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Abstract

Different types of self-assembled DNA networks were obtained and characterized by tapping mode atomic force microscopy
(AFM) on highly oriented pyrolytic graphite (HOPG) electrodes. Both native calf thymus DNA and synthetic DNA with specific
base sequences were investigated. The freely adsorption of DNA on the surface of HOPG forms two-dimensional networks. The
double-stranded DNA molecules may form cross-linking points on double helix chains, forming intermediate attachments. The dif-
ferences in AFM morphology of these DNA condensations can be related to the intrinsic properties of the DNA, which lead to
different interactions with HOPG. Three-dimensional networks were formed on the HOPG under applied electric field. The effects
of external electric field on the condensation of calf thymus DNA have been investigated in detail. It led to a proposition that the
DNA molecules may be polarized in the electric field, and attached to the HOPG surface via its one end with the phosphate back-
bone lying or standing on the substrate depending on the applied potential. The AFM morphological changes of DNA in the pres-

ence of external electric field provided insight into DNA interactions.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The molecular self-assembly on solid substrates has
been intensely studied for more than 20 years [1].
DNA is one of the most promising molecules for this in-
vestigation due to its conformational flexibility, inherent
programmability through the sequence and its moderate
resistance to degradation [2-5]. Surfaces modified with
single- or double-stranded DNAs have been investigated
for potential usages in biosensing and biochemical imag-
ing [6-9]. In addition, the electrochemical properties of
redox-active intercalators bound to DNA-modified elec-
trodes have been analyzed to probe the charge transport
through the extended-stack of the DNA helix [10]. It is
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essential to understand the surface structure of these
modified electrodes, since different DNA conformation
leads to different interactions with small molecules.
Moreover, it is important to determine the effect of ap-
plied electric field on the DNA surface conformation,
since many of the biosensing applications involve electr-
ochemical detection schemes. However, the specific in-
teractions of DNA molecules with electrode surfaces,
the conformations of immobilized DNA, and the degree
of surface coverage under different conditions are still
not very clear, despite of the extensive use of DNA bio-
sensors. The formation of DNA films depends not only
on the electrode and DNA characteristics, but also the
concentration of DNA and the procedure adopt for im-
mobilization. A better understanding of these factors is
necessary for sensor development.

In this paper, tapping mode AFM was used to
characterize the surface morphology of a DNA-based
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electrochemical biosensor fabricated under different pro-
cedures. Native calf thymus DNA and synthetic short
DNA were studied. We have observed that a well-
defined DNA networks formed on the substrate could
undergo dramatic morphological changes as a function
of applied electrochemical potential. Possible mecha-
nism for DNA free adsorption and electrochemical
deposition on HOPG was proposed.

2. Experiment
2.1. Materials

Native calf thymus double-stranded DNA (23,000 bp,
A260/4280>1.8, denoted as CTDNA), 20 bp oligo-
(dA)-oligo(dT) and 20 bp oligo(dG)-oligo(dC) were all
purchased from Sino-American Biotechnical, Co. A pH
7.1 solution of 50 mM NaCl+5 mM Tris—-HCI buffer
(THB) was prepared for DNA dissolution.

Highly oriented pyrolytic graphite (HOPG, grade
ZYH. from NT-MDT Co.. Russia) was used as a sub-
strate throughout this study.

2.2. Electrochemical apparatus

Voltammetric experiments were carried out in a one-
compartment electrochemical cell. The HOPG sample,
as the working clectrode, was embedded in a Teflon
block and led out by copper wire. A Pt wire counter
electrode and an Ag/AgCl wire quasi-reference electrode
were used. Electrochemical potential control was per-
formed on CHI 660A workstation (CHI, USA). All pot-
entials were reported versus the Ag/AgCl (50 mM NaCl)
reference electrode, which was calibrated as —72 mV vs.
SCE.

