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In situ evaluation of anticancer drug methotrexate–DNA interaction

using a DNA-electrochemical biosensor and AFM characterizationw
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An in situ evaluation of the dsDNA–methotrexate (MTX) interaction was performed by

voltammetry using a DNA-electrochemical biosensor and characterized by atomic force

microscopy (AFM) at a highly oriented pyrolytic graphite (HOPG) surface. Electrochemical

experiments in incubated solutions showed that the interaction of MTX with dsDNA leads to

modifications to the dsDNA structure in a time-dependent manner. The AFM images show

reorganization of the DNA self-assembled network on the surface of the HOPG electrode upon

binding methotrexate and the formation of a more densely packed and slightly thicker

MTX–dsDNA lattice with a large number of aggregates embedded into the network film.

The intercalation of MTX between complementary base pairs of dsDNA lead to the increase of

purine oxidation peaks due to the unwinding of the dsDNA. The dsDNA-electrochemical

biosensor and the purinic homo-polynucleotide single stranded sequences of guanosine and

adenosine, poly[G] and poly[A]-electrochemical biosensors, were used to investigate and

understand the interaction between MTX and dsDNA.

1. Introduction

In recent years increased attention has been focused on the

ways in which drugs interact with DNA, with the goal of

understanding the toxic as well as chemotherapeutic effects of

small molecules used in cancer treatment. There are two main

binding modes of small molecules with double-stranded DNA

(dsDNA): covalent (chemical modification of DNA bases or

sugar constituents) and non-covalent (outer electrostatic binding,

groove binding or intercalation). Intercalation results from

insertion of a planar aromatic ring system between dsDNA

base pairs with concomitant unwinding and lengthening of the

DNA helix. In contrast, groove binding involves covalent and

non-covalent (electrostatic) interactions that do not perturb

the duplex structure to any great extent.

Antimetabolites are a group of drugs that became very important

for cancer chemotherapy, being highly effective in targeting and

inhibiting the enzymes involved inmalignant cells lines.1Methotrexate

(MTX), N-[4{[2,4-diamino-6-pteridinyl-methyl]-methylamino}

benzoyl] glutamic acid (see Scheme 1), is an antimetabolite of

folic acid that targets the enzyme dehydrofolate reductase,2

which plays a supporting but essential role for the synthesis of

thymine nucleotide.3 The inhibition of this enzyme drastically

reduces the level of thymidine-monophosphate (dTMP),

leading to an increase of the uridine-monophosphate (dUMP)

pool, implying significant incorporation of dUMP into

DNA.4–6 These changes are sufficient to overcome the normal

excision mechanisms that exclude uracil from DNA with

direct effects related to the cytotoxicity of the drug, which in

general induces cell death.7

MTX is indicated in the treatment of many neoplasms, such

as acute leukemia,8 head and neck cancer,9 micrometastases of

osteosarcoma.10 It is also used as alternative treatment for

psoriasis and rheumatoid arthritis when they are unresponsive

to conventional therapies.11 Besides the benefits observed

during treatment with MTX, several side effects such as fetal

growth retardation, renal insufficiency, gastrointestinal lesions,

marrow suppression, hepatic failure and pancytopenia were

Scheme 1 Chemical structure of MTX.
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described,12,13 as well as DNA damage14,15 and accumulation

of potentially lethal 8-hydroxy-20-deoxyguanosine (8-OHdG)

often taking place.16,17

Although the DNA damage mechanism of MTX is not

clear, apparently involving a cascade of secondary biochemical

reactions, there are several studies indicating that MTX is

genotoxic18 resulting in chromosomal/chromatid breaks

proving a direct interaction between dsDNA and MTX.19,20

The understanding of the mechanism of action of drugs that

interact with DNA will explain the differences in reactivity

between similar compounds. This knowledge can be used

as an important parameter for quantitative structure–activity

relationships (QSAR) and/or molecular modelling studies, as a

contribution to the design of new structure-specific DNA-binding

drugs, and for the possibility of pre-screening the damage they

may cause to DNA integrity.

