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Electrically induced bonding of DNA to gold

Matthias Erdmann’, Ralf David?, Ann R. Fornof'* and Hermann E. Gaub'

The development of single-molecule techniques has afforded many new methods for the observation and assembly of
supramolecular structures and biomolecular networks. We previously reported a method, known as the single-molecule
cut-and-paste approach, to pick up and deposit individual DNA strands on a surface. This, however, required pre-
functionalization of the surface with DNA strands complementary to those that were to be picked up and then deposited.
Here we show that single molecules of double-stranded DNA, bound to the tip of an atomic force microscope, can be
deposited on a bare gold electrode using an electrical trigger (surface potential cycling). The interactions between
the DNA and the electrode were investigated and we found that double-stranded DNA chemisorbs to the gold electrode
exclusively at its end through primary amine groups. We corroborated this finding in experiments in which only a single

adenosine nucleotide on a polyethylene glycol spacer was ‘electrosorbed’ to the gold electrode.

the precise application and measurement of minute forces

has opened exciting new possibilities in material and life
sciences. Specifically, the swiftly growing family of single-molecule
techniques has provided novel routes with which to assemble and
probe supramolecular structures and biomolecular networks!.
A prominent example is the single-molecule cut-and-paste
approach?™, which combines the precision of atomic force
microscopy (AFM) with the selectivity of DNA hybridization to
deliver individual molecules to a target zone. In this approach, a
DNA strand is picked up from a ‘depot” with an AFM tip functio-
nalized with a complementary DNA strand. The cargo DNA can
then be transported precisely by the AFM tip to a target zone,
where it can be released upon hybridization with a surface-bound
DNA strand. Differences in the selected lengths and binding geome-
tries of the DNA oligomers are used to tune the (un)binding forces
between the complementary depot/target/cargo strands on hybri-
dizing with oligomers attached to the AFM tip. The binding force
between the target DNA and the cargo DNA is larger that the
binding force between the functionalized AFM tip and the cargo
DNA, which is in turn larger than that between the depot DNA
and the cargo DNA. This passive hierarchy of interaction forces
between different DNA strands dictates whether or not a molecule
is delivered, but it would be highly desirable to be able to covalently
attach the cargo molecule directly to the surface using an external
parameter such as a voltage pulse, rather than requiring a pre-func-
tionalized surface. The delivery and anchoring of single molecules to
a chosen position on the surface could then be controlled electro-
chemically with a push of a button, rendering conventional
surface functionalization protocols unnecessary. Many other appli-
cations are conceivable in which such an electrosorption of DNA to
gold could be useful, for example in biochip sensors or similar pro-
ducts®”’. DNA-templated metal wire formation or the surface
attachment of DNA ‘origami’ structures are other prominent
examples in which a triggered chemical attachment of DNA
would be of great advantage®13.

_|_he rapid development of novel experimental tools that allow

Results and discussion

Electrosorbing single double-stranded DNA molecules to a
gold electrode. A wealth of experimental data are available about
DNA in electric fields at surfaces, for example in relation to

potentiometric and amperometric sensors, nanodevices and other
technological applications'*?°. AFM-based single-molecule force
spectroscopy seems a natural choice to investigate the interaction
of DNA with surfaces, and cyclic voltammetry is the established
technique for analysing and controlling the electrochemistry of gold
as a function of its potential?! 2%, We used a combination of both of
these techniques in this study (see Fig. 1). We covalently attached
one strand of double-stranded DNA (dsDNA) to the tip of the
AFM cantilever by thiol/peptide chemistry (see Supplementary
Information). We then adjusted the surface potential of a 100-pm
gold microelectrode using potentiostatic control with respect to a
Ag/AgCl reference electrode. At 0V the tip was moved to the
surface. No measurable interaction was recorded on approach or on
retraction. The tip was then kept 200 nm above the surface while
the potential was ramped to —1 V and back to 0 V. Upon retracting
the tip, a force-extension trace with all of the typical features of a
single molecule of dsDNA was recorded: entropic elasticity followed
by a plateau at 65 pN (refs 25-27). This feature, known as the B-S
plateau, distinguishes the B to S transition, whereby the dsDNA is
stretched at constant force from its natural B-state to the
overstretched S-state, with the dsDNA lengthened by a factor of 1.7.
Further stretching leads to higher forces and an unbinding of the
overstretched strand. At the end of this unbinding transition, at
~180 pN, the two strands separate. The measured force increase of
up to 270 pN is therefore a strong indication that the strand that
was covalently attached to the tip has established a stable
interaction with the gold surface during the potential sweep. It is
the terminal segment of the dsDNA that interacts with the gold
surface, rather than the entire backbone adhering to the surface, as
indicated by the pronounced B-S plateau, which is observed to
have the standard force of 65 pN, and by the fact that no additional
interaction between the dsDNA backbone and the gold surface
was measured.

