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Abstract The immobilization of DNA on different solid supports has become an import-
ant issue in different fields ranging from medicine to analytical chemistry and, more
recently, molecular electronics. Among the different immobilization procedures, adsorp-
tion is the simplest and the easiest to automate, avoiding the use of procedures based on
previous activation/modification of the substrate and subsequent immobilization, which
are tedious, expensive and time-consuming. Carbon-based materials are widely used for
this task due to their electrochemical, physical and mechanical properties, their commer-
cial availability, and their compatibility with modern microchip fabrication technology.
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Moreover, carbonaceous materials are widely used as transducers for electrochemical sen-
sors. The knowledge of the adsorbed DNA morphology on carbon surfaces can be used
to develop stable and functional DNA layers for their use in DNA analytical devices with
improved properties.

Presented here is a concise description of surface immobilization of DNA, oligonu-
cleotides, and DNA derivatives by adsorption onto carbonaceous materials, and the
properties of the DNA layer adsorbed on carbonaceous solid phase.

Keywords DNA · Adsorption · Materials · Graphite · Carbon · Composite · Nanotube ·
Electrochemical sensing

Abbreviations
A Adenine
ABS Acetate buffer solution
AFM Atomic force microscopy
BDD Boron-doped diamond
BLM Bilayer lipid membrane
C Cytosine
CNT Carbon nanotube
CNTP Carbon nanotube paste
CP Carbon paste
dsDNA Double-stranded DNA or native DNA
G Guanine
GC Glassy carbon
GC(ox) Anodized glassy carbon
GEC Graphite epoxy composite
HOPG Highly ordered pyrolytic graphite
MWCNT Multi-wall carbon nanotube
ODN Oligodeoxynucleotide
PBS Phosphate buffer solution
PG Pyrolytic graphite
SCE Saturated calomel electrode
ssDNA Single-stranded DNA or denatured DNA
SWCNT Single-wall carbon nanotube
T Thymine

1
Introduction

The growing demand for genetic information in an increasingly broad range
of disciplines has led to research into the development of new techniques
for genetic analysis. The Human Genome Project (HGP) [1] has stimulated
the development of analytical methods that yield genetic information quickly
and reliably. Examples of this development are the DNA chips [2–4] and lab-
on-a-chips based on micro fluidic techniques [5]. Additionally, the knowledge
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obtained from the HGP has expanded the market that requires genetic de-
vices, hence generating new applications. However, this expanding market
would obviously benefit from simple, cheap and easy to use analytical de-
vices, especially for industrial applications.

Therefore, the development of new methodologies possessing the con-
venience of solid-phase reaction, along with advantages of rapid response,
sensitivity and ease of multiplexing is now a challenge in the development of
new biochemical diagnostic tools. Electrochemical biosensors and chips can
meet these demands, offering considerable promise for obtaining sequence-
specific information in a faster, simpler and cheaper manner than traditional
hybridization assays. Such devices possess great potential for numerous ap-
plications, ranging from decentralized clinical testing, to environmental mon-
itoring, food safety and forensic investigations.

The use of nucleic acids recognition layers is a new and exciting area in
analytical chemistry which requires extensive research.

To prepare electroanalytical devices based on DNA, the immobilization
of the biological species must be carefully considered. The most success-
ful immobilization techniques for DNA appear to be those involving multi-
site attachment (either electrochemical or physical adsorption) or single-
point attachment (mainly covalent immobilization or strept(avidin)/biotin
linkage) [6]. Single-point attachment is beneficial to hybridization kinetics,
especially if a spacer arm is used. However, among the different DNA im-
mobilization procedures reported, multi-site adsorption is the simplest and
most easily automated technique, avoiding the use of pre-treatment proced-
ures based on previous activation/modification of the surface transducer and
subsequent DNA immobilization. Such pre-treatment steps are known to be
tedious, expensive and time-consuming. Furthermore, the adsorption prop-
erties of DNA on various supports (e.g., nylon, nitrocellulose) have been
known for a long time [7].

Electrochemical detection of successful DNA hybridization events should
be also considered. Although it is based mostly on external electrochemical
markers, such as electroactive indicators or enzymes, the exploitation of the
intrinsic DNA oxidation signal requires a multi-site attachment such as ad-
sorption as the immobilization technique.

The direct electrochemical detection of DNA was initially proposed by
Paleček [8, 9], who recognized the capability of both DNA and RNA to yield
reduction and oxidation signals after being adsorbed. The DNA oxidation was
shown to be strongly dependent on the DNA adsorption on the substrate; it
requires meticulous control of the DNA-adsorbed layer.

While immobilization and detection are important features, the choice of
a suitable electrochemical substrate is also of great significance in determin-
ing the overall performance of the analytical electrochemical-based device,
especially regarding the immobilization efficiency of DNA.
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The development of new transducing materials for DNA analysis is a key
issue in the current research efforts in electrochemical-based DNA analytical
devices. The use of platinum, gold, indium–tin oxide, copper solid amal-
gam, mercury and other continuous conducting metal substrates has been
reported [6]. However, this chapter is focused on carbon-based materials and
their properties for immobilizing DNA by simple adsorption procedures.

2
Carbonaceous Materials

The extraordinary ability of carbon to combine with itself and other chemical
elements in different ways is the basis of organic chemistry. As a consequence,
there is a rich diversity of structural forms of solid carbon because it can exist
as any of several allotropes. It is found abundantly in nature as coal, as natural
graphite and also in much less abundant form as diamond.

Engineered carbons [10] are the product of the carbonization process of
a carbon-containing material, conducted in an oxygen-free atmosphere. De-
pending on the starting precursor material (hydrocarbon gases, petroleum-
derived products, coals, polymers, biomass), the product of a carbonization
process will have different properties, including the adsorption capability.
Traditional engineered carbons can take many forms, such as coke, graph-
ite, carbon and graphite fiber, carbon monoliths, glassy carbon (GC), carbon
black, carbon film, and diamond-like film [10]. More recently, a promising
new carbon-based material—carbon nanotubes—has been developed using
the vapor deposition technique.

Engineered carbons have found intensive use as adsorbents because of
their porous and highly developed internal surface areas as well as their com-
plex chemical structures.

As with the majority of organic molecules, DNA can be easily adsorbed
on carbon-based material. Adsorption processes can be driven in both liquid
and gaseous media by physical forces. The porous structure and the chem-
ical nature of the carbon surface are significantly related to its crystalline
constitution. The crystal structure of graphite consists of parallel layers of
condensed, regular hexagonal rings. The in-plane C – C distance is interme-
diate between the Csp3–Csp3 and the Csp2 = Csp2 bond lengths (Fig. 1).

The pore structure and surface area of carbon-based materials deter-
mine their physical characteristics, while the surface chemical structure af-
fects interactions with polar and nonpolar molecules due to the presence of
chemically reactive functional groups. Active sites—edges, dislocations, and
discontinuities—determine the reactivity of the carbon surface. As shown in
Fig. 1, graphitic materials have at least two distinct types of surface sites,
namely, the basal-plane and edge-plane sites [11]. It is generally considered
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Fig. 1 Positional relationship between two identical graphene planes. Graphite structure
can be described as an alternate succession of these basal planes. The right panel was
taken from the image gallery of Prof. R. Smalley (to be found at http://smalley.rice.edu/
and reprinted with his kind permission

that the active sites for electrochemical reactions are associated with the
edge-plane sites, while the basal plane is mostly inactive.

Heteroatoms (usually oxygen) play an important role in the chemical na-
ture of the carbon “active” surface [10]. The adsorption process is thus
strongly dependent on the type, quantity, and bonding of these functional
groups in the structure. Heteroatoms distributed randomly in the core of the
carbon matrix may be non-reactive due to their inaccessibility. However, the
heteroatoms can be also concentrated at the exposed surface of carbons or
presented as an “active” dislocation of the microcrystalline structure. Much of
the research being carried out is focused on the identification and character-
ization of oxygen-containing functional groups in oxidized carbon surfaces,
such as carboxyl, phenolic, quinonic, and lactones, but also in the changes
that take place in the carbon surface under different oxidation treatments.

The electrochemical oxidation pretreatment was found to improve the
electrochemical behavior by introducing more active edge sites on the treated
carbon surface. The effect of oxidation on the chemical composition is re-
lated to the increased concentration of strong and weak acidic groups found
upon electrochemical oxidation of the graphite surface [12]. The acidity of
carboxylic groups on the oxidized carbon surface could be stronger than that
of a carboxylic resin. The weight increase after electrochemical pretreatment
was attributed to the formation of the oxidized graphite and the intercalation
of solvent molecules and anions into graphitic material. A model of a frag-
ment of oxidized carbon surface illustrating the general chemical character of
the oxidized carbon surface is shown in Fig. 2.

Among the different carbonaceous materials, GC and pyrolytic graphite
(PG) and the graphite-powder-based composites such as carbon paste (CP)
are the most popular choices as electrochemical transducer materials.

