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Abstract Nanomanipulation of DNA molecules or other biomolecules to form artificial patterns or structures at

nanometer scale has potential applications in the construction of molecular devices in future industries. It may also

lead to new insights into the interesting properties and behavior of this fantastic nature-selected molecule at the sin-

gle-molecular level.

Here we present a special method based on the combination of macroscopic “molecular comb-

ing” and microscopic “molecular cutting” to manipulate DNA molecules and form complex patterns at nanometer

scale on solid surfaces. A possible strategy for ordered DNA sequencing based on this nanomanipulation technique

has also been proposed.
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1 Introduction

Nanotechnology, which aims at the ideal minia-
turization of device and machines down to atomic and
molecular sizes has been a recent hot topic as a prom-
ising high technology.!! In order to approach this goal,
many attempts have already been focused on consti-
tuting artificial features directly from atoms or mole-
cules.”* There are several strategies to make molec-
ular devices and one of them is to utilize the products
of life. Life is supported by highly sophisticated or-
ganisms composed of assemblies of proteins and nu-
cleic acids, which work as molecular machines. Bio-
molecular machines show many interesting character-
istics and they could be modified by modern biotech-
nology in varied functions. Manipulation of biomole-
cules provides a way to realize important break-
through in making nanometer-size devices or func-
tional structures based on principles completely dif-

ferent from what the present technologies are based on.

Among the biomolecules, DNA seems particularly

suitable because of its stability and many special
properties. DNA is not only a unique carrier of infor-
mation that occurs with a large structural variety, but
also displays a comparably high mechanical rigidity
and physico-chemical stability. Recent findings also
inspire the imagination with respect to the employ-
ment of DNA to constitute optical, electrical, or other
functional circuits at the nanometer scale, ®! e.g. the
preparation of DNA strands according to a prede-
signed pattern in order to realize circuit construction
and device design.©!

The nanomanipulation of DNA molecules or
other biomolecules to form artificial patterns or struc-
tures has potential applications in the construction of
molecular devices in future industries. Besides, it may
also lead to new insights into the interesting properties
and behavior of this fantastic nature-selected molecule
at the single-molecule level. On the biology side,
many essential biological processes, such as protein
folding, RNA folding, transcription and translation,
exhibit complex kinetics and dynamics. They often
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involve a rich set of kinetic paths and transient states.
A complete understanding of this process depends
crucially on our ability to detect and characterize these
dynamic features. Recent advances in the detection
and manipulation of single molecules offer great
promise for enhancing our understanding of behavior
of individual biological macromolecules even in liv-
ing cells. Scanning probe techniques allow the imag-
ing of single molecules on surfaces, and special opti-
cal techniques enable their characterization in com-
plex environments. Such measurements allow one to
look beyond the ensemble average, measure
time-trajectories of individual molecules and deter-
mine the exact distributions of molecule’s properties.

Although scientists have made considerable pro-
gress in arranging atoms, small molecules, and even
nanoscale liquid droplets,"**1 manipulation of bio-
molecules has not been realized with sufficient preci-
sion because of many problems.'®! For example, in
the case of DNA, it is difficult to manipulate its soft
and elongated molecule to obtain a regular artificial
pattern from its natural random-coil state by solely
treating it with a scanned probe.

In this paper, a new approach of manipulating
DNA molecules to form fairly artificial patterns at nano-
meter on solid surfaces was introduced. This method
is based on the combination of macroscopic “molecu-
lar combing” and microscopic “molecular cutting”.

2 Materials and methods

2.1  Sample preparation and deposition

Lambda DNA (Sigma, St. Louis, Missouri) was
diluted with distilled-deionized (dd) water to a con-
centration of 1ng/uL. The samples were prepared by
first depositing 5 uL of this DNA solution onto a clean
coverslip. The coverslip was then carefully laid on the
top of mica substrate, which had been coated with a
self-assembled monolayer of 3-aminopropyl triethox-
ysilane (AP, United Chemical Technology Co., Bristol,
PA).[1 Subsequently, the DNA molecules were ex-
tended on the AP-mica substrate with the modified
molecular combing technique.l*” 81 After waiting for a
few minutes, the coverslip was removed and the
AP-mica surface was rinsed with dd water and blown
dried with clean compressed air or nitrogen.

2.2  AFM imaging and lambda DNA nanoma-
nipulation

A nanoscope IIla AFM with E and J scanners
(Digital Instruments Inc., Santa Barbara, CA) was
used in all experiments. Scanning tips used were
‘force modulation probes’ (Digital Instruments Inc.)
made of silicon. Their force constants varied from 1 to
5 N/m and the resonant frequency from 60 to 100 kHz.
The cantilevers were usually 225 um in length.

