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Abstract

STM images of single biomolecules adsorbed on conductive substrates do not reproduce the expected physical height,
which generally appears underestimated. This may cause the tip to interfere with the soft biological sample during the
imaging scans. Therefore, a key requirement to avoid invasive STM imaging is the knowledge, and the control, of the
initial tip to substrate distance. This is connected to the setting of the tunnelling current and applied voltage, which
define a tunnelling resistance.

The height of the STM tip was measured by calibrating the tunnelling resistance, as a function of its vertical
displacement until establishing a mechanical contact. At a tunnelling resistance of 4 x 10°Q, distances of about 3 and
6 nm are estimated when flat Au substrates are imaged in water and in air, respectively. On such a ground, the relevance
of the starting tip—substrate distance in determining a non-invasive imaging has been investigated for a plastocyanin
mutant chemisorbed on Au(l11) electrodes. At tunnelling distances sufficient to overcome the physical height of the
imaged biomolecules, their lateral dimensions are found to be consistent with the crystallography, whereas they are
significantly broadened for smaller distances.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction proteins and DNA immobilized on conductive
substrates [1-3].

Since its introduction, STM has been exploited The discovery that STM could be operated

to investigate a large number of biomolecules like under fluid [4] opened the feasibility of high-

resolution studies of biomolecules in a near-

physiological condition [5]. The introduction of
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redox biomolecules and metal electrodes, whose
knowledge is crucial for the development of
bioelectronic devices [7-9].

Several groups have reported successful STM
imaging of biomolecules in various environments
[10-21]; nevertheless, the mechanism governing the
tunnelling current through the biological material,
due also to the large complexity of the biological
macromolecular structure, has not been fully
elucidated.

Irrespective of the electron conduction mechan-
ism, the height of biomolecules as estimated by
STM is found significantly lower as compared with
the crystallographic data [12,19,20,22-25]. This
may be connected to both the poor conductive
properties of the biological matter and the electric
resistance present at the molecule—electrode junc-
tion [26-28]. When STM is operated in constant
current mode, the estimated height of a single
molecule on a flat metal surface corresponds to the
vertical tip retraction as governed by the feedback
loop, which compensates the piezo position for a
variation in current reading. As a major conse-
quence, the scans will perturb the macromolecular
structure if the tip retraction is not sufficient to
overcome the top of the biomolecule. On the other
hand, an unperturbed imaging of biomolecules is
fundamental to discriminate between intrinsic
conductive properties and tip-induced effects,
especially in the attempt to model the tunnelling
mechanism through a biomolecule [29-33]. For
example, if the tip penetrates the biomolecule, it is
difficult to know which part has contributed to the
current.

In general, the absolute vertical position of the
tip over the conductive substrate is difficult to be
estimated. Therefore, the tip—sample distance can
be inferred from the tunnelling current and bias
voltage settings, once the corresponding resistance
has been calibrated as function of the tunnelling
gap width and a reliable contact resistance value
has been assumed [34,35].

The transition from tunnelling to contact regime
was firstly studied in ultra-high vacuum junctions
[36,37]. The current shows an exponential depen-
dence on distance consistent with a rectangular
tunnelling barrier model [38]; the measured
contact resistance (about 10*Q) having been

found very close to the theoretical prediction of
Lang [39].

Bingelli et al. [40] extended the investigation of
the point contact regime to water electrolytes.
Controlled variation of the tip—sample distance in
the transition regime exhibited a similar distance
dependence of the tip current as observed in
previous vacuum studies. In this electrolytic
system, a distance variation of 1 nm was registered
if the tunnelling resistance was reduced from 10 to
10*Q. At similar conclusions arrived Vaught et al.
[34], who estimated a tunnel gap of 2nm at 10°Q
for an Au(l11) substrate imaged under electro-
lyte. As predicted by the dielectric model [41], the
increase in tunnelling distances under electrolyte,
was explained by a lowering of the apparent
tunnelling barrier height as due to the presence of
water [42—-44].

For STM imaging performed in ambient atmo-
sphere, larger tunnelling distances were found. At a
resistance of 10°Q, a corresponding tunnelling gap
of 3nm was measured on hydrophilic surfaces [45],
while up to 10nm gaps were estimated during
imaging of bacteriophage tails on indium oxide [46].

In summary, the significant scattering of data in
literature points out that the distance-resistance
dependence is strongly influenced by the medium
in which the measurements are performed.

