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ABSTRACT

The capabilities of the Scanning Tunneling Microscope as a

tool to study the morphology and structure of adsorbed

biomolecules are reviewed in v1ew of recent experimental results

Problems such as electrical conduct1v1ty of the biomolecules,

fixation to the substrate and identification are analyzed in

detail. In particular the role of tip-surface interaction giving

rise to repulsive forces is illustrated. It is concluded

that

fixation rather than conductivity is the major obstacle to the

use of the STM for biological imaging.

Key words: DNA, deoxyribonucleic acid, STM, scanning

tunneling microscope



1. INTRODUCTION

The exploration of the capabilities of the Scanning Tunneling
Microscope (STM) to image biological material started soon after the
invention of the instrument. From the first results by Baro et al. in
1985 [1], till the recent reports by Arscott et al. [15] in June 1989,
more than 20 papers have been devoted to this effort. In spite of the
promise of high resolutién and simplicity of operation, researches are
still exploring the conditions in which STM can be applied to biology.
This is because the interaction of the instrument and the biological
material is not yet fully understood and consequently, techniques for
adequate sampie prep.aration are still being deveioped. In the field of
Transmission Electron Microséopy (TEM), many years were necessary to
develop effecﬁi:ive preparation techniques. These include preparation of
thin transparent carbon substratles, metal shadowing procedures to

enhance contrast etc.

It is the purpose of this paper to identify and discuss some .of
the problems that are specific to STM and to illustrate these with
results obtained while imaging DNA deposited on graphite in the |
author's laboratory. We have grouped these problems into three
categories. The first and most widely mentioned is that of electrical
conductivity. It ﬁas been argued repeatedly that most biological
material is electrically insulating in the bulk and that this will

prevent the use of techniques that require the passage of current like



the STM. To circumvent this problem many researches have borrowed
traditional methods used in TEM consisting of metal shadowing the
specimens [2,4,7,8,13,19]. The second one is the problem of fixation of
the biomaterial to the substrate. More specifically, due to strong tip-
molecule interactions, the question is can displacement and perhaps
modification of the weakly bound adsorbates be prevented?. Another
category of ﬁroblems include the identification of the imaged
structures. Ideaily, some type'of.specﬁroscopy, like detection of
electronic states or vibrational modes should aliow ﬁnambigﬁous_
analysis;-sinée this pbssibility has not yet been demonsﬁrated, most
researches resort to geometrical identification by shape apd éiée_of
the,obserQed 6bjects. This is a less perféct methéd andvcare muét be

taken to sort out a-variety of poséible artifacts.

We will illustrate many of these problems by presenting an
extended account of our work on DNA deposited on graphite. We will then

discuss in detail the various problems mentioned.



2. EXPERIMENTAL

2.1 Preparation of DNA samples

Several DNA preparations were used in this work. High molecular
weight calf thymus DNA (Worthington Biochemi_cal Corporation) was .
diss'olv_ed in aqueous 10 mM KC1 solution. Aliquots of this solution were
diluted with 10 mM KC1 to working concentrations of 1 mg/ml and
sometimes 0.05 mg/ml . DNA from bacteriophage T4 was also used. It was
mai:_nfca‘ingd in5 valTris—HCl (PH=7.1), 1 mMMgSOy, and 0.5 M NacCl, at
a concentration of 0.23 mg/ml. In some cases a dilute droplet of the -
detergent Sodium Dodecyl Sulfate (SDS), was added to promote uniform
spreading of the DNA on the highly orienteldvp;rolyti.c graphite (HOPG)

. substrate.

The HOPG sample was cleaved in air prior to alvll depositions. A
droplet of the solution containing DNA was transferred by micropipet
onto the HOPG surface. Using gentle warming in some cases, and simple
room temperature drying in others, the water was allowed to evaporate
as checked by visual inspection. This process left behind a series of
concentric rings, increasing in concentration to a thick crusty deposit
in the center. Blank droplets cohtaining no DNA, but the same salt
concentration left only a barely visible speck of KC1 in the center. We

observed that a stable tunnel junction could not be established in



regions where the deposit was visibly thick, and intentionally avoided
these regions when positioning the tip within tunneling range on the
sample. The outer edges where imaging was done appeared smooth, but
somewhat dull in luster. In some cases, the excess solution on the

surface was removed by capillary absorption using filter paper.
2.2. Microscope design and data acquisition. .

