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Adsorbate deformation as a contrast mechanism in STM
images of biopolymers in an aqueous environment: images of
the unstained, hydrated DNA double helix

by S. M. LINDSAY, T. THUNDAT and L. NAGAHARA, Department of Physics, Arizona
State University, Tempe, AZ 85287, U.S.A.
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SUMMARY

A stable residual aggregate remains on a submerged gold surface after electrophoretic
deposition of DNA. We present scanning tunnelling microscope (STM) images of these
aggregates which show many objects with the geometry of DNA, clearly displaying the 3-4nm
helix pitch. These images are quite distinctive, and cannot be generated when the deposition
technique is used without DNA in the buffer solution. A characteristic of these images is that
the tip is observed to dip down over the DNA molecule at the same time as the apparent barrier
height drops by a factor of about four. The tip displacement is accounted for by a model in
which contrast is dominated by local fluctuations in the deformability of the adsorbate layer, a
quantity deduced from measurements of the apparent barrier heights in air, water, over small
molecule adsorbates, and over DNA.

1. INTRODUCTION

The potential application of the scanning tunnelling microscope (STM) to imaging bio-
polymers has stimulated many studies of biological adsorbates, both in vacuum (Binnig &
Rohrer, 1984) and in air (Barro et al., 1985; Stemmer et al.s/1987; Travaglini et al., 1987,
Voelker et al., 1988; Dahn et al., 1988). Excellent images have been obtained using metal-
coated samples (Amrein et al., 1988) and freeze-fracture replicas (Zasadzinski et al., 1988).
Stimulated by Sonnenfeld & Hansma’s (1986) discovery of STM operation in water, we have
studied biopolymer adsorbates on submerged metal surfaces (Lindsay & Barris, 1988; Lindsay,
1988; Lindsay et al., 1988; Barris et al., 1988). We have chosen the problem of imaging DNA
under water because of its biological significance, although this system has certain advan-
tageous properties for examining the operation of the STM on contaminated surfaces: DNAisa
large molecule with a distinctive geometry. Its salt dissociates in solution, so the molecule may
be manipulated with an electric field. Finally, we have found that operation of the STM in
water gives more repeatable images than in air, because the liquid—metal interface can be better
controlled.

We have shown elsewhere (Lindsay & Barris, 1988) that biopolymer aggregates can be
deposited onto, and stripped from, metal substrates, even during operation of the STM. While
there is usually a significant interaction between the STM tip and the adsorbate layer, we have
shown that repeatable images of the overall molecular geometry can be obtained for long and
short fragments of DNA (Barris et al., 1988). We have measured current (1,) versus z displace-
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ment (Az) characteristics to obtain values for effective barrier heights in various conditions,
concluding that their overall low values indicate that the tip and substrate are always in contact
via a contaminant layer (Barris et al., 1988; Lindsay et al., 1988). In this paper we will describe
methods by which we have obtained images of unstained DNA under water which show the
3-4nm helix pitch. We have found a number of images in which a DNA molecule is not tightly
packed into an aggregate of other DNA molecules, permitting point by point comparisons of
dl,/dz and Az as the DNA molecule is scanned. We have also measured Inl, versus Az -
characteristics over DNA adsorbate patches (Lindsay ez al., 1988) and we shall use these data to
demonstrate the plausibility of an adsorbate deformation mediated contrast mechanism.

2. EXPERIMENTAL CONSIDERATIONS
2(a). Sample deposition

We operate with the tip and substrate inside a small cell into which the fluid can be injected.
An additional electrode (the ‘plating electrode’) is inserted into the cell. We use a platinum tip
which is insulated with glass, and the substrate is a flat facet on a ball made by melting and
quenching gold wire in air. We locate facets that are essentially atomically flat over at least 1 zm?
so that they can be found again after raising the tip from the cell. We also check that the d/,/dz
map shows no large variation (indicating uniform contamination). With the tip removed from
the cell, a buffered solution of DNA is injected, and the plating electrode biased to make the _
substrate positive (attracting the DNA). A macroscopic aggregate is left on the surface for some
time, and the bias removed. At this point, the macroscopic aggregate dissolves. The tip, held at
a low (—100mV) bias, is then lowered into the solution, and any leakage current offset. The
STM is operated in the constant current mode, usually at 1 nA. Adsorbates are evident both as
new structure on the surface, and, most clearly, as large variations in dI,/dz. We have
investigated a number of deposition techniques, and find that the following conditions work
repeatedly: the DNA is dissolved to a concentration of a few tens of ug/ml in a 20nMm
tristhydroxymethyl)aminomethane, 10 mm CH;COONa buffer (adjusted to pH 7-5 with HCL).
The plating electrode is held at —2 'V for 2—3 min. No known electron transfer reactions occur
with DNA at the substrate (Berg, 1983) and we speculate that the residual aggregate is
stabilized by van der Waals packing forces. This buffer produces more surface modification
than low molecular weight salts (Lindsay & Barris, 1988) and we will show images obtained
from a surface treated with the buffer alone for comparison. The DNA sample used in the work
reported here was prepared by sonication of high molecular weight calf thymus DNA and had
an average length of about 400 base-pairs (i.e. 140nm). The preparation contains small
fragments, some of which may be visible in the images we present here. Further details of our
experimental procedures are given in Lindsay & Barris (1988). Lindsay et al. (1988) and Barris
et al. (1988).