GC is made by heating a high molecular weight carbonaceous polymer to
600–800 ◦C. Most of the non-carbon elements are volatilized, but the back-
bone is not degraded. Regions of hexagonal sp2 carbon are formed during
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Fig. 2 Hypothetical fragment of an oxidized carbon surface. The figure was taken
from [10] with kind permission from Prof. M. Streat

this treatment, but they are unable to form extensive graphitic domains with-
out breaking the original polymer chain. GC is impermeable to liquid, so
porosity is not an issue [13]. Pretreated GC has been obtained by (1) pol-
ishing and/or ultrasonication, (2) chemical oxidation or (3) electrochemical
anodization treatments [14]. These surface treatments have been extensively
used to improve the electrochemical performance of GC [15]. Suggested rea-
sons for activation have been the removal of contaminants from the surface,
and the increase in the surface area due to the roughening of the surface or
the exposure of fresh carbon edges, microparticles and defects that may be
sites for electron transfer. On the other hand, the increase in surface func-
tional groups that may act as electron transfer mediators could play a role.
While some of these factors are related to improvements in the electrochem-
ical performance, others are related to both electrochemical and physical
features. As an example, the increment in the surface roughness can cause
enhancement of the heterogeneous electron transfer rates as the effective
area for electron transfer is greater than the geometric area, but can also
improve the physisorption of a given molecule. GC is well known for the
exhibition of a wide range of functional groups, including carboxylic acids,
quinones/hydroquinone, phenols, peroxides, aldehydes, ethers, esters, ke-
tones, and alcohols, which could interact differently with DNA molecules
stabilizing the adsorbed molecule, but may also improve the electron transfer,
acting as mediators. The activation method most commonly used relies on
the electrochemical activation to obtain anodized GC (GC(ox)). It was found
that the dominant process during electrochemical activation of the GC sur-
face is the formation of a near-transparent homogeneous different phase [15].
The layer was shown to be porous, hydrated and nonconductive, contain-
ing a significant amount of microcrystallinity and graphite oxide. Once the
film is grown, the surface becomes richer in oxygenated groups that make it
more hydrophilic. It is observed that the anodization of the GC induces ad-
sorption: despite the nonconductive nature of graphite oxide, it intercalates
aromatic molecules quite well. Only the portion immediately adjacent to the
GC substrate seems to be electronically connected to the substrate. The outer
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nonelectroactive portion of the layer concentrates the redox species near to
the electroactive surface.

PG is made by the pyrolysis of light hydrocarbons onto a hot (800 ◦C)
stage, often followed by heat treatment to higher temperatures. Highly-
oriented PG (HOPG) is made from PG by pressure annealing in a hot press at
3000 ◦C and several kilobars. HOPG has a smooth, shiny basal surface, while
PG is mottled and dull [13]. The dominant structural property of PG and
HOPG is the long-range order of the graphitic layers (Fig. 1) and the remark-
able anisotropy and hydrophobic behavior. HOPG is single-crystal graphite
with edge planes and cleavage surfaces (basal plane) that serve as the oriented
surface for electrochemical studies. An important advantage of HOPG with
respect to other carbonaceous materials is the possibility of performing stud-
ies by means of high resolution techniques—even down to the atomic level—
by scanning probe microscopy, such as atomic force microscopy (AFM). The
rough and complex surface of GC is not suitable for AFM surface character-
ization. For AFM studies, an atomically flat substrate is required to clearly
resolve the molecular adsorbed layer. GC presents a root-mean-square (rms)
roughness of 2.10 nm while HOPG surface presents a rms roughness of less
than 0.06 nm (both calculated from AFM images in air) [16]. This fact has
stimulated the use of HOPG instead of other carbonaceous materials such as
GC or CP [17].

Carbon composites result from the combination of carbon with one or
more dissimilar materials. Each individual component maintains its original
characteristics while giving the composite distinctive chemical, mechanical
and physical properties. The capability of integrating various materials is
one of their main advantages. Some components incorporated within the
composite result in enhanced sensitivity and selectivity. The best compos-
ite compounds will give the resulting material improved chemical, physical
and mechanical properties. As such, it is possible to choose between differ-
ent binders and polymeric matrices in order to obtain a better signal-to-noise
ratio, a lower nonspecific adsorption, and improved electrochemical proper-
ties (electron transfer rate and electrocatalytic behavior).

Powdered carbon is frequently used as the conductive phase in composite
electrodes due to its high chemical inertness, wide range of working po-
tentials, low electrical resistance and a crystal structure responsible for low
residual currents. A key property of polycrystalline graphite is porosity. Most
polycrystalline graphite—such as powdered carbon—is made by heat treat-
ment of high molecular weight petroleum fractions at high temperatures to
perform graphitization. The term “graphite” is used to designate materials
that have been subjected to high temperatures, and thus have aligned the sp2

planes parallel to each other.
Regarding their mechanical properties carbon composites can thus be

classified as rigid composites [18, 19] or soft composites—the carbon
pastes – [20]. The composites are also classified by the arrangement of their
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particles, which can be either dispersed or grouped randomly in clearly de-
fined conducting zones within the insulating zones.

The inherent electrical properties of the composite depend on the nature
of each of the components, their relative quantities and their distribution.
The electrical resistance is determined by the connectivity of the conducting
particles inside the nonconducting matrix, and therefore the relative amount
of each composite component has to be assessed to achieve optimal com-
position. Carbon composites show improved electrochemical performances,
similar to an array of carbon fibers separated by an insulating matrix and
connected in parallel. The signal produced by this macroelectrode formed by
a carbon fiber ensemble is the sum of the signals of the individual micro-
electrodes. Composite electrodes thus showed a higher signal-to-noise (S/N)
ratio than the corresponding pure conductors, accompanied by an improved
(lower) detection limit.

Rigid composites are obtained by mixing graphite powder with a non-
conducting polymeric matrix, obtaining a soft paste that becomes rigid after
a curing step [18, 19]. They could be classified according to the nature of
the binder or the polymeric matrix, in epoxy composites, methacrylate com-
posites, or silicone composites. Graphite–epoxy composite (GEC) has been
extensively used in our laboratories showing to be suitable for electrochem-
ical sensing due to its unique physical, and electrochemical properties.

Soft composites or CPs are the result of mixing an inert conductor (e.g.,
graphite powder) with an insulating compound (e.g., paraffin oil, silicone,
Nujol, mineral oil) [20]. The insulating liquid has a specific viscosity and the
paste has a certain consistency. The resulting material is easy to prepare and
inexpensive. Compared with other solid materials, CP electrodes have shown
some advantages, including wide potential window and low background cur-
rent. However, these pastes have limited mechanical and physical stabilities,
especially in flow systems. Additionally, the pastes are dissolved by some non-
polar solvents.

Fullerenes (C60) (Fig. 3) have a structure similar to that of truncated icosa-
hedron, made out of five- and six-member rings of sp2 carbons. Higher
fullerenes are also made of five- and six-member carbon rings.

In late 1991, the first synthesis and characterization of carbon nanotubes
(CNTs) was reported [21]. CNTs are attractive carbonaceous materials with
well defined nanoscale geometry. They have a closed topology and tubular
structure that are typically several nanometers in diameter and many mi-
crometers in length. CNTs are produced as single-wall Carbon Nanotubes
(SWCNTs) and multi-wall carbon nanotubes (MWCNTs). SWCNTs are made
out of a single graphite sheet rolled seamlessly with 1–2 nm in tube diam-
eter (Fig. 3). MWCNTs are composed of coaxial tubules, each formed with
a rolled graphite sheet, with diameters ranging from 2 to 50 nm. The con-
centric single-walled cylinders are held together by relatively weak Van der
Waals forces with an interlayer spacing of 0.34 nm (Fig. 3). CNTs aggregate
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Fig. 3 Structure of fullerenes C60, C70, C80 and single-wall carbon nanotube. The fig-
ures were taken with permission of Prof. C. Dekker from the image gallery found
at http://online.itp.ucsb.edu/online/qhall_c98/dekker/. Transmission electron microscopy
image of multi-wall carbon nanotube (MWCNT) treated with iodinated and platinate
DNA. The figure was taken from [24] with kind permission from Prof. P. Sadler

easily, forming bundles of tens to hundreds of nanotubes in parallel and in
contact with each other [22]. CNTs can be grown by the arc discharge method
or laser ablation of a graphite rod, as well as by chemical vapor deposition
(CVD) [23].

Changes in the winding angle of the hexagonal carbon lattice along the
tube (i.e., the chirality) would have a strong effect on the conductive prop-
erty, resulting in either semiconducting or metallic behavior [23] of CNTs.
Mechanically, the CNT is stronger than steel, but lighter. Thermally, it is
more conductive than most crystals. Chemically, it is inert everywhere along
its length except at the ends or at the site of a bend or kink [24, 25]. It
has been shown that while amorphous carbon can be attacked from any
direction, CNTs can be oxidized only from the ends. When treated with con-
centrated oxidizing acid, the ends and surfaces of carbon nanotubes become
covered with oxygen-containing groups such as carboxyl groups and ether
groups [26]. As graphite is considered to be hydrophobic, CNTs—which cor-
respond to hollow cylinders of rolled-up graphene—and fullerenes are found
to have a low solubility in water. The presence of hydrophilic groups (e.g.,
– OH and – COOH) in the interior of the CNT could play an important role in
its properties [26, 27]. Isolated SWCNTs are insoluble in most solvents unless
a surfactant is used or chemical modifications to the tubes are carried out.
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Such insolubility and the strong Van der Waals attraction between tubes cause
them to bundle together as ropes.

Compared with SWCNTs, the much cheaper MWCNTs produced by the
CVD method are known to have more defects and can provide more sites for
the immobilization of DNA.

CNTs present a larger surface area and outstanding charge-transport char-
acteristics and might therefore greatly promote electron transfer reactions
which can dramatically improve electrochemical performance compared to
that of other carbonaceous materials [26]. The open end of a MWCNT is
expected to show a fast electron transfer rate similar to the graphite edge-
plane electrode while the sidewall is inert like the graphite basal-plane (Figs. 1
and 3). Fast electron transfer rate is demonstrated along the tube axis [28].
CNTs are expected to present a wide electrochemical window, flexible sur-
face chemistry, and biocompatibility, similar to other widely used carbon
materials [28].

The next section will be focused on the description of the most important
features related to DNA adsorption strategies that have found applications in
DNA electrochemical analysis.

