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The Scanning Ion-Conductance Microscope

P. K. HansMmA, B. DRAKE, O. MARTL* S. A. C. GouLD, C. B. PRATER

A scanning ion-conductance microscope (SICM) has been developed that can image
the topography of nonconducting surfaces that are covered with electrolytes. The
probe of the SICM is an electrolyte-filled micropipette. The flow of ions through the
opening of the pipette is blocked at short distances between the probe and the surface,
thus limiting the ion conductance. A feedback mechanism can be used to maintain a
given conductance and in turn determine the distance to the surface. The SICM can
also sample and image the local ion currents above the surfaces. To illustrate its
potential for imaging ion currents through channels in membranes, a topographic
image of a membrane filter with 0.80-micrometer pores and an image of the ion
currents flowing through such pores are presented.

HE FAMILY OF SCANNING PROBE

microscopes (1-4) is broadening the

frontiers of surface imaging. These
microscopes scan various sharp probes over
samples to obtain surface contours—in
some cases at the atomic scale (2). We report
results from the SICM. It is designed specif-
ically for biology and electrophysiology in
that it can image soft nonconductors (such
as membranes) that are covered with an
electrolyte.

A schematic view of the SICM is shown
in Fig. 1. A micropipette is filled with
electrolyte and lowered through a reservoir
of electrolyte toward an insulating sample
surface while the conductance between an
electrode inside the micropipette and an
clectrode in the reservoir is monitored. As
the tip of the micropipette approaches the
surface, the ion conductance decreases be-
cause the space through which ions can flow
is decreased. The micropipette is then
scanned laterally over the surface while a
feedback system raises and lowers the micro-
pipette to keep the conductance constant.
The path of the tip follows the topography
of the surface.
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Preliminary experiments were performed
in our lab in 1986 by J. Saad and G.
Tarleton (5). They were able to measure the
topography of machined plastic pieces using
an eyedropper as a probe. These experi-
ments were not pursued further because the
scan ranges then available with our micro-
scopes (6) were not much larger than the
openings in available micropipettes.

However, x,y,z piezoclectric translators
with larger scan ranges are now available,

Fig. 1. The SICM scans a micropipette over the
contours of a surface by keeping the electrical
conductance through the tip of the micropipette
constant by adjusting the vertical height of the
probe.

and microscope design has evolved enough
that experimentation with various scanning
probes is relatively easy. The pipette of the
SICM is brought near the surface with two
fine screws that are adjusted by hand while
the separation is monitored with an optical
microscope (7). A third fine screw that is
driven with a stepper motor (7) brings the
pipette within range of a single-tube x,y,z
piezoelectric translator (8). This translator
has a 9.3-um lateral range and a 3.0-pm
vertical range (9).

The micropipettes for early experiments
were made from 1.5-mm outer diameter
(OD), 0.75-mm inner diameter (ID) Ome-
ga Dot (10) capillary tubing. Later versions
were made with similar tubing (11) on a
Brown-Flaming (12) puller. Although these
pipettes are designed for measurement of
intracellular potentials and patch clamping,
similar micropipettes have been used in oth-
er scanning probe microscopes, namely the
near-field scanning optical microscope and
the micropipette molecule microscope (3).
We estimated our micropipette tip diame-
ters with a nondestructive bubble pressure
method developed by Mittman et al. (13).
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Fig. 2. Resolution test for the SICM. A pipette
with an ID of 0.71 mm and an OD of 1.00 mm
was scanned at constant height over three
grooved plastic blocks with spacing of (a) four
times, (b) two times, and (c) the same as the ID of
the pipette. A 0.1M NaCl solution covered the
blocks and filled the pipette. Note that even the
grooves spaced by the ID of the pipette could be
resolved.
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This method correlates the OD of the pi-
pette to the internal pressure required for
the pipette to produce a fine stream of
bubbles in a liquid bath. The OD/ID ratio
was essentially constant along the entre
length of the pipette (14). Thus IDs were
estimated from the OD/ID ratio of the
unpulled capillary tubing. For the images
we report the pipette tips had ODs of order
0.1 to 0.2 pm and IDs of order 0.05 to
0.1 pm.

