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Single Molecule Imaging and
Manipulation

Martin Hegner®* and Andreas Engel?*

Abstract: The atomic force microscope (AFM) and optical tweezers are tools that allow single biomolecules
to be imaged and manipulated. Progress in instrumentation, sample preparation, and image acquisition con-
ditions make novel applications of these tools possible. Biological membranes can be imaged in their native
state at a lateral resolution of 0.4-1 nm and a vertical resolution of 0.1-0.2 nm. Function-related conforma-
tional changes are resolved to a similar resolution, complementing atomic structure data acquired by other
methods. The unique capability of the AFM to observe single proteins directly allows the interaction of
proteins forming functional assemblies to be assessed. Single molecule force spectroscopy combined with
single molecule imaging provides unprecedented possibilities to analyze intra- and intermolecular forces. Op-
tical tweezers expand the range of measurable forces to those produced by molecular motors. Combined
with fluorescence measurements, optical tools give insights into fundamental biological processes such as

the molecular conversion of chemical into mechanical energy.
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Introduction

Biomolecules can only be observed at work
if they reside in their native environment.
For soluble proteins this is a physiological
buffer, while membrane proteins in addi-
tion need to be embedded in a lipid bilayer.
The atomic force microscope (AFM) [1] is
the only instrument that provides sub-
nanometer spatial resolution and can be
operated in solution. Progress has been
achieved in several laboratories by optimiz-
ing sample preparation [2-5] and image ac-

*Correspondence: 2Prof. A. Engel

M.E. Miller Institute for Structural Biology
Biozentrum, University of Basel

NCCR Nanoscale Science
Klingelbergstrasse 50-70

CH-4056 Basel

Tel.: + 41 61 267 22 62

Fax: + 4161267 21 09

E-Mail: Andreas.Engel@unibas.ch

°PD Dr. M. Hegner

Institut fUr Physik der Universitat Basel
NCCR Nanoscale Science
Klingelbergstrasse 82

CH-4056 Basel

Tel.: +41 61 267 37 61

Fax: +41 61 267 37 84

E-Mail: Martin.Hegner@unibas.ch

quisition [6][7] methods, and by continu-
ous developments of the instrumentation
[8-11].

Topographs (maps of the surface topog-
raphy) of biomolecules acquired with the
AFM reveal the object in its most native
state. The high signal-to-noise (S/N) ratio
provided by this instrument allows submol-
ecular features of single biomolecules to
be discerned. Structural changes at their
surfaces can be detected with a sufficient
time resolution to monitor conformational
changes involved in biological processes.
In addition, the AFM stylus is a nanotool
that allows single molecules to be manipu-
lated. Supramolecular structures and single
biomolecules can be dissected, using the
sharp tip as nanoscalpel, or biomolecules
can be attached to the stylus and unfolded
while the stylus is retracted. The forces
measured during this process give novel in-
formation on the nature of molecular inter-
action and the forces that stabilize the
building blocks of live. While the AFM
measures forces between 20 pN and 2000
pN (1 pN = 10712 N), optical tweezers are
even more sensitive, allowing the detection
of forces smaller than 0.3 pN. Using such
optical tools, forces generated by single
molecular motors can be directly measured,
and the nanomechanics of single biomole-
cules investigated.

Instrumentation

The Atomic Force Microscope

A topograph is recorded by raster scan-
ning the sample below the stylus that is at-
tached to a flexible cantilever while a servo
displaces the sample vertically to keep the
cantilever deflection constant. An optical
system resolves cantilever deflections of
0.1 nm, which corresponds to a force dif-
ference of typically 10-50 pN. With mod-
ern instruments stable contact mode opera-
tion (see Fig. 1) is possible at forces of
some 50 pN, provided the sample is in an
aqueous solution. Various ways to exploit
the deflection signal yield quite different
types of images, as illustrated and ex-
plained in Fig. 1A. The possibility to raster
scan and manipulate biological macromol-
ecules under physiological conditions is a
major advantage of the AFM. Fig. 1B dis-
plays the experimental details of an AFM,
which allows scanning a sample in buffer
solution, and exhibits an efficient system
for changing the buffer.

The sensitivity of the cantilever deflec-
tion detector has promoted force measure-
ments with the AFM. Unfolding forces of
biomolecules that are tethered to substrate
and tip can be monitored while retracting
the tip. To record such force—distance
curves, the tip is approached vertically to-
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wards the sample until a molecule is at-
tached to the tip, and subsequently retract-
ed (‘fly-fishing’). Acquisition of high-reso-
lution images before and after ‘unzipping’ a
biomolecule allows the damage produced
to be directly visualized. Only specialized
AFMs can resolve forces below 20 pN, a
limitation preventing the direct monitoring
of molecular motors, whose forces are in
the range of 1-10 pN.