Electrochemical research on DNA is of great relevance to

explain many biological mechanisms. The DNA-electrochemical

biosensor is a very good model for simulating nucleic acid

interaction with cell membranes, potential environmental

carcinogenic compounds and for clarifying the mechanisms

of action of drugs used as chemotherapeutic agents. An

electrochemical sensor for detecting DNA damage consists

of an electrode with DNA on its surface. DNA-electrochemical

biosensors enable the study of the interaction of DNA

immobilized on the electrode surface with analytes in solution,

the DNA acting as a promoter between the electrode

and the biological molecule under study. Interactions of the

surface-confined DNA with a DNA damaging agent are

converted, via changes in electrochemical properties of the

DNA recognition layer, into measurable electrical signals.21

The electrochemical transduction is dynamic in that the

electrode is itself a tuneable charged reagent as well as a

detector of all surface phenomena, which greatly enlarges

the electrochemical DNA biosensing capabilities. The interaction

of a number of substances with DNA has been successfully

studied using DNA electrochemical biosensors and the

interpretation of the results have contributed to evaluating

and predicting DNA interactions, and to the elucidation of the

mechanisms by which DNA is damaged by health hazardous

compounds, based on their ability to bind to nucleic acids.21,22

The advantage of the dsDNA-electrochemical biosensor in

studying the mechanisms of anticancer drug–DNA interaction is

that it is a clean chemical system, with great sensitivity, offering

the possibility to monitor the anticancer drug–DNA interaction

under different conditions and allowing pre-concentration onto

the sensor surface and in situ electrochemical generation of

intermediate radical formation and drug metabolites.

A very good understanding of the adsorption and interactions

of DNA with solid electrode surfaces is a major concern in

DNA-electrochemical biosensor development, and information

on the conformation of the adsorbed DNA, as well as the

adsorption characteristics, is crucial for biosensor performance.

Extensive studies using atomic force microscopy (AFM)

have been undertaken in order to clarify the adsorption

behaviour of DNA at carbon electrode surfaces.21–23 The

visualisation of soft molecules, like DNA, weakly bound to

the conducting surface of electrochemical transducers is better

achieved using magnetic AC mode atomic force microscopy

(MAC mode AFM), which enables imaging of the

surface morphological structure of adsorbed nucleic acids

and understanding of the mechanism of adsorption and the

nature of DNA–electrode surface interactions.22,23

The development of the DNA-electrochemical biosensor

has opened wide perspectives using a particularly sensitive

and selective method for the detection of specific interactions.

The possibility of foreseeing the damage that these compounds

cause to DNA integrity arises from the pre-concentration of

either the starting materials or the redox reaction products on

the DNA-biosensor surface, thus permitting the electrochemical

probing of the presence of short-lived intermediates and of

their damage to DNA.21

DP voltammetry has been successfully employed for the

rapid detection of small perturbations of the double helical

structure and DNA oxidative damage,21,22 due to its high

sensitivity and selectivity when compared with other methods

reported in the literature, while AFM has given important

information concerning DNA structural modifications21–23

with extraordinary resolution and accuracy.

The use of DNA-electrochemical biosensors for the

understanding of DNA interactions with molecules or ions

exploits the use of voltammetric techniques for in situ

generation of reactive intermediates and is a complementary

tool for the study of biomolecular interaction mechanisms.

Additionally, the interpretation of electrochemical data can

contribute to the elucidation of the mechanism by which DNA

is oxidatively damaged by such substances, in an approach to

the real action scenario that occurs in the living cell, without

using animal tests.

In the present paper, a systematic study to elucidate the

interaction of MTX with dsDNA was carried out on two

different types of carbon electrode, glassy carbon (GCE) using

differential pulse (DP) voltammetry and highly oriented pyrolytic

graphite (HOPG) using magnetic AC mode atomic force

microscopy (MAC mode AFM). The dsDNA-electrochemical

biosensor and single stranded purinic homo-polynucleotide

poly[G] and poly[A]-electrochemical biosensors, were used

to understand in situ and in real time the MTX–dsDNA

interaction.

