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Force Spectroscopy of Molecular Systems—Single Molecule Spectroscopy of
Polymers and Biomolecules

Andreas Janshoff, Marcus Neitzert, York Oberdorfer, and Harald Fuchs*

-

How do molecules interact with each
other? What happens if a neurotrans-
mitter binds to a ligand-operated ion
channel ? How do antibodies recognize
their antigens? Molecular recognition
events play a pivotal role in nature: in
enzymatic catalysis and during the
replication and transcription of the
genome; it is also important for the
cohesion of cellular structures and in
numerous metabolic reactions that
molecules interact with each other in
a specific manner. Conventional meth-
ods such as calorimetry provide very
precise values of binding enthalpies;
these are, however, average values
obtained from a large ensemble of
molecules without knowledge of the

dynamics of the molecular recognition
event. Which forces occur when a
single molecular couple meets and
forms a bond? Since the development
of the scanning force microscope and
force spectroscopy a couple of years
ago, tools have now become available
for measuring the forces between in-
terfaces with high precision—starting
from colloidal forces to the interaction
of single molecules. The manipulation
of individual molecules using force
spectroscopy is also possible. In this
way, the mechanical properties on a
molecular scale are measurable. The
study of single molecules is not an
exclusive domain of force spectrosco-
py; it can also be performed with a

surface force apparatus, laser tweezers,
or the micropipette technique. Regard-
less of these techniques, force spectro-
scopy has been proven as an extraordi-
nary versatile tool. The intention of
this review article is to present a
critical evaluation of the actual devel-
opment of static force spectroscopy.
The article mainly focuses on experi-
ments dealing with inter- and intra-
molecular forces—starting with “sim-
ple” electrostatic forces, then ligand —
receptor systems, and finally the
stretching of individual molecules.

N

Keywords: DNA recognition - force
spectroscopy - polymers - scanning
probe methods
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1. Introduction: Microscopic Forces

Geschrieben steht:

Im Anfang war der Sinn.

Bedenke wohl die erste Zeile,

dass deine Feder sich nicht iibereile!
Ist es der Sinn,

der alles wirkt und schafft?

Es sollte stehn:

Im Anfang war die Kraft!

Johann Wolfgang von Goethe (1749 -1832), Faust I

The physical unit of force is named after Sir Isaac Newton
(1643 —1727), who was the first to mathematically describe the
concept of force precisely in his axioms. Moreover, Newton
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was not only interested in long-range gravitational forces but
also—ahead of time—in microscopic forces: “The parts of all
homogeneal hard bodies stick together very strongly. I had
rather infer from their cohesion, that their particles attract
one another by some force...”. To the best of our present
knowledge, Newton already referred to intermolecular forces
at that time. The radius of action of intermolecular forces is in
the microscopic range, and extends from a few micrometers to
several angstroms. Intermolecular forces determine the
properties of gases, behavior of colloidal solutions, growing
of crystals, and interaction of biomolecules. It is not only the
radius of action of these forces which is on the microscopic
scale but also its magnitude relative to the forces that are
present in daily life. In general, its magnitude is only some
fractions of a nanonewton. The direct measurement of such
forces is an experimental challenge and was first possible in
the late 1970s with the invention of the surface force apparatus
(SFA).Il This apparatus can be used to monitor forces
between two transparent, atomically smooth and curved mica
surfaces covered with the system under investigation by
optical interference techniques. The SFA has a force reso-
lution of approximately 10 nN and a vertical resolution of

1433-7851/00/3918-3213 $ 17.50+.50/0 3213
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0.1 nm. A drawback of this method is its limitation to
atomically flat transparent substrates and the lack of lateral
resolution. In addition, contaminations on the large surfaces
may influence the measurements considerably.

With the development of the atomic force microscope
(AFM) in the mid 1980s an instrument became available for
the first time that was distinguished not only by its enormous
force resolution down to the piconewton range but also by its
lateral and vertical resolution.”! Scanning force microscopy
gained high significance in research fields where in situ
imaging of surfaces with a submicrometer resolution was
required, such as in materials and life sciences. The versatility
of this method is based on the large number of contrast
mechanisms. Besides the topography, elastic moduli, friction

coefficients, chemical residues, surface charges, and energy
loss during the oscillation of the cantilever can be imaged with
high spatial resolution.

The difference between static force spectroscopy and
dynamic force spectroscopy is that in the former the
interaction between the tip and the sample is calculated from
the amplitude signal as well as the frequency and phase shift
of the cantilever’s oscillation.!

By chemical functionalization of the tip the force micro-
scope has developed as a new tool for materials and life
sciences. For the first time it was feasible to measure the forces
between two individual molecules locally. A milestone in this
regard was the direct observation of a single bond rupture of a
distinct streptavidin—biotin complex in 1994 as reported
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independently by the groups of Gaub* and Colton.”! Quasi-
static force spectroscopy has become established as a partic-
ular technique of single molecule spectroscopy and has now
found numerous fields of applications. It should be empha-
sized that not only static but also dynamic information is
available, such as during the separation of a single ligand -
receptor couple upon applying an external force with different
pulling velocities. From these measurements information
about the dynamics of the bond rupture of noncovalent
complexes and, thus, about the energy barrier which needs to
be overcome during bond rupture is gathered. Conforma-
tional analysis of polymer strands and biomolecules has also
been developed as an additional independent research field.
Here, long-chain molecules such as DNA, synthetic polymers,
polysaccharides, and filamentous proteins experience fold-
ing—unfolding cycles upon application of an external force.
The characteristic force —extension curves can be utilized to
analyze the different conformations of the biomolecules by
applying statistic polymer models.’! In summary, with scan-
ning force microscopy and related techniques, methods are
available that allow imaging and spectroscopic characteriza-
tion of surfaces on a molecular scale as well as the
manipulation of single molecules.

2. General Overview: The Force Microscope as a
Sensor of Molecular Forces

Since its invention (1986) by Binnig, Quate, and Gerber?!
force microscopy has evolved from being a predominantly
imaging techniquel to a method that allows the investiga-
tion of molecular forces at interfaces in great detail.l* > The
cantilever of the microscope acts as a sensor for the local
interaction between the tip and the sample (Figure 1).
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Figure 1. Schematic drawing of a force microscope with a photodetector.
The deflection of the cantilever is detected by the laser deflection reflected
from the cantilever. The sample is positioned on a piezoelectric device
(movable in three directions). The piezo allows the sample to be moved in
the vertical direction (z-piezo controlling unit) and scanning the surface in
the x-y direction (x-y piezo controlling unit). There are two different
modes: in the constant-height mode the cantilever deflection is detected
without feedback control (applicable to very smooth surfaces), while in the
constant force mode the z-piezo unit compensates for any possible
cantilever deflections by changing the z position.

A so-called force—distance curve can be determined by
detecting the cantilever deflection'”! (which reflects the
dependence of the force on the movement of the piezo
device) when the tip of the force microscope is moved toward
and away from the surface. The applied force F can be

Angew. Chem. Int. Ed. 2000, 39, 3212-3237

deduced from the cantilever deflection zy using Hook’s law
[Eq. (1)]. Force resolution (under ambient conditions) is in

F = kzg 1)

the range of piconewtons and restricted to the thermal
fluctuation of the cantilever.'t'?l The entire measurement
(approach and withdrawal) typically takes a couple of
seconds. In some cases, the retraction curves exhibit various
complex features from which conclusions about the interac-
tion between the tip and samples can be drawn (Figure 2). The
approach curve also contains valuable information about
surface forces.

The interactions observed range from van der Waals forces
in the nN scale (Figure 2A) to entropic forces of several
hundred pN—the latter ones caused by the stretching of single
molecules fixed between the tip and the substrate (Fig-
ure 2E). Thus, the interactions occurring are strongly depend-
ent on the experimental conditions, such as the tip and sample
material, chemical modification of the surfaces, and the
surrounding medium. Therefore, it is in general possible to
image surfaces in a chemically sensitive fashion.'>'1 The
interactions dominating the course of the experimental force
curves depend on the medium. Van der Waals forces, which
are always present in air, are in general superimposed by
stronger capillary forces, which are caused by the condensa-
tion of water vapor in the area where the tip contacts the
sample (capillary condensation). These capillary forces are
negligible if the measurements are performed in fluids.

Force spectroscopy experiments in an aqueous solution are
of major importance since only this environment allows the
study of native biological processes and mechanical behavior
of single molecules, such as nucleic acids and proteins, in situ.
A proper functionalization of the tip and sample is very
important for these kinds of experiments. Electrostatic forces
are predominant in aqueous solution;?*? they can be mainly
attractive or repulsive (Figure 2B, C)—depending on the
surface potential, the ionic strength, and pH. In addition to
electrostatic interactions, the use of molecules with appro-
priate functional groups leads to short-ranging dipole —dipole
interactions, hydrogen bonding,'>2+21 or in the case of
ligand —receptor couples highly specific complex combina-
tions of different binding types as well as covalent bond-
ing 1452730

The forces between the tip and the sample can be
investigated by force spectroscopy on a spatially restricted
area. The upper limit is given by the contact radius of the tip
with the substrate, which is typically of the order of some ten
nanometers,*- 3 while the lower limit is in the range of single
molecules or atom groups.

2.1. Force —Distance Curves

The cantilever deflection is a measure of the interaction
force. The relationship between the cantilever deflection and
the distance between the tip and sample is shown in Fig-
ure 3A with s=/+d — zz. As deduced from Equation (1),
attractive forces (F'<0) lead to a negative cantilever deflec-
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tion (zy < 0). For a movement of the sample as a result of the
displacement of the piezo device Azp, As=Azp is valid.[
From this, the relation Azp=Ad— Azp follows (zp<0 at
attractive forces and A/=0). The slope of the force curve can
be determined from Equation (2), where Azy is the change in

Az 1

Azr  KIF(d) -1 @

cantilever deflection, and Azp is the change in the sample
position or displacement of the piezo device. k is the spring
constant of the cantilever and F'(d) the force gradient, which
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Figure 2. Detection of different interactions by recording force — distance
curves. The cantilever deflection zr versus the piezo displacement z,, is
shown. A) Van der Waals forces between a passivated silicon tip and a
silicon surface in ultrahigh vacuum. B),C) Electrostatic interactions
between the tip and sample in fluids—attractive forces (B), repulsive forces
(C). D) Specific ligand-receptor interactions between a streptavidin-
functionalized tip and a biotinylated surface. E) Unfolding of a long-chain
single molecule with a force microscope. Attractive forces are represented
by negative and repulsive forces by positive deflections. The light gray
curve shows the approach of the tip to the surface.

is a function of the tip—sample distance d. Equation 2
provides a stability criterion (k/F'(d) —1=0). The character-
istic features of an approach and retraction curve is given in
Figure 3B.

If the tip is far away from the surface forces are absent and
the cantilever is not deflected ([1]). Attractive surface forces
become apparent when the tip approaches the substrate: if
the value of the positive force gradient is the same as the
spring constant (F’'(d)=k) a mechanical instability occurs
according to Equation (2), known as snap-on ([2)). The tip
jumps into a close repulsive contact with the sample (2]1—[3]),

Angew. Chem. Int. Ed. 2000, 39, 3212 -3237
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Figure 3. A) Relevant parameters for calculating the transfer function
between the sample displacement zp and the cantilever deflection zp; [ is
the length of the tip, d the distance between the tip and the sample.
B) Simple force curve; the numbers and arrows illustrate the course of the
measurement. A detailed description is given in the text.

and consequently the surface experiences deformation. Even
if the cantilever was infinitely stiff, a snap-on would always be
present on the atomic scale, since the gradient of the surface
forces becomes larger than the elastic restoring force at any
small separation (1-2 A).3 Although the net force is
negative, repulsive forces also act on the cantilever.®! The
deflection of the cantilever (8]—[4)) is now determined by the
viscoelasticity of the substrate.’) Applications of force
microscope range from the measurements of deformation of
elastomersP’ or thin organic layersP! to mechanical experi-
ments on individual cells.’”) A quantitative determination of
the elastic moduli is, however, difficult in most cases as the
contact area needs to be known precisely.*> ! This is rarely
the case since on the one hand the tip geometry varies from
cantilever to cantilever and on the other hand the contact
radius is a function of adhesion.