All images were collected in tapping mode in air.
The relative humidity during the experiments was
controlled at 30%~40%. The scan speed was 2 Hz.
Prior to the nanomanipulation the DNA target area
was localized by scanning the AFM tip in the tapping
mode. After scanning back to the desired position, the
tip was lowered down onto the surface by a setting
distance resulting from the preliminary line scan. The
DNA strand would be manipulated after several such
scans at a certain site when the setting distance, which
corresponds to the load on the surface, was large
enough. After manipulation, the setting distance was
returned to the previous level for tapping mode AFM,
and further images were taken to check whether the
procedure was successful.

3 Results and discussion

The principle of this method is similar to that of
digital painting in which a complex pattern could be
obtained by the connections of small squaire pixels. At
first, a matrix consisting of a 2D DNA network is
generated by molecular combing (Fig.1). The ad-
vantage of this method is that DNA strands could be
aligned straight in parallel in one direction in a very
large scale over hundreds of micron. The orientation
of the aligned DNA strands depends on the direction
of fluid flowing during the process. The size of the
unit cell of the network could be controlled at na-
nometer scale by adjusting the DNA concentration in
the solution. We first align the DNA strands in one
direction and then another with a selected angle to the
first one. After this 2D molecular combing, DNA
molecules were aligned on a 3-aminopropyl triethox-
ysilane -coated mica (AP-mica) surface with uniform
features down to nanometer scale.8!
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Fig.1 Stretching DNA molecules and constructing 2D net-
work. (a) Schematic presentation of the whole process; (b)
AFM image of one-dimensional DNA strands aligned on the
AP-mica. DNA samples were linear lambda-DNA from Sigma
with length of 48.5 kb in TE buffer (pH 8.0). The scanning size
is 7umx7um; (c) AFM image of two-dimensional DNA net-
work aligned on the AP-mica. The scanning size is 2.7umx
2.7um. AFM used in this experiment was from Digital Instru-
ment (Santa Barbara, CA). The tips were normal tapping mode
tips or force modulation tips. All the experiments were operated
in air at room temperature.

After DNA molecules were arranged on the sub-
strate in a fairly uniform way, single DNA molecules
can be manipulated by AFM tip with nanometer preci-
sion, as shown in Fig.2. One of the nanomanipulation
modes is cutting, that is, DNA strands can be cut by an
AFM tip at a sufficient load. During each line scan,
the tip first scanned across the surface in the standard
‘tapping mode’ and then after scanning back it was
lowered down enough to execute cutting operation. If
the tip scans at a load smaller than the cutting thresh-
old, we can perform pulling and pushing modes. By a
pulling operation, a straight DNA strand was manipu-
lated by the AFM tip to form the wavy structure. In-
terestingly, the DNA strands do not shrink back but
stay on the surface after the deformation process. This
might have been caused by an overstretching of the
strands leading to an irreversible change of the DNA
helix structure. During performing pushing manipula-
tion, DNA can be made into nano particles and nano
threads. One interesting phenomenon we found in our
experiment was that DNA could fold up by pushing it
with AFM tip. Small DNA pieces could fold up into
particles and long strands into thick threads. Threads
were ordered since there were several peaks along the
threads.

Based on the combination of macroscopic “mo-
lecular combing” and nanomanipulation, several arti-
ficial DNA patterns are locally constituted at nanome-

Fig.2 Some images of single DNA molecules manipulated by
AFM tip. (a) Schematic presentation of the nanomanipulation
modes; (b) AFM image of the wavy structure after performing
pulling mode nanomanipulation. The image size is 500nmx
500nm; (c) AFM image of broken DNA strand after performing
cutting mode nanomanipulation. The image size is 500nmx
500nm; (d) AFM image of DNA stimulated by pushing mode
nanomanipulation. The image size is 300nmx300nm.

ter scale. For example, three characters “D” “N” “A”
can be formed with DNA strands themselves, as
shown in Ref. [5].

Nanomanipulation of single biomolecules has
great potential application both in the constitution of
molecular devices and the development of new strat-
egy in genome research. As a demonstration of appli-
cation in gene research, based on MutS protein recog-
nition of heteroduplex DNA, an approach combining
AFM imaging and DNA-stretching manipulation has
been developed for directly detecting DNA muta-
tion,*%2% which can afford not only single mutation
detection but also direct determination of mutation
sites on long DNA strands.

Concerning the well-developed DNA manipulat-
ing technique, the method described in this paper
might be used in genomic sequencing project. Fig.3 is
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Fig.3 Flow chart of our elementary strategy for ordered se-
quencing based on nanomanipulation.

a flow chart of a new strategy proposed for ordered
DNA sequencing based on nanomanipulation. There
are some shortcomings in the current disordered se-
quencing technologies and methods. For example, the
existence of gaps caused by non-cloned region and/or
repeat sequences results in the incomplete sequencing.
Lots of time and money are cost to solve these prob-
lems. The strategy we have proposed here, has many
advantages: full coverage of the genome DNA, fast
and cheap. More important, the method is based on
nearly matured technology from different fields. The
possible challenges lie in the efficiency of single-
molecule PCR amplification and the accuracy and
efficiency of nanomanipulation, but the problems
could be solved by tip array and automatic computer
controlled operation.
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