Two different STM heads were used in this study that yielded
similar results. The first consists of a single tubular piezo with
microiﬁéyt»er’:dx‘iven’differéntial deflection bars for coarse approach. It
is similar to a previously deséribed tripod design [20]. In the_v second
microécobé, two coaxial bié’zb tubes are employed, ‘and coarse sample
motion is accomplished by inertial translation of the sample ﬁsing the
outer tube [21,27]. STM control electronics and image acquisition and .
proéess’i’ng software of our own design were employed [22]. All the
imagés presented here are constant current ﬁopog,raphid images and only
raw unprocessed data are used unless specifically noted, in which case
a simple 3x3 point weighted smoothing was applied. Heights are
rep_re'é'ented in false color according to the gray scale shown in the
figuréé'. The images consist of 256x256.data points obtained with tip
velocities b'etwee'n 1000 and 4000 A/s. Bias voltages below 0.3 V were ,
used in both polarities with no observable differences except where
indicated. Gap resistances varied between 1 and 100 Mohm.

our tips were made by simply mechanically cutting a Pt-Rh alloy

wire of 1 mm diameter.



3. RESULTS
3.1 Morphology of the graphite surface.

We have collected a large number of STM images of both DNA
deposited onto graphite and graphite without any molécules being
intentionally deposited.: The latter "blank" experiments can be divided
into two groups: surfaces which have been cleaved with nothing
subsequently deposited, and sur_faces which have béen,cleaved followed
byA deposition of a droplet containing the salt solution but not
containing DNA. Th\e images produced from both of these types of blank
experiments were similar. In most of the surfaces prvo:ducedvby cleavage,.
there is no structure seen over square areas Qf several thousand _ N
Angstroms side. However, in some cases the surface exhibits_varying
degrees of disruption. An example of such an image is figure la which
shows a large area of a HOPG surface with a step of two atoms height:
along with a "kink" area where the material from thé térrace has4been
folded back on-top of itself. Another disrupted area j.s shown. i.r_a figuré
1b, where detached flakes are observed of several hundred Angstromé
width and only a few atomic 1ayers'height. There are plenty of exampies_
of these types of structures for surfaces which have had ;othing |
deposited, surfaces which have had only sélt solution deposited, and

surfaces which have had salt solution plus DNA deposited.



An example of potentially misleading structures arising from HOPG
is given in figure 2a. Although nothing was deposited on the surface,
considerable finé structure is observed on the step edges running -
diagonally across the image. Similar types of structure are
occasionally observed also when DNA was deposited. This is shown in the
example of figure 2b corresponding to a sample with bacteriophage T4
DNA deposited. The edges of triangular flakes can be seen that display
again remarkable periodicity. The periodicity of these edge structures
ranges from 20 to 80 A. Often they display angular bends of 60 or 120
degrees within the field of the image, reflecting the gfaphite
symmetry. In our work with DNA we have ‘avoided making intefpretations

about these kind of very linear geometric structures.

3.2 Tip-surface interaction.

. When imaging chemically:inert surfaces in air, considerable
repulsive forces can be exerted between the tip and the surface for
typical tunneling conditions (less than several hundred megohms gap
resistance). This is particularly evident in the case of graphite where
these forces.can displace entire flakes during scanning. The example of
figure 3a and b illustrate this effect very clearly. The 1000x1000 A
images show a large terrace on the'left side and a small flake of’
150x250 A size that is moved from the.right to the left of the image in
the course of the scan. Smaller displacements take also place during
scanhing as shown by the discontinuities in the vertical direction

(scan is horizontal). Part c of the figure shows another manifestation



~ of the tip-surface interaction. The tip was positioned of top of a
small flake, roughly 200 A wide. Then a small area of 18x19 A was .
imaged. A dramatic elongation of the graphite unit cell is observed
that we believe is due to the tip dragging the flake back and forth as

. it scans. These type of displacements were observed both with and

without DNA deposited on the surface.
3.3 Observation of DNA in aggregates and defects.

After the results of the previous section it is not surprising
~that only ‘:_Large bundles of DNA forming crystals or amorphous
structures; as well as DNA that is more strongly bound at defects such

as step edges can be imaged with the STM.