In this work, the width of the tunnelling gap
between the scanning tip and the gold substrate
has been determined, and its relevance for a non-
invasive imaging has been investigated for a poplar
plastocyanin variant protein immobilized on
Au(111).

Poplar plastocyanin is a small (10.5KDa)
copper protein which functions as an electron
carrier in the photosynthetic chain. The protein
has an 8-stranded antiparallel beta sheet structure
and a redox (Cull-Cul) copper active site located
at the northern part of the protein. This site is
coordinated by four amino acid residues in a
tetrahedral geometry which provides the protein
with its peculiar spectroscopic and electrochemical
features [47]. Site directed mutagenesis has been
used to introduce a disulfide group in the protein
(PCSS) sequence opposite to the redox site in
order to obtain a stable chemical link with gold
substrates [48].
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From the dependence of the tunnelling resis-
tance on the vertical tip position, we inferred
tunnelling distances of about 3 and 6 nm in water
and in air, respectively, at a working resistance of
4x10°Q.

The effect of a controlled variation of the
tip—substrate distance on the imaging of the
biomolecules placed in the tunnelling gap allowed
us to indicate optimal conditions for non-invasive
STM of biomolecules.

2. Experimental details

Design and expression of PCSS has been
described in detail elsewhere [48]. Briefly, the
pET-3a plasmid, which contains the poplar
plastocyanin gene was used as template and the
mutation was incorporated with a mutagenic
primer carrying the mutated codons. The expres-
sion vector, containing the mutated gene, was
reconstructed by a combination of restriction sites.
The mutant protein was overexpressed in the
cytoplasma of E.coli cells and released from the
bacterial cells by freeze-thaw method. PCSS was
purified by anion exchange chromatography
(DEAE Sepharose-fast flow) and size exclusion
column (Superdex G-75) in a Pharmacia FPLC
set-up. The protein purity was assessed by SDS
page and isoelectric focusing gel (PhastGel IEF 3-9
Pharmacia).

STM experiments were performed either in
ambient atmosphere or in ultra-pure water
(18.2MQcm) with a PicoScan STM instrument
(Molecular Imaging, Inc.) equipped with a 10 pm
scanner and a preamplifier sensitivity of 1nA/V,
which records a maximum current of 10nA and
applies minimum voltage bias of 10mV. Fluid
STM experiments were carried out by using a
Teflon liquid cell.

STM tips were prepared either by electro-
chemical etching of Pt/Ir wire (Goodfellow) and
coated with apiezon wax or mechanically from
Pt/Ir wire. Substrates consisted of Au films
thermally evaporated on borosilicate (Arrandee™)
and butane flame annealed to reconstruct (111)
terraces.

Recrystallized gold substrates were incubated
with 50 uM of PCSS solution in 20mM sodium
phosphate (pH 6) between 40 min and 1h at 4°C.

Mono disperse gold colloids with nominal
diameter of S5nm (Sigma Aldrich, Co.) were
deposited on Au(l11) at a concentration of
3x107®M and left to dry overnight in drying
box filled with silica gel. The height of colloids on
Au terraces was controlled by Tapping Mode
AFM (TMAFM) performed with a Nanoscope
IIIA system (Digital Instruments).

Current vs. distance measurements were ob-
tained by positioning the STM tip on a flat
Au(l11) terrace, at starting tunnelling resistance
in the range between 2 x 10® and 2 x 10'°Q. The
current was recorded as function of vertical
distance during approach or withdraw of the
STM tip, in a time scale between 0.1 and 0.3s.
Data were processed if vertical thermal drift of
piezo actuator relative to the substrate was below
0.05nm/s. When the tunnelling current, It, re-
sulted to be proportional to exp (—ks), the inverse
decay length k = —1/2(dInIt/ds) was evaluated
by fitting In/r as a function of the vertical tip
position s.

STM images were performed at several scan
speeds; with no significant changes in the overall
features having been observed in the range of
2-4 Hz. Moreover, STM imaging was independent
of scan direction.

3. Results and discussion

Tunnelling current I, is expected to vary with
the tunnelling gap, s, proportionally to exp (—ks),
where k is the inverse decay length that is equal to
—1/2(dIn It /ds).

