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Abstract 

Force plays an essential role in all fields of biology. Measurement of these forces 

with high precision provides information about the structure, dynamics, intra and 

intermolecular interactions, and the mechanical properties of the biomolecules and, 

in general, about molecular basis of diverse biological phenomena. The main 

objective accomplished in this work of thesis is the development of sensors 

technologies applied to force spectroscopy measurements and the demonstration of 

its possibilities in real molecular studies. Scanning probe microscopy (SPM) is a fast 

growing technology that has been the source for the development of an immense 

variety of applications to investigate materials and molecules at nanoscale. As 

another technology, SPM is constantly improving through different advances in 

instrumentation level and the emergence of new applications. From the analysis of 

the main limitations of quartz tuning fork (QTF) based nanosensors on one side, and 

the conventional force spectroscopy with cantilever tips on the other side, the main 

considerations have been determined for the technological developments on force 

microscopy applications.  

One of the main limitations of tuning fork probes is that they are usually custom-

made because no commercial probes suitable for a wide range of experiments are 

available. The custom-made devices show considerable variation in dynamic 

response, poor lateral resolution and the characterization of the sensors remains 

unclear for force quantification. A new controller is developed to ensure the same 

dynamic response of different sensors in order to maintain the conditions in which 

the measurements are conducted. Also, a new method to improve lateral resolution 

of the QTF probes when working in liquid is proposed in this thesis based on 

attaching a standard AFM tip to the end of the fiber probe which has been previously 

sharpened. A method to calculate the spring constant of the QTF based sensors from 

easily measurable parameters is presented. The method is based on a finite element 

analysis (FEA) model which includes the electrical part and can be used to calculate 

the spring constant of a QTF accurately for quantitative measurements. Results 

obtained in real biological experiments are promising and show the possibilities of 

the shear force microscopy improvements developed in this work of thesis. In a first 

experiment, a self-assembled monolayer (SAM) of micropatterned antibodies is 

imaged with three different techniques and in a second experiment, molecular 

interaction measurements are performed between biotin-streptavidin complex. 

The main problem for comparing steered molecular dynamics (SMD) simulation 

results with experimental data is that SMD simulations were restricted to 

nanosecond timescales. A high-speed force spectroscopy methodology has been 

developed to achieve rates comparable to SMD simulations. The validation of the 

technique is performed with titin unfolding measurements allowing the direct 

comparison of experimental and simulated forces. 
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1 Introduction 

1.1 Studying biomolecules at the nanoscale 

Biological physics research is becoming increasingly quantitative, and this fact is 

producing fruitful collaborations between biologists and mathematicians, physics or 

engineers to develop new technologies to explore biological mechanisms. For 

example, to measure forces in biological systems, model molecular dynamics or 

develop high-resolution microscopy. To understand the most of the biological 

processes is necessary to study the phenomena involved at the minimal biological 

unit, a single biomolecule. Due to molecular heterogeneity, if we study a property as 

a mean average of a bulk ensemble, in most of the cases, we cannot obtain a general 

representation of this property in a given single molecule [1]. Single-molecule 

techniques can provide new information, for example, as a probability distribution 

of the values for the property of the studied system. This is complemented by 

powerful visualization methods which help to the understanding of the experiments. 

Technological developments in experimental single-molecule biophysics have been 

of great importance and it is a field of continuing growth expanding its applications 

since the lasts twenty years. Those techniques can use electrons, photons or force to 

measure or manipulate and can provide, for example, information about the position 

of a biomolecule at a certain time or measure the forces exerted by the molecule (see 

Figure 1). Among all these techniques, we can also do differentiation in techniques 

that allow to manipulate and techniques to detect individual molecules in real time. 

In the first group, the most common techniques are: atomic force microscopy (AFM), 

optical tweezers (OT), magnetic tweezers (MT) and biomembrane force probe 

(BFP). In the second group, we also have AFM and primarily optical techniques 

based on single-molecule fluorescence. There are also several combinations among 

them to obtain enhanced precision [2].  

Single-molecule fluorescence is based on the detection of light emitted by 

fluorophores after being excited that have been attached to the molecule under 

quest. Detection of single molecules is possible by exciting a very small volume with 

light and observing the emitted signal. Typical volumes are on the order of the 

femtoliter (a water drop of diameter on the order of a micron). They are very useful 

to study the presence of biomolecules and the spatial resolution is, in general, 

limited by the Rayleigh criteria (200 nm). A powerful technique to detect 

conformational changes is fluorescence resonance energy transfer (FRET) by means 

of describing energy transfer between a donor and an acceptor attached to specific 

binding sites on the molecule with around 10 nm resolution [3]. Other 

measurements using total internal reflection fluorescence (TIRF) allow to determine 

the orientation of individual molecules with tens of millisecond resolution [4]. The 
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evolution of TIRF microscopy yields fluorescence imaging with one nanometer 

accuracy (FIONA) [5]. The method was famously used to examine the step lengths of 

myosin molecules moving along actin filaments in vitro. The drawback in most cases 

of fluorescence techniques is the photobleaching and the chemistry involved to 

attach the fluorophores to the biomolecules.  

There are of course many other techniques, for instance to study the 

biomolecules structure and composition such as nuclear magnetic resonance (NMR), 

diffraction techniques as X-ray spectroscopy or electron microscopies (TEM/SEM). 

In these techniques, in some way, the sample cannot be in physiological conditions 

either because the environment is air or vacuum, the measurement source is 

invasive or because the sample needs some preparation such as the adding of a 

contrast agent [6].  

From all of these techniques for single-biomolecule studies, AFM is the one that 

allow imaging and force measurements in physiological conditions without a special 

treatment of the sample. I would say that, nowadays, the most widespread and 

commercially available single-molecule technique in biophysics labs is the AFM. It 

allows one to take images of individual molecules adsorbed to surfaces in their 

native environment. At the same time with the AFM it is possible to immobilize 

molecules one at a time by attaching one end of the molecule to the AFM tip, the 

other being immobilized on the surface. By moving the tip relative to the substrate it 

is then possible to pull the molecule away from the surface and exert mechanical 

force. 
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Figure 1. Scheme of the type of the single-molecule techniques [7] 

Immobilization techniques of biomolecules to the AFM tip and to the substrate 

are very important because they have a direct effect on the measurement. In recent 

years, there has been a great interest in development of strategies to modify 

chemically the AFM tips and to functionalize the surface and these tips  

[8-9]. One interesting method to immobilize biomolecules on the surface is to 

create a patterned self-assembled monolayer (SAM), molecules which are able to 

assemble themselves in the same orientation under certain conditions. These 

patterns can be formed by micro-contact printing technique [10] or dip-pen 

nanolithography [11].  

