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ABSTRACT: The invention and development of the scanning tunnel-
ing microscope (STM) have opened new and original approaches
for atomic- and nanometer-scale studies of surfaces. However, its
application for imaging biomolecules has to overcome the poor elec-
trical conductivity of biological samples. This article describes an
operation mode of the STM that allows high-resolution imaging of
hydrated purple membranes and their selective modification. The im-
aging requires very low currents (below 1 pA) and applied voltages
above 5 V. This mode also allows performance of hanometer-scale
modifications of the membranes. These modifications are generated
by removing the proteins and lipids from a selected region of the
membrane. The removal takes place by establishing tip—membrane
mechanical contact. This happens when the operating current is
above 2 pA. These experiments pose the problem of electron trans-
port through 5-10-nm-thick insulating materials. We propose a model
in which the contrast mechanism is controlled by two factors: the
electric field at the interface and the transmission through empty
states in the membrane. We also compare these results with STM
experiments imaging DNA molecules deposited on insulating sub-
strates. There, the contrast is based on the lateral conductivity of
water films. © 1997 John Wiley & Sons, Inc. Int J Imaging Syst Technol, 8,
168-174, 1997

Key words: STM; field emission; purple membrane; nanotechnology

I. INTRODUCTION

In scanning tunneling microscopy (STM), a sharp, conductive
tip follows, from a few angstroms away, the topography of a
sample surface while keeping a constant current [Fig. 1(a)]. The
scanning tunneling microscope is a powerful tool for imaging [1]
and modification [ 2] of metallic, semimetallic, and semiconduc-
tor surfaces at atomic and nanometer scales. Atomic resolution
images can be obtained in air, in ultrahigh vacuum, and under
liquid environments.
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Three-dimensional imaging, atomic resolution, and operations
underwater have prompted the application of STM for imaging
biomolecules. A variety of organic and biological molecules have
been examined by STM [3]. DNA bases [4], DNA [5], DNA-
protein complexes [6], globular and elongated proteins [ 7-9],
severa protein membranes [10—12], and microtubules [13] are
some examples of biomolecules studied by STM. However, those
experiments have to deal with the poor electrical conductivity of
biomoleculesthat makesit difficult to establish aconstant current.
They aso pose the problem of the contrast mechanism that allows
their imaging by STM.

Several models and calculations based on the coupling be-
tween substrate and molecule orbitals [14], resonant tunneling
[15], or the modulation of the effective barrier by polarizable
molecular adsorbates [16] give some reasonable explanations of
the observed contrast for very thin organic films (below 1 nm).
The situation is more complicated when biomolecules are in-
volved, and direct tunneling through them gives a negligible con-
tribution to the total current. The experiments themselves are
somehow controversial. In some cases, experimental results have
been difficult to reproduce, and the factors that contribute to
image formation were not properly isolated [17]. On the other
hand, the electrical conductivities of some organic films implied
by STM observations (~1072 Q~* cm™) are several orders of
magnitude higher than previous macroscopic measurements
[18,19]. In genera, the mechanisms of electron transport op-
erating in STM experiments involving several-nanometer-thick
macromolecules are not known.

In this article, we have chosen purple membranes (PM) as a
model system to examine the conditions for reproducible STM
imaging of biological specimens. PM are imaged with vertical
and lateral resolution of 0.3 and 15 nm, respectively. Successful
imaging of PM deposited on conductive supports requires cur-
rents below 1 pA and applied voltages above 5.5 V [20]. Based
on the experimental results, we propose a model in which the
imaging is controlled by the electrical field at the interface and
the existence of empty electronic states in the membrane. The
tip—sample distance is controlled by the applied voltage and cur-
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Figure 1. (a) Schematic cross-section of an STM interface. The
upper component represents the probe (tip) and the bottom is the
sample under examination. V and / are the applied voltage and the
electronic current, respectively. The line with an arrow indicates the
scanning direction. (b) Custom-built low-current STM. The patch
clamp amplifier is attached to the top of the tip-holder housing. At
its bottom there is an X-Y table for fine positioning of the tip on
the sample surface. The tip-holder housing rests on the piezoelectric
scanner cradled in the microscope base. The small window allows
optical tip—sample coarse approach.

rent. By monitoring those parameters, a method to generate nano-
meter-scale patterns on the membranes is also presented.