2.3. DNA sample preparation

To maintain the constant ionic strength, preserve
DNA physiological pH, and to avoid strand splitting ef-
fects or strong condensation, the pH 7.1 THB was used
for DNA solution. The DNA samples for free adsorp-
tion were prepared by dropping a potion of 8 ul DNA
solutions onto a freshly cleaved HOPG, leaving it static
for 30 min for the adsorption process to proceed. The
residues of the solution were gently blown off, then
rinsed with doubly distilled water to remove the rem-
nants of the salts, and dried in the air before AFM
imaging.

For DNA samples prepared by electrochemical depo-
sition, a potion of 1 ml DNA solutions was placed in the
electrochemical cell. A positive potential was applied to
the HOPG electrode for 30 min for DNA deposition.
The modified HOPG electrode was rinsed with doubly
distilled water and dried in air ready for use.

2.4. Atomic force microscopy imaging

AFM images were recorded on a SPA 300HV
(SEIKO Instruments, Chiba, Japan) in tapping mode
at room temperature. Silicon Nanosensors I-shaped
cantilevers of 225 um length and 15 Nm™' spring con-
stant were used. The radius of the silicon probe tip
was about 20 nm. Typical imaging parameters used
were: (1) work frequencies, 120-140 kHz; (2) work
oscillation amplitude, 0.5-1.0 V; (3) scan rate, 0.5-
1.0 Hz. Images were processed by flattening to remove
the background slope, and the contrast and brightness
were adjusted. All images were visualized using the
Scanning Probe Image Processor, SPIwin (SPI3800,
version 2.31F, copyright(C) 2001 SII). The height of
the feature of interest was calculated by subtracting
the background height in the area of featureless bare
HOPG. The mean values of the heights were calcu-
lated using 30-60 measurements over different scanned
images. The Origin (version 6.0 professional from Mic-
rocal Software, Inc., Notthampton, MA) was used to
calculate standard deviation (SD).

3. Results and discussion
3.1. DNA immobilization on HOPG by free adsorption

Due to their atomically flat surfaces, both HOPG and
mica were usually used as the substrates for morpholog-
ical studies [11-13]. Since mica has a hydrophilic sur-
face, the interfacial tension helps the DNA molecules
to spread over the surface and accelerates the adsorption
process. However, HOPG has a hydrophobic surface;
the interaction with DNA molecules is rather weak. A
sufficient interval for the diffusion and adsorption of
DNA on HOPG was determined as 30 min, which is re-
quired to form a well-defined morphology.

The HOPG clectrode modified by CTDNA through
free adsorption was obtained from different concen-
tration of CTDNA solutions. The adsorption from
0.1 mgml~' CTDNA solution showed that the DNA
molecules adsorbed were self-organized into a very tight
and well-spread two-dimensional network, as shown in
Fig. 1(A). The DNA chains appear to cross-link together
by randomly superimposing and overlapping. The
height contour along the network was uniform, the av-
erage height over several regions was determined as
3.820.2 nm. When the concentration was lowered to
0.05 mgml~!, the surface coverage density decreased
and the DNA film became less compact (Fig. 1(B)).
The 3.5+0.4 nm thickness of the film was observed.
For the concentration of DNA was as low as 0.01
mgml ™', certain amount of new DNA fragments at a
height of 1.2+0.2 nm appeared (Fig. 1(C)). Together
with some thick DNA aggregation ropes of 4.6+0.3 nm
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Fig. 1. Tapping mode AFM images of DNA on HOPG (A-C) prepared by 30 min of free adsorption from DNA/THB solutions: (A) 0.1 mgml™!
CTDNA, (B) 0.05 mgml~' CTDNA, (C) 0.01 mgml™' CTDNA, (D) 0.01 mgml™' 20-bp oligo(dA)-oligo(dT), (E) 0.01 mgml~' 20-bp
oligo(dG)-oligo(dC), and (F) no DNA. Height scale: (A) 6.4 nm, (B) 6.1 nm, (C) 7.3 nm (D) 1.7 nm, (E) 2.6 nm.

in height, two typical heights, 4.6+0.3 and 1.2+0.2 nm,
were present.