1.1.1 Measuring forces at molecular level 

Force plays an essential role in all fields of biology. This is valid spanning 

molecular to tissue scales, macroscopic bodies and systems (eg, mechanical action 

such as can be observed during muscle contraction) and also, and perhaps above all 

at the microscopic level as force is involved in events as cell adhesion [12], 

molecular interactions [13], DNA mechanics [14], motor protein movement [15], 

and protein folding and stabilization [16-19]. The forces experienced and generated 
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by biomolecules are multiple in nature and can range from subpiconewton extend to 

several nanonewton (Table 1) [20]. 

 

Type of Force Example Rupture Force (pN) 

Breaking of a covalent bond C-C ≡1600  

Breaking of a noncovalent 

bond 
Biotin/streptavidin ≡160  

Breaking of a weak bond Hydrogen bond ≡4  

Langevin force on E-coli 0.01 (1s) 

Stretching dsDNA to 50% relative extension 0.1  

Developped by a molecular 

motor 

Kinesin walking on 

microtubule 
5 (max) 

Electrostatic/ Van der Waals  1-1000  

Magnetic  <<10-6 

Table 1. Examples of forces at molecular level and their approximate magnitude. 

 

Measurement of these forces with high precision provides information about the 

structure, dynamics, intra and intermolecular interactions, and the mechanical 

properties of the biomolecules and, in general, about molecular basis of diverse 

biological phenomena [21-26]. Different techniques have been developed to address 

this task, particularly at the single molecule level. Each of these techniques can be 

used for different ranges of forces (Figure 2). However, the way in which the force is 

measured is different among these methods. The atomic force microscopy (AFM) 

uses a silicon probe mounted on a soft cantilever spring to measure the force 

between the probe tip with a radius of ∼10–50 nm and a second surface. Force 

bends the cantilever and this deflection is detected with a laser beam [27] (Figure 

2). Optical tweezers (OT) measures the displacement of a small bead trapped in a 

highly focused laser beam and biomembrane force probe (BFP) measures the 

displacement of a vesicle (or a membrane of cell, functionalized bead, etc.) held by 

suction in a micro-pipette. In this case, the soft spring of the sensor is the tension in 

the vesicle and can be controlled by the suction pipette that sets the hydrostatic 

pressure difference across its membrane [28]. OT uses the restoring force generated 

by the photonic gradient of the laser that traps the bead [29-30].  

Another single molecule method is magnetic tweezers (MT) [31]. A magnetic 

tweezers apparatus consists of magnetic micro-particles, which can be manipulated 

with the help of an external magnetic field. The position of the magnetic particles is 
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then determined by a microscopic objective with a camera. As a constant force 

technique, MT measure the time-dependence of length changes of the sample. The 

surface force apparatus (SFA) [32] measures the force as a function of the separation 

distance between materials bond to two crossed cylinders and senses the distance 

between the surfaces using optical interferometry. However, the probed regions are 

large (1–5 µm2) and typically reflect a large number of molecular interactions, 

making it well suited for determining surface or adhesion energies [33].  

 

 

Figure 2. Force probes used to directly measure protein interaction forces. (A) The AFM, 

showing the probe tip attached to the cantilever force transducer. (B) The SFA, showing the 

two crossed cylinders and the force-transducing spring. (C) OT, in which the bead is held in 

the optical trap. (D) MT with a magnetic bead in the magnetic field of a strong magnet. (E) 

The BFP, consisting of a membrane capsule aspirated into a pipette used as a spring with 

adjustable stiffness. [34] 

Steered molecular dynamics (SMD) simulations, or force probe simulations, apply 

forces to a protein in order to manipulate its structure by pulling it along desired 

degrees of freedom. These experiments can be used to reveal structural changes in a 

protein at the atomic level. SMD is often used to simulate events such as mechanical 

unfolding or stretching [35] or unbinding force between ligand-receptor pairs [36].  
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1.2 Atomic force microscopy 

In 1986, Binnig, Quate, and Gerber introduced the atomic force microscope (AFM) 

as an innovative method to image both conducting and non-conducting surfaces 

[37]. The AFM belongs to the family of scanning probe microscopes (SPM), which all 

use a sharp tip to probe the sample surface. However, each SPM technique relies on 

a different measurable quantity like tunneling currents in the scanning tunneling 

microscope (STM) [38], potential offset between sample and tip in the Kelvin probe 

microscope (KPM) [39], magnetic forces in the magnetic force microscope (MFM) 

[40], or light in the scanning near field microscope (SNOM) [41]. 

There are two main working modes in scanning probe microscopy. The imaging 

mode measures a property of the sample (usually the topography) in function of the 

X and Y position. In the spectroscopy mode, the local properties at one point of the 

sample are measured in function of another parameter different from the XY 

position. The mechanism to obtain an image is to maintain constant the interaction 

between the probe and the sample surface (the near-field force, the tunneling 

current, etc.). While scanning the sample in X and Y direction, the Z position is 

adjusted by a feedback loop to keep constant the measured interaction. The 

reconstruction of these Z corrections in function of the X and Y position of the piezo 

scanner is then a three-dimensional representation of the scanned sample surface.  

The AFM technique is based on the measurement of the interaction force between a 

nanometric radius tip and the sample surface. The tip is usually at the end of a 

microfabricated cantilever which bends when a force occurs. The reflection of a 

laser on a photo detector is used to measure the deflection of the cantilever (Figure 

3). There are some methods for imaging in AFM. Contact mode or “static mode” 

where the tip is dragged across the sample measuring the deflection of the 

cantilever. The method most extended is to make the interaction intermittent. It is 

what is known as “dynamic mode”: the probe is oscillated and the interaction 

between the tip and the sample modulates the amplitude (AM-AFM, also known as 

“tapping mode”), the phase (PM-AFM) or the frequency (FM-AFM) of the cantilever 

oscillation. In the “non-contact” mode, the tip-sample interaction is by means of 

long-range forces. 

Another major application of AFM (besides imaging) is force spectroscopy, 

especially in life sciences, which consists on the direct measurement of the tip-

sample interaction forces as a function of the gap between the tip and sample (the 

result of this measurement is called a force-distance curve [42]). For this method, 

the AFM tip is extended towards and retracted from the surface as the deflection of 

the cantilever is monitored as a function of piezoelectric displacement. These 

measurements have been used to measure the local nanomechanical properties of 
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the sample quantitatively: elasticity [43], viscoelasticity [44], adhesion [45], single 

molecule stretching and rupture forces [46], etc.  