2. Experimental

2.1 Materials and reagents

Methotrexate (MTX), double stranded DNA (dsDNA),

polyadenilic (poly[A]) and polyguanilic (poly[G]) acids

obtained from Sigma-Aldrich were used without further

purification. Stock solutions of 200 mM MTX and 300 mg mL�1

dsDNA, poly[A] and poly[G] were prepared in pH 4.5 0.1 M

acetate buffer electrolyte using purified water from a

Millipore Milli-Q system (conductivity r 0.1 mS cm�1) and

kept at 4 1C.

The pH measurements were carried out with a Crison

micropH 2001 pH-meter with an Ingold combined glass

electrode. Microvolumes were measured using EP-10 and

EP-100 Plus Motorized Microliter Pipettes (Rainin Instrument

Co. Inc., Woburn, USA). All experiments were done at room

temperature (25 � 1 1C).
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2.2 Voltammetric parameters and electrochemical cells

Voltammetric experiments were carried out using a mAutolab

running with GPES 4.9 software, Eco-Chemie, The Netherlands.

Measurements were carried out using a glassy carbon (GCE)

(d = 1.5 mm) working electrode, a Pt wire counter electrode,

and Ag/AgCl as reference, in a 0.5 mL electrochemical cell.

The experimental conditions for differential pulse voltammetry

(DPV) were pulse amplitude 50 mV, pulse width 70 ms, scan

rate 5 mV s�1. The GCE was polished using diamond spray

(particle size 3 mm) before each experiment. After polishing,

the electrode was rinsed thoroughly with Milli-Q water and

placed in supporting electrolyte and various DP voltammograms

were recorded until a steady state baseline voltammogram

was obtained. This procedure ensured very reproducible

experimental results.

2.3 Acquisition and presentation of voltammetric data

All the voltammograms presented were background-subtracted

and baseline-corrected using the moving average application

with a step window of 5 mV included in GPES version 4.9

software. This mathematical treatment improves the visualization

and identification of peaks over the baseline without introducing

any artefacts, although the peak intensity is, in some cases,

reduced (o10%) relative to that of the untreated curve.

Nevertheless, this mathematical treatment of the original

voltammograms was used in the presentation of all experimental

voltammograms for a better and clearer identification of the

peaks. The values for peak current presented in all plots were

determined from the original untreated voltammograms after

subtraction of the baseline.

2.4 Atomic force microscopy

HOPG, grade ZYB of 15 � 15 � 2 mm3 dimensions, from

Advanced Ceramics Co., USA, was used as a substrate in the

MAC mode AFM study. The HOPG was freshly cleaved with

adhesive tape prior to each experiment and imaged by AFM in

order to establish its cleanliness.

AFM was performed with a PicoSPM controlled by a MAC

mode module and interfaced with a PicoScan controller from

Agilent Technologies, Tempe, AZ, USA. All the AFM

experiments were performed with a CS AFM S scanner with

a scan range of 6 mm in x–y and 2 mm in z, from Agilent

Technologies. Silicon type II MAClevers of 225 mm length,

2.8 N m�1 spring constants and 60–90 kHz resonant frequencies

in air (Agilent Technologies) were used. All AFM images were

topographical and were taken with 256 samples per line � 256

lines and scan rates of 0.8–2.0 lines s�1. When necessary, MAC

mode AFM images were processed by flattening in order to

remove the background slope and the contrast and brightness

were adjusted.

2.5 Sample preparation

MTX–DNA solutions were prepared by incubation at room

temperature of dsDNA in pH 4.5 0.1 M acetate buffer with

different concentrations of MTX, during different periods of

time. Control solutions of dsDNA in pH 4.5 0.1 M acetate

buffer were also prepared and stored during the same periods

of time in similar conditions to the MTX–DNA incubated

solutions.

For the voltammetric experiments, the solutions used were

5 mM MTX, 100 mg mL�1 dsDNA and 100 mg mL�1 dsDNA

incubated with 5 mM MTX. The DP voltammograms were

registered after different incubation periods.

