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The Height of Biomolecules Measured with the Atomic Force Microscope
Depends on Electrostatic Interactions
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ABSTRACT In biological applications of atomic force microscopy, the different surface properties of the biological sample
and its support become apparent. Observed height differences between the biomolecule and its supporting surface are thus
not only of structural origin, but also depend on the different sample-tip and support-tip interactions. This can result in
negative or positive contributions to the measured height, effects that are described by the DLVO (Derjaguin, Landau, Verwey,
Overbeek) theory. Experimental verification shows that the electrostatic interactions between tip and sample can strongly
influence the result obtained. To overcome this problem, pH and electrolyte concentration of the buffer solution have to be
adjusted to screen out electrostatic forces. Under these conditions, the tip comes into direct contact with the surface of
support and biological system, even when low forces required to prevent sample deformation are applied. In this case, the
measured height can be related to the thickness of the native biological structure. The observed height dependence of the
macromolecules on electrolyte concentration makes it possible to estimate surface charge densities.

INTRODUCTION

Because the atomic force microscope (AFM) (Binnig et al.,
1986)) makes it possible to image surfaces in liquids, it has
become an important tool for studying biological samples
(Drake et al., 1989). Recent reports document the observa-
tion of protein assemblies under physiological conditions at
nanometer resolution (Butt et al., 1990; Hoh et al., 1991;
Karrasch et al., 1993, 1994; Yang et al., 1993; Schabert and
Engel, 1994; Mou et al., 1995b; Muller et al, 1995b,
1996b). As demonstrated on solids under vacuum condi-
tions (Sugawara et al., 1995) and in liquid (Ohnesorge and
Binnig, 1993), the AFM also makes it possible to measure
sample heights with subangstrom accuracy. However, the
heights of native biological samples measured with the
AFM in aqueous solution vary significantly, and may differ
from values estimated with other methods (Butt et al., 1991;
Apell et al., 1993; Muller et al., 1995b, 1996a; Schabert and
Rabe, 1996). For example, the height reported for single
purple membranes ranges from 5.1 ± 0.1 nm to 11.0 ± 3.4
nm (see Table 1). Height measurements on actin filaments
(Fritz et al., 1995b), bacteriophage 029 connectors (Muller
et al., 1997c), cholera toxin (Yang et al., 1994; Mou et al.,
1995b), DNA (Hansma et al., 1995; Mou et al., 1995a;
Wyman et al., 1995), gap junctions (Hoh et al., 1993),
GroEL (Mou et al., 1996), hexagonally packed intermediate
layer (HPI) (Karrasch et al., 1993; Muller et al., 1996a;
Schabert and Rabe, 1996), lipid bilayers (Mou et al., 1994,
1995b; Radler et al., 1994), and microtubules (Fritz et al.,
1995a) exhibit a similar variability. Height anomalies of
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soft surfaces have previously been studied and attributed to
the mechanical properties of the sample (Weisenhorn et al.,
1992; Radmacher et al., 1993, 1995; Hoh and Schoenen-
berger, 1994). However, thin samples such as two-dimen-
sional protein arrays or biological membranes adsorbed to a
solid support are not sufficiently compressible to explain
such large height variation.

Here we demonstrate that electrostatic interactions be-
tween the AFM tip and the sample (Butt, 1991a,b) influence
the measured height of a biological structure adsorbed to a
solid support in buffer solution. The DLVO (Derjaguin,
Landau, Verwey, Overbeek) theory (Israelachvili, 1991) is
used to describe the electrostatic repulsion and van der
Waals attraction acting between tip and sample (Butt et al.,
1995). Experimental results and calculations show that the
electrostatic double-layer forces can be eliminated by ad-
justing the electrolyte concentration (Butt, 1992a,b), pro-
viding conditions for correct height measurements with the
AFM. In addition, the observed height dependence of the
biological structure on electrolyte concentration allows its
surface charge density to be estimated.

MATERIALS AND METHODS

Biological samples
Aquaporin-1 (AQP1) from human erythrocyte solubilized in octyl-f3-glu-
copyranoside was reconstituted in the presence of Escherichia coli phos-
pholipids to form two-dimensional (2D) crystalline sheets (Walz et al.,
1994). The 2D crystals were prepared at a concentration of -0.5 mg
protein/ml and 0.25 mg/ml lipid in 0.25 M NaCl, 20 mM MgCl2, 20 mM
2-(N-morpholino)ethanesulfonic acid (MES) (pH 6).

Hexagonally packed intermediate (HPI) layer from Deinococcus radio-
durans, a kind gift of Dr. W. Baumeister, was extracted from whole cells
(strain SARK) with lithium dodecyl sulfate, and purified on a Percoll
density gradient (Baumeister et al., 1982). A stock solution (1 mg/ml
protein) was stored in distilled water at 4°C.

Purple membranes of Halobacterium salinarium strain ET1001 were
isolated as described by Oesterhelt and Stoeckenius (1974). The mem-
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TABLE I Different heights of purple membrane

Height Support Conditions Method Reference

8.9 ± 2 nm Mica 2 mM CaC12, 80 mM KCl or AFM, contact (Butt et al., 1990)
NaCl, pH ranging from
4.0-6.5

11.1 ± 3.4 nm Silanized glass 1 mM CaCl2, 10 mM KCl, AFM, contact (Butt et al., 1990)
10 mM Tris, pH 7.2

5.2 ± 0.2 nm Lipid bilayer (DMPC) Distilled water AFM, contact (Butt et al., 1990)
5.6 ± 0.1 nm Mica 150 mM KCl, 10 mM Tris, AFM, contact (Muller et al., 1995b)

pH - 6.0
5.1 ± 0.1 nm Mica 150 mM KCl, 10 mM Tris, AFM, contact (Muller et al., 1995b)

pH ' 4.0
6.3 ± 0.4 nm Mica 10 mM Tris, pH 8.2 AFM, contact (Schabert and Rabe,

1996)
4.9 ± 1 nm Carbon film Embedded in glucose Electron crystallography (Henderson et al., 1990)

Lamellar spacing 5.3 nm Stacks of membrane Dried after adsorption at pH 10.0 X-ray scattering (Henderson, 1975)
(1) and 4.9 nm (2) (1) and pH 4.0 (2)

branes were frozen and stored at -70°C. After thawing, stock solutions (10
mg protein/ml) were kept in distilled water at 4°C.