 

Figure 3. Scheme of a typical AFM setup. The sample is mounted on top of the piezoelectric 

actuator, which allows sub‐nanometer positioning. For AFM imaging, the sample is raster‐

scanned below a sharp tip mounted at the end a soft cantilever. For force spectroscopy, the 

sample is repeatedly approached and retracted from the cantilever tip. Vertical cantilever 

deflection results in a change of the position of the laser spot on the photo detector. 

 

Atomic force microscopy has become a highly valuable research tool in biology 

and medicine due to its special characteristics: (i) AFM can image the surface 

morphology in 3D with nanometric accuracy in the X and Y axis and with sub-nm 

resolution in Z, (ii) samples don’t need any special treatment and they can be 

studied under their physiological conditions (in liquid). Moreover, (iii) the 

interaction between the probe and the sample can be maintained so gentle that it 

doesn’t damage the biological samples. And as mentioned before, (iv) multiple 

properties of the sample can be measured apart from the morphology: mechanical 

and electrical properties, molecular interactions, unbinding forces, etc. For instance, 

Scheuring et Al. investigated in [47] how the composition and architecture of 

photosynthetic membranes of a bacterium change in response to light (Figure 4A) or 

morphology of living bacteria can be seen in image Figure 4B.  

First studies in molecular biology with AFM were the topographies of membrane 

proteins with molecular resolution in 1991. The AFM tip was used to dissect the top-

layer of the double layered gap junction assembly [48]. Since then, studies in 

molecules like DNA and proteins [49] (and DNA protein interaction [50]) have been 

performed by imaging with the AFM. With the development of the high-resolution 

high-speed AFM [51], fast dynamic processes, like protein motion, can be studied 

[52]. In the study of interaction forces, the most challenging application is protein 

unfolding, where the measurement of the rupture forces of the different structures 

of the molecule can be measured [53]. 

B 
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Figure 4. (A) Structure of photosynthetic complexes in high-light– and low-light–adapted 

chromatophores of Rsp. Photometricum (scan field: 23 nm; Z-range: 2 nm) [47]. 3D 

topography of living Escherichia coli bacteria (scan field: 9µm x 9µm; Z-range: 781 nm) 

(from www.jpk.com image gallery). 

1.2.1 Force spectroscopy 

In AFM based force spectroscopy, two major kinds of measurements can be 

performed depending on the parameter that is constant: velocity or force. 

Constant Velocity Force Spectroscopy 

A typical force curve measurement is shown in Figure 5: In region (1) AFM tip is 

not in contact with surface; (2) Very close to the surface the cantilever can be 

suddenly attracted by the sample due to adhesion forces (“jump–to–contact” [54]). 

(3) Tip is being pushed into de surface and cantilever is bent upwards in direct 

proportion to the z-piezo height. The cantilever is withdrawn after a defined 

setpoint of deflection is reached (4) and cantilever is more and more unbent moving 

upwards (5). In (6) usually the tip adheres to sample surface bending the cantilever 

in opposite direction until the tip “jumps–off–contact” that the tip loses the contact 

and cantilever deflection comes back to the initial position. The linear region in (3) 

is related to the viscoelastic properties of the sample and we can obtain the stiffness 

of the system. The elastic deformations of the sample in the contact curves can be 

related to its Young’s modulus after applying a model [55] to determine the contact 

area. The adhesion can be evaluated from the measurement in (6) [55]. 

 

B 
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Figure 5. Different zones in a typical contact force versus Z displacement curve. 

  

Constant Force Spectroscopy 

In contrast to the constant velocity approach, where the cantilever deflection is a 

function of time, the constant force or “force clamp” aims to keep the cantilever 

deflection and hence, a constant strain at the molecule over time [56-58]. As a result 

of the rapid relaxation of the molecule, the Z actuator quickly moves in a nonlinear 

manner to restore the tension in the molecule. Consequently, the information is 

obtained from the time-dependent piezo position. Each step in the Z motion versus 

time diagram reflects an unfolding event and is associated with a step size 

characteristic. This approach allows the direct measurement of the force-dependent 

life-times of proteins and their domains. 

Single Molecule Force Spectroscopy (SMFS) 

In single molecule force spectroscopy with AFM, the cantilever is used as a tool 

that can pick up single molecules anchored to the sample surface by approaching the 

surface to the cantilever and allowing it to rest while in physical contact. Primary 

experiments were into studying receptor/ligand interactions as biotin-avidin [13], 

complementary strands of DNA [59] or antibody-antigen pairs [60]. The 

biotin/(strept)avidin ligand/receptor pair has been used as a model system because 

of its unusually high affinity and the availability of structural data. Also, the AFM has 

proven particularly useful in studying intramolecular interactions, as for example 

stretching of the DNA double helix or unfolding/refolding process of multi-domain 

protein molecules. Plotting the force as a function of tip-sample separation yields a 

F-D trace containing information about structural transitions of the molecule when 

stretched. The first AFM-based SMFS unfolding and refolding experiments were 

performed in the 1997 revealing saw-tooth patterns [18] on the sarcomeric protein 

of striated muscle, the titin. 
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Combinations of AFM experiments with steered molecular dynamics (SMD) 

simulations enriched atomic-level descriptions [35, 61] of receptor-ligand binding  

[13, 63] and forced protein unfolding [18]. However, a velocity difference of about 

six orders of magnitude prevented direct comparison of SMD with FS. Indeed, 

resulting forces from simulations are higher than experimental values in force 

spectroscopy measurements. In the case of the Titin I91 concatemers simulations 

resulted in unfolding forces of ~1 nN, nearly an order of magnitude greater than 

experimental values [64-65]. Improved computational abilities have allowed 

simulations that unfolded I91 at 2800 mm/s (still faster than experiment by ~2.5 

orders of magnitude), reporting forces of ~500 pN [66].  

Although SMFS has a lot of potential applications for chemistry and biology at the 

nanoscale, there are still points to improve in this technique [67].  

- The temporal resolution still limits the application of rapid SMFS to study 

biological processes. The temporal resolution of SMFS is determined by the 

resonant frequency of the piezoelectric positioner and the cantilever. 

Currently, the temporal resolution in SMFS is in millisecond scale, which is 

slower than many biological processes and is far from the µs-timescale of the 

steered molecular simulations (SMD). For force-clamp technique, the temporal 

resolution improvement would be a key point to extent their applications.  

- The resolution of the force is restricted by the thermal motion of the cantilever. 

In principle, the smaller the cantilever, the lower is the thermal noise. With 

modern manufacturing technique, the resolution of the force cantilever can be 

as low as 1-2 pN.  

