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Abstract

The redox behaviour of two potential anticancer anthraquinones, 9,10-anthraquinone
and 2-chloromethyl-9,10-anthraquinone was investigated in a wide pH range. Cyclic
voltammetry based assay was developed for the assessment of the effect of medium,
substituents, potential scan rate and number of scans on the voltammetric response of
anthraquinones. The electrode reaction mechanism was suggested on the basis of cyclic
and differential pulse voltammetric results. The effect of DNA on anthraquinones was
also probed at physiological pH which could lead to further investigation of possible
citotoxic activity in vitro. The results revealed that anthraquinones interact with DNA
more strongly than the clinically used anticancer drug, epirubicin.
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Introduction

Quinones are known to have a variety of biochemical and physiological functions. Literature
survey reveals that these compounds are endowed with antibacterial, antifungal, anti-
inflammatory, wound healing, analgesic, antipyretic, antimicrobial, antibiotic and antitumor
activities [1,2]. Some derivatives of quinones are common constituents of biologically important
molecules such as vitamins K [3]. Others, like mitoxantrone and pixantrone, have been reported to
have appreciable antineoplastic activity [4]. It has been reported that the biological action of
quinones is due to their electron transfer rates and redox potentials [5]. Consequently, the
knowledge of the redox properties of quinones derivatives seems conceivable for a better
understanding of their biological action.
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Anthraquinones (AQs), an important class of tricyclic compounds, have drawn the utmost
attention in medical field as anticancer drugs [6]. The main role of AQs in biological electron
transport [7] and industrial processes as redox catalysts [8] have led to the extensive investigations
of their electrochemical behavior [9,10]. Quinone-hydroquinone redox complexes are widely used
in voltammetric studies due to their robust electrochemistry. The electron transfer process of
most of the quinones has been reported to occur through two one-electron steps via a mechanism
involving semiquinone free radical [11]. Thus, the study of electron transfer reactions is expected
to provide an useful information about molecular structure [12]. Literature survey reveals that in
spite of the broad range activities of quinones the electrochemical redox mechanism and DNA
binding studies of biologically important AQs, 9,10-anthraquinone (AQ) and 2-chloromethyl-9,10-
anthraquinone (CM), is an unexplored matter at physiological pH. To bridge this gap and to offer
an explanation for the role of the selected AQs (Scheme 1) in exercising anticancer effect their
detailed electrochemistry has been carried out in a wide pH range. Due to the existing
resemblance between electrochemical and biological reactions it can be assumed that the redox
mechanisms taking place at the electrode and in the body share similar principles [13]. By
monitoring the variation in the electrochemical signal of the DNA binding drug it is possible to
propose the mechanism of the interaction and the nature of the complex formed. Since AQs
participate in several electron transfer processes in the cellular milieu, the present study is
expected to provide valuable insights into molecular mechanisms of their action and designing
specific DNA-targeted drugs [14].
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Scheme 1. Structures of the chemicals used.

Experimental

Anthraquinones were purchased from Sigma and used without further purification. 0.5 mM
working solutions of AQs were prepared in 50 % ethanol and 50% buffer. All supporting electrolyte
solutions (Table 1) were prepared using analytical grade reagents. Double stranded DNA was
extracted from chicken blood by Falcon method [15,16]. The concentration of the DNA stock
solution (2.0 mM) was determined from UV absorbance at 260 nm using a molar extinction
coefficient (€) of 6600 M™* cm™[17,18]. A ratio of absorbance at 260 and 280 nm of (As0/A2s0) >
1.8 indicated protein free DNA [19]. Doubly distilled water was used throughout.

Voltammetric experiments were performed using pAutolab running with GPES 4.9 software,
Eco-Chemie, The Netherlands. A glassy carbon (GC) (A = 0.07 cm?) was used as a working
electrode, a Pt wire served as a counter electrode and a saturated Ag/AgCl electrode was
employed as the reference electrode. Before each experiment the surface of GCE was polished
with alumina powder followed by thorough rinsing with distilled water. For reproducible
experimental results the clean GC electrode was placed in the supporting electrolyte solution and
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various cyclic voltammograms were recorded until the achievement of a steady state baseline
voltammogram. All the voltammetric experiments were conducted in a high purity argon
atmosphere at room temperature (25+1°C). The pH measurements were carried out with a Crison
micro pH 2001 pH-meter with an Ingold combined glass electrode.