3
DNA Adsorption Strategies

3.1
Nucleic Acid Structure and Adsorption Properties

Adsorption is an easy way to attach nucleic acids to surfaces, since no
reagents or modified DNA are required. Adsorption is a complex interplay be-
tween the chemical properties, structure and porosity of the substrate surface
with the molecule being adsorbed. Regarding the solid support, the rough-
ness, the size of pores, the uniformity and the permeability, the chemical
nature, surface polarity and the presence of chemically reactive functional
groups should all be considered. In the case of carbon-based materials, these
parameters vary dramatically depending on the nature and the source of car-
bon: graphite powder composites, graphite leads, PG, GC, CNTs.

The main parameters affecting the adsorption process of a given molecule
in solution involve its size, shape, polarity, and chemical structure.

DNA is a structurally polymorphic macromolecule which, depending on
nucleotide sequence and environmental conditions, can adopt a variety of
conformations. The double helical structure of DNA (dsDNA) consists of two
strands, each of them on the outside of the double helix and formed by al-
ternating phosphate and pentose groups in which phosphodiester bridges
provide the covalent continuity. The two chains of the double helix are held
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together by hydrogen bonds between purine and pyrimidine bases. The
sugar–phosphate backbone is responsible for the polyanionic characteristic of
DNA. In the double helix structure, the bases exist in a highly hydrophobic
environment inside the helix, while the outer, negatively charged backbone
allows the dsDNA molecule to interact freely with the hydrophilic environ-
ment. The dsDNA is considered a highly hydrophilic molecule. As a negatively
charged molecule, it can be easily stabilized on positively charged substrates.
While dsDNA only partially shows its hydrophobic domain through its ma-
jor and minor grooves or through those sites where dsDNA is open and
exposing DNA bases, ssDNA has the hydrophobic bases freely available for in-
teractions with hydrophobic surfaces. As such, ssDNA is dual in nature, the
highly hydrophilic backbone and the hydrophobic DNA moieties coexisting
in the same molecule. These structural and chemical differences between ss
and dsDNA are reflected in different adsorption patterns for both molecules.
The greater size and the more rigid shape of dsDNA with respect to ssDNA
are other parameters affecting the adsorption. Another important compound
that should be considered for the adsorption of DNA is its oxidation product
8-oxoguanine that can arise from DNA through the direct attack of reactive
oxygen species on chromatin [29]. It is directly associated with promutagenic
events and other cellular disorders both in vivo and in vitro. The formation
of 8-oxoguanine in the DNA moiety, considered the most commonly meas-
ured product of DNA oxidation, causes important mutagenic lesions. In the
DNA double helix this adduct pairs more easily with adenine (A) than with
cytosine (C). This could lead to the substitution of C in the complementary
chain by A, which in turn leads to the substitution of the original guanine
(G) by thymine (T) initiating a cellular dysfunction. PNA is an analogue of
DNA in which the entire negatively charged sugar–phosphate backbone is
replaced with a neutral “peptide-like” backbone consisting of repeated N-
(2-aminoethyl)glycine units linked by amide bonds [30]. The four natural
nucleobases (i.e., A, C, G, and T) come off the backbone at equal spacing to
the DNA bases. Such a structure is not prone to degradation by nucleases or
proteases, thus offering high biological stability. The unique chemical proper-
ties of the neutral PNA molecule have been extensively studied and compared
with the negatively charged DNA counterpart.

Beside the DNA molecule and the carbon substrate, the solvent, normally
water, and in particular the ionic strength, pH and the nature of the solutes,
play an important role in the adsorption process, mainly in the stabilization
of the adsorbed molecule on the substrate.

DNA adsorption properties were first studied using a variety of solid sup-
ports for classical analysis methods including Southern and Northern trans-
fers, dot-blotting, colony hybridization and plaque-lifts [31, 32]. Studies of
the interactions between nucleic acids and nitrocellulose revealed that mo-
lecular weight, finite macromolecular conformation, ionic forces and weaker
forces of attraction all play a role. DNA is retained on nitrocellulose only in
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buffers of high ionic strength. This may be because increasing salt concentra-
tion correlates with decreasing electrostatic repulsion between the phosphate
groups of the DNA backbone, yielding more aggregated DNA molecules that
are more easily retained on the filter. Nylon membranes are able to bind both
native and denatured nucleic acids in buffers of low ionic strength [33]. Pos-
itively charged nylon membranes provide an ionic interaction between the
negatively charged phosphate groups of the nucleic acid and the positively
charged groups of the membrane. Although nylon and nitrocellulose are the
most commonly used solid supports in DNA classical analysis, studies of the
interaction between DNA and other surfaces such as polystyrenes (microw-
ells, beads), glass, dextran, latex and magnetic beads have also been reported.

Although DNA has been widely attached onto carbonaceous materials, the
underlying mechanism of adsorption has not been fully clarified. The next
section focuses on the different strategies for the adsorption of nucleic acid
(ssDNA, dsDNA, ODN and DNA bases) on carbon-based material.

3.2
DNA Adsorption Methods

The unique practical properties of adsorption have promoted its extensive
use in genetic analysis. The disadvantages of adsorption with respect to cova-
lent immobilization are mainly that (1) nucleic acids may be readily desorbed
from the substrate, and (2) base moieties may be unavailable for hybridiza-
tion if they are bonded to the substrate in multiple sites [34]. However, the
electrochemical detection strategy based on the intrinsic oxidation of DNA
requires the DNA to be adsorbed in close contact with the electrochemical
substrate by multi-point attachment. This multi-site attachment of DNA can
be thus detrimental for its hybridization but is crucial for the detection based
on its oxidation signals.

The common methods for the multi-site adsorption of DNA on carbona-
ceous-based material can be classified into physical (dry and wet) adsorption
and electrostatic adsorption.

Dry adsorption relies on leaving DNA to dry on the carbonaceous sur-
face. Dry adsorption can be assisted by light treatment (except UV, which is
able to induce changes in the DNA molecule) or heated until 100 ◦C. DNA
can adopt a variety of conformations depending on the degree of hydration.
The most familiar double helix DNA—called “B-DNA”—can turn into the
“A-DNA” form if it is strongly dehydrated. A structural alteration occurs due
to a greater electrostatic interaction between the phosphate groups, leading
to A-DNA. The different structural forms of the double helix promote differ-
ent dynamic interactions, and the width of the grooves between the strands is
important in allowing or preventing access to bases. Both ss- and dsDNA can
be adsorbed firmly if it is dried on the carbonaceous surface. When the DNA
solution is evaporated to dryness, the bases of DNA which have been dehy-
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drated are exposed, and thus the hydrophobic bases are strongly adsorbed flat
on the electrode surfaces. Once it is adsorbed, DNA is difficult to re-hydrate.
Hence, DNA is not desorbed, no matter how long the adsorbed DNA is soaked
in water, characteristic of irreversible adsorption. The “irreversible” behavior
of the dry-adsorbed DNA layer has been previously reported [35].

Wet adsorption relies on leaving DNA to interact with the carbonaceous
surface through physical forces in the presence of water. During wet adsorp-
tion, the stabilization of B-DNA is expected to occur on the carbonaceous
surface, by keeping the hydration water of the DNA molecule. As the water is
kept on the DNA adsorbed molecule, it can be more easily desorbed from the
substrate if soaked in aqueous solutions. The stringency of wet adsorption is
related to the use of static or convection conditions. In order to perform DNA
adsorption, the convection conditions—which can be achieved by the use of
stirring as well as the use of “heated” substrates—prove to be more effective
than static conditions. Although a thick or a thin layer of DNA can be attached
on the surface during dry adsorption by controlling the concentration of the
DNA solution being dried, the wet adsorption normally yields a thin DNA
monolayer. During wet adsorption, the substrate is progressively modified
with negative charges coming from the DNA being adsorbed, thus repealing
the successive DNA molecules that are approaching the substrate. Wet ad-
sorption thus leads to a “self-control” surface coverage and is less stringent
than dry adsorption. Depending on the application of the DNA-modified sub-
strate, a thick or thin DNA layer would be necessary. If a stringency control
of nonspecific DNA adsorption issues is required, a thick DNA layer is more
convenient. However, the yield in hybridization is better on a thin DNA layer.

The electrostatic adsorption can be performed—given the polyanionic na-
ture of DNA molecule—by modifying the ion charge of the carbon substrate
by both (1) chemical modification, with polycationic molecules, and (2) by
applying a positive potential taking advantages of the conducting proper-
ties of the carbon substrate. Both of them are based on the same principle
that keeps DNA attached on the widely used, positively modified nylon mem-
branes. The electrostatic adsorption by chemical modification of the substrate
is based on the formation of a stable compound between the polycationic
molecule that modified the substrate and the polyanionic phosphodiester
backbone of DNA, either native or denatured. The potential-driven electro-
static adsorption has been widely used for immobilizing DNA on carbon
materials. Taking into account that the DNA bases—A and G—can be ox-
idized, the applied potentials used to provide the positive charge to the
substrate are lower than those producing DNA oxidation. It appears that the
adsorption occurs through the negatively charged phosphate backbone, leav-
ing the bases accessible for hybridization reactions in the case of ssDNA and
ODNs. There is evidence that the positive potential considerably enhances
the robustness and stability of the DNA layers to mechanical stress, through
multiple electrostatic interactions between the negatively charged hydrophilic
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sugar–phosphate backbone and the positively charged carbon surface. The
electrostatic adsorption performed by applying a positive potential is usually
driven under stirring conditions in solution (wet adsorption) until full DNA
coverage of the substrate is achieved.

The next section will focus on carbonaceous materials that have found
applications as transducers for DNA biosensing based on the adsorption
of DNA.

