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This paper reports that how the variation in peak current, absorbance, and viscosity of ferrocenyl chalcone (FC),
chemically named as 1-ferrocenyl-3-(4-nitrophenyl)-2-propen-1-one, in 10% aqueous DMF upon addition of DNA can be
used to probe the mode of interaction and binding parameters. Binding constant (K = 5.17 (0.25) x 10° M), binding
site size (s = 1.08  0.05bp) and diffusion coefficient of the free (Dy=5.22 x 1077 cm?s~!) and DNA bound drug
(Dy =439 x 107 8cm?s™") were determined from voltammetric data. The binding constant (K = 4.91 (£0.20) x 10
M~!) was also obtained from UV-vis absorption titration. Gibbs energy change (AG = —RTInK) of —21.18kJmol~! at
25 °C indicated the spontaneity of the binding interaction. The experimental results revealed intercalation of FC into DNA
as the dominant mode of interaction. Furthermore, the radii of the free and DNA-bound drug were determined from
viscosity measurements.
Ferrocene-based derivatives have drawn utmost attention in (@)

various fields of analytical chemistry due to their varied and =

well-established redox chemistry. These are widely used for @

medical purposes,'~ electrocatalysis,* and in the design of new

. . 5.6 e Fe

signaling ion sensors.”® The sensitivity of the ferrocenyl NO,

groups to covalent or non covalent binding with other @

molecules and their unique property of retaining simple one

electron redox behavior after the introduction of substituents Scheme 1. Molecular structure of ferrocenyl chalcone

are routinely exploited for the determination of electrochemical
parameters.7‘9

Chalcones (o, S-unsaturated ketones) are promising candi-
dates in the new era of medicines on account of their wide
spectrum of antitumor, antibacterial, and anti-inflammatory
activities.!®!3 The applications of these compounds in chemo-
therapy due to their direct interaction with DNA has been
reported by previous investigators.!!'> Their derivatization
with ferrocene can enhance their detection by electrochemical
methods like cyclic voltammetry (CV), differential pulse
voltammetry, and square wave voltammetry. Like an effective
chemical sensor, ferrocenyl chalcone has two basic parts: the
signaling unit and the binding unit. The interaction of the
binding unit with other molecules will be monitored by the
tunable redox behavior of the signaling ferrocene moiety. As
the study of the electrochemical sensing properties of ferro-
cenyl chalcones is limited, a ferrocenyl chalcone (FC) was
obtained and investigated. Its binding with DNA was moni-
tored by the redox active ferrocenyl group, acting as an
intramolecular oxidation antenna.'4

Drug-DNA interactions have been studied by a variety of
techniques such as viscometry, UV—vis spectroscopy, isother-
mal calorimetry, luminescence, fluorescence, and electroana-
lytical methods.'>'® For an active redox species like FC,
electrochemical methods could be used to complement the
previously used methods of investigation.”>!” In the present
work, the interaction of FC (Scheme 1) with chicken blood

(FC) chemically named as 1-ferrocenyl-3-(4-nitrophenyl)-
2-propen-1-one.

DNA (CB-DNA) has been investigated by cyclic voltammetry,
UV-vis spectroscopy and viscometry in N,N-dimethylform-
amide (DMF) at pH 7.4 and 25 °C.

Experimental

Chemicals. DNA was extracted from chicken blood by the
method mentioned in our previous paper.® A stock solution was
prepared by dissolving an appropriate amount of DNA in doubly
distilled water and was stored at 4 °C. The concentration of the
stock solution of CB-DNA (0.3 mM in nucleotide phosphate, NP)
was determined by UV absorbance at 260nm using the molar
extinction coefficient (&) of 6600 M~! cm~! 2! Ferrocenyl chalcone
was prepared according to a literature reported method.?> DMF
(Sigma-Aldrich, 99.93% purity) was used without further purifi-
cation. Tetrabutylammonium perchlorate (TBAP) (Fluka, 99%
purity) was further purified by recrystallization using methanol as
the solvent.