- The cantilever drift limits the slow processes by SMFS. The laser used to detect 

cantilever deflection heats the solution locally in the fluid chamber. Excessive 

heat causes the movement of the fluid and changes the refractive index, which 

is the key factor representing the thermal drift of cantilever.  

- The chemical-bonding of the molecules to the cantilever or to the surface is 

limited and the success rate for stretching individual molecules is very low. 

Moreover, it cannot always guarantee single molecule events as multiple 

molecules can be collected simultaneously.  
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1.3 High Speed Atomic force microscopy  

Most commercially available AFMs are built to use 50-500 µm long cantilevers, 

and consequently bio-imaging with nanometer resolution is usually achieved within 

a timescale of one to several minutes, thus limiting AFM imaging to structural 

applications of stable samples. Fortunately, speed limitations of the AFM were 

overcome with smaller cantilevers but with a spring constant smooth enough 

(k~100pN/nm and 6 µm long with f = 1 MHz in liquid). High resolution scanning of 

biological samples at video rate, called high-speed atomic force microscopy (HS-

AFM), in physiological conditions is now possible [68]. It has been developed since 

1993 and it was fully completed in 2008 [69].  

After different technical developments, piezo scanner stability, optimization of 

the optical detection system and fast feedback response [70-71], video-speed AFM of 

molecular dynamics was possible [72]. For example, Myosin-V walking on actin 

filaments was imaged in [73] and direct imaging of single molecule diffusion on and 

in membranes in [74-75].  

 Imaging rate is, at present, higher than ten frames per second and the spatial 

resolution is comparable to the conventional AFM [72]. Recording a high-resolution 

AFM topography using contact mode AFM typically takes ~90-100 s, while high-

speed AFM can reach imaging rates of > 10 images/s. Recently, it is also possible to 

study dynamic events in live cells. In [76], a hybrid system is developed where an 

optical microscope is integrated in HS-AFM. The new setup was used to study the 

diffusion and interaction of AQP0 on intact eye lens cells. 

 

 

 

 

Figure 6 (a) High Speed AFM commercial equipment. (b) High-speed atomic force 
microscopy cantilever. (c) Lateral and rotational diffusion dynamics analysis of OmpF [74]. 

200 μm
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200 μm

6 μm ~1/resonance mass
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1.4 Quartz tuning fork sensors 

1.4.1 Basics 

Quartz tuning fork based sensors have several advantages with respect to silicon 

cantilevers such as high rigidity of the prongs (which prevents the tip jumps to 

contact at very small tip-sample distances), high quality factor Q (10-100 times 

greater than the cantilevers), piezoelectric deflection reading of the arms and the 

possibility to measure in ultra-high vacuum, low temperatures and high magnetic 

fields. These features have made possible to achieve atomic resolution images [77-

78] and high sensitivity in the measurement of forces at the atomic scale [79-80].  

The first implementation of quartz tuning forks in scanning probe microscopy 

was in a Scanning Near-field Acoustic Microscopy (SNAM) experiment by Günther et 

al. and dates back to 1988 [81]. The growing use of tuning forks in different 

branches of SPM was initiated by the need to suppress light from laser-based 

detection and to ease experimental setups. Karrai and Grober [82] for example 

expanded its use to Scanning Near-field Optical Microscopy (SNOM) in 1995. Since 

then, they have been widely used to study and manipulate matter at the nanoscale 

[77, 82-84].  

The detection of deflection of the prongs is performed exploiting native 

piezoelectric effect of quartz, producing an electric polarization proportional to the 

strain of the prongs which loads the electrodes. By oscillating the prongs in the 

resonance, it produces an electric current of the order of 1 nA per nanometer of the 

arms oscillation, which may be detectable with similar power amplifiers employees 

in STM microscopes. Therefore, an optical assembly is not needed to detect the 

deflection.  

In general, quartz tuning forks have been used in two different geometries to be 

implemented as sensors in SPM. In the first, both arms are allowed to freely oscillate 

parallel to the sample surface known as shear mode (tuning fork sensor geometry, 

Figure 7A). In the second, the probe oscillates in perpendicular direction to the 

surface (perpendicular mode, Figure 7B). Usually in the latter configuration, the 

upper arm is fixed firmly to a massive support [85], becoming the tuning fork in a 

quartz cantilever (qPlus sensor). The qPlus sensors have two main advantages: its 

dynamics is similar to the cantilevers used in AFM and effective spring constant keff 

is lower than the sensor with tuning fork geometry. However, QTF sensors in shear 

mode have an order of magnitude quality factor Q much larger and produce at least 

double of the current piezoelectric than qPlus sensors for a given vibration 

amplitude [86].  

While the use of sensors based on qPlus configuration has matured enough, it 

remains difficult to obtain quantitative tip-sample interaction forces in shear mode. 

The reason is that the formalism developed for cantilever dynamics is not strictly 
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valid for sensors with tuning fork geometry in shear mode [87]. Although the beam 

theory can be applied in qPlus sensors [85] type, since the dynamics is like that of a 

conventional cantilever, there are applications where tuning fork sensor geometry 

may be more appropriate.  

  
 

Figure 7. The two most common configurations for the QTF. (A) Shear mode, where the 

device is electrically oscillated parallel to the sample surface and the current through the 

two prongs is measured. (B) where the device is used to oscillate perpendicular to the 

sample surface, and the upper arm is fixed to a support [88]. 

The QTF can be either electrically driven by a voltage applied between the 

electrodes or mechanically excited by an external dithering piezo actuator. If the 

latter configuration is used, the coupling between the dither and the sensor is not 

easy to quantify and the existence of mechanical losses causes uncertainties. For the 

mechanically driven, the device should be calibrated to relate the measured voltage 

with the amplitude of oscillation. For the electrically driven device (with a signal of 

amplitude Vrms at frequency f ), the amplitude of oscillation A can be evaluated from 

the current Irms by using the model in [89]: 

  √
     

         
 (1) 

The most direct benefit of using QTFs is their high quality factor when operating 

in liquid. In ionic liquids measurements is a key parameter to obtain good results 

[90]. The high static spring constant allows very low amplitudes of oscillation, which 

together with the high Q provides a high sensitivity in the detection of the frequency 

shift and interaction forces. There have been reported in [79] and [80] that fN forces 

can be measured using these sensors.  Advantages in the potential applications are 

wide due to the fact that there is no need to use a laser and a photodiode to measure 

the interaction. It can be easily integrated with optical techniques and it opens a 

wide range of applications in biomedical research. The tip is mm long, so the sample 

access is much better than with standard cantilevers; with QTF, experiments can be 

performed in Petri dishes, well-plates and other array-like sample preparations. One 

application of interest in the field of microfluidics is to perform measurements on an 

A B 
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enclosed physiological environment with a liquid cell where the buffer can be 

pumped. Commercial liquid cells for AFM are relatively large in terms of the 

required liquid volume in microfluidics, besides it is difficult to obtain large 

concentrations of the studied biomolecules in many cases [91]. Long tip and laser-

free detection also ease the integration of more than one sensor in the measurement 

setup to conduct complex experiments with more than one probe [92].  