The pressure that the tip exerts on the surface increases as
the sample displacement increases. In the case of a hard
substrate (| F'(d) |>> k) the slope of the force curve converges
to —1([4)), sample displacement and cantilever deflection are
proportional (Azp=—Azp, here zp=—zp). The distance
between the tip and the sample remains constant along this
contact line. For example, this is the case for glass and
passivated silicon. This fact is used to calibrate the cantilever
deflection in the case of force microscopes using a laser
deflection signal, which means that the deflection is directly
obtained from the signal of the photodiode (voltage).

The repulsive forces decrease continuously ((51—[6]) upon
retraction of the z-piezo device. The separation from the
sample surface occurs at the so-called snap-off ([8]), which is
visible immediately after the minimum of the curve ([7)—at
this point the maximum attractive force can be measured
(adhesion force). According to the most common contact

Angew. Chem. Int. Ed. 2000, 39, 3212-3237

models” ©I the adhesion force Fyg, is proportional to the tip
radius and the surface energy between the tip and the sample.
The snap-on and the snap-off are both characterized by a
mechanical instability (F(d) =k); the contact to the sample
surface is suddenly interrupted (8] —[9]). The cantilever reacts
sensitively to disturbances, such as thermal noise or vibrations,
in the vicinity of the curve minimum ([7]). Therefore, the snap-
off already occurs at the minimum. Large regions of the
attractive interaction potential are not accessible experimen-
tally because of the snap-on and snap-off. This becomes more
pronounced for softer cantilevers. Under appropriate con-
ditions the adhesion force, that is, the snap-on/off, might
vanish in fluids. The interaction between the tip and the
sample is then mainly repulsive.

A force curve is a plot of the measured force versus the
displacement of the z-piezo device. The spring constant has to
be determined most accurately for a quantitative evaluation
of the force. A very elegant method of calibrating is to
monitor the spectral density of the thermal noise of the
cantilever. The determination of the average amplitude of the
vibrational resonance allows the calculation of the spring
constant.[¥] In most cases it makes more sense to display the
force as a function of the tip—sample distance. The displace-
ment of the piezo device can be translated into a tip —sample
distance by subtracting the contact line from the cantilever
deflection™—after this normalization one obtains a so-called
force —distance curve. It is possible to directly determine
persistence and contour lengths of polymers and elasticities of
single-molecule chains from the tip—sample distance.]

The approaching and retracting path of a force curve does
not necessarily match (hysteresis). The enclosed area reflects
the energy that is transferred from the cantilever to the
sample and the environment during the entire cycle. The
hysteresis is a measure of the viscosity of the sample. The
sample gains deformational energy during the snap-on. If the
sample is retracted and the tip is still on the surface,
mechanical energy is stored in the strain of the cantilever.
When the tip jumps off the surface, the energy is mainly
transformed into vibrational energy of the cantilever.

3. Interactions Between the Tip and the Sample

3.1. Forces in a Vacuum

Van der Waals forces act between all particles on a nano-
meter scale. They emerge from the interplay of permanent
and induced or fluctuating dipole moments and exhibit a 1/r
distance dependency for two pointlike particles. The inter-
action between identical particles in a vacuum is always
attractive. Van der Waals forces between different particles
embedded in a third medium might also be repulsive.? 3 A
single van der Waals bond is relatively weak and of the order
of —1 kJmol~!, which is equivalent to approximately 10 meV
per molecule.?’]

The interaction energy between macroscopic bodies such as
a tip and a sample, that is, a sphere —plate model is given for
small distances d between the sample and tip [Eq. (3) ]:1*! H is

W(d)=— HRI6d Q)
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the conventional Hamaker constant (a typical value in a
vacuum is H~ 101 J%), Figure 4 shows numerical simula-
tions of the interaction of a silicon tip with a silicon sample in
ultrahigh vacuum. The tip-sample interaction F(d) that is

k=0.1 Nm™
0 ’f_——— o
s /——
:  Snap-On
I N I Zs00

k=0.01 Nm™ Zg/nm
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Figure 4. Influence of the spring constant and the tip radius on the
appearance of the force —distance curve. A) Simulated force plots (sample
approach) using different spring constants k (MYD/BHW potential, tip
radius R =30 nm). B) Interaction of a silicon tip with a silicon substrate
according to the MYD/BHW theory (based on van der Waals forces).Pl
Elastic modulus Y=179 GPa, Hamaker constant H=2.5x10""J. An
increase of the tip radius R (arrow) leads to a deeper potential with longer
range.

needed for the numerical simulation of the force curve was
determined following the approach of Muller — Yushchenko —
Derjaguin/Burgess — Hughes— White (MYD/BHW). This
model describes the entire course of the potential. The
starting point is again the van der Waals force.*] The
interfacial energy of the composite (Si/SiO,) can be estimated
from the obtained adhesion force to be y ~90 mJm=2. This
value is in the range expected for van der Waals forces. The
interfacial energy of approximately 1200 mJ m—2* for pure
silicon is larger since covalent bonds can be formed through
dangling bonds.[*!

3.2. Forces in Air

The predominant adhesive force in air is the capillary or
meniscus force. A distinct hysteresis between the approach
and retraction curve can be observed in the experimental
force curve; during the approach the adhesion force is
considerably larger than other attractive forces. The adhesion
force is approximately 10—100nN and is therefore the
prevailing force. In principle, the capillary force depends on
the surface tension of the sample, tip, and fluid as well as on
the tip radius, air humidity, and the thickness of the water
layer. Quantitative measurements are mostly performed in a

3218

vacuum, a dry gas atmosphere, or directly in liquids. Besides
the dominating capillary forces, Coulombic forces may occur
if a voltage is applied between a conductive tip and sample.
These forces are mainly used to determine the geometry of
the tip.P%

3.3. Electrostatic Forces in Aqueous Solutions

Van der Waals forces are weaker in aqueous solution than
in a vacuum.? 3% 52 This fact is the result of the high dielectric
constant of water (e~ 80)—van der Waals forces are of
electrodynamic origin and are thus shielded from water
dipoles. Though weak, van der Waals forces among particles
of the same kind in nature are always attractive, even in
electrolytes. Colloidal particles aggregate and precipitate as
long as van der Waals forces are present. However, dissolved
particles carry charges on their surface, which leads to
repulsive forces that prevent aggregation. For example, red
blood cells have negative surface charges that protect them
from agglutination.

These electrostatic forces are dependent on the ion
concentration and the pH of the solution. In simple terms,
the pH influences the surface charge, while the number of ions
in solution affects the radius of action of the electric field.
Figure 5 depicts schematically the course of the potential at an
interface. Electrostatic interactions among charged surfaces
in fluids can be classically treated with the Poisson—Boltz-
mann equation,® which describes the potential and charge
density of the counter ions at every spot x except for the
surface.

—

|y T

Figure 5. Left: Schematic drawing of the electrochemical double layer
according to Stern. The first part of the double layer (Helmholtz layer) is
characterized by a linear decrease in the potential up to the outer
Helmholtz plane (OHP) followed by the diffuse double layer (Gouy—
Chapman layer). The separating line at the inner Helmholtz plane (IHP)
is positioned at the center of specifically adsorbed ions (here negatively
charged). Ions carrying a solvation shell can approach the electrode only up
to the outer Helmholtz plane because of the finite extension of the
adsorbed ions. The graph on the right-hand side depicts the potential in the
corresponding regions.

The theory of Derjaguin, Landau, Verwey, and Overbeck
(DLVO)R0:52.54 deals with the interplay of electrostatic
interactions (which result from the charge distribution
described above) and short range van der Waals forces. Only
once the surface force apparatus was established could a
number of the occurring surface forces be experimentally
investigated, such as attractive van der Waals forces, repulsive
electrostatic double-layer forces, solvation and structural
forces, hydration forces, steric interactions, and hydrophobic

Angew. Chem. Int. Ed. 2000, 39, 3212 -3237
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forces. Such interactions have also been shown by force
spectroscopy experiments to be present in electro-
lytes’[zl, 22, 55-59]

The force Fresulting from the approach of charged surfaces
(namely, the tip and the sample) as a function of the distance d
reads to a first approximation (for d > ) as Equation (4).2% ¢l
¢, and ¢p are the surface charges on the tip and sample,

F(d) oo ¢sppexp (—dix) “)

respectively, and k the Debye length, which is a measure of
the range of the electric field®! or the extension of the
electrostatic double layer. The situation is rather complex
and depends on the surface charge.[?l For the symmetric case,
that is, the overlap of two identical double layers, there is a
repulsive (long-range) interaction, whose origin is not electro-
static.[’ In such a situation an electrostatic interaction would
always favor an association. In reality, the effect is of entropic
nature. The dissociation of surface molecules and the release
of ions in solution result in a gain in entropy. Upon
approaching the two double layers these ions are pushed
(against the entropy) back to the surface. Consequently an
osmotic pressure becomes generated—a repulsive force
becomes apparent.

The DLVO theory describes the entire interaction as a
superposition of the exponential repulsion and the attractive
van der Waals force. Hence, the van der Waals interaction
dominates at small distances below approximately 5 nm.[* If
the Debye length decreases because of an increase of the ion
concentration the long-range repulsion also decreases and the
interaction becomes overall attractive.

When nonequally charged surfaces come close togeth-
erl265. 1 the interaction is either repulsive or attractive
depending on the ratio of the charges. If the charges are equal
but opposite, the interaction is attractive. Figure 6 shows the

Figure 6. Regions of attractive and repulsive forces as a function of the
Debye length k4 and the ratio of the charge density 0,/0, of the approaching
surfaces.[”) I: Repulsion with both surface potentials positive; II: attraction
with both surface potentials positive; III: attraction with surface potentials
of different signs; I'V: attraction with both surface potentials negative; V:
repulsion with both surface potentials negative.

different areas of attractive and repulsive interactions occur-
ring between planar and oppositely charged surfaces. Long-
range electrostatic interactions can be monitored spatially
resolved using force microscopy. Here, the pioneering work
dealing with force spectroscopy at electrochemical double
layers was performed by Butt et al.?! >3 %l They demonstrated

Angew. Chem. Int. Ed. 2000, 39, 3212-3237

for the first time the influence of pH and ionic strength on the
surface potential using scanning force microscopy. Figure 7
shows the dependence of the force curves obtained exper-
imentally on the ionic strength for a silicon nitride tip
approaching a self-assembled film of 3-sulfanylpropionic acid
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Figure 7. Analysis of electrostatic interactions by means of force — distance
curves (only the approach curves are shown). A Si;N, tip in contact with a
self-assembled film (3-sulfurylpropionic acid) at pH 7.7: the tip and sample
are both negatively charged. A) Variation of the ion concentration (KCl):
repulsion is clearly observable before snap-on in the approach curve. Long-
range electrostatic repulsion is well resolved at low ion concentrations. At
45 mwm, snap-on occurs very close to the surface and the jump-to-contact is
not resolved. B) Variation of the pH at low ion concentrations: at pH 8,
both the tip and sample are negatively charged, which results in repulsive
interaction; whereas at pH 2.3 the interaction is attractive. C) Numerical
simulation of force—distance curves (qualitative) with underlying inter-
action forces (assuming a superposition of van der Waals forces and
exponential repulsion) for low (—) and high ion concentrations (----).

chemisorbed on gold.[*! At concentrations of 100 mm KCl the
Debye length is already so small that attractive van der Waals
forces prevail, and therefore the attraction is discernable
(Figure 7A). A numerical simulation supports this result
(Figure 7C). Likewise, the dependence of the surface charges
on the pH value of the solution is shown. If both surfaces are
negatively charged (pH 8), repulsion is predominant at an
ionic strength of 5mwm. At pH 2.3, attraction is favored.
Surface potentials can be imaged and surface charges, for
example, of biomembranes, such as the purple membrane of
the halobacterium Halobacterium salinarium, can be deter-
mined with this method.[*”