To investigate any possible influence of tunnel-
ling parameters (current, bias) on k, the depen-
dence of the tunnelling current on the
tip—substrate distance was measured on flat
Au(l111) in ambient atmosphere at starting
tunnelling resistances ranging between 2 x 10°
and 2 x 10'°Q typical result is shown in Fig. 1,
where the logarithm of current is displayed as a
function of the vertical tip displacement, which is
controlled by the piezo actuator. The dependence
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Fig. 1. Tunnelling current vs. vertical tip position for a Pt-Ir
tip and an Au(1 1 1) substrate, as recorded at a constant bias of
0.02V. The zero point in the s-horizontal axis refers to the
starting piezo position, which is unknown and corresponds to a
tunnelling resistance of 2 x 108Q; negative value for s means
that the tip is moving towards the substrate.

of the current on the distance appears strictly
exponential and the k value, as calculated from the
slope of In It, results to be almost constant and,
therefore, not affected by the starting tunnelling
conditions.

We focused, then, the attention on the current—
distance characteristics of the tunnelling junction
at experimental conditions generally used to image
proteins [25,31]. We engaged in feedback at
unknown absolute height, but at a tunnelling
resistance of 4 x 10° Q (50 pA, 0.2 V), we step in ds
and measured changes in current.

This was repeated for several combinations of
gold substrates and Pt-Ir tips, either in air or in
ultra-pure water at room temperature. All data
recorded are summarized in Table 1. Although, as
already observed [40], the calculated values of k
scatter considerably, they lower in air than in
water. This means that the current decays with the
tip—substrate distance more rapidly if the measure
is performed in ultra-pure water. Moreover, a
slight but systematic bias polarity effect is also
observable in both media, in agreement with what
was suggested previously [34,35].

The absolute tip—substrate distance can be
estimated from both measuring the current depen-
dence on vertical tip displacement and the
assumption of a reliable value for the electric
resistance at the contact point [34,35]. Fig. 2(a)

Table 1

Measurements of k = —1/2(dIn 77 /ds) for different Pt-Ir tips
and Au substrates as recorded at a tunnelling resistance of
4x10°Q

Environment VBias k (nm™ D}

Air Positive 1.4340.46
Air Negative 1.39+0.54
Water Positive 3.044+0.97
Water Negative 2.304+0.81

Data have been collected in air and in ultrapure water with
either positive or negative applied bias. The errors correspond
to 1-sigma standard deviation.
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Fig. 2. (a) Fit of It vs. distance s as recorded during tracing of
the tip toward the sample in air (plane line) and in ultra-pure
water (dot line), and extrapolated to the current value at
contact, having assumed a contact resistance of 2 x 10*Q. Zero
position refers a tunnelling resistance of 4 x 10°Q (50 pA,
0.2V). (b) Log (base 10) of the tunnelling resistance plotted
against the vertical tip position.
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shows the fit of the experimental current values
recorded both in air and in ultra-pure water as
function of s. The data are extrapolated to the
current value corresponding to the contact resis-
tance (I = V' /Reontact) Where for Reoniact @ value of
2 x 10*Q has been assumed. Such value is reason-
ably consistent with our experimental conditions
(tip and substrate materials) as reported in
literature [36—40]. The exponential increase of the
tunnelling current on reducing the distance, is
much faster if both substrate and tip are under
water. At a fixed bias, the tunnelling current is
inversely proportional to the resistance, therefore
from Fig. 2(a) a more useful resistance—distance
curve can be drawn (Fig. 2(b)). It can be seen that
the distance between the initial tip position (at a
resistance of 4 x 10’ Q and the contact position (at
resistance of 2 x 10*Q) is found to be about 3 and
6nm in water and air, respectively. These values
are in good agreement with the results reported
previously in the two environments [34,35].

Despite being fast and non-destructive, the
estimation of the tunnelling distance from the
corresponding resistance is potentially subject to
some sources of errors. For instance, positions to
establish electrical or mechanical contacts may
slightly differ [49]; moreover, the inverse decay
length may change within the full path travelled by
the tip.