Porin OmpF trimers from E. coli strain BZ 1 10/PMY222 (Hoenger et
al., 1993) solubilized in octyl-polyoxyethylene were mixed with solubi-
lized dimyristoyl phosphatidylcholine (99% purity; Sigma Chemical Co.,
St. Louis, MO) at a lipid-to-protein ratio (w/w) of 0.2 and a protein
concentration of 1 mg/ml. The mixture was reconstituted as previously
described (Hoenger et al., 1993) in a temperature-controlled dialysis device
(Jap et al., 1992). The dialysis buffer was 20 mM HEPES, pH 7.4, 100mM
NaCl, 20 mM MgCl2, 0.2 mM dithiothreitol, 3 mM azide.

1,2-Dipalmitoyl-phosphatidylethanolamine (DPPE) from Sigma was
solubilized in chloroform:hexane (1:1) to a concentration of 1 mg/ml. The
resulting solution was diluted in buffer solution (150 mM KCl, 10 mM
Tris, pH 8.4) to a concentration of 100 jig/ml.

Layered crystals

MoTe2, a layered crystal of the family of transition metal dichalcogenides
(Wilson and Yoffe, 1969), was employed to calibrate the piezo scanner of
the AFM. It was prepared by chemical vapor transport (CVT), with
chlorine or bromine as carrier gases in a temperature gradient of 100°C
across the quartz ampule (Jungblut et al., 1992), and was a kind gift of Y.
Tomm.

Muscovite mica (Mica New York Corp., New York) was used as the
solid support for all samples. Mica minerals are characterized by their
layered crystal structure, and show a perfect basal cleavage that provides
atomically flat surfaces over several hundreds of square microns. Their
hydrophilicity and relative chemical inertness (Bailey, 1984) make them
suitable for the adsorption of biological macromolecules.

Atomic force microscopy

A commercial AFM (Nanoscope III; Digital Instruments, Santa Barbara,
CA), equipped with a 120-Am scanner (j-scanner) and a liquid cell, was
used. Before use, the liquid cell was cleaned with normal dish cleaner,
gently rinsed with ultrapure water, sonicated in ethanol (50 kHz), and
sonicated in ultrapure water (50 kHz). Mica was punched to a diameter of
-5 mm and glued with water-insoluble epoxy glue (Araldit; Ciba Geigy
AG, Basel, Switzerland) onto a Teflon disc. Its diameter of 25 mm was
slightly larger than the diameter of the supporting steel disc. The steel disc
was required to magnetically mount the sample on to the piezoelectric
scanner. Imaging was performed in the error signal mode, acquiring the
deflection and height signal simultaneously. The deflection signal was

minimized by optimizing gains and scan speed. The height images pre-
sented were recorded in the contact mode. The scan speed was roughly

linear to the scan size, at 4-8 lines/s for lower magnifications (frame size
1-25 ,um). The applied force was corrected manually to compensate for
thermal drift. To achieve reproducible forces, cantilevers were selected
from a restricted area of one wafer. The dimensions of one tip were
measured in a scanning electron microscope to calculate the mechanical
properties of the cantilever (Butt et al., 1993). The 120-,um-long cantile-
vers purchased from Olympus Ltd. (Tokyo, Japan) had a force constant of
k = 0.1 N/m, and the 200-,um-long cantilevers purchased from Digital
Instruments had a force constant of 0.15 N/m. All cantilevers used had
oxide-sharpened Si3N4 tips.

Sample preparation
To minimize contamination of surfaces during exposure to ambient air,
sample supports were prepared immediately before use. All buffers were
made with ultrapure water (- 18 MDcm-'; Branstead, Boston, MA). This
water contains fewer hydrocarbons than conventional bidistilled water and
fewer macroscopic contaminants, both of which can influence the imaging
process. Chemicals were grade p.a. and purchased from Sigma Chemie AG
(Buchs, Switzerland). The buffers used were Tris-(hydroxymethyl)-amino-
methane (from pH 10.2 to pH 7.2), MES (from pH 6.5 to pH 5.5), and citric
acid (from pH 5.4 to pH 3.0). Macromolecular samples were checked
before use by conventional negative stain electron microscopy (Bremer et
al., 1992) and/or by sodium dodecyl sulfate-gel electrophoresis.

The samples were diluted to a concentration of 5-10 ,ug/ml in buffer
solution (pH 8.2, 20 mM Tris-HCl, 2100 mM; monovalent electrolyte;
except for DPPE, which was not further diluted) before adsorption to
freshly cleaved mica. After an adsorption time of 10-60 min, the samples
were gently washed with the measuring buffer to remove weakly attached
membranes. This allowed height measurements at low electrolyte concen-
trations, at which samples adsorb sparsely to mica (Muller et al., 1997a and
1997b). Experiments requiring constant pH were performed at pH 8.2. The
isoelectric points of bacteriorhodopsin, AQP1, DPPE, and OmpF are 5.2
(Ross et al., 1989), 6.95 (calculated), -10 (Tatulian, 1993), and 4.64
(calculated), respectively. Thus, at this pH, all samples had a net negative
charge, except for DPPE, which had a net positive charge.