We have obtained several images of large structures on surfaces
onto which DNA was deposited, which are quite diétinct from any of the
geometrié structures described above. These include bundles of high
molecular weight DNA, twisted into fairly stable rafts. In another
exampie crystalline structures with a cubic-like symmetry were obtained
after.de,positing qalf thymus DNA with a droplet of dilute SDS to
enhance s_pfea,ding, on the HOPG. Finally stable clusters made of graphite
flakes with decorated edges were also obtained after deposition of
bacteriophage T4 DNA. Although large aggregates were found consistently
on surfaces with deposited DNA, their interpretation is difficult at

the present time.



Figure 4a-f shows the-evolﬁtion,of a few isolated DNA strands”
obtained by deposition of calf thymus DNA that”appear to be'anchoﬁedvat
the edges of graphite flakes: Horizontal displacements‘afe-obéerﬁed-in
the oval-shaped flake in a), along with small modifications of the |
edge-bound DNA fragment (b and c). Other fragments that do not appear
to be bound to edges of graphite are easily moved as shown on the lower
left of 4a, bottom of 4b and left of the oval structure in 4c. Parts d4)
to f) were taken in the region immediately below (portions of the oval-
shapéd structure are still visible in the upper right corner of d) and
e). The fragment at the bottom of d), e) and f) shows clearly the
spiral helix éitch distances, and after turning over itself on the
right hand side returns back to the left in a structure suggestive of
supercoiling. A.detailed account of this image has already been
published [16]. Notice the small but noticeable modifications that take
place in the successive images d) to f), where material sitting on top

of the DNA strand in d) and e) has been displaced by the tip in f).
3.4 Electronic effects.

We attempted to investigate also how the images were affected by
the bias voltage at which they were acquired. A series of images is
- shown in figure 5 a) to c), in which a circular structure formed after
depositing calf thymus DNA was imaged at several different bias
voltages and current setpoints, for electrons flowing from the sample
to the tip. The contrast almost completely disappears when the bias

voltage decreases from 100 to 10 mV. By returning the bias to the

9



original 100 mV, the level of contrast was only partially restored.
'Notice also the z-scale that changed from 62 to 13 A .indicating -

~ipermanent modification of the structure.
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4. DISCUSSION

4.1 The problem of electrical conductivity. -

From the results presented here and’ from the observations of othef'
authors [1,3-6,8,9,14-18], it appears that in spite of the inéuiating'
‘character of bulk solid DNA, imaging by the STM of this and othér
biomolecules of similar non-conductive character is not a major
- problem, at least for deposits a few hundred Angstroms thick; This
result can be explained by careful consideration of 'tﬁe' transport
process of the tunneling electrons from the tip, through the adsorbed B
molecule and to the substrate (or vice versa, for negative sample
bias). The insulating character of bulk DNA and other organic
~mol_ecu1»es‘, is a result of the negligible overlap of electronic orbitals
between neighboring molecules in the corresponding crystal. Electrons
can only "hop" from molecule to molecule and this requires high’ |
activation energies. Electrons can also tunnel from molecﬁie'ft:.o
molecule-. The probability for many of these processes to occur
sequentially in order to transport over large distances will thus de'c.ay
very rapidly. Therefore the problem we want to analyze is that of an |
electron tunneling from the tip to a weakly adsorbed molecule, its
- propagation through the molecular potential well and its further

tunneling to the substrate.

While a complete three dimensional ‘calculation of the proce'ssbis

11



not a trivial taSk, considerable insight into the physical phenomena
involved can be gained by considering a simple one-dimensional probiem
with square well potentials as that depicted schematically in the inset
of fig. 6a. The adsorbed molecule is represented by the square well
between tip and surface. This problem can be solved exactly and is
formally ideﬁtical to that of tunneling through gquantum well structures
[255. It is obvious that the extra space contributed by the thickness
of thé adsofbed molecule (10 A in the figure) is not part of the tunnel
barrier. For ﬁost electroh energies the_effect of this molecular
thickness is to change the phase of the tunneling electron wavéfunction
which is an oscillatory function inside the molecular well, without
decrease in its amplitude. This is shown in the figure where the
tunneling probability caiculated with the adsorbed molecular well is
compared to that calculated without adsorbed well and a barrier width
of 8 A4, equalvto the sum of the tip-to-molecule (5 A) and the molecule-
to—sﬁbétrate distances (3 A) (effective barrier width). For a molecule
like DNA the effective barrier width will be maintained by advancing .
the tip avdiétance roughly_equal to 3 A, the molecule-to-surface
distance (a typical van der Waals separation). This change in tip
separation isvsmalllcompared to the thickness of the molecule. The

schematic drawing of fig. 6b illustrates these ideas.

