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Abstract 

The molecular processes based on the specific receptor-ligand interactions (e.g. immune 

response to a foreign antigen, communication between nerve cells, etc.) are essential for a 

good and stable performance of living organisms. The aim of the present work is to study 

such molecular processes with the Atomic Force Microscope (AFM) operated in Force 

Spectroscopy (FS) mode.  

Information such as the force and length of the ligand-receptor bond rupture could be 

obtained from the standard quasistatic FS studies, whereas no external dithering applied to the 

AFM tips. Firstly, the antigen-antibody interactions were examined with the Bovine Serum 

Albumin (BSA) protein and its poly- and two different monoclonal antibodies. It was shown 

that the peak unbinding force depends on the type of antibody and the antibody concentration. 

The single potential barrier is dominant for the interaction between BSA and monoclonal 

antibodies and was revealed from the loading rate-dependent measurements. Secondly, we are 

interested in the process of fibrin gel formation, in particular in the forces involved in this 

process. It was demonstrated that the fibrin-fibrinogen interaction is the specific one. The 

unbinding force rupture for single fibrin-fibrin(ogen) complex was determined to be of about 

320 pN at a loading rate of 3.5 nN/s. The single potential barrier is also dominant for this 

interaction.  

Moreover, a new method of direct and continuous measurement of the spring constant 

of single molecules or molecular complexes has been elaborated in our laboratory. To this 

end, the standard FS technique with functionalized tips and samples is combined with a small 

dithering of the AFM tip. The change of the dithering amplitude as a function of the pulling 

force is measured in order to extract the spring constant of the complex. The potentialities of 

this technique were demonstrated for the experiments with single BSA – polyclonal antibody 

to BSA (Ab-BSA) and fibrinogen – fibrinogen complexes. 
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Résumé 

 Les processus moléculaires basés sur les interactions spécifiques récepteur – ligand  

(réponse immune vers l’antigène étranger, communication entre les cellules nerveuses, etc.) 

sont essentielles pour bonne et stable performance d’organismes vivants. Le but de cette thèse 

est l’étude de ces processus moléculaires avec l’aide de la Microscopie de Force Atomique 

(AFM) opérée dans le mode de Spectroscopie de Force (FS). 

 L’information comme la force et longueur de liaison ligand - récepteur  peut être 

obtenue par des études FS standard où il n’y a pas d’excitation externe appliquée sur les 

leviers. Dans un premier temps, les interactions antigène – anticorps entre BSA (Bovine 

Sérum Albumine) et ses anticorps polyclonaux et monoclonaux ont été examinées. Par 

l’expérience de « loading rate », nous avons démontré qu’une seule barrière de potentiel est 

dominante dans l’interaction entre BSA et ses anticorps monoclonaux. Nous nous sommes en 

suite intéressés aux premières étapes de polymérisation de la fibrine, en particulier, aux forces 

responsables dans ce processus. On a montré que l’interaction fibrine – fibrinogène  est 

spécifique. La force de rupture du complexe fibrine – fibrinogène a été déterminée comme 

320 pN à « loading rate » de 3.5 nN/s. Une seule barrière de potentiel est également 

dominante pour cette interaction. 

 Une nouvelle méthode pour la mesure directe et continue de la constante de ressort de 

molécules et de complexes moléculaires a été élaborée dans notre laboratoire. Pour cela, la 

technique standard de FS a été combinée avec la petite modulation de leviers d’AFM. Le 

changement d’amplitude de vibration modulée est mesuré en fonction de force appliquée pour 

extraire la constante de ressort de système étudié. Les potentiels de cette technique ont été 

démontrés dans les expériences avec les complexes de BSA – anticorps polyclonaux et 

fibrinogène – fibrinogène. 
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Table of abbreviations 
 

 

Ab – antibody;  

ADC - Analog-to-Digital Converter; 

AFM – atomic force microscope (microscopy); 

Ag – antigen; 

APTES - 3-aminopropyltriethoxy silane; 

BSA - Bovine Serum Albumin; 
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Introduction 

The subject of this thesis is situated on the boundary between biology, medicine, chemistry 

and physics. How do molecules interact with each other? In order to answer to this question 

we should provide detailed information about the structure, the function and the properties of 

molecules studied as well as about the energy and the force landscapes of interaction. 

 Molecular recognition processes (e.g. recognition of antigens by their antibodies, 

enzymatic catalysis, cell adhesion, communication between nerve cells, etc.) play a pivotal 

role in nature. The basic working principle of a molecular recognition event is the specific 

binding of a ligand molecule (“key”) to a receptor molecule (“lock”). Many diseases are 

related to a malfunction in such molecular recognition processes. A detailed understanding of 

the molecular binding process, together with information about binding forces, could assist in 

development of highly specific drugs. 

 Of course, the most natural and simple method of understanding how well molecules 

are attached to each other is to measure the binding forces. For many years, experimentalists 

have been able to measure the binding or folding energies/forces of the interactions involved. 

For example, ensemble-averaged information about binding enthalpies can be obtained from 

calorimetry experiments. However, such experiments, where many molecules are 

simultaneously examined in parallel at the same time, do not yield information as to the actual 

behavior of an individual molecule. Since the recent introduction of force spectroscopy 

techniques (atomic force microscopy, optical tweezers, the biomembrane force probe and 

flexible microneedles) this situation has radically changed. Our work is based on the use of 

the Atomic Force Microscope (AFM), first developed by Binning, Quate and Gerber in 1986 

as an imaging technique. 

 The aim of this thesis work is to study different molecular complexes with the AFM. 

Two biosystems are investigated. Firstly, we are interested in the antigen-antibody 
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interactions studied with the Bovine Serum Albumin (BSA) protein model and its poly and 

two different monoclonal antibodies. Secondly, we focus on the process of fibrin gel 

formation, largely responsible for the process of blood coagulation. 

 In Chapter I, the instrumentation and basic principles of atomic force microscopy are 

briefly described. This is followed by a detailed presentation of a standard quasistatic force 

spectroscopy technique, where no external modulation is applied to the AFM tip. Because the 

chemistry of tip and sample surfaces, with functionalization procedures, is essential for our 

study, a complete explanation of sample and tip preparation methods is given in Chapter II. 

Chapters III and IV first, describe the structure and functional properties of the proteins 

studied; and second, present the experimental results obtained with quasistatic force 

spectroscopy for antigen-antibody complexes and molecular interactions involved in fibrin gel 

formation. In addition, some AFM images revealing the first steps of molecular organization 

in fibrin strands are shown in Chapter IV. 

 Up to now, the specific bond force rupture (or unbinding force) easily measured with 

quasistatic force spectroscopy has served as the unique characteristic parameter for the 

molecular recognition process. We introduce in equal position a new physical parameter, the 

spring constant of the molecular complex, which gives us complementary information about 

the elasticity of molecules, molecular structure, and the mechanism of the tip-sample 

interaction. To this purpose, a new method, based on the combination of standard force 

spectroscopy with a small dithering of the AFM tip, has been developed in our laboratory and 

is proposed in Chapter V. Some experimental results, such as the spring constant of the single 

antigen-antibody and the fibrinogen-fibrinogen complexes, are described with the perspective 

of measuring molecular bond lifetimes. 
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Chapter I  

Atomic Force Microscopy and Standard Force Spectroscopy 

1.1 Atomic Force Microscopy 

1.1.1 Introduction 

The atomic force microscope (AFM), invented in 1986 by Binning, Quate, and Gerber [1], has 

opened new perspectives in investigating surfaces with high lateral and vertical resolution. In our 

days, AFM has become a very powerful technique for achieving high resolution imaging of 

biological samples and for surface property characterization with measurement of biophysical 

and mechanical properties of molecular complexes at work.  

The basic principles of AFM are outlined in the first part of this chapter, followed by the 

description of different AFM operating modes. The second part describes standard quasistatic 

force spectroscopy (FS) mode of the AFM. 

 1.1.2 Basic principles of AFM 
 
A schematic diagram of the basic instrument setup of an AFM is shown in fig. 1. 

 

 
 
Figure 1.  Schematic diagram showing the main components of a typical AFM: piezoelectictric scanner, 

cantilever/tip assembly, laser and multisegmented photodiode detector system, and the feedback loop between the 

detector and piezo. 
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The main components of an AFM are the scanning probe, the scanning sample stage and the 

detector. The sample is scanned with a probe whose deflections are recorded by a computer. To 

raster scanning over a desired area a sensitive x-y scanning system is required and normally 

provided by computer-controlled piezo scanner. The third dimension z correlates with height 

movement in the piezo, which is usually linked to an optical lever detection system (e.g. laser 

beam and a split-photodiode). The scanning probe component is the key element of an AFM; 

typically it consists of a mounted triangular or rectangular cantilever, 100-200 µm in length, with 

an integrated pyramidal Si3N4 (silicon nitride) or Si (silicon) probe tip (fig 2.) A standard probe 

tip is about 3-5 µm tall with a radius of curvature at the tip apex of about 35-60 nm.  

 

                                      
 

 

 

Figure 2.  Scanning electron micrograph of a typical commercial cantilever/tip (Veeco Instruments, USA) assembly 

(left) and image of pyramidal probe tip (right).  

 

 

The size and shape of the tip, along with the pixel density/unit area scanned, directly affect the 

resolution obtained for the imaged object. While the instrument setup is relatively simple, the 

interactions between probe tip and sample are not so simple.  

 



Chapter I  
 

 - 5 -

1.1.3 Different AFM operating modes 

A wide range of AFM imaging modes has been proposed using close contact tip-sample 

interactions, combined with the ability to control and/or monitor the cantilever drive signal input 

or output. This flexibility allows nanoscale examination of different structure-property 

relationships of a sample under vacuum, at low temperatures, ambient air, or aqueous conditions. 

Some common modes of AFM operation, which are used in the study of biological samples, are 

briefly illustrated in this paragraph. 

 

1.1.3a  Contact mode imaging or constant-force mode 

In this mode, the tip is placed into “physical” contact with the sample, and the raster-scanned 

through the x-y plane (fig. 2a). “Physical” contact means that the tip is pressed against the sample 

until a repulsive force is sensed by the lever. At each x, y position, the change in surface 

topography induces a deflection of the cantilever, which is measured by the detection system. 

Several methods for measuring the cantilever deflection have been explored: optical lever 

technique, optical interferometry, capacitance measurements, scanning tunneling microscopy [2] 

and piezoelectric bimorphs [3]. The optical lever technique using photodiode detector is the most 

common method. Briefly, a laser light is reflected off the back of the gold-coated cantilever to a 

multi-segmented photodiode. The long optical path greatly amplifies the small movements of the 

cantilever (in the range of Å) into measurable voltage signals at the detector. The amount of light 

striking the upper and lower photodiode segments is compared with an unperturbed null value 

and used to generate a difference signal (error signal). This difference signal is used as the input 

to a digital feedback loop to the z component of the piezo. The feedback loop maintains tip-

sample contact, through the voltage signal output applied to the z-component of the piezo. Under 
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constant force conditions, this provides quantitative height information into the AFM image. If 

the feedback loop detects a deviation in error signal, it will force the z-piezo to change the height 

of the sample stage relative to the tip, bringing the deflection signal back to the reference value, 

canceling the error signal. The resulting vertical position of the sample corresponding to the 

lateral x-y position is recorded as a topographical map of the sample, named the “height” image. 

Since the photodiode must detect a tip deflection before activating the piezo scanner, there can be 

significant deflection at sharp edges of the sample if the scan speed is too fast.  

In contact mode, the tip is always in constant contact with the sample and it can be 

problematic for imaging “soft” biological samples (proteins, cells, DNA, polymers and etc.). 

While imaging, a significant lateral shear force is produced and applied to the sample. This force 

(on the order of few nN) can be sufficient to deform, disrupt and/or destroy a delicate sample, or 

to sweep adsorbed molecules to the periphery of the imaging area [4-6]. Thus, contact mode is 

often unsuitable for truthful imaging of non-fixed biological samples under aqueous conditions. 

 
 

 
Figure 2. Contact and tapping modes with part of x-y raster scanning pattern.  
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1.1.3b  Dynamic (or tapping) imaging modes 

In order to prevent large lateral forces applied during contact mode, various dynamical 

operational modes were successfully introduced [7]. When working in these dynamical modes the 

cantilever is oscillated in the z-direction at its resonance frequency or near its resonance 

frequency (fig. 2b). Because the oscillating tip touches the sample when it reaches the lowest 

point, this imaging mode is now called the “tapping mode” [7, 8]. Therefore, the tip is only in 

intermittent contact with the sample [7-12] and applied shear forces are often negligible. Under 

optimum conditions, the resolution has been demonstrated to be as low as 0.5 nm in the x-y plane, 

and approximately 1Å in the z direction [9]. A recent development also allows the tracking of 

biomolecules at a relatively high speed [10]. 

During scanning the tip-sample interaction causes attenuation of the root mean square 

(RMS) oscillation amplitude. The RMS amplitude is compared to a reference value in order to 

compute the error signal and is used, in the feedback loop, to measure topographic variations of 

the sample (analogous to the difference signal used in contact mode). A three dimensional image 

of the sample is obtained by recording the position of the sample required to keep the attenuation 

of the RMS amplitude at a constant value. Several studies have been performed in order to 

understand better the tip-sample interactions in terms of force and energy dissipation [13-16]. 

A second type of dynamic force microscopy is based on the same principles as tapping 

mode and consists of amplitude, phase, and force modulation modes (fig. 3). An oscillating signal 

is imposed on the tip, resulting in only intermittent contact between the tip and sample [17-20]. 

Phase and amplitude imaging modes measure phase shift and amplitude feedback error in the 

frequency of the response signal, respectively, while force modulation monitors amplitude 

attenuation under a constant cantilever deflection.  
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Figure 3. Phase, force modulation and amplitude modes of an AFM (A as amplitude). 

 

When the tip is in contact with the sample, the force causes a small indentation, 

characterized by the mechanical properties of the sample [21-23]. When the signal responses are 

compared with the driving signal, the differences are a measure of the viscoelastic properties of 

the sample. The amplitude response to the driving signal is related to the elastic properties, and 

the phase shift is a response to the viscous properties of the sample [21]. In force modulation, the 

amplitude attenuation of the oscillating tip is observed on regions with different viscoelastic 
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properties. The attenuation is larger on a soft region relative to harder regions. A corresponding 

change also is observed in phase imaging. An out-of-phase signal is detected when the tip 

interacts with a soft region. Dynamic AFM modes have been widely explored to examine the 

mechanical properties of cell membranes, DNA, and for imaging protein molecules on rough 

materials [24-28]. In amplitude modulation and phase imaging, the frequency and amplitude of 

the tip oscillation can be optimized to give improved contrast of a sample compared with 

topographic height imaging [22, 25, 27]. 

Further improvements in the ability to manipulate objects reproducibly on molecular and 

even atomic scales have applications in the growing field of nanoengineering. 
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1.2 Quasistatic Force Spectroscopy 

1.2.1 Introduction 

Understanding the forces at the level of single biomolecules and/or their complexes is a 

challenging task in molecular and structural biology. The direct and quantitative examination of 

the bonds holding a molecular structure together on the single molecule level can be achieved, for 

example, by applying of force to individual molecules locally. Experiments of this kind, taken on 

individual molecules, have been called force spectroscopy [1-7]. In our study, the force 

spectroscopy experiments were carried out by AFM. As known, the AFM has several properties 

that make it an ideal tool for measuring biomolecular forces on the single molecule level: force 

sensitivity on the pN (1 pN = 10-12 N) level with high lateral sensitivity of 0.5-1 nm (which is the 

realm of molecular dimensions), contact areas as small as 10 nm2, ability to operate under 

physiological conditions, and, of course, relative ease to use and commercial availability. A true 

milestone in force spectroscopy using AFM was the first measurements of the rupture forces of 

individual biotin complexes by Gaub’s and Colton’s groups [1-3a], the measurement of the forces 

holding together complementary DNA strands [3b] and the measurements of the binding strength 

between cell-adhesion proteoglycans [4]. 

In this technique one molecule of interest is attached to the sample surface and the other is 

anchored to the AFM tip. This put several requirements for tip and sample functionalization. 

Please note that a proper functionalization of the tip and sample is crucial for force spectroscopy 

experiments. Designing an appropriate chemistry of our experiments is discussed in details in 

chapter II describing tip and sample preparation methods.  

As discussed in chapter I “AFM principles”, the tip deflections are used to record a 

topographic image. If the probe is moved in z-direction down and up (toward and away from the 
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surface), the measured tip deflections can be used also to create the so-called force curve (force-

distance curve).  

1.2.2 Force curves 

Force curve is the resultant plot of cantilever deflection versus the separation between the relaxed 

tip position and the sample (displacement of the z-piezo, z). In the most common analysis, 

cantilever deflections are converted into forces using Hook’s law: 

cantilevercantilever zkF ⋅=  

where F - is the force acting on the cantilever, kcantilever -  the spring constant of the cantilever, and 

zcantilever – the cantilever deflection. The accuracy of the cantilever spring constant value is 

uncertain, unless independent calibration is made [8-10].  

A typical force curve (force versus z distance) is shown in fig. 1. 

 

 

Figure 1. Schematic drawing of a typical force curve. 
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Initially, when the tip is far from the surface, there is no interaction (non-contact). As the tip-

sample separation distance is reduced, forces between atoms/molecules on the two surfaces cause 

the bending of the cantilever toward the sample, in the case of attractive forces (van der Waals 

and electrostatic), or away from the sample, in the case of repulsive forces (electrostatic). At each 

z distance, the cantilever bends until its elastic (restoring) force equals the tip-sample interaction 

force and the system is in equilibrium. The attractive forces may be sufficient to cause the jump-

to-contact of the tip. During the contact with the surface, the tip will feel an increasing repulsive 

force. In this contact region of the force curve, there may be elastic (reversible) and/or plastic 

(irreversible) deformations of either or both of the tip and the sample. These deformations 

provide further additional information about the mechanical properties of the sample [11-16]. 

