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ABSTRACT
We have devised an approach for generating well-extended, surface deposited, single-stranded DNA molecules having minimal intramolecular
base-pairing. This method depends on careful control of the mica surface charge, appropriate selection of the ionic strength of the DNA
solution, and controlled translation of a droplet of DNA solution along the surface. We have shown the general applicability of this technique
by elongating ΦX174, M13mp18, and λ single-stranded DNA on mica followed by imaging with atomic force microscopy. We have further
demonstrated the feasibility of more elaborate, multistep surface preparations by aligning λ double-stranded DNA and ΦX174 single-stranded
DNA in orthogonal directions on the same substrate.

The ability to manipulate and control molecules and materials
with nanometer resolution is a central objective in the
emerging discipline of nanotechnology. DNA is an attractive
candidate for study in nanoscale positioning because of its
exquisite specificity in base-pairing,∼1 nm radius combined
with large aspect ratio, and ready availability. We are
interested in examining single-stranded (ss) DNA molecules
on surfaces using atomic force microscopy (AFM) because
of the nanometer spatial resolution afforded by AFM and
the potential for specific hybridization of oligonucleotides
to ssDNA. However, the ability of ssDNA to form base-
pairs directly can also complicate surface deposition, since
secondary structures can easily arise in these molecules.
Herein, we demonstrate a simple technique for reproducibly
elongating ssDNA molecules and eliminating intrastrand

base-pairing during deposition onto mica surfaces. The ability
to routinely create and visualize well-extended ssDNA should
be a valuable tool for sequence analysis,1-4 haplotyping,5

probe microscopy tip characterization,6 and biomolecular
nanotechnology.7-10

While surface deposition and microscopy of double-
stranded (ds) DNA is straightforward,1-5,11 the ability to affix
and evaluate native ssDNA reliably and without the com-
plication of secondary structure has lagged significantly.
Previous work in AFM of single-stranded nucleic acids can
be characterized by one of two shortcomings: (1) insufficient
reproducibility, as evidenced by the infrequent observation
of elongated molecules without intrastrand base-pairing,12-15

or (2) lack of generality of results, indicated by the detection
of extended molecules only having specific sequences that
do not favor formation of secondary structure.16-19 While
these earlier studies suggested the possibility of imaging* Corresponding author. Email: awoolley@mailchem.byu.edu.
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extended ssDNA12,13 and provided valuable insights into
catalysis by single enzyme molecules,17-19 they also under-
scored the need for more universal and robust methods for
depositing and imaging well-extended ssDNA without the
difficulty of intramolecular base-pairing.

Our approach for reproducibly generating surface-bound,
elongated ssDNA20 depends on three things. First, the cleaved
mica surface is rendered positively charged and able to bind
DNA by treatment with a dilute poly-L-lysine solution.
Second, the ssDNA is maintained in a low ionic strength
buffer solution lacking multivalent cations;21 this reduces the
electrostatic screening of negative charges on the DNA
phosphate backbone and increases intrastrand electrostatic
repulsion, making intramolecular base-pairing less favorable.
Finally, a droplet of DNA solution is translated linearly
across the mica surface;22 the force exerted on ssDNA by a
combination of droplet motion (fluid flow) and surface
tension at the moving air-water interface is sufficient to
elongate the molecules23-26 and disrupt base-pairing between
complementary sequences,27 thus helping to eliminate sec-
ondary structure.

Appropriate choice of the concentration of poly-L-lysine
for mica surface modification is critical to obtaining extended
ssDNA reproducibly. With 100 ppm poly-L-lysine surface
treatment, ssDNA are readily adsorbed, but not many are
elongated. When using 10 ppm poly-L-lysine to modify
surface charge, bothΦX174 and M13mp18 become well
extended on the substrate, butλ molecules have only 1-3
µm segments (approximately the same length asΦX174 or
M13mp18) that are elongated, interspersed with other regions
that are not aligned (see Supporting Information for sample
images). With 1 ppm poly-L-lysine surface modification, all
three types of ssDNA are nicely extended, although fewer
molecules become affixed to the surface than with the 10
ppm poly-L-lys surface treatment. These results follow the
trend that the highest concentration of poly-L-lys for surface
modification that yields reproducible ssDNA alignment is
inversely proportional to DNA fragment length (or charge,
since the charge on DNA at this pH scales linearly with the
number of bases). We believe this indicates that full extension
of ssDNA typically occurs when the total number of surface-
to-DNA electrostatic interaction points is below a threshold
quantity during alignment. Hence,λ with ∼10 times more
bases and negatively charged phosphate groups thanΦX174
can be completely elongated only when the number of
positive charges on the surface (proportional to poly-L-lys
concentration) is a factor of 10 lower than needed for
similarly extendingΦX174. A detailed study of the relation
between ssDNA fragment length and poly-L-lysine surface
treatment concentration should elaborate more precisely the
dependence between these two parameters and yield insight
into the elongation mechanism. Based on these experiments,
10 ppm poly-L-lysine was adsorbed on the surface when
aligningΦX174 and M13mp18, while 1 ppm poly-L-lys was
used for experiments withλ.