2(b). Barrier height measurements and adsorbate deformation

At low bias, the dependence of the tunnel current on the gap, s, may be described by the
Simmons formula (1964) with a barrier height (¢) of a few eV for clean metal surfaces.
However, Coombs & Pethica (1986) and Mamin et al. (1986) have pointed out that the change in
gap, As, may be much smaller than the change in 2 transducer length, As, if the gap contains
contaminant particles stiffer than the tip or substrate. Representing the tip—substrate combina-
tion by a spring constant K, and the contaminant particle by a spring constant K,

As=Az (1+K,/K). 1€

As we shall show, we operate in conditions where most of the local change in gap appears to be
due to changes in the deformability of the adsorbate layer. A measure of the local ‘stiffness’ of
the adsorbate is given by the root of the ratio of the measured barrier height, 8 (obtained by
assuming As=Az) to the intrinsic barrier height, ¢, assuming that ¢ remains relatively constant
over the surface. We refer to this quantity as the deformation enhancement factor for the ith
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molecular species trapped in the gap:

¢ 172
fi= (E) =(1+Ki/K,). 2)
We have recorded many hundreds of InZ, versus Az plots over gold in air, in water, and gold
plated with salts and with DNA. They are obtained by stopping the scan, disabling the STM
servo, ramping the tip up and down over a 12 ms period, and recording In I, digitally. Some
representative plots are given in Lindsay et al. (1988). Values derived for § vary considerably
over a surface, particularly when it is coated with a high molecular weight adsorbate such as
DNA (in the latter case, the tip-substrate interaction is strong enough to result in hysteretic
displacements that suggest both plastic deformation and adhesion). None the less, values
cluster around 0°3 eV when the surface is contaminated with small molecules (both in air and
water) and around 0-05 eV over DNA adsorbate patches. When adsorbate deformation is the
dominant mechanism determining the measured gap, d/,/dz and Az change in a manner that is
exactly opposite to the behaviour expected for vacuum tunnelling at constant current. If d/,/ds
falls on a clean surface, Az must increase to maintain constant tunnel current. However, when
an adsorbate is present, and d/,/dz falls because the gap modulation (ds) has been reduced, Az
must decrease to apply extra stress.

3. RESULTS

Images are usually acquired in 256X 256 arrays of 16 bit pixels with each line scan taking
about 1s. dI,/dz maps are acquired simultaneously at this digital resolution, although the
lock-in time constant covers many pixels in order to reduce noise (which, over DNA adsorbate
patches, is characteristically high). In addition to the usual transducer hysteresis, the tip-
substrate interaction is often quite dependent on scan direction, so images are separated into
pairs made from left—right and right-left scans to clarify these effects (Barris et al., 1988). We
must display images with a grey scale keyed to local curvature in order to enhance dynamic
range. We have obtained a number of images over DNA adsorbates which are quite convincing
because they show the 3-4nm helix period. However, in images as complex as these, their
statistical repeatability is an important ingredient in their interpretation. We have recorded
well over a hundred images over DNA adsorbate patches, and many more over gold surfaces
contaminated with various smaller molecules. The deposition technique described above
results in a distribution of images with the following characteristics.

(i) About 80% show some signs of long rod-like molecules with characteristics quite
distinct from features found on uncoated gold.

(if) About 20% show considerable order, with the rods packed into a liquid-crystal-like
array (Lindsay & Barris, 1988; Baris ez al., 1988).

(iii) About 10% show local structure within the ‘rods’. A study of these images yields a
range of periodicities; however, we have yet to find values greater than the 3-6 nm expected for
B-DNA in solution (Wang, 1979) (the helix pitch of Z-DNA is about 4:5 nm (Rich et al., 1984)
or less than the 2-8 nm expected for A-DNA (Leslie ez al., 1980).

(iv) Of the residual 20% showing no signs of polymer, about half are too noisy to interpret,
showing giant steps or other strange features which may arise from the tip becoming stuck in
the adsorbate. The other half show features we believe to be due to the effects of the buffer salts
alone.

Some images which show local internal structure are shown in Fig. 1. The helix structure is
clearest in Fig. 1(a) where several chain-like objects with the texture of a pearl necklace are
evident. The left-hand set of images in Fig. 1(a, ¢, &) are made from left to right scans of the tip,
and the right-hand set (b, d, f) are made from scans in the opposite direction. The scale for each
pair (a and b, ¢ and d, e and f) is marked on the image on the right. The top and bottom pair
show a loss of resolution in one scan direction, a common occurrence, which may be due to
asymmetry in the tip—substrate interaction. The middle pair (c and e) show no differences,