When the preset value for the load is reached, the direction of motion is reversed, and the tip is 

moved away from the surface. During the retraction of the tip, contact adhesion forces may delay 

tip-surface separation (adhesion), which can be detected in the retraction curve (jump-off-

contact). Jump-off contact events occur when the effective elastic constant of the cantilever 

overcomes all the adhesive interactions between the tip and the sample. This force can be used to 

compare surface-dependent interactions or specific molecular unbinding events.  

 

1.2.2a  Force resolution of the AFM 

An AFM cantilever with a given spring constant, kcantilever, is agitated by thermal fluctuations. In a 

simple model, the cantilever can be represented as a system with one degree of freedom, i.e. the 

cantilever can only vibrate up and down. Therefore, the energy of this thermal vibration will be 

given by the equipartition theorem of classical thermodynamics as TkB2
1 , where kB is the 
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Boltzmann constant and T is the absolute temperature. The energy of a vibrating spring can be 

written as ><⋅ 2

2
1 xkcantilever , where <x> is the amplitude of vibration. Both energies are equal, 

and thus, one can obtain the following equation: 

><= 2

2
1

2
1 xkTk cantileverB       

Consequently, the cantilever will vibrate thermally with amplitude <x>, given by 

cantilever

B

k
Tk

xx =><>=< 2        

This will lead to a fluctuation in force given by: 

cantileverBcantilever kTkxkF ⋅>=<=∆      

The dependency of the cantilever thermal vibration amplitude and of the force fluctuation under 

the given cantilever spring constant at 25 °C, is shown in fig. 2. 

 
Figure 2. Thermal vibration of AFM cantilevers at room temperature (25 °C). This vibration limits the vertical 

resolution and the force resolution of the AFM. For typical soft cantilevers (10 to 100 pN/nm), the thermal vibration 

amplitudes of the free cantilevers varies from 0.64 to 0.2 nm, respectively. These values correspond to force 

fluctuations between 6 pN and 20 pN, giving a lower limit of force resolution in AFM. 
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1.2.3 Application of force curves 

The interpretation of AFM force curves relies almost entirely on established force laws [17]. 

These force laws describe force as a function of the tip-sample separation distance, d, rather than 

as a function of z-piezo displacement. Therefore, the AFM force curves should be transformed 

into the description of the force as a function of distance, F(d). The transformation to d can be 

done on the hard surface by subtracting the contact line from the cantilever deflection [18]. A 

corrected F(d) curve is then called a force-distance curve. 

 Thus, a complete force curves set consists of successive approach and retraction curves. 

They are rich in information. For example, the approach curve can contain valuable information 

about following surface forces: van der Waals force, repulsive electrostatic double-layer force in 

solution, polymer-brushing forces, and indentation curve on an elastic sample [19]. From the 

retraction curve, one can observe contact adhesion forces, capillary effect, polymer extension 

(force-extension curve), and specific molecular bond rupture (unbinding) and/or in some 

experiments combination of them. Several excellent reviews have been written on the 

applications of force-distance curves [20-22]. 

 

1.2.4  Energies and rates of a molecular reaction  

Another interesting question addresses the relationship between the data obtained from single 

molecule force spectroscopy measurements and the quantities classically obtained in bulk, such 

as the energies and rates of reaction. From force spectroscopy data one can distinguish two 

fundamental classes of reactions: first, reactions which proceed at (quasi-)equilibrium and 

second, those that do not. For both classes, simple models have been developed in order to relate 

the single molecule force measurements to bulk quantities.  
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1.3.4a  Equilibrium reactions 

In equilibrium reactions the system can access all its energy configurational states on the time 

scale of the experiment and, thus, proceeds on a path along the lowest energy states. If the time 

scale of the experiment is getting faster than the time scales of the transformation, the equilibrium 

condition breaks down. Thus, if a force-induced reaction proceeds at equilibrium, the rate at 

which the force is ramped will not change the force at which the transformations occur. For these 

equilibrium reactions, the free enthalpy ∆H can be extracted by integrating the area under the 

force-distance curves. The well-known examples of such reactions are the conformation in 

polysaccharide chains [23-25], the B-S form transformation of DNA [26, 27], and the unzipping 

and re-zipping the two strands of double stranded (ds) DNA [6]. 

 

1.3.4b  Far from equilibrium reactions 

This second class of reactions describes the transformation when the application of forces causes 

a thermodynamically irreversible change. In these reactions, there is usually hysteresis. More 

important, the force at the bond rupture can depend on the rate at which the force is applied 

(loading rate). To describe the rupture of weak bonds under a force, a simple transition state 

model was developed by Bell [28]. This basic approach was further refined by Evans and Ritchie 

in 1997 [29]. Conceptually, this can be described by treating the unbinding reaction as 

probabilistic process induced by a thermal kick over the activation barrier. At very slow force 

rates, the system has simply more attempts to make the transition than at faster force rates, and, 

thus the bond rupture will occur at lower forces than at higher rates. The unfolding of proteins 

[30-32], ligand-receptor couples [33-40], unbinding process of adsorbed proteins [41], and the 

shearing [42] and melting of DNA [26, 27] were successfully described by this model. The 
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following paragraph will focus in more details on the description of simple model of ligand-

receptor separation, where a single energy barrier governs the unbinding process. 

1.2.4b/1 Force spectroscopy of simple bonds 

Molecular recognition of biomolecules plays a pivotal role in nature. Interactions occur during 

the formation of double-stranded DNA, in enzymatic reactions, in antigen-antibody (Ag-Ab) 

recognition events, in hormone-receptor reactions, in signal transduction, in adhesion and 

migration of cells and etc. The nature of ligand-receptor specific binding forces comes generally 

from the combination of non-covalent weak bonds: van der Waals, electrostatic, hydrophobic, 

dipole-dipole interactions, and hydrogen bonding. These binding forces depend on the conditions 

such as pH and ionic strength. Besides the thermodynamic and kinetic data, the complex 

interaction of forces is of a paramount interest for understanding the structure-function 

relationships of biomolecules.  

Most systems can be approximated by a simplest system (fig. 3) consisting of only two 

states, A (bound state) and B (unbound state), which are separated by one transition state 

characterized by a single energy barrier. To describe the reaction (1), 

BA
ass

diss

k

k

←
→

     (1) 

the following quantities are traditionally determined in bulk: 

- the dissociation rate constant, 






 ∆
−=

Tk
G

k
B

diss
dissdiss expν ,     (2) 

- the association rate constant, 






 ∆
−=

Tk
G

k
B

ass
assass expν ,     (3) 
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- the equilibrium constant (or affinity constant), 
ass

diss
eq k

k
K = ,    (4) 

- the free energy of the reaction ∆G°: eqKRTSTHG ln=∆−∆=°∆    (5) 

where kB is the Boltzmann constant, T is absolute temperature, and ν is the pre-exponential factor 

which denotes the frequency of bond vibrations, and is generally different for the association and 

dissociation reactions. 

 Bell first introduced a simple model of bond rupture under an applied external force based 

on the transition-state theory [28]. The lifetime of non-covalent bonds (1/kdiss(0)) 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 help the system to overcome the potential barrier by 

thermal fluctuations, and, thus breaks the bond. From a chemical point of view, pulling a 

receptor-ligand pair apart can be compared with an infinite dilution of both compounds. The 

system is far away from thermal equilibrium and from a kinetic viewpoint the rate constant of 

dissociation is meaningful, the probability of rebinding is zero. According to Bell, if the applied 

force F is in the direction favoring the unbound state B, the activation energies are changed to 

dissdissdiss xFGG ⋅−∆=∆ *  and )(* assassass xFGG −⋅−∆=∆ . The proportionality factor x has the 

dimension of length and can be interpreted as the width of the potential. We have to note that xass 

is negative if the force is applied in the direction of B state. Thus, the rate constants kdiss and kass 

change to 
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Figure 3. Simple two state model consisting of bound state A and unbound state B. The unbinding reaction proceeds 

via a transition state with a characteristic energy barrier. An applied force lowers the energy barrier by Fxdiss, where 

xdiss is the width of the potential of a particular state (blue line).  

 

   

The rates change exponentially with the applied force: the dissociation rate, kdiss, increases 

exponentially while the association rate, kass, decreases exponentially. This is the hallmark of the 

Bell model.  
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 Assuming that the applied force F increases linearly with a constant loading rate r, (i.e. 

dF/dt=r and F=r⋅ t) the probability p(t) that the system is in the bound state A after time t can be 

calculated by solving the following equation: 

)()()( tpFk
dt

tdp
diss ⋅−=       (8) 

with p(t=0)=1. 

This results in a distribution of unbinding forces (or a probability density ω) 

)(
)()(

)( r
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r
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r

Fdp
F diss==ω      (9) 

which results with p(t=0)=1 in 
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By definition the most probable unbinding force is the maximum of the distribution (10) and is 

given by the following equation: 







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=
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x
TkrF

B

diss

dissdiss

B
unbinding )0(

ln)(*    (11) 

The equation (11) relates single molecule force measurements with the dissociation rate 

measured in bulk experiments. It is based on Bell’s assumption that the rates of a reaction depend 

exponentially on the applied force as stated in eq. 6 and 7. Eq. 11 shows that the dissociation 

kinetics under an applied force are governed by the thermal dissociation rate constant kdiss(0) and 

the length scale xdiss, interpreted to be the width of the potential of the bound state. In practical 

terms, this means that kdiss(0) and xdiss can be determined by plotting F*unbinding versus ln(r). 
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The width of the distribution (11) depends on the width of the potential xdiss and the 

thermal energy kBT. A more elaborated description of this issue is given by Evans and Ritchie 

[29]. When the frictional losses, arising from intrinsic and hydrodynamic damping, are 

considered, the rate of dissociation can be expressed as: 








 ∆∆
⋅⋅=

Tk
FEFgkFk

B
dissdiss

)(*exp)()0()(      (12) 

in which g(F) and ∆∆E*(F) represent the deformation of the potential under the influence of the 

external force and molecular friction, respectively. Consequently, increasing the loading rate 

results in a shift in the distribution (11) to higher unbinding forces and is accompanied by a 

broadening of the function. Statistical analysis of the unbinding forces provides the rupture force 

of the non-covalent bond, which is defined as the most probable occurring in the histogram at a 

certain loading rate. The assumption of a stationary force F*unbinding is valid, since thermal 

fluctuations take place within a time scale of 10-12 s or shorter, while the mechanical loading in 

force probe experiences spans periods of about 10-3 – 10-5 s and is therefore extremely slow 

compared to thermal fluctuations.  

 In reality, however, not all force spectroscopy measurements can be fitted to a simple 

two-state model. This is the case of the avidin-biotin [43] and the streptavidin-biotin [44] systems 

and some others receptor-ligand pairs [45-48] where there is more than one transition state. Some 

theoretical approaches of complex molecular bonds have been presented [49, 50]. 

In conclusion, force spectroscopy complements classical methods to determine the 

kinetics of ligand-receptor pairs and provides new insights into the energy landscape of the bond. 

Care must be taken when comparing off-rates statically determined to those which are 

dynamically determined. In certain examples they may agree in the force-zero extrapolation if 

only a single barrier exists. Another often disregarded issue is the fact that receptor-ligand pairs, 
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being free in solution, may display different binding properties than those covalently anchored to 

the tip and substrate and give rise to steric hindrance and, hence, different off-rates. 
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Chapter II 

Sample and Tip Preparation Methods for Force 

Spectroscopy Study 

2.1 Sample preparation for force spectroscopy experiments 

The first step to the force spectroscopy measurements of receptor-ligand interactions is  

immobilization of  receptor molecules on the AFM tip and ligand molecules on the sample 

surface or vice versa. Therefore, the chemistry of the AFM tip and sample surfaces, with 

functionalization procedures, is essential for FS studies. In this chapter we will focus on the 

description of sample surface, sample and tip preparation methods as well sample 

characterization with the AFM.  

Glass, mica, silicon (Si), gold surfaces and hydrophobic highly oriented pyrolytic graphite 

(HOPG) are widely used to immobilize samples, allowing biomolecules to be bound strongly or 

even crosslinked covalently to the support. Mica was selected for our studies because it is the 

most commonly used support for imaging biological speciments with the AFM. 

2.1.1 Mica 

Mica is an aluminosilicate mineral with layered structure and reveals after cleavage an atomically 

flat surface over several hundred µm2. Mica consists of negatively charged layers which are 

bound together by large, positively charged interlayer cations, K+ in the case of muscovite mica 

(Na+ in paragonite mica). Each stratum consists of two hexagonal layers of SiO4, which are cross 

linked by aluminum atoms with incorporated OH- groups (fig. 1).  
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Figure 1. The structure of a vertical slice through 

freshly cleaved muscovite mica. 

 

 

The electrostatic bonds, between K+ ions and 

basal oxygens from the layer, are weak and 

easily broken. This layer is disrupted after a 

simple cleavage procedure with a “scotch” 

tape, exposing a basal plane covered by K+ 

ions, with the density of 0.57 ions/nm2 [1, 2]. 

In air, this layer is completely neutralized by 

the negative aluminosilicate lattice charge. However, in water some of the K+ ions dissociate 

from the surface, which results in a negative surface charge density of 0.015 charges/nm2 at pH 

7.0 (neutral) [3]. The extent of dissociated and partially replaced K+ ions depends on the 

electrolyte concentration [3]. Many proteins bind tightly to a clean mica surface because of the 

large surface charge and hydrogen binding between protein and surface. For our AFM 

experiments we have been used muscovite mica sheets (Ted Pella, Inc., Redding, USA). 

2.1.2 Silanization method (APTES-mica) 

The protein immobilization onto a substrate surface was preceded by the silanization procedure. 

Today, silane coupling is one of the most used coupling methods for preparation of biosensing 

devices. The alkylsilanes form self-assembled monolayers (SAMs) and have attracted attention 

because they are capable of covalent attachment to SiO2-based oxide surfaces such as glass or 

oxidized Si, thus making them positively charged [4, 5]. We use 3-aminopropyltriethoxy silane 

(APTES) (99% purum, Fluka) to functionalize the mica surface, which also contains Si-O bonds. 
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The amino groups (-NH2) of APTES after exposing to a water solution become positively 

charged (-NH3
+) in a rather broad range of pH (aliphatic amino groups have a pK of around 

10.5). It was shown that the silanization of surfaces by chemical-vapor deposition of alkoxy 

silanes generally produces a smother and more stable SAM (without “vertical” polymerization 

[6]) than it was obtained by liquid-phase deposition [7, 8]. In our study we used chemical-vapor 

APTES deposition in a vacuum chamber. The conditions for uniform and smooth modification of 

the surface were found. This procedure was first described by Lyubchenko and co-workers [9, 

10]. Briefly, this method consists of incubation in 2 L glass desiccator of freshly cleaved mica 

sheets in the vapor of 30 µl of APTES in the presence of 10 µl N-ethyldiisopropylethylamine 

(DIPEA) (purum, Fluka) under argon atmosphere during 2h. DIPEA works as a proton scavenger 

to prevent undesirable polymerization of APTES. APTES molecules are in amine-up 

configuration and about 50% of these amines are active (protonated, -NH3
+) [11]. The scheme of 

modification with APTES (ideal case) is shown in fig 2. APTES-mica substrates are now ready 

for covalent immobilization of proteins. APTES-mica samples stored under argon show stability 

and retain their activity for several weeks.  

 
 

Figure 2.  APTES monolayer self-assembled (ideal case) on mica surface. 
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2.1.2a  Characterization of APTES-mica samples by AFM 

To check whether APTES was firmly adsorbed on mica surface and to know the thickness of the 

silane layer, the sweeping method was used. This simple method is widely used for rough and 

rapid estimation of thickness of adsorbed proteins with the AFM [12]. In this method, the AFM 

tip first scanned several times a small part of the surface area (500x500 nm2) with the increased 

loading force (several nN) at a scanning speed of 2 Hz. When no further change in the z height of 

the image was observed, the AFM image was zoomed out a large area (1.5x1.5 µm2) and 

rescanned with normal loading forces and scanning speed of 1.5 Hz (fig. 3). The 

APTES+glutaraldehyde layer thickness is determined by measuring the height difference 

between altered and the unaltered area in the image. Thus the layer thickness was roughly 

estimated and gave a result of about 2 nm. This result is in a good agreement with other 

experimental data already published [4, 5, 13]. Taking account the length of covalent bond C-C  

(1.54 Å) the thickness of APTES+glutaraldehyde layer can be estimated as the length of 13 

covalent bonds that gives us the result of 2 nm. 

 
 

Figure 3. AFM contact image of the APTES+glutaraldehyde-mica surface. In the central surface area of 500x500 

nm2 has undergone scanning at a high loading force. 
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2.1.3 Functionalization of APTES-mica with proteins 

Protonated reactive amino groups of APTES were covalently coupled with protein amino groups 

via glutaraldehyde molecules (fig. 4). The silanized substrates were reacted with 1% (v/v) 

glutarlaldehyde (Fluka) solution in water for 20 minutes and then rinsed extensively several times 

with deionized water to remove any unreacted glutaraldehyde molecules. Consecutively, the 

protein solution drop (1 mg/ml) was deposited onto the sample surface for 20 minutes at room 

temperature. The unreacted protein molecules were removed by extensive washing with 

phosphate buffered saline buffer (PBS, 50 mM phosphate, 150 mM NaCl, pH 7.4 at 25 °C) 

(Sigma). This functionalization method is known to keep proteins functionality intact [14]. 

 

 
 

Figure 4. Schematic drawing of protein immobilization onto APTES-mica via glutaraldehyde molecule. 