The STM offers a variety of mechanisms to study biomole-
cules. As an example, we will briefly discuss recent experiments
imaging DNA molecules deposited onto insulating substrates
[21]. Inthis case, the lateral conductivity of water films adsorbed
onto the biomolecules and on the substrate has a dominant role
in the imaging contrast.

Il. MATERIALS AND METHODS

Purple membrane is a natural membrane crystal present in the
cell membrane wall of halobium bacteria. The membranes used
in this study have been obtained following the procedure de-

scribed in Ref. 22. Its structure has been characterized by electron
microscopy and diffraction [23] and recently by atomic force
microscopy [24]. The purified membranes appear as oval sheets
of about 1 um diameter and about 5 nm thickness.

Purple membrane is made of a single protein species, Bacteri-
orhodopsin. The proteins are packed in hexagona symmetry,
space group p3, with lattice parameter 6.3 nm. Biologically, the
protein acts as a light-driven proton pump. Owing to its structural
stability in a wide range of environmental conditions, and to
its remarkable optical properties, PM is drawing interest for its
potential applications as a high-performance component of opti-
cal computers [ 25].

Highly oriented pyrolitic graphite (HOPG) is used as a solid,
conductive support (substrate) for the membranes. HOPG has
been extensively studied by STM. It is easily cleaved and inert,
offering large, atomically flat regions for deposition. In addition
to the above properties, graphite has no structural defects that
could resemble the membranes’ shape.

Approximately 10 ul of an agueous suspension of PM (0.1
mg/ml) are sprayed onto the substrate. The graphite is placed
perpendicular to the stream and about 10 cm away from the
atomizer. The spreading produces small droplets on the graphite
that rapidly evaporate, leaving the PM on the surface. The process
is repeated several times to guarantee uniform coverage of the
surface.

Without any further preparation, the sample is loaded into a
special STM chamber that allows control of the relative humidity
from 5 to 100%.

A relevant factor for imaging PM is the geometry of the tip.
Platinum-iridium electrochemically etched tips were used (Mate-
rials Analytical Services, Raleigh, NC). These tips have a high
aspect ratio. For some of them, curvature radii as small as 10 nm
were measured.

For the DNA, a drop of 10 ul of a solution of 2 pg/ml of
double-stranded circular DNA was deposited over 30 s on a
freshly cleaved piece of mica, then rinsed in pure water. DNA
molecules were imaged with electrochemically etched tungsten
tips.

The experiments were performed with a custom-built low-
current STM which has two main components. a probe housing
that contains the tip holder and carries the low-current amplifier
electronics, and the scanner support base which houses electrical
connections and the stepper motor for automated approach of the
tip to the sample surface [26] [Fig. 1(b)]. This STM can be
operated at currents as low as 0.06 pA. The images are taken in
the constant current mode. They are raw data with no filtering
other than the substration of the background plane.

lll. RESULTS AND DISCUSSION

A. Purple Membrane on Graphite. Figure 2 is a topographic
image of an uncoated PM sheet on HOPG. The STM current |
and applied voltage V are 0.2 pA and —8 V (sample negative),
respectively. The membranes are fixed to the substrate by struc-
tural defects such as steps. Thisisillustrated in the image, where
a monoatomic step can be seen running transversely underneath
amembrane. Under the present imaging conditions the estimated
lateral resolution is about 15 nm. This value is deduced by mea-
suring the width of the cracks and holes of the membranes. The
membrane height can be determined from cross-sectional mea-
surements [Fig. 2(b)]: in thisimage, 5.2 = 0.4 nm, i.e,, in close
agreement with previous measurements by other techniques|[ 23].
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Figure 2. (a) Topographic STM image of a hydrated purple mem-

brane deposited on graphite. Several cracks occurring during air-
drying are visible. Scan size: 1.52 X 1.52 yum. Sample voltage: —8 V;
tunneling current: 0.2 pA; relative humidity: 42%. (b) Cross-section
along the line marked by an arrow in (a).