3.4. Solvation Forces

If two surfaces approach as close as a couple of nanometers
the forces occurring cannot be sufficiently ascribed with
continuum theories, such as attractive van der Waals and
repulsive double layer forces. Short-range forces resulting
from the molecular structure of the fluid are summarized to
so-called solvation or structural forces.? The geometric
organization of the solvent molecules at the solid surface
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plays a crucial role in the strength of these forces. The
attractive forces between the solvent molecules and the solid
surface lead to an organization of the molecules into
quasidiscrete layers. In the case of a fluid enclosed between
two solids, one can show that rearrangements are induced as
those two surfaces approach, which in most cases provide an
exponential decay of an oscillating force. Monotonously
declining attractive or repulsive components can also occur,
and these are dependent on the geometry of the molecule and
the interaction potential with the surface. A special case of the
solvation force is the repulsive hydration force observed in
aqueous solution. It describes the force necessary to remove
the hydration shells of surface-confined molecules and bring
the tip closer to the surface. In the case of two approaching
lipid bilayers composed of zwitterionic phospholipids, very
short-range forces of entropic nature with a range of 1-2 nm
are observable because of the overlap of the head groups and
hydrophobic chains. Forces which occur from the adsorption
of highly charged ions can be determined from those
hydration forces caused by steric effects. Butt demonstrated
that an exponentially decaying repulsive force with a decay
length of approximately 3 nm occurs if one eliminates
the classical double-layer repulsion by adding CaCl, or
SrClL, [

3.5. Chemical Force Microscopy (CFM)

This concept is a particular case of force spectroscopy
where the tip and the substrate are derivatized so that
interaction between defined functional groups can be clearly
distinguished. In general, the immobilized molecules are low
molecular weight compounds which in most cases contain
only one functional group so that the interpretation of the
results is facilitated.l'> ' The topics that can be addressed by
CFM range from the spatially resolved determination of
surface energies to locally determined pK values, which are
obtained by mapping adhesion forces. Functionalization is
mostly achieved by covering the tip and sample surface with
gold and subsequently chemisorbing thiolated molecules.
As an alternative, classical silane chemistry using mono-
and trialkoxysilanes or trichlorosilanes is utilized. The
environment (atmosphere, electrolyte concentration, pH)
plays a central role in CFM. The following sequence of
adhesion forces between amine- and carboxy-terminated
functional groups was determined by force spectroscopy in a
dry gas atmosphere to be in accordance with their binding
strength: COOH/NH, > COOH/COOH > NH,/NH,.["
There is a vast number of data available for different
interactions in various organic solvents, water, and gases.
The interested reader is referred to the comprehensive review
article of Noy et al.["

Adhesion forces are generally larger among functional
groups that have the ability to form hydrogen bonds than
those without. Force spectroscopy is of particular interest
if high surface energies need to be determined, such as
which occur with carboxylic acid monolayers, which cannot
be determined conventionally by contact angle measure-
ments.
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Mechanical models are the theoretical foundations for
calculating surface energies using adhesion forces." In 1881
H. Hertz described the deformation of two elastic spherical
bodies; however, adhesion was not considered.’? An analyt-
ical contact model including adhesion was developed by
Johnson, Kendall, and Roberts (JKR model).® To simplify
this model it is assumed that adhesion is established by
surface energy implying only forces in close contact to the
surface. Derjaguin, Muller, and Toporov (DMT model)
postulated a distance-dependent potential.”*! For the sake of
simplicity they assumed, that deformation of the surface is,
apart from external forces, dependent on adhesion forces,
which can be determined by integrating the energies of all the
atoms in one body with all the atoms in the other. A complete
solution of the contact problem of two elastic adhesive
bodies is given by the MYD/BHW model.”™ In the first
case, the surface forces are, for example, described by a
Lennard-Jones potential. A consequence of the MYD/
BHW-model is that the pull-off force is dependent on the
elasticity of the contact body and is in between the limits of
the DMT and the JKR model. Depending on the elasticity of
the body and the attractive forces a mechanically stable
(DMT model) or a “jump to contact” behavior (JKR model)
is conceivable.P!

In most cases the JKR or DMT model is sufficient to
describe the experiment. While the JKR model is well suited
for modeling soft and very adhesive bodies with large radii the
DMT model describes bodies with the opposite properties
best. From both the JKR and DMT model, a direct
proportionality between adhesion force and adhesion energy
can be obtained if a spherical tip and a flat surface is assumed:
Waa (Foo RW,g), with Wy = ysy + Yrm — Vst- ¥s1> Vv and Yy
are the free surface energies with the following indices M:
medium, S: sample, and T: tip, and R is the radius of the tip.
Large adhesion forces result from large interaction energies
between the tip and the sample. To obtain ygr, first the tip and
the sample are functionalized equally and yry and ygy
determined at the same time. Afterwards, ygr can be obtained
by measuring the adhesion force between the tip and the
sample when they are differently functionalized.”°]

The free surface energy reflects the ionization state of the
surface-confined molecules. Thus, the dependency of the state
of the surface charges on the pH of the solution can be
determined using contact angle measurements that lead to the
pK values of the functional groups on the surface. These
values can also be obtained using adhesion force measure-
ments with appropriately functionalized CFM tips, especially
if high surface energies need to be determined and contact
angle measurements fail. A titration of the adhesion forces of
a COOH-functionalized tip and sample is shown in Fig-
ure 8.7% The obtained surface pK value of approximately 5.5
agrees well with those determined in solution, which indicates
that neighboring group effects can be neglected.

The basis for determining surface energies in the fashion
described above are macroscopic models, which do not
consider the discrete nature of the contact problem. If large
forces occur, spontaneous rearrangements on the atomic scale
and plastic deformations, which already occur at low forces,
play a crucial role. Moreover, the assumption of an ideal
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Figure 8. The dependence of the adhesion force F between a tip
functionalized with 3-sulfanylpropionic acid and a similarly prepared
substrate on the pH of the solution. At the point where the pH = pK of the
immobilized carboxylic acid the adhesion force decreases, since deproto-
nation abolishes formation of hydrogen bonds and as a consequence
adhesion declines.™!

smooth surface as required by contact models is not fulfilled
in reality. Even an insignificant roughness of some nano-
meters diminishes the adhesion considerably.

4. Force Spectroscopy of Ligand — Receptor
Interactions

Molecular recognition of biomolecules plays a pivotal role
in nature. Ligand-receptor interactions occur during the
formation of double-stranded Watson— Crick DNA, in enzy-
matic reactions, in antigen-—antibody recognition events,
hormone —receptor reactions, signal transduction, the initial
step of the infection of viruses and bacteria, inflammatory
reactions, muscle function, adhesion and migration of cells,
and in the cohesion of the cytoskeleton. Binding forces are
generally a combination of electrostatic, hydrophobic, di-
pole —dipole interactions, and hydrogen bonding and depend
on the conditions such as pH and ionic strength. Besides the
thermodynamic and kinetic data, the complex interplay of
forces is of paramount interest for the understanding of
structure — function relationships of biomolecules.

For example, the consequences of simple point mutants
(exchange of a single amino acid) on the specificity and
binding strength of proteins can be investigated. Force
spectroscopy is complementary to established methods which
measure the properties of large ensembles of molecules. It is
possible to estimate the shape of the potential describing the
transition from the bound to the free state by means of
statistical analysis of binding/rupture events. Accompanying
the experiments, molecular dynamics (MD) simulations
provided various supporting information that facilitated the
understanding of binding and rupture on a molecular level.[’”]
Evans and Richie, for example, managed to close the gap
between MD calculations and experiments of dynamic bond
dissociation under an external force by means of Monte Carlo
simulations.[”®!

A typical experiment to investigate molecular recognition
events comprises the functionalization of the probe (namely,
the tip) and substrate with their respective binding partners.
Here, it is important that the binding of the molecule to the tip
or sample is much stronger than the intermolecular bonding
being investigated. Two techniques dominate the chosen
approaches, the chemisorption of thiols on gold and silanes on
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siliconoxide surfaces. These covalent or quasi-covalent bonds
ensure that the weakest bonds are the noncovalent ones
between the biomolecules. Cross-linking between anchor
molecules and various biomolecules can be achieved by
common bioconjugation chemistry such as through the
formation of amide bonds or imines. A contact between the
sample and the tip is accomplished by moving the z-piezo
device with the mounted sample towards and away from the
tip. Retraction with constant velocity provides the desired
information about bond-rupture events. Modern instruments
permit complete control during these approach and retraction
cycles through the sweep velocity, duration the tip is in
contact, and resolution. Retraction is usually accompanied by
several distinct rupture events. It is most probable that the last
rupture event under an external force is the breakage of one
single bond, since only then are few connections between the
molecules left. Ideally, only one single bond of the ligand—
receptor pair ruptures.

Statistical analysis of the data obtained shows the number
of rupture events versus rupture force. By definition, the
maximum peak represents the binding strength. Distributions
occurring at higher binding forces can also be meaningful if
the maxima are described in terms of n F (a multiple n of the
actual binding force F, see Figure 13B—the shoulder at
556 pN represents the simultaneous rupture of two bonds).
Coincident breakage of several bonds results in multiples of
the binding force.["”

It should be noted that as an alternative approach, the
binding strength can be resolved by applying the Poisson
distribution as introduced by Beebe and co-workers. This
approach enables the binding rupture to be analyzed without
resolving single rupture events.[”]

A simple kinetic model can be used to explain basic
observations in force experiments, such as the probability
distribution of rupture forces and their dependency on
retraction velocity. The model is also successful in describing
the force-driven unfolding of polymers, as will be described in
more detail in Section 5).

4.1. Kinetics of Ligand — Receptor Separation

The lifetime of noncovalent bonds in the absence of
external forces is considerably high. However, pulling long
enough at one or the other end with an external force may
eventually overcome the potential barrier arising from
thermal fluctuations, and thus break the bond. The following
presentation will show that adhesive and cohesive forces do
not only depend on binding enthalpy but also on the pulling
velocity. From a chemical point of view pulling a ligand—
receptor couple apart can be considered as an infinite dilution
of both compounds. The system is far away from thermal
equilibrium and from a kinetic viewpoint the rate constant of
association is negligible. Only the rate constant of dissociation
is meaningful, the probability of rebinding is zero. The binding
strength is thus a result of the kinetic stability of the
corresponding complex. Binding strength depends on the
pulling velocity relative to the thermal equilibrium conditions.
As the external force decreases, the potential of the barrier,
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dissociation that occurs on the time-scale of the experiment, is
a result of thermal fluctuations. Bell introduced a simple
model of binding dissociation under external forces that was
based on the transition-state theory.’”) He assumed that the
free enthalpy of the transition state AG* is reduced by the
external force AG* — Fx,, in which F denotes the mechanical,
external force and x, the width of the potential of the bound
state.

Figure 9 illustrates the two-state model which allows the
basic observations made in force spectroscopy to be ex-
plained. In analogy to radioactive decay or a monomolecular

Figure 9. Classic two-state model of bond rupture of a ligand —receptor
couple (left diagram) and the unfolding of a polymer (right diagram). AG*
is the free activation enthalpy, which is reduced by an external force until
bond rupture occurs as a result of thermal noise, AG is the binding
enthalpy, x, the width of the potential of the bound state, and x; the
potential width of the unbound state.

reaction the probability of bond breakage after time ¢ can be
expressed by Equation (5), where k. denotes the rate
constant of dissociation. Notably, the rate constant depends, in

pai = 1—exp(— Of'kmmdr') ®)

contrast to classical kinetics, on the time ¢ [Eq. (6)]. x,
represents the dependence of the distribution of rupture
1 <y Fx,
kor = voexp <—kB—T(AG* —g F(t)dx)) =aexp (kB—T> 6)
forces on the shape of the potential, v, denotes the frequency
of the bond (the reciprocal of a diffusive relaxation time), and
a denotes the dissociation rate in the absence of external
forces. The time-dependence arises from the external force
given by F(t) = kuvt, in which v is the pulling velocity and k the

spring constant of the cantilever.