To get an independent estimate of the tunnelling
distance, we approached, in a controlled way, the
tip to the gold substrate until a mechanical contact
was achieved. Simultaneous STM imaging could
provide evidence for possible changes in the
surface features. For this purpose, STM was set
to operate in water at 4 x 10°Q (50 pA, 0.2V) and
from the corresponding resistance—distance curve
a tunnelling gap of 2.9 nm was estimated. Hence,
the tip was approached to the substrate by
stepping in ds by 0.1nm. After 3nm of tip
lowering, the presence of a bump (about 2nm in
height and 10 nm in width) was detected (Fig. 3).
Due probably to some damage occurring to the tip
the imaging resolution sometimes was not good;
however, it was sufficient to witness the occur-
rence of a mechanical impact, as already reported
[50,51]. Various tip—substrate approach experi-
ments were repeated at different starting tunnel-
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Fig. 3. Constant current STM image of an Au(l 1 1) substrate
in ultra-pure water at a tunnelling resistance of 4 x 10°Q, after
having established a mechanical contact with the substrate.
Height profile along horizontal white line is shown below.

ling resistances, either in water or in air. Bump
dimensions were changed from experiment to
experiment, but no systematic effect of the
environment or tunnelling resistance was ob-
served. Furthermore, the polarity of the bias
applied did not show any influence on the
formation of the bump.

In conclusion, bumps are generated after the tip
has covered a distance that is very close to that we
inferred by the resistance—distance characteristics
and this confirms that our assumptions were
reasonable.

Once tunnelling distances were quantified, we
investigated the effect of variations of the tunnel-
ling distance on the intrusiveness of the STM
measurements on biomolecules.

Two kinds of samples were imaged: gold
colloids and plastocyanin mutant proteins. They
are almost similar in shape and dimensions, but
they differ in elastic and conductive properties.
Mono-disperse gold colloids spread on an
Au(111) substrate were imaged in ultra-pure
water by TMAFM and by STM, and used as



236 D. Alliata et al. | Ultramicroscopy 101 (2004) 231-240

reference sample. TMAFM characterization
(images not included) showed single nano-particles
with an apparent physical height very close to the
nominal value of Snm. The STM measurements
were performed at a tunnelling resistance of
4 x 10°Q (50 pA, 0.2 V) corresponding to a tunnel-
ling distance of about 3nm (Fig. 4). The corre-
sponding height profile shows that the tip was
retracted by about 5nm when it was moved over
the colloid. Therefore, the height of the metallic
conductive bead measured by STM coincides with
its physical height.

The situation appears different when PCSS
molecules adsorbed on a gold substrate are imaged
at the same tunnelling resistance (4 x 10°Q).
Actually when the tip moves over the biomolecule
a maximum tip retraction of 0.5nm is registered
(Fig. 5(a)). This value is significantly lower than
the physical height of the protein (around 3 nm
[52]). A reduced apparent height is a quite
common feature displayed by biomolecules when
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Fig. 4. Constant current STM image of a gold colloid on
Au(l 11) surface at a tunnelling resistance of 4 x 10°Q. Height
profile along the vertical white line and sketch of the gold bead
is shown below. Scan speed 4 Hz.

imaged by STM [12,19,20,22-25], and might be
attributed to their poorer conductivity as com-
pared to the metallic substrate. However, the
lateral size is well reproduced in agreement with
the crystallographic data [52] and also with that
reported by several authors on different biological
samples [12,20,23,24]. It should be remarked that
since we engaged at a tip—substrate distance of
about 3 nm, and by considering a tip retraction of
0.5nm, it is evident that the tip has not come into
contact with the protein molecule.

In other words, while the gold nano-particle can
be imaged at any tunnelling resistance/distance,
since the piezo can fully compensate for its
presence, PCSS biomolecules can be imaged, in
non-invasive way, only if the sum of the preset
tip—substrate distance and the apparent height
(corresponding to the maximum tip retraction
over the biomolecule) exceed the topological
height.

Taking into account the above-mentioned
tip—substrate distance and the maximum tip
retraction over the protein, we investigated the
effect on the image quality upon lowering the gap
by reducing the tunnelling resistance.

In the sequence of images shown in Fig. 5, PCSS
molecules chemisorbed on an Au(l 11) substrate
were imaged in ultra-pure water, at decreasing
tip—substrate distances, which correspond to de-
creasing tunnelling resistances. When the tunnel-
ling gap width was initially reduced from 2.9 to
2.4nm no changes in shape or lateral dimensions
were observed for the imaged proteins (Figs. 5(a
and b)). In fact, here the tip can still overcome the
height of the protein molecules, without interfering
with their molecular structure.