The optical detection system with the laser used to measure the deflection of the 

cantilever in a conventional AFM allows good performances but has critical 

disadvantages for some specific applications. For example, for in situ measurement 

in a vacuum chamber, cryogenic environment measurement, dark environment 

measurement, or inside an enclosed chip, the optical deflection technique cannot be 

employed. Specifically, there are many weak points of the optical deflection 

technique; (i) taking large space, (ii) inconvenience of optical alignment, (iii) 

vulnerability to external noise, (iv) unavoidable optical exposure, and (v) high 

dissipative power. Heat dissipation of the laser diode produces elongation and 

bending of the cantilever causing thermal drift. Furthermore, optical interferences 

are usually observed in liquid medium with conventional optical sensing. Also, 

alignment of the laser beam can be a complicated task in liquid medium. Ultimately, 

the integration of QTF sensors in microanalysis systems and lab-on-a-chip devices 

could solve some of the problems associated with mass detection using 

microfabricated cantilevers [93]. 

But one of the main drawbacks of QTF sensors is that there are no commercial 

devices suitable for working in liquid media. Therefore, these nanotools are usually 

custom-made and because of the manufacturing process it is very difficult to obtain 

repeatable probes with an exact response. Other disadvantage of QTF in front of 

cantilevers is that, tip radiuses of the probes are not so smaller than commercial 

AFM tips and lateral resolution is worse. Another unsolved issue is the 

quantification of the interaction forces when working in shear mode because there 

is no a clear method to obtain the effective spring constant Keff. Relative mechanical 

measurements have already done in polymers and bacteria biofilms [94] but it is 

difficult to obtain quantitative values of forces implicated during mechanical 

characterization. Even so, some scientific teams have implemented first experiments 

to show the ability of QTF as biomolecular recognition nanosensor. The self-sensing 

probes can be functionalized to recognize specific molecules in the sample surface 

[95-96]. 
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1.4.2 Operation 

The tuning forks are miniature quartz crystals resonators used as a time base in 

electronics and watch industries. To develop a fork-based miniaturized force sensor 

for STM / AFM microscope, a sharp tip is attached at the end of one of his arms. 

When a gradient of forces is acting on the tip, it causes a change in the resonant 

frequency of the sensor, so it can be used as a sensor for dynamic AFM microscopy. 

Unlike the cantilevers, quartz tuning forks are very stiff (spring constant arms k = 

103 - 104 Nm-1) which allows a highly reduced tip-sample distance without the tip 

jumps to contact, even for oscillation amplitudes very small [97-98].  

The tuning forks are commercially available through companies that sell 

electronic components and its price round 0.1 - 1 € per unit. The QTF are 

hermetically enclosed in a capsule exiting the two electrodes, which are used to 

excite the oscillation of the tuning fork and measuring the piezoelectric current. 

Although there are many manufacturers and models, the size and type of housing is 

fairly standardized. In our experiments we used QTFs with a resonance frequency of 

32,768 Hz (AB38T model, AbraconCorp., USA). As a first step, the metallic cover of 

the resonator was removed and a chemically sharpened SiO2 fiber was attached to 

one of the prongs of the QTF. To taper the probes, a 125 μm optical fiber was dipped 

into 40% HF solution with a layer of iso-octane (C8H18) on top to protect against the 

acid vapors, as proposed in [99]. The process is self-terminating and lasted around 

90 min. Once the etching had stopped, the fibers were rinsed with ethanol and water 

and mounted onto the resonator with cyanoacrylate glue, with a length of 3-4 mm 

protruding from the fork. This is the minimum length necessary to work with the 

liquid cell while maintaining the QTF resonating in air. The longer the fiber, the 

lower of the Q obtained due to the extra mass and unbalancement of the sensor. 

Anyway, more important for the drop of the Q is the immersion depth of the fiber 

end in the liquid [100]. The tip radiuses were between 100 and 150 nm.  

This work is centered in shear mode operation and electrically excited because 

we considered that the two prongs freely oscillating quartz tuning fork is the most 

suitable configuration in front of perpendicular mode, to be embedded in a compact 

biosensor and for the measurements quantification. Therefore, a specific circuitry is 

implemented to drive the tuning fork and measure the current using a 

transimpedance amplifier (TIA). The choice for the TIA was an OPA656 from Texas 

Instruments, with a 106 V/A gain and 1 MHz bandwidth. 
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1.4.3 QTF applications in biology 

The use of QTF to work with biological samples has not been extensively reported 

if compared with studies reported using conventional AFM cantilevers. 

Nevertheless, in the last few years some works have reported the use of QTF in 

imaging cells [101], bacteria [94] or biomolecules [102] (see figure 8). Qualitative 

molecular recognition has been performed between avidin and lysozyme antibody 

in [96] in shear mode. Also, relative mechanical measurements are performed in 

[94] on Pseudomonas aeruginosa during early stages of biofilm formation.  

Besides, there are few works on quantitative molecular interaction forces with 

such a probe in solution. In [95], the specific interaction between a ligand and its 

receptor is studied with the QTF sensors quantifying the force gradient curves. Small 

non-linear jumps in the phase curve are identified as unbinding events between the 

ligand-receptor pair.  

As the resonance frequency of the QTF depends on the mass adsorbed on its 

prongs, it can be used as mass sensor.  In [93], QTF are used as mass sensors to 

evaluate Pseudomonas aeruginosa biofilm growth and in [103] two antibiotics are 

studied on the bacterial biofilm. 

 
 

Figure 8. (A) 3D topography of Pseudomonas aeruginosa bacteria over gold surface in air 

[94]. (B) Topography image of IgG antibodies adsorbed onto mica surface [102]. 
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2 Objectives 

 

The main objectives of this thesis is the development of novel sensors 

technologies applied to force spectroscopy in molecular biology and its validation in 

real molecular studies.  