4
Adsorption of DNA on Carbon-Based Materials

4.1
Glassy Carbon

Adsorption of dsDNA can be performed on GC surfaces by either dry or
electrostatic adsorption procedures yielding a thick or a thin layer of DNA,
respectively [36]. The thin layer dsDNA-modified GC electrode was prepared
by immersion in a dsDNA solution by applying a potential of + 0.40 V. The
resulting DNA layer was non-uniform leaving many bare GC-uncovered re-
gions. The thick layer dsDNA-modified GC electrode was prepared by cov-
ering a GC electrode with dsDNA and then transferring it into a solution
containing ssDNA for electrochemical conditioning [37]. Briefly, the dsDNA
was dry-adsorbed overnight on the GC surface. This led to an almost uniform
layer of DNA, 0.1 mm thick when dried, which in aqueous solution swelled
to about 1 mm thickness with a gel-like appearance [38]. After drying, the
electrode was immersed in ABS and a constant potential of + 1.4 V (vs SCE)
was applied for 5 min. It was then transferred to a solution containing ss-
DNA and differential pulse voltammograms were recorded in the range of 0
to + 1.4 V until stabilization of the peak currents corresponding to A and G
electro-oxidation. This procedure produces a thick multilayer of DNA cover-
ing the GC surface completely and uniformly with no pinholes or bare GC
regions. H-DNA triple helical structure is supposed to occur at the surface of
the GC electrode. This thick-layer dsDNA-modified GC electrode allowed the
study of DNA interactions and damage by health-hazardous compounds such
as metronidazole, mitoxantrone [39], and niclosamide [40] based on their
binding properties to nucleic acids. According to the ohmic resistance, there
was also evidence that the thick DNA layer on the GC surface is a reason-
ably good conductor [38]. Additionally, the thick dsDNA layer obtained by
dry-adsorption has been demonstrated to be unstable to alkali and to heat,
but stable to acid solutions [35, 41]. When the solution containing ds- or ss-
DNA is evaporated to dryness, dehydrated DNA molecules can be irreversibly
adsorbed on the surfaces of GC, which has proved to be very stable for long
storage in a dry state [35, 41].
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It was also demonstrated that ssDNA is better adsorbed onto the GC elec-
trode than dsDNA. The dsDNA molecule has some difficulty reaching the
surface contours of the rough GC electrode surface, while ssDNA can ap-
proach closer to the electrode surface because of its greater flexibility.

Although dsDNA can be adsorbed at the GC surface, it is not easily oxi-
dized while ssDNA can be easily adsorbed and oxidized, giving higher oxida-
tion signals, which is attributed to the oxidation of G (∼ 0.8 V) and A (∼ 1.1,
vs SCE) respectively [38]. The dsDNA structure had greater difficulty trans-
ferring the electrons from the inside of the double-stranded structure to the
electrode surface than the flexible ssDNA structure where the bases are in
closer proximity to the GC surface.

The electrochemical processes of adsorption and oxidation of ds- and ss-
DNA on the GC electrode were discussed and studied by in situ FTIR [42]. It
was also demonstrated that the well-known oxidation product 8-oxoguanine
adsorbs strongly on the GC surface [29]. Adsorbed ssDNA can form a DNA
layer which impedes the oxidation product diffusing away, blocking the GC
surface [43, 44].

In contrast to the potential dependence observed for the accumulation
of ODN at other carbonaceous materials such as CP, both ss- and dsDNA
were adsorbed on GC in a broad range of applied potentials (from – 0.60
to + 0.40 V), even when using solutions of different ionic strengths [43, 44].
A slight influence of the GC surface charge was thus observed, indicating that
there is a small contribution of the negatively charged phosphate backbone
in the adsorption of nucleic acids on the GC surface (especially at high ionic
strengths) [44]. Other factors influencing the rate of adsorption of DNA on
GC are the size of the ODN, which would produce an easier adsorption of
smaller molecules, and the conformation of the nucleic acid in solution prior
to the immobilization at the electrode surface [44].

4.1.1
Pretreated Glassy Carbon

The influence of different pretreatment strategies on the adsorption of DNA
on the GC surface has been extensively discussed. The sensitivity for ssDNA
detection at the GC surface was improved greatly (tenfold) by modifying the
electrode surface with an electrochemical oxidation treatment at + 1.75 V (vs
SCE) for 300 s in PBS, pH 5.0. The same results were reported when GC(ox)
was obtained at (1) 1.60 V (vs SCE) for 15 s in 10% HNO3 solution with 2.5%
K2Cr207, [35] and, (2) 1.20 V (vs Ag/AgCl) in 0.5 M NaOH for 10 min [45].

This improvement was due to an easy adsorption of ss- and dsDNA on
the GC(ox) surface [46, 47]. Regarding the nonconductive nature of graphite
oxide film formed on the surface during anodization [15], the activation of
GC would affect primarily the adsorption process but not the charge transfer
of the G and A residues. The ssDNA was preconcentrated on GC(ox) surface
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under stirring by means of either its wet-adsorption for 5 min, or its electro-
static adsorption at + 0.3 V (vs SCE) for 90 s. In both cases, the adsorption of
DNA on GC(ox) surface are close to the theoretical value of a monolayer. The
stirring during the DNA adsorption was critical for enhancing the adsorption
while the positive potential was found to accelerate the adsorption process.

Not only was an improvement in the detection for ssDNA at GC(ox) ob-
served, but also for G and A bases [47]. These results suggest that the in-
creased adsorption of DNA on the GC(ox) depends more on the DNA bases
than on the phosphate–sugar DNA backbone.

This conclusion is also supported by the fact that, in contrast to ssDNA,
the oxidation signal coming from dsDNA is poorly developed at both GC and
GC(ox). This is probably attributable to the electroactive A and G residues in
dsDNA being inaccessible to the surface, while most bases in denatured DNA
can freely interact with the GC(ox) surface. On the other hand, the hydrogen-
bonded bases in native DNA are hidden within the double helix, a serious
steric barrier to electron transfer between the purine and the GC(ox).

However, when the potential of the pretreatment of the GC exceeded
+ 1.75 V (vs SCE) or it was driven longer than 300 s in PBS (pH 5.0), the
adsorption of ssDNA at the electrode was found to decrease [46], showing
that different conditions for obtained GC(ox) were detrimental for the DNA
adsorption and oxidation. A similar negative effect was observed when the
adsorption of the DNA was performed on polished GC previously exposed to
air for a given time [44].

The beneficial effects of the graphite oxide film on the adsorption and ox-
idation of DNA on GC(ox) seem to be strongly dependent on the thickness of
this film, obtained under different conditions (supporting electrolyte, applied
voltage, duration of the anodization treatment and pH).

Once the film is grown, the surface becomes richer in oxygenated groups,
making it more hydrophilic. It is clear that this increased hydrophilic envi-
ronment does not favor the adsorption of nucleic acids on GC. The increased
adsorption of DNA on the GC(ox) may depend more on the DNA bases than
on the phosphate–sugar DNA backbone.

A mixed activation procedure, based on both preanodization and precath-
odization treatments, respectively, was shown to produce a further 100-fold
improvement of the DNA oxidation signal on GC. The electrochemical oxida-
tion was performed at + 1.75 V (vs SCE) for 10 min and cyclic sweep between
+ 0.3 V and – 1.3 V for 20 cycles in pH 5.0 PBS [48]. The ssDNA was accumu-
lated at the GC surface at an open circuit by wet-adsorption. As previously
explained, a dielectric layer is formed on GC during anodic oxidation. Such
a graphitic oxide layer possesses insulating properties, is electrochemically
inactive and does not contribute to the double-layer capacitance. After the
electrode is reduced, the whole layer becomes electrochemically active again,
resulting in a significant increase in double-layer capacitance. However, no
increase in surface roughness was observed with AFM after being oxidized
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and reduced. The oxidation followed by reduction of GC for a very short
time produces the C= O functional group on the carbon electrode surface.
The adsorptive capacity was thus found to be related to the amount of these
surface functional groups and double-layer capacity. The increase in current
was not produced by an increased surface area due to porous structure, but
by some chemical interaction between the C= O groups and ssDNA. One
possible reason for the preferential adsorption of ssDNA on the modified
GC could be the positive chemical interaction between the ssDNA and the
surface-produced C= O groups. As explained, in ssDNA, all bases can be
freely accessible to the electrode surface. Hydrogen bonds can be formed be-
tween the more acidic H of nucleic bases in ssDNA and the C= O groups
present on the electrode surface [48]. As for dsDNA, the sites that can form
hydrogen bonds, have already formed a part of the Watson-Crick hydrogen
bonding system, and cannot form hydrogen bonds with the C= O groups on
the electrode surface. Therefore, dsDNA cannot accumulate on the modified
electrodes as much as ssDNA [48].

4.1.2
Adsorption of DNA Bases on Glassy Carbon

Differential pulse voltammetry and electrochemical impedance have demon-
strated that G, A, guanosine, and their oxidation products are electrostatically
adsorbed on GC and GC(ox) surfaces [47, 49]. The strength of adsorption of
the DNA bases on the GC surface were found to be similar [49]. Strongly ad-
sorbed G dimers were formed on GC between G and the adsorbed G oxidation
products, which slowly cover and block the surface. The application of ultra-
sound led to removal of the adsorbed species. The effect of this was mainly to
enhance transport of electroactive species and to clean the electrode in situ,
avoiding electrode fouling.