Table 1. Supporting electrolytes of 0.1 M jonic strength.

pH Composition pH Composition
2.0 HCI + KCl 7.0 NaH,PO4 + Na;HPO,
3.0 HAcO + NaAcO 8.0 NaH,PO, + Na;HPO4
4.0 HAcO + NaAcO 9.0 NHs + NH,CI

5.0 HAcO + NaAcO 10.0 NH;s + NH4CI

6.0 NaH,PO4+Na,HPO, 12.0 NaOH + KCl

Results and Discussion

The cyclic voltammograms of 0.5 mM AQ (Fig. 1) obtained in 0.1 M acetate based supporting
electrolyte (pH 3.0) registered a prominent cathodic peak 1. (more concentration sensitive) at -
0.41 V followed by a small reduction peak 2. at -0.60 V. A single anodic peak 1, corresponding to
oxidation of the reduction product of AQ was recorded in the reverse scan. The Epic-Epic/2 of 60 mV
(peak 1) indicated reversible one electron transfer process as reported by the previous
investigators [20]. However, the unequal anodic and cathodic peak currents pointed to the
quasireversible nature of the overall electrochemical process. The decrease in the cathodic peak
current of AQ, as evident from Z"d, 3@ and 4™ voltammograms obtained under the same
conditions, indicated the adsorption of the reduction product at the electrode surface.

12 10 08 06 04 02 0.0
E/Vvs. Ag/AgCl

Figure 1. CVs of 0.5 mM AQ obtained in one experiment in a medium buffered at pH 3.0 using
0.1 M acetate based electrolyte (HAcO+NaAcO): 1, 2™, 3™ and 4" scans at 100 mV s™.

The appearance of two cathodic peaks in the differential pulse voltammogram -DVP (shown in
Fig. 2) confirmed the CV result of two step reduction of AQ. In non-aqueous media quinones
undergo two reversiblele processes, but the results of our experiments indicate the appearance
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of one quasi reversible and another irreversible peak in a 50:50 mixture of ethanol and water. The
width at the half peak height (W3,;) of 91 and 93 mV (close to the theoretical value of 90.4 mV)
indicated the involvement of one electron in each reduction step.
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Figure 2. First scan DPV of AQ obtained in pH 3.0 at 5 mV s™; pulse amplitude = 50 mV
and pulse period = 200 ms

For the assessment of the effect of pH, CVs of AQ (Fig. 3) were obtained in acidic, neutral and
alkaline media. In contrast to acidic conditions, the reduction of AQ at pH 7.0 was evidenced by a
sharp single cathodic peak. The appearance of two broad anodic peaks in the reverse scan showed
two step oxidation of the AQ reduction product The cathodic peak width (Epc-Epc/2) of 34 mV (close
to the theoretical value of 30 mV) indicated the transfer of two-electrons as reported by Bard et
al. [20]. The equal anodic and cathodic currents at pH 9.0, with peak potential difference of 75 mV
can be attributed to the almost reversible nature of the overall redox process under these
conditions [21]. The variation in voltammetric response indicated the strong dependency of the
AQ redox mechanism on the pH of the medium. With the increase in pH, the potential of 1.
displaces to more negative values. This indicated the involvement of protons in the electro-
reduction of AQ. Two peaks were also noticed in the CV of CM at pH 4.5 (Fig. 4) but at positions
different from AQ indicating the modulation of the electrophore by the substituent attached at
the aromatic ring. The reduction potential of CM was also found to shift cathodically with the
increase in pH indicating the involvement of protons during electron transfer processes. On the
basis of results obtained from CV and DPV the mechanism shown in Scheme 2 was suggested.

a

12 10 -08 06 -04 02 00
E/V vs. Ag/AgCl
Figure 3. 1° scan CVs of 0.5 mM AQ obtained in pH (a) 4.0, (b) 7.0 and (c) 9.0 at 200 mV s™.
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10 pA
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E/V vs. Ag/AgCI

Figure 4. 1° scan CV of 0.5 mM CM obtained in pH 4.5 at 200 mV's™.

