reductions become more
feasible as the polarity of solvent increases. This means stability
of the formed semiquinone species is increased with an
increase in the polarity of the medium. Stabilization of the
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Figure 4. UV—vis spectrum of (a) QH and (b) CoQ; in aqueous ethanol.
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Figure 5. (a) Cyclic voltammogram of CoQs in anhydrous DMSO media. Scan rate: 0.10 Vs™. [CoQ,] =1 X 10 M, [TBAB] = 0.1 M, T =
298.15 K. (b) Plot of cathodic peak current vs square root of scan rate for first (solid circles), second (open squares), and third reduction (solid

squares) of CoQ; in anhydrous DMSO.

Table 1. Electrochemical Parameters of CoQ;”

media Epc-1 (V) Epc-2 (V) Epc-3 (V)
DMSO —0.795 —1.010 —1.295
DMF —-1.025 —1.225 —1.475

“Potentials were measured with respect to vs Ag/AgCl/saturated KCL

E-1 (V) E-2 (V) E-3 (V) D, (cm? s71)
—0.750 —0.987 —1.255 3.04 x 107°
—0.950 -1.195 —1.405 6.31 X 107°

semiquinone is also reflected in the formal reduction potential
data. This aspect is important with respect to its chemo-
therapeutic efficiency.’®™>* Owing to stabilization of the
semiquinone radical anion, the probability for reaction of a
semiquinone radical anion with molecular oxygen would be
delayed and that may reduce cardiotoxicity if the molecule
were to be employed as an anticancer agent.’*™**

Under similar experimental conditions, a cyclic voltammo-
gram of QH shows two reversible waves at —0.816 and —1.355
V in anhydrous DMSO and at —0.832 and —1.309 V in
anhydrous DMF vs Ag/AgCl, with saturated KCI forming a
semiquinone radical anion and quinone dianion, respec-
tively.”® Formal potentials for such reductions were evaluated
as —0.770 and —1.308 V in anhydrous DMSO and —0.785 and
—1.258 V in anhydrous DMF.® Comparing electrochemical
parameters and cyclic voltammograms (Figures S and 6) of
CoQ; with those of QH in anhydrous DMSO and anhydrous
DMEF,® one can say that the electrochemical behavior of QH
bound to a metal ion as Q™ (as in CoQ;) is significantly altered.

It is seen that the reduction peak currents (I,.) for three
successive reductions of CoQ; in both DMSO and DMF have
a linear relationship with the square root of the scan rate and
that it passes through the origin (Figures S and 6). This
suggests that such reductions are fully diffusion controlled and
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that there is no adsorption on the electrode surface. The
diffusion coefficient (D) of CoQ; was determined by the
relation shown in eq 1°° and found as 3.04 X 10~° and 6.31 X
107 cm’s™" in DMSO and DMF, respectively (summarized in
Table 1).

I, = (269 x 10%)n%2D,'2ACy! /> (1)
where I, = cathodic peak current (A), n = number of electron
involved in the reduction, A = area of the electrode (cm?), C =
concentration (m01~cm_3), and v = scan rate (V-s_l).

From values of diffusion coeflicients of CoQ; in two
different solvents (Table 1), it is evident that D increases as
the polarity of the solvent decreases, clearly indicating greater
solvation of CoQ; in a more polar solvent that causes lower
diffusion onto the surface of the electrode. Thus, CoQj is more
solvated in DMSO due to hydrogen bonding and other
electrostatic interactions.” Intermolecular hydrogen bonding
between one of the two hydrogen of aromatic amino group
(—NH,) of QH and negatively charged oxygen of the solvent
(DMSO) is very strong.” This type of hydrogen bonding
would be weak in the case of DMF since for this solvent,
oxygen has a less partial negative charge than that on oxygen in
DMSO.*
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Scheme 3. Three Step One-Electron Reductions of CoQ; in Organic Polar Solvents Like DMSO and DMF
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media. Scan rate: 0.10 Vs™. [CoQ,] = 1 X 107> M, [TBAB] = 0.1 M,
T =298.15 K. (b) Plot of cathodic peak current vs square root of scan
rate for first (open circles), second (open squares), and third
reduction (solid squares) of CoQ; in anhydrous DMF.

2.8. Effect of CoQ; on Viability of MCF-7 Human
Breast Cancer Cells by the MTT Assay. Using the MTT
assay, the cytotoxic activity of CoQ; was analyzed against
MCF-7 human breast cancer cells (Figure 7). It was estimated
according to dose values of exposure of CoQ; required to
reduce the survival to 50% (ICs,) in comparison to that of
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Concentration (ug/mL)

Figure 7. Cytotoxic effect of CoQ; on MCF-7 human breast cancer
cells after exposure for 24 h.

untreated cells. The ICg, value for 24 h was found to be (95 +
0.05) pg/mL. This indicates that CoQ; is cytotoxic against
MCE-7 breast cancer cells.