 

2.2 Tip preparation for Force Spectroscopy experiments 

Standard V-shaped Si3N4 (silicon nitride) cantilevers (Veeco Instruments, USA), having a length 

of 200 µm and a nominal spring constant of 0.06 N/m are used for our FS studies. 
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2.2.1 Tip cleaning 

To produce reliable and reproducible results in topographic AFM imaging and in various FS 

experiences, a perfectly clean AFM tip, or at least AFM tip with a known chemistry is necessary. 

Cleanliness is also important for the quality and effectiveness of further surface modification on 

the AFM tip. Thin layers of contaminants may change the reactivity or adsorptive abilities of 

surfaces so that the desired modifications may not really be carried out on surfaces. Many 

procedures for cleaning the tip have been developed. Such procedures include ultraviolet (UV) 

ozone treatment, aggressive acid-based baths [15-17], and plasma etching [12, 14, 18, 19]. Other 

groups use as-received cantilevers with only simple cleaning methods such as rinsing with 

detergent and organic solvents or even no cleaning at all. 

Three different procedures were used to clean the AFM tips. In the first method, the tips 

were carefully washed with a very dilute detergent solution, rinsed extensively with deionized 

ultra high quality (UHQ) (resistivity 18 MΩ.cm) water several times, then immersed in acetone 

for 5 minutes, and finally irradiated with UV light for 30 minutes. The second method comprises 

the plasma etching. The tips were placed in plasma (2x10-2 mbars, 750 V) during 1 min. During 

this procedure the gold coating on the back of the cantilevers remains intact. The third, and more 

aggressive method, consists of incubation tips in piranha solution (70% H2SO4, 30% H2O2) for 30 

min. Both sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) are powerful oxidizing agents 

which react rapidly with almost any kind of organic compound. One of the products of this type 

of reaction is hydrogen gas. Immediately after the immersion of tips into piranha solution, visible 

gaseous bubbles evolved from the cantilevers, indicating the presence of organic contaminants on 

the surfaces. In some cases, the gold coating on the back side of the tip is peeled away in the 

course of incubation. After 30 min of incubation, the tips are rinsed with copious amounts of 
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deionized UHQ water, and dried at 150 ° C. Unfortunately and oppositely to the observations of 

Lo and coworkers [20], our tips showed not enough laser reflection for subsequent use in AFM, 

and we were no able to use these tips at all. 

All cleaned tips were stored in a cleaned glass Petri dish in air prior to imaging or further 

functionalization procedure with proteins. 

2.2.2 Functionalization of the AFM tips with proteins 
 
The AFM tips have been functionalized with proteins by two different methods: passive 

adsorption and covalent attachment. Passive adsorption is the simplest attachment method. It 

comprised in to immerse cleaned tip into protein solution during several hours. After adsorption, 

loosely bound proteins have been removed by extensive washing, leaving behind only those 

antibodies that were tightly bound to the tip surface. Despite successful and simple use of this 

method in our experiments, significant tip degradation and low event frequency (number of 

specific events/total number of cycles, no more than 2%) for specific protein interaction have 

been observed. Therefore, we have not pursued this method in our study. 

 To increase event frequency without losing biological activity of proteins during 

experiment, the covalent attachment of proteins on the tip has been performed. For each system 

studied (antibody-antigen and fibrin(ogen)-fibrin(ogen)) different linkers have been used. 

 We note that similar results have been obtained with these two methods of the tip 

functionalization. The results represented in this work have been performed with covalent 

functionalization procedure of the AFM tips. 
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2.2.2a  Functionalization of the tips with antibodies 

1-ethyl-3 (3-dimethylaminopropyl) carbodiimide (EDAC) (Sigma) is used as a coupling agent. 

The cleaned tips were rinsed with 50 mM PBS and placed in 2-[N-Morpholino] ethanesulfonic 

acid (MES) buffer (Sigma).  Antibody solutions with concentrations of 270 µg/ml (high 

concentration samples) or 27 µg/ml (low concentration samples) in MES were incubated with the 

tips at room temperature for 15 minutes. 200 µg EDAC/100 µl reaction volume was added and 

the reaction was carried out overnight at room temperature. In order to neutralize unreacted 

EDAC, Glycine (Sigma) was added to give 100 mM in final concentration, and incubated for one 

hour. The tips then were washed with PBS buffer several times. The antibody functionalized tips 

were either used immediately for making measurements or stored at 4 °C in PBS in order to 

avoid denaturation of the bound immunoglobulins. The stored, functionalized tips showed for 

several days the same level of activity in our experiments.  

2.2.2b  Functionalization of the tips with fibrinogen molecules 

The cleaned tip is immersed in glutaraldehyde aqueous solution (1% v/v) for 20 min, and 

fibrinogen molecules (1mg/ml) (Haemacure Corporation, Canada; kindly supplied by Prof. André 

Haeberli) are attached during 20 min of incubation at room temperature. The loosely bound 

proteins are then removed by extensive washing with PBS buffer. The fibrinogen functionalized 

tips are used either immediately for making measurements or for further enzymatic reaction with 

thrombin or Reptilase.  
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Chapter III 

Complexes of Bovine Serum Albumin with its different 

antibodies 

3.1 Introduction 

When it comes to speak about our proteins and protein complexes, in particular, about their 

structure and functional properties, a brief general notion of protein structure is needed. 

Proteins are complex, folded polymers, with the chemical formula H−(NH−HCR−CO)n−OH , 

consisting of the 20 naturally occurring amino acids; R stands for one of the 20 amino acid 

residues. There are four levels of structure found in proteins (fig. 1): 

 

Figure 1.  Schematic drawing of the four levels of protein structure. 
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   - Primary structure 

The primary structure of proteins is the sequence of amino acids residues along the 

polypeptide chain with reference to the location of any disulfide bonds. This structure is 

determined genetically and determines secondary, tertiary and quaternary structures of 

protein. 

- Secondary structure 

The secondary structure is the ordered arrangement or conformation of amino acids in 

localized regions of polypeptide or protein molecule. The two most common local structures 

are the α-helix and anti-parallel β sheet. Hydrogen bonding plays an important role in 

stabilizing these folding patterns as well as hydrophobic interaction. A single protein may 

contain multiple secondary structures. 

- Tertiary structure 

This is the three-dimensional arrangement of the atoms within a single polypeptide chain. For 

a protein composed of a single polypeptide molecule, tertiary structure is the highest level of 

structure that is attained. Tertiary structure is largely maintained by disulfide bonds (also 

called a disulfide bridge) (S-S) that formed between the side chains of cysteine (Cys) by 

oxidation of two thiol groups (SH). 

- Quaternary structure 

This structure is used to describe proteins composed of multiple subunits (multiple 

polypeptide molecules, each called subunits or monomers). Most proteins with a molecular 

weight greater than 50 kDa consist of two or more non-covalently-linked polypeptide chains. 

The arrangement of the multiple polypeptides chains in the three-dimensional protein is the 

quaternary structure.  

In contrast to most other polymers, the position of each atom in a protein molecule is 

exactly defined – sometimes down to fractions of an Ångström and thus can be determined by 

X-ray diffraction studies on protein crystals.  
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3.2 Bovine Serum Albumin, Structure and Properties 

Serum albumin is one of the most studied proteins for many years [1]. The Bovine Serum 

Albumin (BSA) has been chosen for our studies as a model protein. Serum albumin was 

recognized as a principal component of blood as early as 1839. It is the smallest and most 

abundant protein in the circulatory system, accounting for about 55% of the total protein in 

blood plasma with typical blood concentration of 5g/100ml [1]. Albumin provides 80% of 

colloid osmotic blood pressure and maintains primarily the blood pH. One of the most 

exceptional properties of albumin is its ability to bind reversibly an incredible variety of 

ligands such as fatty acids, lysolecithin, bilirubin, warfarin, tryptophan and others [1-6]. It 

plays also an important role in the transport and deposition of a variety of endogenous and 

exogenous substances in blood [7]. Up to now, serum albumin is the most known 

multifunctional transport protein. 

 

3.2.1 BSA structure 

Serum albumin is a highly soluble multidomain protein, without prosthetic groups or bulky 

appending carbohydrates that is very stable and available at high purity and low cost. BSA 

displays high structural homology (76% sequence identity) with its human counterpart Human 

Serum Albumin (HSA) [1, 3]. The primary structure of BSA is constituted by a single-

stranded polypeptide chain of 582 amino acid residues and its amino acid sequence is well 

known [8]. The contour length of the denatured (or completely stretched) protein can be 

calculated from the number of amino acid residues and a peptide bond length of 0.37 nm, 

Lcontour=215 nm. The molecular weight is about of 66 kDa. BSA is made up to 100 acidic side 

chains with 41 Asp and 59 Glu residues and 99 basic side chains with 23 Arg, 59 Lys, and 17 

His. Their secondary structure is formed by 67 % of  α helix of six turns and 17 disulfide 

bridges [4]. The three-dimensional structure was also determined [1, 9]. Albumin has three 
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homologous domains (I, N-terminal; II; III, C-terminal), each domain contains two 

subdomains dividing up a common helical motif.  

The early representation of albumin structure was based on hydrodynamic studies [10, 

11] and low-angle X-ray scattering [12], the protein was modeled as a cigar-shaped ellipsoid 

with dimensions of 14x4 nm and axial ratio of about 3.5, with three domains in line (fig. 2). 

 

 

 

Figure 2. Classical representation of the structure of serum albumin. Reproduced from Peters (1985) [3]. 

 

This model was supported by a series of measurements of sedimentation, dielectric 

dispersion, electric birefringence, and transmission electron microscopy. Some confirmation 

was found from scanning tunneling microscopy experiences [13]. Interestingly, the “cigar” 

model is still frequently used [14-16]. Carter and Ho [1] noted that despite the general 

acceptance of the cigar-shaped model several research groups already provided evidence of 

the spherical molecule having dimension of ≈ 8 nm [17-19]. These results could only be 

explained by the current heart-shaped structure determined from X-ray crystallographic data 

of HSA [9, 20, 21]. Serum albumin is represented by an equilateral triangle with sides of 

approximately 8 nm each and an average thickness of 3 nm (fig. 3). 
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Figure 3. Heart-shaped crystallographic structure of HSA, reproduced from [2]. 
 

For a long time, the cigar-shaped model was used to interpret the protein solution 

hydrodynamics at pH 7-7.4 (neutral-physiological pH). The two different views of serum 

albumin structure (elongated cigar-shaped and heart-shaped) might be reconciled if the 

tertiary structure of the protein in the crystal is different from that in solution. To attack this 

problem, Ferrer et al. [22] investigated and elucidated the conformation of serum albumin 

using phosphorescence depolarization techniques. They obtained a very good agreement 

between the predicted and experimental rotational diffusion rate and other hydrodynamic 

parameters. Based on the detailed computation of the hydrodynamic properties with recently 

developed bead-model methods they concluded that the conformation of BSA in solution at 

pH 7.4, as of HSA, should be rigid and very similar to the heart-shaped structure observed in 

HSA crystals. Through all our studies we use the heart-shaped structure of BSA that was also 

confirmed by our AFM observations where we detected a globular protein with the diameter 

of 7-8 nm (see explanation in text below, pages 51 and 52). 

3.2.2 BSA conformational transitions 

As known, BSA undergoes several well-recognized reversible conformational changes, 

usually under non-physiological conditions, e.g. by varying pH [23-25]. Foster [26, 27] 
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classified the forms as N (normal, pH 7.0), F (fast migrating, pH 4.3), E (expanded, pH 

2.7), B (basic, pH above 8.0) and A (aged, pH 10) (fig. 4). These five forms are characterized 

by different content of α helix, β sheets and other structures.  

 

 

 

Figure 4. The five conformational forms of BSA molecule, redrawn from [26]. 

 

Let us note that expanded (E, 35% helix) form of BSA corresponds to the full extent of the 

protein allowed by the disulfide bond structures [26]. 

 

3.3 Antibodies, their function and general structure 

Probably, all of us know or heard that antibodies play an essential role in our immune system. 

Antibodies defend us against infection by inactivating viruses and bacterial toxins or they can 

label foreign cells or particles for destruction by macrophages. Antibody molecules have a 

great affinity for particular proteins and polysaccharides (most of which are foreign). These 
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foreign proteins and polysaccharides that cause the production of antibodies are called 

antigens. The antibody function is to first recognize the antigen (millions of different antigens 

are recognized by antibodies) as foreign substance, then neutralize it and finally prevent it 

having any dangerous effect on the body. When an antibody recognizes an antigen, the 

specific bond between an antigen and an antibody (Ag-Ab bond) is created. This binding may 

be enough to inactivate or neutralize the antigen. The binding of antibody to antigen also 

helps other cells of the immune system to recognize the foreign antigen. Bound antibody can 

be detected by macrophages, which are large phagocytotic cells that “eat” foreign and 

damaged cells. Antibodies are produced exclusively by one type of white blood cells called B 

lymphocytes and secreted into the blood. Antibodies are also found on the surface of the B 

lymphocytes. Antibodies are collectively called immunoglobulins and abbreviated as Ig. They 

account for about 20% of the non-cellular proteins in the blood. 

 Antibodies are proteins with a particular structure. There are 5 types or classes of 

antibodies called IgA, IgD, IgE, IgG and IgM. Each class has a different function: 

- IgA is the body’s first defense against infection by bacteria and viruses. IgA is found 

in saliva and tears, in the lungs and digestive tract; 

- IgD is membrane bound and found on the surface of cells; 

- IgE is involved in reactions to allergens; 

- IgG is involved in the immune system’s secondary response to infection and it is 

found in the blood; 

- IgM is involved in the body’s primary response to infection and it is also found in the 

blood. 

All antibodies have the same general structure and they comprise two heavy (H) 

chains (each usually contains about 440 amino acids) and two light (L) chains (each usually 

contains about 220 amino acids). These four chains are held together by a combination of 

non-covalent and covalent (disulphide bridges S-S) bonds. The different classes of antibody 



Chapter III  
 

- 46 -

 
have different heavy chains. The typical antibody molecule is a Y-shaped protein with 

two identical antigen-binding sites, one at the end of each arm of the Y (the Fab regions) (fig. 

5). Molecular weight is about 160 kDa (IgG). Because of their two antigen-binding sites, they 

are said to be bivalent. Thus, the antibody molecule is composed of two identical halves, each 

with the same antigen-binding site, and both light and heavy chains usually cooperate to form 

the antigen-binding surface.  

 
 

Figure 5. A schematic drawing of a typical antibody molecule. Reproduced from [27].  

 

An antibody also has two functional parts. One is called the constant region (C) (it defines 

from which animal or human the antibody is produced by) and the other is the variable region 

(V) (fig. 6). The variable region, containing antigen-binding sites, recognizes a particular 

antigen and therefore the variable regions are different. Each domain as represented in fig. 6 is 

roughly a cylinder with dimension of 4x2.5x2.5 nm.  

 



Chapter III  
 

- 47 -

 
 

 
 

 

Figure 6. The crystallographic structure of an IgG1 molecule. One heavy chain is drawn in light blue, the other 

in dark blue, with the light chain in yellow. Reproduced from [27]. 

 

 

 

3.3.1 Affinity and specificity of antigen-antibody bond  

 

3.3.1a  Affinity or tightness of binding 

The binding of antibody to antigen is a reversible reaction, involving non-covalent bonds. 

This process obeys the law of mass action which states that the rate of a reaction is 

proportional to the concentrations of the reactants. For a bond formation between single 

antigen-binding site of antibody and a single antigenic determinant (epitope) [27] of antigen, 

on can describes equilibrium constant (Keq) which describes the tightness of binding, or 

“affinity”. 

Thus, for the reaction:    AbAgAgAb
diss

ass

K

K

 ←
→

+  
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- the rate of formation of the Ab-Ag complex: rass = Kass[Ab][Ag], where [Ab] is the 

concentration of antibody and [Ag] concentration of antigen and Kass is the rate constant of 

equilibrium of association. 

- the rate of dissociation of the Ab-Ag complex: rdiss = Kdiss[AbAg], where [AbAg] is the 

concentration of the Ab-Ag complex and Kdiss is the rate constant of equilibrium of 

dissociation. 

The rate constants Kass and Kdiss depend on temperature, pH and other conditions, as it is 

explained above in chapter I, paragraph “kinetics of simple bonds”. 

At equilibrium, the rate of formation of the Ab-Ag complex, rass, equals the rate of its 

dissociation, rdiss, and an equilibrium or affinity constant Keq  is defined: 

[ ][ ]
[ ]AbAg

AgAb
K
KK

ass

diss
eq ==  

 Affinity constants for antibodies usually lie in the range to from 10-9 to 10-6  M. We 

can imagine the affinity constant corresponds to the concentration of antibody at which the 

antigen is half saturated. This might occur at 0.1 to 100 µg/ml. 

 Because the antibody has multiple binding sites (p. e. two for IgG), real antibody-

antigen interactions are more complex than the simplest reaction described above. Once the 

antibody has bound by one arm, it is possible for the other to bind, which results in an overall 

increase in the tightness of binding. The second reaction, however, is an internal 

rearrangement of a single complex and so it is not described by the same rate equations. The 

extra tightness achieved by binding through multiple sites is called “avidity” or “functional 

affinity” and it can be considerably greater than the single-site affinity. In practice, when we 

measure the binding of an antibody to a cell surface antigen, it is a sort of average “functional 

affinity” which is measured and we do not usually pay much attention to the exact number of 

binding sites. 
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3.3.1b  Specificity, the relationship between affinity and specificity 

By specificity of antibody, we understand the functional ability of an antibody to discriminate 

between the target antigen and other, chemically similar structures. 

 During the course of the immune response to a foreign antigen, there is selection for 

antibodies with increased affinity as a result of somatic mutation. It is wrongly stated that this 

increase in affinity is accompanied by an increase in specificity of the antibodies. In fact, the 

opposite is true [28]. 
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3.4 Quasistatic force spectroscopy of polyclonal and monoclonal 

anti-Bovine Serum Albumin antibodies – BSA complexes 

 
Probably the most informative and interesting force spectroscopy studies are the experiments 

revealing the molecular recognition events (receptor-ligand interactions) including antigen – 

antibody (Ag-Ab) systems (see the references below). In this chapter, the results of quasistatic 

force spectroscopy (FS) measurements for the interaction of the protein bovine serum albumin 

(BSA) with its polyclonal antibody or with two different monoclonal antibodies are presented. 