Force-extension curves with stepwise potential change. To
investigate the potential at which this electrically induced
attachment occurred, we performed single-molecule force
spectroscopy scans with a speed of 1.5 um s~ ! while ramping the
surface potential in steps of 9 mV (see Fig. 2)?® after each force-
extension curve. For these prolonged scans we had to increase the
functionalization density of the tip at the cost of multiple DNA
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Figure 1| Electrically induced chemical bonding of a dsDNA strand to gold
through its terminal end. a, Schematic representation of the AFM
experiments on a polarized gold electrode. dsDNA was covalently bound to
an AFM tip and brought into contact with a bare gold microelectrode. The
surface potential of the gold electrode versus a Ag/AgCl reference electrode
was controlled by a potentiostat through a platinum counter electrode (CE).
b, Force-extension curves show the electrosorption of a dsDNA molecule to
the surface. At zero potential, the AFM tip was brought into contact with the
surface and was retracted (i, ii). The tip was then kept 200 nm above the
surface (iii) while the potential was changed from O V to —1V and back to
0 V with a sweep rate of 85 mV s~ (iv). Finally, the behaviour of the
dsDNA was monitored as the tip was retracted completely: stretching of the
dsDNA molecule, followed by the B-S transition, the melting of the DNA
and finally the complete detachment of the DNA (v). Inset: drift and
crosstalk of the potential sweep (red curve) into the deflection signal (blue
curve) caused by the polarization currents, demonstrating that the tip and
gold surface were not in contact while the DNA was ‘electrosorbed’ to

the surface.

interactions during contact. However, with a higher tip
functionalization density we increased the storage capacity of the
tip and were able to complete several voltammetric cycles with the
same tip. Nevertheless, we were able to resolve the rupture force
of individual DNA molecules by analysing only the last step in
the force curves. In addition, we were able to quantify the loss of
functionalized dsDNA molecules from the AFM tip to the surface
(we call this the ‘wear-out’ of the tip) by analysing the number of
molecules interacting with the surface with time.

The most remarkable, and at first counterintuitive, feature is the
asymmetric distribution in the measured values of rupture force at
negative potentials (Fig. 2b). Both the distribution and magnitude of
the rupture force values were persistent over several cycles, but this
was not the case for the number of interacting molecules, which
decreased constantly from cycle to cycle (Fig. 2¢). To gain further
insight into the electrochemistry of this process we plotted the
rupture forces against potential in the same format used in cyclic
voltammetry and named these plots roburograms (robur means
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force in Latin) (Fig. 2d). The well-known oxidation and reduction
peaks of the gold electrode are pronounced in the cyclic voltammo-
gram and mark the borders of the window in which measurable
values of rupture force were found?*?. This gives the first clear
hint that only a reduced gold surface binds DNA. But why is the
negatively charged DNA not repelled by the negatively polarized
gold electrode? The strong hysteresis of the roburogram indicates
that the interaction of the DNA with the gold surface has a pro-
nounced memory. The explanation is summarized in Fig. 2e: at
positive potentials the gold surface is oxidized and not reactive. At
negative potentials Mg*" ions migrate to the gold electrode and
increasingly cover the gold surface. When the gold-coated tip
touches the gold surface, the electrical contact (contact resistance
of 40 ()) short-circuits the electric field in the contact zone, and
the positive charge of the Mg>* ions attracts the DNA to the gold
electrode. Even when the scan direction is reversed, the potential
is still negative and an increasing number of Mg”" ions are accumu-
lated on the electrode, thereby increasing the attraction and increas-
ing the likelihood for multiple bonds to form®’. As a consequence,
the rupture force increases until oxidation sets in, rendering the
electrode non-reactive again.

Nucleotide-specific DNA-gold-surface interactions through
coordinate N-Au bonding. As yet, we have not discussed the
reactive species on the DNA. It is well known that the ends of
dsDNA are not static but tend to open up along several base pairs
in a highly dynamic manner332. 1t is thus likely that the bases at
the end come into contact with the gold surface. These bases have
primary amine groups with the exception of thymine. In previous
experiments we learned that a slightly basic pH, which is created
through hydrolysis at negative potentials®, is required for
bonding. It is thus conceivable that the amines interact with
under-coordinated, reduced gold atoms and form a coordination
bond*-%7. To test this hypothesis we performed the same
experiment as before, but now with a set of constructs that had
systematically altered base-pair sequences at the end, which were
then exposed to the gold surface.

