





Chapter 26

Electron Tunneling Used as a Probe of Protein
Adsorption at Interfaces

J. A, Panitz

Department of Cell Biology, University of New Mexico School of Medicine,
Albuquerque, NM 87131

The ability of electron tunneling to detect protein adsorption on a
metal surface has been investigated. Tunneling at a vacuum-metal
interface is discussed. Field-electron emission tunneling experiments
are reviewed; they suggest a fundamental limit on the ability of an
electron tunneling microscope to probe protein adsorption at an
interface, or to image the structure of a biological macromolecule.

Tunneling is a ubiquitous phenomenon. It is observed in biological systems (1),
and in electrochemical cells (2). Alpha particle disintegration (3), the Stark 3
effect (4), superconductivity in thin films (5), field-electron emission (6), and 4
field-ionization (7) are tunneling phenomena. Even the disappearance of a
black hole (or the fate of a multi-dimensional universe) may depend on
tunneling, but on a cosmological scale (8-9).

Classical physics dictates that a particle constrained by an energy barrier
can become free only if it acquires an energy greater than the height of the
barrier. In quantum mechanics, this restriction is eased. For example,
quantum mechanics allows an electron to escape from the interior of a metal by
tunneling through the potential barrier that confines it. The height of this 7
barrier is called the work function of the metal (¢). The work function is 2 g
property of a metal surface which can be locally modified by the presence of an .
adsorbate. For a clean metal surface, = 1-6 eV 5

When a potential difference is applied to two metal electrodes in high
vacuum, two types of tunneling can be observed: metal-vacuum-metal tunneling 3
when the electrodes are separated by 1-2nm, or field-electron emission tunneling 3
when the gap is much larger. In practice, it is difficult to measure a tunneling
current in a vacuum gap when the gap is very small because the electrode
spacing must be maintained without electrode contact. For this reason, the first _
successful tunneling experiments between closely spaced electrodes used a thin, §
insulating layer to define the electrode gap, and fix the electrode separation f
(10). |
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Electron Tunneling Phenomena

If all sources of conduction current in a vacuum gap are eliminated (for
example, the current that would flow through an an asperity that might span the
gap), a tunneling current can be observed (11-12). At small electrode
separations, the tunneling current depends exponentially on both the separation
of the electrodes and the work function of the cathode surface, and linearly on
the voltage applied between them. A simplified, one-dimensional picture of the
tunneling barrier is shown schematically in Figure 1.

If an adsorbate is placed in the tunneling gap, the tunneling current will
be modified by the local change in work function that the adsorbate produces.
To observe a tunneling current, electrons must tunnel from one electrode (the
cathode) into the adsorbate, and then conduct through the adsorbate to the
other electrode (the anode). Alternately, electrons could tunnel completely
through the adsorbate, but this process becomes more improbable as the
thickness of the adsorbate increases. As the adsorbate thickness increases, the
electrode gap that contains it must also increase. If the adsorbate is a protein
molecule, the gap must be increased to tens or hundreds of nanometers. At
these distances, a tunneling current could normally not be measured.

The dimensional stability of the tunneling gap is of primary importance
when proteins are placed in the gap. If the electrode separation increases, the
proteins may not completely fill the gap; if the separation decreases, the
proteins may be deformed or destroyed. Field-electron emission provides an
alternative way to probe the tunneling properties of proteins without the
difficulties imposed by small, random changes in the separation of the tunneling
electrodes. Unlike metal-vacuium-metal tunneling, field-electron emission
tunneling does not explicitly depend on the separation of the electrodes in a
tunneling apparatus. As a result, large protein molecules can be placed on the
cathode, and a tunneling current measured, independent of the anode position.

Field-electron emission tunneling depends exponentially on the work
function of the cathode, and exponentially on the electric field strength at its
surface (13). At a field strength of a few volts per nanometer, the width of the
tunneling barrier will be reduced and electrons will tunnel with high probability
from the cathode surface. If protein molecules are placed on the surface, the
local tunneling probability will reflect their presence. Field-emitted electrons
emerge as free particles in the vacuum gap, and accelerate to the anode
through the potential difference that is applied across the electrodes. To avoid
electrical breakdown, the electrode separation must be large, and the potential
difference must be small. An easy way to generate the required field strength
under these conditions is to enhance the electric field at the cathode surface by
using a highly curved, needle-like cathode known as a field-emitter tip (See
Figure 2).