4.1.3
Nature of the Interactions Between Nucleic Acids and Glassy Carbon

To summarize, the adsorption of nucleic acid may involve electrostatic inter-
actions with the negatively charged DNA backbone. However, strong evidence
indicates that the adsorption depends mostly on the hydrophobic interac-
tions between the free bases and the surface of GC. The slight influence
of the charge of the GC surface during adsorption (especially produced at
high ionic strengths) indicates that there is a small contribution of the neg-
atively charged phosphate backbone in the adsorption of nucleic acids on the
GC surface. Moreover, the DNA but also DNA bases (without the negatively
charged phosphate backbone) are adsorbed on GC in similar conditions. The
dsDNA is poorly adsorbed, because its bases are hidden in the interior of the
double-helical molecule forming a part of the Watson-Crick hydrogen bond-
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ing system. In contrast, ssDNA is highly adsorbed on GC, because its bases are
freely accessible for interaction with the surface.

An increased adsorption of ssDNA on GC, (and oxidized/reduced GC) was
observed. Taking into account the nature of the film formed on the GC(ox)
surface, the higher affinity of ssDNA could be explained by the formation of
hydrogen bonds.

4.2
Modified Glassy Carbon

4.2.1
Chemically-Modified Glassy Carbon

An improved adsorption of DNA bases has been observed at a chemically
modified electrode based on a Nafion/ruthenium oxide pyrochlore (Pb2Ru2–x
PbxO7–y modified GC (CME). Nafion is a polyanionic perfluorosulfonated
ionomer with selective permeability due to accumulation of large hydropho-
bic cations rather than small hydrophilic ones. The Nafion coating was
demonstrated to improve the accumulation of DNA bases, while the ruthe-
nium oxide pyrochlore proved to have electrocatalytic effects towards the
oxidation of G and A. The inherent catalytic activity of the CME results from
the Nafion-bound oxide surface being hydrated. The catalytically active cen-
ters are the hydrated surface-bound oxy-metal groups which act as binding
centers for substrates [50].

4.2.2
Polymer Surface-Modified Glassy Carbon

GC material was widely modified with conducting (or nonconducting) poly-
mers in order to obtain an improved surface for DNA adsorption and detec-
tion. The initial approaches were performed by the physical attachment of
nylon or nitrocellulose membranes on GC electrodes [51]. As explained, these
membranes were extensively used in classical DNA analysis due to their well-
known adsorption properties [33]. Other approaches were performed by the
direct adsorption of the polymeric film on the GC surface. Finally, polymeric
films were electrochemically grown on the GC substrate. These conducting
polymers are particularly promising for the adsorption, but also for inducing
electrical signals obtained from DNA interactions.

4.2.2.1
Chitosan-Modified Glassy Carbon

A chitosan oligomer film was used as an active coating for the immobiliza-
tion of ssDNA at a GC electrode. Chitosan oligomer is a kind of β-1,4-linked
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glucosamine oligomer. It is a natural biocompatible, biodegradable and non-
toxic cationic polymer that can form a stable complex through its amino
groups with the polyanionic phosphodiester backbone of DNA, either native
or denatured. Thus, chitosan and its derivatives may represent potentially safe
and efficient cationic carriers for gene delivery. Chitosan was dry-adsorbed
on the GC surface. The ssDNA was immobilized on the chitosan-modified GC
by wet-adsorption [52]. The main advantage of using chitosan as a modifier
of GC was that it could form a tight electrostatic complex with DNA which
made the immobilization very stable [53, 54].

4.2.2.2
Layer-by-Layer Deposited Film Modified Glassy Carbon

Fabrication of organic thin films based on spontaneous molecular assem-
bly has been considered as one of the powerful approaches to create novel
supramolecular systems. In this context, multilayer films were fabricated
by layer-by-layer electrostatic deposition techniques based on the elec-
trostatic interaction between dsDNA and the positively charged polymer
poly(diallyldimethylammonium chloride) (PDDA) on GC surfaces. A uniform
assembly of PDDA/DNA multilayer films was achieved, based on the ad-
sorption of the negatively charged DNA molecules on the positively charged
substrate [55].

4.2.2.3
Polypyrrole-Modified Glassy Carbon

Conducting polymers based on polypyrrole (PPy) display many interesting
properties such as redox activity, excellent conductivity, and strong adsorp-
tive capabilities towards negatively charged macromolecules such as DNA
and ODNs. These interesting adsorptive properties achieved with the posi-
tively charged PPy-modified GC have been extensively studied [56]. The PPy
film was grown on GC using nitrate [57] or chloride [58] as dopant counter
anions. The PPy-coated GC was demonstrated to be sensitive for detecting
adsorbed ODN, DNA, and RNA onto the film. Such adsorption behavior was
facilitated by electrostatic interactions between the negatively charged nu-
cleic acids and the positive charge density of the PPy backbone. The different
response patterns observed in the presence of different dopants hold great
promise for the development of multielectrode nucleic acid arrays. The thick-
ness of the PPy film affected the DNA immobilization effectiveness and its
own conductivity property. Thicker PPy layers did not improve the hybridiza-
tion capability or detection sensitivity. It was also possible to dope nucleic
acid probes within electropolymerized PPy films. The ODN served as the
sole counter anion during the growth of conducting PPy films, and main-
tained their hybridization activity within the host polymer network [59]. The
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anionic ODN was incorporated within the growing film for maintaining its
electrical neutrality.

4.2.3
Liposome-Modified Glassy Carbon

Since lipids are known to associate with DNA with high affinity, the adsorp-
tion of ssDNA at lipid membranes as a medium for DNA incorporation on a
GC surface was extensively studied [60]. Exploiting DNA–lipid interactions,
various approaches were designed for the incorporation of ssDNA [61] and
dsDNA [62] at a modified bilayer lipid membrane (BLM) GC surface, such as
(1) the formation of self-assembled BLMs over ssDNA previously adsorbed on
GC, (2) the direct adsorption of ss- and dsDNA [62] into a previously BLM-
modified GC and, (3) formation of a BLM with incorporated ssDNA at the GC
surface using the monolayer folding technique [61].

The ssDNA was immobilized stronger and faster on the GC surface in the
presence of the lipid membrane than on a bare GC surface and using milder
conditions [61]. The lipid membrane enhanced the stability of ssDNA towards
desorption from the GC surface [61, 62]. Moreover, the adsorption of ssDNA
on BLM induced a conductance enhancement due to (1) structural changes
(i.e., defect sites) within the membrane and (2) the increase in negative surface
charge density of the membrane. The charge of the phosphate groups of ssDNA
induced an increase of cation concentration in the electrical double layer [63].

4.3
Pyrolytic Graphite

One of the first attempts to adsorb DNA onto carbonaceous materials was
performed on PG [64].

The use of HOPG as a substrate for the adsorption of DNA made a no-
table contribution to a better understanding of the adsorption process on
carbonaceous material due to the use of high resolution image techniques
such as AFM.

In preliminary studies, it was found that dsDNA was adsorbed on HOPG
more easily by applying a potential of + 0.4 V (vs Ag/AgCl) for 15 min while
ssDNA was adsorbed almost equally whether or not this potential was ap-
plied. The adsorption of ssDNA was thus only slightly influenced by the po-
tential, suggesting a different adsorption pattern for ssDNA than for dsDNA
on HOPG. The dsDNA could be adsorbed on HOPG mainly by phosphate–
sugars whereas ssDNA could be attached not only by phosphate–sugars but
also by DNA bases. In contrast to other carbonaceous materials such as GC,
dsDNA was easily immobilized on HOPG from the solution (by applying
a positive potential). Since the HOPG is a smooth single-crystal plane, the less
flexible dsDNA molecule would have more contact with the smooth electrode



DNA Adsorption on Carbonaceous Materials 21

surface than with a rough surface such as GC [38, 39]. The oxidation products
of dsDNA were not easily removed from the HOPG surface, suggesting that
these products are strongly adsorbed. In preliminary studies, electrochemical
AFM images of dsDNA adsorbed on a HOPG substrate showed that some seg-
ments of dsDNA were adsorbed to form a layer on the surface and other parts
of the strands form a DNA island above the layer on the surface. The adsorp-
tion of dsDNA did not occur with the molecule lying flat against the HOPG
surface but rather through some segments [17], perhaps those where dsDNA
is open, thereby exposing DNA bases. These preliminary observations have
been confirmed using magnetic AC mode AFM [16, 65, 66].

Since the HOPG surface presents hydrophobic characteristics and DNA is
a highly charged hydrophilic molecule, the capacity for spontaneous interac-
tion of DNA with the HOPG surface should be reduced. However, both ss-
and dsDNA showed a tendency to spontaneously self-assemble from solution
onto the HOPG surface and the process was found to be very fast. Magnetic
AC mode AFM images in air revealed good coverage of the surface in a film
with the aspect of a two-dimensional network, which has been extensively
described [16]. For these studies, DNA was first wet-adsorbed in an open cir-
cuit on HOPG and then the layer was dried. The immobilization procedure
produced A-DNA molecules over the HOPG due to the strong dehydration
after adsorption. The continuous dissociation–association of the bases of the
dsDNA extremities exposed the hydrophobic core of the DNA helix sporad-
ically. The dsDNA at the surface was thus stabilized through the interaction
between the hydrophobic bases and the hydrophobic surface of the HOPG.
The interaction of DNA with the hydrophobic HOPG surface induced DNA
superposition, overlapping, and intra- and intermolecular interactions. The
topography of the ssDNA-modified HOPG suggested that ssDNA interacted
and adsorbed more strongly to the HOPG surface than dsDNA. This can be
explained because the ssDNA had bases exposed to the solution, which facili-
tated the interactions with the hydrophobic carbon surface [16].