Equation (6) illustrates that the rate of dissociation in-
creases exponentially with the external force and therefore
with the pulling velocity of the cantilever, whereas the
association rate decreases exponentially with the external
force. The probability density w that bond rupture occurs
under an external force ramp is given in Equation (7). w(F)
describes the frequency of rupture events for a particular

dp a Fx, (kgT Fx,
w(F) = = —exp al1l—exp 7)
dF kv kg T \kuvx, kg T

force and is usually illustrated by a histogram. By definition
the maximum of the distribution is identical to the rupture
force of the binding [Eq. (8)]. Increasing the pulling velocity
results in a shift of the distribution to higher binding forces as
shown in Figure 10.

kg T Xy AG
F = In< kv) +

X BL Vo X,

&

®)

u u
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The width of the distribu-
tion depends on the width of
the potential x, and the ther-
mal energy. A more elabo-
rated description of thisissue =~ W
is given by Evans and
Ritchie.”™ Bell lumped the
whole energy topology in
one single parameter x,,
while Evans and Ritchie pro-
posed a model in which bond
breakage can be either clas-
sified as ductile or brittle.
When the frictional losses
arising from intrinsic and
hydrodynamic damping are
considered the rate of disso-
ciation can be expressed as Equation (9), in which g(F) and
AAE*(F)

—_—

Figure 10. Numerical simulations
of the probability density w as a
function of the applied force F at
three different pulling velocities
(increasing in the direction of the
arrow). According to Equation (7),
the rupture force increases loga-
rithmically with the pulling veloc-
ity.

AAE* (F)>

kot = ag(F)eXp(— T
B

©)
represent the deformation of the potential under the influence
of the external force and molecular friction, respectively.
Hence, increasing the pulling velocity results in a shift in the
distribution of the probability density to higher binding forces
and is accompanied by a broadening of the function.

4.2. Hydrogen Bonding and Complementary DNA
Strands

Among the vast number of molecular recognition events in
nature the base pairing of the DNA duplex is the most
recognized one. Colton and co-workers were the first to
describe an experimental approach using force spectroscopy
to determine the binding strength of a DNA duplex by using
single-stranded DNA immobilized on a probe and sample.!
Silica beads with 60-120 nm diameters were derivatized with
trimethoxysilanes and covalently linked to oligonucleotides
with the sequence (ACTG);s (tip) and (CAGT)s (sample). In
this way 20, 16, 12, 8, and 4 base pairs could be formed
theoretically. Lee et al.?*! found four populations with force
maxima at 1.52, 1.11, 0.83, and 0.48 nN. The adhesion force
between noncomplementary base pairs was determined to be
merely 0.38 nN. Thus, the obtained forces correspond to the
breakage of double stranded DNA with 20, 16, and 12 base
pairs (the maximum at 0.48 nN was ascribed to a nonspecific
interaction). The pulling velocity varied between 0.1 and
10 nms™'. In addition, C,y-single strands immobilized on the
tip and sample were connected through poly(I)-single-strands
with different lengths (Figure 11).551

Lieber and co-workers determined the binding strength of
complementary DNA strands (14 bp) to be 0.45nN. The
nonspecific adhesion force was 0.1 nN.’?l Boland and Ratner
chose a more general approach to directly quantify the
binding strength of single base pairs such as adenine and
thymine as well as cytosine and guanine.® Their starting
point was a well-ordered self-assembled film of the corre-
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sponding sulfuranyl deriv-
atives of adenine (A), cy-

I tosine (C), thymine (T),
F and 2-amino-6-hydroxy-
8-sulfuranylpurine (G), a

guanine analogue, on crys-

'1 nN 50 nm talline gold. They studied

the interaction with the
corresponding bases im-
Figure 11. Force-induced rupture of mobilized on the tip and
double-stranded DNA. The surface 16 combinations were

was functionalized with cytidine (Cy) o .
and hybridized using poly(I). The tip quantlﬁed. with respect to
the attractive forces occur-

was also derivatized with C,, so that
the bridging of both cytosine single  ring during the approach.
average attractive

strands with poly(I) becomes possible An
force of 0.63nN for the

during the approach.®!

base-pair A-T and 1.08 nN
for G-C was obtained from the approach curve, whereas the
rupture forces on retraction were 3.24 nN for A-Tand 3.10 nN
for G-C (different nonspecific adhesion forces were also
identified). It was shown that the distribution of the attractive
forces display increments of 54 pN, which is indicative of the
formation of single hydrogen bonds. A simple estimation
yields 125 pN for the A-T base-pair by assuming an enthalpy
of 1.8 kcalmol~! for hydrogen bonds and a base separation of
0.2 nm. The calculation becomes more cumbersome when the
weaker Hoogsten base-pairing, which occurs between AA,
GG, CC, TT, and AG, is taken into account. Florin et al.
observed a dependence of the adhesion forces on the duration
of contact between a poly-dT-functionalized tip and a poly-
dA-coated sample.[® The maximum of adhesion was reached
after a contact time of 2 min. This can be explained in terms of
the slow reorientation of partially hybridized DNA double
strands.

Recently, Rief et al.® reported on the rupture of single-
stranded hairpin loops consisting of alternating A-T and G-C
sequences; They found values of 9 pN for the A-T sequence
and 20 pN for the G-C sequence. In the course of the
experiment the strands melted, which was induced by the
external force enabling the molecule to adopt a hairpin
conformation. The rupture of the hairpin loop takes place in
quasi-thermal equilibrium (reversible) and is thus independ-
ent of the duration of the applied force. This observation
implies that formation of base pairing and rupture occurs
faster than the approach-retraction cycle of the force
measurement. A similar time-range was found by Essevaz-
Roulez et al. for the unfolding of double-stranded DNA (10—
15 pN).[#]

Strunz et al. investigated the dynamics of the unwinding of
complementary DNA strands at different pulling velocities
(16—4000 pNs~') under physiological conditions.*”l Both 5'-
termini of the double-stranded DNA were linked to the
sample and probe through a polyethyleneglycol (PEG) spacer
in order to suppress nonspecific interactions in the vicinity of
the substrate. Strunz et al. showed that the binding force is
dependent on the number of base pairs and scales logarithmi-
cally with the pulling velocity according to a simple two-state
model. The elasticity of the DNA (about 2 pN nm~') changes
only moderately with increasing numbers of base pairs. The

qd —
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cooperative melting of the DNA duplex also depends on the
frequency v and thus on the number of base pairs, since the
degree of freedom increases with an increasing length of the
molecule. Strunz et al. demonstrated that the force which is
needed to melt DNA converges with increasing length of the
duplex to approximately 1.2k, 7/0.7 A (70 pN). This value is,
however, independent of the pulling velocity of the cantilever.
In this context, the work of Bockelmann et al. should be
mentioned. They discovered the occurrence of sequence-
dependent molecular stick —slip motion while separating a
DNA double strand.®® %] Essevaz et al. estimated the energy
(by force spectroscopy) which is necessary to melt A-phage-
DNA to be 1.9 kcalmol~". This value is in good agreement
with classical DNA melting experiments that revealed
1.5 kcalmol~! for the A-T and 3 kcalmol-! for the G-C
base-pairs.’ It should be mentioned that besides hydrogen
bonding, base stacking has a considerable influence on the
stability of DNA duplexes.

Recently, McKendry et al. showed that the chirality of low
molecular weight compounds can be detected sensitively by
means of force spectroscopy using a tip functionalized with
acetylphenylglycine (T) and a sample coated with mandelic
acid (M).’Yl Both compounds were immobilized on gold
substrates using thiol anchors. The sample was additionally
structured by means of microcontact printing. Different
combinations of enantiomers and racemic mixtures were
quantified with respect to their adhesion forces. The strongest
interaction was observed by using the T(S)/M(R) and M(S)/
T(R) enantiomeric pairs (1.1 nN). The results reveal that local
force spectroscopy may become well suited for pharmaco-
logical applications (pharma screening).

4.3. Ligand - Receptor Interactions of Proteins

Noncovalent ligand —receptor interactions of proteins are
of widespread interest for immunologists, physiologists,
and biochemists. Beside gathering information about the
different interacting forces, the determination of the overall
binding strength can provide valuable data for understanding
the interaction of proteins with high and low molecular weight
compounds. For example, the consequences of point muta-
tions near the active center can be quantified and the shape
of the binding potential may become available. A number of
noncovalent ligand —receptor couples such as antigen —anti-
body, biotin - streptavidin/avidin and P-selectin — glycoprotein
have so far been investigated by force spectroscopy (Table 1).

The first experiments on molecular recognition were
conducted by the groups of Gaub® and Colton,”! both
investigating the streptavidin—biotin system. Figure 12 dis-
plays a typical force—distance curve of a streptavidin-
functionalized tip retracting from a biotinylated surface
(BBSA). Biotin blocks the binding sites of streptavidin in
solution, thus no rupture forces are observable.[*]

Particularly interesting are investigations of the force-
induced rupture of ligand-receptor bonds in the case of
selectin —glycoprotein and -lipid couples because of their
significance in the inflammatory response of mammalians. In
response to an inflammatory signal, leukocytes in the blood-
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Table 1. Binding parameters of antobody —antigen complexes

tibody and streptavidin-—biotin reac-

Complex components F

[pN]
IgG (goat), biotinylated BSA™! 111.5+98.6
single-chain Fy (wild-type), fluorescein!'?! 50+4
single-chain Fy, (His(H58)-Ala), fluorescein!'?! 40343
human serum albumin (HSA), polyclonal anti-HSA=?") 240 +48
biotin, avidinl* - %! 170 — 280
streptavidin, biotinl*! 3404120
Hb-Alc-antibody, anti-Hb-Alc-antibody®”) 278 +83

Microniona prolifera (MAF), anti-MAFP 50
adhesion molecule (ICAM-1), anti-ICAM antibody (F10.2)* 100 +50

AG v tions the adhesion probability de-
[kImol™']  [ums™!] creases exponentially with interaction
_ _ time. The width of the potential was
—-50.8 1 0.25 nm and the rate of dissociation in
—44.8 1 the absence of an external force
B - 0.022 s, A Monte Carlo simulation
~ _ revealed that rupture forces are mainly
- <2 determined by the dissociation con-

stant of the complex and scale expo-
nentially with the pulling force
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[Eq. (8)].% However, the association
rate is not influenced by the rupture
force but by the adhesion probability.
The results reveal that the kinetics of
the binding/dissociation process are
important and binding forces are a
function of the pulling velocity. The
fact that both binding force and adhe-
sion probability depend on the pulling
velocity indicates that the rate con-
stants are in the same timescale as the
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Figure 12. A) Typical force curve of a tip functionalized with streptavidin interacting with a biotinylated
substrate. The separation of the tip occurs in several steps in which discrete bonds between the tip and the
sample break one after the other. The tip was covered with biotinylated bovine serum albumin (BBSA)
and subsequently incubated in a streptavidin solution. Biotinylated agarose beads, adsorbed onto glass,

zinm =k

experimental pulling velocity of the
cantilever.

