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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.






Contents

1 INTRODUCTION
1.1 Studying biomolecules at the nanoscale
1.1.1 Measuring forces at molecular level
1.2 Atomic force microscopy
1.2.1 Force spectroscopy
1.3 High Speed Atomic force microscopy
1.4 Quartz tuning fork sensors
1.4.1 Basics
1.4.2 Operation
1.4.3 QTF applications in biology

2 OBJECTIVES

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

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

3.1.3 Associated Publication 2
Finite element analysis of electrically excited quartz tuning fork devices
3.1.4 Associated Manuscript 2

Determination of the static spring constant of electrically-driven quartz
tuning forks with two freely oscillating prongs

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

3.2.2 Associated Manuscript 3

11
14
16
19
20
20
23
24

25

27
27
27

37

49

65

81
81

93



Piezoelectric tuning fork biosensors for the quantitative measurement of
biomolecular interactions

3.2.3 Associated Publication 4

High-Speed Force Spectroscopy Unfolds Titin at the Velocity of Molecular
Dynamics Simulations

SUMMARY OF RESULTS
DISCUSSION AND CONCLUSIONS

APPENDIX
6.1 Acronyms
6.2 Publications
6.3 Acknowledgements

6.4 References

111

117

119

123
123
125
127
129



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
Breaki f lent

reasiiig 07 a nohcovalen Biotin/streptavidin =160
bond
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 Ki.nesin walking on 5 (max)
motor microtubule
Electrostatic/ Van der Waals 1-1000
Magnetic <<10-

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 pm?) and typically reflect a large number of molecular interactions,
making it well suited for determining surface or adhesion energies [33].

A AFM B Surface force
0.01-100 nN apparatus

100 - 1000 nN
Cantilever _
- Sonng

3
2

C  Laseroptical D Magnetic tweezers
tweezers 10 fN - 200 pN
0.1-150 pN

NS

M, ",

m"Ln. "'J‘q’?
E Biomembrane force probe
0.01 - 1000 pN

>

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.

position sensitive
photo detector

laser diode

|
I deflection

| A
Ioutput signal cantilever with

steel disc~__ sharp stylus

I
{
I
|

with mica
¥ z
PC | :V
AFM-controller f === === == — > piezoelectric
Feedback drive signal actuator

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].
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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: 9pm x 9um; 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].
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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 191 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 191 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 ps-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 pum 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 pm 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 AQPO on intact eye lens cells.

resonance ~1/Jmass

high-speed afm probe

F
L conventional afm probe

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].
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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 Giinther 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 gPlus sensors have two main advantages: its
dynamics is similar to the cantilevers used in AFM and effective spring constant kes
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 gPlus 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 gPlus 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]:

ViQ
21fo Kegy (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
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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 K. 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 - 10* 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 SiO: fiber was attached to
one of the prongs of the QTF. To taper the probes, a 125 pm optical fiber was dipped
into 40% HF solution with a layer of iso-octane (CgH1g) 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 @ 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.

X: 7.9um
Y: 7.9um
Z: 289.5nm

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
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than standard cantilevers. However, the main limitation 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 repeatabil-
ity of experiments. To overcome this problem, here we develop an electronic driver to simultaneously
control the quality factor (Q) and the oscillation amplitude (A) of the device. The driver provides clear
advantages over classical Q-control modules where the amplitude of oscillation is modified when the
Q factor is changed. 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 confirm that our driver achieves an
equivalent dynamic response from distinct handmade sensors (with varying mechanical characteristics)
by means of electronic adjustment. The driver is a simple but effective method to ensure the same mea-
surement conditions with a range of quartz tuning fork probes and also the reliability and repeatability
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Q control

Self-sensing probe

of experiments.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Atomic force microscopy (AFM) is widely used to image sam-
ple surfaces with high accuracy [1,2]. However, despite the wide
application of this technique in air, the imaging of soft biological
samples in liquid presents several difficulties. Imaging biological
samples, such as biomolecules, requires the maintenance of a con-
stant, very small interaction force between the tip and the sample
surface. Commercial AFM sensors present a very low quality factor
(Q) when samples are immersed in liquid and they are very difficult
to integrate into multiprobe systems [3]. In contrast, quartz tuning
fork (QTF)-based sensors have the capacity to image the topogra-
phy of samples with sub-nm resolution [4]. QTFs are self-sensing
probes, so they are suitable for use in a multiprobe station [5] work-
ing with biological samples [6]. QTF sensors are resonators based on
the piezoelectric properties of quartz. Several attempts have been
made to study QTFs for their use in scanning probe microscopy
[7]. These devices present a very stable resonance frequency and
a very narrow band. As they present a higher Q (1000-5000) than
standard cantilevers, QTFs show high performance in experiments
performed in a liquid environment. For instance, differences of

* Corresponding author. Tel.: +34 934039163; fax: +34 934021148,
E-mail address: manel puig@ub.edu (M. Fuig-Vidal).