The application of a positive potential of + 0.300 V (vs Ag wire) to the
HOPG surface during adsorption was also studied [16]. The applied po-
tential considerably enhanced the robustness and stability with respect to
mechanical stress of the DNA layers through multiple electrostatic interac-
tions between the negatively charged hydrophilic sugar–phosphate backbone
and the positively charged carbon surface. The applied potential increased
the attractive lateral interaction between adjacent dsDNA helices and caused
spontaneous condensation of the dsDNA layer in a complex network on the
HOPG surface. The stability of the dsDNA layer was much increased by elec-
trostatic interaction with the positively charged HOPG surface by structural
rearrangement of the molecule. During reorientation and equilibration of the
DNA on the surface, the helix was destabilized and some phosphate groups
detached from the charged electrode, facilitating electrostatic binding on the
HOPG surface of the phosphate groups from the same strand and leading
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to no formation of helical DNA parts. As a consequence, parts of the phos-
phate backbone of one strand lay down flat on the surface. The destabilization
and local stretching of the DNA duplex may involve a significant loss of base-
stacking and hydrogen-bonding. The DNA bases initially protected inside the
helix appeared more exposed to the solution and free to undergo intermo-
lecular interactions by hydrogen bonding and base-stacking with bases from
other chains that bind nearly on the surface.

As in the case of dsDNA, the application of a potential of + 0.300 V (vs Ag
wire), enhanced the strength, robustness, and resistance to mechanical stress
of the ssDNA layer. Electrostatic interactions between the negative charges
along the dsDNA and ssDNA phosphate backbone and the positively charged
HOPG surface were very strong, which increased stability of the molecules on
the substrate. Consequently the adsorbed molecules were less compressible by
the AFM tip. Many molecules interacted together by hydrogen bonding during
equilibration on the substrate, and hydrophobic interactions and van der Waals
forces also contributed to adsorption of DNA on the HOPG electrode [16].

The thin layers formed in ABS (pH 5.3 ) always presented a better cov-
erage of the HOPG surface with DNA molecules than layers formed in pH
7.0 PBS [65]. Comparing the thickness and the electrode coverage of the
layers obtained with both ss and ds DNA at different pHs on applying a poten-
tial of + 0.300 V it was concluded that the layer obtained at pH 5.3 presented
a self-assembled lattice that was more relaxed and extended on the surface.
The results that were obtained by AFM corroborate previous observations
that the best binding efficiency of dsDNA on hydrophobic surfaces occurs at
approximately pH 5.5 [65].

Owing to these characteristics, PG has been extensively used for the ad-
sorption of DNA and its derivatives. DNA was successfully adsorbed on PG
by dry-adsorption at 100 ◦C [67]. The electrodes were stored in TriS buffer
at 4 ◦C without loss of DNA, showing that DNA was firmly adsorbed on PG.
It was demonstrated that the adsorbed ODN was also able to be hybridized
with its complementary strand, suggesting that although DNA bases are com-
promised in the adsorption, they are still available for hybridization [67].
A composite film of DNA and the polyanionic perfluorosulfonated ionomer
Nafion was cast on PG by the layer-by-layer procedure performed by dry-
adsorption [68]. In another approach, the PG surface was electrochemically
pretreated at – 1.7 V for 60 s. DNA was then wet-adsorbed at the pretreated
electrode surface from solutions containing 0.2 M NaCl, 10 mM Tris– HCl, pH
7.4 , for 1 min followed by rinsing the electrode with distilled water [69, 70].

4.4
Highly Boron-Doped Diamond

The boron-doped diamond (BDD) thin films are particularly attractive for
electroanalytical applications due to their unique characteristics, including
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chemical inertness, wide potential window, excellent electrical conductivity
and extraordinarily low catalytic activity and very low background current
within the working potential range [71]. These properties provide superior
sensitivity, , reproducibility, and stability of BDD compared to other conven-
tional materials for electroanalysis.

The BDD film was grown on Si(100) substrates [72]. The adsorption and
oxidation of ss- and dsDNA has been investigated in ABS (pH 5.0 ) at a BDD
film. Although BDD films are commonly H-terminated, they usually acquire
oxygen on the surface during polishing or anodic oxidation processes. The
surface termination has been shown to have significant effects on the ad-
sorption and redox processes of ss- and dsDNA. Owing to the difference in
the electronegativities of C (2.5), H (2.1) and O (3.4), the surface acquires
C – H and C – O dipoles depending on the termination, thus making the sur-
face partially charged [71]. In the case of hydrogen termination, the surface
acquires a very small positive polar charge, while the O-terminated surface
acquires a relatively high negative polar charge due to the higher dipole
moment, causing electrostatic interactions with charged molecules such as
DNA. O-terminated diamond was found to repel the DNA molecule, while
H-terminated diamond attracted the DNA due to its weak positive charge,
enhancing its adsorption on the surface [71]. In contrast, the surface ter-
mination did not show much influence on free A and G adsorption. The
influence of the negatively charged phosphate-containing sugar backbone in
the electrostatic interaction was thus quite obvious. The adsorption of DNA
at H-terminated diamond was almost independent of ionic strength, due
to the small electrostatic interaction between the H-terminated surface and
negative charge of DNA, where the ionic strength did not influence the ad-
sorption much. However, on the O-terminated diamond, a drastic increase
in the adsorption would be expected with increased ionic strength, which
indicates the masking of surface charge by an increasing number of the posi-
tive counter ions in the solution, resulting in a relatively neutral surface. The
ssDNA molecule was more firmly adsorbed on the surface of BDD than ds-
DNA. This difference could be assumed a consequence of the difference in
the flexibilities of the DNA. The more rigid dsDNA covered less efficiently the
roughness of BDD surface than ssDNA [71].

4.5
Carbon Composites

4.5.1
Soft Carbon Composites. Carbon Pastes

The adsorption of DNA and its derivatives on CP materials has been widely
reported. CP for DNA adsorption could be successfully prepared by the
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mixing of 70/30 (w/w) graphite powder/mineral oil [73, 74], a composition
which yielded the most favorable signal-to-background characteristics.

Of the several ways that nucleic acid could be immobilized on CP sur-
face, electrostatic adsorption proved to be an effective and simple route, and
thus was widely used [75]. It was found that the anodic pre-treatment of CP
[at + 1.7, 60 s in ABS (pH 5)] greatly enhances the electrostatic adsorption
(+ 0.5 V vs Ag/AgCl) of dsDNA, ssDNA, RNA and its derivatives [75]. How-
ever, the treated surface did not show electrocatalytic activity. The anodiza-
tion produced—as in other carbonaceous materials—a substantially larger
background current contribution. The electrochemical pre-treatment led to
an increase in the density of surface oxygenated groups, a more hydrophilic
surface state, and a concomitant removal of organic and pasting-liquid layers
from the surface [76]. Such a change in the surface state appeared to facil-
itate the interfacial adsorption of RNA [73] and DNA [76, 77] on CPs, but
not the charge-transfer. Similar behavior was observed at GC, as previously
described.

However, after the study of inosine-substituted ODN, there was evidence
that the pretreatment improved the electrochemistry of purine bases, with
a smaller effect on the interfacial accumulation [78]. The G oxidation sig-
nal was strongly affected by the surface pre-treatment of CP. However, the
inosine-modified probe response was less affected by this treatment [78], sug-
gesting a lesser effect on adsorption over the electrochemistry of purine base.
However, if inosine (a non-purine base) substituted G in the ODN sequence,
the stability of the adsorbed probe on CP was similar to that observed with
G-containing ODN, i.e., being stable in a stirred PBS for up to 15 min. Such
behavior indicated that the inosine substitution has little effect upon the sta-
bility of the adsorbed probe [78].

As in other carbonaceous materials, higher electrostatic adsorption effi-
ciencies for short nucleotide sequences (ssDNA) were observed [76]. Shorter
ODNs penetrated more readily into the grooves and pores of the rough CP
surface. Such behavior increased the accessibility of the base moieties to
the graphite particle electron-transfer sites. In contrast, the access of longer
oligomers (10 basepairs or more) into the porous surface was restricted. They
were unable to follow the contours of the surface and, accordingly, their ox-
idation currents were smaller [79]. Such interaction with the surface was
found to also depend on the flexibility of the DNA molecule, with more
rigid molecules following the rough surface less efficiently. Those length-
dependent differences on the surface penetration and accessibility of syn-
thetic ODN have shown a profound effect on the adsorption properties. Ad-
ditionally, it was found that the adsorption and oxidation were influenced
not only by the length and rigidity of the ODN, but also by its base content
and sequence [79]. However, the less flexible and longer dsDNA molecule was
also electrostatically adsorbed at + 0.5 V yielding a high stable layer for the
biosensing of pollutants [80].
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The coupling of the CP pre-treatment and the electrostatic adsorption re-
sults in a stable immobilization layer of ODN. The adsorbed ODN layer on CP
remained stable throughout 60 min in stirred solutions of PBS [74]. Moreover,
the electrostatic adsorption procedures at + 0.5 V led to a reactive and acces-
sible probe. A comparison study between CP and Hg electrodes showed that
no significant hybridization of the DNA adsorbed on Hg was taking place,
probably due to a strong interaction of hydrophobic bases with the hydropho-
bic surface of the mercury electrode. The bases of the probe, interacting
strongly with the surface, cannot be accessible to form specific base pairs with
the target DNA. Compared with the negatively charged mercury electrode,
a different orientation of the adsorbed DNA molecule can be expected at the
positively charged CP electrode. The DNA could be attached to the CP sur-
face via the negatively charged hydrophilic sugar–phosphate backbone with
bases oriented toward the solution and available for the hybridization with
the target DNA. The results of the hybridization experiments matched up to
this expectation [81].