As is well known, the most common physiological
form of native DNA is the B form, while the DNA at-
tached to HOPG is highly dehydrated and adopts the
A-form with ca. 2.6 nm of double-helix diameter [14].
Since the finite probe tip radius of the AFM could lead
to a width broadening of the molecule, the true repre-
sentation of the DNA diameter should be given by the
height measurements, which are little affected by varia-
tions in tip radius. The reported heights for double-helix
DNA vary from 0.5-1.9 t0 0.7 £0.2 nm for dsSDNA freely
adsorbed on HOPG [15]. The discrepancy between
our measurements and the expected value is probably
due to the DNA aggregation and the compression
caused by the AFM tip. The height of 1.2+0.2 nm for
straight portions of CTDNA molecules should be asso-
ciated with A-form DNA after a strong dehydration.
The 3.8+0.2 nm height assembled from 0.1 mgml~!
CTDNA may be attributed to an aggregation and super-
position of the DNA. It could be also observed that the
DNA wire appeared in the network was bundled by sev-
eral single DNA helixes, which may be resulted from the
mutual stabilization of neighboring chains under dehy-
drating conditions [11].

Recently, we found that oligonucleotides with a spe-
cific base sequence self-assembled reticulation structure
on HOPG. The oligo(dA)-oligo(dT) assembled a cross-
interlaced network on HOPG (Fig. 1(D)). The DNA
chains cross-over together and the chain height was

0.8+0.2 nm. However, oligo(dG)-oligo(dC) assembled
a uniform reticulated structure with a height of
1.5+0.2 nm (Fig. 1(E)). The difference in conformation
for these synthetic dSSDNA may be related to their diverse
structure in solution. Since the oligo(dA)-oligo(dT) ex-
hibits a typical B-form and resists to transform into other
helical forms [14], it is not surprising that the oligo-
(dA)-oligo(dT) presents a typical B-form height of 0.8
nm. However, due to the self-association of oligo-(dG)
strands [16], some triple-stranded segments would be
presented in the oligo(dG)-oligo(dC) sample, which
may result in the height of 1.5 nm seen in Fig. 1(E).

The 20 bp duplexes have a length only about 7 nm
while their diameter is ca. 2 nm [18]. Thus, it seems im-
possible to form a network on solid substrates. However,
during the DNA deposition on HOPG, the interaction of
dsDNA with the HOPG substrate, the molecules overlap
and superimpose, interacting through “sticky-ended”
cohesions may occur, which could lead to conformation
changes, DNA-DNA interactions, and formation of
various network structure [18]. Certainly, the 20 bp olig-
omers on HOPG assembled network structures uniform-
ly covered on the surface with mesh sizes of about 2040
nm rather than sub-monolayers or densely packed
monolayers, as shown in Fig. 1(D) and (E).

To distinguish DNA features from the HOPG fea-
tures and obtain the real morphology of DNA, the
HOPG was freshly split and scanned for the background
image, as shown in Fig. 1(F). It shows a rather flat
surface with expected occasional steps, which are the
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characteristics of cleaved graphite surfaces. No topo-
graphic features appearing similar to those DNA struc-
tures were observed.

3.2. Mechanism of DNA free adsorption

It has been found that adenine, guanine, thymine and
cytosine could condense into a monolayer film on
graphite spontaneously [17]. The melting or separating
of DNA strands would expose the hydrophobic bases
to the solution. Thus, it is not surprising that a DNA
molecule could adsorb freely onto graphite through
the base—substrate interaction.

We have observed that the dsDNA may form inter-
mediate cross-linkage points, and the density of the
cross-linkage points was much higher on hydrophobic
HOPG than on hydrophilic mica. Considering that
when a dsDNA molecule adsorbed on HOPG, the hy-
drophobic core is exposed periodically, these hydropho-
bic spots would interact with the hydrophobic substrate,
leading to the stabilization of the adsorption. On the
other hand, the hydrophobic spots of dsDNA molecules
could interact with each other when the strands crossing
over or lying parallel, which may finally lead to the hy-
bridization between the strands, forming cross-struc-
tures with specific height.