As outlined in Fig. 3, we expect that if the strand that is covalently
attached to the tip chemisorbs to the gold surface at the other
end, this coordinate bond will rupture at elevated forces. The
dsDNA may be stretched through the B-S transition, but the coun-
terstrand will remain at least loosely attached to the strand under
tension so that, in repeated experiments, the coordinate bond
may be formed again. We were able to promote this geometry
by adding a fivefold adenosine sequence to a heterogeneous
dsDNA (TA-dsDNA).

In the case where the counterstrand chemisorbs to the surface,
however, both strands are split apart upon retraction®%°. One
single-stranded DNA (ssDNA) stays at the tip, the other on the
gold surface. ssDNA is known to strongly interact with both
the tip and the gold surface, so re-annealing of the DNA is very
unlikely*"*2. This would result in an increasing deposition of
ssDNA on the surface and, therefore, a rapidly decreasing number
of observed bond formations between the amine functionality of
the dsDNA on the tip and the gold atoms at the electrode surface.
To promote this shear geometry, the fivefold adenosine sequence
was also added to the counterstrand. For a direct comparison
between these two constructs (and several others described in the
Supplementary Information), the number of rupture events was
recorded during a full cycle, in close analogy to the protocol in
Fig. 2. The wear-out of the tip was found to be extremely high in
the case of AT-dsDNA, whereas the TA-dsDNA revealed ten times
higher stability than the AT-dsDNA over the five subsequent poten-
tial cycles. The non-sequence-specific component of AFM tip wear-
out (during more than 2,500 force-distance cycles) may be due to
mechanical damage to any part of the construct attaching the DNA
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Figure 2 | Electrochemistry of DNA-gold bonding. a, The potential of the gold electrode was ramped between —1.0 and 1.0 V in 9 mV steps while recording
a force-extension curve with a speed of 1.5 um s~ . b,¢, Plots showing the magnitude of the last step in the force curve, which results from a single molecule
detachment (b) and the overall number of rupture peaks throughout the force curve, reflecting the number of bound molecules (¢). Molecules of dsDNA
were bound to the gold electrode at potential values around —1V, resulting in rupture forces up to 800 pN. Although the asymmetric rupture force
distribution was constant over several cycles, the number of bound molecules decreased, indicating a loss of functionalized dsDNA molecules from the AFM
tip to the surface. d, Rupture force values plotted against potential in the same format as in cyclic voltammetry (‘roburograms’). The binned and smoothed
rupture forces values (circles; grey error region indicates the interpolated standard error of the mean) were evaluated with the polarization current (red) and
plotted in a cyclic voltammogram (recorded at 100 mV s~ "). Indicated are the well-known oxidation and reduction peaks of the gold surface (O1, 02, R1 and
R2). e, Left: positive potentials prevent DNA electrosorption due to an oxidized gold surface and an acidic microenvironment (red). Right: negative potentials
induce DNA electrosorption due to a reduced gold surface, adsorbed Mg?" ions (red circles) and a basic microenvironment (blue).

to the tip, but may also reflect the possibility that bases beyond the
terminal pentamer occasionally interact with the gold surface. For a
detailed discussion and additional data on the chemisorption of
various DNA constructs, see Supplementary Information. Because
thymidine is the only nucleotide without a primary amine, these
results clearly show that the primary amines on the bases at the
end of the DNA bind to the gold surface.

Measurement of an electrically induced single N-Au bond. We
speculated in the beginning that multiple bonds may be the cause
of the wide distribution of the measured rupture forces. To test
this assumption we attached different single nucleotides to the tip
with PEG spacers and measured the rupture forces for several
potentials (Fig. 4). We found no measurable interaction for
thymidine, regardless of the potential. For adenosine we found
clear single-molecule stretching signatures in the force scans and
rupture forces, which were virtually indistinguishable for the
different potentials. The mean force values of 170 pN varied by
less than 15 pN, whereas the half-width of the histograms was
more than 50 pN. Those histograms (depicted in Fig. 4c) show a
rather broad distribution with an asymmetric shape. The broad
distribution is not surprising if one takes into account that the
gold surface is rough and heterogeneous at the atomic level and
that different adsorption geometries involving different atoms
from the DNA base are possible. The mean value can be
rationalized by a simple estimate; with typical energies reported
for the Au-N bond of 32-42kJ mol™! and estimated bond
lengths of 0.3 nm one would expect a barrier force of 185 pN to
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be a realistic estimate*>**. The literature values for adhesion