0924-4247/5 - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doiorg/10.1016/j.5na.2012.06.016

110nm have been reported in cytospin membrane topography
[8] when the cell is in air or immersed in liquid, red blood cell
morphology has been accurately measured [9], and recognition
events between avidin/biotin and lysozyme/anti-lysozyme have
been detected in the phase image at a high signal-to-noise ratio
[10].

One of the main drawbacks of QTF sensors is that there are
no commercial devices suitable for working in liquid media. Thus
these nanotools are custom-made and because of the manufactur-
ing process it is very difficult to obtain repeatable probes with a
similar response. Given that the lack of repeatability is usually the
main source of error in quantitative measurements, it is common
to use more than one QTF sensor in the same study because the tip
can become contaminated, damaged or even broken. When per-
forming an experiment, it is crucial to ensure the same dynamic
response of the sensor in order to maintain the conditions in which
the measurements are conducted.

To overcome the differences between sensors, here we develop
a module to control the quality factor (Q) and vibration amplitude
(A). The quality factor is controlled analogically and the ampli-
tude 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 micro-
scopes. All the experiments presented in this study were performed
on a commercial Cervantes atomic force microscope (Nanotec
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Fig. 1. (a) Mechanical equipment for the assembly and gluing of the sharpened fiber tip to tuning fork. (b) Optical image of the chemically sharpened fiber mounted on a
quartz tuning fork resonator, The tines are L= 3.6 mm long, W=0.6 mm wide and T=0.3 mm thick. (¢) Optical images of one of the QTF fiber tips used in the experiments,

Electronica S.L.) [11] without any change in the hardware or soft-
ware of the microscope. The module allows control of the Q and
A parameters independently in order to achieve the same desired
response in different handmade QTF-based sensors [12].

In amplitude modulation imaging, sensor response is character-
ized by the reduction of the vibration amplitude (A/Ap} in function
of the tip-sample distance, Z, where A represents the present oscil-
lation amplitude and Ap the free amplitude of the QTF. Thus the
dynamic response can be measured by moving the tip close to
the surface of a non-deformable substrate. Generally speaking,
commercially available Q-controllers [13] do not control the free
amplitude of oscillation. In FM mode, they often integrate a sec-
ond feedback to maintain the oscillation amplitude constant during
the measurement; however, in order to change the free ampli-
tude, the operator has to change the driving voltage manually. As a
result, if the driving voltage is kept constant, the amplitude of the
excitation voltage applied to the fork at the resonance frequency
is higher when Q is increased and lower when this parameter is
decreased. Accordingly, the mechanical (A) varies in function of Q
[14,15].

In the literature there is some controversy regarding the suit-
ability of the Q-control module to modify sensor parameters. Some
authors do not report a true improvement in image acquisition by
changing the effective Q electronically [16]. However, Q-control
systems are studied mostly because they notably enhance imaging
of soft biological sample topography as a result of the reduction of
tip-sample interaction [17]. Moreover, a similar Q-control system
can be applied to cantilever-based AFM, rather than to standardize
sensor response, to change the Q controlling A. Increasing effec-
tive Q in phase modulation also leads to greater force sensitivity
[18]. This phenomenon was studied in liquids [19], where it was
found that Q-controlled A modulation enhanced image quality. An
example of improved imaging can be found in [20] where the
measured DNA heights were found to be higher as a result of
the force exerted over the sample being lower when Q-control is
active.

To ensure the reliability of the implemented driver operation
and to validate our electrical measurements from the current
through the fork, Awas calibrated by an interferometer that directly
measured mechanical oscillation. In this regard, the oscillation
amplitude of a QTF was measured for two Q factors but the out-
put voltage was regulated in resonance frequency. Having validated
the performance of the first module, we adjusted two handmade
QTF-based sensors with distinct mechanical behavior to achieve
the same dynamic response. The method presented here allows
the operator to obtain the same dynamic response from handmade
QTF-based nanosensors, thereby ensuring the repeatability of the
experiments.

2. Materials and methods
2.1. Quartz tuning fork-based nanosensors

For a configuration where one prong of the QTF is clamped, the
resonance frequency (fy) of the device depends on the spring con-
stant (k) and effective mass (m) of the tuning fork (see Eq. (1)) [21].
The spring constant depends on physical and geometrical proper-
ties as shown in Eq.(2) where E is the quartz Young's modulus, Wis
the width, Tis the thickness and L is the length. Thus when a force
is applied to the QTF, there will be a resonance frequency shift that
depends on the force gradient. Nevertheless, the coupling between
the two prongs has to be incorporated in the models when both
prongs oscillate freely [22,23].