The purity (free from bound protein) of DNA was assessed from
the ratio of absorbances at 260 and 280 nm. A ratio of 1.85 (A¢/
Asgy = 1.85) was taken as evidence for protein free DNA.2 A
stock solution of FC (6 mM) was prepared by dissolving it in
10% aqueous DMF. The solutions were buffered at pH 7.4 using
phosphate buffer (10 mM K,HPO, and 10 mM KH,PO,). Different
aliquots were prepared from stock solution by dilution.
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Apparatus. Voltammetric experiments were performed using
PGSTAT 302 with Autolab GPES version 4.9 Eco Chemie,
Utrecht, the Netherlands. Measurements were carried out in a
conventional three electrode cell with Ag/AgCl as reference
electrode, a thin Pt wire as counter electrode and a bare glassy
carbon electrode (GCE) with a geometric area of 0.071 cm? as the
working electrode. Prior to experiments, the GCE was polished
with 0.25-um diamond paste on a nylon buffing pad, followed by
washing with water. For electrochemical measurements the test
solution was kept in an electrochemical cell (model K64 PARC)
connected to a circulating thermostat LAUDA model K-4R.
Absorption spectra were measured on a UV-vis Spectrometer;
Shimadzu 1601 by keeping constant the concentration of the drug
while varying the concentration of DNA. The viscosity measure-
ments were carried out with an Anton Paar Stabinger Viscometer
SVM 3000.

Procedures. Voltammetric Studies: For CV experiments
both the concentration and volume of FC were kept constant while
varying the concentration of DNA in solution. The voltammo-
grams were recorded as aliquots of known quantity of DNA were
added. The solutions were deoxygenated via purging with argon
gas for 10 min before every experiment and were maintained under
argon atmosphere throughout the measurements. All experiments
were carried out at 25°C and blood pH (7.4). Prior to every
electrochemical assay the GCE was polished for carrying out the
electrochemical process on a clean electrode surface.

Spectroscopic Studies: Absorption spectra were measured by
adding a small aliquot of DNA solution to a constant concentration
of the drug solution. Solutions were allowed to equilibrate for
5 min before experimental assay.

Viscometric Measurements:  For viscosity measurements,
titrations were performed by the addition of aliquots of the drug
solution into a constant concentration of DNA solution in the
viscometer. Data are presented as (1)/17,) versus the concentration
of DNA, where 1 is the viscosity of the drug in the presence of
DNA and 1, is the viscosity of the drug alone.

Results and Discussion

Voltammetric Studies of the Interaction of FC with DNA.
The cyclic voltammetric behavior of 3mM FC in the absence
and presence of 200 uM DNA at bare GCE is shown in
Figure 1. The voltammogram without DNA (Figure la) fea-
tured a couple of well-defined and stable redox peaks in
the potential range of —0.6 to —1.6V. The voltammogram
registered an anodic peak at —1.036 V and a cathodic peak at
—1.173 V versus Ag/AgCl. By the addition of 200 uM DNA
(Figure 1b) both the cathodic and anodic peak potentials
shifted by 93 and 97mV in the positive direction. These
positive shifts in peak potentials are indicative of an inter-
calative mode of binding.?* Furthermore, a 25% decrease in
cathodic and 19.35% decrease in anodic peak current was
observed. The greater decrease of I, as compared to I, is
attributed to the intercalation of FC into the double-stranded
DNA, referring to appropriate references.”>2?® The rationale
behind the diminution in peak currents is the decrease in free
drug concentration due to the formation of macromolecular
FC-DNA complex with a smaller diffusion coefficient.?’?® The
values of the diffusion coefficient (D= 5.22 x 1077 cm?s™})
of the free and DNA bound drug (D, = 4.39 x 10~ 8cm?s™")

were determined by the Randles Sevcik expression: >3
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Figure 1. Cyclic voltammograms of 3mM FC in 10%

aqueous DMF with 0.1 M TBAP as supporting electrolyte
in the absence (a) and presence of 200 uM DNA (b) at
100mV s~! scan rate in 0.25 M phosphate buffer at pH 7.4
and 25°C. Glassy carbon electrode (0.071 cm?) was used
as working electrode and all potentials are reported vs. Ag/
AgCl.
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Figure 2. I vs. v'/? plots of 5SmM FC in the absence of
DNA (@) and presence of 20uM DNA (A) at 20 (a),
50 (b), 100 (c), 200 (d), and 500mVs~! (e) in 0.25M
phosphate buffer (pH 7.4) at 25 °C.

I =12.69 x 10°n*2ACD'/?y'/? (1)
where [ is the peak current (A), A is the surface area of the
electrode (cm?), C is the bulk concentration (mol cm™3) of the
electroactive species, D is the diffusion coefficient (cm?s™!), v
is the scan rate (V's™'), and n is the number of electrons gained
or lost by the electroactive species.