Since G-C base pairing through three hydrogen
bonds and only two for A-T, the dissociation of A-T
pair should be much easier than that of G-C pair. Cer-
tainly, oligo(dA)-oligo(dT) have stronger interaction
with HOPG surface than oligo(dG)-oligo(dC). The

zoligo(dA)-oligo(dT) chains tended to aggregate into a
compact form instead of spreading over a distance.
However, the oligo(dG)-oligo(dC) could spread over
and form a lattice structure.

Free adsorption is a convenient way to form net-
works. However, some problems encountered with this
approach include clumping of DNA into large unrecog-
nized aggregates, and the DNA films were rather unsta-
ble and could be destroyed by the AFM scanning. This
is due to the weakness of the physical interactions be-
tween the DNA molecules and the HOPG surface.

3.3. CTDNA immobilization on HOPG by electrochem-
ical deposition

Gold surfaces modified with thiol-derivatized 15-mer
oligo DNA duplexes have been investigated as a func-
tion of applied electrochemical potential via AFM [19].
But the densely packed DNA monolayer was not stable
and could be desorbed from the surface at large positive
potential, owing to the breakage of the gold-thiol link-
ages. In our work, the native CTDNA on HOPG pre-
pared at various applied potentials ranged from +0.5
to +2.0 V has been studied by AFM and different
morphologies have been shown in Fig. 2. At a low po-
tential of +0.5 V (Fig. 2(A)), the individual chains were
essentially randomly oriented on the electrode surface,
similar to the case of free adsorption. The condensed
layer could be observed with two typical heights:
1.7+0.4 and 4.4+ 0.3 nm. With increasing of the applied
potential, the substrate became more positively charged,

Fig. 2. Tapping mode AFM topographical images of the CTDNA modified HOPG surface prepared by 30 min of electrochemical deposition from a
0.1 mgml~! CTDNA/THB solution, at potentials: (A) +0.5, (B) +0.9, (C) +1.2, (D) +1.5, (E) +1.8, (F) +2.0 V (vs. 50 mM NaCl-Ag/AgCl). Height
scale: (A) 8.1 nm, (B) 6.6 nm, (C) 6.2 nm, (D) 5.6 nm, (E) 10.0 nm, (F) 6.8 nm.
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which could attract more CTDNA molecules to attach
on it. The topological image of CTDNA at +0.9 V
(Fig. 2(B)) indicates the density of CTDNA coverage in-
creased and a well-defined lattice structure was formed.
Some dark regions leaving the electrode surface exposed
began to develop. The film also has two typical heights:
1.720.3 nm and 2.8%0.3 nm. For the potential of +1.2
V, the HOPG surface was covered uniformly by a com-
pact CTDNA network, in which the DNA chains
packed closely (Fig. 2(C)). The mesh size reduced in
comparison with that for +0.9 V. The average thickness
of the network was 2.1+0.2 nm. For the potential of
+1.5 V (Fig. 2(D)), a much thicker DNA intertexture
was obtained with a uniform height of 2.5+0.2 nm.
The CTDNA chains were closely joined together and
aggregated in end-to-end fashion. Fig. 2(E) showed a
more compact DNA network formed under +1.8 V on
HOPG. The mean thickness was 3.520.3 nm and the
mesh size was about 100 nm. Many bead-like nano-
blocks appeared, periodically distributed along the
strands, which was probably resulted from a close-stack-
ing of the bases and superimposition of the double helix
chains. Further increase of the potential to +2.0 V, we
have observed abrupt changes in the DNA film (Fig.
2(F)). Large scale images revealed globular-like features
of DNA layer appeared on the HOPG surface. The
mean height of these DNA particles was 5.4+0.3 nm.
The high applied voltage may induce damage on the
DNA and make its structure destroyed [20-22].
Although it has been reported that guanine is oxi-
dized at ca. 1 V vs. SCE and adenine at ca. 1.2 V vs.
SCE and the other bases may also be oxidized at even
higher potentials, a potential less than 1 V vs. SCE is
widely used for DNA deposition onto carbon electrodes
[19-21]. However, the redox activity of DNA is strongly
dependent on both the electrode material and the state
of DNA. The bases in double-stranded native DNA
with long chain (such as the native calf thymus double
helix DNA of about 8 um in length) are more electro-
chemically inactive than those in single-stranded DNA
with short chains. Actually, no visual response was ob-
served for the CTDNA at the HOPG electrode under