For the AFM experiments, the solutions used were 0.5 mM
MTX, 10 mg mL�1 dsDNA and 10 mg mL�1 dsDNA incubated

with 0.5 mM MTX for 0 h and 24 h. The MTX, control

dsDNA and MTX–DNA modified HOPG surfaces were

obtained by depositing 200 mL samples of the appropriate

solution of MTX, dsDNA or MTX–DNA onto the freshly

cleaved HOPG surface, over a period of 3 min. The excess of

solution was gently cleaned with a jet of Millipore Milli-Q

water, and the HOPG with adsorbed molecules was then dried

in a sterile atmosphere and imaged by MAC mode AFM

in air.

The dsDNA-electrochemical biosensors were prepared by

successively covering the GCE surface with three drops of

5 mL each of 33 mg mL�1 dsDNA solution. After placing each

drop on top of the electrode surface, the biosensor was dried

under a constant flux of N2. The poly[A]-electrochemical

biosensors and the poly[G]-electrochemical biosensors, purinic

homo-polynucleotide-electrochemical biosensors, were prepared

in the same way as the DNA-electrochemical biosensors.

Incubation with MTX was carried out by keeping the

biosensor for different periods of time in a solution containing

100 mM MTX in pH 4.5 0.1 M acetate buffer at room

temperature. Before transfer to acetate buffer, the modified

electrode was gently washed with deionized water to ensure the

removal of unbound MTX.

3. Results and discussion

3.1 Evaluation of MTX–DNA interaction in incubated

solutions

3.1.1 Voltammetric analysis. The electrochemical oxidation

of MTX at the GCE surface was carried out in a solution of

30 mM MTX in pH 4.5 0.1 M acetate buffer. The DP

voltammogram, Fig. 1, showed one main oxidation peak at

Ep = +0.77 V corresponding to the oxidation on the MTX

diamino-pteridinyl ring.24,25

In order to obtain information about the MTX–dsDNA

interaction, experiments were performed in incubated solution,

as described in section 2.5. DP voltammograms were registered

after different incubation time periods of 0 h, 24 h, and 72 h.

The GCE surface was always cleaned between consecutive

measurements in order to avoid the blocking of the electrode

surface by the adsorption of both MTX and dsDNA.

The DP voltammogram obtained in the control dsDNA

solution showed two anodic peaks21 corresponding to the

oxidation of the DNA purinic bases, the peak of deoxyguanosine

(dGuo), at Ep = +1.00 V, and the peak of deoxyadenosine

(dAdo), at Ep = +1.26 V, Fig. 2.

The DP voltammogram obtained immediately after the

addition of MTX to the dsDNA solution showed a high

MTX oxidation peak at Ep = +0.77 V, followed by the two

anodic peaks corresponding to the oxidation of dGuo and
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dAdo, Fig. 2. The results demonstrated that MTX interacts

specifically with the dsDNA by intercalation, inducing

structural changes in B-DNA, in a time-dependent manner.

The reaction in incubated solution was very fast; MTX

intercalates into the double-stranded rigid form of DNA

inducing DNA condensation, which was confirmed by the

diminishing, at 0 h, of the oxidation peaks of dGuo and dAdo,

Fig. 2. After 24 h incubation, both the MTX and dsDNA

oxidation peaks decreased. For a 72 h incubation time a small

increase in the dGuo and dAdo oxidation peak currents was

observed whereas the MTX peak current remained constant.

The DP voltammograms showed that structural modifications

occur in the DNA double helix in a time-dependent manner

upon interaction with MTX and this was also investigated and

confirmed by AFM.

3.1.2 Atomic force microscopy. The DNA double helix

structural modifications that occur in a time-dependent

manner upon interaction with MTX in incubated solutions

were investigated on a HOPG electrode surface using MAC

mode AFM.

For the correct evaluation of the adsorbed molecules and

films, an atomically smooth HOPG electrode was used as

substrate throughout the AFM study, with less than 0.06 nm

of root-mean-square (r.m.s.) roughness for a 1000 � 1000 nm2

surface area. The GC electrode used for the voltammetric

characterization was much rougher, with 2.1 nm r.m.s.

roughness for the same surface area, and therefore unsuitable

for AFM surface characterization.22,23 Furthermore, the

experiments using GC and HOPG electrodes showed similar

electrochemical behaviour.