enthalpies for DNA bases on different gold surfaces and different
solvents range from 32 to 140kJ mol™' (refs 45-47, using
different methods). It is important to note, however, that the
adhesion enthalpies result from a superposition of different kinds
of interactions, in our case mainly short-range chemical
interactions and long-range van der Waals interactions. The
chemical interactions decay exponentially over a few Angstroms,
whereas the van der Waals interactions decay with a (d™?) law
over several nanometres*. As a result, the adhesion forces, which
follow the potential gradient, are dominated by the short-range
interactions. We therefore made our estimate based on the
enthalpy values derived from density functional theory (DFT)
calculations, because those come closest to the interactions probed
by force®. It is interesting to note that several studies report a
lower adhesion enthalpy for thymine than for the other bases*>*. If
one takes into account that the van der Waals contribution of the
four bases is expected to be comparable, this finding supports our
result, that thymine is lacking the contribution of the coordination
bond. This in turn points towards the main strength of single-
molecule force spectroscopy: to discriminate between the different
contributions of an interaction. Furthermore, our results indicate
that the rupture force of the coordinate bond is largely independent
of potential (Fig. 4b) and that the higher rupture forces found in
the DNA experiments stem from multiple bases electrosorbed to
the gold surface, modulated also by the different surface geometries
of the bonds. The formation of such a bond, however, was found to
be sensitively dependent on the electrochemistry at the surface.
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Figure 3 | Nucleotide specificity of DNA-gold electrosorption. dsDNA was
covalently attached to the tip by only one strand, which bears at the other
end either five adenosines (A) or 5 thymidines (T) and the experiment
summarized in Fig. 2 was repeated. Note that A has a primary amine but T
does not. The number of rupture peaks was then summed throughout a
complete cycle, normalized, and plotted versus the cycle number—error bars
indicate the normalized standard error of the mean of integrated peak
distributions per cycle. Both curves show a wear-out of the functionalization
but reveal a drastic increase of wear-out by roughly an order of magnitude
for the AT-dsDNA. Because the covalent bonds of the attachment chemistry
and the DNA backbone are stronger than the coordinate bond, the latter will
rupture with higher probability and repetitive electrosorption is possible
(black trace). In contrast, if the counterstrand is chemisorbed, the two
strands will split apart upon pulling. ssDNA is known to strongly interact
with the tip surface, so the likelihood of re-hybridization is strongly reduced,
and the number of reactive molecules decays rapidly (red trace). These
results, together with all of the controls (see Supplementary Information),
strongly indicate that the primary amine of the bases forms a coordinate
bond with the gold surface during electrosorption.

Conclusions

Control of the parameters described above thus enables us to electro-
chemically bond individual DNA strands to gold surfaces by attach-
ment at their ends. Single-molecule contacts can be guided to
chosen positions and stably attached by an electrical trigger, much
like bonding a wire to a contact. With the enormous range of appli-
cations for DNA both as a key biomolecule and, increasingly, as a pro-
grammable nanoscale building block, this option of electrically
inducing the chemisorption of individual DNA strands and defining
their positions on a surface using the precision of AFM will find an
abundance of novel applications.

Material and Methods

AFM. We used a commercial instrument (Molecular Force Probe 3D, Asylum
Research) and silicon nitride cantilevers (Veeco). The spring constants of each
cantilever were individually calibrated by thermal calibration. Moreover, a PEEK-
cantilever holder from Asylum Research was used to avoid the requirement for
additional metal parts in the solution.

Samples. dsDNA fragments of 4.9 kbp (~100 ng ul~! concentration) were obtained
by polymerase chain reaction (PCR) with Fusion polymerase (Finnzymes) using a
pet28a-vector (Novagen, Merck Biosciences) as a template, 5 -amino-modified
forward primer, and a corresponding reverse primer from IBA. The dsDNA was
purified with the Qiagen PCR Purification Kit. Agarose gel electrophoresis was used
to confirm the homogeneity of the DNA length.