In our experiments, the antibodies are immobilized on the AFM tip and the BSA molecules 

are covalently bound onto the substrate surface (see chapter II “sample and tip preparation 

methods for FS study”). Moreover, soft cantilevers are used for higher force sensitivity. 

Several control experiments are carried out to check the validity of the force measurements. 

To measure the ability of antibody-functionalized tips to detect specific antigen-antibody 

interactions, we have used the AFM operated in static force spectroscopy mode. If the force 

measurement is carried out in air, the cohesive interaction between the thin surface layers of 

water present on the tip and mica surface is greater than 3 nN [29] and, therefore, dominates 

the specific molecular interactions (force range is not exceeding 500 pN). It becomes 

impossible to measure specific molecular forces. Thus, our force experiments have carried out 

in a buffer solution. 

 

3.4.1 AFM instrumentation 

A commercially available AFM (Nanoscope IIIa Multimode Scanning Probe Microscope, 

Veeco Instruments, Santa Barbara, CA, USA) and standard V-shaped Si3N4 (silicon nitride) 

cantilevers (Veeco), having a length of 200 µm and a nominal spring constant of 0.06 N/m, 
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were used. All experiments were performed in phosphate-buffered saline (PBS) buffer (50 

mM phosphate, 150 mM NaCl, pH 7.4 at 25°C) at 25°C.  

The spring constant kcantilever of each cantilever is calibrated by the resonance 

frequency method [30] and thermal fluctuations method [31]: variations in the spring constant 

up to 20 % were observed. The “force-volume” option has been used for force spectroscopy 

measurements. Loading rate-dependent experiments have been performed by varying the 

retraction velocity from 20 nm/s to 5 000 nm/s. The loading rate has been determined by the 

slope on the force curve before an unbinding event [32, 33]. 

3.4.2 Tip and Sample preparation  

The following commercial antibodies are used: the rabbit anti-bovine serum albumin (Sigma, 

B1520); the monoclonal anti-bovine serum albumin clone BSA-33 (Sigma, B2901) and the 

monoclonal anti-bovine serum albumin clone BSA1 (ANAWA, 0220-1286), called Ab-BSA, 

mAb-BSA-33 and mAb-BSA-1, respectively. As described in the chapter II “sample and tip 

preparation methods for FS study”, the antibodies are covalently attached to the AFM tip via 

EDAC and BSA molecules are immobilized onto the APTES-mica sheets. An example of 

BSA submonolayer AFM image, in PBS buffer, is represented in fig. 7. To visualize the 

structure of immobilized BSA molecules, the proteins are further fixed by 10-min incubation 

in glutaraldehyde (1% v/v). Fig. 7 (left image) shows quite isolated BSA molecules with 

globular structure of about 7-8 nm in diameter. This image has a large similarity with the one 

obtained earlier by Gunning (fig. 7 (right image)) [34]. The BSA layer thickness is estimated 

by the sweeping method described in details in chapter II, and gave a result as about 3.5 nm 

(fig. 8). 
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Figure 7. Left image: Tapping mode AFM image in PBS buffer of BSA sub monolayer prepared according to 

the chemical fixation procedure. Fairly isolated BSA molecules of a globular shape with the size of 7 – 8 nm are 

seen. Right image: AFM image of BSA film (reproduced from Gunning [34]). Scan size is 500x500 nm2. Grey 

scale (black to white) is 0-7.6 nm. 

 

 

 

Figure 8.  Estimation of BSA layer thickness by sweeping method. The zoomed out scan area is 2x2 µm2 , the 

central surface area of 500x500 nm2 is scanned at high loading force. The scanning was performed two times just 

to remove the BSA molecules. The color scale (dark brawn to yellow) is 0-5 nm. 
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3.4.3 Data analysis and control experiments 

During force spectroscopy measurements the cantilever moves down (approach to the surface) 

and up (retraction from the surface) and the deflection of the tip is recorded. Knowing the 

spring constant of the cantilever and the variation of the deflection signal per nanometer, one 

can convert deflection signal to force for a given deflection. When the tip enters in contact 

with sample surface, a specific antigen-antibody (Ag-Ab) bond can be formed. This bond will 

be ruptured when the tip is pulled away from the substrate surface. So, the specific interaction 

(unbinding) force can be read directly from the retraction force-distance curves as the 

difference between the equilibrium position and the bottom of the negative peak (event). One 

could argue that the measured forces could also come from any non-specific interactions due 

to the chemical modifications of the tip and sample. Therefore, it is important to measure all 

possible combinations of the tip-sample treatment in order to exclude artifacts. The following 

control systems were studied according to the different treatments of the surfaces: 

Sample AFM tip  

mica 

mica+APTES 

mica+APTES+Glutaraldehyde 

mica+APTES+Glutaraldehyde+BSA 

mica 

mica+APTES 

mica+APTES+Glutaraldhehyde 

bare clean tip 

bare clean tip 

bare clean tip 

bare clean tip 

tip+antibody 

tip+antibody 

tip+antibody 
 

These seven control experiments represent all the possible interactions, other than the one 

under investigation that could occur. The determination of the interaction forces allows us to 

exclude artifacts for our system. For the above control experiments, the following cases are 

observed: (1) there are non-specific interactions (adhesions) characterized by the jump-off 

contact of the tip from the substrate and/or (2) there are strong specific interactions in the 
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force range 1-3 nN. Case (1) can be easily distinguished because it occurs at the end of the 

contact line and case (2) also can be easily excluded because the range of specific Ag-Ab 

interactions does not exceed 500 pN.  

Another important control consisted in the analysis of specificity antigen – antibody 

interaction. It was done by injecting of free BSA molecules in solution (when antigen binding 

sites of antibodies are blocked). Such an experiment also gave a negative result: specific 

unbinding forces completely disappeared; they were partially (about 50%) restored when this 

BSA solution was exchanged again by a PBS buffer (fig. 9). This blocking procedure was 

repeated after each experiment done with each antigen-antibody pair. These controls give us 

assurance that the true antigen-antibody interactions were measured and not any unspecific 

binding process. 

 

 

Figure 9. Control of specificity of antigen-

antibody interaction. The histogram in light 

grey presents BSA-Ab-BSA interaction, in 

black – blocking the antibodies activity 

with free antigens in solution, and in dark 

grey – restoring of antigen-antibody 

interaction after elimination of free 

antigens from buffer solution.  

 

 

 

Fig. 10 shows the typical force-distance (retraction part) curves recorded during one Ag-Ab 

experiment. We classify the curves as follows: single bond rupture (red), non-specific 

adhesion of the tip to the sample (black) and no binding events detected (blue). Most of the 

curves (about 70 %) have not displayed detectable events; sometimes (less than 1% of 

detected curves) have displayed a non-specific adhesion of the tip to the sample surface. 
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Figure 10. Typical force-distance curves recorded during one antigen-antibody experiment. 

 

Force curves have been analyzed off-line with software developed by Kasas et al. [35]. One 

can point two disadvantages in the quasistatic pulling experiments: first, molecular 

interactions can be disrupted by the significant lateral drift and confuse interpretation of force 

data; and second, the repeated forceful interaction of the tip with the surface may cause tip 

degradation. So, in order to validate the data interpretation, at least 512 force-distance curves 

have been detected in a given experiment. Each experiment has been independently made 

three times or more. The histograms of unbinding forces for each antigen-antibody pair have 

been constructed and the mean value of the nearly Gaussian distribution has been taken as the 

most probable unbinding force. To ensure that the mean values are independent of the 

histogram arrangement, different bin sizes (from 10 pN to 20 pN) have been used to construct 

the histograms, and no significant differences in the maxima force values have been found. 

 

3.4.4 Experimental results and discussion 

It has been shown that the strength of the unbinding force of antigen-antibody complexes, 

where a single barrier governs the separation process, depends logarithmically upon the 
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loading rate [32]. This effect does not of course limit the applicability of force spectroscopy 

measurements. On the contrarily, it gives the possibility to interpret the measured force with 

models in order to extract thermal dissociation and equilibrium constants, and even the 

reconstruction of the free energy [36]. In order to circumvent the loading rate dependence of 

the unbinding force, one should perform the FS experiments at a constant loading rate, and 

compare then between different antibodies in order to detect the homogeneity of the specific 

interaction of antibodies. The following paragraph presents the results obtained with constant 

loading rate of about 3.5 nN/s. 

 

3.4.4a  Constant loading rate measurements 

Three different antibodies to BSA have been used in the experiments in order to study the 

antigen-antibody interaction: 1) BSA – Ab-BSA (polyclonal antibody), 2) BSA–mAb-BSA-1 

(monoclonal antibody), 3) BSA–mAb-BSA-33 (monoclonal antibody) and additional 

experiments have been carried out between BSA and mixtures of mAb-BSA-1 and mAb-

BSA-33 antibodies in order to mimic a polyclonal antibody. The event frequencies (i.e. the 

relation between the number of curves with specific interactions and the number of all 

approach-retraction cycles) for the various experiments are summarized in Table 1. The 

frequency values are comparable to those obtained by other studies [37-40]. However, one has 

to note that there is a noticeable reduction in the frequency value for the monoclonal 

antibodies mixtures. This reduction, as we could show by imaging the antibodies deposited on 

mica, is due to the interaction between the two antibodies. Indeed, the AFM images show (see 

fig.16) aggregates of the antibodies which inhibit each other and reduce their activity. 
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Antigen-antibody complex Specific 
interactions 

(%) 

BSA – Ab-BSA 
30 

BSA – mAb-BSA-1 27 

BSA – mAb-BSA-33 26 
 

BSA – mixture of mAb-BSA-1 (50%) and mAb-BSA-33 (50%)  10 

BSA – mixture of mAb-BSA-1 (20%) and mAb-BSA-33 (80%)  8  
 

 

Table 1. Interaction event frequencies for experiments done with high antibody concentration (270 µg/ml). 

Antibodies and BSA molecules were covalently bound the tip and sample surface, respectively. 

 

From force-distance curves an average extension for all antigen-antibody pairs has 

been determined as zrupt = 14 ± 4 nm (figs. 10 and 11).  

 

Figure 11. The length distribution (uncorrected 

zrupt values, see explanation in text below) for 

one BSA – Ab-BSA pair. 73 specific events 

detected. 

 

We have used the sample stage 

displacement z as a measure of such 

distance. It can be argued that the 

antigen-antibody extension is given by the difference of z and ∆x cantilever displacement. ∆x 

is a measurable parameter and is determined from the force curve (fig. 10), thus the value of 

zrupt can be corrected, what we have performed whenever. One can note that this correction is 

of only minor importance for our experiments. For example, for the typical one bond rupture 

event (Frupt = 140 pN),  ∆x = 2.3 nm and, thus, is essentially smaller than the characteristic 

(uncorrected) zrupt value of 16 nm (fig. 11). This value remained the same for our tips and 
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sample functionalization methods (covalent immobilization and passive adsorption). Taking 

into account the BSA size of 6 nm, antibody molecule size of 8 nm and 

APTES+glutaraldehyde layer thickness of 2 nm, we conclude that essentially an extension of 

antigen-antibody complex was performed. Different situation was observed for unbinding 

forces for different antigen-antibody complexes. 

Due to the distribution of antigenic determinants (epitopes) [27] on the surface of the 

antigen (fig. 12 (left)) (BSA molecule has a minimum six different, no repeating, antigenic 

determinants [41]); the capability of polyclonal antibodies to easily recognize and bind with 

antigen is not highly dependent on the molecular conformation/orientation. In contrast, the 

monoclonal antibody can bind with a single antigenic determinant (fig. 12 (right)). So its 

capability to bind will be much more influenced by molecular conformation and orientation. It 

is expected that the histograms for polyclonal antibodies should be qualitatively different 

from those for monoclonal antibodies at high concentration of antibody where more than one 

antibody molecule is attached to the tip. 

                                             

 

Figure 12.  Schematic illustration of interaction of polyclonal (left) or monoclonal (right) antibodies with 

globular protein which has multiple different antigenic determinant on its surface. 

 



Chapter III  
 

 - 59 -

Fig. 13 shows the histograms of the unbinding forces for concentrated solutions (270 µg/ml) 

of polyclonal and monoclonal antibodies against BSA. Fig. 13 A represents the histogram for 

BSA – Ab-BSA complex. One can observe that the spectrum of unbinding forces is broad and 

spans from 60 pN to 400 pN. This range of unbinding forces is compatible with previous 

results [37]. All events with a force greater than 1 nN are believed to be the breaking of 

glutaraldehyde – protein-amine bonds based upon results from the control experiments. In fig. 

13 B and 13 C the histograms for BSA – mAb-BSA-1 and BSA – mAb-BSA-33 pairs are 

reported. In the case of monoclonal antibodies, the histograms are narrow, but with a peak 

frequency depending upon the monoclonal antibody used. The peak frequency F* is at 142 ± 

16 pN for the mAb-BSA-1 and at 250 ± 18 pN for mAb-BSA-33. From these experiments, 

one can conclude that the monoclonal antibodies bind to BSA at one specific antigenic 

determinant with a characteristic unbinding force. This force depends upon the chosen 

monoclonal antibody. One can clearly distinguish the antibodies. The histograms for the 

polyclonal antibody are broad, indicating that the attached antibody molecules are different. 

Each has a different unbinding force or there is one type of antibody molecule with low 

specificity, and which can bind to different antigenic determinants with different unbinding 

forces. 

In order to discriminate between these two possibilities mentioned above, one has to 

make experiments where only one or few polyclonal antibody molecules are attached to the 

tip. In this way, if we observe a broad spectrum of unbinding forces, the second possibility is 

realized, whereas a narrow spectrum would indicate that single antibody molecules are 

binding to a specific antigenic determinant with a well-defined unbinding force. To this end, 

the initial polyclonal antibody solution was diluted ten times to 27 µg/ml while keeping the 

immobilization protocol unchanged. This should ensure that the concentration of immobilized 
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antibodies at the tip is strongly reduced. Then, several experiments with a low concentration 

of polyclonal antibody were made. 

 

    

Figure 13. Force histograms for BSA-Ab-BSA (A), BSA-mAb-BSA-1 (B) and BSA-mAb-BSA-33 (C) 

complexes at high antibody concentration (270 µg/ml). Unbinding events were counted at every 20 pN, event 

probability P(x) was calculated as Nb of x event/Nb of total specific events. The loading rate was 3.5 nN/s. 

 

 Because the polyclonal antibody solution can be thought as a mixture of different monoclonal 

antibodies (fig. 12-left), a different unbinding force can be obtained in each experiment. 

Therefore, it is possible to characterize each antibody type present via the unbinding force 

data. Fig. 14 represents the forces histograms for three different experiments (in one 

experiment one antibody-functionalized tip is used). As one can see, the histograms are 

narrow and for each tip the histogram peaks at a different unbinding force. This behavior 

indicates, firstly, that the antibody molecules in a polyclonal antibody solution are different, 

but each binds in a specific way to the antigen and secondly, that the tips have probably only 

one antibody molecule that is active for binding. Fig. 14 shows the narrow distributions of 

unbinding forces measured in each experiment which have peaks at 106 ± 16 pN (peak I), 141 
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± 15 pN (peak II), 179 ± 16 pN (peak III), and 230 ± 17 pN (peak IV). During each 

experiment, we have obtained histograms with a maximum of two narrow distributions. This 

fact indicates that, at this antibody concentration (27 µg/ml), still more than one antibody 

molecule has been attached on the tip. In fact, it is possible that two different antibody 

molecules have been immobilized on the tip.  

 

 

Figure 14. Force histograms (event 

probability) for data from 3 different 

experiments with the same BSA – 

Ab-BSA complex at low antibody 

concentration (27µg/ml). Unbinding 

events have been counted at every 

10 pN, loading rate is 3.5 nN/s. 

 

 

It was expected that mixing of 

two or more monoclonal antibodies having different antigenic determinant specificity would 

result in a force distribution approaching that of the polyclonal antibody. In order to mimic 

polyclonal antibodies, mixtures of two different monoclonal antibodies were prepared. 

Premixed antibodies were obtained by mixing two monoclonal antibodies keeping the total 

antibody concentration at 270 µg/ml before immobilization on the tip. At first, we tested the 

mixture of mAb-BSA-1 and mAb-BSA-33 at equal molar concentrations. Fig. 15 A shows 

force histogram detected between BSA and mixture of mAb-BSA-1 (50%) and mAb-BSA-33 

(50%). It is seen that the distribution of unbinding forces is broad. The specific event 

frequency is about 10% (see Table 1). This distribution is more similar to that of mAb-BSA-1 

and does not present a peak characteristic of mAb-BSA-33. We suppose that mAb-BSA-1 is 

preferentially attached on the AFM tip or that there is an interaction among the antibodies. 

The second possibility is more likely, because aggregates of the two antibodies were observed 
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by AFM imaging (fig. 16). To detect the presence of mAb-BSA-33 in the mixture, we have 

tested the following mixture ratio of monoclonal antibodies: 20% of mA-BSA-1 and 80% of 

mAb-BSA-33. The force histogram for this system is shown in fig. 15 B.  

    
 

Figure 15. Force histograms observed between BSA and the mixture of mAb-BSA-1 and mAb-BSA-33 

monoclonal antibodies at different molar ratios of antibodies: 50:50 (A) and 20:80 (B) where the first number is 

corresponding to mAb-BSA-1. The total antibody concentration for the mixture has been keep at 270 µg/ml 

(high antibody concentration). Unbinding events are counted at every 20 pN; loading rate is 3.5 nN/s. 