However, in general, the apparent height of the membrane will
depend on the initia tip—substrate separation. This aspect will
be discussed in the next section.

Purple membranes have been imaged at both voltage polari-
ties; however, negative polaritiesare preferred. The lateral resolu-
tion is better for that polarity, because tip—substrate distances are
smaller. Furthermore, occasiona fragmentation of PM has been
observed when electrons are emitted from the tip.

We studied the imaging as a function of the set current and
applied voltage. First, PM wereimaged at different currentswhile
the applied voltage remained constant. The PM shown in Figure
3(a) wasimaged at | = 0.2 pA and V = —8 V. The pattern in
Figure 3(b) was generated by scanning that region at 20 pA
while keeping the voltage at —8 V. Operation of the STM at 20
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pA produces the total remova of the proteins in the scanned
region. Further experiments determined that no morethan 2 = 1
pA can be carried through the membrane before tip—sample con-
tact takes place. This current is distributed over an area r?,
where r is defined by the effective lateral resolution (r = Lgt/
2). This amounts to a current density of 0.64 A/cm?, i.e, five
orders of magnitude smaller than the current densities measured
in STM experiments on metals.

The explanation of the above behavior is straightforward. At
operating currents above 2 pA, the electrical impedance of the
interface is larger than the ratio between applied voltage and
current. To keep the current constant, the feedback approaches
the tip toward the sample. This decreases the el ectrical impedance
of the interface, but in many cases it also implies tip—sample
mechanical contact. A similar behavior has been observed with
cadmium stearate hilayers [27].

In the second type of experiments, PM are imaged at different
voltages while the current is kept constant. The results show that
partial removal of the proteins starts when the applied voltage is
—5V. At —4 V al proteins of the scanned region are removed
from it. They are seen to be piled up to the sides of the stripped
region [ 20]. In short, PM can be successfully imaged for currents
below 2 pA and applied voltages above 5.5 V.

Figure 3(b) aso illustrates a practical method for performing
nanometer-scal e modification of biomolecules|[ 28,29]. The aver-
age width of the letter written on the membrane is 15 nm. The
lateral dimensions of the mark are determined by the tip’'s aspect
ratio and the size of the region where tip and sample are in
mechanical contact. The cohesive properties of the lipids within
the membrane could define a minimum size, though. The attempt
to write 10-nm marks did not produce permanent modifications.

In Figure 4 the PM appears as a depression instead of a protru-
sion from the substrate surface. This is called negative contrast.
It impliesthat for agiven tip—substrate separation (always higher
than the thickness of the membrane), the effective electrical im-
pedance when the tip is over the PM is higher than when the
tip is over the substrate. In the constant current mode, this is
compensated by a reduction of the tip—sample distance when the
tip moves from bare graphite to the membrane (between 1 and
4 nm).

Negative contrast implies extremely large tip—substrate sepa-
rations (above 10 nm), so there is no mechanical contact. It
also implies blunt tips. Tips that produce negative contrast have
consistently larger radii than their counterparts. Thisisin agree-
ment with field emission calculations that for negative polarities
show an increase of the tip—substrate distance with the curvature
radius of thetip [28,29]. A theoretical interpretation of negative/
positive contrast images and its dependence on tip—substrate
separation will be provided in the next section.

Purple membranes are better observed for relative humidities
between 15 and 60%. At low relative humidities (RH) there is
partial fading of the membranes in the image. The origin of this
effect is not yet clear. We speculate that it could be related to
changes in the dielectric response of the membrane with water
absorption. Above 60% RH, the signal-to-noise ratio decreases
substantially.

B. DNA on Mica. Figure 5 shows several double-stranded cir-
cular DNA molecules deposited on a mica surface. This image
has been obtained at V = 10V and | = 1 pA and an RH of 60%.
The apparent dimensions of DNA are 1.5 and 15 nm for height
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Figure 3. Current dependence experiments and modification of membranes. (a) STM image of a purple membrane. (b) Image after an M
has been written on the membrane. The letter is generated by scanning at 20 pA. It implies the removal of the proteins in the modified region.
In (a) and (b), V= -7.7 V; | = 0.2 pA; and RH = 37%. Scan size: 1.24 X 1.24 ym.

and width, respectively. In the context of scanning probe micro-
scopic measurements of DNA, the small differences between
observed and nominal DNA heights are remarkable. The apparent
width is dominated by the tip—sample convolution.