A tip with the required shape and size can be prepared from fine wire by
standard electropolishing techniques (14). The highly curved apex of the tip
can be made smooth on an atomic scale by annealing the tip in high vacuum
close to its melting point (15). Tips with an apex radius of curvature of 10-
1000nm can be easily fabricated by these techniques. It is important to realize
that on the scale of a single protein molecule, the highly curved apex of a large
radius field-emitter tip looks like a flat surface of infinite extent.
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Figure 2. Field-electron emission tunneling.
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Protein deposition on field-emitter tips

Reproducible deposition of protein molecules on the apex of a field-emitter tip
can present formidable problems. Unlike a small organic adsorbate that can be
sublimed directly onto the apex of a field-emitter tip in high vacuum, a large
protein molecule must be deposited onto the tip apex from an aqueous
environment, and then dried without introducing artifacts. Surface tension
forces during the drying process can rearrange or distort the structure of the
protein molecules adsorbed on the tip apex; proteins can even be removed
from the apex as an air-liquid interface is traversed. Fortunately, the
deposition problem has been solved. A surprisingly simple protocol can be
used to deposit protein molecules (and most other species of biological
interest) onto the apex of a field-emitter tip in a reproducible fashion (16-17).
The success of a particular deposition procedure can be determined
from a series of control experiments in which the coverage of a biological
species on the tip surface is determined by imaging the tip profile in the
transmission electron microscope (TEM). Isolated species on the tip surface
can be visualized if they are stained with uranyl acetate, or coated with a thin
layer of tungsten prior to imaging (18). For example, figure 3 shows tobacco
mosaic virus particles deposited from aqueous solution onto a large radius,
tungsten field-emitter tip. The enzyme-cleaved virus particles were rotary
shadowed with tungsten prior to imaging the tip apex in the TEM (19).

Field-electron emission Microscopy

A field-emitter tip has a unique advantage when used as the cathode in a
tunneling apparatus: the electron tunneling probability at the tip apex can be
directly visualized in the field-electron emission microscope (20). Electrons that
tunnel from the apex of a field-emitter tip emerge as free particles in vacuum,
and are accelerated along electric field lines that rapidly diverge into space. In
the field-electron emission microscope (FEEM), the anode of a tunneling
apparatus is coated with a suitable phosphor and placed far from the tip apex.
The tunneling electrons that strike the phosphor form a highly magnified image
that reflects their point of origin at the tip apex. Bright regions in the image
reflect regions of increased electron tunneling; dark regions reflect a decrease
in the electron tunneling probability.

The magnification of an FEEM image is determined by the radius of the
tip apex and the distance between the tip and the phosphor-coated anode that
displays the image. In practice, a magnification of several hundred thousand
times is easily achieved (21). The resolution of an FEEM image is about 2nm; it
is limited by the lateral velocity component of the tunneling electrons as they
emerge from the tunneling barrier, and by the Heisenberg uncertainty principle
that ultimately obscures their precise point of origin on the tip apex (22).
Unlike other electron microscopes, the FEEM is a very simple device. Image
quality is not affected by external vibrations, and high contrast images are
stable for long periods of time. It has been noted that in the absence of lenses,
illuminating devices, and automatic controls a field-emission microscope is less of
an apparatus and more of a direct aid to the eye and brain (23).
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FEEM imaging of small organic molecules

Many small organic molecules can be conveniently imaged in the FEEM
because they can be directly sublimed onto the apex of a field-emitter tip
without sacrificing the high vacuum environment of the microscope. The first
attempt to image such molecules in the FEEM was made in 1950 (24-25). Two
planar molecules were studied: copper-phthalocyanine (a four-fold symmetric
molecule), and flaventhrene (a two-fold symmetric molecule). Figure 4A is an
FEEM image that is characteristic of a clean, (110)-oriented tungsten field-
emitter tip. The symmetry of the image reflects the symmetry of the tip apex
about the axis of the wire from which it was made (a result of the
electropolishing technique mentioned above). Figure 4B shows the result of
subliming copper phthalocyanine molecules onto the tip apex. Figure 4C shows
an FEEM image of another tungsten tip exposed to the same flux of molecules
for a greater time (resulting in an increased coverage of molecules on the tip
apex). Figure 4D shows the result of subliming flaventhrene onto a different
tungsten tip. The bright features that appear after sublimation reflect a
decrease in the local work function of the surface at each adsorption site.
Although these regions seem to reflect the known symmetry of each adorbate,
the correspondence may be fortuitous: three-fold symmetric adsorbates (and
other non-symmetric molecules) also produce tivo-fold and four-fold symmetric
FEEM images, and other unique shapes have also been reported (26).