 

 
Figure 16.  AFM tapping mode images of 

aggregates formed by mAb-BSA-1 and 

mAb-BSA-33 antibodies.  

 

One can see that this distribution is 

broader and similar to the broad 

force spectrum of the polyclonal 

antibodies at high antibody 

concentration. We note that about 8% of the force curves present a specific event (see Table 

1). We conclude that the low event frequency observed in these two experiments is due to 

antibody aggregation. From force measurements we can also conclude that mAb-BSA-1 

probably blocks of mAb-BSA-33. One can argue that there is another possibility to explain 

the histograms of fig. 15: it is possible, since the antibodies interact among themselves, that 
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part of the “specific” interaction observed are due to mAb-BSA-1 – mAb-BSA-33 rupture 

events. If it is the case then the rupture force between two antibodies would not change with 

the antibody concentration and the force histograms would be same contrary to our 

observations. Thus, the force histograms shown in fig. 15 represent the specific antigen-

antibody interactions.  

 

3.4.4b Loading rate-dependent measurements and dissociation rate 

estimation 

In order to learn more about the mechanisms of the antigen-antibody dissociation in our 

experimental set-up, the measurements of the unbinding force as a function of the applied 

mechanical load have been performed for BSA – mAb-BSA-1 and BSA – mAb-BSA-33 

pairs. AFM is capable of applying loading rates in the range of 0.2-80 nN/s. It can be 

achieved by changing the retraction velocity of the tip from 20 nm/s to 5 000 nm/s. The range 

is limited by thermal drift effects at low pulling velocity and hydrodynamic effects at high 

pulling velocity. We have found that for BSA – mAb-BSA-1 (fig. 17 A) and BSA – mAb-

BSA-33 (fig. 17 B) complexes the most probable unbinding force (F*) depends linearly on 

the logarithm of the applied loading rate, showing that the single potential barrier dominates 

the dissociation for all of the applied loading rates. Fitting the F*  versus the natural logarithm 

of loading rate ( rBAF ln* += , see equation 11 in chapter I, part II “ Quasistatic Force 

Spectroscopy”) permits us to calculate the potential barrier widths (
Tk

Bx
B

diss = ) and the 

thermal off-rates (kdiss, 







⋅

=
disskB

BA 1ln ). The potential barrier widths have been estimated 

to be 2.8 ± 0.6 Å for BSA – mAb-BSA-1 and 1.6 ± 0.5 Å for BSA – mAb-BSA-33 

complexes. We have obtained the dissociation rate of about 2.4x10-2 s-1  for BSA – mAb-
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BSA-1 and about 1.5x10-2 s-1 for BSA – mAb-BSA-33. Our values of potential widths and 

dissociation rates are in good agreement with the values measured by the same technique for 

other antigen-antibody pairs [32].  

 

 

 

Figure 17.  Dependence of the most probable unbinding force (F*) on the loading rate for BSA – mAb-BSA-1 

(A) and BSA – mAb-BSA-33 (B) complexes. 

 

3.5 Conclusion 

In this chapter the specific interactions between BSA and poly- or two monoclonal BSA 

antibodies have been studied using quasistatic force spectroscopy regime of the AFM 

(without any external modulation of the AFM tip motion). When the measurements have been 
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performed at constant loading rate one can compare the histograms of unbinding forces for 

different antigen-antibody complexes. The histograms of the unbinding forces for polyclonal 

BSA antibodies are broad at high antibody concentrations and narrow at low concentrations, 

while the histograms for monoclonal antibodies peak at well defined unbinding forces. The 

peak unbinding force depends on the type of antibody and the antibody concentration. 

Quasistatic FS could serve as a useful method for characterization of antigen-antibody 

interactions to measuring the specificity of an antibody or to evaluate the purity of a 

monoclonal antibody solution, and to distinguish between different antibodies. Loading rate-

dependent measurements allow us to learn more about the antigen-antibody complex 

dissociation. The obvious dependence of the mean value of unbinding forces with the loading 

rate logarithm has been observed for complexes between BSA and its two different 

monoclonal antibodies, reflecting that only one single potential barrier is dominant.  
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Chapter IV 

Fibrinogen and Fibrin 

4.1 Fibrinogen and Fibrin 

The preceding chapter illustrates the quasistatic force spectroscopy (FS) studies of serum albumin 

and its antibodies complexes. In this chapter we will focus on the study of another abundant 

plasma protein, the fibrinogen. First, its structure and their functional properties including the 

description of fibrin gel formation are given in part I. Some fibrinogen molecules and fibrin 

strands are visualized with the AFM, and shown in the part II. The possible molecular assembly 

in fibrin strands is discussed. Until now, not a lot of experimental information about forces 

involved in the fibrin polymerization process is available. So, in the third part of this chapter, the 

first standard FS studies of fibrinogen and fibrin complexes are represented. 

4.2 Introduction 
 

Scanning electron micrograph of fibrin clot (in blue) and 

red blood cells (RBC) (in red) [color courtesy of Yuri 

Veklich and John Weisel, 

http://www.med.upenn.edu/cellbio/faculty/weisel/].  

 

 Coagulation of blood is a phenomenon similar 

for almost all living organisms that have blood 

and known from the earliest historical times. The 

philosophers of antiquity tried to give interesting explanations. For example, Aristotle [1] in 

about 300 BC declared that coagulation of blood was similar to freezing of water. In the end of 

17th century, Malpinghi (1686) described the structural component of the blood clot as a white 
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fibrous substance. In the middle of the 19th century, this was identified as a constituent of 

pathological thrombi and given the name fibrin. Olof Hammarsten (1880) was the first scientist 

who isolated the fibrinogen, the precursor of fibrin, in a highly purified form and suggested that 

the first step of fibrin formation was the activation of fibrinogen by the enzyme thrombin. 

Fibrinogen is a multifunctional blood protein and it plays a central role in normal 

hemostasis (coagulation of blood), wound healing and pathological processes, such as thrombosis 

(blood clotting) and atherosclerosis. Fibrinogen is also known as a very “sticky” protein which 

adsorbs strongly to a variety of surfaces, for example, fibrinogen is found on medical implants 

like artificial cardiac valves, etc. Such a multifunctional character of fibrin(ogen) is connected 

with its complex structure. A comprehensive understanding of its biological functions requires 

knowledge of its structural organization. Of course, by now, we know and understand many 

mechanisms at the basis of the fibrinogen-fibrin transformation, but unhappily, many of them 

remain mysterious. The following part focuses on the molecular structural and functional 

background of fibrinogen and fibrin. 

4.2.1 Molecular structure of fibrinogen 

Several models of the structure of fibrinogen were proposed [2-5]. In 1959 Hall and Slayter [2] 

first described fibrinogen as elongated molecule 47.5 ± 2.5 nm long, featuring three nodules, like 

“chupa-chups” on a string (fig. 1). 

Figure 1. Simplified schematic drawing of 

the fibrinogen according to Hall and Slayter 

[2]. 

 
 
The outer two nodules, called terminal 
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domains (D terminal domains), are 6.5 nm in diameter, and the central domain (E central domain) 

is 5 nm in diameter. They are joined by a thread less than 1.5 nm thick called the coiled-coil. 

 By the late 1970s, the molecular structure of fibrinogen was elucidated by Doolittle and 

the primary sequence of this 340 KDa molecule was completed [3]. According to the current 

view, fibrinogen consists of two identical subunits, each of which contains three non-identical 

(but evolutionary related) polypeptide chains named Aα, Bβ and γ, composed of 610, 461, and 

411 amino acids, respectively (fig. 2). 

 Both the subunits and the chains are linked together by disulfide bonds, and assembled to 

form at least 20 distinct domains [6-8] grouped into major structural regions: the central E 

domain, 2 identical terminal D regions, and 2 αC-domains. The central E domain has a dimeric 

structure and is formed by amino NH2-terminals of all 6 polypeptide chains. The slightly 

thickened NH2-terminal ends of the Aα and Bβ chains represent fibrinopeptide A (FPA) and 

fibrinopeptide B (FPB), respectively, which are not present in fibrin molecule. The dimeric 

halves of the central domain are held together by three of 11 disulfide bonds, the remaining eight 

are located between the Aα and Bβ chains [9] and in the junctions between the central domain 

and the coiled-coils [10]. These coiled-coils are composed by the single Aα, Bβ, and γ chains 

super-coiled as α-helices. Six disulfide bonds in each coiled-coil are responsible for the supercoil 

structure and for the attachment to the central and lateral domains in the form of disulfide rings. 

The amino acid residue orientation is such that the inside of the coiled-coil is hydrophobic and 

the outside is polar. The lateral D domains are formed by carboxyl COOH-terminal portions of 

the Bβ and γ chains and a portion of Aα chains, and have a mass of 67.2 KDa each. Most of the 

bulk in each D domain is represented by random folds of Bβ and γ  chains, forming the 

corresponding β and γ  modules.  
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Figure 2. Representation of the fibrinogen molecule. A) The structure (centrosymmetric) of the fibrinogen according 

to Hoeprich and Doolittle [4]. Polypeptide chain composition and independently folded domains in fibrinogen; Aα 

(green), Bβ (red) and γ (blue) designate individual polypeptide chains; the disulfide bonds are shown by the black 

bars; FPA and FPB designate the fibrinopeptides A and B in the central E domain. B) Ribbon model of chicken 

fibrinogen based upon its crystal structure [11]; note that the NH2-terminal ends of Aα and Bβ were not resolved. 

 

4.2.2 Fibrin polymer formation  

Fibrinogen molecule is converted into the insoluble fibrin clot by a series of enzymatic and 

physical steps. The first step toward fibrinogen polymerization is the formation of fibrin 

monomers. This is accomplished by the cleavage of peptide material – the fibrinopeptides A and 

B (FPA and FPB) – from the NH2-terminal regions of the Aα- and Bβ-chains by an enzyme 

thrombin [12-14]. This cleavage exposes polymerization sites (knobs) “A” and “B” (in the central 
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domain E), which include newly generated NH2-terminal sequences Gly-Pro-Arg (GPR) and Gly-

His-Arg (GHR) (fig. 3). The interactions of the knobs “A” and “B” with complementary sites 

(holes) “a” and “b” located in the lateral D domains of neighboring fibrin(ogen) [15] are crucial 

for fibrin polymer formation. These two fibrinopeptides (FPA and FPB) are cleaved at different 

rates [16]. According to the current view [17-19], fibrin formation starts with removal of FPA.  

This cleavage of FPA enables the formation desA-fibrin monomers and the aggregation of these 

monomers in desA-protofibrils. The subsequent removal of FPB facilitates the “knob B”-“hole b” 

interactions. These interactions promote lateral association of protofibrils into thicker fibers 

which form a three-dimensional network or fibrin clot. The intermolecular association of two αC-

domains during fibrin assembly also encourages lateral aggregation of protofibrils (fig. 3) [21, 

20]. In addition, thrombin activates factor XIII in factor XIIIa which then covalently cross-links 

fibrin, reinforcing thus its structure. The cross-linking occurs rapidly between the COOH-

terminal ends of the γ chains of the neighboring fibrin D domains (γ-γ cross-linking) and more 

slowly between the αC-domains in the αC-polymers [22]. 

Remarkably, small synthetic peptides, modeled on A-knob sequences, with only 3 or 4 

amino acids in length can bind to fibrin(ogen) and inhibit fibrin polymerization [23, 24]. Under 

most circumstances, however, synthetic B-knob sequences do not appreciably interfere with 

fibrin formation. Synthetic peptides beginning with the sequence GHR are not effective inhibitors 

of fibrin polymerization [23, 24] and GHRP peptides actually accelerate fibrin formation [23]. 

It is also well known that fibrin can be formed by the removal of fibrinopeptide A only, as 

occurs with various snake venom enzymes (e.g. Reptilase) [25]. Nevertheless, such fibrin can be 

distinguished from fibrin generated by the thrombin-catalyzed removal of both fibrinopeptides A 

and B, and there must be a physiological basis for removing the B peptide. 
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Figure 3. Fibrinogen-to-fibrin polymer formation. A) Activation of fibrinogen molecule by thrombin; the αC-

domains in fibrinogen molecule are not shown. B) desA-fibrin and des AA-fibrin monomers; it was assumed that 

number of desAA-fibrin monomers are neglected in early stage of thrombin action [26]. Knob to hole “A-a” 

interaction between two desA-monomers yield the desA dimer. C) desA-protofibrils. D) desA-protofibrils and 

intermolecular the αC-domains upon lateral aggregation of protofibrils. The γ-γ cross-links between the D domains 

are presented by small black line; they may also occur in a transverse manner [22].  
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4.2.3 About the symmetry of the fibrinogen molecule 

Over the past years and until now, in many reviews and reports, the schematic representation of 

fibrinogen is shown as a parallel orientation of the half-molecules with symmetry axis (fig. 4). 

Moreover, both the conversion to fibrin and subsequent polymerization is explained in terms of 

such structure. Hoeprich and Doolittle [4] were the first who revealed the centrosymmetric 

(antiparallel) structure of the fibrinogen molecule as presented above (fig 2). Taking into account 

the antiparallel junction of the two γ-chains at the intermediate fibrin polymer formation [27] and 

the antiparallel arrangement α-chains cross-linking in fibrin [28], they reported that the 

fibrinogen is itself dimerized in an antiparallel manner. Dietler and coworkers [26] also supported 

the centrosymmetric structure of fibrinogen by enzyme kinetics and light scattering studies of 

fibrin polymerization. They noted that the location of FPAs and corresponding A-knobs must be 

taken from the Hoeprich’s and Doolittle’s fibrinogen structure. Interestingly and unfortunately, 

these conclusions are missed in the biggest amount of literature about fibrinogen and fibrin. One 

purpose of our study is the revelation of the centrosymmetry of the fibrinogen molecule by AFM 

experiments.  

 

 
 
 
 
Figure 4. Parallel with axis symmetry presentation of the fibrinogen molecule. 
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 4.3 Fibrinogen to fibrin formation visualized with the AFM 

The AFM offers the opportunity to direct visualization of proteins, their structural organization 

without any treatments of molecules used in the electron microscope (EM), such as negative 

staining, vacuum or freeze drying that might affect the structural appearance of labile molecules. 

This paragraph represents the AFM images of fibrinogen molecules and early fibrin polymers 

(strands or protofibrils) recorded in the tapping mode using the standard non-contact cantilevers 

(NSC12, Micromasch). First, the AFM images of single fibrinogen molecules are shown in fig. 5. 

The trinodular structure of this molecule with characteristic length of 45-50 nm is observed.  

 

 

 

 

Figure 5. AFM images of fibrinogen molecules adsorbed on freshly cleaved mica. Color scale (dark red to white) is 

0 – 3.5 nm. 
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After that, we were concentrated to find the conditions favorable for the formation of the single 

long fibrin strands (early fibrin polymers). Fig. 6 illustrates the fibrin strands with lengths of 

about 1 µm.  

 

    

 

Figure 6.  The gallery of the AFM tapping mode images 

of single fibrin strands obtained by activation of 

fibrinogen with thrombin. Color scale (dark red to white) 

is 0 – 3.5 nm. 
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In these experiments the activation of fibrinogen (25 µg/ml in TRIS buffer, pH 7.4) was achieved 

by addition of 30 µl of thrombin (0.15 NIH units/ml in TRIS) to the 30 µl of fibrinogen solution. 

Incubation was carried out in aliquots for about 1 hour at 20 °C. 30 µl of solution was deposited 

on the freshly cleaved mica for 1 min, then the sample was washed with water and air dried prior 

to AFM imaging. Sometimes smaller fibrin strands are viewed (fig. 7).  

 

 

 

Figure 7.  AFM tapping mode image of fibrin strand. 
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The aggregation of two or more long single strands is also observed (fig. 8). One can see that the 

strands are twisted; such type of aggregation is never mentioned in the literature.  

      

 

Figure 8. The gallery of the aggregation 

of two of more single long fibrin strands. 

The color scale (dark red to white) is 0 – 

5 nm. 
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If the mentioned above concentration ratio is not respected, one can observe the single strands 

with shorter lengths (fig.9), and their further lateral aggregation in fibrin network (fig.10). 

 

 

Fibrin 9. The AFM tapping mode images of fibrin strands with the length of about 250 nm. The color scale (from 

dark red to white) is 0 – 5 nm. 

 

        

 

Figure 10.  The AFM tapping mode images of fibrin network. The color scale (from dark red to white) is 0 – 10 nm. 
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 Interestingly, the half-staggered double-stranded forms of single fibrin polymers proposed by 

Ferry [29] have been never observed in our studies. This fact was already mentioned by Hunziker 

et al [30]. Hunziker and coworkers proposed a new interlocked single-strand mechanism of fibrin 

formation based on the EM observations of fibrin strands. By using the cantilevers with high 

aspect ratio (STING, Micromasch) or with the tip curvature < 1 nm (HI’RES, Micromasch) the 

AFM images of single fibrin strands with better resolution are obtained (fig. 12). 

 

        
 
 
Figure 12.  The high resolution AFM images of single fibrin strands obtained with STING (left image) and HI’RES 

(right image) cantilevers. The color scale (from dark red to white) is 0 – 3.5 nm. 

 
                
By simple looking at these images, the linear polymer growth can be imaged as a simplified 

“domino” game (fig. 13) with special rules. Some our imagination of molecular organization in 

fibrin strand is illustrated in fig. 14. 

  

 
Figure 13.  The illustration of domino game. 
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Figure 14.  Molecular organization in fibrin strand.  
 