Representative tapping mode AFM height images28 of
ΦX174, M13mp18, andλ ssDNA deposited on mica as
described previously are shown in Figure 1. The observed

heights (mean( standard deviation) of the DNA molecules
in Figure 1 are 0.28( 0.08 nm forΦX174, 0.28( 0.07 nm
for M13mp18, and 0.37( 0.07 nm forλ. Measured heights
of extended ssDNA in different scans ranged from 0.25 to
0.40 nm, depending on imaging conditions and the tip used.
The DNA contour lengths in Figure 1a and b are 2200 nm
for ΦX174 and 3000 nm for M13mp18; detailed measure-
ments on six molecules ofΦX174 and six molecules of
M13mp18 revealed contour lengths (mean( standard
deviation) of 2160( 160 nm and 2800( 260 nm,
respectively.29-31 Contour lengths forλ ssDNA were not
measured because they were expected and observed to exceed
the range of the scanner (15µm).

We deposited ssDNA samples multiple times on different
days and observed more than 200 molecules of bothΦX174
and M13mp18 by AFM. We found that nearly 60% of the
circularΦX174 molecules were fully extended as in Figure
1a, while almost 50% of the closed loop M13mp18 molecules
were completely extended like the one in Figure 1b. In
addition, another 20% of theΦX174 and 35% of the
M13mp18 molecules were mostly extended, typically having
small regions where the filament looped back on itself (see
Supporting Information for sample images). The full contour
length of many of these mostly elongated molecules could
also be traced; hence, the percentage of surface ssDNA that
would be usable in sequence analysis,1-5 for example, would
be at least 70% for bothΦX174 and M13mp18. Although
an assessment of the entire contour length of extendedλ

Figure 1. Tapping mode AFM height images of extended ssDNA
molecules on mica surfaces. (a) Image ofΦX174; height scale is
0.8 nm and the white bar indicates 250 nm. (b) Image of M13mp18;
height scale is 0.8 nm and the white bar represents 500 nm. (c)
Image of a segment of aλ ssDNA molecule; height scale is 1.0
nm and the white bar denotes 500 nm.
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ssDNA molecules was not feasible with the scanner used,
images of various segments of different molecules did not
reveal any secondary structure (see Supporting Information).
Thus, we expect that it should be feasible to perform
sequence analysis experiments on ssDNA molecules at least
the size ofλ (48.5 kb) if a larger range scanner is employed.

In addition to being able to reproducibly deposit extended
ssDNA molecules on mica, it would be highly desirable to
have the capacity to perform more sophisticated, multistep
sample manipulations on surfaces. To this end we have
developed methods for controlled deposition of a first DNA
sample in one direction, followed by alignment of a different
DNA sample in another direction on the same surface. We
made multiple samples over the course of several days with
λ dsDNA aligned in one direction andΦX174 ssDNA
extended orthogonally.32,33These surfaces were profiled using
AFM, and Figure 2 displays a representative image of one
sample. Molecules ofλ dsDNA are visible as brighter
features heading down from the right, whileΦX174 ssDNA
is seen as a dimmer, loop-like structure extending from the
top left toward the bottom right. Other images both on this
and different samples also showed similar surface DNA
alignment patterns (see Supporting Information).

We measured the heights (mean( standard deviation) of
ΦX174 andλ in Figure 2 to be 0.37( 0.07 nm and 0.8(
0.1 nm, respectively. These height data agree well, both with
earlier AFM studies of dsDNA,34 and the expectation that
dsDNA should have a height (diameter) approximately twice
that of ssDNA. Indeed, additional images of this and other
samples all had dsDNA heights about two times as large as
those of ssDNA. Our results also indicate the robustness of
the attachment of aligned DNA toward additional surface
treatments and open the possibility of carrying out multistep
chemical manipulations on these surfaces.

In conclusion, we have developed a technique for facile
and reliable deposition and AFM characterization of well-
extended ssDNA molecules. This approach not only is
generally applicable to ssDNA strands having different
sequences but also reproducibly provides surfaces with high
yields of extended ssDNA molecules without intrastrand
base-pairing. Moreover, the attachment of elongated DNA

is sufficiently stable that additional processing steps can be
performed after deposition to generate complex arrays of
surface-bound nucleic acids. We envision that these methods
will be of broad practical applicability in a variety of
experiments. For example, although direct reading of nucleic
acid base sequence on ssDNA using an AFM tip may not
be feasible at present, hybridization of different oligonucle-
otide probes to diagnostic sequences on elongated ssDNA
molecules on surfaces would simplify sample preparation
for sequence analysis1-4 or haplotyping5 by AFM. In
addition, the continued drive to reduce AFM tip radii with
carbon nanotubes35,36heightens the need for smaller standard
structures, such as extended ssDNA lacking secondary
structure, to characterize tip size. Finally, the availability of
methods for controlled manipulation of∼1 nm diameter
ssDNA provides intriguing possibilities for nanofabrication.
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translation stage and critically reading this manuscript.

Supporting Information Available: Additional, full-
color AFM images of well-extended ssDNA (ΦX174,
M13mp18 andλ), incompletely extendedλ ssDNA, and
orthogonally depositedΦX174 ssDNA andλ dsDNA. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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