potentials up to 1.8 V (vs. 50 mM NaCl+ Ag/AgCl),
and significant responses happened at 2.0 V, at which
the DNA chains were broken into fragments (Fig. 2(F)).

The effect of applied DC potentials on the state of de-
posited DNA and on the electrochemical sensing abili-
ties is studied in our previous work [23], which
demonstrated an optimal deposition potential of 1.8 V.
We proposed that the DNA molecules could be polar-
ized and aligned in the electric field and driven to attach
to the HOPG surface via its one end forming an electri-
cally conductive covalent-bonding linkages under this
potential. It is possible that the formation of the net-
works is also a very important factor of stabilization
of the bases, the densely packed electric conductive
base-pare stacks could provide an integrated molecular
orbital and behave as a huge macromolecule instead of
individual bases.

The solution concentration still played a part in the
DNA morphology though a potential of +1.8 V was ap-
plied on the HOPG electrode, which was demonstrated
by the images in Fig. 3. Clearly, the DNA condensation
became less compact and sparsely dendritic structures
appeared with the decrease of the DNA concentration.
The average heights were 3.1+0.3 and 2.0+0.2 nm for
0.05 mgml~' CTDNA (Fig. 3(B)) and 0.01 mgml~'
CTDNA (Fig. 3(C)), which were less than that for 0.1
mgml~' CTDNA (Fig. 3(A)). Higher DNA concentra-
tion was better for obtaining a condensed deposition,
while lower concentration was better for DNA chain ex-
tending and separating. The DNA chains interconnected
and stretched linearly on the HOPG surface and were no
longer uniformly smooth like that on mica.

The structure changes as a function of deposition
time under a controlled potential of +0.5 V have also
been investigated (Fig. 4). Obviously, the density of
DNA condensation increased with time. At 30 s and 3
min, some cross-interlaced DNA fibers were observed
(Fig. 4(A) and (B)). But many unrecognized aggregation
parts appeared at 50 min (Fig. 4(C)). However, the film
thickness did not change much and two typical heights
around 2.0 and 4.5 nm were still present. This indicated
that excess DNA molecules deposited during prolonged

Fig. 3. Tapping mode AFM images of CTDNA on HOPG prepared by 30 min of electrochemical deposition at +1.8 V (vs. 50 mM NaCl-Ag/AgCl)
from DNA/THB solutions: (A) 0.1 mgml~', (B) 0.05 mgml~!, (C) 0.01 mgml~'. Height scale: (A) 5.5 nm, (B) 4.1 nm, (C) 3.3 nm.
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Fig. 4. Tapping mode AFM topographical images of the CTDNA modified HOPG surface prepared by electrochemical deposition at +0.5 V (vs. 50
mM NaCl-Ag/AgCl) from a 0.1 mgml~' CTDNA/THB solution, at intervals: (A) 30 s, (B) 3 min, (C) 50 min. Height scale: (A) 9.2 nm, (B) 9.8 nm,

(C) 9.4 nm.

deposition period were favorably attached to the HOPG
surface rather than to the deposited DNA layer.

In comparison with the free adsorption mentioned
above, the formation and the molecular packing struc-
ture of the DNA film in the electrochemical environ-
ment could be controlled and modified in a flexible
way by varying the applied potential on the substrate.