RESULTS

Height calibration

Fig. 1 a shows a height image of the cleavage plane of
MoTe2 recorded in electrolyte solution (100 mM KCI).
MoTe2 consists of trigonal prismatic elements held together
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FIGURE 1 Vertical calibration of the piezo scanner using defects of the
layered crystal MoTe2. (a) Height image of the etched surface (scale bar =
500 nm). The crystal layers are visible, and the triangular defects can be
directly related to the trigonal prismatic elements that assemble the layers.
(b) Height profile along the line indicated in a. The height differences were
multiples of a single crystal layer thickness including the van der Waals
gap (c = 0.698 nm).

by covalent bonds within the layer (Wilson and Yoffe,
1969). Adjacent layers are held together by van der Waals
forces. Cleavage with scotch tape provides atomically flat
surfaces over several hundred square microns. In electrolyte
solution, the layers are etched along the crystal plane of the
trigonal prismatic elements. The resulting defects represent

b

multiples of the thickness of the single crystal layer (0.698
nm), including the van der Waals gap between the layers
(Fig. 1 b).

Electrolyte- and force-dependent heights
measured on purple membranes

Fig. 2 a shows a representative topograph of purple mem-
brane adsorbed to freshly cleaved mica in buffer solution
(100 mM NaCl, 20 mM Tris-HCl, pH 8.2). A ring of lipid
bilayer from the inner membrane of Halobacterium salina-
rium surrounded the bacteriorhodopsin lattices. The mem-
branes had diameters of up to 1 ,um, and the clean back-
ground of the image demonstrated that there were no other
macromolecules adsorbed to the supporting surface or to the
purple membrane sheet. This was a prerequisite for the
high-resolution imaging required to identify the side of the
membrane exposed to the tip (Fig. 2 a, inset; Muller et al.,
1996b). Contaminants may also influence the overall height
measured. The line used to determine the height between
purple membrane and mica is indicated in Fig. 2 a. When
forces of -0.1 nN were applied to the tip during imaging,
the purple membrane showed a height of 8.2 ± 0.4 nm (Fig.
2 b, top). When imaged at forces of -1 nN, it exhibited a
height of 5.5 ± 0.4 nm (Fig. 2 b, bottom).
To gain insight into this force dependence, force curves

were recorded on purple membrane (Fig. 2 c; solid line) and
on mica (Fig. 2 c; dotted line) directly after the image shown
in Fig. 2 a was taken. To this end, the cantilever was pushed
toward the sample (from right to left in the plot shown in
Fig. 2 c), and its deflection was simultaneously monitored.
The deflection was plotted along the vertical axis, taking the
force calibration calculated from the geometry of the can-
tilever (see Materials and Methods). Differences between

