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Ordered stretching of single molecules of deoxyribose nucleic acid
between microfabricated polystyrene lines
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A technique for creating arrays of parallel, stretched single molecules of deoxyribose nucleic acid
(DNA) on an arbitrary substrate for high-resolution scanning-probe imaging is discussed. The
technique consists of lithographically patterning polystyrene lines on a substrate which then provide
attachment sites for the ends of individual DNA molecules. Molecular combing is performed to
stretch DNA from one polystyrene line to the other. Scanning-tunneling and atomic-force
microscope images of single molecules of bacteriophage-lambda DNA are shown to demonstrate
the advantages of this technique. Several applications, from high-resolution genomics to molecular
electronics, are discussed. D01 American Institute of Physic§DOI: 10.1063/1.1365099

Because of the recent drive towards realizing trulyatomic-force microscopy(AFM) studies. High-resolution
molecular-scaled devices, there is a great need to develdTM and AFM studies of long DNA molecules are difficult
techniques which can control the placement of single molto achieve because the DNA often coils, aggregates, and
ecules onto micro- or nanofabricated devices. Here, we demoves under the scanning-probe tip while resting on a sub-
scribe a telcgmlq_ue we have developed based on “moleculagtrate surfac*®We will show that the technique we have
combing.™" This technique aligns and attaches single mol-developed greatly facilitates such studies as the DNA is
ecules of deoxyribose nucleic aci®NA) to site-specific  stretched, isolated, and rigidly attached to the substrate sur-
areas of an arbitrary substrate without the need for specighce. we show both STM and AFM images of stretched,
chemical modification of the DNA molecules themsefves  phagex DNA that clearly demonstrate the advantages of our
modified gold nanoparticles or latex beddk. is easy to technique.
employ, highly parallel, and results in high yield. Itis, there- - yojecylar combing begins by coating a silicon substrate
fore, suitable not only for research but also for industrial\yith 5 300-nm-thick layer of polystyrene. The substrate is
applications as well. , _ _ then dipped into a 50 pM solution of phagebNA in 50

Used in molecular biology for high-resolution genomic mM 4-morpholine—ethanesulfonic acitES) buffer solu-
studies’> molecular combing is a technique which stretchestion (pH=5.65.* As illustrated in Fig. 1, the ends of a DNA

andf randomllfy pobsntlor:s doEble—sltranded _IDNAt orltod olecule preferentially bind to the polystyrene surface.
z'tjrra?ecse-iesesxllelzccjsgm?)rrlzt?afgcbeﬁ)swg ?ﬁ; 3;”?; ag?-r;i?eiulzr hile the exact binding mechanism is not clearly under-
: ' y stood, it is presumably due either to an electrophilic addition

Comb'“g_ can be gre_atly expa_nded when 't_ S used in Comblof weak acids to alkenés? hydrophobic interactiof? or to
nation with current lithographic techniques: single molecules : . . .
) . Induced dipole—dipole interactions between the substrate

of DNA can be stretched, patterned, and directed site Spec'fléurface and the DNA molecule. Because the process is not
cally onto an arbitrary surface such as gold or bare silicon; ' P .
|pstantaneous, the prepared substrate needs to remain in so-

This, consequently, leads to a number of important potentiej tion f hort incubation time of1 mi that d
applications in a diverse set of fields ranging from molecula ution for a short incubation time min so that one en

electronics to biotechnology. For example, patterned DNACT the DNA may bind to the surface. The substrate is then
on a substrate can serve as templates for wires and for tw€tracted from the buffer/DNA solution at a constant speed

and three-dimensional nanoscale devices. In another ef 30 /s using a syringe pump. The meniscus fofec00

ample, stretching and attaching DNA to specific areas of &NV iS strong enough to extend, or stretch, the DNA mol-

substrate can assist in high-resolution genomic studies iRCUle but far too weak to break the bond between the DNA

terms of mapping samples onto the substrate. Here, we foc@d the polystyrene surface. Once the DNA molecule leaves

on stretching single molecules of bacteriophage-lambd&e buffer solution, its remaining free end binds to the sub-

(phageh) DNA onto conducting substrates for high- Strate surface. As shown in the AFM image in Fig. 2, this

resolution scanning-tunneling microscopySTM) and  entire process leads to uniformly stretched, parallel arrays of
DNA molecules on the substrate surface.