Samples were glued onto glass substrates
or directly onto electrodes (11) and then
covered with a few drops of 0.1M NaCl
The micropipette tips were allowed to fill by
capillary action with a commercial kit (10).
The shafts were then backfilled with a sy-
ringe. In the pipettes we also used 0.1M
NaCl to avoid concentration cell potentials
and liquid junction potentials. Reversible
Ag/AgCl microelectrode holders and bath
electrodes (11) provided the necessary stabil-
ity for reliable current and topographic im-
aging.

We applied dc voltages of 0.03 to 0.4 V
to an electrode in the bath and measured dc
currents (typically 1 to 10 nA) flowing into
the pipette to determine the conductance,
which was generally 107® to 1077 S. The
current was amplified by a preamplifier
(preamp) used in a commercial scanning
tunneling microscope (STM) (9). The
preamp converted the current to a voltage
with a 1 MQ resistor, and the voltage was
then amplified by a non-inverting amplifier
with an AD544 operational amplifier with a
voltage gain of 100. The overall current gain
was 0.1 V/nA. We found it important to

Fig. 3. These two SICM
topographic images of the
same area on an acetate
film were taken a few min-
utes apart. The similarity
of the images demon-
strates that even soft sam-

les are not damaged by
the SICM. The imaged
area is a square 4 pmon a
side.
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mount the preamp directly on the micro-
scope base to minimize stray capacitance and
noise pickup. We operated the microscope
with conductances 0.9 to 0.98 as great as the
conductance when the tip was far from the
surface. At smaller conductances the micro-
pipette tip at times actually pressed into the
sample surface.

We generated topographic images by
measuring the voltage that the feedback
system applied to the z-axis of the single-
tube x,y,z translator to keep the conduc-
tance constant. For ion current images, the
local current was monitored as the micropi-
pette was scanned over the surface at a
constant height z. A digital scanner supplied
the x and y scan voltages for both topo-
graphic and ion-current images. The z val-
ues or ion currents together with their x and
y coordinates were recorded on a video
cassette recorder (VCR) with a digital data-
acquisition system (15). The resulting image
was filtered and shading or color scales were
added to allow surface features to be more
easily seen (16). The method of statistical
differences (17), which enhances features on
their local background while suppressing
noise, was especially useful for processing
current images.

The resolution of the SICM as a function
of pipette diameter was measured with a
large-scale model (Fig. 2). A glass pipette
with an ID of 0.71 mm and an OD of 1.00
mm was scanned at a constant height over
plastic blocks with regularly spaced grooves
that were 0.71 mm deep. The height was set
by lowering the pipette until the ion con-
ductance decreased from 4.2 x 1075 S, its

value when far from the surface, to
4 x 107 S. These conductances were mea-
sured at a frequency of 10 kHz. This resolu-
tion test showed that it should be possible,
at least in principle, to resolve features as
small as the ID of the micropipette if the
noise on the ion conductance signal could be
reduced to less than 1%.

In practice, we have resolved features a
few times the ID of our micropipette, which
was 0.05 to 0.1 wm. There is a compromise
between averaging the ion-conductance sig-
nal for a long time to reduce noise and
obtaining entire images in a reasonable time.
We chose to acquire our images in ~5 min
and found that the smallest resolvable fea-
tures were of order 0.2 um (Fig. 3).

The practical resolution limits of the
SICM could be extended. As shown in Figs.
2 and 3, the SICM can resolve features on a
scale set by the ID of the micropipette
(although a large OD may prevent the tip
from probing into a narrow, deep groove).