C tiN

0.1 iuN

8.2 nmr
~~~~~~~ e~~~~~~~~~~~I

E
0 I I nN

.Sn

- 2.7 nm

FIGURE 2 Purple membrane in buffer solution (100 mM NaCl, 20 mM Tris-HCl, pH 8.0). (a) The height image shows bacteriorhodopsin sheets
surrounded by the lipid bilayer from the inner membrane of Halobacterium salinarium. The white line indicates the height line in b, and the inset displays
the extracellular purple membrane surface at high resolution. The height between the protein layer and the mica surface (b) was determined to be 5.5 +
0.4 nm (n = 50) at a force of 1 nN, but was 8.2 + 0.4 nm (n = 64) when the force was 0.1 nN. (c) Force curves recorded on purple membrane ( )
and mica (.). Each force curve represents an average of 10 measurements, scan frequency 1.97 Hz, scan range 50 nm (512 pixels). The differences in
the 0.1-nN range are clearly visible in the enlargement. Imaging conditions: -0.3 nN and 0.2 nN for high resolution (inset), scan frequency 4.7 Hz. Scale
bars are 200 nm and 5 nm in a and in the inset, respectively. The gray scales from dark to light shades represent 20 nm in a and 0.5 nm in the inset.
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the two force curves larger than 0.5 nm only occurred at
forces below 0.5 nN. In this region, the force curve on
purple membrane showed a small repulsive interaction,
which prevented the tip from coming into contact with the
membrane surface. In contrast, the force curves recorded on
mica showed no repulsive interaction, but rather a signifi-
cant attraction revealed by the "jump in," promoting contact
between tip and mica. The vertical difference between the
tip-mica and the tip-membrane separations was -2.7 ± 0.5
nm at forces of 0.1 nN (Fig. 2 c). The height measured at
this force, 8.2 nm, was thus a composite of the thickness of
purple membrane (-5.5 nm) and of the repulsive contribu-
tion Az (2.7 nm). The lipid annulus exhibited similar force-
dependent behavior. Its thickness was 5.5 ± 0.3 nm at low
force (Fig. 2 b, top trace), and 3.2 ± 0.3 nm at high force
(Fig. 2 b; lower trace).

Fig. 3 shows the dependence of measured purple mem-
brane heights on electrolyte type and concentration. The
force applied to the tip was kept between 0.1 and 0.2 nN
throughout the experiments. Although all values were re-
corded at pH 8.0 ± 0.2, the height for a single membrane
layer varied from 12.1 ± 1.2 nm (n = 45) to 5.5 ± 0.4 nm
(n = 58). The smallest values were recorded at the highest
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FIGURE 3 Height of purple membrane sheets supported on mica as a

function of the electrolyte and its concentration. Each point represents an

average of more than 40 measurements on different membranes. The

constant force applied during measurements was between 0.1 and 0.2 nN.

The solutions were buffered by 1-20 mM Tris (pH 8.2).

salt concentrations, the largest values at the lowest salt
concentrations. The orientation of each membrane patch
with respect to the support was determined from its mor-
phology observed at high magnification (Fig. 2 a, inset). No
correlation between the orientation and the heights was
detected. The clear dependence of the measured sample
height on the electrolyte suggests an influence of electro-
static forces.

Electrostatic forces

Biological macromolecules and most of the supports used
for atomic force microscopy (e.g., mica, graphite, Si, glass)
exhibit a net surface charge in an aqueous environment,
because acidic and basic functional groups at their surface
dissociate according to their pK values. The magnitude and
sign of the surface charge therefore depend on the pH of the
buffer solution. The net surface charge is compensated by
counterions from the bulk solution. The Debye length AD
characterizes the exponential decrease in the potential re-
sulting from screening the surface charges with electrolytes.
AD can also be understood as the thickness of the diffuse
electrical double layer formed by the counterions. As shown
in Eq. 1, AD depends upon the valence and the concentration
ec of the electrolyte present (Israelachvili, 1991):

0.304
AD = nm for monovalent electrolytes

0.174
- nm for divalent (1:2 or 2:1) electrolytes

0.152
-

e

nm for divalent (2:2) electrolytes (1)

When the electrical double layers of two approaching
surfaces overlap, an electrostatic interaction arises. This
occurs at separations of a few tens of nanometers, where the
van der Waals forces also play a role. The interplay between
electrostatic and van der Waals forces may be described by
the DLVO theory, neglecting effects of ion radii, hydration
forces, steric forces, and specific interactions. The total
force FDLVO, between a sphere of radius R interacting with
a planar surface is given by (Israelachvili, 1991)

FDLVO(Z) = Fel(Z) + FvdW(Z) = e___tRD_ - Z/AD a__
lEeEo 6Z2

(2)

where os and ot are the surface charge densities of sample
and tip, E0 is the permittivity of the free space, Ee is the
dielectric constant, Ha is the Hamaker constant, and z is the
distance between the two surfaces.
The surface properties of both the AFM tip and the

sample define the electrostatic double-layer interaction (sur-
face charge density) and the van der Waals attraction (Ha-
maker constant). The surface charge densities for Si3N4
(tip), mica (support), and purple membrane in water (around
pH 7.0) are about -0.032 C/M2 (Butt, 1991b), -0.0025

* KCL
O KCI + 20 mM MgCl2
A KCI + 40 mM MgCl2

i~~~~~lllll
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C/M2 (Pashley, 1981), and -0.05 C/M2 (Butt, 1992a), re-
spectively. The Hamaker constants for hydrocarbons, mica,
and metals in water are -0.2-1 X 10-20 J (Butt et al.,
1995), 2 X 10-20 j (Israelachvili, 1991, 1994), and 30-
50 X 10-20 j (Israelachvili, 1991), respectively. Whereas
the van der Waals force, FVdw, is mainly unaffected by the
electrolyte concentration and pH of the buffer solution, the
electrostatic force, Fe,, depends on these variables. This
allows the distance-dependent interaction between tip and
object to be tuned via the electrolyte to be attractive, repul-
sive, or repulsive and attractive, as discussed previously
(Butt, 1991a,b, 1992a,b; Ducker et al., 1991). Once the tip
comes into contact with the sample, the respective electron
orbitals overlap, resulting in the very short-range, strong
Pauli repulsion.
The electrolyte effect recorded by the force curves (Butt,

1991a,b, 1992a,b) must be considered when the AFM is
operated in the constant force mode. In this mode, if the
sample consists of two materials with different surface