The capacity of MTX to interact and adsorb on carbon

electrode surfaces was investigated using MAC mode AFM in

air. The MTX modified HOPG was obtained by spontaneous

adsorption over a period of 3 min, from a solution of 0.50 mM
MTX in 0.1 M pH 4.5 acetate buffer, using the procedure

described in section 2.5.

The AFM topographical images of the MTX modified

HOPG showed the predisposition of the MTX molecules to

adsorb close to each other, forming packed chains with the

appearance of nanowires, rod-like and spherical aggregates,

Fig. 3A and B. The shape of the MTX assemblies are better

visualized in the higher magnification image, Fig. 3C. Many of

the short nanowires were approximately 96 nm in length, but

sporadically nanowires up to 300 nm long could be also

observed. The height and standard deviation of the wires

was 0.7 � 0.1 nm, consistent with the adsorption of a monolayer

of MTX molecules, while the globular and rod-like aggregates

were slightly higher, with a height of approximately 1.2 nm.

The HOPG surface has a strong impact on the self-assembling

proprieties of MTX. HOPG is a polycrystalline material,

consisting of individual crystalline domains, which are rotated

against each other. The cleaving process of the HOPG electrode

with adhesive tape reveals many different atomically flat

Fig. 1 DP voltammogram, baseline-corrected, in 30 mM MTX in

pH 4.5 0.1 M phosphate buffer.

Fig. 2 DP voltammograms, baseline-corrected, in pH 4.5 0.1 M

acetate buffer: ( ) control 100 mg mL�1 dsDNA and (TT) solutions

of 100 mg mL�1 dsDNA with 5 mM MTX incubated for 0 h, 24 h and

72 h.

Fig. 3 AFM images of MTX adsorbed from a solution of 0.5 mM
MTX in pH 4.5 0.1 M acetate buffer onto HOPG.

Pu
bl

is
he

d 
on

 2
5 

Fe
br

ua
ry

 2
01

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
H

aw
ai

i a
t M

an
oa

 L
ib

ra
ry

 o
n 

16
/0

7/
20

13
 1

8:
38

:3
9.

 

View Article Online

http://dx.doi.org/10.1039/C0CP02377A


This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys., 2011, 13, 5227–5234 5231

terraces on the basal plane of graphite. On flat HOPG terraces,

the MTX narrow wire-like structures were oriented mainly

along three directions, at 601 and 1201 to each other, dictated

by the threefold symmetry of the graphite substrate and by the

interactions of MTX with the substrate. The formation of

these elongated lattices, running in the same direction as the

underlying graphite surface, was observed consistently in various

independent experiments run under the same experimental

conditions.

As observed in the images, the MTX chains were not

oriented at a fixed angle relative to the direction of the step

edges of the HOPG substrate, indicating that the orientation

of the MTX nanowires was not induced by particular surface

defects at HOPG step edges, but induced by epitaxial growth

on the perfectly flat HOPG terraces, Fig. 3C.

The interaction of MTX with dsDNA was investigated and

characterized by MAC mode AFM. In order to have the

control adsorption pattern for dsDNA, an AFM study of

the spontaneous adsorption from a control solution of

10 mg mL�1 dsDNA, Fig. 4A, was undertaken and showed

the formation of a thin and incomplete network film with

coiled dsDNA molecules.

The MTX–dsDNA modified HOPG surfaces were obtained

by spontaneous adsorption from incubated solutions of

10 mg mL�1 dsDNA with 0.5 mM MTX, for several periods

of time, as described in section 2.5. This procedure led to

co-adsorption of MTX–dsDNA, free dsDNA and free MTX

molecules on the HOPG substrate.