However, when the initial tunnelling gap was
reduced to 1.9nm by setting the resistance to
4% 107Q, some PCSS molecules display a consi-
derable enlarged lateral dimension. For example,
the molecule indicated by the white arrow increases
its lateral size from 5.7nm (Figs. 5(a and b)) to
14.9 nm (Fig. 5(c)). Finally, when the resistance is
set to 2 x 107 Q (Fig. 5(d)), which corresponds to a
tip—substrate distance of 1.4 nm, the lateral size of
the indicated PCSS molecule was broadened to a
value of 16.9nm. In both Figs. 5(c and d), the
tunnelling distance results below the physical
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Fig. 5. PCSS molecules bonded on an Au(l11) substrate as imaged by constant current STM in ultra-pure water at decreasing
tunnelling resistances: 4 x 10°Q (a), 4 x 108Q (b), 4 x 107 Q (c), 2 x 107Q (d). Corresponding height profiles along white lines are
shown below each figure. Scan speed 4 Hz. Vertical distances have been rescaled so that the height profiles coincide with the absolute
tip position with respect to the substrate, as inferred by the R—s curve.
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Fig. 6. Constant current STM images of PCSS proteins on a gold substrate in ambient atmosphere, at decreasing tunnelling
resistances: 4 x 10°Q (a), 4 x 10°Q (b). Corresponding height profiles along white lines are shown below each figure. Scan speed 4 Hz.

height of the proteins. Therefore, even if the tip is
still able to retract 0.5nm over the protein, can
either squeeze or pass through the protein, leading
to invasive measurements of the biological sample.
As a consequence, both lateral forces and vertical
pressure may reasonably cause a deformation of
the protein. In turn, the image will be a convolu-
tion of tip and sample, resulting in final enlarging
of lateral dimensions. The strong interaction
locally applied could affect either the structure or
the function of the biomolecule, preventing any
investigation of the inner electron transport
properties. It has to be pointed out that not all
the imaged molecules (Figs. 5(c and d)) are
affected in the same way. This is consistent with
the fact that the PCSS molecules may be oriented
with respect to the gold substrate with different
angles, yielding to a distribution of molecular
heights centered on a mean value of 2.44+0.6 nm
[25,53].

In conclusion, the optimal image conditions for
soft matter, which prevent one from observing
artefact, are fulfilled when the sum of the
tip—substrate distance and the tip retraction
exceeds the physical height of the molecules.

For completeness, the sequential imaging of
PCSS proteins was repeated in air, at tunnelling
resistances similar to those used in the previous

experiment. Images shown in Fig. 6 were recorded
at 4x 10°Q (a) and 4 x 10°Q (b), where the last
one is close to the minimum operative tunnelling
resistance for our instrument. According to the
resistance—distance plot obtained in air, the
corresponding tunnelling distances are now higher
than those estimated in ultra-pure water. As
estimated by the resistance—distance plot, the
tunnelling gap width was 6.2nm in Fig. 6(a) and
3nm in Fig. 6(b). This implies that the tip never
touched the proteins and, correspondingly, both
images in Fig. 6 show single biomolecules with
well-defined shape. Moreover, as shown by the
height profile analysis, the lateral size is almost
constant, and in good agreement with the expected
lateral dimension.

4. Conclusion

The actual tip to substrate distance during the
imaging of gold substrate has been determined by
measuring the resistance as a function of the
tunnelling gap. When the tunnelling resistance is
set to 4 x 10°Q, and Pt-Ir tips are used, distances
of about 3 and 6 nm are estimated in water and in
air, respectively. These tunnelling gap values are
further confirmed by the destructive sequential
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approach of the tip toward the Au substrate which
leads to the formation of a bump at the contact
site. We show that the starting tip—substrate
distance becomes relevant in determining a non-
invasive imaging in the case of biomolecules
chemisorbed on metal substrates. For this pur-
pose, PCSS molecules immobilized on gold (111)
were imaged at different tunnelling resistances.
These images displayed molecules whose lateral
dimensions are well reproduced until the tip—sub-
strate distance, added to the amount of tip
retraction on the molecule, has a value above the
physical vertical size of the protein, while molecule
deformation and artefacts seem to appear as soon
as the tunnelling distances are far below physical
vertical size of the protein.

These results represent the first clear evidence of
the crucial role of STM parameters to perform real
non-invasive measurements on biomolecules. Re-
sults suggest that any time STM imaging on
biomolecules has to be performed, the resistance—
distance dependence must be evaluated to establish
the minimum tunnelling resistance at which the tip
to substrate distance is at least equal, or even
higher, the crystallographic dimension of the
biomolecule; of course compatibly with an accep-
table signal to noise ratio.

Further investigations are currently in progress
to evaluate the impact of such a parameter on
current transport mechanisms through/around
biomolecules as obtained by STS.
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