The success of a force experiment
depends on two factors, force resolu-
tion, which is limited by the thermal
noise of the cantilever, and suitable
functionalization of the tip and sample.
:|D In particular, steric hindrance arising
from the immobilization of molecules
can lead to considerable differences
between binding constants in solution
and on surfaces. Therefore, derivatiza-
tion of the surface must involve flexi-
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serve as the substrate. B) Optical image of a V-shaped cantilever above an agarose bead. C) Control

experiment, in which biotin was added to the solution to block the binding sites of streptavidin. No bond
ruptures were observed. D) Histogram of the rupture forces of the biotin —streptavidin couple. In the
histogram three maximums separated by a distance of 150 pN are discernible—and correspond to the

rupture of one, two, and three ligand - receptor bonds.[*!

stream start to roll on the surface of the endothelia in which
adhesion is mediated by selectins produced by the endothelial
cells. This movement, generated by an external force, the
bloodstream, can be simulated in a force experiment.
P-selectin strongly binds to its ligand, the P-selectin-glyco-
protein-ligand-1 (PSGL-1), presented by leukocytes. Binding
sites are located far away from the cellular membrane at the
N-terminus of the polypeptide chains. Fritz et al. studied this
system using recombinant fusion proteins with a constant IgG
region.”” Probes (Si;N,) and samples (glass) were derivatized
by silane chemistry and coated with avidin, which served as
the anchor for biotinylated PSGL-1/IgG (tip) and biotinylated
P-selectin (sample). The authors managed to determine not
only the binding strength of the complex (F=110-165 pN),
which depends on the pulling velocity of the cantilever, but
also the adhesion probability as a function of the duration of
contact. It was shown that the binding strength increases
logarithmically with the pulling velocity, as expected from the
two-state model [Eq. (8)]. In contrast to typical antigen—an-
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ble spacer molecules and linkers. For
instance, the limited mobility of an
antibody with a length of merely 10 A
connected directly to the tip can be
improved by using spacer molecules,
thus increasing the binding probability. Hinterdorfer et al.?’!
immobilized the antibody polyclonal anti-human serum
albumin (anti-HSA) covalently through a PEG spacer to the
probe and measured a binding strength between HSA and
anti-HSA of F= (240 £ 48) pN. Ludwig et al.’* used a protein
cushion consisting of bovine albumin to study the interaction
of biotin with avidin which was bound to a biotinylated Si;N,
tip derivatized by nonspecifically adsorbed biotinylated
bovine albumin (BBSA) in order to avoid denaturing the
avidin. They determined a binding strength of =200 pN for
the biotin —avidin complex.’ Ros et al.['?l used aminopropyl-
triethoxysilane to couple the antigen fluorescein (Fluor-
NHS5000) to the tip. The authors found a binding force of
F=(50+4) pN and a free enthalpy of AG =—50.8 kJmol!
for fluorescein and single-chain Fy (wild-type) fragments,
while single-chain F, fragments (His(H58)-Ala mutants)
displayed a binding strength of F=(40.3+3) pN and a free
enthalpy of AG=-44.8kJmol-. Dammer etal. utilized
thiol — gold chemistry in conjunction with activated carboxylic
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acids to study the binding strength of anti-biotin—immuno-
globulins (ABIO) and biotin — BSA.[2 %]

Besides gold, mica and silicon surfaces have been exten-
sively used as they are atomically flat and can easily be
derivatized by silane chemistry.'’> 7] Nonspecific interactions
between the molecules on the tip and sample have to be taken
into account. Protein-functionalized agarose-beads have been
utilized in order to minimize the nonspecific interactions.
These polymer beads are known to suppress nonspecific
interactions efficiently.l* > %! Two different types of control
experiments are conceivable. Either one prevents binding
between the two partners through the addition of an inhibitor
to the solution which blocks the binding sites of the receptor,
preferably with low molecular weight compounds,* 2% 31271 or
one may remove one binding partner from either surface
quantitatively.l'! In either case the maximum of the force
spectrum should vanish if it represented a specific interaction.
The remaining forces most likely represent nonspecific
interactions and result in a background that can hardly be
avoided. Examples are given in Figure 13. In this experiment
the binding strength of Hb-Alc antibodies has been deter-
mined to be F=(278+83)pN and rupture events were
suppressed by adding antibodies to the solution."]
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Figure 13. Force curves and the histogram of bond rupture events of an
antigen —antibody complex. A) Force curves display the typical picture of a
long filament, which is at first stretched and then strips off the tip at a
defined force. B) The histogram is composed of 171 curves (171 of 300
force curves exhibited bond rupture events). The number of ruptures (as n
and as a percentage of the total number of ruptures (y)) is depicted as a
function of rupture length and rupture force. C) Control experiment with a
tip in which the antigens were blocked with antibodies from solution. The
histogram shows the last ruptures of the force — distance curves, which were
obtained with a tip that is blocked with antibodies. Only 55 of 300 curves
show rupture events.”’]

Possible changes in binding characteristics that result from
the immobilization of proteins on the surfaces have to be
taken into consideration if force spectroscopy is performed.
Effects range from slight conformational changes up to the
entire denaturation of proteins.
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4.4. Covalent Bonds

Determining the binding strength of covalent bonds by
force spectroscopy is cumbersome and requires caution since
the anchoring of the molecules can give rise to a variety of
different types of bonding. Although most polymers exhibit
only one type of bonding immobilization on the tip and
surface adds on several heterogeneous bonds. Either the bond
under investigation needs to be the weakest member in the
chain or weaker bonds have to be compensated for by
designing parallel bonds of the same kind to enhance the
strength, as provided by the use of trichlorosilanes and a
subsequent cross-linking. So far only one convincing report
regarding this difficulty has been published and provides an
approach to determine the strength of two types of covalent
bonds. Grandbois et al. anchored an amylose chain covalently
between the tip and the sample surface and measured the
binding strength of the Si—C (2nN) and Au—S (1.4 nN)
bond.” The immobilization chemistry was chosen to be
identical at the tip and the sample in order to facilitate the
analysis of bond breakage. To determine the Si—C bond
strength the glass surface and the tip were both functionalized
with  N-(3-trimethoxysilylpropyl)diethylenetriamine, while
the carboxymethylated amlyose was activated with 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) which would
then be covalently linked to the substrate. Contact with the tip
gave rise to the desired second linkage to the probe from a
molecule suspended between the tip and the sample.

Since amylose exhibits a reversible conformational tran-
sition at 275 pN, which is independent of the pulling velocity,
the binding forces could be quantified without prior calibra-
tion of the cantilevers. The determination of the binding
strength of the Au—S bond was performed in the same
manner. Activated carboxymethylated amylose was covalent-
ly linked to a self-assembled film of cysteamine on gold, while
immobilization on the tip was accomplished by silane
chemistry as described above. In both cases multiple irrever-
sible ruptures occurred but only a single polymer chain was
stretched. From this result one may assume that bond
breakage took place at the tip where multiple bonds were
formed by the silane anchor. Four conceivable bonds had to
be considered: Si—O, Si—C, C—C, and C—N. The authors
deduced from computer simulations that the Si—C bonds most
likely break, although there is room for speculation about the
Au-S bond. It remains to be elucidated whether the Au—S
bond ruptures or gold atoms are removed from the substrate
and give rise to the observed rupture events.

5. Intramolecular Interactions: Stretching of Single
Long-Chain Molecules

The biological function of proteins is directly related to
their structure. Polypeptides do not fold randomly but adopt a
certain structure based on specific intramolecular interac-
tions. The structure of biomolecules can be studied by circular
dichroism spectroscopy, IR spectroscopy, X-ray analysis, and
NMR spectroscopy, while their stability can be analyzed by
calorimetry. In most cases, the energy hypersurface is
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unknown, which makes a direct measure of intramolecular
forces necessary. This measurement can be done using force
spectroscopy on single molecules. The polymer is immobilized
on the substrate and interacts with the tip specifically or
nonspecifically. On retraction of the cantilever the molecules
are stretched revealing important information about their
conformation. The forces of interest are mostly weaker than
those associated with bond rupture, thus a special treatment
of the probe can be avoided.[*>%- 100]

Statistically valid results are only obtained if many single-
molecule experiments are performed and a large number of
experimental data obtained. Combining the data with com-
puter simulation can be very useful in determining a variety of
microscopic parameters, for example, mechanical quantities
such as the elasticity of the molecule, and the thermodynamic
and kinetic parameters such as the energy barrier between the
folded and unfolded state as well as between different
conformational states of a biopolymer. The following section
deals with a general discussion of different polymer mod-
els.lo1

5.1. Thermodynamics of Polymers

Even a single polymer chain made up of hundreds to
thousands of monomers has to be treated by means of
statistical physics because of its large number of degrees of
freedom. Since all experiments described here are performed
in solution the temperature T can be assumed to be
constant—the molecule can be described as a canonic
ensemble. How does a molecule react on the pulling force
or more precisely, what kind of restoring forces occur?

Stretching a molecule causes two kinds of restoring
forces.'92 1031 At small displacements, enfropic forces domi-
nate. If the polymer adopts a random coil conformation the
Brownian molecular motion causes a permanent fluctuation
of the molecule. For instance, DNA, a relatively rigid
polymer, can be considered as linear on a length scale of
0.05 pm.[12.1%4 The force experiment requires long strands of
several micrometers thus DNA can be regarded as a random
coil.[05. 106,181 The number of conformations is drastically
reduced by extending the molecule. This loss in conforma-
tional entropy is reflected in the so-called elastic entropy.[”?!

Large displacements leads to a tension of the molecular
backbone, in which bonds are stretched in the direction of the
pulling force. This effect is called enthalpic elasticity.['>177]
The high external force can cause deformations of bonds!*!
and can induce rupture of salt bridges and intramolecular
hydrogen bonds, and eventually bring about conformational
changes of the entire molecule.” % This is illustrated by the
transition from B-form DNA to the S-form.[02 106108 Poly-
saccharides can also change their conformation as a result of
high external forces.[4> % 109 110]

Force —distance curves of polymers can be recorded by
applying different boundary conditions. It is possible to
measure the force necessary to maintain a certain length of
the molecule. From a thermodynamic point of view this is an
isothermal —isochore process, since the volume represents the
length of the molecule and the pressure can be substituted by
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the force. The other possibility is to provide a constant force
and measure the length of the molecule, which is an
isothermal —isobar process.['!!]

The force F of a polymer stretched in the x direction for an
isothermal —isobar process can be expressed independently of
the microscopic mechanism as Equation (10).1%1 Tt is decisive

0A ou oS’
F=(—) =(=) —7(=
ol)r ol )r ol)r
0InZ,
=—kT
ol Jr

that the change in the free Helmholtz energy A can also
be determined. In this case the derivative is determined
under isothermal conditions, in terms of the index 7. Z, is
the configurational partition function for a chain with a
fixed distance between the ends. The Helmholz energy can
be expressed by the internal energy U and the entropy S,
which represents the first term of the energetic contribution
to the force, the second one shows the influence of the
entropic force.l'””] Stretching a molecule leads in general
to a reduction in the entropy by restricting the number of
possible configurations. The derivative of the internal
energy plays an important role in the stretching of the
molecule as well as in the increase in energy caused by the
stretch. From both considerations an attractive—positive—
force results. In the purely entropic region only the second
term on the right-hand side of Equation (10) remains.'? Tt
follows that in this case the force is proportional to the
temperature.!'%3]

(10)

5.2. Polymer Models from Statistical Mechanics

What does the function F(x) actually look like that
determines the force —distance curve? F(x) can be obtained
from a mathematical modeling of the real molecule (Fig-
ure 14). Among the large number of models!'% 112119 (Ta-
ble 2) two general approaches dominate: the freely jointed
and the wormlike chain. Prior to the discussion of these
models the Gaussian chain, a model valid for low pulling
forces, will be described.

FJC WLC
“I 1o
- -
X X

Figure 14. Schematic representation of different polymer models: the
freely jointed chain (FJC) is composed of » rigid segments (with the Kuhn
length Ix), which are coupled by flexible joints. By replacing the parts of the
chain by elastic springs (spring constant k) enthalpic effects can be included
(FJC*). The image on the right-hand side shows the wormlike chain
(WLCQ); it describes the polymer as an irregular curved filament, which is,
however, linear on the scale of the persistence length /p. The introduction of
a specific stiffness @ results in the backbone becoming elastic, that is,
stretchable (WLC*). The point to point distance vector X connects the
starting and the end point of the polymer chain.
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Table 2. Elastic models for polymers.

Model Force law Fit para-
meters
freely joi.nted chain Fly ky T
nonelastic (FJC)  x(F)= L |coth — A
kg T Flg
. Flg kg T F
elastic (FJC*) x(F)=L [coth( ) — ] (1 + —> Iy, K
kg T Flg KL
onetast C(}l\[{jﬁC) =] (1 X) oz 1] I
nonelastic x)= Ll 7 7 b
) s TT1 x F\N? x F 1
elastic (WLC") F(x)= —<l —— +—) ———— —] Ly, @
L 4 L @ L & 4

Since the segments of the freely jointed chain are assumed
to act independently of each other, the FJC model describes
flexible molecules reasonably well. Examples of the successful
application of the FIC model are oligonucleotides,?! poly-
dimethylsiloxane,['*! and poly(methacrylate)!''] (Table 3).

Table 3. Mechanical parameters of different molecules according to the
FJC model.