The MTX–dsDNA layer adsorbed onto HOPG from

0 h incubated solutions of dsDNA with MTX, Fig. 4B,

presented a similar pattern of adsorption with the morphology

obtained with the dsDNA control solution, Fig. 4A. The

MTX–dsDNA network film showed an average height and

standard deviation of 0.7 � 0.2 nm, also consistent with both

the height of the control dsDNA layer and the height of a

monolayer of adsorbed MTX. However, the epitaxial growth

characteristic to the MTX adsorption onto HOPG, Fig. 3, was

not observed in the AFM images of MTX–dsDNA, suggesting

that the MTX molecules were incorporated by intercalation

into the dsDNA.

A different and more complex situation was observed after

24 h incubation time ofMTX–dsDNA, Fig. 4C. A reorganization

of the dsDNA self-assembled network on the surface of the

HOPG electrode was observed in the AFM images, leading to

the formation of a more densely packed and slightly thicker

MTX–dsDNA lattice, of 1.0 � 0.2 nm height. Additionally, a

large number of 2–6 nm height aggregates were embedded into

the network film. After 24 h incubation time of MTX–dsDNA,

together with the dsDNA aggregation in the presence of MTX,

the decrease of the HOPG surface coverage by MTX–dsDNA

layer adsorbed, when compared with the control dsDNA,

Fig. 4A, and with the MTX–dsDNA layer adsorbed after

0 h of incubation, Fig. 4B, was also observed.

3.2 In situ evaluation of methotrexate–DNA interaction

3.2.1 DNA-electrochemical biosensor. The evaluation of

the MTX–dsDNA interaction in incubated solutions by

AFM, Fig. 4, showed the formation of a thin and incomplete

network film of co-adsorbed MTX–dsDNA, free dsDNA and

free MTX molecules on the HOPG substrate and also the

electrode underneath exposed. So, MTX molecules in bulk

solution will also diffuse and adsorb non-specifically on

the electrode’s uncovered regions leading to two different

contributions to the electrochemical signal, Fig. 2, one from

the simple adsorbed MTX and the other due to the MTX

intercalated into dsDNA.

Complete coverage of the electrode surface is necessary and

is obtained using the dsDNA-electrochemical biosensor, prepared

as described in section 2.5, which avoids the undesired MTX

binding to the electrode surface. The dsDNA-electrochemical

biosensor response can only arise from the interaction of MTX

with dsDNA without any contribution from the diffusion

process. The changes occurring to the dsDNA immobilised

on the electrode surface during the interaction with MTX were

in situ and in real time followed by DP voltammetry in the

buffer supporting electrolyte solution.

A DP voltammogram of a dsDNA-electrochemical biosensor

in pH 4.5 0.1 M acetate buffer, Fig. 5, showed the two anodic

peaks21 corresponding to the oxidation of the DNA purinic

bases, the peak of deoxyguanosine (dGuo), at Ep = +1.00 V,

and the peak of deoxyadenosine (dAdo), at Ep = +1.26 V,

already mentioned, Fig. 2.

The dsDNA-electrochemical biosensor was incubated for

5 min in the MTX solution and then transferred to pH 4.5 0.1 M

acetate buffer supporting electrolyte where a DP voltammogram

was performed, Fig. 5. The DP voltammogram obtained

Fig. 4 AFM images on HOPG: (A) control 10 mg mL�1 dsDNA and

(B), (C) 10 mg mL�1 dsDNA incubated with 0.5 mM MTX for (B) 0 h

and (C) 24 h, solutions in pH 4.5 0.1 M acetate buffer.
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shows the MTX oxidation peak, at Ep = +0.77 V, followed

by the peaks due to the oxidation of DNA purinic bases dGuo

and dAdo. The binding of MTX molecules to the immobilized

dsDNA on the electrode surface led to modifications of the

dsDNA-electrochemical biosensor film which are detected by

the occurrence of smaller peaks for dGuo and dAdo when

compared with the DP voltammograms obtained for the

control dsDNA-electrochemical biosensor in buffer.

The experiment was repeated with new dsDNA-electrochemical

biosensors, varying the incubation time to 10 and 20 min

incubation, Fig. 5. Increasing the incubation time, the MTX

oxidation peak decreased reaching a constant current after

10 min incubation. However, the dGuo and dAdo peaks

increased in a time-dependent manner.