Successful imaging is very sensitive to tip conditioning, ap-
plied voltage, set current, and RH. Stable images are obtained
for RH in the 50—70% range, currents of =1 pA and high voltages
(G. Zuccheri, R. Garcia, and C. Bustamante, private communica
tion).

The DNA is deposited onto amicadisk 1 cm in diameter with
silver-painted electrodes at the edges, 2—3 mm away from the
tip—sample interface. Mica is a good electrical insulator. Then,
the charge transport from the tip to the silver electrode must
involve ionic carriers. At 60% RH a continuous water layer of
about 0.3 nm is adsorbed onto the mica surface.

Guckenberger et al. [21] reasoned that the water film on the
surface of a hydrophilic insulator can be considered to function
as a conductive coat, similar to the metal coat that is usually
used for STM imaging of bulk insulators. They also studied the
dependence of the current versus the tip—sample separation.
Based on the exponentia increase of the current when the tip is
approached to the wetted mica surface, they proposed that the
electrons go from the tip to the surface of the biomolecules
through a tunneling process [ 30]. They also suggested that pro-
tons may be responsible for the charge transport from the surface
of the molecules to the electrodes. Alternatively, Fan and Bard
suggested that faradaic currents due to electrochemical reactions
in the thin water film are responsible for the current [31]. The
details of the imaging mechanism are still controversial, but the
images reveal a novel high-resolution imaging mode based on
ionic carriers.

IV. CONTRAST MECHANISM FOR IMAGING PM
For imaging DNA on mica and PM on graphite, high voltages
and very low currents are required; however, there are also sig-
nificative differences. The membranes are deposited on hy-
drophobic and conductive supports. Imaging of HOPG is inde-
pendent of the RH.

In this section, we discuss a model that attempts to explain

the origin of the contrast and its dependence with tip—substrate
separation in PM experiments. There are two main components
to the model: 1) field emission processes and 2) the electronic
structure of the membrane.

To characterize the mechanism of image formation, | versus
V curves have been measured. These curves show alinear depen-
dence in the representation of log(1/V?) versus 1/V [28]. This
is characteristic of afield emission process described by Fowler—
Nordheim eguation,

| = AVZexp<—6.85 ¢3’2vs> (1)

A is a factor that depends on the emitting area, V the applied
voltage, S the tip—substrate distance, and ¢ the emitter work
function; distances are in nanometers and energies in electron
volts. Furthermore, | versus S gives effective barrier heights of
3.0 = 0.5 eV. Those high values obtained in air also support a
field emission process. As a comparison, the relationship between
current, applied voltage, and tip—substrate separation in standard
STM conditions (namely, when the voltage is smaller than the
work function) is given by

|  V exp(—10.25 $S) (2)

We conclude that when the tip is on the graphite, electrons are
field-emitted. We consider unlikely to have an experimental situa-
tion where the current has two components, ions and electrons,
one that applies when the tip is on the substrate and the other
when the tip is on the membrane.

A redlistic calculation of the electron transport through the
biomolecule has to consider the complex electronic structure of
the proteins within the membrane. This requires a computational
power beyond our reach. However, insight about the contrast
mechanism can be gained by using a simplified one-electron
model for the electronic structure of proteins.

The protein isreplaced by an energy potential with an effective
work function ¢,, a pseudoband of empty states above the fermi
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Figure 4. Negative contrast STM images of purple membranes. To
keep the current constant the tip approaches toward the membrane.
This approach is larger in the overlapping region (darker color). (b)
Cross-section along the line indicated by the arrow in (a), d,, = —3
nm. V = —6V; and / = 0.09 pA.

level of the substrate (¢y), and a static dielectric constant (K.,)
[Fig. 6(b)]. The observation of awide absorption band centered
around 2.2 €V above the occupied molecular orbitals in the pro-
tein [25] supports the pseudoband approximation. The effective
barrier height could be related to the ionization potential of the
protein. We use ¢, = 7.5 €V and ¢, = 0.5 €V, which would
correspond to an ionization potential of 9.2 eV. The values of
these parameters may affect the numerical results, but the behav-
ior predicted by the model is not very sensitive to the values
chosen. (Dielectric constants of proteins are not known with
exactitude. Their estimated value is about 2—5. Here, a value of
4 is taken.)