For some special values of the electron energy, resonant tunneling
occurs that produces maxima in the calculated tunneling probability as
shown in the figure . These energies correspond closely to bound states

of the isolated well. The electron spends a longer time in these

12



"quasi-bound" states and increases its chances of tunneling into the
surface. These well states correspohd to the ‘empty molecular levels of

the adsorbed molecule.
4.2 The fixation to the substrate.

One serious difficulty in ima?;ing biomolecules is that of its
fixation to the substrate as our results have clearly shown. The
presence of DNA on the substrate has been demonstrated by subsequent
metal shadowing, while it is not easely visible to the STM [13]. There
are two reasons for that. One is the weak bonding of the adsorbates to
the inert substrates that are used for imaging in non-vacuum"
environments. The second ‘is the strong tip~-surface interaction that
leads to "contact" and to the elastic deformation of the tip-substrate
system. In some specific cases the repulsive contact forces have been
measured to be in the range of 10~7 to 1078 Newtons and produce local
elastic deformations of the substrate of sev.eral Angstroms. This has
been documented in the case of graphite [4-26] and of Re(0001) -

- passivated by a monolayer of S [27]. This is at the origin of the so

called giant corrugations in graphite [28] and of the anomalously low
barrier height values found in measuring the tunneling barrier height

in air in many materials. The chemically inert nature of the contacting
surfaces prevents strong chemical bonding from taking place between the

tip and the surface.

our 'res;ults have shown how in the case of graphite, the tip can

13



displace small (a_fewAhundred A) f1akes of gr;phite over ;hgysugfgcg,»
It is not surprising then that DNA fragments on the flat“graphi§e4, 
terraces might also.ﬁe displaced when the binding force,is>sma11er than
that exerted by the moving tip. Large aggregates of DNA might be more
difficult to displace by the tip and therefore can be imaged, aggshown
by our results and those of other authors. The other possibility is to
increasg the binding force of DNA to the substrate by attachment to
more reactive sites like defects and'step edges, as our ;esults_
demonstrate. Due to these fixation problems howgver, the images
obtained .might not be representative of the average DNA fragments on.
the surface but only of those that either coalesce,in;o_aggregates or

bind to defectsf

One possible solution to these problems is to operate the
microscope in a "hopping" mode, where the tip‘travelsvat a,¢onyenient1y
safe height over the surface and descends only to the tunneling
distance dpring a short time to minimize contact. The results of
Jericho et al. [29] aemonstrate the potential of this mode of operation
for weakly bound biomaterial. Another possible solution could be to use
very small punnel currents (large gap resistance) that would correspond
to a sufficiently large tip-to¥surface distance :[12]. Another approach
which could be useful is that of.forming a cdvalentvbond.between the
molecule and the surface through chemical treatments [30]. In'vigw of.
the discussion of the last two sections, we propose that the primary
effect of metal shadowing used by many authors is the fixation of the

biomaterial on the surface, rather than providing electrical

14



conductivity to the adsorbate.

4.3 Identification.

Identification by the shape and size of the ‘im‘ag'ed obj ects is the
procedure followed 8o far by most authors. Structures like that of DNA
can ,bc‘a identified by the repeating spiral helix of the molecule. As
discussed in a previous publication [16], our measured pitch of the
‘bumps along the DNA chain varied between 27 and 50 A with ah'a\}érage -
value of 40 A. The variation observed in'our Jméasiir}ed'p-i‘téh péfiodiéit);
can be attributed to the fact that they correspond to i'soilzi.t‘:ed‘:and -
dried molecules, while crystallized aggregates might conform more to
the pitch periodicities measured from X-ray diffraction studies. Also
the size of the DNA molecule will appear different dependiﬁg 6f1"whe£hé;'
it is measured on isolated molecules or in crystalline aggregates. In
the first case the tip size is fully cohvolutéd and is added to the
molecular width, while in closely packed rafts of DNA the pe‘ribdicity ’
or distance between molecules should not be al'ffeéte"d by tip size

effects.