- More specifically, the thesis has been focused on developing technology for: (i) 

Shear force microscopy using quartz tuning fork based sensors as self-sensing 

probes where they are an alternative to standard cantilevers to overcome the 

limitations of the optical detection system in a conventional AFM instrument. 

(ii) High speed force spectroscopy methodology to achieve rates comparable to 

SMD simulations for a direct comparison of experimental and simulated forces. 

- Once the technology is developed, different experiments in molecular biology 

will be performed aiming to show its possibilities. 

To accomplish the first objective, it has been divided into different subobjectives 

as problems that should be solved: 

 

- One of the main limitations of tuning fork probes is that they are usually 

handmade because no commercial probes suitable for a wide range of 

experiments are available. The handmade devices show considerable variation 

in dynamic response, thereby hindering the repeatability of experiments. A 

new controller is needed to ensure the same dynamic response of different 

sensors in order to maintain the conditions in which the measurements are 

conducted. 

- As mentioned before, QTF-based sensors are usually custom-built in the 

laboratory by manually attaching a sharpened fiber to one of the prongs of the 

QTF. The probe tips are generally made of silicon fiber that is tapered using 

chemical etching techniques or mechanically drawn using a commercial 

micropipette puller obtaining a tip radius of 100-150 nm. This value is about 

10 times higher than the commercial AFM tips, therefore, a method to reduce 

the tip radius of the probes is required to achieve a comparable lateral 

resolution than AFM tips and the sensor should be operable in shear mode in a 

liquid environment. 

- Characterization of the QTF-based sensors for quantitative measurements 

remains unclear. Analytical and numerical models currently existing in the 

literature lack of the coupling between the electrical and the mechanical 

aspects of the sensors. It is necessary to study the sensor dynamics to better 

understand and quantify different parameters of the sensors. The sensor’s 

spring constant and the oscillation amplitude are required parameters to 

evaluate the tip-sample forces; however, there is certain controversy within 
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the research community as to how to arrive at a value for the static spring 

constant of the device when working in shear mode. It is indispensable to find 

a method to find these indispensable parameters for a sensor calibration and 

forces quantification.  

- The main problem for comparing SMD results with experimental data is that 

SMD simulations were restricted to nanosecond timescales (due to the high 

computational demand of all-atomistic simulations). A high speed force 

spectroscopy methodology will be developed to achieve rates comparable to 

SMD simulations for a direct comparison of experimental and simulated forces. 

 

Once the technology is developed, different biological experiments will be 

carried out with the objective to demonstrate the possibilities of the developed 

technologies in real applications:  

 

- Different imaging techniques of biomolecules will be tested trying to find the 

optimal one applied to the QTF based nanosensors. 

- Molecular interaction experiments will be carried out to show the ability of the 

QTF probes to perform specific interaction measurements between receptor-

ligand pairs in liquid medium. 

- Unfolding measurements of titin will be performed at high speeds to be 

compared with simulation results. 
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3 Results 

3.1 Technological development for shear force microscopy  

3.1.1 Associated Publication 1 

Electronic driver with amplitude and quality factor control to adjust 

quartz tuning fork sensors response for atomic force microscopy 

 

 

By 

Laura González, Jorge Otero, Gonzalo Cabezas and Manel Puig-Vidal 

SIC-BIO, Bioelectronics and Nanobioengineering Group, Department of Electronics, University 

of Barcelona, Marti i Franques, 1, 08028, Barcelona, Spain 
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3.1.2 Associated Manuscript 1 

Improving the lateral resolution of quartz tuning fork-based sensors 

in liquid by integrating commercial AFM tips into the fiber end 

 

 

By 

 

Laura Gonzáleza, David Martínez-Martínb,1, Jorge Oteroa, Pedro J. de Pablob, Manel 

Puig-Vidala and Julio Gómez-Herrerob 

aSIC-BIO, Bioelectronics and Nanobioengineering Group, Departament d’Electrònica, 

Universitat de Barcelona, Marti i Franques 1, 08028 Barcelona, Spain. 

bDepartamento de Física de la Materia Condensada, C-3, Universidad Autónoma de Madrid, 

Cantoblanco, 28049 Madrid, Spain. 

1Current address: ETH Zurich, Biosystems Science and Engineering, CH-4057 Basel, 

Switzerland. 
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3.1.3 Associated Publication 2 

Finite element analysis of electrically excited quartz tuning fork 

devices 

 

 

By 

 

Roger Oria*, Jorge Otero, Laura González, Luis Botaya, Manuel Carmona and Manel 

Puig-Vidal 

Department of Electronics, University of Barcelona, Marti i Franques, 1, 08028, Barcelona, 

Spain 

* Current address : Institute for Bioengineering of Catalonia, 08028 Barcelona, Spain. 
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3.1.4 Associated Manuscript 2 

Determination of the static spring constant of electrically-driven 

quartz tuning forks with two freely oscillating prongs 

 

 

 

By 

 

Laura González, Roger Oria*, Luis Botaya, Manel Puig-Vidal and  Jorge Otero 

SIC-BIO, Bioelectronics and Nanobioengineering Group, Departament d’Electrònica, 
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3.2  Force microscopy studies in molecular biology 

 

3.2.1 Associated Publication 3 

Micropattern of antibodies imaged by shear force microscopy: 

Comparison between classical and jumping modes 

 

By 

 

Laura Gonzáleza, Jorge Oteroa,b, Juan P. Agusilb,c, Josep Samitiera,b,c, Jaume Adand, 

Francesc Mitjansd and Manel Puig-Vidala 

a Department of Electronics, University of Barcelona, C/Marti i Franques 1, 08028 Barcelona, 

Spain. 

b IBEC – Institut for Bioengineering of Catalonia, C/Baldiri Reixac, 10-12, 08028 Barcelona, 

Spain. 

c Centro de Investigación Biomédica en Red en Bioingeniería Biomateriales y Nanomedicina 

(CIBER-BBN), C/Poeta Mariano Esquillor s/n, 50018 Zaragoza, Spain  

d Biomed Division of Leitat Technological Center, Barcelona Science Park, 08028 Barcelona, 

Spain 
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Piezoelectric tuning fork biosensors for the quantitative 

measurement of biomolecular interactions 
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3.2.3 Associated Publication 4 

High-Speed Force Spectroscopy Unfolds Titin at the Velocity of 

Molecular Dynamics Simulations 

 

By 
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4  Summary of results 

 

Results are englobed in two sections, technology development and then its 

validation with experimental measurements on biomolecules.  