The linear dependence of I, on v'/? (Figure 2) indicates that
the redox process of FC in the absence and presence of DNA is
diffusion controlled.?'

It can be seen that the diffusion coefficient of DNA bound
drug is an order of magnitude lower than that of the free drug.
Similar results have also been obtained by other investiga-
tors.!*323% The smaller slope of FC in the presence of DNA
could be attributed to its intercalation into DNA resulting in the
formation of slowly diffusing supramolecular complex in
solution.?’
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Figure 3. Cyclic voltammograms of 3mM FC in the
absence of DNA (a) and presence of 20 (b), 40 (c),
60 (d), 80 (e), 100 (f), and 200 uM DNA (g).
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Figure 4. Plot of Ip2 VS. (Ipo2 — Ipz)/[DNA] for 3mM FC
with varying concentration of DNA ranging from 20 to
200 uM in a medium buffered at pH 7.4, used to calculate
the binding constant of FC-DNA adduct.

Based on variations in cathodic peak current of FC caused
by the addition of increasing concentration of DNA (Figure 3),
the binding constant K, was calculated according to the
equation:3¢

2 1

_ 2 _ g2 2 _
P = KIDNA] (Ipo” — 1p") + Ipo” — [DNA] (@)

where, I, and I, are the peak currents of FC in the absence
and presence of DNA, respectively. By plotting Ip2 Vs.
(Ip(,2 — Ipz)/ [DNA] a straight line with a binding constant of
5.17 (£0.25) x 10°M~! was obtained (Figure 4).

For the determination of binding site size the following
simple binding model was used:>’

Cy/Cr = K{[free base pairs]/s} 3)

where s is the binding site size in terms of base pairs.
Measuring the concentration of DNA in terms of [NP], the
concentration of base pairs can be expressed as [DNA]/2. So
eq 3 can be written as:

Cy/Cr = K{[DNA]/2s} 4
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Figure 5. C,/Ctvs. [DNA] for the determination of binding
site size. 5% error is estimated in all the values at y axis.
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Figure 6. UV-vis absorption spectra of 50 uM FC in the
absence of DNA (a), in the presence of 40 (b), 60 (c),
80 (d), and 100 uM DNA (e) at pH 7.4 and 25°C.

Ct and Cy, denote the concentrations of free and DNA-bound
species respectively.

The C,/Cr ratio was determined by the equation given
below:3®

Cv/Cr = (I — Ipna)/Ipna @)

where Ipya and 7 represent the peak current of the drug with
and without DNA.

Putting the value of K = 5.17 (£0.25) x 10°M~! as calcu-
lated according to eq 2, the binding site size of 1.08 £ 0.05
was obtained from the plot (Figure 5) of Cy/C; vs. [DNA]. The
value of s shows that the drug occupies more than one base pair
when intercalated into DNA.*

Absorption Studies. The interaction of FC with solution
phase CB-DNA, was also characterized by UV-vis absorption
titration by keeping the concentration of the drug constant
(50 uM) while varying the concentration of DNA from 20 to
200 pM. As shown in Figure 6, the absorption band of FC with
the maximum wavelength at 321 nm, resulted in hypochromism
(45%), broadening of the envelope and slight red shift of 3 nm
by the incremental addition of DNA. The large hypochromism,
characteristic of intercalation*® (in binding mode) is attrib-
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uted to the interaction between the electronic states of the
intercalative chromophore of FC and that of the DNA bases.
However, the lack of pronounced red shift is suggestive of
partial intercalation as classical intercalation exhibits appreci-
able shift in wavelength (red shift > 15nm).*! The reason for
partial intercalation could be the stereochemical effect of the
non-planar ferrocenyl group, which will prevent the whole
molecule from intercalating into DNA. The weak bathochromic
effect is further correlated to out binding mode,* in which the
non-intercalating ferrocenyl group of FC is considered more
suitable for fitting into the grooves of DNA. The broadening of
the envelope can be assigned to the changes in the electronic
distribution of FC upon binding to the DNA bases. The non-
uniform variation in absorbance can presumably be due to a
couple of factors like conformational changes in the structure
of either FC and/or nucleic acid upon binding and complex—
complex interactions.