3.4. A possible mechanism of DNA electrochemical
deposition

The applied positive DC potential generates a high
electric field at the carbon-—solution interface which ex-
tends only several nanometers depending on the concen-
tration of the electrolyte [24]. However, due to the
molecular conductivity the extended CTDNA long
chain in the field of current flow would be polarized with
one end with negative charge and another with positive
charge [25]. The variations in morphology and thickness
of DNA films indicate different modes of DNA conden-
sation occurred at high and low potentials. In a low elec-
tric field, the DNA “rope” bundled by several chains
cannot be undone due to the weak dipoles on every
chain. It would condense on the HOPG surface along
with the single chain, leaving the phosphate backbone
to lie flat on the substrate. Such a DNA film was a thin
layer with some thick “ropes”, which results two typical
heights: 1.7+0.4 and 4.4+ 0.3 nm (Fig. 2(A)). As the ap-
plied potential increased, the induced dipoles on the
chain would be reinforced. The thick “ropes” would
be unwrapped to some extent. A uniform network could
be obtained (Fig. 2(B)). Further increasing the potential,
the polarization of DNA molecules was expected to be
more strengthened, which made most of the DNA ropes
undone. The extended DNA chain would be aligned and
directed by the electrostatic forces. The positive elec-
trode attracts the negative end and the negatively
charged phosphate backbone, while pushes away the po-
sitive end of the chain. Therefore, the process of surface
saturation on the electrode became much slower at high
potential than at low potential.

It can be corroborated by the current-time curves
during the DNA deposition, shown in Fig. 5. The depo-
sition currents increased as the potential became more
positive, from 0.5 to 1.8 V, while the time needed to ap-
proach a steady current became a little longer. Once the
applied potential was withdrawn, the positive end of the
chain would fall down on the substrate, and overlapping
and superimposing of the DNA chains would occur,
generating a more compact network as seen in Fig.
2(C)—(E).

The number of cross-linkages increased with the de-
position potential rising from 1.2 to 1.8 V. This may
be attributed to the increase of the film thickness. As
the voltage increasing to 2.0 V, the induced dipoles of
the DNA chain were strong enough to break the DNA
chain into fragments, which may be oxidized at the elec-
trode surface. The damages on the DNA structure could
be seen in Fig. 2(F).

It is worth noting that, a variety of oxygen containing
functional groups can be generated on the carbon elec-
trode surface at high anodic potentials [26]. Some of
these groups may bind covalently with the groups on
the end of the DNA chain. This suggests that the elec-
tron transfer between the DNA and the electrode sur-
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Fig. 5. Current-time dependence curve for DNA deposition on
HOPG at: (1) 0.5 V, (2) 1.5 V and (3) 1.8 V, respectively. Other
conditions are the same as in Fig. 2.
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face would be accelerated. Certainly, a stable DNA film
with excellent electrochemical properties could be ob-
tained [23]. Further investigations are currently under-
way in our lab.

4. Conclusions

We have investigated both spontaneous condensation
and potential-induced condensation of DNA molecules
on HOPG by tapping mode AFM. Both native CTDNA
and synthetic DNA could adsorb freely at the HOPG
surface forming two-dimensional networks. The dsDNA
molecules may form cross-linkage points on the chains.
The morphological differences of the DNA adsorption
demonstrate different interactions with the hydrophobic
HOPG surface, which could be related to the differences
in their intrinsic properties of base pairing. The effects of
applied potential, DNA concentration and deposition
time on the conformation of native CTDNA have been
investigated. We have supposed that the DNA chain will
became a macro-dipole in the electric field. The electro-
static force would align the macro-dipole, attracting its
negatively charged end and the phosphate backbone to
the electrode, and pushing the positively charged end
away from the electrode. The electrostatic effect should
be the dominant factor for the chain lying or standing
on the substrate. Hence, it is conceivable to create pre-
ferred network structures of DNA layer by careful selec-
tion of the base composition and deposition procedure.
The ability to modulate the morphology of a DNA film
using small changes in potential may provide a unique
design feature for the construction of biosensors and
nano-scale electronic devices.
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