The Optical Tweezers
Optical tweezers (OTs) measure forces
as small as 0.3 pN. To this end, a laser beam

is focused to a diffraction-limited spot us-
ing a microscope objective. The intense
light gradient near the focal region can
achieve stable three-dimensional trapping
of dielectric objects, varying in size from a
few tens of nanometers up to tens of mi-
crometers (Fig. 2A). As result of its high
force sensitivity the OTs are considered as
the technique of choice for the investigation
of biomechanical forces. A single molecule
can be attached to a handle such as a small
dielectric sphere, and its mechanical prop-
erties can be studied (Fig. 2B). Fig. 3A
illustrates that the force regimes in which
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Fig. 1. AFM Instrumentation and modes of operation. A) Imaging modes: In the contact mode
(a) the servo system moves up over elevations and down over depressions while the sample is
raster scanned below the stylus. To react the servo needs to a difference signal from keep the
cantilever deflection constant at sharp edges (b). This error signal provides an image that re-
veals the edges of the surface topography. Approaching the sample with an oscillating can-
tilever results in tapping of the sample by the stylus (c). This reduces the oscillation amplitude
providing the signal to activate the servo. Because the tip-sample contact is disrupted period-
ically, the friction forces are eliminated. The phase difference between the measured oscillation
(solid wave) and the oscillation driving the cantilever depends on the mechanical properties of
the sample (d). This phase signal thus produces a sensitive material contrast.

B) Key elements of an AFM are the cantilever with a pyramidal stylus that touches the sample,
an optical lever consisting of a laser and a photo diode to measure the cantilever’s deflection,
a piezo-electric translator to displace the sample in x, y, z, and a computer to control these
movements and store the surface contours. The instrument is working in buffer solution under
ambient condition. The springboard type cantilever (dimensions ~200 X 20 X 0.5 um, spring
constant 0.1-0.01 N/m) is deflected upwards when the tip is pushed towards the sample sur-
face (repulsive forces) or downwards when the tip is retracted from the sample surface (attrac-
tive forces). Different liquids can be injected and a Peltier element allows precise adjustment of
the temperature.

CHIMIA 2002, 56, No. 10

the OTs and AFM can be used overlap con-
veniently. OTs are preferably applied in ex-
periments on molecular motors, entropic
elasticity of molecules, and conformational
folding of proteins, while rupture of bonds
and molecular interactions are mainly in-
vestigated with the AFM. While some tech-
nical details of OTs instruments are given
below, a more detailed description of OTs is
given in [11].

Origin of Optical Forces

As demonstrated in 1970 by Ashkin
light can be used to trap and accelerate di-
electric micron-sized particles [12]. For this
experiment, a stable optical potential well
was formed using two slightly divergent
counter-propagating laser beams. This pio-
neering study established the groundwork
for the OTs technique [13]. At the diffrac-
tion-limited focus of a laser beam, not only
dielectric particles spheres can be trapped
but also biological organisms such as cells,
virus, or bacteria [ 14-16]. However, optical
forces are very small, since 100 mW of
power focused to a spot of 1 um diameter
(=107 W/cm?) produces forces of only a
few tens of pN on a micron-sized particle
(Fig. 2A). For biological applications, it is
therefore imperative to choose a laser exci-
tation, which (i) does not raise the temper-
ature of the surrounding medium (i.e. wa-
ter) and (ii) prevents biological damage.
Near infrared excitation is best suited, but
the wavelength region between 700 and
760 nm should be avoided [17][18].

Experimental Details

An optical trap for investigating bio-
molecules consists of (i) a beam expander
to overfill the back aperture of the micro-
scope lens, (ii) a high-quality microscope
lens with a high NA to produce a steep spa-
tial gradient, and (iii) a laser providing a
wavelength in the near infrared. Some
rather simple modifications of a commer-
cial inverted microscope are sufficient to
build an OTs apparatus [19]. When the re-
quirements such as beam steering, high
mechanical stability, proper spatial filtering
of the laser, and preventing mode hopping
of the laser have to be considered, it is best
to build an OTs instrument on a conven-
tional optical table with custom optics and
electronics [16]. As a result of the differ-
ence in index of refraction between oil and
water inside the chamber, oil-immersion
microscope lenses are not suited for OTs.
Fortunately, high numerical water-immer-
sion lenses are now available commercially.
Our OTs setup allows complementary
biological information to be gathered
(Fig. 2B).