Fig. 4. (A) A SICM topographic image of the
0.8-wm diameter pores in a Nuclepore membrane
filter (24). (B) The same image presented in a top
view. (C) A SICM image of the ion currents
coming out through the pores. The false colors go
from black at the background level of current, 8
nA, up to white at the maximum level of =40 pA
above the background. The imaged areais 7.8 pm
by 4.5 pm for all three images.
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Micropipettes with IDs as small as 30 nm
have been produced for near-field scanning
optical microscopes (18), and aluminosili-
cate pipettes with IDs of less than 10 nm
have been made (19). The higher resistances
of these smaller IDs should not be a prob-
lem; STMs have been operated with resis-
tances thousands of times greater than our
present values of 10 to 100 MQ (20). The
most serious limitation we have faced is that
the smaller micropipette tips are extremely
fragile and often break during a scan.
Shorter taper pipettes may help with this
problem and allow resolutions of 10 nm to
be achieved.

The most promising application for the
SICM is not, however, just imaging the
topography of surfaces at submicrometer
resolution. The SICM can image not only
the topography, but also the local ion cur-
rents coming out through pores in a surface
(Fig. 4). Comparison of topographic and
ion current images can give a more detailed
picture of the type of surface features that
correlate with ion channels. In this model
system, the comparison is simple: ion cur-
rents come through the holes as we would
expect. Biological samples are more subtle,
of course, as not every hole is an ion chan-
nel.

For images of the local ion currents, the
micropipette was digitally scanned over the
surface at a preselected height without
movement in the z direction while the cur-
rent flowing into the pipette at each point
was measured (21). It was also possible to
hold the micropipette over various locations
on the imaged surface and measure local
electrical properties. Thermal drift was small
enough (~0.004 pwm/min) that we could
look, for example, at the time dependence of
the ion currents above a pore, which was
again simple for this model system (the
current was constant), but which would be
more subtle for biological samples.

The SICM offers both high-resolution
topographic and ion-current images of non-
conductors. Much of the necessary appara-
tus—micropipettes, microelectrodes, and
current amplifiers—are already used rou-
tinely by electrophysiologists (19). Most of
the positioning and feedback mechanism is
the same as for the STM and is available
commercially (22). Because the SICM oper-
ates in a saline solution or other ionic solu-
tions, the microscope is well suited for bio-
logical applications. It complements the vi-
brating probe system (23) that can measure
larger scale extracellular currents. An excit-
ing extension of this work would be to use
multiple-barrel micropipettes (10) with ion-
specific electrodes (19). The total current
into all of the barrels (or the current into
one barrel with a nonspecific electrode)
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could be used for feedback, while the micro-
scope could simultaneously measure and
image the flow of different ions. We antici-
pate that this technique can be used in the
future by electrophysiologists to combine
spatially resolved ion-flow measurements
and topological imaging of biological mem-
branes.
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A Diet-Induced Developmental Polymorphism

in a Caterpillar

Erick GREENE

Caterpillars of the spring brood of Nemoria arizonaria develop into mimics of the oak
catkins upon which they feed. Caterpillars from the summer brood emerge after the
catkins have fallen and they develop instead into mimics of oak twigs. This develop-
mental polymorphism may be triggered by the concentration of defensive secondary
compounds in the larval diet: all caterpillars raised on catkins, which are low in tannin,
developed into catkin morphs; those raised on leaves, which are high in tannin,
developed into twig morphs; most raised on artificial diets of catkins with elevated
tannin concentrations developed into twig morphs.

ANY ORGANISMS OCCUR IN TWO

or more distinct forms. Develop-

mental polymorphisms (or poly-
phenisms) occur when phenotypic variation
is produced by differences in environmental
conditions rather than by differences in ge-
netic constitution (1, 2). Such developmen-
tal polymorphisms are conspicuous among
arthropods with life spans that are short
relative to the scale of environmental varia-

tion: examples are some color forms of
caterpillars, pupae, and butterflies (2),
winged and nonwinged morphs of water
striders (3) and planthoppers (4), sexual and
asexual forms of aphids (5), and caste sys-
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