 
Based on our first AFM observations we conclude that structural organization in fibrin strands is 

more consistent with centrosymmetric structure of fibrinogen. Of course, in order to confirm this 

conclusion more detailed and systematic analysis analogous to Hunziker’s study [30] should be 

performed. 
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4.4 Quasistatic force spectroscopy study of fibrin gel formation 

To better understanding the process of fibrin(ogen) aggregation, the possible forces between the 

molecules involved in gel formation have been measured by AFM operated in quasistatic force 

spectroscopy mode. The following molecular pairs are considered: fibrinogen-fibrinogen, fibrin-

fibrinogen or fibrinogen-fibrin. The activation of the fibrinogen (fibrin monomers) has been 

performed by two different enzymes, thrombin (cleaves fibrinopeptide A and B) and Reptilase 

(only cleaves fibrinopeptide A). As an inhibitor of the fibrin gel formation the tetrapeptide Gly-

Pro-Arg-Pro have been used. In order to improve our experiments, the specific interaction 

between fibrin(ogen) and longer synthetic peptide beginning by Gly-Pro-Arg (Gly-Pro-Arg-

(His)4) has been tested. All force forces have been measured by using the AFM operated in static 

force spectroscopy regime (standard “force-volume” mode) and carried out in PBS buffer 

solution (50 mM phosphate, 150 mM NaCl, pH 7.4 at 25 °C) at room temperature.  

4.4.1 AFM instrumentation, tip and sample preparation, data analysis 

AFM instrumentation 

The AFM has been described in detail in the “AFM instrumentation” paragraph of chapter III 

“BSA – Ab-BSA complexes” as well as the cantilever calibration method. 

Tip and sample preparation 

First, fibrinogen molecules were immobilized on the AFM tip and on the APTES-mica sheet via 

glutaraldehyde (see Chapter II “Sample ant tip preparation methods for FS study”). To obtain 

fibrin monomers on the tip and sample surface, fibrinogen-functionalized tips/samples were 

further activated by thrombin (Sigma, USA) (30 µl of 0.08 NIH units/ml, 30-min incubation at 

25°C) or Reptilase (Batroxobin) (Pentapharm LTD, Switzerland) (30 µl of 1 Batroxobin units 
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(BU)/ml, 30-min incubation at 25°C). The Gly-Pro-Arg-(His)4 peptides (0.5 mg/ml) were 

immobilized on the AFM tip via EDAC. Fibrin(ogen), peptides-functionalized tips/samples were 

further extensively washed with PBS buffer and used immediately for force spectroscopy study. 

Gly-Pro-Arg-Pro and Gly-Pro-Arg-(His)4 peptides were purchased from American Peptide 

Company, USA.  The functionalized tip and samples were immediately used for force 

spectroscopy study. 

Data analysis  

Force curves were analyzed following the aforementioned software. For one given experiment, at 

least 512 force-distance curves were detected and each experiment was independently made three 

or more times. The histograms of unbinding forces for each studied complex were constructed 

using different bin sizes (from 10 pN to 20 pN), and no significant differences in the maxima 

force values were fond. 

 

4.4.2 Fibrinogen-fibrinogen interaction 

4.4.2a  Control experiments 

In order to confirm that we really measured fibrinogen-fibrinogen interaction following control 

experiments were analyzed: bare tip – fibrinogen and fibrinogen-functionalized tip – freshly 

cleaved mica. No adhesive interactions were detected during approach of the tip to the sample 

surface, but only on tip retraction.  

4.4.2a/1 Bare tip – fibrinogen system 

This experiment consists of a measure of the force rupture between a bare AFM tip and 

fibrinogen immobilized on APTES mica. Fig. 15 shows typical force curves (retraction part) 

recorded during this measurement.  
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Figure 15. Typical force curves recorded during bare tip-fibrinogen experiment. Curve a) – no rupture events 

detected; curves b),c),and d) represent single events with different force and length rupture (b - 202 pN, 10 nm; c - 

202 pN, 216 nm; d – 336 pN, 118 nm), some times (2% of recorded curves) double rupture events (two well 

distinguished rupture peaks on the force curve) were observed (curves e – 120 pN, 54 nm; 158 pN, 123 nm and f – 

99 pN, 90 nm; 95 pN, 116 nm). 
 

About 35% of all force curves recorded reveal jump-off-contact (rupture) events with 

characteristic force (Frupt) and length (zrupt) rupture. No dependence between rupture forces and 

loading rate has been observed. The force and length distributions, measured at constant loading 

rate of about 3.5 nN/s, are represented in fig. 16 and fig. 17 respectively. Fig. 16 shows a 

quantization in the force with the peaks at 105 pN, 145 pN, 180 pN, and 225 pN and 

corresponding period of approximately 40 pN, and force range from 80 pN to 500 pN. The wide 

distribution of lengths rupture from 5 nm to 400 nm, with the maximum at 20 ± 5 nm, is observed 

(fig. 17).  This broad distribution of lengths can be explained by the random stretching of 

different chains of fibrinogen, essentially by the αC-chains probably.  
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Figure 16. Force histogram for bare tip – 

fibrinogen experiment. In total 1280 curves are 

analyzed, 445 curves present rupture events, 

bin size is 10 pN. The quantization of force is 

seen with the peaks at 105 pN, 145 pN, 180 

pN, and 225 pN. 

 

 

 

 

Figure 17. Lengths rupture histogram for bare tip – 

fibrinogen experiment. Most of rupture events (13% of 

all curves analyzed) have the length rupture of about 

20-25 nm 

 

 

 

 

 

 

 

Fig. 18 represents a diagram of forces with corresponding length rupture and schematic 

representation of the possible interaction between the bare tip and fibrinogen-functionalized 

mica.  As we can see, one part of rupture events (12 % of all curves analyzed) with the lengths 

not longer than 25 nm (half of the fibrinogen molecule) peaks well at forces of 105 pN, 145 pN, 

180 pN, and 225 pN, and another part of events (16 % of all curves analyzed) with the lengths > 

25 nm (until 150 nm) peaks also at 105 pN, 145 pN, 180 pN, and 225 pN. A small difference was 

observed for fibrinogen – mica control system. 
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Figure 18. Force-length diagram for bare tip – fibrinogen experiment (left) and illustration of the process of 

interaction between bare tip and fibrinogen-functionalized mica (right). On the left image 100 % corresponds to all 

rupture events detected (445 events). 

 

4.4.2a/2 Fibrinogen-functionalized tip – mica system 

This experiment consists of a measure of force rupture between fibrinogen-functionalized AFM 

tip and freshly cleaved mica surface. The typical force curves (retraction part) for fibrinogen-

mica system are shown in fig. 19. Most of recorded curves (about 69%) do not represent any 

rupture events and the 31% have one rupture event with characteristic length, zrupt =12  ± 5 nm 

(fig. 20). The values of forces rupture vary from 80 to 150 pN and force distribution peaks at 105 

and 145 pN (figs. 21, 22). 

Figure 19.  Two types of force curves are 

detected during fibrinogen-mica experiments: 

a) curves (31%) with only one rupture event 

and b) curves (69%) do not show any rupture 

event. 
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Figure 20. Lengths rupture histogram for fibrinogen - mica experiment. An average length rupture for all rupture 

events is determined as zrupt = 12 ± 5 nm. 

 

Figure 21. Force histogram for fibrinogen – mica experiment. In total, 1792 curves are analyzed, bin size is 10 pN. 

 
 

Figure 22.  Force-length diagram for fibrinogen – mica experiment (left) and schema of corresponding interaction 

between fibrinogen-functionalized AFM tip and freshly cleaved mica. On the left image, 100 % corresponds to all 

rupture events detected (552 rupture events). 
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The forces rupture between bare tip and freshly cleaved mica were also measured. Indeed, in this 

case a large number of recorded curves (more than 98%) do not represent any rupture events like 

illustrated in fig. 19, curve b, and less than 2% of curves have one rupture event similar to the one 

represented in fig. 19, curve a. Therefore, basing on these control experiments, the rupture events 

occurring when the tip is still closer than 25 nm (≈ half of fibrinogen molecule) to the surface 

were assumed to be caused by non-specific adhesion of fibrinogen and were not further 

considered for the data evaluation. 

 

4.4.2b  Fibrinogen-fibrinogen complex 

In order to perform this kind of experiment, fibrinogen molecules are immobilized on the tip and 

on the sample surface, and the rupture forces are measured. The typical force curves are 

represented in fig. 23. We classify the curves as following: no rupture events detected (40% of all 

approach-retract cycles, fig.23 A – blue curve); adhesion event with the length < 25 nm (less than 

2%, fig. 23 A – red curve); and single rupture events (about 60%, fig. 23 B). As described above 

we do not consider the adhesion events for fibrinogen-fibrinogen data evaluation. 

 

 

Figure 23. Force curves detected for fibrinogen – fibrinogen system. 
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Nonetheless, the force distribution (fig. 24) is quite similar to that obtained for bare tip – 

fibrinogen control system (fig. 16).  The force histogram shows also a quantization in the force, 

with a period of about 40 pN, and the rupture forces range from 80 pN to 500 pN. By deducing 

the amount of rupture events due to tip – fibrinogen interaction (16% of all curves analyzed, see 

control data) from total rupture event frequency (about 60%), we estimate the event frequency of 

real fibrinogen – fibrinogen interaction as to be about 44%. The quantized force is calculated 

approximately as 40 pN per single fibrinogen – fibrinogen pair. It was not observed any 

dependence of rupture forces on the loading rate. This fact indicates that a force-induced 

fibrinogen-fibrinogen interaction proceeds at equilibrium. The length distribution (fig. 25) is 

broad (from 25 nm to 280 nm). Because our protocols of tip and sample preparation does not 

assure the well-defined immobilization position of protein on the tip/sample surface, thus, there is 

high probability that fibrinogen molecules are fixed onto the surface via different amino groups 

of different peptides chains. This effect can easily explain the wide distribution of length 

ruptures. The occurrences for lengths from 50 nm to 150 nm are practically the same.  

 
Figure 24.  Force  rupture histogram for fibrinogen – fibrinogen system, 640 force curves analyzed, 390 rupture 

events detected. 
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Figure 25. Length rupture histogram for fibrinogen – fibrinogen system and schematic explanation of possible 

length of interaction pairs.  640 force curves analyzed, 390 rupture events detected. 

 

 

 

Figure 26. Force-length diagram for fibrinogen-

fibrinogen system. 

 

The majority of rupture events with 

lengths from 50 nm to 150 nm peaks well 

at 105 pN, 145 pN, 185 pN, and 225 pN 

(fig. 24). This fact is also indicated for 

bare tip – fibrinogen system (fig. 16). There is no correlation between force and length rupture 

observed (fig. 26). The presence of Gly-Pro-Arg-Pro peptide molecules in solution has not a 

significant influence on the force and length rupture distributions (fig. 27).  
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Figure 27.  Force (left) and length (right) histograms for fibrinogen-fibrinogen system in the presence of excess (0.5 

mg/ml) of Gly-Pro-Arg-Pro peptides in buffer solution. 

 

The observed results obviously attest that fibrinogen – fibrinogen interaction is not specific. 

 

 

4.4.3 Fibrin – fibrinogen complex 

First, the AFM tips and APTES-mica sheets were functionalized with fibrinogen molecules. To 

obtain the fibrin monomers, the fibrinogen was further activated by enzymes, thrombin and 

Reptilase (for more detailed description see the chapter II “tip and sample preparation methods 

for FS study”). There was no difference in force and length rupture distributions obtained when 

the tip or the substrate are activated with enzymes. Molecular interaction parameters such as the 

activation barrier, xdiss, and the zero dissociation rate, kdiss, have been obtained from the loading 

rate-dependent measurements. We present now the results obtained with fibrin-functionalized tips 

and fibrinogen-functionalized mica samples, recorded at the constant loading rate of ≈ 3.5 nN/s.  
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4.4.3a  Constant loading rate measurements 

4.4.3a/1 Fibrin (thrombin) – fibrinogen system 

The typical force curves are depicted in fig. 28. No adhesion rupture events (length rupture < 25 

nm) have been recorded. We notice the following types of curves: no rupture detected (32% of all 

curves analyzed, fig. 28 A, black curve); single rupture events (29.5 %, fig. 28 A, red curves); 

double (two rupture peaks) (21.5%, fig. 28 B) and multiple rupture events (17%, fig. 28 C). As 

we can observe, contrarily to fibrinogen – fibrinogen system, a large amount of force curves 

represents double and multiple rupture events, indicating the formation of multiple bonds during 

the contact.  

 

 

Figure 28. Typical force curves recorder for fibrin 

(thrombin) – fibrinogen system. A) black curve do not 

represent any rupture events, red – single rupture events; 

B) force curves with double rupture events; C) force 

curves with multiple rupture events. 
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Construction of force histogram of all rupture events (fig. 29) could lead to misleading of data 

interpretation. One can note the first domain (domain I) of forces from 80 pN to 200 pN similar 

to fibrinogen – fibrinogen system and the apparition of the second domain (domain II) with a 

force peak at ≈ 320 pN. 

 
Figure 29.  Force histogram of all rupture events 

for fibrin (thrombin) – fibrinogen system. 512 

force curves analyzed, 754 rupture events 

detected. 

 

By comparison of force distributions of 

all rupture events and single rupture 

events (fig. 30) one can see that domain 

I is corresponding for only multiple rupture events while domain II is represented in both 

histograms. The force distribution corresponding to domain I is similar to those observed for the 

bare tip-fibrinogen, the fibrinogen-mica and the fibrinogen-fibrinogen systems. This fact can be 

explained by the multiple and consecutive detachments of fibrin(ogen) molecules. Nevertheless, 

as we will explain below domain II characterizes the specific interaction between fibrin and 

fibrinogen molecules.  

 

Figure 30. Comparison of force 

distributions corresponding to all rupture 

events (light grey) and single rupture event 

(white). 

 

We consider now only the curves 

with single rupture events. Force 
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distribution for single rupture events is narrow and peaks at the well defined force value of 324 ± 

28 pN (fig. 31-left). The length rupture histogram (fig. 31-right) is broad and can be explained by 

uncertainty in immobilization position of fibrinogen (see for comparison fibrinogen – fibrinogen 

complex).  

 
 

Figure 31.  Force (left) and length rupture (right) histograms of single rupture events for fibrin (thrombin) – 

fibrinogen complex. 512 force curves analyzed, 151 single rupture events detected. 

 

 

Figure 32. Force-length diagram for fibrin 

(thrombin) – fibrinogen complex. 100 % 

corresponds to all single rupture events detected. 

 

The force-length diagram (fig. 32) 

illustrates that the forces of about 320 pN 

show characteristic lengths rupture from 

100 nm to 300 nm. One can also note that the bigger elongation (300 nm) is only observed for 

these forces. The specificity of fibrin – fibrinogen interactions has been tested in the presence of 

excess of strong inhibitor, tetrapeptide Gly-Pro-Arg-Pro (when the “a-holes” of fibrin(ogen) are 

blocked with peptides) (figs. 33 and 34). The number of curves with detected rupture events is 
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considerably reduced, essentially with double and multiple rupture events. 16.3% of all analyzed 

curves present single rupture events, 2.7 % - double rupture events, and 2% - multiple rupture 

events. From the force histogram (fig. 33-left) we can state that the characteristic peak at 320 pN 

has totally disappeared. The interaction forces, very similar to the fibrinogen – fibrinogen system 

interaction forces, are observed.  

 

Figure 33. Force (left) and length distributions for fibrin (thrombin) – fibrinogen in the presence of excess of Gly-

Pro-Arg-Pro peptides in buffer solution. 512 force curves have been analyzed, 83 single rupture events have been 

detected. 

 

 

Figure 34. Force-length diagram for fibrin 

(thrombin) – fibrinogen complex in the presence of 

Gly-Pro-Arg-Pro peptides in buffer solution. 100 % 

corresponds to all single rupture events detected. 

 

The majority of rupture lengths for these 

forces vary from 50 nm to 100 nm (fig. 

34). The force distribution of single rupture 

events is basically restored after elimination of Gly-Pro-Arg-Pro peptides from buffer solution 

(fig. 35-left). Interestingly, not so big amount of force curves with double/multiple rupture events 
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is observed (table 1 at the end of this chapter). The length distribution becomes narrow with a 

peak at 145 nm (fig. 35-right). 

 

Figure 35. Force (left) and length rupture (right) histograms for fibrin (thrombin) – fibrinogen complex after 

elimination of Gly-Pro-Arg-Pro peptides from buffer solution. 608 force curves analyzed, 181 single rupture events 

detected. 

 

Forces of about 320 pN are again observed for the characteristic lengths from 100 nm to 300 nm 

(fig. 36). 

Figure 36.  Force-length diagram for fibrin 

(thrombin) – fibrinogen complex after 

elimination of Gly-Pro-Arg-Pro peptides from 

buffer solution. 100 % corresponds to all single 

rupture events detected. 

 

 

 

 

 

The similar results are obtained when fibrinogen molecules are activated with Reptilase (only 

release fibrinopeptides A). 
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4.4.3a/2 Fibrin (Reptilase) – fibrinogen system 

The typical force curves are illustrated in fig. 37. No adhesion rupture events have been recorded. 

We classify the curves in the similar way as described above: without any detected rupture event 

(22% of all analyzed force curves) (fig. 37 A, black curve); curves with single rupture events 

(26.4%) (fig. 37 A, red curves); with double rupture events (16%) (fig. 37 B); and with multiple 

rupture events (35.6%) (fig. 37 C). The remarkable quantity of force curves with double and 

multiple rupture events (51.6%) are observed indicating complex behavior of interactions 

between fibrin and fibrinogen molecules.  

   

 

Figure 37. Typical force curves recorder for fibrin 

(Reptilase) – fibrinogen system. A) black curve do not 

represent any rupture events, red – single rupture events; 

B) force curves with double rupture events; C) force 

curves with multiple rupture events. 
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Figure 38. Force histogram of all rupture 

events (light grey) in comparison with that of 

single rupture events. 1072 force curves 

analyzed, 2467 rupture events and 283 single 

rupture detected. 
 