2.9. AO/EB Staining. Apoptosis is the hallmark of cell
death and can be characterized by cellular morphological
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changes observed during the process of cell death. The dual
staining method of AO/EB detects such morphological
changes. Figure 8 corresponds to AO/EB staining of

Control

CoQ

Figure 8. AO/EB staining of the control and CoQj;-treated MCE-7
human breast cancer cells.

control/non-treated and CoQ;-treated MCF7 breast cancer
cells. Based on fluorescence emission and nucleus morphology,
cells were distinguished to have viable, apoptotic, or necrotic
characteristics. The viable cells were observed to have uniform
green-colored nuclei with a typical cell morphology and intact
membrane. On the other hand, apoptotic cells showed
irregular cell morphologies with orange to red condensed
chromatin and/or fragmented nuclei. Furthermore, the large
orange to red fluorescent swollen cells with no fragmented
nuclei were differentiated as necrotic cells. The results from
AO/EB staining reveal that the control group contains more
viable cells and a few apoptotic and necrotic cells. In contrast,
CoQ;-treated MCF7 breast cancer cells induced majority of
cell death through the apoptosis mode and actually very few by
necrosis. Furthermore, condensed and fragmented morpholo-
gies were mostly observed in the CoQ; treatment group. The
results of calculating the percentage of apoptotic cell death
induced by CoQj; and analyzed by fluorescent images of AO/
EB staining revealed that AQS-treated cells induced a higher
percentage of apoptotic cells and a lower percentage of
necrotic cells than untreated cells (Figure 9). The graph
depicts a percentage count of apoptotic normal and abnormal
cells. The error bar represents the standard deviation across
three replicates.
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Figure 9. Comparison of percentage of cells in apoptotic death
compared to healthy cells and necrotic death.

3. CONCLUSIONS

A Co(III) complex of 1-amino-4-hydroxy-9,10-anthraquinone
(QH) with the molecular formula CoQj was synthesized and
characterized by different methods. The optimized molecular
structure of CoQ; was estimated using computational
methods. The HOMO and LUMO of CoQ; were also
characterized by this method. Electrochemical properties of
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CoQ; were studied in anhydrous DMSO and anhydrous DMF
media using cyclic voltammetry, and the mechanism of
reduction was established. It showed that different reduced
anions of CoQ; are stabilized in a metal surrounding
environment and that reductions would therefore be delayed.
Polarity of the solvents also affects stability of the reduced
anion. A significant modification of electrochemical properties
of QH was also seen when it was bound to Co(III) in CoQj.
The IC, value of CoQ; for 24 h of incubation corresponding
to cytotoxicity of CoQ; on human breast cancer cells MCE-7
was evaluated as 95 + 0.05 pug/mL. The study revealed that
such cancer cells underwent both early and late apoptosis due

to CoQ.

4. EXPERIMENTAL SECTION

4.1. Materials. 1-Amino-4-hydroxy-9, 10-anthraquinone
(QH) (Scheme 1) (96%) purchased from Alfa Aesar, Germany
was recrystallized from an ethanol—methanol mixture and
characterized as mentioned earlier.””” The quinone moiety
being sensitive to light, solutions were prepared either just
before an experiment or very carefully stored in the dark.
CoCl,-6H,0 purchased from Merck, India was used to prepare
the Co(III) complex. KClI and tetrabutyl ammonium bromide
[TBAB] (both are AR grade, Spectrochem, India) were used as
supporting electrolytes in aqueous and non-aqueous media,
respectively.

Dimethyl sulfoxide (DMSO) (99.0%, Spectrochem, India)
was first dried over fused CaCl, for 3—4 days, decanted, and
then distilled under reduced pressure.”’ The distilled sample
was preserved in a well-stoppered Jena bottle in desiccators
and redistilled again before use. N,N-Dimethyl formamide
(DMF) (99.5%, Spectrochem, India) (LR, BDH) was
purified®® first by distilling under reduced pressure in a N,
atmosphere and then preserving the distillate over dry K,CO;
(Merck) for a week. Then, the DMF was decanted and allowed
to mix with dry P,O; (Riedel) and distilled again to be able to
use it under anhydrous conditions. Anhydrous DMF and
DMSO were used as solvents in electrochemistry experiments.
All aqueous solutions were prepared in triple-distilled water.