For the TA-, AT-, GC- and CG-dsDNA the corresponding reverse primers were
elongated at the 5'-end by an additional five homogeneous bases A, T, C or G.
The overhangs were filled by the polymerase with complementary bases during
amplification. To generate a five A or T single-strand overhang a hexaethylene glycol
spacer was inserted between the reverse primer and the A or T overhang to avoid
filling with complementary bases.
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Figure 4 | Coordination bond rupture of individual nucleotides. a, Single
nucleotides were attached to the AFM tip through 10 kDa PEG spacer
molecules b, Typical examples of force-extension curves, with adenosine
(upper three traces) and thymidine (lower trace) were recorded at constant
potentials ranging from —0.4 to —1 V. No measurable interaction could be
observed for thymidine, but for adenosine, the stretching of the PEG spacer
(two-state freely-jointed-chain (FJC) fit, black curve) and the rupture of the
N-Au bond at about 180 pN could be repeatedly observed. No marked
difference was found between the three different potentials.

¢, Corresponding histogram of 135 force-extension curves, showing an
average rupture force of 170450 pN.

Experiments were performed in 50 uM MgCl, and chromatography water
(LiChrosolv, Merck) containing traces of NaOH or HCI to ensure pH values of 5.5,
8.5 or 10. All chemicals were purchased from Sigma Aldrich and used as received if
not otherwise identified.

Tip functionalization. The covalent attachment of dsDNA to the AFM tip was
accomplished through the reaction between an activated carboxylic acid on the tip
and a primary amine from the primer on the dsDNA. To accomplish this binding
chemistry, the cantilevers were coated with a 30 A chrome/nickel (80:20) layer
followed by a 300 A layer of gold by thermal evaporation. These cantilevers were
then etched for 2 min in a solution containing H,O (Milli-Q water), NH; (37%)
and H,0, (30%) at a ratio of 10:1:1 and then rinsed with ethanol (puriss.).
Afterwards, the cantilevers were immediately incubated in a solution of
16-mercaptohexadecanoic acid (0.5 mM), 11-mercaptoundecanol (0.5 mM) and
tris(2-carboxyethyl)phosphine-hydrochloride (TCEP, 0.05 mM) in ethanol (puriss.)
for at least 12 h. For experiments with a dilute dsDNA functionalization (Fig. 1),
the concentration of 16-mercaptohexadecanoic acid was 0.05 mM. For dsDNA
functionalization, the cantilevers were first rinsed in chromatography water
(LiChrosolv, Merck). The carboxylic acid groups of the SAM were then reacted with
the amino end groups of the dsDNA in a solution of 10 pl DNA and 20 pl
chromatography water containing 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) for 30 min. EDC (15 mg) was dissolved in 300 pl
chromatography water for the latter stock solution. The large excess of EDC enabled
carboxy-amino coupling in the polar solution; the use of chromatography water
ensured constant coupling conditions at pH 7. After functionalization, the
cantilevers were rinsed thoroughly in the MgCl, solution and then immediately
used in the experiments. Depending on the 16-mercaptohexadecanoic acid
concentration, approximately 10-30 dsDNA molecules (0.5 mM) or 1-3 dsDNA
molecules (0.05 mM) could be determined in the corresponding

force-extension curve.

The functionalization of 10 kDa PEG and single nucleotides to the AFM tip was
accomplished with two different protocols, one already published® and the other a
new protocol. The effective weight of the commercial 10 kDa PEG spacer was
measured by mass spectrometry, which gave a value of 8.2 kDa or a contour length
of 54 to 60 nm. As it is likely that the molecule is not attached directly at the apex of
the AFM tip, the effective length of the PEG may be shorter than expected from
matrix assisted laser desorption/ionization time of flight (MALDI-TOF) results.

Electrodes. The gold electrodes were directly evaporated on a clean polycarbonate
slide and had an area of 0.1 mm x 20 mm plus an area of 1 cm? for electrical
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contacting. The thickness of the electrode was 200 nm. A mask of stainless steel
(Atztechnik Herz) was used during thermal evaporation. Before use in the
experiment, the electrodes were first rinsed with ethanol (puriss.), Milli-Q water and
the MgCl, solution. The electrodes were then dried with nitrogen to ensure a dry
contacting area for BNC (Bayonet Neill-Concelman) cables. For a three-electrode
set-up, a commercial Ag/AgCl microelectrode (Microelectrodes) was used as the
reference electrode and a platinum wire as the counter electrode. All potentials
applied to the gold electrodes are given versus the Ag/AgCl electrode. The counter
and reference electrodes were inserted into a bare cavity, which was milled into the
polycarbonate slide before functionalization. The MgCl, solution was then added to
determine an effective electrode area of 0.1 mm x 5 mm covered by the solution.
Before the AFM experiment, 20 cleaning voltammograms in the range of +1.2'V
were recorded with a sweep rate of 0.1 Vs~ 1.

Received 2 December 2009; accepted 17 May 2010;
published online 4 July 2010
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