The force histogram for all rupture 

events are depicted in fig. 38 (in light 

grey). Again, the force distribution of 

multiple rupture events represents 

domain I and domain II, on the other hand the force histogram of single rupture events (in white) 

has only domain II characterizing the specific fibrin-fibrinogen interaction. Below we only take 

the force curves with single rupture events for data evaluation. Fig. 39 shows the force (left) and 

length (right) distributions. From the force histogram we can see a well defined peak at 318 ± 45 

pN.  

 

 

 

Figure 39. Force (left) and length rupture (right) histograms of single rupture events for fibrin (Reptilase) – 

fibrinogen complex. 1072 force curves analyzed, 283 single rupture events detected. 
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From force-length diagram (fig. 40) we can evaluate the correlation between force and length 

rupture. Majority of single rupture events with forces at about 320 pN shows characteristic 

rupture lengths from 50 nm to 150 nm. 

 

Figure 40. Force-length diagram of single rupture events 

for fibrin (Reptilase) – fibrinogen complex. 1072 force 

curves analyzed. 100 % corresponds to all single rupture 

events detected (283). 

 

The specificity of fibrin (Reptilase)–fibrinogen 

interaction has been successfully probed with the 

same inhibitor used, the tetrapeptide Gly-Pro-Arg-Pro (fig. 41). The number of total rupture 

events is considerably reduced with a strong decrease of the number of the force curves with 

double/multiple rupture events (see table 1 at the end of this chapter). The force histogram (fig. 

41-left) of the single rupture events does not show anymore a peak at 320 pN, but at around 130 

pN.  

 

Figure 41. Force (left) and length (right) histograms of single rupture events for fibrin (Reptilase) – fibrinogen 

complex in the presence of excess of strong inhibitor, Gly-Pro-Arg-Pro peptides. 768 force curves analyzed, 86 

single rupture events detected. 
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The typical lengths corresponding to this force maximum vary from 25 to130 nm (fig. 42). 
 

Figure 42. Force-length diagram of single 

rupture events for fibrin (Reptilase) – 

fibrinogen system in the presence of Gly-Pro-

Arg-Pro. 100 % corresponds to all single 

rupture events detected (86). 

 

 

The specific force distribution with a 

peak at ≈ 320 pN has been partially 

restored (fig. 43 and table 1 at the end of this chapter). A domain of weak interaction forces from 

100 pN to 250 pN (fig. 43) with corresponding characteristic length rupture of about 50 nm (fig. 

44) is also present in the force histogram. Similar domain is not observed in the case of fibrin 

(thrombin) – fibrinogen and is probably due to incomplete elimination of Gly-Pro-Arg-Pro 

peptides from buffer solution.    

 

 

Figure 43. Force (left) and length (right) histograms of single rupture events for fibrin (Reptilase) – fibrinogen 

system after washing of Gly-Pro-Arg-Pro. 864 force curves analyzed, 203 single rupture events detected. 
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Figure 44.  Force-length diagram of single 

rupture events for fibrin (Reptilase) – 

fibrinogen system after washing of Gly-

Pro-Arg-Pro. 100 % corresponds to all 

single rupture events detected (203). 

 

Forces of about 320 pN illustrate 

the characteristic lengths from 75 

nm to 250 nm. 

 

 

In order to show that exactly Gly-Pro-Arg ending of knob-A which is involved directly in 

specific interaction with hole-a, forces between synthetic peptide, Gly-Pro-Arg-(His)4 and 

fibrinogen molecules were measured . 

 

4.4.3a/3 Gly-Pro-Arg-(His)4 – fibrinogen interaction 

Gly-Pro-Arg-(His)4 peptides (0.5 mg/ml) are covalently attached to the AFM tip via EDAC 

permitting the peptide immobilization by His residues. Fibrinogen molecules (1 mg/ml) are 

covalently attached to APTES-mica sample. The force spectroscopy measurements have been 

performed at the same constant loading rate used for other systems. By the same reasons 

indicated for the fibrin-fibrinogen complexes we consider single rupture events for data 

evolution. Numbers of force curves with different types of rupture events are represented in Table 

1. A very similar force distribution to fibrin-fibrinogen systems with a peak force at about 320 pN 

is observed (fig. 45-left). The length distribution (fig. 45-right) is still broad with a peak length 

rupture at about 30 nm. 
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Figure 45.  Force (left) and length (right) histograms for Gly-Pro-Arg-(His)4 – fibrinogen system 1280 force curves 

analyzed, 243 single rupture events detected. 

 

 

 

 

Figure 46. Force-length diagram for Gly-Pro-

Arg-(His)4 – fibrinogen system. 100 % 

corresponds to all single rupture events 

detected (243). 

 

 

 

 

 

 

The forces at around of 320 pN have a narrower distribution of the rupture lengths from 25 to 75 

nm (see the square in the force-length diagram, fig. 46). 
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Table 1. The comparison of number of force curves (in %) with different types of rupture events observed for 

fibrinogen – fibrinogen and fibrin – fibrinogen complexes. Abbreviation for f. c. – force curve.  

 

 

  f. c. with all 
rupture 
events 

f. c. with 
adhesion 

events 

f. c. with 
single 

rupture 
events 

f. c. with 
double 
rupture 
events 

f. c. with 
multiple 
rupture 
events 

fibrinogen - 
fibrinogen 

60 <2 58 <1 0 

fibrin (thrombin) – 
fibrinogen 

68 0 30 21 17 

in the presence of  
Gly-Pro-Arg-Pro 

21 0 16.3 2.7 2 

after elimination of 
Gly-Pro-Arg-Pro 

46  0 30 9 7 

fibrin (Reptilase) – 
fibrinogen 

78 0 26.4 16 35.6 

in the presence of  
Gly-Pro-Arg-Pro 

15.5 0 11 2.5 2 

after elimination of 
Gly-Pro-Arg-Pro 

40 0 23.6 10 6.4 

Gly-Pro-Arg-(His)4 - 
fibrinogen 

44.7 4.4 19 5.8 15.5 

 

 

 

4.4.3b Loading rate dependence of the unbinding force and dissociation 

rate estimation for the fibrin – fibrin(ogen) complex 

The unbinding forces for the fibrin – fibrin(ogen) complex were measured at loading rates in the 

range of 0.2 to 20 nN/s. The force curves with only single rupture events have been considered 

for the data evaluation. The fig. 47 reveals that the mean unbinding force increase linearly, when 

plotted against the logarithm of the loading rate. The zero kinetic off-rate, kdiss, and the distance of 

the transition state, xdiss, have been estimated as 3.78x10-4 s-1 and 0.16 nm, respectively.  
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Figure 47.  Dependence of the most probable unbinding force (F*) on the loading rate for fibrin – fibrinogen 

complex (single rupture events considered). 
 
 

4.5 Conclusion 

In summary, based on our force spectroscopy results we conclude that: 

- The interaction between two fibrinogen molecules is a non specific interaction with a force 

of about 40 pN and a wide distribution of rupture lengths ranging from 25 nm to 250 nm.  

- The interaction between fibrin and fibrinogen molecules is a specific interaction. The mean 

unbinding force, F*, is determined to be 320 pN at loading rate of 3.5 nN/s. This specific 

interaction is much stronger than the interaction between fibrinogen molecules. The length 

distribution is a little bit narrower but remains still broad, the majority of rupture lengths take 

place from 50 nm to 150 nm. The dependence of the mean value of unbinding forces with the 

loading rate logarithm has been observed for the single molecular complex between fibrin 

and fibrinogen (or fibrin), indicating that only one single potential barrier is dominant.  

-  There is not a big difference in the value of rupture forces observed when the fibrinogen 

molecules are activated by different enzymes: thrombin (both cleavage of fibrinopeptides A 
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and B) or Reptilase (only cleavage of fibrinopeptides A). This indicates that just the specific 

interaction between the knob-A of the fibrin molecule and the hole a of fibrin(ogen) takes 

place in our experiments. For our experimental conditions, the knob-B – hole b interaction is 

not seen. The knob A – hole a interaction has been successfully tested by using the 

tetrapeptide Gly-Pro-Arg-Pro as a strong inhibitor of the fibrin formation. 

- The wide distribution of rupture lengths for fibrinogen – fibrinogen and fibrin – fibrinogen 

complexes can be explained by various lengths stretching of the peptide chains. This is 

probably caused by uncertainty in the immobilization position of fibrinogen molecules on the 

tip and on the substrate surface. 

- The responsibility of the Gly-Pro-Arg for the specific interaction with the fibrinogen 

molecule is revealed. 
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Chapter V 

Force Spectroscopy with Modulation of the AFM tips 

5.1 Introduction 

Chapters III and IV present the technique of single molecule and single molecular complex 

force spectroscopy operated in contact mode, i.e. with no external dithering applied to the 

cantilever/tip assembly. In our days, this technique becomes a well established one and a very 

promising research field, which attracts attention of tens of research groups all over the world. 

At the same time, practically all applications of the standard quasistatic force spectroscopy are 

limited with the measurements of (quasi)static effects: only is used the information, which can 

be extracted from the (quasi)static deflection of a cantilever. In chapter I we have briefly 

described the dynamic AFM mode of operation where the tip oscillates near its resonance 

frequency while it is moved to and from the surface. The measured parameter in this force 

recording regime is the reduction of the amplitude of oscillation that is caused by the 

interaction of the tip and the surface. This dynamic AFM mode of operation presents several 

advantages over the contact mode (i.e. lateral forces between tip and the sample are 

minimized and it becomes possible to image sticky or/and soft biological surfaces).  In order 

to analyze the conditions advantageous for measurement, one needs the help of an adequate 

theoretical model [1, 2]. However, at present, there is no complete theoretical description of 

the cantilever oscillations in liquid environment near the surface of a sample in a wide range 

of excitation frequencies; a reasonable approach have been published recently for a cantilever 

far from the sample [3]. 

Very recently it has been proposed to slightly modulate the distance between the 

cantilever and the sample at a driving frequency ω [4-7]. To this aim, in a magnetically 
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oscillated dynamic force microscope (DFM) (also known as MAC mode AFM) magnetically 

coated tips are directly excited by an alternating magnetic field. Which additional information 

could be obtained from this kind of experiments where the tip is oscillated at the same time as 

it is moved to and from the surface? Recording the topography and the recognition images at 

the same time enables fast and reliable molecular recognition mapping on a nanometer scale 

[5]. Measuring the amplitude of the tip vibrations at this driving frequency leads to the 

improved molecule recognition fidelity [6]. The possibility to measure the dynamical 

properties of single molecules using this method has been also demonstrated for a short 

polymer molecule of poly(ethylene glycol) [7].  

This chapter reports our development of this methodology for direct and continuous 

measurement of the spring constant of a single stretched molecule or a molecular complex. 

Mainly, the complex of bovine serum albumin (BSA) with polyclonal antibody to BSA (Ab-

BSA) have been studied, additionally the potentialities of this method are illustrated in the 

case of fibrinogen – fibrinogen complex. 

 

5.1.1 AFM instrumentation 

A schematic diagram of our elaborated experimental setup is given in Fig. 1. A commercially 

available AFM (Nanoscope IIIa Multimode Scanning Probe Microscope, Veeco Instruments, 

Santa Barbara, CA, USA) and standard V-shaped Si3N4 (silicon nitride) cantilevers (Veeco), 

having a length of 200 µm, with a nominal spring constant of 0.06 N/m are used. All 

experiments are performed in phosphate-buffered saline (PBS) buffer (50 mM phosphate, 150 

mM NaCl, pH 7.4 at 25°C) at 25°C.  The Nanoscope IIIa “force-volume” option is used but a 

small sine wave modulation voltage is applied to the piezocrystal normally used for the 

“tapping-mode”. This dithering voltage, Umod, has a peak-to-peak amplitude of 20 – 80 mV at 

a frequency of ω = 2π*3.2 kHz. This modulation is equivalent to the application of a driving 
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force fω at the frequency ω onto the cantilever which makes the tip dither with an amplitude of 

0.5 – 2 nm. This leads to the modulation of the photodiode current at the same frequency and 

its signal is measured using a digital lock in amplifier (SR750, Stanford Research Instruments, 

Stanford, USA). Thus, two signals are recorded simultaneously, using a dedicated Labview 

program (see appendix I): a) standard force-distance curves, i.e. dependence of the interaction 

force on the z-displacement of the substrate, and b) the dependence of the amplitude of forced 

cantilever vibrations on the same z-displacement. No noticeable dependence of the results on 

the dithering amplitude has been observed, provides that the excitation remains in the range 

given above. The smallest reasonable pull off rate of 11 nm/s (0.7 nN/s) has been used. 

 

 

 
 
 
Figure 1.  Schematic of the experimental setup. 
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5.1.2 Tip and sample preparation, control experiments 
 
The functionalization of the AFM tips and mica samples with proteins are followed by the 

same receipt described in more details in chapter II. All the earlier control experiments have 

been repeated and have given similar negative results. 

 

5.2 Experimental results and discussion 

Typical amplitude and force-distance curves, obtained for the BSA – Ab-BSA complex, are 

shown in fig. 2.  

 

Figure 2. Experimental 

dependencies of the pulling 

force (red curve) and lock in 

output signal used to measure 

the spring constant (blue 

curve) on the sample stage z 

displacement. 

 

The recording of the 

data starts when the tip 

and the substrate are far 

apart (A to B in fig. 2). Then, as the tip approaches, it enters into contact with the substrate 

(segment B to C). At point C the tip is retracted till point D where it loses contact with the 

substrate. Between D and E the tip is further retracted from the substrate with the extension of 

molecular complex. Point E corresponds to the rupture of the molecular bond and the 

unbinding force is measured at this moment. The calibration of the absolute value for the 

force has been performed basing on the linear part of the contact line (B-C and C-D) and 

using the known tip spring constant. 
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5.2.1 Calculation of spring constant of tip – sample complex  

The following procedure is used to extract, from the recorded data, the value of the spring 

constant, characterizing the tip – sample complex, kcomplex. 

The process of exciting the cantilever vibrations in a liquid, is very complex to 

describe and is not yet fully understood. Nevertheless, for small vibration amplitudes, it can 

be still described as forced vibrations of a nonlinear oscillator [1, 3, 6, 7]. Introducing the 

variable δz, which describes the deviation of the cantilever from its equilibrium position, z0, 

produced by a (quasi)static pulling force fpul, one can write down: 

( ) ( ) )cos(2

2

tfzk
t
z

t
zm effeff ⋅=+

∂
∂

+
∂

∂ ωδδγδ
ω    (1) 

Here, the parameters meff and γ characterize the vibrations of the cantilever in liquid and keff is 

the sum of the spring constant of the cantilever and the one of the stretched complex. Note 

that the differential spring constant of the complex  kcomplex =
df
dz

|z = z0
, rather than its static 

spring constant f/z0, is relevant for this equation, containing δz as the variable. (Here f(z) is the 

force – extension characteristic of the BSA – Ab-BSA complex; see below). 

The solution of Eq. 1 is well known [1 or any textbook with an introduction to 

oscillatory motion]. This equation describes the forced vibrations )cos( ϕωδ +⋅= taz  which 

amplitude is given by: 

  
22222 )( ωγω

ω

+−
=

effmk

fa      (2) 

and the phase shift by: 

   
22222 )(

sin
ωγω

γωϕ
+−

=
effmk

    (3) 

If the driving frequency ω  is much lower than the value of effeff mk /0 =ω , which, for the 

rather small quality factor Q ≥ 2, is already very close to the resonance frequency of the 
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system ωres = ω 0 1− (1/ 4Q2 )  then, evidently, the vibration amplitude can be well 

approximated by the value of  

effkfa /ω=   

because 1)/(/ 2
0

2 <<= ωωω effeff km  and )/)(/1(/ 0ωωγω Qkeff = <<1 for this case. The 

amplitude of the forced oscillation is measured with a lock in amplifier while recording force-

distance curves. Three intervals are interesting for the force-distance curve as indicated in fig. 

2 A: 1) A-B where the lever oscillates freely; 2) D-E where the molecular complex is extended 

under the action of the pulling force fpul; and 3) after E where the molecular bond is ruptured 

and the cantilever oscillates again freely. From the oscillation amplitude in these three 

regions, one can obtain the reciprocal spring constants k-1, (k +kcomplex)-1 and k-1 respectively. 

The value of k is known, that makes possible to determine the spring constant kcomplex of the 

single molecular complex as a function of z and fpul 
1 . 

In our case, the resonant frequency of cantilevers in liquid is measured to be in the 

range from 8.5 to 10 kHz. The driving frequency of 3.2 kHz is a trade off between the 

necessity to have this value as small as possible for the better interpretation of data as 

discussed above and the necessity to have a sufficient number of oscillations per averaging 

time for the proper performance of the lock in amplifier. 

5.2.2 BSA – Ab-BSA complex 

We can classify events presented in Fig. 3 as follows: single bond rupture (Fig. 3 A; the value 

of the unbinding force is 135 pN), double bond rupture denoted as one peak with a double 

force value (Fig. 3 B; 295 pN), and “no specific event” (Fig. 3 C). The last example is a 

                                                 
1 In principle, the measured value of kcomplex can be further refined if the parameters of the oscillatory 

system (meff and γ ) are well known. This is, however, a very difficult problem, especially given the 

fact that the acting force value fω in itself depends on the frequency for our excitation method since the 

piezodriver is a source of displacement (of the cantilever base) rather than directly the force. 
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demonstration of the utility of the measurement of the spring constant for the interpretation of 

results of pulling off experiments. While the standard force-distance curve (lower) in Fig. 3 C 

looks like a single bond rupture event, the upper curve has no peculiarities (i.e. no decrease of 

dithering amplitude during the pulling off) and clearly demonstrates that non specific 

interaction takes place. This is a really useful addition to all approaches, designed to 

distinguish between different events in this type of experiments [8]. In some experiments, 

forces even larger than 1 nN have been observed. These events are believed to be due to 

multiple ruptures of glutaraldehyde – amine bonds, and we will not discuss them below.  

 

    
Figure 3.  Typical amplitude (in blue) and force-

distance (in red) curves recorded for BSA – Ab-

BSA complex. A) single bond rupture; B) double 

bond rupture denoted as one peak with double 

force; C) no specific events detected. 