Interestingly, the density of molecules stretched across a
dAuthor to whom correspondence should be addressed; Electronic mail: gy . y. . L - .
dionne@qt.tn.tudelft.nl surface does not increase significantly with increasing con-
PElectronic mail: sohn@oberon.princeton.edu centration of DNA solution; rather, it is dependent on the
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FIG. 1. (@) lllustration of the molecular combing process. The substrate is
dipped into a buffer solution containing DNA and then retracted at a con-
stant speed of 3@m/s. The DNA molecules bind to the polystyrene lines
and are stretched by a meniscus ford®.Schematic picture of a prepared
sample consisting of a DNA molecule stretched between a set of patterned
polystyrene lines.

radius of gyrationRg of the DNA molecule in solution. FIG.3. TM amplitude AFM image showing bacteriophag®NA stretched

Here.R o« 35 wherel is the crystallographic Iength of the between patterned polystyrene lines. White arrows point to the DNA. The
G ' . . . distance between polystyrene lines is 1r6 and the height of the lines is

molecule, and Rg is the average size of the coiled DNA 350 nm.

molecule in solution. For phage-DNA, Rg=0.73 um 3

The fact that we find the distance separating stretched I d erf b {STM N fabri
phagex DNA molecules to be close to thRg value (see cally and periorm subsequen measurements, we fabri-

Fig. 2) supports this view. Thus, to increase the density Ofcated a grid of Zum-wide polystyrene linefattice constant

stretched DNA, it is necessary for us to repeat the molecula?:ﬂ'5 "_’“m) on a conducting substrate using §tanda_rd
combing procedure outlined above a number of tirftag e-beam lithography. The patterned substrate was dipped into

already-combed molecules do not unbind upon rehydr)ationa 1 mM ethanolic solution of octanethiol. Octanethiol forms
The binding of DNA can be localized to specific sub- an ordered self-assembled monolay&AM) on a gold

6 . .
strate areas using lithographically patterned polystyrene. A urfacgl, which (1) make§ the surface hydrophobic, thus
had been previously demonstratéd® polystyrene is an ef- matching the surface tension between the gold and the poly-

fective negative electron-beafa-beam resist: e-beam irra- styrene; and2) provides a good tunnel barrier for STM stud-
ies. After an overnight incubation in octanethiol to allow

diation induces cross links between polystyrene chains, ficient time for the SAM to f th bstrat
thereby making these particular chains insoluble to solvent umcient ime for the 0 form, the substrate was care-
lly rinsed with ethanol and molecular combing was imme-

such as xylene. Because DNA binds equally to cross linked: . _
iately performed. Fluorescent imaging of samples combed

and uncross-linked polystyrene, we can, consequentl)ﬁith phageh DNA [dyed with the fluorescent probe

e-beam polystyrene patterns on a substrate and stretch D . )
on or between these patterns, %OYO—l (Ref. 17] showed that we achieved a DNA density

To demonstrate our ability to stretch DNA site specifi- c.)f ~1 moleculgﬂm stretchgd across the grid of polystyrene

lines. Figure 3 is an AFM image of one of these samples. It
should be noted that in this geometry we never observed
loops of DNA molecules bound to a single polystyrene line.
This is presumably due to the weak interaction between the
DNA molecule and the SAM, which keeps the DNA
stretched across the substrate surface.

We have performed high-resolution scanning-probe
measurements on similarly prepared samples using a Nano-
scope multimode STM/AFM. Figure 4 shows a STM image,
taken at room temperature, of a DNA molecule stretched
FIG. 2. Array of stretched bacteriophayeDNA on a gold surface coated between a set of polystyrene lines. The contrast of the single
with a thin' polystyrene layer. The substrate was dipped in a solution of 5nolecule in the STM image is invertéthe molecule is vis-
pM bagterlopha_gs&- DNA solution _and retracted at a constant speed <_)f 30ib|e as a dark ling This phenomenon has been observed in
wuls using a syringe pump. The image shown is an AFM TM amplitude .
image; the size is 923 um? The white arrow indicates the direction of Other STM measurements of DNA molecules deposited on

stretching. metal surfaces®181%nd is related to either the buffer spe-
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great many other potential applications which deserve atten-
tion here. Because it can be patterned onto an arbitrary sub-
strate, DNA can serve as a template for wires and nanoscaled
devicesl#?Recently, Wooleet al?® have demonstrated the
possibility of detecting polymorphic sites and of determining
directly haplotypes in appropriately labeled DNA fragments
using a scanning-probe tip. Our technique could prepare or-
dered stretched DNA for similar scanning-probe studies, and
in addition, provide the possibility of automation since the
DNA molecules can be neatly aligned in arrays. Equally in-
triguing, our technique could prepare groups of differently
labeled DNA-all mapped onto different locations of a sub-
strate, much like that of current DNA microarrays—for sys-
tematic studies of population-based genetic diseases and ge-
nomic screening. Thus, molecular combing in combination
with microlithography has potential applicability in a number
of diverse areas which can simplify the automate sample
preparation and measurement.

The authors acknowledge fruitful discussions with
Daniel Vanmaekelbergh, Serge Lemay, and John van Noort.
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