The symmetry of a phthalocyanine or a flaventhrene image feature is
thought to reflect a complex scattering phenomenon within the molecule. The
potential well defined by the molecule may tend to open a window, or aperture,
in the tunneling barrier at the cathode surface, increasing the tunneling current
at the adsorption site (27). Tunneling electrons, elastically (and inelastically)
scattered from the aperture, then reemitted into space, could produce the
patterns that are observed (28). Careful experiments have demonstrated that
an FEEM image can accurately reflect the adsorption of a single organic
molecule on the tip apex, but will not necessarily reflect its true shape or size
(29).

The size of a molecular image feature in Figure 4 is about an order of
magnitude larger than the size of the molecule that produced it. The increase
in local image magnification has been explained by assuming that a molecule
acts like a small metallic protrusion on the tip apex (30). A small metallic
protrusion will distort the trajectories of the tunneling electrons in its vicinity,
causing them to diverge more rapidly into space. If a molecule contains a
number of quasi-free (i.e. pi) electrons, the electric field in the vicinity of the
molecule will tend to be excluded from its interior, and the molecule will act
like a small metallic protrusion. Although some molecules may behave in this
way (e.g. semiconducting phthalocyanines), others may behave more like an
insulator than a metal. The electric field will penetrate almost completely into
the interior of an insulating (dielectric) protrusion. Electron trajectories in the
vicinity of the protrusion will be relatively undisturbed by its presence, and the
local magnification at the site of the protrusion will not change by an
appreciable amount.
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FEEM imaging of Immune Complexes

The tunneling characteristics of protein molecules and virus particles have been }
studied by observing how they affect the appearance of an FEEM image. 3
These experiments highlight the difficulty in handling biological species that |
must be removed from an aqueous environment for examination in an FEEM ]
under ultra-high vacuum conditions. To insure some semblance of statistical ]
reliability, many tips must be examined under reasonably identical conditions. 4
With this in mind, thirty or forty tips are usually examined, divided into groups, §
with two tips in each group. One tip in each group is called the active tip; itis §
exposed to buffer containing the immune complex. The other tip is called the
control tip; it is transferred with the active tip, in and out of the FEEM, during
each stage of the imaging protocol. The control tip is used to assess the effect
of tip contamination by adsorbed gas or impurities from laboratory ambient
(31).

It is instructive to review the imaging protocol that was developed for
studying the tunneling characteristics of ferritin/goat anti-rabbit IgG conjugate
because this protocol illustrates the type of control that is required for
examining any biological species in the FEEM:

(1) Two tips were cleaned by repeated heating in vacuum to 2100C. The
heating schedule was designed to remove contaminant species from the tip apex
by thermal desorption.

(2) An FEEM image of each tip was taken without breaking vacuum to
record the field-electron emission pattern of the clean tip surface (Figure SA
and 5D).

(3) Both tips were transferred into laboratory ambient. The active tip
was placed for 180s into an aqueous solution of 20mM Tris-Cl buffer containing
150mM NaCl at pH 7.6. The tip was rinsed in distilled water, transferred wet
into a mixture of 90% ethanol in water for fifteen seconds, and then dried in
air. The control tip remained in laboratory ambient during this time.

(4) Both tips were returned to the vacuum system and an FEEM image
was taken of each tip after a 12 hour pumpdown (Figure SB and Figure SE).
The bright features in Figure SB are characteristic of exposing a tip to an
aqueous solution of buffer (that does not contain protein molecules) as
described above.

(5) Both tips were transferred into laboratory ambient. The active tip
was placed in buffer containing ferritin/IgG conjugate at a concentration of
about 12.5 micrograms/ml. After three minutes the active tip was rinsed as
described in (3), above. Previous TEM images confirmed that this procedure
resulted in a saturation coverage of the immune complex on the tip surface.
The control tip remained in laboratory ambient during the deposition
procedure.