charge densities, the distance z of the tip from each of the
surfaces will also be different (see Eq. 2). Thus the mea-
sured height h exhibits structural information, expressed as
d, and information about the material properties of the tip
and the biological sample, expressed as Az (see Fig. 4). To
evaluate Az as a function of the salt concentration, the total
force acting between a spherical Si3N4 tip and mica (Fig. 5
a), and a spherical Si3N4 tip and purple membrane (Fig. 5
b), was calculated according to Eq. 2. For simplicity, pos-
sible differences in the Hamaker constant describing the van
der Waals interaction between Si3N4 tip and mica, and
between the tip and purple membrane for the various elec-
trolytes were neglected. Because the Hamaker constant of
hydrocarbons immersed in water is -0.2-1 X 10-20J (Butt
et al., 1995) and that of mica is 2 x 10-20 J (Israelachvili,
1991), a value of 1 X 10-20 j was assumed. As illustrated
by Fig. 5, the electrostatic repulsion decreases with increas-

FIGURE 4 Schematic of the electrostatic height contribution measured
with the AFM operated in the constant force mode in solution. The surface
charge densities o- of support (rs.pp.,t) and object (o-object) are assumed to
be different. Consequently, at constant force the distance between tip and
support, zl, and between tip and object, Z2, must also be different (Az * 0).
Because the measured height h, is a composite of the structural height d and
the difference of the tip-sample distances Az, a systematic error occurs on

height measurement, h = d + Az.
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FIGURE 5 Calculated repulsive force between Si3N4 tip and mica (a)
and between Si3N4 tip and purple membrane (b) at distance z from the
surface in an aqueous monovalent electrolyte solution (pH 7.0). With
increasing electrolyte concentration, the double-layer repulsion is progres-
sively screened until the attractive van der Waals force is stronger. The
surface charge density of purple membrane is -20 times larger than that of
mica. Consequently, the electrostatic interaction is stronger, and compared
to mica, higher salt concentrations are needed to screen the repulsive force.
Conditions: tip radius 100 nm, surface charge densities as cited in the text.

ing electrolyte concentration. At sufficiently high electro-
lyte concentrations and very small separations (-2 nm), the
van der Waals attraction becomes predominant. Because the
surface charge density of purple membrane is 20 times
larger than that of mica, screening of the electrostatic re-
pulsion requires higher salt concentrations than for mica.

In Fig. 6 the calculated height of purple membrane is
plotted as a function of the force, which can be directly
related to the force applied to the AFM tip. The structural
height of purple membrane (d 5.6 nm at pH 7.0; Muller
et al., 1995b) and the difference Az between the vertical
tip-mica and tip-purple membrane distances for a given
force and monovalent electrolyte concentration were em-
ployed (see Figs. 4 and 5). The measured heights depend on
the force applied to the tip, as long as an electrostatic
repulsion exists. Once the electrostatic repulsion is screened
by the electrolyte for both support and sample, the height
measured is the actual thickness of the purple membrane
layer, and as such, in the absence of deformation, is inde-
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FIGURE 6 Force-dependent height of purple membrane adsorbed on

mica and imaged with a Si3N4 tip of 100 nm radius. The values represent

the differences in the vertical distances between tip and mica, and tip and
purple membrane, as calculated in Fig. 5. The thickness of the purple
membrane was assumed to be 5.6 nm as measured at pH 7.0 (;Muller
et al., 1995b).

pendent of the applied force pushing the tip toward the
sample surface.
A direct verification of the calculated force dependence

on the electrolyte concentration is provided by the experi-
mental force curves shown in Fig. 7, which were acquired

purple membrane

FIGURE 7 Force distance curves

measured on mica (.) and purple
membrane ( ), as a function of L
electrolyte concentration of the buffer

solution (pH 8.2, 5-20 mM Tris-HCl).
Conditions: scan frequency 2.4 Hz,
scan range 50 nm (512 pixel). Each
curve represents the average of 10

force curves. V rmca

on purple membrane (solid lines) and on mica (dotted lines).
Each graph was recorded directly after the membranes had
been imaged in the respective electrolyte. At low monova-
lent electrolyte concentrations ('50 mM), the force curves
showed repulsive forces for both purple membrane and
mica. There was a long-range repulsive interaction that
increased slowly at low forces. This explains the large
standard deviation of purple membrane heights detected
under such conditions (Fig. 3). The repulsive interaction
decreased with increasing electrolyte concentration. Ac-
cordingly, the standard deviation of the height measure-
ments also decreased (cf. Fig. 3). Divalent ions had a more
pronounced effect in decreasing the double-layer thickness
than monovalent ions. As explained by their smaller Debye
length, divalent ions reduce the double layer thickness more
quickly by a factor of ~-2 (Israelachvili, 1991; see also Eqs.
1 and 2).

The heights of other planar biological structures

Fig. 8 a shows DPPE bilayers in a weakly buffered aqueous
5 mM KCI solution at pH 8.2. The bilayers were adsorbed
to freshly cleaved mica as described in Muller et al., 1997a.
They formed continuous layers surrounding defects of var-
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b
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FIGURE 8 DPPE bilayer in electrolyte solution (pH 8.2, 5 mM KCI). (a) The height image shows bilayers adsorbed to mica. (b) Height plot along the
line marked in a. The height between the bilayer and the mica surface was determined to be 5.3 ± 0.4 nm (n = 46) at a force of 1 nN, but was 2.3 ± 0.4
nm (n = 35) when the force was 0.2 nN. (c) Force curves were recorded on DPPE ( ) and mica (.) as the tip approached the sample. Each force curve
is an average of 10 measurements; scan frequency 1.97 Hz, scan range 50 nm (512 pixels). The differences between DPPE and mica in the 0.1-nN range
are clearly visible in the enlargement. Imaging conditions: -0.6 nN, scan frequency 5.1 Hz. Scale bar 200 nm. The gray scale from dark to light shades
represents 20 nm in a.

ious sizes. Phosphatidylethanolamine (PE) is a dominant
phospholipid headgroup in biological membranes. It shows
