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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. ©2001 American Institute of Physics.@DOI: 10.1063/1.1365099#
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Because of the recent drive towards realizing tru
molecular-scaled devices, there is a great need to dev
techniques which can control the placement of single m
ecules onto micro- or nanofabricated devices. Here, we
scribe a technique we have developed based on ‘‘molec
combing.’’1–3 This technique aligns and attaches single m
ecules of deoxyribose nucleic acid~DNA! to site-specific
areas of an arbitrary substrate without the need for spe
chemical modification of the DNA molecules themselves4 or
modified gold nanoparticles or latex beads.5 It is easy to
employ, highly parallel, and results in high yield. It is, ther
fore, suitable not only for research but also for industr
applications as well.

Used in molecular biology for high-resolution genom
studies,2 molecular combing is a technique which stretch
and randomly positions double-stranded DNA onto
surface-specific substrate such as glass or silane-treated
strates. As we demonstrate below, the utility of molecu
combing can be greatly expanded when it is used in com
nation with current lithographic techniques: single molecu
of DNA can be stretched, patterned, and directed site spe
cally onto an arbitrary surface such as gold or bare silic
This, consequently, leads to a number of important poten
applications in a diverse set of fields ranging from molecu
electronics to biotechnology. For example, patterned D
on a substrate can serve as templates for wires and for
and three-dimensional nanoscale devices. In another
ample, stretching and attaching DNA to specific areas o
substrate can assist in high-resolution genomic studie
terms of mapping samples onto the substrate. Here, we f
on stretching single molecules of bacteriophage-lam
~phage-l! DNA onto conducting substrates for high
resolution scanning-tunneling microscopy~STM! and
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atomic-force microscopy~AFM! studies. High-resolution
STM and AFM studies of long DNA molecules are difficu
to achieve because the DNA often coils, aggregates,
moves under the scanning-probe tip while resting on a s
strate surface.6–10 We will show that the technique we hav
developed greatly facilitates such studies as the DNA
stretched, isolated, and rigidly attached to the substrate
face. We show both STM and AFM images of stretche
phage-l DNA that clearly demonstrate the advantages of o
technique.

Molecular combing begins by coating a silicon substr
with a 300-nm-thick layer of polystyrene. The substrate
then dipped into a 50 pM solution of phage-l DNA in 50
mM 4-morpholine–ethanesulfonic acid~MES! buffer solu-
tion ~pH55.65!.11 As illustrated in Fig. 1, the ends of a DNA
molecule preferentially bind to the polystyrene surfac
While the exact binding mechanism is not clearly und
stood, it is presumably due either to an electrophilic addit
of weak acids to alkenes,1–3 hydrophobic interaction,12 or to
induced dipole–dipole interactions between the subst
surface and the DNA molecule. Because the process is
instantaneous, the prepared substrate needs to remain i
lution for a short incubation time of;1 min so that one end
of the DNA may bind to the surface. The substrate is th
retracted from the buffer/DNA solution at a constant spe
of 30 m/s using a syringe pump. The meniscus force~;100
pN! is strong enough to extend, or stretch, the DNA m
ecule but far too weak to break the bond between the D
and the polystyrene surface. Once the DNA molecule lea
the buffer solution, its remaining free end binds to the su
strate surface. As shown in the AFM image in Fig. 2, th
entire process leads to uniformly stretched, parallel array
DNA molecules on the substrate surface.

Interestingly, the density of molecules stretched acros
surface does not increase significantly with increasing c
centration of DNA solution; rather, it is dependent on t

il:
6 © 2001 American Institute of Physics
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radius of gyrationRG of the DNA molecule in solution.
Here,RG}L3/5, whereL is the crystallographic length of th
molecule, and 2RG is the average size of the coiled DN
molecule in solution. For phage-l DNA, RG50.73 mm.13

The fact that we find the distance separating stretc
phage-l DNA molecules to be close to thisRG value ~see
Fig. 2! supports this view. Thus, to increase the density
stretched DNA, it is necessary for us to repeat the molec
combing procedure outlined above a number of times~the
already-combed molecules do not unbind upon rehydrati!.

The binding of DNA can be localized to specific su
strate areas using lithographically patterned polystyrene
had been previously demonstrated,14,15 polystyrene is an ef-
fective negative electron-beam~e-beam! resist: e-beam irra-
diation induces cross links between polystyrene cha
thereby making these particular chains insoluble to solve
such as xylene. Because DNA binds equally to cross lin
and uncross-linked polystyrene, we can, consequen
e-beam polystyrene patterns on a substrate and stretch
on or between these patterns.

To demonstrate our ability to stretch DNA site spec

FIG. 1. ~a! Illustration of the molecular combing process. The substrat
dipped into a buffer solution containing DNA and then retracted at a c
stant speed of 30mm/s. The DNA molecules bind to the polystyrene lin
and are stretched by a meniscus force.~b! Schematic picture of a prepare
sample consisting of a DNA molecule stretched between a set of patte
polystyrene lines.