For short incubation times, the decrease in the DNA

oxidation peaks is attributed to the aggregation/condensation

of DNA immobilized to the electrode surface because the

purine electroactive centres are hidden inside the rigid structure,

being unable to reach the GCE surface and consequently

unavailable for electrochemical oxidation. This explanation

is in agreement with the AFM results from incubated solutions

where it was shown that upon incubation with MTX, a more

densely packed and slightly thicker MTX–DNA lattice was

formed, Fig. 4. Increasing the incubation time, the increase in

the DNA oxidation peaks is consistent with unwinding of the

immobilized DNA structure exposing the purinic bases to the

GCE surface and facilitating the oxidation of the bases dGuo

and dAdo.

The DP voltammograms obtained showed that MTX

interacts with DNA and can undergo oxidation after binding.

For low incubation periods high MTX oxidation peaks were

recorded but increasing the incubation time a decrease in the

MTX oxidation peak was observed. This effect is attributed to

the intercalation of MTX electroactive centres between

dsDNA strands being unavailable for electrochemical oxidation.

3.2.2 Purinic homo-polynucleotide-electrochemical biosensors.

In order to obtain more information about the specificity of

the MTX–dsDNA interaction and the preferential affinity

of MTX to a DNA base, experiments, using purinic

homo-polynucleotide single stranded sequence electrochemical

biosensors, of guanosine, poly[G], or adenosine, poly[A],

electrochemical biosensors, prepared as described in section 2.5,

were carried out.

The DP voltammogram of a control poly[G]-electrochemical

biosensor in pH 4.5 0.1 M acetate buffer showed only one

oxidation peak at +0.98 V, corresponding to dGuo oxidation,

Fig. 6. A new poly[G]-electrochemical biosensor was incubated

for 5 min in 100 mM MTX, and the peak corresponding to the

oxidation of the MTX molecules bound to the immobilized

poly[G] strand appeared, Fig. 6. However, the dGuo oxidation

peak decreased due to the aggregation of the poly[G] strands

immobilized on the GCE surface. Increasing the incubation

time to 10 and 20 min, an increase of the dGuo oxidation peak

current was observed while the MTX peak current remained

constant.

The DP voltammogram of a control poly[A]-electrochemical

biosensor in pH 4.5 0.1 M acetate buffer showed only one

oxidation peak at +1.26 V, corresponding to dAdo oxidation,

Fig. 7. A newly prepared poly[A]-electrochemical biosensor

was incubated for 5 min in a 100 mM MTX solution and the

DP voltammogram obtained in buffer shows both dAdo and

MTX peaks, Fig. 7. The decrease of the dAdo peak was due to

the aggregation of poly[A] strands immobilized on the GCE

surface. For longer incubation times, of 10 and 20 min, the

increase of the dAdo peak is explained by the exposure of the

adenine moiety to oxidation on the GCE surface. On the other

hand, the decrease of the MTX oxidation peak with increasing

the incubation time was observed.

These experiments using purinic homo-polynucleotide single

stranded sequences, of poly[G] and poly[A]-electrochemical

biosensors, have shown that the interaction of MTX and

DNA can occur with both purinic bases. The variation of

the MTX oxidation peak with incubation time observed in the

case of poly[A]-electrochemical biosensors is an indication of a

preferred affinity of MTX to adenine enriched segments.

3.3 Interaction between MTX and dsDNA

The interaction mechanism between MTX and dsDNA has to

take into consideration that, at pH 4.5, the carboxyl groups of

the MTX molecules are negatively charged. The electrostatic

repulsion between carboxyl groups of MTX and the negatively

Fig. 5 DP voltammograms, baseline-corrected, in pH 4.5 0.1 M

acetate buffer with dsDNA-electrochemical biosensors ( ) before

and after incubation for (TT) 5, (---) 10 and (���) 20 min in a solution

of 100 mM MTX.