4.2. Synthesis of CoQs. An aqueous solution of 0.5 mmol
CoCl,-6H,0 and a solution of 1.5 mmol QH in acetonitrile
were mixed and stirred for about 6 h using a magnetic stirrer.
Co(II) was oxidized to Co(III) by purging air into the reaction
media. The solution was kept for 7 days in air to allow it to
evaporate till it was almost S mL. A violet-colored complex was
separated by filtration followed by washing with acetonitrile.
The complex was recrystallized from a methanol—acetonitrile
mixture and dried in air. Results of elemental analysis showed
that it has the formula CoQ;. Found: C, 65.09%; H, 3.08%; N,
5.51%. Calculated: C, 65.13%; H, 3.10%; N, 5.43%. In 25%
aqueous ethanol solution, 0.1 mM CoQ; showed a
conductance less than 5 uS/cm at 298.15 K, indicating that
it is neutral.

4.3. Computational Studies. The structure of CoQ; was
optimized using DFT with Ahlrich SV basis®*** and B3LYP
functional®> ™" using the Orca program suite.”® Electronic
transitions were calculated by the time-dependent DFT
method with the same basis set and functional using Orca.
Pictures of molecular orbitals (MOs) were generated with the
same basis set and functional using Gaussian 09W*” and MaSK
software.*’

4.4. Analytical Methods. With the help of a Perkin-Elmer
2400 II elemental analyzer, the carbon, hydrogen, and nitrogen
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analyses were done. FTIR analysis was performed on a Perkin
Elmer RX-I spectrophotometer. Spectra were obtained using
KBr pellets in the range 4000—400 cm ™. The mass spectrum
was recorded on Micromass Q-Tofmicro, Waters Corporation.
CoQ; was dissolved in an anhydrous acetonitrile solvent, and
the MS data were recorded by using ESI positive mode. The
instrument applies a focusing voltage to the electrospray probe
to promote mobile phase evaporation as part of the ionization
process. PXRD data was collected on a Bruker AXS D8 powder
diffractometer using Cu Ka radiation (4 = 1.548 A) generated
at 40 kV and 40 mA. UV—visible spectroscopy was done on a
spectrophotometer (model: MECASYS OPTIZEN POP).
Experiments related to cyclic voltammetry were performed
using the conventional three-electrode system. The temper-
ature was maintained at 25 °C with the help of a circulating
water bath. The working electrode was glassy carbon, the
surface area of which was 0.07065 cm?, the counter electrode
was a platinum wire, and the reference electrode was Ag/AgCl
in satd. KCL. Using a potentiostat (model DY2312, Digi-Ivy),
all electrochemical studies were performed. The range of
concentrations of different solutions was 5 X 10™° moldm™ to
1.5 X 107 moldm™>. Before the solutions were subjected to
cyclic voltammetry, they were degassed for nearly30 min using
highly pure Ar.

4.5. Cell Culture. MCF7 human breast cancer cells were
procured from National Center for Cell Science, Pune, India.
Cells were cultured and maintained in DMEM high-glucose
medium (Sigma-Aldrich, USA) supplemented by 10% fetal
bovine serum (Gibco, Thermo Fisher, USA) and 20 mL of
penicillin/streptomycin as antibiotics (Gibco, Thermo Fisher,
USA), and incubated at 37° C with $% CO, in a CO,
incubator (Thermo scientific, USA). All experiments were
carried out using cells from the passage of 15 or less.

4.6. Cell Viability Assay. CoQ; was dissolved in DMSO
and a stock solution was prepared. It was then diluted to obtain
different concentrations of the compound in the range 0—200
pug/mL. Two hundred microliters of such solutions was added
to wells containing 5 X 10° MCF-7 cells per well of a 96-well
culture plate. DMSO was used as the control solvent. Twenty
microliters of MTT solution (5 mg/mL in PBS) was
transferred to each well following 24 h of incubation, and
the plate was incubated at 37 °C for 4 h in the dark. To
dissolve formazan crystals, 100 uL of DMSO was added to
each well and the absorbance of the final solution was
measured at $S70 nm using a microplate reader (Bio-Rad,
iMark, USA). Data was collected for three replicates each, and
the respective mean was used in the following formula to
calculate percentage inhibition:

percentage inhibition ([mean OD of untreated cells
(control) — mean OD of treated cells (treated)] X 100)/
(mean OD of untreated cells (control))

4.7. Acridine Orange (AO) and Ethidium Bromide (EB)
Staining. CoQj-induced apoptosis was examined using the
fluorescent-based dual staining method AO/EB as defined by
Spector et al.”" with some modifications. In brief, cells treated
for 24 h with the ICy, concentration of CoQ; were harvested
and washed with cold PBS. Cell pellets were resuspended and
diluted with PBS. The cell suspension (5000 in number) was
mixed with AO/EB solution (3.8 yuM AO and 2.5 uM EB in
PBS) and transferred to a clean microscope slide. Morpho-
logical features of the cells were examined under a fluorescent
microscope (Carl Zeiss, Axioscope2plus) with a UV filter
(450—490 nm).
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tetrabutyl ammonium bromide; DMSO, dimethyl sulfoxide:;
DMF, N,N-dimethyl formamide
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