(6) Both tips were returned to the vacuum system, and an FEEM image
was taken of each tip. The image of the active tip (Figure 5C) reflects the
adsorption of gas phase contaminants during tip transfer in air, the adsorption
of buffer molecules, and the adsorption of ferritin/IgG complexes from
solution. The total tunneling current from a tip exposed to the protein complex
is greatly reduced (or eliminated) when compared to the tunneling current from
a clean tip, or a control tip (Figure S5F).
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Conclusions

As a result of the FEEM imaging experiment described above, and other §
(unpublished) FEEM experiments, the following general conclusions have been
reached:

(1) Repeated exposure of a tungsten tip to laboratory ambient does no
seem to appreciably alter its tunneling characteristics. Since the tip apex mu
be covered with a monolayer of gas phase contaminants (as a result of exposure ;
to laboratory ambient), the adsorbed species must either not affect FEE
image contrast, or the adsorbates must desorb from the tip surface during the
pumpdown cycle prior to imaging. The latter effect is probably responsible for 3
the image contrast that is observed. Localized regions of increased image
brightness are occasionally seen in an FEEM image after €Xposing a tip to
laboratory ambient (indicating the presence of adsorbed contaminants), but
these features are short lived and do not survive minor increases in field
strength (of the order of 0.5%). .

(2) If a clean tip is exposed to buffer (the type of buffer does not seem to 4
matter), a characteristic FEEM image is recorded in vacuum. Image features §
consist mainly of bright, circular regions of increased contrast, often |
superimposed on a weak background image that looks similar to an FEEM
image of a clean tip. Unlike the bright regions that are occasionally observed
in a control tip image after air exposure, these bright regions are stable, evenif §
the imaging field is increased by several percent. The increased emission has |
been correlated with the presence of salt in the buffer solution.

(3) The FEEM image of a tip exposed to an aqueous solution of buffer
containing a protein (the exact protein appears to be unimportant) shows
characteristically less emission than the FEEM image of a clean tip, or a
control tip. Electron tunneling from large regions of the tip surface is
suppressed, apparently by the presence of protein molecules in these regions.
The reduction in the total emitting area is in qualitative agreement with the
coverage of protein on the tip apex as judged by subsequent imaging in the
TEM (unpublished). We interpret these observations by suggesting that a
protein molecule behaves like a thick, insulating protrusion on the tip apex.
Tunneling seems to occur with high probability only from the regions of the tip
apex that are not covered with protein. Precise, probe-hole measurements of
the tunneling current are needed to quantify this effect (32).

Implications for STM imaging

The scanning tunneling microscope (STM) is a high resolution, non-contacting,
surface profilometer (33). Contrast is generated in an STM image by mapping
the tunneling probability of electrons across a surface scanned by a field-
emitter tip. A tip is used to limit and define the tunneling region of the surface.
As the tip is rastered within 1nm of the surface (by piezoelectric crystals), a
metal-vacnum-metal tunneling current is recorded. The tunneling current is
kept constant as the tip scans the surface by allowing the tip to move vertically
with respect to the surface below. A plot of raster position verses tip elevation
records the surface profile in three dimensions. STM images of semiconductor
surfaces show structure at the atomic level, but the appearance of an image
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depends on the bias voltage that is applied between the tip and the surface (34-
35). The STM has also been used to image unstained virus particles in
laboratory ambient, but the images have not been reproduced and are
unconvincing when compared to their TEM counterparts (36). STM images of
fatty acid bilayers deposited by the Langmuir-Blodgett technique and imaged
in air have also been reported (37).

Unstained protein molecules, and unstained virus particles (unpublished
results), do not image in the FEEM. Tunneling appears to be negligible or
absent at the adsorption site of these species. STM images reflect a reasonably
large tunneling probability for these species; FEEM images do not, and the
dichotomy is puzzling. Field-electron emission images are consistent with a
picture of a protein molecule (or a virus particle) that behaves like a large,
insulating species while STM images suggest that these species are at least
quasi-conductors for the tunneling electrons. Perhaps the different degree of
hydration of the species that result from the two imaging techniques may
account for the different tunneling characteristics that have been reported
(FEEM images of biological species must be produced in a high vacuum
environment while STM images can be taken in laboratory ambient). ~More
complete studies of electron tunneling through protein molecules under a
variety of deposition and imaging conditions will be needed to resolve the
fundamental questions that have been raised by these two types of tunneling
experiments.
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