Polymer Kuhn length [A]
polyinosine® in aqueous solution 3.0
polydimethylsiloxanel'® in heptane 25404
polymethacrylic acid!"'! in aqueous solution 33405

5.2.1. The Gaussian Chain (GC)

The conformation of a random coil can be described by a
random-walk approach.l''? 18] A Gaussian[!0 103 112-114] djgtri-
bution!! is assumed which is independent of the microscopic
structure of the molecule. By assuming an extension x which is
smaller than the contour length L of the molecule the
random-walk character is preserved. The contour length L is
the length of the linearly extended molecule without stretch-
ing the molecular backbone.'? 3. 120l However, a measure for
only part of the molecule is usually given for force spectro-
scopy rather than for the entire length of it.”” Thus, L
represents merely a section of the molecule, since the tip
randomly picks up a certain part of the polymer chain.['?! The
variable x denotes the distance between tip and sample. By
assuming x < L the force —distance relationship can be ex-
pressed as Equation (11). The force F(x) is a linear function of
x and thus the polymer reacts like an ideal spring in the
Gaussian model. kg is the Boltzmann constant and Ig the
Kuhn length, which is a measure for the stiffness of the
molecule.

kg Tx
Ik L

F(x)=3 11)

5.2.2. The Freely Jointed Chain (FJC)

At higher forces the sections of the chain are no longer
oriented in a random fashion and the molecule is predom-
inately aligned along the direction of the external force. This
situation can be described by a generic polymer model such as
the FJC model. Here, the polymer is divided into n rigid
elements, each exhibiting a length of /x connected through
flexible joints without any long-range interactions (Figure 14).

The extension x can be expressed as a function of the
pulling force F [Eq. (12)]. L is the Langevin function'??l and

x(F) = L[coth<kFBl“T> —';:lf] = LL(ZIKT> (12)

the contour length is defined as L = nly. For a large number of
segments n, Equation (12)!'?’ can be written as Equation (13).
L' is the inverse Langevin function.'”" For small extensions
(x< L) Equation (13) still obeys Hook’s law.'”! Large
extensions, however, (x < L) result in a nonlinear behavior.

()
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Fx) =

5.2.3. The Extended FJC Model: Combination of Entropic
and Enthalpic Elasticity

Both the Gaussian and the FJC models solely consider
entropic effects (see Section 5.1). Since elastic deformations
are neglected, the polymer chain cannot be stretched by more
than the contour length. For large extensions, the Gaussian
approach is not valid as the molecules do not behave like an
ideal spring. The FJC model also fails to describe the
stretching of molecules for x = L. According to Equation (13)
a molecule would be infinitely rigid at this point. Since this
situation is not realistic, one has to take into account
deformation of bonds and bond angles. An exact description
would require the knowledge of intramolecular potentials and
the molecular structure, which in some cases is provided by
computer simulations.”] However, in general one has to
choose a generic approach: by modeling the molecule as n
identical elastic springs in series the FJC model can be
expressed as Equation (14).I'%!  is the spring constant of a

x(F) = LL (IZIKT> (1 +§L) (14)

single segment that can be directly determined by force
spectroscopy. Typical values for real polymers are above
1 Nm~L. For comparison, the spring constant of the atomic-
force microscope is commonly in the range of 0.1-0.01 Nm~.
The additional enthalpic term in Equation (14) gives rise to a
linear increase in the force for large extensions (x ~ L) since
the chain behaves elastically. Figure 15 illustrates that the
force can be stretched beyond the contour length.

This extended FJC* model has been successfully utilized to
describe a variety of different polymers (see Tables 4 and 6)
such as polysaccharides,!'' ligand - receptor complexes,['*l as
well as synthetic polymers such as polystyrenel'] and poly-
vinyl alcoholl'?’] (Table 4).

5.2.4. The Wormlike Chain (WLC)

The model of Kratky and Porod describes a polymer as a
homogenous string of constant bending elasticity.'® The
conformation of the molecule can be described as a contin-
uous curve, a wormlike chain. Although entropic and
enthalpic contributions are combined in this approach,!®
extension is limited by the contour length of the polymer.['3!]
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Figure 15. A) Comparison of the force laws of different polymer models:
the Gaussian chain (GC), the freely jointed chain (FJC), the wormlike
chain (WLC), and the enthalpic extensions FJC* and WLC*. The
significant bending rigidity of the WLC polymer leads to the storing force
occurring at lower extensions than in the FJC model. As the individual
segments of the FJC polymer can be arranged independently, this chain is
extraordinary flexible—upon unfolding of the random coil loops of the
polymer strand are evenly stretched without any effort. If the models
include a finite stiffness of the segments, then a slower increase in the force
occurs at large displacements. This is a result of the elasticity of the chain,
which can then be stretched beyond the contour length. Parameters: 7=
293.15K, lk=5A, [,=25A, k=50Nm-!, &=2500pN. B) Force - dis-
tance curves according to the WLC model. The chain can be more easily
stretched (lower restoring force at the same extension) by increasing the
persistence length. The tendency for coiling is reduced and, thus, it becomes
easier to stretch the polymer to form a linear chain. However, it is
noteworthy, that the WLC polymer cannot be stretched beyond its contour
length.

Table 4. Mechanical parameters of different molecules according to the
FJC model (FICY).

Polymer Kuhn Segment

length [A] elasticity [Nm™!]
polystyrenel'®! in toluene 12.2 2.1
polyvinyl alcohol'”! in aqueous solution 6.2 17
polyethyleneglycol!'™! in hexadecane 7 150

P-selectin/PSGL-1""! in aqueous solution 741 0.840.2

The following approximation gives an expression for the
force —distance relationship'*? [Equation (15)],11% 133 which

Flo) = (ks T) F(l _f)*:f_}] kT F(l_g?z*f_l] is)
B 4 L L 4 lp (4 L L 4
is accurate up to several 100 pN. The persistence length, like
the Kuhn length, represents the flexibility of the molecule. B
denotes the bending module of the polymer.'*l The chain
direction is preserved on the length scale of the persistence
length, and below the persistence length the polymer can be
considered to be linear.'*] In other words: molecules with
high persistence length have a tendency not to form coils.
Strictly speaking, the persistence length is a function of the

3228

external force.l'® 1361381 This fact explains why recombinant
titin fragments exhibit a persistence length of 8 A at low
forces, whereas the molecule shows a persistence length of
merely 4 A at forces higher than 50 pN (see Table 7). The
WLC model has been successfully applied to describe the
elastic behavior of DNA, poly(methacrylic acid), muscle, and
adhesion proteins (Table 5). For very small extensions (x < L)

Table 5. Mechanical parameters of different molecules according to the
WLC model.

Polymer Persistence length [A]
polydimethylsiloxane!'? in heptane 23402
polymethacrylic acid!"'! in aqueous solution 2.84+0.5
proteoglycanel®” in aqueous solution 4.8

the difference between the WLC and the FJC model is
negligible, since the equilibrium conformation of the molecule
is Gaussian-like. At low forces, the persistence and Kuhn
length are related by: [y = 2/.['3)

It needs to be emphasized that the discussed models are
independent of the molecular composition of the polymer.
The WLC model assumes a continuum without fine structure.
Usually, no simple relation between the model parameters /
and /g and real structural quantities such as bond length or the
length of a monomer unit can be found: for DNA, [ is
approximately 500 A and thus considerably larger than the
helical pitch of the duplex (34 A) or the diameter of the helix
(25 A). In the case of dextran, however, the Kuhn length (ca.
44 A) and the length of a monomer (ca. 5 A) are rather
close.l''%] The structure of a polymer depends on the environ-
ment and hence, also on the Kuhn and persistence length. The
approach, which is most suited to describing the experimental
data, depends on the polymer and the force regime.

5.2.5. The Extended WLC Model: Enthalpic Stretching

Although the standard WLC model already includes
bending elasticity, the extended WLC model includes the
stiffness of the chain [Eq. (16)].The parameter @ denotes the
specific stiffness of the polymer.l'*)) Equation (16) describes
the elastic properties of DNA at elevated forces more
realistically than the classic WLC model.['*!

kg T [1 x F\-2 x F 1
{—(177+7> +77f77] (16)
L 4 L & L & 4

5.2.6. Modular Polymers: A Two-State Model

F(x) =

Force-induced conformational changes are often accompa-
nied by a lengthening of the molecule backbone. A sponta-
neous structural change is extremely improbable since it is
energetically unfavorable. Without the presence of an exter-
nal force, the polymer is in the ground state. An external
force, however, can give rise to a repeated unfolding of
protein domains as shown for spectrin, titin, and tenascin. The
subunits of the modular proteins change from a folded (length
[;) to an unfolded, extended state (length 4,).

Following the FJC model, the number of subunits n is
constant during extension but every subunit has two possible
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Figure 16. Part of a polymer
chain whose subunits may
show two different length
states (/; and ). An external
force F favors the transition of
the coiled state 1 to the stretch-
ed state 2. This conformational
change occurs randomly along
the chain.

states 1 and 2, which are inde-
pendent of each other (Fig-
ure 16):  n=n,(F) + ny(F).[1%
Hence, the contour length be-
comes a function of the external
force: L(F)=n(F)l,+ny(F)l,.
If the force-—extension curves
are reversible, that is, the trace
and retrace are identical, the
system is in equilibrium. Struc-
tural changes are fast relative to
the timescale of the experi-
ments, which is usually in the
range of seconds. The final state—thermal equilibrium—is
reached instantaneously. Therefore, the distribution of the
states can be expressed in terms of a Boltzman distribution:
n,/ny = exp(— AG(F)/kg T). The free enthalpy AG depends on
the external force, which causes a continuous reduction in the
energy barrier of the conformational transition AG(F)=
(E,— E,)+ F(l,— ). In the case of the extended FIC model
[Eq. (14)] this leads to expression (17). Again the relevant
length scale is the contour length of the polymer: n= L/ly at

F=0.
L(F)L (;;;) (1 +£>

L | L Fly F
=— + — ) (1+—
Ix <exp(—AG(F) Jky T)+1  exp(+AG(F)/ks T) + 1) (kB T) ( KL

x(F) =

(17

Figure 17 shows the applicability of the theory by stretching
polyethyleneglycol in aqueous solution until an irreversible
structural change occurs.'’"’l The energy barrier between the
all-trans-(ttt) state and the ttg conformation of the monomers

600
T 400
F/pN 200

0 rv .
-200

1 2 3 4

normalized length / A—»

Figure 17. A number of normalized force curves are displayed (pulling
forces are positive) for single polyethyleneglycol molecules (PEG)
dissolved in hexadecane or PBS buffer and functionalized by a thiol or
butoxy group on a gold substrate. Along the abscissa, the relative
displacement is plotted multiplied by the monomer length. In an aqueous
environment PEG adopts a helical conformation, which turns into a
stretched state upon exerting an external force at one end. The stretching
behavior at low forces can be well described with the modular FJC* model
[Eq. (17)]. However, in an organic solvent (hexadecane) formation of
intermolecular hydrogen bonds which stabilize the helical conformation is
abolished. In this case, the enthalpic FJC model is appropriate.['®]

was determined to be E,— E,=(3.0+0.3)kz 7. However,
hydrogen bonds are missing in organic solvents such as
hexadecane and the PEG filaments can no longer be
described by the enthalpic FJC model. The value of the
energy barrier was predicted by quantum mechanics calcu-
lations. In a very similar approach it is feasible to analyze the
folding of proteins quantitatively using the WLC model.

In many cases the stretching of molecules is irreversible as
evident from the hysteresis between the approach and
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retraction curve. If the potential is asymmetric, that is, the
potential width of unfolding is small relative to that of
refolding, very different rate constants for folding and
unfolding result. It was shown that in the case of titin, a
muscle protein, refolding is very unlikely, thus the stretching
of titin is an irreversible process. While the width of the
potential for unfolding x, is small (0.3 nm), the one for folding
x;is rather large (15 nm).'®! If an external force is applied the
rate of refolding is decreased as shown in Figure 18 A.
Therefore, the unfolding force depends on the pulling
velocity. Small pulling velocities result in small unfolding
forces. This observation is analogous to the results obtained
from experiments on the force-induced rupture of ligand—
receptor couples.

A) B)
G G
AG* AG*
AG AG
X Xi al X
pP—> pP—>

Figure 18. Schematic drawing of the two-state model of the unfolding of
polymers. A) An asymmetric potential results in an irreversible unfolding/
stretching of the polymer (for example, titin) at the timescale of the
experiment. B) A symmetric potential with narrow potential widths, such
as in the case of dextran filaments, however, causes a reversible conforma-
tional change during expansion and compression cycles.

5.2.7. A Criterion for Single-Molecule Detection

Interpretation of force —distance curves can be difficult. It
is seldom the case that only single molecules are located
between the tip and the sample. Usually many filaments are
stretched quasi-simultaneously and detach from either the
sample or the tip shortly after the other. How can we decide
whether an individual molecule or a bundle of several
filaments has been extended?