FIG. 2. Array of stretched bacteriophage-l DNA on a gold surface coated
with a thin polystyrene layer. The substrate was dipped in a solution o
pM bacteriophage-l DNA solution and retracted at a constant speed of
m/s using a syringe pump. The image shown is an AFM TM amplitu
image; the size is 9323 mm2. The white arrow indicates the direction o
stretching.
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cally and perform subsequent STM measurements, we fa
cated a grid of 2-mm-wide polystyrene lines~lattice constant
a517.5 mm! on a conducting substrate using standa
e-beam lithography. The patterned substrate was dipped
a 1 mM ethanolic solution of octanethiol. Octanethiol form
an ordered self-assembled monolayer~SAM! on a gold
surface,16 which ~1! makes the surface hydrophobic, thu
matching the surface tension between the gold and the p
styrene; and~2! provides a good tunnel barrier for STM stud
ies. After an overnight incubation in octanethiol to allo
sufficient time for the SAM to form, the substrate was ca
fully rinsed with ethanol and molecular combing was imm
diately performed. Fluorescent imaging of samples com
with phage-l DNA @dyed with the fluorescent probe
YOYO-1 ~Ref. 17!# showed that we achieved a DNA densi
of ;1 molecule/mm stretched across the grid of polystyre
lines. Figure 3 is an AFM image of one of these samples
should be noted that in this geometry we never obser
loops of DNA molecules bound to a single polystyrene lin
This is presumably due to the weak interaction between
DNA molecule and the SAM, which keeps the DN
stretched across the substrate surface.

We have performed high-resolution scanning-pro
measurements on similarly prepared samples using a N
scope multimode STM/AFM. Figure 4 shows a STM imag
taken at room temperature, of a DNA molecule stretch
between a set of polystyrene lines. The contrast of the sin
molecule in the STM image is inverted~the molecule is vis-
ible as a dark line!. This phenomenon has been observed
other STM measurements of DNA molecules deposited
metal surfaces9,10,18,19and is related to either the buffer sp

s
-

ed

0

FIG. 3. TM amplitude AFM image showing bacteriophage-l DNA stretched
between patterned polystyrene lines. White arrows point to the DNA.
distance between polystyrene lines is 17.5mm and the height of the lines is
300 nm.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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cies co-adsorbed around the DNA molecules or the hyb
ization effects between the DNA and the underlying me
The image shown in Fig. 4 nonetheless demonstrates
advantages of our technique. Because we were able to p
tion the DNA site specifically on our substrate, we cou
easily align the scanning-probe tip to the molecules. Exha
tive ‘‘searching’’ for molecules is thus not necessary. Sin
the DNA was stretched and fixed in position, we could ima
the molecule with greater clarity than if we had just dep
ited the DNA on the surface. Base-pair resolution, howev
is difficult as we had used double-stranded DNA. The ph
phate backbone of the double-stranded DNA hides the i
vidual bases.

In conclusion, we have presented a technique for stre
ing and positioning DNA site specifically onto an arbitra
surface. This technique consists of molecular combing D
between lithographically patterned polystyrene. It can pot
tially place DNA molecules on a substrate with nanome
precision, given that we can e-beam nanometer-sized
terns of polystyrene on a substrate. As we have shown,
have prepared stretched, immobile, and well-position
DNA onto conducting surfaces for high-resolution scannin
probe studies: the room-temperature STM and AFM ima
we have obtained are of high quality. The DNA we ha
probed have all been double stranded, and consequently
phosphate backbone of the double helix prevents the ima
of individual bases. While double-stranded DNA is nec
sary for the selective and high-affinity binding to polyst
rene, one can perform standard biotechnology techniqu20

to insert a single-stranded piece of DNA in the middle o
double-stranded one to expose neatly aligned bases for
aging and possible genomic identification.

While we have focused on high-resolution scannin
probe studies as an application to our technique, there a

FIG. 4. Room-temperature STM image of a DNA molecule stretched o
single gold grain between a set of patterned polystyrene lines. The
voltage was 1 V and the current, 5 pA; white arrows point to the DNA. T
structure in the background corresponds to the domains of the octane
self-assembled monolayer. The gold has been flame annealed until the
grain size was in the range of 300–500 nm.
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great many other potential applications which deserve at
tion here. Because it can be patterned onto an arbitrary
strate, DNA can serve as a template for wires and nanosc
devices.21,22Recently, Wooleyet al.23 have demonstrated th
possibility of detecting polymorphic sites and of determini
directly haplotypes in appropriately labeled DNA fragmen
using a scanning-probe tip. Our technique could prepare
dered stretched DNA for similar scanning-probe studies,
in addition, provide the possibility of automation since t
DNA molecules can be neatly aligned in arrays. Equally
triguing, our technique could prepare groups of differen
labeled DNA–all mapped onto different locations of a su
strate, much like that of current DNA microarrays—for sy
tematic studies of population-based genetic diseases and
nomic screening. Thus, molecular combing in combinat
with microlithography has potential applicability in a numb
of diverse areas which can simplify the automate sam
preparation and measurement.
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