a dipole moment with its positive (amino group) charge
closer to the AFM tip than the negative (phosphate) charge.
The line indicated (Fig. 8 a) was used to determine the
height between the bilayer and the mica. Imaged at forces of
-0.2 nN, the membrane showed a height of 2.3 ± 0.4 nm
(Fig. 8 b, top). When imaged at forces of 1 nN, however,
the bilayer showed a height of 5.3 ± 0.4 nm (Fig. 8 b,
bottom). Force curves were recorded on mica (Fig. 8 c,
dotted line) and on the bilayer (Fig. 8 c, solid line) directly
after the image was taken. As in purple membrane (Fig. 2),
significant differences between both force curves were vis-
ible at forces below 0.3 nN. In this region the force curves
on mica showed a repulsive interaction, whereas the tip
snapped into an attractive interaction with the mica at higher
force (cf. Fig. 7; Butt, 1991a,b). On the DPPE bilayer the
interaction with the tip was attractive, even at such low
electrolyte concentrations. Thus, if the sample was scanned
at forces < 0.3 nN, the tip was not in contact with the mica,
but with the bilayer. Therefore the measured height was
smaller in this case than the structural thickness of the
DPPE bilayer.
The thicknesses of reconstituted OmpF and AQP1 2D

crystals, of HPI layers, and of DPPE were measured as
function of the electrolyte concentration applying a force
between 0.1 and 0.2 nN to the tip (Fig. 9). For unambiguous
identification of the surface exposed to the tip and as a

quality check, the topographs of the 2D crystals were al-
ways imaged at submolecular resolution before height mea-

surements (Fig. 10). As in the purple membrane, the appar-
ent heights of these regular protein arrays adsorbed to mica
increased when the electrolyte concentration was smaller
than a critical value. The measured heights of the periplas-
mic surface of OmpF crystals and of the AQP1 crystals
showed the strongest dependence on the electrolytes. At a

monovalent electrolyte concentration of .300 mM, they
exhibited heights comparable to the structural thickness of
the OmpF single layer (6.1 ± 0.2 nm; Schabert et al., 1995)
and of the AQP1 layer (5.8 ± 0.4 nm; Walz et al., 1996).
When the KCl concentration was decreased to 50 mM (pH
8.2), these heights increased by -6 nm. HPI adsorbed to
mica with its hydrophilic extracellular surface (Muller et al.,
1996a). Consequently, the cytosolic surface was directed
toward the tip. At an electrolyte concentration of 50 mM,
the electrostatic contribution for the inner surface of HPI
was 2 nm, and that for the extracellular surface of porin was
3 nm. In contrast to the protein layers, DPPE bilayers
exhibited a negative electrostatic contribution, and their
height decreased with decreasing electrolyte concentration.

16-2 10-l
electrolyte concentration [M]

FIGURE 9 Height differences between biological systems and mica, as
a function of monovalent electrolyte concentration. The electrolyte for
HPI, DPPE, and OmpF was KCI, and that for AQP1 was NaCl. Porin ES
and porin PS refer to measurements performed on the extracellular and the
periplasmic surface, respectively. The periplasmic surface was only mon-
itored on a double layer of OmpF sheets. In all measurements the pH was

8.2 (buffered by 1-20 mM Tris-HCl), and the force applied to the tip was
0.1 ± 0.05 nN.

C nN

I x C

Muller and Engel 1 639



Volume 73 September 1997

FIGURE 10 Surveys and high-resolution topographs of OmpF and AQPl recorded in buffer solution. (a) Reconstituted OmpF sheets attached to mica.
The sheets had diameters of up to 1 gm. (b) High-resolution image of the periplasmic surface, showing a rectangular lattice. (c) High-resolution image of
the extracellular surface. Triplet protrusions belonging to a porin trimer are difficult to identify in the rectangular packing arrangement. (d) Crystalline
AQP1 sheet adsorbed to mica. The sheets showed diameters of several microns. (e) High-resolution topograph of the AQP1 tetramers. Imaging conditions:
300 mM KCI, 20 Tris-HCl, pH 7.2 for OmpF; and 150 mM KCI, 10 Tris-HCl, pH 7.8 for AQP1. Gray level ranges, 20 nm in a and d, 4 nm in c, and 2
nm in b and e. Scale bars, 500 nm in a and d, and 20 nm in b, c, and e.

At 300 mM KCI, the DPPE height was -5.3 nm, and it was
2.5 nm at 5 mM KCl.

pH dependence of the purple membrane height

As shown in Fig. 11 a, the height of purple membrane
recorded at constant force (-0.2 nN) depended on the pH of
the electrolyte solution. In basic solutions up to pH 10.5, the
height measured at a particular electrolyte concentration
was constant within the standard deviation. In contrast, the
height of the membranes increased below pH 7 with de-
creasing pH, with a small drop toward pH 3. Although the
general pH dependence of the measured height was found
for all salt concentrations tested, the effect was less pro-
nounced at high salt concentration. When imaged at applied
forces of -1 nN in 40 mM KCl, the height of the purple
membrane remained constant (-5.6 ± 0.2 nm) above pH 6.
Below pH 6 it decreased to a plateau of 5.2 ± 0.2 nm (pH
3.1). Force curves recorded on mica in 40 mM KCl at pH
8.4 (5 mM Tris-HCl; Fig. 11 b) showed a small repulsive
interaction with the Si3N4 tip followed by an attractive
interaction at closer distances. On purple membrane, the
force curve was repulsive throughout. On both mica and
purple membrane, the force curve characteristics changed
when the pH was decreased. At pH 4.1 (Fig. 11 b), the
repulsive interaction between the tip and mica vanished,
whereas the repulsive interaction between the tip and the
purple membrane increased slightly, thereby explaining the
height anomaly observed at low pH.

Surface charge density determination

The surface charge density can be estimated from the
height-versus-electrolyte concentration plots measured for

AQP1, OmpF, HPI layer (Fig. 9), and purple membrane
(Fig. 3). In these measurements, three regions may be dif-
ferentiated (Fig. 12 a). At very low salt concentrations, the
electrostatic repulsion of both mica and sample must be
considered (region I; z1 = Z2 0 0; see Fig. 4). At interme-
diate concentrations, the repulsion of mica is suppressed
(region II; zI = 0; Z2 # 0). At high salt concentrations, the
electrostatic repulsion of the protein sample is reduced as
well, and the van der Waals attraction may not be neglected
(region III; zI = 0; Z2 0). In regions I and II the force
applied to the tip is equal to the electrostatic repulsion:

Fappi = Fei(Z) =
4r

I AD e-Z/ADappi. ~~EeEO (3)

If the tip is in contact with the support but not with the
biological sample, as in the case of region II for the pro-