The origin of bathochromic and hypochromic effects might
lie in the mechanism of interaction of FC with DNA. The
introduction of the planar 4-nitrophenyl-2-propen-1-one of FC
in DNA is likely to decrease the 71 — 77 transition due to the
coupling of the lowest unoccupied 7r*-orbital of the drug
molecule with the highest occupied 7r-orbital of the DNA base
pairs. Consequently the partial filling of the empty 7r*-orbital
by the electrons, the transition probability is expected to be
reduced which will lead to hypochromism. The suggested
mixed binding mode (intercalation and groove binding) will
unwind the DNA helix at the interaction sites which will lead to
perturbation in its normal functioning that may culminate in
cellular death.

Assuming the two state binding of FC with DNA (“free” and
“DNA bound”), the binding constant was calculated from the

decay of absorbance according to the following equation:**

Ag _ EG 4 EG 1
A—Ay énc—6c €Eunc—E; K[DNA]

(6)

where K is the binding constant, A and A, represent the
absorbance of the drug with and without DNA, €y_g and &g are
the coefficients Fc-DNA adduct and free Fc.

The binding constant K (4.91 (£0.20) x 10°M™') was
obtained from the intercept to slope ratio of Ag/(A — Ag) vs.
1/[DNA]. However, it is an order of magnitude greater than the
binding constant (3.45 x 10°M~") of protonated ferrocene
with DNA,* due to the presence of planar 4-nitrophenyl-2-
propen-1-one, which can effectively intercalate into DNA.
However, the value of K is moderate as compared to the high
value of K (6.15 x 10°), reported for the interaction of 1I-
(4’-aminophenyl)-3-(4""-N,N-dimethylaminophenyl)-2-propen-
1-one with DNA?® due to the sandwich-like ferrocenyl group
which prevents the whole molecule from intercalating. The
interaction of FC with DNA will stop the proliferation of
cancerous cell by damaging the DNA transcription machinery.

The value of the binding constant, determined here is
comparable to the K = 5.17 (£0.25) x 103M~! obtained from
CV measurements.

Viscosity Measurements. To support the results obtained
from CV and UV-vis absorption titrations concerning the mode
of binding viscometric titrations were performed by the
addition of increasing concentration of DNA (ranging from
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Figure 7. Plot of relative viscosity (1/1,) vs. concentration
of DNA in 0.25M phosphate buffer (pH 7.4) at 25°C.

20 to 200 pM) into 50 uM constant concentration of the drug
buffered at pH 7.4. Data were presented as 1/71, vs. the
concentration of DNA, where 1 is the viscosity of the drug
in the presence of DNA and 1, is the viscosity of the drug
alone.

A plot of (1/7,) against the concentration of DNA is shown
in Figure 7. The relative viscosity increases with the increase in
concentration of DNA. In general, a classical intercalation
mode causes an increase in the viscosity of DNA solution due
to the increased separation of base pairs at the intercalation
sites, and hence an increase in the overall DNA length.47 This
behavior suggests that FC binds with DNA via an intercalative
mode of binding.

The radii of free FC (r = 4.7nm) and its adduct with DNA
(r =19.5nm) were calculated using the following rearranged
form of the Stokes—Einstein equation:

r=kgT /67D %

The result shows that the radius of the FC-DNA complex is
greater than the free drug. The increase in radius may be linked
with the rupture of DNA strands, which will lead to cell
apoptosis.

Conclusion

The results demonstrate that electrochemical methods can be
successfully employed to evaluate the mode of interaction and
binding parameters like binding constant, Gibbs energy of
adduct formation and binding site size.

In general, FC shows electrochemically, spectroscopically
and viscometrically measurable interactions with DNA at blood
pH and ambient temperature of 25°C. Its CV, UV-vis,
and viscometric results reveal intercalation as the dominant
mode of interaction. The binding constant with values of
5.17 (£0.25) x 10° and 4.91 (£0.20) x 10°M~! was obtained
from CV and UV-vis spectroscopic techniques. The Gibbs
energy change (AG = —RT'InK) of —21.18 kJmol~! at 25°C
indicates the spontaneity of the binding interaction.

These investigations reliably unfold the binding mode and
interaction strength as required for the design of effectively
specific anticancer drugs.

We are highly grateful to Higher Education Commission
Islamabad, Pakistan for supporting this work.
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