This strong adsorption of DNA and its derivatives on carbon materials has
made possible the adsorption (and preconcentration) of DNA on CP and its
further separation from interferences. It has been shown that low molecu-
lar mass substances did not interfere with the analysis of DNA and RNA if
the nucleic acid was previously adsorbed at the CP electrode, which was then
washed and transferred to a blank electrolyte. This procedure was called ad-
sorptive transfer stripping voltammetry (AdTSV) [75, 82, 83]. Although the
electrostatic adsorption results in a strong and irreversible accumulation,
the ability to remove DNA layers from CP microelectrodes under potential
control was demonstrated. The electrostatic release of surface-confined DNA
layer was performed in PBS (pH 7.4) at a potential of – 1.2 V for 2 min. The
application of the negative potential at the DNA-modified CP has been shown
to electrostatically repel the negatively charged nucleic acid molecules from
the CP negatively charged surface [75].

It was also demonstrated that the application of increased temperatures
during the electrostatic adsorption results in dramatic enhancement of the
oxidation signal, ascribable to an improved electrostatic adsorption at the
heated electrode. Forced thermal convection near the electrode surface facili-
tated the electrostatic adsorption and the use of quiescent solutions [84–86].
The main role of the high temperature in CP was found to be the enhance-
ment of the adsorption efficiency (e.g., through faster localized convection
and faster kinetics) but not the preactivation of the surface. The tempera-
ture effect strongly depended on the chain length and structure of the nucleic
acid molecule [84]. The reason could be a change of structure in the molecule
which is suspected to be temperature-dependent. Faster molecular movement
and changes in structure could facilitate the adsorption. More electrochemi-
cally active sites of the nucleic acid molecules could come into close contact
with the electrode surface, thus increasing the signal. In highly complex
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molecules such as dsDNA, this effect has proved to be relatively strong com-
pared to that in less complex ones such as tRNA [84].

Another CP pre-treatment that was found to greatly enhance the elec-
trostatic adsorption at + 0.5 V (vs Ag/AgCl) of ODN [87], dsDNA and ss-
DNA [88, 89] was performed at almost the same conditions (+ 1.7 V, 60 s) but
in neutral solutions (PBS pH 7.5). A combination of + 1.5 V, 1 min, PBS pH
7.0 as a pre-treatment step with a further electrostatic adsorption at + 0.3 V
was also demonstrated to be successful for immobilizing dsDNA on CP [90].

4.5.1.1
Surface-Modified Carbon Pastes

CP was surface-modified with cetyltrimethyl ammonium bromide (CTAB) by
dry adsorption (CTAB/CP) [91]. CTAB could change the surface properties
of CP, forming a compact monolayer on the electrode surface with a high
density of positive charges. The stabilization of the monolayer was achieved
by hydrophobic adsorption of CTAB on the hydrophobic surface of CP. The
paraffin oil layer covering the carbon particles had hydrophobic properties
similar to those of the CTAB layer. Thus, CTAB could form a stable monolayer
on the surface of CP. The CTAB/CP material was applied to the immobiliza-
tion of dsDNA [91]. The procedure for immobilizing DNA was electrostatic
adsorption. With the modification of dsDNA, the CP surface turned from
poor to high hydrophilicity and the hydrophilic surface could survive the
thorough washing with water, which indicated the tight combination of DNA
on the electrode surface [91].

A chitosan-modified CP (ChiCP) material was prepared for the electro-
static adsorption of dsDNA, ssDNA and ODNs [92]. The immobilized ODN
could selectively hybridize with the target DNA to form a hybrid on the ChiCP
surface.

4.5.1.2
DNA Modifying Carbon Pastes as an Additive

Additives such as polyethylene glycol, cationic antibiotics, polymers, small
uncharged molecules, and negatively charged proteins have been used exten-
sively in order to avoid the denaturing of enzymes or to improve the sensi-
tivity and operational stability of biosensors. DNA has been proposed as an
additive to improve the response and stability of biosensors based on CP. The
biomolecules studied, such as tyrosinase [93], peroxidase [94], cytochrome
C [95], have been shown to improve its performance by using adsorbed DNA
within CP as an additive.

The presence of DNA in the biosensor improved the durability and greatly
increased the sensitivity of the sensor. When the CP-DNA-Tyr was first ex-
posed to the electrolyte, some swelling was observed as a result of hydration
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of the DNA. The DNA thus provided a more hydrophilic environment for the
enzyme. The direct interaction of DNA with the functional groups of amino
acids occurred through hydrogen bonding, with partial displacement of the
well-ordered water shell of DNA or with individual water molecules acting
as bridges of the hydrogen bonding. Through such interactions, DNA could
improve the stabilization of the tertiary structure of the enzyme in compar-
ison with other additives [93]. The DNA molecules have been proved to be
an efficient promoter for a direct electron transfer reaction [95], increasing
the sensitivity of the biosensors [94]. This behavior was also shown during
the evaluation of the Doyle catalyst performance when adsorbed on CP in the
presence and the absence of DNA, suggesting a good hydrophilic and conduc-
tor character of DNA [96].

4.5.2
Rigid Carbon Composites

Rigid carbon composites have been widely used in our laboratories for the ad-
sorption of ssDNA, dsDNA, ODN and DNA derivatives. In particular, we have
used graphite-epoxy composite (GEC) made by mixing the nonconducting
epoxy resin (Epo-Tek, Epoxy Technology, Billerica, MA, USA) with graph-
ite powder (particle size below 50 µm). An ideal material for electrochemical
genosensing should allow an effective immobilization of the probe on its
surface, a robust hybridization of the target with the probe, a negligible non-
specific adsorption of the label and a sensitive detection of the hybridization
event. GECs fulfill all these requirements.

Owing to its improved electrochemical characteristics, ss- and dsDNA
and ODN have been immobilized by dry adsorption on GEC [97, 98], yield-
ing a thick DNA layer. Beside its improved electrochemical properties, GEC
has shown unique and selective adsorption behavior. While DNA is firmly
adsorbed under dry conditions, the wet-adsorption of nonspecific DNA, pro-
teins, enzymes or other biomolecules has proved to be negligible under stir-
ring or convection conditions in solution. The DNA-modified GEC surface
does not require blocking steps to minimize the nonspecific adsorption on
the free sites of the surface. The dual nature of GEC composed of islands of
conducting material within the nonconducting and hydrophobic epoxy resin
could play an important role in stabilizing the dehydrated A-form of DNA
adsorbed on GEC.

Besides thick-layer DNA/GEC surface, a thin-layer DNA/GEC could be
achieved by wet-adsorption of ss- and dsDNA and ODN onto a GEC trans-
ducer under static conditions [99, 100]. In this case, the hydrated B-DNA form
was stabilized over the GEC surface by weaker forces. Unlike the GEC surface
modified by the thick DNA layer —produced in dry conditions—the thin-
layer DNA/GEC surface required blocking treatment to avoid nonspecific



28 M.I. Pividori · S. Alegret

adsorption. The wet-adsorption procedure produced a less compact DNA
layer with wider gaps exposing free GEC surface.

Although DNA can be firmly adsorbed on GEC, it retains its unique hy-
bridization properties, which can be monitored using various strategies [99,
100], suggesting that the DNA bases are not fully committed in the adsorption
mechanism.

Moreover, the unique adsorption properties of GEC allowed the very sensi-
tive electrochemical detection of DNA based on its intrinsic oxidation signal
that was shown to be strongly dependent of the multi-site attachment of DNA
and the proximity of G residues to GEC [100]. The thick layer of DNA ad-
sorbed on GEC was more accessible for hybridization than those in nylon
membranes obtained with genosensors based on nylon/GEC with a change-
able membrane [99, 101, 102]. Although GEC has a rough surface, it is imper-
meable, while nylon is more porous and permeable. DNA assays made on an
impermeable support are less complex from a theoretical standpoint [7]: the
kinetics of the interactions are not complicated by the diffusion of solvent and
solutes into and out of pores or by multiple interactions that can occur once
the DNA has entered a pore. This explained the lower hybridization time, the
low nonspecific adsorption and the low quantity of DNA adsorbed onto GEC
compared to nylon membranes.

Compared to GC (a transducer widely used in electrochemical genosen-
sors), the higher sensitivity of GEC can be explained by its higher active
surface and rugosity, as is evident from scanning electron microphotographs
of both surfaces and also a behavior mimicking that of a random assembly
of microelectrodes [97] (Fig. 4). Unlike CP, the rigidity of GEC permits the

Fig. 4 Scanning electron microphotographs of the surfaces of glassy carbon (GC) (a) and
graphite epoxy composite (GEC) (b). The same acceleration voltage (10 kV) and the same
resolution (100 and 10 µm) were used in both cases. Taken from [97]. Reprinted with
permission
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design of different configurations, and these materials are compatible with
non-aqueous solvents.

A new class of sol-gel-based carbon composite material can be formed by
homogeneous dispersion of graphite powder in a suitable sol-gel precursor/
monomer (mainly based on methanol and methyltrimethoxysilane) [103, 104].
The resulting homogeneous sol-gel CP was allowed to polymerize and left to
dry, obtaining the silica sol-gel-derived carbon composite material. Electrodes
prepared on the basis of this material have been reported to have various de-
sirable properties for electroanalysis: low background current, good chemical
and mechanical stability, easy preparation and wide potential window. CPs
proved to have inferior mechanical stability compared with this composite
material. At certain and non-stringent conditions, A (but also G) was demon-
strated to be electrostatically adsorbed onto this porous material.