teineous layers studied here, the difference between mea-
sured height h and structural height d corresponds to the
electrostatic height contribution of the protein alone:

z(ec,) =- -0304In Fappi.EeEo
7
e

Az(e~) = 0.304 l k4iTRo--,o--0.304! 4

Assuming a tip force of 0.1 nN, and considering the tip to
have a surface charge density of -0.032 C/M2 (Butt, 1991),
the curves of Fig. 12 were fitted with Eq. 4 to the data points
in region II to yield the surface charge densities. The known
surface charge density of purple membrane (-0.05 C/M2
(Butt, 1992)) was used to determine the tip radius (120 nm).
The surface charge densities thus determined varied consid-
erably: -0.0035 C/M2 (inner surface of HPI), -0.01 C/M2
(extracellular surface of OmpF), -0.06 C/M2 (AQPl), and
-0.08 C/M2 (periplasmic surface of OmpF). The height
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FIGURE 11 (a) Height of purple membrane adsorbed to mica versus pH
of the buffer solution. Each point represents an average of more than 50
measurements on different membranes. The force applied was between 0.1
and 0.2 nN in all measurements, except for the sets recorded in 40 mM KCl
and at 1 nN (0). The latter measurement shows the height change of
bacteriorhodopsin at its pl from 5.6 nm to 5.2 nm (Muller et al., 1995b). (b)
Force curves recorded at 40 mM KCI on purple membrane (solid curves)
and on mica (dotted curves). The electrostatic repulsion on mica at pH 8.4
was larger than at pH 4.1. In contrast, the repulsion on purple membrane
was larger at pH 4.1 (upper curve in the lower graph) than at pH 8.4
(middle curve in the lower graph). Conditions for recording the force
curves: scan frequency 1.97 Hz, scan range 50 nm (512 pixels); each curve

represents the average of 10 measurements. The buffers used were citric
acid for pH 3-6, MES for pH 6-7, and Tris for pH 7-10. Their concen-

tration was 5 mM in the presence of 40 mM KCl, and 10 mM with 100 mM
KCl and above. The ion concentration (NaOH or HCl) added to adjust the
pH of the buffer solution was between 0.6 and 7 mM (for 5 mM buffer) and
1 and 14 mM (for 10 mM buffer).

anomalies of DPPE bilayers exhibited a different behavior,
because they resulted from the electrostatic repulsion of
mica (cf. Fig. 8). Therefore, DPPE heights at electrolyte
concentrations of -<10 mM simulated with Eq. 4 yielded a

mica surface charge of -0.001 C/M2.

DISCUSSION

The measurements and calculations presented here demon-
strate that the height of a macromolecule recorded in an

AFM image depends on the tip (Si3N4 in all measurements),
the force applied, the aqueous environment, and the surface
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FIGURE 12 Simulation of the electrostatic contribution to the structural
thickness of the biological samples. (a) Electrostatic contribution of bac-
teriorhodopsin. In region I, both bacteriorhodopsin and mica showed
repulsive electrostatic contribution. In region II, mica no longer showed a

repulsive contribution. In region III, van der Waals forces cannot be
neglected, because the electrostatic repulsion is reduced. Therefore only
the experimental data in region II were considered for fitting the curve

given by Eq. 4. (b) Fits of the electrostatic contributions of AQP1, the inner
surface of HPI, mica, and the extracellular (ES) and periplasmic (PS)
surfaces of OmpF. Because the electrostatic repulsion of mica at monova-
lent electrolyte concentrations of <20 mM cannot be neglected, only
experimental data above 20 mM (except for the values of DPPE) were

taken into account for the fit. Experimental data points that indicated the
elimination of electrostatic repulsion were neglected as well. Because
DPPE showed virtually no repulsion of the AFM tip at low salt concen-

tration, the electrostatic contribution of the mica surface was numerically
simulated at concentrations of <20 mM.

properties of both the sample and its support. This phenom-
enon is explained by the relative strength of electrostatic
double-layer and van der Waals forces, and can be described
by the DLVO theory (Butt et al., 1995). If the forces applied
for contact mode imaging are smaller than the electrostatic
double-layer repulsion, the measured height of a biological
sample not only is of structural origin, but also shows an

electrostatic contribution, and depends on the applied force.
If the surface charge density of the sample exhibits the same
polarity as tip (Si3N4) and support (mica) but is larger, the
electrostatic contribution to the height measured with the
AFM is positive. This was illustrated for AQP1, HPI,
OmpF, and purple membrane, all of which have a net
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negative surface charge at pH 8.2. If the surface charge
density of the sample is less negative than that of mica, the
electrostatic contribution is negative, as was demonstrated
with DPPE bilayers. Sufficiently high forces (i.e., larger
than the repulsive double layer force) must therefore be
applied to ensure contact between the tip and the surfaces of
both the biological object and its support. However, the
structural flexibility of macromolecules (Muller et al.,
1995a) and of cells (Radmacher et al., 1993, 1995; Hoh and
Schoenenberger, 1994) must also be considered. If the ap-
plied forces are too large, an elastic deformation of the
sample occurs (Weisenhorn et al., 1993), and the measured
height no longer represents the thickness of the native
sample.

Purple membranes exhibited a thickness of 5.5 ± 0.4 nm
when imaged in a .300 mM monovalent salt solution at pH
8.2 for forces applied to the tip between 0.1 and 0.2 nN (Fig.
3), and 5.6 ± 0.2 nm at a salt concentration of .40 mM and
a force of -1 nN (Fig. 11). These values agree with results
from x-ray scattering (Blaurock and Stoeckenius, 1971) and
cryoelectron microscopy (Henderson, 1975; Henderson et
al., 1990) (see Table 1). We could not detect a difference in
the measured thickness between purple membranes that
exposed their cytosolic surface and those that exposed their
extracellular surface to the AFM tip. This suggests that both
surfaces have charge densities that are equal within the error
limits of our measurements (for a discussion of the surface
charge density of purple membrane see Butt, 1992a).
To avoid damage due to friction, the applied force used to

image purple membrane in the constant force mode may not
be much larger than 1 nN. During force curve measure-
ments, purple membranes were only disrupted when forces
exceeded 2 nN. These thresholds are consistent with our