All the models have one thing in common: F(x) is a function
of x/L. It seems reasonable that the elasticity of a linear
polymer scales with its contour length. Longer polymers are
softer than shorter ones. Two polymer filaments of different
length exhibit different extension curves. The intrinsic proper-
ties, however, such as Iy, x, @, and /, are independent of the
polymer length. Thus, polymers of the same molecule but
different length can be described by a common force —ex-
tension curve F(x/L). Figure 19 displays the force F versus the
normalized displacement x/L. This graph enables one to
compare force—distance curves of different filaments. The
agreement between normalized curves is strong evidence for
single molecules.

This approach requires the determination of the contour
length L for every single filament, that is, one has to fit the
parameters of the corresponding polymer model to the data.
But there is an easier way to normalize force—distance
curves: a given force —extension curve of filament “a”, F,(x),
has to be transformed into F,(x/x¥) under the condition:
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Figure 19. A) Force—distance curves of polymethacrylate filaments of
different contour lengths together with curve fits according to the WLC
model. B) By normalizing the force curves it becomes clear that single
molecules of one class are indeed observed. Loss of contact occurs if the
molecules are stretched to 90% of the contour length.['°]

F,(x¥)=F* In principle, the force F* can be chosen
arbitrarily. However, it is wise to choose a rather large value
for F* (if there is one) in the range of a conformational
transition. From the experimental data x;* merely needs to be
determined. This method can be applied to filament “b”, in
which the force F* is the same for all filaments (F*= F,(x}) =
Fy(xf¥)=...). If all normalized curves coincide (F,(x/x}),
Fy(x/x{), ..), all the filaments belong to the same class. The
filaments are then either supramolecular structures or single
polymer molecules. That means that normalizing the data is
independent of the polymer model, with the only requirement

that the force needs to be dependent on the displacement
x/L.142

The determination of molecular forces on the level of single
molecules is accompanied by several difficulties. Besides
problems concerned with instrumentation, such as the deter-
mination of spring constants and limited pulling velocities, the
surface chemistry can play a pivotal role if controversial
results are obtained. In some cases different binding strengths
for the same complex were obtained dependent on the surface
chemistry. Background adhesion and different tip radii can
influence the data. Particularly, the determination of the
binding strength of DNA has apparently led to controversial
results. Contaminations might be a problem if elastic proper-
ties of filaments are described.

5.3 Polysaccharides

The mechanical properties of many polysaccharides can be
described by the extended FJC model. A summary of the
experimental data obtained from different types of polysac-
charides is given in Table 6.

Experiments with dextran, which is composed of al —6-
linked glucose monomers, demonstrate that force spectro-
scopy gives valuable information about the molecular me-
chanics of filamentous molecules. The occurence of a shoulder
in the force —extension curve for the extension of dextran is
typical.! The shoulder arises from a reversible structural
change accompanied by a stiffening of the molecule. Amylose,
a polysaccharide consisting of al —4-connected pyranose
monomers, exhibits a similar behavior. The force —extension
curve below the conformational change can be described by
means of the extended FJC model (Table 6). Monte Carlo
simulations match with the observed force —extension curves
and reveal the equilibrium constant K and in turn the energy
barrier for the conformational transition: FE,—FE, =
13.2 kg T= ky TInK.1"™

Table 6. Molecular parameters of different polysaccarides in aqueous solution. E, — E;: energy barrier of two conformations; Ax,, Ax;: potential width, v:

pulling velocity.

Polymer Kuhn length [A]

Transition at F* (v~1 pms™!) Segment elasticity [Nm™']

dextrant 1% (native) -

dextran''%! (native) 44 (F<F*)

5.7 (F> F*¥)

dextrant®! (carboxymethylated) 6+0.5 (F<F*)

dextran''%! (periodate oxidation) 24+0.26

amylosel'' 132] (native) 45 (F<F*)
54 (F> F*)

amylosel''” (periodate oxidation) 1.8+0.25

pullulan!® (native) 4.5
Pullulan!''”! (periodate oxidation) 240.15
xanthan!®! (native) -
xanthan!®! (denaturated) -
cellulose!™! (carboxymetylated.) -

700-850 pN (reversible)

E,—E =132k T

(Cs—Cq flip)
Ax,=Ax;=032 A

850+ 140 pN (reversible)

E,— E, =18.6ky T (chair —boat)
Ax,+Ax;=1284 A

250-350 pN (reversible)

841 (F<F¥)
40410 (F> F¥)

14.6+2.7 (F < F¥)

6.7 (F< F*)
17 (F> F*)
- 342483
275 +£45 pN (reversible) 5.6+£0.8 (F<F¥)
E,-E,=7.7kgT (chair —boat)
Ax,+ Ax;=0.44 A
- 34473
- 10.2+0.93
- 478+5
400 pN (irreversible)
- 5+05
- 5+05
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But what happens during the conformational change on the
molecular level? Molecular dynamics simulations indicate
that deformation of the O-glycosidic bond occurs. Every
glucose monomer experiences a lengthening of 0.6 A, that is
by about 10%. This would explain the plateau of the force—
extension curve (Figure 20). The deformation of the bond is
fully reversible: the bond angles snap back to their original
position upon relaxation.

A)
500 pN «—
T T T T
6000 8000 10000 12000
x/nm —»
B)
high-force conformation
1400

3000 pN A’

T

FIpN 7004
low-force conformation

800pN A’

T T T T
3 4 5 6

normalized length /A —

Figure 20. A) Subsequent force measurements of carboxymethylated
dextran. In the first curve two short-chain molecules are torn apart. The
remaining molecule can be stretched and relaxed several times without loss
of contact. The characteristic “shoulder” observed at a force of approx-
imately 300 pN results from a conformational transition of the polysac-
charide chain. Curves that are monitored one after the other coincide. This
result demonstrates that the structural change occurs in thermodynamic
equilibrium (pulling velocity was ca. 1ums™). B)In a normalized
presentation the single molecule character of the native dextran molecules
can be observed readily; all curves show the same course (x/L was
multiplied by the length of one dextran molecule). The structural transition
occurs at approximately 700 pN. The dark curve is the result of molecular
dynamic simulations.® 4> 110]

Two different conformational changes of the pyranose
monomer are conceivable, the trans-gauche transition of the
O-glycosidic bond of the al —6-glycosidic dextran and a
chair—twisted-boat transition of amylose with al —4-glyco-
sidic bonds.['*}l Both changes account for the stretching of the
filament. Ab-initio calculations reveal that the external force
can cause a transition from the chair to the energetically
unfavorable twisted-boat conformation. The energy barrier is:
E,— E,=18.6 kg T.1"'%1 This value is comparable to the result
obtained from Monte Carlo simulations (see above).
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The oxidation of pyranose with periodate abolishes the
conformational transition and the shoulder in the force —ex-
tension curve vanishes.''”] Dextran, amylose, and pullulan
display almost the same behavior upon extension (Table 6).
The opening of the sugar ring elicits a stiffening of the
polysaccharides, which emphasizes the influence of the ring
structure on the mechanical properties of the material.

An example of a polysaccharide exhibiting an irreversible
conformational change is xanthan® (Figure 21). In its native
state xanthan exhibits a helical conformation that is stabilized

A) Py

ww;f
400 pN e ayd

400 600 800 1000 1200

x/nm —»

B)
=== denatured Xanthan
=== CM Cellulose \
A
[
\
Y
v
F/pN Lo
500 pN L\
[ -
3 3.5 4 4.5 5 5.5

normalized length /A —

Figure 21. A) Several force—distance curves of native xanthan directly
monitored one after the other without loss of the molecular contact.” The
extension of the polymer was subsequently increased until a plateau
occurred at a force of approximately 400 pN. A hysteresis between the back
and forward direction was observed; on the timescale of the experiment,
the conformational transition occurs in a thermodynamic nonequilibrium.
B) Denatured xanthan and carboxymethyl cellulose exhibit practically
identical features. The normalized distance is multiplied by the length of a
glucose monomer.*!

by noncovalent interactions. The unfolding of the secondary
structure is accomplished by applying an external force.
Denatured xanthan, which exhibits no helical conformation,
shows no conformational transition within the force —exten-
sion curve.’” The mechanical properties of denatured xan-
than resembles those of carboxymethylcellulose, which has
the same 1 —4-Glc-backbone.”

5.4. Polynucleotides

The mechanical properties of DNA are of great interest as a
consequence of its biological significance. Its elasticity has
been extensively studied by means of optical tweezers—the
molecule is trapped by a laser beam—and other methods of
micromanipulation.'¥! The number of investigations per-
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formed with the force microscope is also increasing.[?* 8 8
The advantage of force spectroscopy over optical tweezers is
the possibility of exerting forces in the nanonewton range.
Most studies with common techniques are limited to forces
below 100 pN. Remarkable structural changes already occur
in this range, however.[®> 8 8.8.108] Thjs section provides a
survey dealing with the mechanics of DNA as probed by the
scanning force microscope.

The mechanical properties of DNA are not only of
academic interest. In the active cell the active gene must
become accessible in order for replication, regulation, and
transcription to occur, although DNA is packaged by proteins.
Force spectroscopy measurements on polyinosine revealed
that single-stranded DNA (ssDNA) behaves like an entropic
(extensible) chain.

The elastic properties of double-stranded DNA (dsDNA),
however, are more complex. A comprehensive review on the
mechanical properties of DNA is given by Austin et al.l%? As
a consequence of its double-helix structure dsDNA is very
stiff and less flexible than ssDNA. Many experiments employ
A-phage DNA. Conformational changes and smaller forces
occur at smaller forces than in polysaccharides (Section 5.3),
which makes a sensitive method of detection necessary.

Below 60 pN the extended WLC model is most suited for
describing the mechanical behavior of dsDNA. However,
exerting higher forces results in significant structural changes.
Native dsDNA adopts the so-called B conformation and
changes to the S conformation (S: stretched) at 65 pN. The
transition occurs fast within a force range of approximately
5 pN, which is indicative of a process of high cooperativity. At
this point, the molecule can be stretched to almost twice its
contour length (Figure 22).1%] Notably, before the structure of
DNA was unraveled, there were speculations in the fifties
about these kind of elastic properties.

The transition from the B to the S conformation is probably
accompanied by a decoiling of DNA. Léger et al. showed that
the force where the B—S transition occurs depends on the

100 pN melting /

B-S transition

1000 nm

extension / nm ——
Figure 22. Superposition of different force —extension curves of dsDNA
from the A-phage obtained at different pulling velocities (0.15-3 pms™).
The contour length of the molecule is approximately 2 um. A conforma-
tional change from the B to the S conformation occurs at 65 pN. At this
point the DNA can be stretched beyond 3 um without any detectable
increase in the restoring force. The nucleotide strands separate (melt) at
approximately 150 pN. The force at which this event takes place depends on
the pulling velocity. The process is therefore irreversible. Despite the
partial melting of dsDNA (hysteresis) the B state is formed upon
relaxation. This can be deduced from the overlap of the back and forward
z scan immediately before the B—S transition occurs. Even after reaching
the actual melting transition this can occur, however, it is not inevitable.[*’]
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number of twists. Different DNA structures were character-
ized in this way.!"! The opened S-DNA conformation
facilitates access to the base pairs compared to the B
conformation. This situation might be relevant for DNA
transcription. The structure and reason for the high cooper-
ativity remain to be elucidated. Molecular dynamics simu-
lations indicate that two different structures are conceivable
in the stretched conformation.[*) Tt is difficult to distinguish
between them on the basis of force measurements since the
deformation energies for both structures are almost identical.
It is important for the reaction pathway on which strand the
force is exerted and whether the molecule can rotate freely
during extension. In the case of free rotation, the helix can be
entirely uncoiled. However, if rotation is suppressed the
direction of the base pairs changes. Pulling causes a bending of
the base pairs with respect to the longitudinal axis, which is
accompanied by a reduction in the diameter of the helix.
There are some indications that the flat ribbonlike structure of
DNA has some significance under physiological conditions. It
is conceivable that this conformation is stabilized by DNA-
binding proteins.