Fig. 6 DP voltammograms, baseline-corrected, in pH 4.5 0.1 M

acetate buffer with poly[G]-electrochemical biosensors ( ) before

and after incubation for (TT) 5, (---) 10 and (���) 20 min in a solution

of 100 mM MTX.
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charged phosphate backbone of dsDNA leads to the binding

of MTX into the major or minor groove of dsDNA. Therefore,

both the electrostatic interaction and the binding of MTX to

the dsDNA phosphate backbone26–28 will impose bending of

the dsDNA structure.

The AFM experiments showed the formation of a more

densely packed and slightly thicker MTX–dsDNA lattice with

a large number of aggregates embedded after adsorption from

incubated solutions of MTX and dsDNA, Fig. 4C. The

voltammetric measurements showed the decrease of dsDNA

oxidation peaks characteristic to the formation of a more rigid

structure in which the electroactive centres, dGuo and dAdo,

are unable to reach the electrode surface and are consequently

unavailable for electrochemical oxidation.

The bending process imposes the kinking of dsDNA,29 which

is actually an inherent DNA response to bending and twisting

strains. This alters the original base pair conformation and allows

the intercalation of MTX between adjacent dsDNA base pairs.

The intercalation of MTX between dsDNA base pairs was

clearly demonstrated by the decrease of the MTX oxidation

peak for longer incubation times, Fig. 5. The intercalation

induces distortion of the bent dsDNA phosphate backbone

allowing better contact between the dsDNA bases and the

electrode surface and consequently the increase of the dGuo

and dAdo peaks was observed.

The use of purinic homo-polynucleotide-electrochemical

biosensors allowed a better understanding of the

specificity of the MTX–dsDNA interaction. In the case of

poly[G]-electrochemical biosensors, Fig. 6, the MTX oxidation

peak did not vary much with incubation time showing that the

electroactive centres of MTX are ready to react at the electrode

surface, and are therefore always available for electrochemical

oxidation. On the contrary, in the case of poly[A]-electrochemical

biosensors, Fig. 7, on increasing the incubation time a decrease

in the MTX oxidation peak was clearly observed. This allowed

us to conclude that the MTX–dsDNA interaction is not

selective but the intercalation of MTX electroactive centres

showed more affinity for adenine residues which can be

explained considering the weakness of the H-bonds that form

with adenine (two H-bonds for adenine against three H-bonds

for guanine).

The advantage of the use of the dsDNA-electrochemical

biosensors is that they clearly showed in situ and in real time

the changes occurring to the dsDNA immobilised on the

electrode surface during the interaction with MTX.

4. Conclusion

A systematic study of the DNA–MTX interaction was carried

out on two different types of carbon electrode, GCE using

DP voltammetry and HOPG using MAC mode AFM. The

mechanism of interaction of MTX with dsDNA in incubated

solutions was explained taking into consideration the correlation

between the redox behaviour and morphological characteristics

observed. The AFM images have shown the reorganization of

the DNA self-assembled network on the surface of the HOPG

electrode after incubation with MTX, and the formation

of a more densely packed and thicker MTX–DNA lattice. In

agreement with the AFM results, the voltammetric data showed

that structural dsDNA modifications occur in a time-dependent

manner. The decrease of dsDNA oxidation peaks observed at

short incubation times was consistent with a mechanism that

involves condensation and formation of more rigid structures

due to the intercalation of MTX into DNA strands.

The dsDNA-electrochemical biosensors enabled in situ

monitoring of both DNA and MTX oxidation peaks, showing

that the dsDNA bending process imposes kinking of the

strands, which facilitates the intercalation of MTX, causing

unwinding of the dsDNA structure and exposing the purinic

bases to the GCE surface. The preferred affinity of MTX to

adenine-rich segments, which is explained by the weakness of

the H-bonds between adenine and thymine, was confirmed

using single-stranded purinic homo-polynucleotide biosensors.

The approach described can be used for the understanding

of dsDNA interactions with various complex agents and

individual chemicals of environmental, food and medical

interest. The dsDNA-electrochemical biosensor is a sophisticated

tool to study anticancer drug–DNA interaction, and may

contribute to drug discovery, providing knowledge about the

efficacy of drugs binding to DNA and information on the

mechanism of new drug–DNA interaction.
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