previous observations that forces applied to the tip have to
be below 1 nN to achieve submolecular resolution on bio-
logical samples (Karrasch et al., 1994; Schabert and Engel,
1994; Muller et al., 1995a, 1996a). However, parameters
such as tip radius, buffer solution, and thermal drift all
influence the conditions under which the membranes are
disrupted by their interaction with the tip.

It is interesting to compare our previous measurements of
purple membrane thickness variations as a function of pH
with the current data shown in Fig. 11 a. Whereas a distinct
decrease in the purple membrane thickness below the pl of
bacteriorhodopsin (between 5.2 and 5.6; Ross et al., 1989)
was observed at applied forces of 1 nN (cf. Fig. 11 a; Muller
et al., 1995b), the height increased at acidic pH in various
salt solutions when the membranes were scanned at forces
of 0.2 nN (Fig. 11 a). The latter effect was unexpected.
Changes in the ion concentration due to the pH adjustment
of the buffer solution were small compared to the KCI
concentration and could not account for the observed height
variations (cf. Fig. 3). However, the pl of both a SiO2 (-
mica) surface and Si3N4 (tip) surface lies at pH 6 (Lin et al.,
1993). Hence, as observed by force curve measurements
(Fig. 11 b), the surface charges of the tip and the mica were

double-layer force. The change in surface charges also
influences the interaction between the tip and the purple
membrane. The force curves in Fig. 11 b demonstrate that
the electrostatic interaction was repulsive. This might be
expected, as pH 4.1 is lower than the pI of both tip and
membrane. Thus the variation in the measured height is
related to the change in the surface charge densities of the
tip, mica, and purple membrane. Salt concentrations above
300 mM (KCl) were required to screen this electrostatic
effect. Finally, when the force applied to the tip was 1 nN,
the thickness decreased to 5.2 ± 0.2 nm below pH 6,
corroborating our previous measurements (Fig. 11 a; Muller
et al., 1995b).

For DPPE the bilayer spacing measured by x-ray diffrac-
tion is 6.0 nm, 5.7 nm, and 5.2 nm for the gel phase,
crystalline phase, and fluid phase, respectively (Seddon et
al., 1984). Thus the height of DPPE layers adsorbed to mica
measured with the AFM (5.3 ± 0.4 nm) suggests that the
bilayers created by the vesicle fusion method are either in
the fluid or in the crystalline phase. This unexpected result
may be explained by residual solvent trapped in the hydro-
carbon core of the bilayer. Whereas DPPE exhibited an

apparent decrease in thickness at low salt concentrations,
the contrary was found with the lipid bilayer surrounding
purple membrane patches. This was not unexpected, as the
purple membrane contains glycolipids that are negatively
charged at pH 8.2.

Because the electrostatic force shows an exponential de-
pendence on distance, it is smaller than the van der Waals
force, which has a reciprocal dependence when the tip is
sufficiently close to the support or the sample surface. These
different relationships imply different interaction areas of
the two forces with the AFM tip. For a double-layer thick-
ness that is larger than the tip radius, the entire tip interacts
with the sample and the tip geometry cannot be neglected.
In this case, the simple model of a sphere approaching a

smooth surface (Eq. 2) does not describe the interaction
properly, explaining discrepancies between the calculated
and experimental forces. Indeed, the forces between the
sample and individual tips can differ, even if the materials
and electrolyte are identical. To overcome the problem of
unknown tip geometry, micrometer-sized spheres have been
attached to the AFM cantilever for the detection of force
curves (Ducker et al., 1991). Equation 2 shows that a larger
radius results in a higher force and thus allows force curves

to be detected with a higher sensitivity. However, the lateral
resolution of the AFM is reduced by increasing the tip
radius.
The surface charge densities of various samples were

determined from the dependence of the measured heights on
the electrolyte concentration. The results rely on the accu-

racy of the measured purple membrane surface charge den-
sity (-0.05 ± 0.025 C/M2; Butt, 1992b), which was chosen
as a reference and used to calculate a tip radius of 120 nm.

The fit of the curve given by Eq. 4 to the experimental data
is shown in Fig. 12 a. It is evident that such a tip would not

neutralized around pH 6, thereby reducing the repulsive
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allow images exhibiting submolecular resolution to be ac-
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quired (Figs. 2 and 10). However, all measurements were
carried out with tips of excellent quality, and samples were
systematically checked at high magnification before height
measurements or force curve acquisition. In addition, scan-
ning electron microscopy consistently revealed tip radii
much smaller than 120 nm. We conclude that the pyramid-
shaped tips used are equivalent to a sphere with a radius of
120 nm within the theoretical framework discussed here.
The surface charge density of -0.001 C/M2 determined for
mica is 2.5 times smaller than that of -0.0025 C/M2 mea-
sured by Pashley (1981). Nevertheless, both values lie
within the experimental error (cf. Butt, 1 992b), further
supporting the consistency of the method.

CONCLUSIONS

To determine the true height of soft biological samples with
the AFM, the electrolyte concentration and the pH of the
buffer solution must be adjusted to screen the repulsive
electrostatic interactions. The conditions can be determined
by measuring heights as a function of electrolyte concen-
tration at forces applied to the tip of '0.2 nN, and adjusting
the concentration of the electrolyte to a point where possible
electrostatic repulsion is eliminated. Such small forces are
required to prevent significant elastic deformations of flex-
ible biological molecules (Muller et al., 1995a). Heights
measured by this procedure do not depend on characteristic
surface charge densities, nor are they influenced by sample
deformations.
The dependence of measured heights on the electrolyte

concentration and pH opens the possibility of mapping
surface charges of native biological macromolecules at sub-
nanometer resolution. As surface charges govern the inter-
action of biomolecules, such data will provide new insight
into fundamental biological processes at the molecular
level.
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