 

 

 

Fig. 4 presents typical experimental dependencies of kcomplex(z) (A) and fpul(z) (B) for the case 

of single bond rupture. The linear approximation of the experimental dependence kcomplex(f), 

derived from Fig. 4 A and Fig. 4 B, is given in Fig. 4 C. Prior to plotting Fig. 4 C, fig. 4 A has 
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been fitted to a straight line in the region from 4.23 nm to 15.72 nm and curve 4 B to a second 

degree polynomial in the same interval.  

 

     

Figure 4.  Typical dependencies of the BSA – Ab-BSA 

complex’ spring constant, kcomplex (4 A) and pulling 

force f (4 B) for a single specific bond rupture event on 

the sample stage z displacement. In 4 C we present a 

dependence kcomplex(f) derived from 4 A, 4 B and its 

linear approximation. 

 

 

The spring constant of the individual (and double) BSA – Ab-BSA complex always increases 

together with the increase of the pulling force and attains the maximal value at the moment of 

the bond rupture. A good correlation between the value of the specific interaction force, the 

simultaneously measured spring constant of the complex and the value of tip – sample 

distance at this moment is observed. The average value of the complex’ spring constant at the 

moment of the single antigen-antibody bond rupture is measured to be 0.017 ± 0.003 N/m 

(average over 50 events). The majority of the events corresponding to the double bond rupture 

gives kcomplex values ranging from 0.03 to 0.04 N/m (10 events). However, values as large as 

0.053 N/m have been also sometimes measured. 
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5.2.2a  Interpretation of data 

In order to interpret of the experimental results (only the case of single bond rupture is 

considered here), we should take into account the following aspects. The force f is the 

derivative of the free energy of the system with respect to the value of the distance between 

the molecule’s end-points, i.e. the fragments of BSA – Ab-BSA complex are fixed on the tip 

and on the substrate surface [9]. The sample stage displacement z is the measurement of a 

such distance2. Molecular dynamics calculations, for the extension curves for antigen – 

antibody complexes [10-17], show that the range of extension is of a few Ångströms and very 

close to the point of rupture. It is during that period that the details of the antigen – antibody 

interaction are important. For typical experimental conditions, this corresponds to a 

characteristic time scale of the order of few milliseconds or less. These values are beyond the 

reach of our experimental technique, so only the usual “entropy-related” contribution to the 

antigen – antibody complex’ spring constant [9, 18] is observable.  

As described in chapter III, BSA has different conformational forms (N, F, B, A and 

E) [19]. Transitions between these forms can be caused either by a stretching (“mechanical 

denaturation”) or pH – change. For our experiments, the possibility of BSA – Ab-BSA 

complex stretching should be limited exactly by attaining the “disulfide bond structures 

limited” E-form. Relatively weak antigen – antibody bond will be ruptured before the rupture 

of disulfide bonds will occur, which would allow further stretching. (For different 

experimental conditions, essentially where larger forces could be applied, the stretching of 

                                                 
2 It can be argued that the complex' extension is given by the difference of z and cantilever 

displacement y. The latter can be determined from the fpul(z) curve, y = fpul/k, and, thus, the value of z 

can be corrected which we did whenever relevant. Note that this correction is of only minor 

importance for our experiments. For example, for the typical one bond rupture event (fpul = 130 pN) y 

= 2.4 nm and, thus, is essentially smaller than the characteristic (uncorrected) z value of 16 nm. 
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human serum albumin (HSA) molecule until “the full contour length” of ca. 200 nm has been 

observed by Rixman et al. [20], fig. 5).  

 

Figure 5. The reproduction of full extension of 

HSA molecule, fig. 12 C from [20]. 

 

Using the data about the sizes of 

antibody and relevant conformational 

forms of BSA molecules, together with 

the ≤ 2 nm thickness of linker layers, 

one could anticipate the maximal 

attainable stretching of the BSA –Ab-BSA complex to roughly 15 nm. This value is very 

close to the one which has been indeed observed in our experiments. We have determined an 

average extension z = 14 ± 3 nm (the correction for the cantilever displacement y is taken into 

account) at the moment of specific bond rupture. 

Detailed interpretation of our data using the Worm-Like Chain (WLC) or some other 

more sophisticated statistical polymer model would be somewhat premature at the current 

stage of experiments. In fact, such a detailed interpretation seems to require a comparison 

between analogous data for different Ag-Ab complexes and (possibly) careful 

characterization of the protein binding sites. Nevertheless, we would like to underline the 

following: for long flexible molecules having numerous conformational degrees of freedom 

(linear polymers, DNA, etc.) force – extension dependence is given by a quasiuniversal 

function, relatively insensitive to the chemical composition of the molecule. Indeed, in all 

theoretical treatments using the WLC model, the chain is considered as a homogeneous line 

with no microscopic structure. The only parameter appearing in this model is the persistence 

length p, which measures the length over which the chain loses its orientational correlation 
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and, as a heuristic parameter, takes the microscopic details of the real chain into account. In 

the frame of the WLC model, it was shown that a force can be approximated by the Marco-

Siggia’s formula [18]: 

   f (z) =
kBT
p

(
1

4(1 − z / L)2 −
1
4
+

z
L

)                        (4) 

Here kB is the Boltzmann constant, T - the temperature, p - the persistence length and L is the 

maximal attainable length of a stretched polymer. Of course, a polypeptide chain is not a good 

linear polymer in the sense that there is not a single monomer unit and hence, not a well 

defined persistence length. Moreover, the WLC model does not allow for the secondary and 

tertiary structure of the complex. Nevertheless, Eq. 4 is often used to approximate 

experimental data of single protein stretching [20-26]. For our case, where both the force f and 

the spring constant are simultaneously and independently measured, the following 

consideration seems to be of great interest. The value of the spring constant for the WLC 

model is given by the derivative of Eq. 4 

  kcomplex = df /dz = kBT
2pL

2 + (1− z /L)−3( )    (5)  

For the case of z=0 in this model, one has pLTkkk Bcomplex 2/30 == . Now it is worthwhile to 

note that, in the frame of the WLC model, a simple analytical dependence between the pulling 

force and the spring constant can be deduced. For this, one needs to solve Eq. 5 for z/L and 

then to insert the obtained expression in Eq. 4, which results in 

 )2
4
3

2
( 3/13/1

3/4

3/2
−−−+= ξξ

p
Tk

f B     (6) 

Here ξ ≥ 0.5 is a dimensionless parameter, 1
2

3

0

−=
k

kcomplexξ . The inverse function, i.e. the 

dependence kcomplex(f), can be derived from Eq. 6 but this requires a solution of cubic equation. 
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This renders the resulting expression not so practical. Thus, the inverse function of Eq. 6 is 

plotted in fig. 6.  

 

Figure 6. Universal dependence 

of the spring constant kcomplex of a 

polymer molecule (measured in 

units of the spring constant k0 of 

this molecule at z=0) on the 

pulling force for the WLC model 

of polymer elasticity. Here shown 

for 1/ =pTkB . 

 

 

 

Therefore, the WLC model predicts a monotone increase of the single polymer molecule 

spring constant with the increase of the pulling force and extension. As it has been mentioned 

above, only such monotone increase has been observed for all single bond rupture events in 

our experiments. (Note that a non – monotone dependence kcomplex(f) has been observed in our 

experiments for some multiple glutaraldehyde – amine bonds rupture events. These data are 

not considered here). At the current stage of experimental precision and statistics, we were not 

able to approximate the observed dependencies kcomplex(f), similar to the one shown in Fig. 4 C 

by this function. Only a linear approximation turns out to be sufficiently reliable and 

statistically sound. Nevertheless, we are sure that this will be very interesting to investigate in 

the nearest future. 

 The lack of direct measurements of spring constants of stretching antigen – antibody 

complexes in the literature makes the comparison of our data with other experiments rather 

difficult. First, usually it is not possible to determine reliably the relevant differential df/dz 

from the published results. Surprisingly, even to simply calculate the characteristic force – 

displacement ratio f/z at the moment of rupture of the antigen-antibody bond, turned out to be 
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virtually impossible. This is because the average value of the complex extension at the 

moment of rupture, z, is rarely accurately reported in the literature. In some cases, it also turns 

out that this is the stretching of linkers rather than of an Ag – Ab complex which is responsible 

for the observed z and k values. This takes place, for example, in Hinterdorfer’s et al. 

experiments [27] with the complex of a human serum albumin (HSA) and polyclonal antibody 

to HSA (Ab-HSA). These measurements have been performed using 8 nm–poly(ethylene 

glycol) linkers. No correlation between z and specific interaction value has been reported. This 

observation is opposite to our data, where, as it was stated above, good correlation between the 

values of unbinding force, force constant k and extension z has been obtained. 

 

5.2.2b  Estimation of the elasticity of linkers  

Essentially different df/dz values have been measured for systems other than antigen – 

antibody complexes. We can use sufficiently detailed data of Sakai et al. [28] to estimate the 

possible effect of the linkers on our k – measurements. Sakai et al. worked with polystyrene 

molecules whose stretching data could be a model for the chemicals used to attach the proteins 

molecules onto the tip and the substrate surface in our experiments (all our chemicals are 

simple short molecules for which, as for the polystyrene, ordinary C-C, Si-C and similar bonds 

are the only component). For long polystyrene molecules (L = 50 nm, that is ca. 200 styrene 

monomers and 400 C – C bonds), Sakai et al. obtained for stretching forces of 100 – 140 pN 

(this is exactly the forces which are of interest to us), a value of k = df/dz close to 0.02 – 0.03 

N/m (fig. 7).  
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Figure 7. Reproduction of fig.1 from [28]. 

 

For our linkers, which contain no more that 

10 C–C bonds, and have a length L1 ∼ 1.5 nm, 

we have obtained, from the WLC model, the 

value of k which is L/L1 times larger (see eq. 

(5)), that is around 0.8 N/m. Therefore, the short linkers used in our experiments are rigid and 

practically not stretchable. The value of 0.8 N/m is much larger than the spring constant of 

0.017 N/m measured for Ag – Ab complex. We believe thus that the elasticity of rigid linkers 

does not contribute significantly to the measured value of kcomplex. 

 

5.2.3 Fibrinogen-fibrinogen complex 

For comparison and further illustration of our method to measure spring constant, fig. 8 

presents typical experimental dependencies of the spring constant (fig. 8 A) and pulling force 

(fig. 8 B) on the sample stage z-displacement for the fibrinogen-fibrinogen complex. Hence, 

fig. 8 contains data analogous to that of Fig. 4 but obtained for a completely different system. 

The fibrinogen – fibrinogen interaction is obviously a non specific interaction as explained in 

details in chapter IV. This interaction defines much broader distribution in the force values at 

the moment of the bond rupture, frupt, and corresponding values of z at this moment, zrupt, in 

comparison with the single BSA – Ab-BSA complex. Indeed, experimental values of frupt 

ranges from 50 to 250 pN, while the corresponding values of zrupt ranges from 50 to 130 nm 

for the fibrinogen – fibrinogen complex. 
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Figure 8. Typical experimental dependence of the 

fibrinogen - fibrinogen complex’ spring constant 

kcomplex (A) and the pulling force f (B) on the sample 

stage z displacement. Dithering peak to peak amplitude 

is 2 nm; single bond rupture event is shown. In (C) a 

dependence kcomplex(f) derived from (A), (B) have been 

represented. 

 

 

Accordingly, much broader distribution of the spring constant at the moment of the bond 

rupture has been also observed: such values vary from 0.003 N/m to 0.008 N/m for different 

events. Only single fibrinogen – fibrinogen bond rupture events are considered here and 

below; for the rupture events involving multiple bonds as large forces as 2 - 3 nN are usual 

and spring constants up to 0.055 N/m have been observed. At the same time, the distribution 

of zrupt does not essentially depend on the number of bonds involved. Correlation between 

values of frupt and zrupt measured for one concrete event is also rather poor, contrary to the BSA 

– Ab-BSA case. 

Thus, the prominent difference between the experimental data concerning fibrinogen – 

fibrinogen and BSA – Ab-BSA complexes is evident. Especially, we would like to underline 

an enormous difference between attainable complex extensions. As large zrupt values as 100 - 

130 nm (simply unimaginable for the antigen – antibody experiments) have been often 
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observed for the fibrinogen – fibrinogen rupture events. These values are coherent with the 

known long and well stretchable molecular structure of the fibrinogen (as described in details 

in chapter IV). Given all the precautions used to eliminate any possible effects of linkers in the 

fibrinogen – fibrinogen case, similarly to that of the BSA – Ab-BSA, this circumstance should 

be considered as an additional prove of utility and reliability of the presented method for direct 

and continuous measurement of the spring constant applied to single molecules and molecular 

complexes. 

5.3 Perspectives  

The next important point is studying the possibility to use the measured signal (local values of 

spring constant, k) as a feedback signal for the AFM and hence, the possibility to obtain 

corresponding AFM images. Somewhat analogous approach, which is the far-off resonance 

excitation of the tip and using its amplitude change as feedback has been already reported in 

the literature [29]. In particular, it has been mentioned that the images obtained in this way are 

very easy to interpret (this is “a true differential of the force-displacement curve”).  Often 

stated, disadvantage of such an approach is a relatively large value of the acting force 

(typically 100 pN or more). This essentially exceeds analogous values characteristic for 

standard contact or tapping AFM modes. If, however, we are interested in observing 

molecular recognition events during the scanning (cf. [5]), rather large value of the acting 

force is needed. To obtain clear results, the acting force should be comparable to the specific 

interaction force. Because the specific interaction forces range usually from 60 to 300 pN for 

different systems of biological importance [27, 30-37 and more others (see references in 

chapter II)], such far-off resonance scanning method, based on using the local k values as a 

feedback signal, should be really suitable for such task. Importance of the molecular 

recognition images in biophysics and medicine is evident. 
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 Indeed, such modification of the AFM with the construction of k signal feedback loop 

has been already started in our laboratory for the experiments on the fibrinogen-fibrinogen 

complexes. We have prepared an independent electronic equipment to be inserted between the 

electronics of Veeco and the head of the microscope. Fig. 9 illustrates our experimental setup 

with constructed k-signal feedback loop. The experimental part concerning the k-

measurements reminds the equivalent to one described above (fig. 1). However, the k signal is 

used as the input signal for the new feedback loop (fig. 9). The system of two converters, 

Analog-to-Digital Converter (ADC) and Digital-to-Analog Converter (DAC), is inserted 

between the Nanoscope and the z-piezo. The saw-tooth (or triangular) signal from Nanoscope 

passes trough the ADC-DAC interface to the z-piezo.  

 

Figure 9.  Schematic of the experimental setup with using of the local k-values as a feedback. 
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When the “stop manual” button is switched on, the output signal from Nanoscope is “frozen” 

and arrives to the z-piezo as a constant value. So, two output signals (the pulling force and the 

dithering amplitude (or k-signal)) become also constant.  

 

 

Figure 10.  Examples of the time dependencies of pulling force (red curve) and dithering amplitude (blue curve) 

for fibrinogen – fibrinogen system. 

 

It is clear that direct measurement of time of the bond rupture as a function of pulling force is 

now possible (fig. 10). As we know, a molecular bond stretching can be observed in our 

experiments by simultaneous recording the dithering amplitude and the tip deflection while 

pulling. Therefore, if the characteristic behavior of the dithering amplitude curve (decrease in 

the blue curve, fig.10) is observed, at certain moment (point A on the blue curves, fig. 10) the 

pulling process can be stopped by switching on the “stop manual” button. In this situation, 

molecular bond is not stretched any more (the position of the tip with respect to the sample is 

fixed), and then, due to the thermal motions the molecular bond can be ruptured (point B). 

The time between points A and B is the time needed for bond rupture (≈ 11 s (fig. 10-left 

image) and ≈ 1 s (fig.10-right image). Of course, if we stop the pulling just at the beginning of 

the bond stretching, the bond rupture time will become much longer (fig. 11).  
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Figure 11.  Example of “infinite” life 

time bond rupture measurement 

recorded for fibrinogen-fibrinogen 

complex. 

 

To directly measure the time for 

bond rupture, it has been 

sufficient to use just the “stop 

manual” button without any k-

signal feedback loop. Indeed, 

the all feedback loop has been successfully tested but large instabilities on the z-piezo signal 

have been detected and further important improvement is still needed.  

 

 

5.4 Conclusion 

As far the scientific significance of this study is concerned, we would like to underline the 

high potential importance of our methodology for biomedical industry including the 

pharmaceutical one. Certainly, the development of the whole field of force spectroscopy 

applied to the molecular recognition events (immunoassay), is strongly motivated by the 

pharmaceutical research.  Our original approach – the simultaneous measurement of the 

spring constant of the single molecules or molecular complexes and its application for sorting 

and recognition of antigens, etc. - definitely will be useful for these purposes. We are strongly 

believed that this method will finally become at rather short term an essential additional tool 

for all specific interaction force – based applications of the AFM. 
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General Conclusions 

- It has been demonstrated that standard quasistatic force spectroscopy is useful tool for 

the characterization of antigen-antibody systems, especially to distinguish between 

different antibodies. Thus, force spectroscopy can be used as a complementary 

technique in immunoassay. 

- The first steps of the process of fibrin polymerization have been studied in the frame 

of the quasistatic force spectroscopy. First measurements of the forces involved in this 

process have been performed. 

- High resolution AFM images of fibrin strands reveal the molecular organization which 

is more consistent with the centrosymmetric structure of fibrinogen. 

- A new method for direct measurement of elasticity of single molecules has been 

elaborated and successfully tested. A new physical parameter of the spring constant 

has been subsequently introduced for the characterization of molecular recognition 

processes. 

- The direct measurement of lifetime of the molecular bond as a function of pulling 

force is now possible. 

- The aim of this thesis work has been achieved. 
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