The contrast of the images is quantified by measuring the
apparent height d,,, of the membranes. This is defined by
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Figure 5. STM image of plasmid DNA adsorbed to mica. Scan size
2XxX2um.V=10V;/=1pA; and RH = 60%.

(a)

s
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Figure 6. (a) Scheme of the experimental situation. The dashed line
represents a hypothetical displacement of the tip when going from 1
(bare substrate) to 2 (over the membrane). (b) One-dimensional en-
ergy potential for the substrate—membrane—-air gap-tip interface
when there is an external voltage.
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Figure 7. Apparent height versus tip—substrate separation. Positive
values mean that the tip retracts when encountering the membrane.
Negative values mean the tip moves toward the membrane. The cal-
culation have been performed for ¢s = 5 eV; ¢, = 7.5eV; V = -8
V;K,=4;and S,, = 5 nm.

where S, is the nominal thickness of the membrane as measured
by other techniques (~5 nm), and S, and S; are the tip—substrate
and tip—membrane separations, respectively [Fig. 6(a)]. To cal-
culate the dependence of the contrast with S;, we suppose that
the current does not change when the tip moves from the substrate
to the membrane (these experiments are performed in the constant
current mode). We also assume that when the tip is over the
membrane the current is determined by the product of the trans-
mission coefficients of the substrate—membrane and membrane—
air interfaces. Each of these transmission coefficients is assumed
to follow a Fowler—Nordheim-like law. In addition, the electrons
propagate in the pseudoband as free particles, or follow paths
similar to those in Ref. 32. From the above considerations and
the continuity of the electrical field at the membrane surface, we
deduce the following relationship between d,,, and S, [20]:

3ev 2
= | == ——+
[ZKm (o0? + %)

m

l_Km:|Sn

arteam s @

where ¢ is the work function of the substrate.

Figure 7 shows that the contrast (apparent height) has alinear
dependence on the tip—substrate separation. A transition between
negative and positive contrast is also present. The model repro-
duces the experimental observation that associates negative con-
trast with large tip—substrate separations. This behavior has its
origin in the competition between the position of the empty states,
the thickness of the membrane, and its dielectric constant for
controlling the emission. ¢, < ¢s tends to decrease the barrier
when the tip is over the membrane with respect to the bare sub-
strate. However, this effect may be compensated by K, > 1,
which decreases the voltage drop in the membrane, i.e., increases
the barrier. What eventually tips the balance to positive or nega-

tive contrast is the electric field at the tip—membrane interface.
The higher the field, the higher the contrast.

V. SUMMARY

In this article we have illustrated the use of the STM for imaging
and selective nanometer-scale manipulation of biological mem-
branes. The dominant parameters that control the imaging are the
applied voltage, current density, and tip radius. We have imaged
PM patches with vertical and lateral resolutions of 0.3 and 15
nm, respectively. The membranes can be properly imaged for set
currents below 2 pA and applied voltages above 5.5 V, with
negative polarities preferred. When both requirements are not
met, to keep the current constant implies tip—membrane mechani-
cal contact. Thisis often accompanied by disruption of the mem-
brane and removal of the proteins by the tip. This effect can be
exploited to generate nanometer-scal e manipulations of biological
membranes.

To explain the observed contrast, amodel based on field emis-
sion and on the existence of empty states in the proteins is pro-
posed.

Scanning tunneling microscopic reproducible imaging of bio-
molecules can be achieved by a variety of mechanismsinvolving
electrons, protons, or ions. In terms of providing structural biolog-
ical information, the STM seems less practical than force micros-
copy (see articles in this issue). The study of conductivity pro-
cesses and the potential for manipulation of biomolecules at nano-
meter scale are perhaps the most attractive aspects of STM
applications in biology.
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