In order to rapidly screen the selected compounds for their anticancer activities, a relatively
simple cyclic voltammetric based assay was used without performing other elaborate assays.
Although easy to implement, this assay cannot be applied to electroinactive compounds in the
potential window of the working electrode. In addition to it, the method is limited to compounds
exerting their anticancer effect through direct interaction with DNA. In spite of these obvious
limitations the assay can differentiate the binding strength and modes of action of DNA-binding
compounds. As the redox behaviour of quinones is sensitive to their covalent or non covalent
binding to other molecules, therefore, cyclic voltammetry was used for their DNA binding studies.
For CV titrations both the concentration and volume of anthraquinones were kept constant while
varying the concentration of DNA in solution. The CVs of anthraquinones in the presence of DNA
have been presented at physiological pH 4.5 (pH of lysosomes of the cell) as no report is available
in literature on their DNA-binding behavior under such conditions.

AQ %‘ AQH —=" 5  HAQH (Strongly acidic conditions)
AQ 22 HAQH —=* 5  AQH =t s AQ (Neutral conditions)
AQ =— AQ (Alkaline conditions)

Scheme 2. Proposed redox mechanism of AQ

Typical CV behaviour of 0.5 mM AQ at pH 4.5 and v = 200 mV s™ in the absence and presence of
40, 100 and 120 nM DNA has been shown in Fig. 5. With the gradual addition of DNA, peak 1. got
diminished and peak 2. increased in height. The positive peak potential shift accompanied with the
decrease in current of 1. is attributed to the disappearance of reactant, AQ and its 1e,, 1H"
reduction product (HAQ) due to their intercalation into the stacked base pair domain of DNA. The
increase in current of peak 2. can be related to the greater current carrying ability of negatively
charged AQ_ in the presence of DNA having anionic phosphate backbone.

The CV of 0.5 mM CM in the presence of 40 nM DNA (shown in Fig. 6) showed quite different
behavior from AQ. The cathodic peak potential was shifted (80.3 mV) anodically while the anodic
peak potential underwent a drift of 30.2 mV in the cathodic direction accompanied with the
decrease in peak currents.
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12 10 08 06 04 02 0.0
E/V vs. Ag/AgCI

Figure 5. CVs of 0.5 mM AQ in the (a) absence and presence of (b) 40, (c) 100
and (d) 120 nM DNA at pH 4.5; v =200 mV s™.
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E/V vs. Ag/AgCl

Figure 6. CVs of 0.5 mM CM in the (a) absence and presence of (b) 40 nM DNA
at pH 4.5; v=200mVs™.

In general the positive shift in peak potential is suggested for intercalation of the drug into the
stacked base pair pockets of DNA [22], while negative shift is related to electrostatic interaction of
the drug with the anionic phosphate backbone of DNA [23]. So, the obvious positive peak potential
shift in the cathodic peak of CM can be attributed to the intercalation of CM into the base pair
pockets of DNA. The shift in the anodic direction further indicates that CM is easier to reduce in
the presence of DNA because its reduced form is more strongly bound to DNA than its oxidized
form (neutral form). The displacement of the anodic peak in the negative going direction can be
linked with the electrostatic interaction of the reduction product of CM with anionic oxygen of
DNA. The interaction is expected to alter the DNA replication machinery that may lead to the
death of cancerous cells. For such a system, where both forms of the drug interact with DNA,
Scheme 3 can be applied [24].

24 (oc) TR



A. Shah et al. J. Electrochem. Sci. Eng. 3(1) (2013) 19-27

CM+e+H" & HCM Ef°
red

CM-DNA+e+H" ¢>  CM-DNA Ey°
Scheme 3. General redox process of the free and DNA bound AQ.

Based upon the process discussed in Scheme 3, the following equation is obtained [25]
En° - E° =0.059 IOg (Kred/Kox) (1)

where Es°and Ey° are the formal potentials of the free and DNA-bound forms of CM respectively.

For a shift of 60 mV caused by the addition of 40 nM DNA into 0.5 mM CM a ratio of Kox/Kred
was calculated as 0.096, which indicates 10.40 times stronger interaction of the reduced form of
the drug with DNA than its oxidized form. The substantial diminution in peak current can be
attributed to the formation of slowly diffusing CM-DNA supramolecular complex due to which the
concentration of the free drug (mainly responsible for the transfer of current) is lowered.