4.6
Carbon Inks

DNA has been widely adsorbed on carbon inks. These carbon inks were previ-
ously printed onto alumina ceramic plates or other substrates such as polyester
for fabricating thick film sensors. Carbon inks are commercially available but
normally their composition is not precisely known. As a consequence, it is
difficult to predict interactions between DNA and carbon inks, which contain
various components such as binders besides graphite. They usually require
a curing step at high temperatures. Unlike the CP materials, some carbon inks
require a short (10 s) precathodization [at – 2.0 V) prior to the 1 min oxida-
tive activation (1 min at + 1.8 V in ABS (pH 5.0)] [76]. DNA adsorption was
performed as in the case of CP by electrostatic adsorption at a potential of
+ 0.5 V in pH 5.0 ABS (vs Ag/AgCl) [105, 106]. The short anodic pre-treatment
was found to enhance the electrostatic adsorption of DNA. The enhanced ad-
sorption was attributed to the increased surface roughness and hydrophilic
properties following such treatment [106]. It was also demonstrated that the
pre-treated graphite inks at + 1.6 V for 1 min in PBS (pH 7.0) [107] or ABS (pH
5.0) [108, 109] showed lower background currents. The anodization probably
removed undesirable compounds from the electrode surface and graphite im-
purities. Higher oxidation times (up to 60 min) for pre-treatment increased the
noise and the background current [107]. The adsorbed nucleic acid layer (ss-
DNA, dsDNA and ODN) on the carbon inks was demonstrated to be stable for
at least 30 min under stirring in ABS (pH 5.0) at + 0.5 V [105].

Besides DNA adsorption driven by a positive potential (electrostatic ad-
sorption) DNA was also wet-adsorbed at an open circuit on a home-made
polystyrene-based carbon ink [110]. This ink was prepared by a 2 : 3 mix-
ture of polystyrene and graphite particles in mesitylene, and then printed on
a polyester film. DNA was wet-adsorbed over the ink at 37 ◦C overnight. The
nature of the electrode surface (graphite particles embedded in a polystyrene
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binder) was found to be a suitable solid phase for the reproducible adsorption
of DNA. Moreover, this solid phase led to a negligible nonspecific adsorption
of the non complementory ODN probe [110].

DNA modification of a commercial carbon ink without any electrochem-
ical preconditioning by dry-adsorption was also reported. The surface was
modified by covering with dsDNA solution and leaving the electrode to dry
overnight. A stable, thin (about 100 µm) DNA layer was obtained [111, 112].
The dsDNA was also demonstrated to be stably adsorbed when entrapped in
a cellulose-acetate-based film on the surface of a carbon-based ink [113].

4.7
Graphite Pencil Leads

Renewable graphite pencil leads have been demonstrated to be excellent ma-
terials for the adsorption of DNA. Various pencil lead materials have been
studied [114]. As in the case of GC and CP, the graphite leads were electrochem-
ically oxidized at + 1.4 V for 30 s prior to the DNA electrostatic adsorption,
performed at + 0.5 V (vs Ag/AgCl) for 60 s in stirred ABS (pH 5.0) [114, 115].
The adsorption of DNA was shown to be similar to that at a CP electrode. How-
ever, substantial differences in adsorption and electrochemical performance
were observed at the various types of graphite leads. Such different responses
are to be expected considering the different composition and roughness of the
various graphite leads containing various insulating polymeric binders and
clays besides graphite [116]. However, these non-graphite constituents do not
yield a background peak. In the view of the composite nature of the leads, these
differences could reflect the differences in the adsorption properties of the nu-
cleic acid, in the kinetics of DNA oxidation processes, or in the effective surface
area (roughness) [114].

4.8
Carbon nanotubes

Since it was initially reported [21], several methods have been presented in
order to attach DNA onto CNTs, including adsorption. First, transmission elec-
tron microscopy showed that the DNA molecules tended to cover the surface
of the nanotubes evenly, suggesting a strong interaction with the carbon sur-
face [24].

DNA/SWCNTs interactions were studied by IR and UV spectroscopy and it
was found that CNTs could self-organize with DNA molecules during adsorp-
tion processes [117, 118]. Moreover, some evidence indicated that SWCNTs
influenced the DNA structure more strongly than graphite [119]. The interac-
tion between DNA and CNTs would cause changes in the hydrogen bonds [119]
and the partial unwrapping of the dsDNA when dry-adsorbed on CNTs [118].
The SWCNTs could cause A–B transition in some fragments of DNA sugar–
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phosphate backbone. This could be in agreement with the model of DNA
interaction with SWCNTs based on wrapping the nucleic acid molecule around
the CNT [120]. A similar type of DNA behavior occurs in vivo in chromosomes
during the process of DNA-assembling by histones.

The regular system of hydrogen bonds in DNA is destroyed in DNA/NaOH
solution and the DNA molecule is partly transformed from a double spiral to
a chaotic ball [118]. This transformation may promote the interaction of DNA
molecules with CNTs. The ssDNA adsorption on CNTs was greater than for
dsDNA molecules [117, 118], suggesting that the adsorption of DNA on CNT
is presumably via hydrophobic interactions between the nanotubes and the
hydrophobic bases on DNA.

4.8.1
Surface-Modified Carbon Nanotubes Approaches

To take advantages of the unique properties of CNTs, a general approach is the
immobilization of DNA on CNTs and the further immobilization of the DNA-
modified CNTs on an easier-to-handle pure conductor, e.g., GC [26], Pt [121],
Au [122]. Another approach consists of the prior modification of the pure con-
ductor (GC) with the CNTs through dry-adsorption and the further DNA or
DNA derivatives adsorption on the CNT-modified surface [123–125].

Compared with the bare substrate material (GC, Pt, Au), it was demon-
strated generally that the background current of the MWCNTs surface-
modified conductor was apparently larger [123, 124]. The surface modification
of the conducting material with MWCNTs could thus significantly enhance the
effective electrochemical surface area as well as provide a larger surface for
DNA immobilization [26]. Unlike the commonly used CP, GC or graphite leads,
the CNTs/GC material does not require a surface pre-treatment for enhancing
electrochemical signals [123], reflecting a substantial interfacial accumulation
onto the CNT-modifier rather than an accelerated electron transfer. Such in-
terfacial adsorption reflects the nature of the MWCNT surface, and its large
surface area/volume ratio [123].

As an example, dsDNA was wet-adsorbed on MWCNTs over 24 h. The
DNA-modified MWCNT was deposited on Pt and allowed to dry over-
night [121]. The thickness of the DNA/MWCNT layer was 160 nm. The modi-
fied electrode was stored at 4 ◦C for 2 months. The good reproducibility and
long-term performance can be attributed to the stability of the DNA/MWCNT
layer [121]. The DNA molecule was also wet-adsorbed on previously modified
SWCNT/GC [124] for 5 min in an open circuit from a PBS (pH 7.2) solu-
tion. Under these conditions, the same electrochemical response was obtained
for ds- and ssDNA, again suggesting a strong interaction between dsDNA
and SWCNTs. As a result of this interaction, the primary redox sites of A
and G residues were exposed because of the unwrapping of the DNA double
helix and changes in the hydrogen bonds between the bases of the dsDNA
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molecule [124]. Moreover, not only dsDNA, but also its oxidation product was
strongly adsorbed on the SWCNT–GC surface [124].

Additionaly, the electrostatic assembly of calf thymus DNA on MWC-
NTs via a cationic polyelectrolyte [poly(diallyldimethylammonium chloride),
(PDDA)] was reported [122]. The positively charged PDDA molecule played
a key role in the attachment of DNA to MWCNTs, acting as a bridge to
connect the negatively charged DNA molecule with MWCNTs, although the
direct adsorption of DNA on MWCNTs was observed [122]. By repeating the
PDDA/DNA adsorption cycle several times, a PDDA/DNA multi-layer could
be formed on MWCNTs.

4.8.2
Bulk-Modified Carbon Nanotubes Approaches

Among the surface-modified CNTs materials, a bulk-modified CNT paste
(CNTP) has also been reported [126]. The new composite electrode combined
the ability of CNTs to promote adsorption and electron-transfer reactions with
the attractive properties of the composite materials. The CNTP was prepared
by mixing MWCNTs powder (diameter 20–50 nm, length 1–5 µm) and mineral
oil in a 60 : 30 ratio. The oxidation pretreatment [performed in ABS (pH 5.0)
for 20 s at 1.30 V, vs Ag/AgCl] proved to be critical in the state of the CNTP
surface. Pretreatments improved the adsorption and electrooxidation of both
DNA and DNA bases, probably due to the increase in the density of oxygenated
groups.

Although the adsorption of DNA at CP was shown to be favored at positive
potentials, almost no dependence with the potential was observed at CNTP.
No changes in adsorption were observed for dsDNA in the potential range of
0.50 to – 0.20 V, indicating that there is a poor contribution of the negatively
charged phosphate backbone in the adsorption of nucleic acids at CNTP, as in
the case of GC [44]. Considering the structure of CNTs, it is reasonable to ex-
pect that the character of the interaction between the DNA bases and CNTP is
mainly hydrophobic [117, 118, 124, 126]. It was also observed that the size of
the molecules has a significant effect, producing better adsorption of smaller
ODNs on CNTs.

5
Concluding Remarks

A wide range of carbonaceous materials can be modified with a stable DNA
adsorbed layer. The multi-site attachment of DNA on carbon surfaces seems
to be strongly dependent on hydrophobic interactions between DNA bases
and carbon substrates such as GC and GC(ox), HOPG, CNTs and GECs. Al-
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though multi-site adsorption was previously claimed to be a disadvantage for
hybridization, DNA can be perfectly hybridized with its complementary strand
when adsorbed on most of the carbon-based materials. Moreover, adsorbed
dsDNA can be easily detected without the need for external markers because
multi-site adsorption is known to produce an improved oxidation signal com-
ing from DNA bases moieties.

With regard to its unique properties, a carbon substrate can be considered
an excellent alternative material to continuous metal conductors and semicon-
ductors for the construction of DNA sensors and chips.
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