 

Technology development 

 

- To overcome the differences between QTF sensors, a module to control the 

quality factor (Q) and vibration amplitude (A) was developed. The quality 

factor is controlled analogically and the amplitude vibration digitally (with an 

algorithm). The control module is integrated with the QTF and drives the 

interface circuitry, which was designed to be transparent to commercial 

atomic force microscopes. As the sensor is electrically excited, current losses 

appears produced by the parasitic capacitance related to contacts, cables, etc. 

Also, we added a module to compensate this effect. Direct measurements on a 

commercial interferometer showed that the effective Q factor can be adjusted 

to experimental requirements while maintaining the mechanical amplitude of 

oscillation constant. Experimental amplitude vs. distance curves confirmed 

that the developed driver achieves an equivalent dynamic response from 

distinct handmade sensors (with varying mechanical characteristics) by means 

of electronic adjustment. 

- A feasible technique to improve the lateral resolution of a QTF was developed. 

The technique is effective for measurements in shear mode in a liquid medium, 

for studies of biological samples. The method is based on attaching a standard 

AFM tip to the end of a fiber that has previously been sharpened chemically 

achieving the same performance as that of a commercial AFM tip. A 

comparable topographic image of a specific patterned structure and a soft 

sample were successfully obtained in a buffer solution. 

- To study the sensor dynamics a 3D finite-element model of the QTF was 

developed in ANSYS. Model includes the coupling between the mechanical and 

the electrical behavior of the device by implementing the electric part, 

composed of a: voltage source, electrodes, and compensation circuit. 

Experimental measurements obtained with 2 different models of QTF validate 

the finite element model with a good agreement. From finite element 

simulations, it is possible to obtain parameters that are difficult to measure, 

such as the amplitude of oscillation or sensitivity. Also, we determined the 

spring constant value by means of two methods based on the simulations: the 

Amplitude and Cleveland methods. The results obtained using these methods 

were compared to those using the geometrical method, and showed that the 

latter overestimates the spring constant of the device.   
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- A technique to perform high-speed force spectroscopy (HS-FS) was developed. 

Homewritten software based on Labview programming was implemented to 

control the HS-FS setup. A multichannel analog to digital converter was used 

with maximum acquisition rate of 2 megasamples per second and channel, to 

drive piezo displacement and acquire cantilever deflection.  

 

Technology validation in real molecular studies 

 

- Three different working modes have been compared for biomolecules imaging 

with quartz tuning fork sensors working in shear mode. The studied sample 

was a self-assembled monolayer (SAM) of micropatterned antibodies. Apart 

from the classical amplitude and frequency modulation strategies, for first time 

the jumping mode was implemented using tuning forks. Results show that the 

molecules suffer less degradation when working in the jumping mode, due to 

the reduction of the interaction forces. 

- The ability of quartz tuning fork probes for molecular interaction analysis was 

validated by experimental measurements between the biotin-streptavidin 

complex. We have applied a variant of the dynamic force spectroscopy (DFS) 

technique commonly used for AFM systems to QTF working in shear force 

detection. We have measured the adhesion energies between the biotin-

streptavidin system at different pulling velocities and results have been 

compared with those obtained with AFM measurements under the same 

experimental conditions showing a good agreement between them. 

- Titin unfolding measurements were performed with the developed technology 

at velocities reached by simulation (~4 millimeters per second). We found that 

a small β-strand pair of an immunoglobulin domain dynamically unfolds and 

refolds, buffering pulling forces up to ~100 piconewtons. The distance to the 

unfolding transition barrier is larger than previously estimated but is in better 

agreement with atomistic predictions. 
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5 Discussion and conclusions 

 

The main objective accomplished in this work of thesis is the development of 

sensors technologies applied to force spectroscopy measurements and the 

demonstration of its possibilities in real molecular studies. Scanning probe 

microscopy (SPM) is a fast growing technology that has been the source for the 

development of an immense variety of applications to investigate nanoscale 

structures and molecules. As another technology, SPM is constantly improving 

through different advances in instrumentation level and the emergence of new 

applications. In the introductory chapter of this document there is a revision on the 

different aspects involved with biomolecular forces characterization, with specific 

detail in the Scanning Probe Microscopy. From the analysis of the main limitations of 

quartz tuning fork based nanosensors on one side and the conventional force 

spectroscopy with AFM tips on the other side, the main considerations for the 

technological developments were determined.  

 

Nanocharacterization based on self-sensing probes in AFM systems is a growing 

research field and there is the need for new technological developments. Some 

works have been reported on soft matter but a standard procedure to perform 

molecular studies is missing. The developed instrumentation and the dynamics 

analysis of quartz tuning fork based sensors show the potential to measure the 

morphology and mechanical properties of biological samples.  

As mentioned before, QTF sensors present some advantages in front of the 

cantilevers in certain applications since QTF based probes do not need a laser-

photodiode. But probably the main drawback is that tuning fork probes are usually 

hand-made. A Si02 fiber tip is sharpened (etching it with HF) and attached to one of 

the tines of the quartz resonator. The nanotool is driven to its resonance frequency 

electrically and the amplitude of oscillation is determined by measuring the current 

through the device by the use of an I-V converter and a lock-in amplifier. Even when 

an accurate micrometric setup was used for QTF sensor production, the frequency 

response obtained for each sensor differed. 

In this work, an electronic driver is developed to simultaneously control the two 

main parameters to adjust sensor dynamic response: Q (quality factor) and A 

(oscillation amplitude). Therefore, adjusting these two parameters electronically, 

the response of different sensors can be adjusted to counteract the effect of the 

imbalance due to the loaded prong and maintain identical sensor characteristics 

while performing the same experiment. Since the tip mass loads were very similar 

between the sensors, we succeeded in standardizing their dynamic response. 

Moreover, the electronic module can be easily integrated into commercial 

microscopes and reliably used in AFM systems. 
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Another consequence of the custom-made probes is that the lateral resolution is 

low compared with the commercial AFM tips. Some other methods to achieve a 

lateral resolution comparable with the one obtained with standard cantilevered 

probes have been reported, but they are limited to experiments conducted in air or 

vacuum. A new method is proposed in this thesis based on attaching a standard AFM 

tip to the end of the fiber probe which has been previously sharpened. Only the end 

of the probe is immersed in the buffer solution during measuring. Competitive 

topographic images of a specific patterned structure obtained and a soft sample in 

liquid environment are presented showing that with the improved sensors it is 

possible to acquire images with high resolution in liquid media, necessary to study 

biomaterials or biological samples under physiological conditions. The achieved 

lateral resolution is about 6 times higher than this of the naked micro etched fiber 

and it is equivalent to that achieved with a commercial AFM tip. The technique 

overcomes the problems reported in previous works where the AFM tips were 

directly attached to the end of one of the prongs of the tuning fork. Therefore, to use 

the QTF sensor to take measurements in liquid environments at least part of the 

prong needed to be immersed in the buffer solution (damping the oscillation of the 

QTF and therefore reducing its quality factor). Moreover, if the liquid is conductive, 

the electrodes of the nanosensors might be short-circuited.  