The dependence of the current function /,, on the scan rate, v, is an important diagnostic
criterion for establishing the type of mechanism. The peak currents of these compounds were
found to vary linearly with the square root of the scan rate (vl/z) as expected for diffusion-limited
electrochemical process. The diffusion coefficient was determined by the following form of
Randles- Sevcik equation

loe = - 2.99 x 10° n (aten)? A C,, DY* V2 (2)

where n is the number of electrons transferred during the reduction, o, is the cathodic charge
transfer coefficient, A the electrode area in cm?, D, the diffusion coefficient in cm?® s?, C. the
concentration in mol cm™ and v the scan rate in V s™ [26]. Taking n = 1 (as determined from Wy,
of DPV) and o, = 0.73 (evaluated from Ep-Ep/, = 47.7/an), the values of D were obtained from the
plots of I vs. W2 at pH 4.5. The electroactive area (0.071 cm?) of the working electrode was
determined as described in literature [27]. From the measured slopes of 1.24 x 10° and 2.17 x 10
the diffusion coefficients of AQ and CM were determined as 2.49 x 10° and 7.58 x 10°® cm*s™. The
general idea about diffusivity is that the molecule having smaller molecular mass should have
greater diffusion coefficient but the results of our experiments showing the opposite trend
disproved the common concept. The high D value of CM may be due to the presence of electron-
withdrawing chlorine substituent group that will lower the electronic density at the electrophore
thus increasing its affinity for reduction at the electrode surface. The lower diffusion coefficients of
the DNA bound AQ. (9.28 x 10”) and CM (1.42 x 10°® cm?/s) as compared to their free forms is
suggestive of slowly diffusing supramolecular drug-DNA adduct formation.

Heterogeneous electron transfer rate constant (kg ) was evaluated by using Nicholson equation

[o}

[28] which is based on correlation between AE, and kg through a dimensionless parameter y by
following equation,

7 sh
__ Tk 3)
Y (zaD,)"
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where y= Do/Dg, a = nFU/RT and vis the scan rate.  for different values of AE, can be obtained
from the table reported in literature [20]. From the knowledge of i/, k_ values of AQ and CM were
calculated as 1.02 x 10%and 8.51 x 10%cm s™* using equation (3). The kg, values also characterized
the reduction processes to be quasi-reversible in nature.

Based upon the decrease in peak current of AQ and CM by the addition of different
concentration of DNA, ranging from 20 to 120 nM, the binding constant was calculated from the
intercept of the plot of log (1/[DNA]) versus log (I/(l,-1)) [29]

log (1/[DNA]) = log K + log (1/(ls-1)) (4)

where K is the binding constant, /, and / are the peak currents of the drug in the absence and
presence of DNA respectively.

The linear fitting of the amperometric data yielded the binding constant of CM and AQ as
2.14 x 10° and 1.50 x 10° M* indicating their high affinity with DNA. The higher binding constant
values than the K = 4.1 x 10° M™ of the classical intercalator, proflavin and K = 3.4 x 10* M of
clinically used intercalating anticancer drug, epirubicin [30-32] suggested their preferred anti-
cancer drug candidature. However, the clinical use of these drugs demands more research work
on their side effects, reactions with Fe(lll) in the blood and production of radicals.

Conclusions

The present study shows that anthraquinones can be reduced at the glassy carbon electrode in
a pH dependent diffusion controlled manner involving the same number of electrons and protons.
The two cathodic peaks, noticed in the CV of CM at positions different from AQ, indicated the
modulation of the electrophore by the substituent attached at the aromatic ring. The potential
anticancer AQ and CM at physiological pH were found to interact with DNA by intercalative mode
as evidenced by the decrease in current intensity and positive peak potential shift. The diffusion
coefficients of free anthraquinones were found greater than their DNA-bound forms as expected.
The binding constant varied in the sequence: Kcv > Kaq With values greater than the clinically used
anticancer drugs. The investigation of the electrochemical behaviour of AQ and CM has the
potential of providing valuable insights into biological redox reactions of this class of molecules,
resulting in a better understanding of the data described for biological systems and increasing the
overall knowledge of anthraquinones physiological mechanism of action.
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