our results on the'véltage dependence of 'ima.gvé'c"on'tfést'proﬁide'a
hint to one way to identify molecular structures i:hrough spectroscopy.
Unfortunately, oui:j knowledge of the electronic properties of thé |
various constituents of DNA, in paftichlér the'if density’ of s{:atéé 1s |
too poor to allow any conclusion from these. data at present. An |

interpretation of the observed effect is that at 10 meV energy the

15



density of states along most of the observed ring structure is very
low, and so the tip is advanced towards the surface to maintain the
tunnel current, with most of the advance further deforming the
substrate. At 100 meV the density of states is higher and the tip is
also at a greater distance. The_force~between'tip and surface has
‘increased sufficiently to produce a permanent damage of the ring
structure'dﬁring scans at 10 mV, as evidenced by the only’partiél
recovery of the contrast in the image taken after restoring the
original, 100 mV bias. The loss of contrast in the image taken at 10 mv
could also be due to the increaSed deformation of the molecule at the
smaller gap resistance and unrelated to any change in the density of

"states.
--5. Conclusions.

The main purpose of this work was té demonstrate the various

.important . problenms thét are present when using the STM to image weakly
bound biological material. We have shown using our results on DNA that: -
a) Electron transport is not a major problem. b) That considerable
interaction between tip and surface is responsible for the displacement
of weakly adsorbed material. This includes small graphite flakes and

DNA that is not bound to other DNA molecules to form large aggregates

or to defects such as step edges. c) That there is a considerable..
dependence of the image contrast on the bias voltage that might be used

for identification.
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' FIGURE CAPTIONS

- Fig. 1. Topographic images of graphite showing defect structures.
a) 2000x2000 A area with notched step and folded-back bilayer
flake. b) 2500x2500 A area showing flakes detached from step

edges. Sample bias -0.1 V. Gap resistance 100 Mohm.

Fig. 2. Fine structure of some step edges in graphite without (a)
and with (b) DNA deposited. a) 600x575 A image showing structures
with 20 A periodicity. Eias —0‘. 1 V; Gap resistance 30 Mohm. b)
2480%2415 A ‘areé showing edges of triangular flakes. Periodicities

of 78 A are observed. Bias -0.04 V. Gap 85 Mohm.

Fig. 3. a) 1000#1000 A image showing a large terrace on the upper
left side and a small 'fla];e on the right 150x250.A size.. b) Sane
area after second scan showing displacement of the graphite flake
to the left. Discohtinuities are due to smaller displacements
during _scai‘ming. c) 18x%19 A scan taken on top of a 200x200 A flake
showing elongated unit cells, (4 A in one direction and 7 A in the
other) due to the tip dragging the flake as it scans. Gray scaie

range 1.85 A. Bias -0.1 V. Gap 100 Mohmn.

Fig. 4. Sequence of images of isolated DNA strands bound to
graphite flake edges showing tip displacement effects. Two small

sudden displacements of central oval structure during the scan are
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observed in a). Less strong1y bound material in left of a)
(470x470 A), bottom of b) (400x470 A) and left of c) (425x400 A)
is displaced out of the area in successive scans. Part of the oval
structuré in a) b) and c) appears at top fight corner of d)
(480x400 A) and e) (660x600 A). Notice evolution of DNA fragment
at bottom part in d); e) and f) (400x400 A). The sequence of bumps
in this and in the oval structure are intérpreted aé dué to the

DNA spirals. Bias -0.1 V. Gap 1 Mohm.

Fig. 5. Bias effects in circular fragment after deposition of calf
thymus DNA on gr_aphite. a) Image taken at a sample bias of -0.1V.
Average height of ring is 25 A. b) Same area at_ a sample bias of -
0.01V. Only some fragments of the ring are visible. Notice also

height has decreased to 6 A roughly. c) Same area after restoring
-0.1V bias. Contrast over most of ring is recovered but height is
irreversibly lost. Tunnel current 1 nA ina) andc¢) and 0.5 nA in

b) .

Fig. 6. (a)' Calculated one-dimensional tunneling probability for
the square well potential shown in thé inset as a function of
electron energy from the bottom to the top of the well. The left
and right semiinfinite wells represent the tip and surface and the
middle 10 A wide well, an adsorbed molecule. The three maxima
correspond to resénant tunneling with bound states of the isolated
central well. For cémparison, the corresponding curve for .simple

tunneling through an 8 A wide barrier is also shown. (b)
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Schematic diagram showing the trajector§'of the tip as it scans
from the bare surface to over a weakly adsorbed molecule. The '
" tunneling barrier regions are shown hatched. The thickness of the

molecule does not contribute to the barrier width.
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