The melting of the DNA occurs at higher forces of around
150 pN. Both the melting of DNA and the B to § transition at
low forces are sequence dependent. Duplex-poly(dA-dT)-
and duplex-poly(dG-dC)-DNA exhibit a self-complementary
base sequence, which can result in the formation of hairpin
loops after relaxation. Rief et al. studied the reversibility of
melting and the conformational change of the B to the §
form.[®! They found that the B-S transition occurs much
faster than the withdrawal of the cantilever (the pulling
velocity is in the range of pms™') and is therefore fully
reversible. Moreover, the threshold force is not dependent on
the pulling velocity either. The melting of DNA, however,
depends on the pulling velocity and displays a typical
hysteresis between the approach and retraction curves, which
indicates an irreversible process.

5.5. Polypeptides and Proteins

Many proteins are designed to cope with mechanical load:
actin and myosin['¥"] are responsible for muscle contraction,
whereas the stability of connective tissue and cartilage are
based on extracellular matrix proteins such as laminin,
collagen, vimentin, fibronectin, and proteoglycans."*s! Indi-
vidual cells may migrate on surfaces because of elastic anchor
proteins. Leukocytes are known to roll along the endothelium
of blood vessels if pushed ahead by the bloodstream. The
contact between endothelial cells and the white corpuscles is
established by proteins, which are stretched during rolling.
The elasticity of these molecules is based on their particular
structure and intramolecular interactions—mostly noncova-
lent interactions and disulfide bridges. Besides hydrogen
bonding, electrostatic interactions and hydrophobic effects
are responsible for the stability of proteins. It has not been
possible to distinguish between the different kinds of inter-
actions by force spectroscopy. However, collective forces that
determine the shape of the protein domains can be measured
accurately.
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Figure 23. Titin, the most well-known elastic filament, stems from the
sarcomer of striped muscles and is responsible for elastic anchoring and
central orientation of the myosin filaments. Titin is a 3000 kDa protein and
is one of the largest proteins known. It is composed of tandem
fibronectin III (FN3) and structurally related immunoglobulin (Ig) do-
mains (constant region). FN3 domains are composed of 98—102 amino
acids and possess seven f3-sheet peptide chains that form a fS-barrel. Ig
domains exhibit essentially the same structure. The elastic stretching of the
I band, which can be four times larger than the original length, can only be
explained by a reversible folding and unfolding of the FN3 and Ig domains.

Until now, linear muscle and adhesion proteins, such as titin
(Figure 23) and tenascin, which consist of globular subunits
have been preferred for investigation. Stretching such a
modular protein results in the subsequent unfolding of the
globular domains: the sequence is determined by the stability
of the subunits: the less-stable units unfold before the more-
stable ones. Each unfolding event is accompanied by a sudden
lengthening of the filament (Figure 24 B). The unfolding of a
single domain results in a fast relaxation of the bent canti-
lever. This process is repeated for each subunit upon
extension of the filament and results in a saw-tooth profile
of the force —extension curve (Figure 24 A). Such a curve was
observed for native and recombinant proteins such as titin,
tenascin, and spectrin.

The change from the folded to the unfolded state of each
domain is highly cooperative without the occurrence of
intermediate species. Therefore, the process can be described
by means of a two-state model, which has turned out to be
useful in interpreting the rupture of ligand —receptor couples
(Figure 18) or the force —induced conformational changes of
dextran (Figure 20). The mechanism is always identical:
Pulling the cantilever reduces the energy barrier separating
the folded and unfolded states until thermal fluctuations bring
about the structural change. The refolding of a molecule such
as titin is unlikely because of the high asymmetry of the
potential x; < x,. The folding rate is negligibly small under
external force. The stretched polypeptide chain has to
contract itself against the external force over a length of
more than 100 A. Therefore, the conformational change does
not occur in thermal equilibrium. This change is in contrast to
the conformational change of dextran, which displays only an
extension of 0.32 A at pulling velocities of a few pms~., and is
therefore fully thermodynamically reversible. The measure-
ment of forces of systems that are not performed in thermal
equilibrium have the following consequences:
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Figure 24. A) Force-induced conformational change of a recombinant titin
fragment. Seven immunoglobulin domains unfold subsequently without
removal of the molecule from the tip or detachment of the molecules from
the substrate. The partial curves can be described by the WLC model (/=
4 A) in which the contour length increases each time by 280 A.l52
B) Schematic representation of the ascribed process. The polypeptide
strand that is folded in several domains is unfolded one domain after the
other, with the weakest domains unfolding first: the tip takes up the
molecule and stretches it (1). If the domain unfolds (2) the tip—sample
distance suddenly increases. The free polypeptide strand is stretched (2-3)
until the pulling force reaches a threshold value and the domain unfolds.['*!

1) The refolding of a stretched molecule is slow compared
to the timescale of the experiment. Since equilibrium does not
occur immediately, the kinetics of the reaction has to be
considered. Thus, the force at which unfolding occurs depends
on the pulling velocity (Figure 25 A).

2) The force —extension curve is characterized by a hyste-
resis of the approach and retraction curve since the structural
change of the molecule is irreversible within the timescale of
the experiment (Figure 25B).

Cross-linked polylysine at pH7 exhibits a reversible
extension (Figure 26).11 It was possible to extend and stretch
the molecule within one minute without any detectable
changes in the force—extension curve. At the end of force
curve 72 an irreversible overstretching occurred and resulted
in a smaller persistence length. Computer simulations of the
reaction kinetics provide information about parameters
(Table 7) such as the potential width of the conformational
transition and the unfolding rate. If, however, the transition
occurs within thermal equilibrium, as is the case for dextran,
the rate constants cannot be determined separately.

Since force spectroscopy is capable of detecting small
variations in the number of amino acids, it is possible

3233



REVIEWS

H. Fuchs et al.

A)
200 o
T L’ =]
150 1 =24 .
F/pN af & D
a a8
100 R ‘ a”
501 °
0 T T v
104 10 102 101 1
vigms' —»
B)
[VWW/M/LAAM/\A/M\
%————-v——‘*-——-—ﬁ""/
\M\
\_‘________’___—/WW
250 pN
0 200 400 600
L "—’/\/\/\/\/‘/\/b N
,_.‘.———-———-'/
N
_____‘_'_,___‘____Nv-———/’/
AN
r——-’/“"m"'_//‘/
250 pN \
100 300 500 700 1000
X/ nm —

Figure 25. A) Unfolding force as a function of pulling velocity (semi-
logarithmic plot). Values for native titin (o) and tenascin —fibronectin (&),
a recombinant fragment of similar structure, are shown. The dashed lines
are the results of computer simulations.'*! B) The subsequent force
measurements of titin reveal a hysteresis; on the timescale of the
experiment the conformational transition is irreversible. Since the refolding
of the molecule is very slow, the first stretching curve exhibits more
unfolding events than the following ones. Only when the time between the
extension and relaxation were longer could the saw-tooth profile be fully
regained. The applied force prevents refolding of the genuine molecular
structure. Only when the protein is relaxed can the saw-tooth pattern be
observed again.!'%?!
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Figure 26. Reversible unfolding —folding cycles of poylysine (gold-covered
Si;N, tip acts on a gold substrate covered with thiolated poly-L-lysine (pH 7,
pulling velocity 100 nms~'). The numbers indicate the sequence of
measurements. The overstretching of the molecules after 72 force —dis-
tance curves results in a decrease in the chain stiffness. Polylysine was
derivatized using iminothiolane in order to ensure attachment of the
molecules on the gold.l®®]

to explore basic differences in the primary structure of the
protein. This can be demonstrated by a comparison between
spectrin and titin. Spectrin consists of a-helix bundles, while
titin subunits exhibit a B-barrel structure. Both molecules
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Table 7. Molecular parameters of different proteins in aqueous solution. Immu-
noglobulins (Ig), the repeating units of titin, and fibronectin-III domains (Fn-III),
subunits of tenascin and titin, have a similar structure ($-barrel). Spectrin, however,
consists of a-helical subunits. Spectrin stabilizes the cytoskeleton of erythrocytes.
Tenascin originates from the extracellular matrix, while titin is found in muscles.
Only few data are available from the nonlinear a,-macroglobulin. «,, «;[s]:
unfolding and folding rate, respectively, in the absence of an external force, Ax,,
Ax;[A]: width of the energy barrier of unfolding and folding, respectively, v

pulling velocity.

Polypeptide Persistence  Transition Lengthen-
length [A]  (domain folding) ing [A]
v=0.01-0.5 ums™!
Ig peptidel'¥” 138 152] (re- 8 (<50 pN) 130 pN/190 pN 266
combinant titin fragment), 4 (>50pN) «,=03x10"* 280
titin['® 1521 (native) a;=2
Ax,=3
Ax; > 150
Fn-III peptide!™> (recombi- 4.24+2.2 ~90 pN/~ 150 pN 285+40
nant tenascin fragment), te- (>50pN)  «,=4.6 x10~*
nascin!' (native) a;=3
Ax,=3, Ax;=10
Fn-III peptide!™ (recombi- 8 (<50 pN) ca. 90 pN/~ 160 pN 286
nant tenascin fragment) 4 (>50pN) a,=03x10~ (lb=4A)
Ax,=55
spectrinl'®! (native) 8 (<50 pN) <25 pN/ca. 30 pN 317+3
a,=03x10"*
Ax,=17+5

a,-macroglobulin!

stiffness: ca. 15 mNm™!, ca. 65 mNm™!

denature at almost the same temperature; thus, the activation
energy of unfolding is also similar. However, the forces which
are necessary to unfold spectrin are much lower than those
needed to unfold titin. The reason for this can be found in the
course of the folding—unfolding potential. Although the
height of the energy barrier of spectrin is similar to that of titin
its width is six times larger (Table 7). Consequently, the
unfolding state is very shallow and more extended than that of
titin, that is, the measured unfolding forces of spectrin
domains are lower by nearly the same factor.

In contrast to the S-barrel structures, the tertiary structure
of spectrin is not stabilized by hydrogen bonds. Hydrogen
bonds only stabilize the helix itself, and not the entire bundle.
Thus, the tertiary structure is mainly maintained by weak
hydrophobic interactions that lead to smaller unfolding forces.
It remains to be elucidated whether the different mechanical
stabilities of the two proteins are of any biological signifi-
cance.

6. Summary and Outlook

Wo rohe Kriifte sinnlos walten,
da kann sich kein Gebild gestalten.“

Friedrich von Schiller (1759-1805), Lied von der Glocke

With regard to force measurements this quotation from the
German dramatist Schiller should read instead: “Wo rohe
Krifte sinnlos walten, da kann sich kein Gebilde falten.” since
high forces and pulling velocities can rupture bonds and
unfold proteins but render binding and folding highly
improbable. The simple model of Belll® can describe most
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of the results obtained from force measurements. It should be
emphasized that reversible conformational changes are not
excluded, but depend on the topology of the potential and the
pulling velocity of the cantilever. Examples of a reversible
transition between two conformations upon exerting an
external force are the change from the chair to the twisted-
boat conformation of dextran as well as the change from the B
to S conformation of the DNA duplex. Irreversible processes
are characterized by a hysteresis between the approach and
retraction of the cantilever, a dependence of the force at
which the transition occurs on the pulling velocity, and an
asymmetric potential. For example, the extension of modular
proteins such as titin, a filamentous muscle protein, spectrin
from erythrocytes, and tenascin, an extracellular protein,
shows that kinetic analysis according to a classic two-state
model in conjunction with generic polymer models permits
qualitative as well as quantitative data to be derived on the
mechanical properties of polymers.

Force microscopy has developed into a powerful tool for
probing the mechanical properties of single molecules such as
conformational transition states, bending modules, binding
strength, rate constants, and the topology of the potential.
Future prospects have been intimated by Miiller, who
reported the first experiments on the folding and unfolding
cycles of bacteriorhodopsin in its native environment in
conjunction with high resolution imaging.'* It was shown
that single helices could be removed from the bundle
assembly. Besides experiments with isolated systems, the first
force experiments with whole cells have been conducted on
the quantification of cell adhesion.['*"]

Scanning force spectroscopy combines high-resolution
imaging with manipulation of single molecules and provides
the possibility of obtaining insights into the mechanical
behavior and structural details of synthetic polymers and
biomolecules on a molecular level.
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fruitful discussions.
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