A key parameter to obtain a quantitative value for the interaction forces is the 

effective spring constant (Keff) of the QTF. It is worth mentioning that calculation of 

the spring constant is very controversial in the research community and the 

literature is full of discrepancies. Although the cantilever-based model is the most 

accepted, the coupled oscillators model has also been used. When the QTF is driven 

electrically, the prongs do not present mechanical coupling; they are connected 

electrically through the electrodes and when a voltage is applied between them, the 

QTF prongs are forced into anti-phase oscillation. Moreover, since the movement is 

somehow governed by the electrode design, the QTF cannot be treated as a pure 

mechanical oscillator. Indeed, beam theory cannot be applied to tuning fork sensors.  

Some previous work reports models of the mechanical and electrical behavior of 

nanosensors based on QTFs. Nevertheless, oversimplification of the system, in order 

to arrive at tractable equations, results in a misunderstanding of the working 

principles of these novel tools. Having an accurate value for the spring constant of 

the devices would aid their popularization, due to the benefits they offer with 

respect to microfabricated cantilevers. A method to calculate the spring constant of a 

QTF from easily measurable parameters is presented in this thesis. The use of a 

finite element analysis (FEA) model which includes the electrical part is the key 

point, because it gives a value for the mechanical vibration; which in practice is hard 

to measure experimentally. The validation of the method by comparison with the 

Cleveland method guarantees that the presented method can be used to calculate 

the spring constant of a QTF accurately.  
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Results obtained in real biological experiments are promising and show the 

possibilities of the shear force microscopy improvements developed in this work of 

thesis. In a first experiment, a self-assembled monolayer (SAM) of micropatterned 

antibodies was imaged with three different techniques and in a second experiment, 

a molecular interaction analysis was done between biotin-streptavidin and results 

were compared with those obtained with AFM tip.  

In the first experiment, a comparison between three different working modes to 

image micropatterned antibodies with quartz tuning fork sensors is performed. 

Apart from the classical amplitude (AM) and frequency modulation (FM) strategies, 

jumping mode (JM) is for first time implemented using these nanosensors. The self-

assembled monolayer (SAM) of biomolecules can be imaged without damaging the 

sample when working in the JM. The other modes tested, AM and FM, produce 

serious alterations that are irreversible. Tip–sample forces are lower in JM since the 

lateral scanning and QTF oscillation are desynchronized, thereby minimizing the 

lateral forces during interaction. A good correspondence between the experimental 

height of the sample and the theoretical value is found. Nevertheless, one of the 

drawbacks of JM is the low scanning rate, which makes it difficult to monitor fast 

processes. 

In the second experiment with quartz tuning fork sensors, a new procedure based 

on AFM dynamic force spectroscopy applied to QTF-based nanosensors for 

molecular interaction studies is carried out. Adhesion energy of the biotin-

streptavidin complex has been analyzed obtaining comparable results to those 

measured with conventional AFM tip. Some studies in the literature report SPM 

measurements with QTF for different samples, but there is no standard procedure to 

perform such measurements. These results open the door to the exciting feasibility 

of the employment of self-sensing probes in a single measurement in liquid 

conditions.  

With the high speed force spectroscopy development, it is possible to overcome 

one of the current limitations of the technique increasing temporal resolution 

(~1µs) and reaching pulling velocities over mm/s. This allows studying protein 

unfolding at µs-timescale and results can be compared with SMD simulations.  The 

validation of the technique was performed with titin unfolding measurements 

allowing the direct observation of the molecule dynamics between transition and 

native states. Importantly, the unfolding forces measured by HS-FS in the mm/s 

velocity range agreed in magnitude to those obtained by molecular dynamics 

simulations. Also, intermediate unfolding states were observed and analyzed 

showing consistence with simulation results.   

With respect to future investigations, a few routes are particularly promising and 

build upon the work presented in this thesis:  



Discussion and conclusions 

 122   

 

- Further work in finite element analysis (FEA) would lead to reproduce the 

whole sensor incorporating the glue, the fiber and surrounding media. In order 

to complete the whole model used in AFM measurements, part of the fiber 

needs to be immersed in a liquid medium. This could be done by dividing the 

fluid volume in two, having one part of air fluid and the other part of buffer 

solution. This approach will proportionate the value of key parameters as 

oscillation amplitude or spring constant in a more realistic scenario. Moreover, 

the response of the QTF to elastic and frictional forces could be studied by 

applying forces at the end of the probe and taking advantage of the pre-stress 

simulation features of ANSYS. 

- Molecular recognition studies it would be desirable to perform using the new 

QTF probes with an integrated AFM tip at the fiber end to ensure single-

molecule measurements. It would be interesting to repeat biotin-streptavidin 

interaction measurements with the developed probes to compare results with 

those obtained with the naked fiber. As well as further studies on another 

ligand-receptor pairs as antibody-antigen. 

- The potential of HS-FS has not been fully exploited, since, to our knowledge, 

attempts to perform HS-FS for elasticity or receptor-ligand binding 

experiments have yet to be reported. First experiments on biotin-streptavidin 

system has been successfully carried out to showing that it is also compatible 

with the single molecule measurements of receptor-ligand interactions with a 

dynamic range of 6 decades. We expect that HS-FS will establish itself as a 

powerful technique to systematically contrast experiments with molecular 

predictions from MD simulations. Also, force-clamp mode was also 

implemented in the developed software and although it needs some 

improvement, interesting tests could be performed to obtain more information 

about the molecular fingerprint of the proteins.  
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6 Appendix 

6.1 Acronyms 

 

Abbreviation Description 

AC alternating current 

AFM atomic force microscopy / microscope 

BFP biomembrane force probe 

DC continuous current 

FS force spectroscopy 

HS-AFM high speed atomic force microscopy 

KPM kelvin probe microscopy 

MFM magnetic force microscopy 

MT magnetic tweezers 

OT optical tweezers 

QTF quartz tuning fork 

SAM self-assembled monolayer 

SFA surface force apparatus 

SFM shear force microscopy 

SNAM scanning near acoustic microscopy 

SNOM scanning near-field optical microscopy 

SMFS single-molecule force spectroscopy 

SPM scanning probe microscopy 

STM scanning tunneling microscopy 

SMD steered molecular dynamics 
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