1 k
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Commercial QTFs were encased in a vacuum and their fy=2!°
(32,768 Hz) and Q=40,000-50,000. To use the QTFs as sensors for
AFM, first we removed the protective metallic capsules from the
forks. A sharpened fiber was then glued to the end of one of their
prongs. The 125-pm SiO; fibers were sharpened using the menis-
cus etching technique [24]. The fibers were immersed in a 40% HF
solution with a protective isooctane (CgH;g) layer, which produced
a repeatable tip radius of about 200 nm (see Fig. 1c). The etched
fiber was glued to the QTF by a mechanical apparatus 3 um long
in each 3 directions (Fig. 1a). All the probes were 8 mm long, half
of this length was glued while the other half with the sharpened
end stood out from the tine, All the sensors were built in the same
way and had a similar mass load in one prong. The Q decreased as
aresult of the mounting process and it was strongly dependent on
fiber length. In general, a fiber length of 4 mm was enough to work
with the end inside the liquid cell. The QTF continued to resonate
in air, obtaining a high Q value of around 2000. Consequently, this
was the length chosen to build the QTF-based sensors.

The QTFs were electrically driven to their resonance frequency
and their A was calculated by measuring the current through
the sensor. The electronic driving circuit was based on a tran-
simpedance amplifier (TIA) and lock-in amplifier modules. The
mechanical vibration amplitude was calculated using the expres-
sion given by Eq. (3) [25], where Vyys is the excitation voltage, Iims
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Fig. 2. Burterworth-Van Dyke equivalent circuit for the tuning fork.

is the measured current through the QTF, k is the spring constant,
fo is the free resonance frequency, and Q is the quality factor.
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All the experiments were performed in amplitude modulation
detection. Interaction forces between the tip and the sample surface
were evidenced as a shift in resonance frequency. As the device was
driven ata constant frequency, there was a change in the oscillation
amplitude of the device [26].

(3)

2.2. Electronics

The mechanical behavior of QTF devices can be modeled by an
electrical equivalent circuit (Butterworth-Van Dyke model) [27]
based on aserial LRC resonator with a parallel parasitic capacitance,
as shown in Fig. 2. The capacitance Gy and inductance Ly model
the potential and kinetic energy storage, respectively, the resistor
Ry the dissipation and the parallel capacitance Cp all the parasitic
capacitors related to contacts, cables, etc.

As current losses are produced by the parasitic capacitance of the
QTF [28], we added a module to compensate this effect. Currents
through the fork (using the Butterworth-Van Dyke model) and a
parasitic capacitor with a simple driving circuit are shown in Egs.
(4)and (5). This asymmetry limits the signal-to-noise ratio (SNR) as
shown in Eq. (6), where wis frequency and Vi, is the driving volt-
age to the QTF prongs. To maximize SNR, parasitic current Ip was
nulled near the resonance frequency of the device by implementing
a compensating circuit. The same capacitance current but shifted
180" in phase, the value of which can be adjusted with a variable
capacitor 28], was added to the current flowing through the device.
Thus, only the current passing through the QTF was amplified by

Q-factor
Adjust
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the TIA and it was translated into voltage to measure the extent of
oscillation with a lock-in amplifier.

Vdnve
fyp= —drive 4
T Ry + (1/jwCy) + WLy 4)

Jp = Vdnve 'jWCJJ (5)

B "r,f B 1
SNR =20-log (E) =20-log (Cp ALz + Ryjw + U/C:JD)
(6)

Once the effect of the parasitic capacitor is minimized near to the
resonance frequency, Q and A in resonance are the critical param-
eters that contribute to the dynamic response of the sensor. These
parameters are related to the QTF behavior and the handmade pro-
duction process. The behavior can vary greatly between sensors. In
order to implement a proper and reliable QTF-based sensor, a pre-
cise and independent control of these two parameters is required.
We developed an optimized and fully custom-designed electronic
module for this purpose.

Several approaches have been used to tune the Q of the QTF
device. In [29,30], the current through the QTF is measured by a
TIA, the feedback signal is amplified with a certain gain (in-phase
toincrease the Q and counter-phase to decrease the Q) and is added
to the original driving voltage of the QTF. Our Q-control module
was based on the amplitude and phase feedback of the output volt-
age through the TIA. The circuit in Fig. 3a shows the electronic
driver used with the Q control. After the parasitic capacitor had
been compensated, the current was fed back to increase/decrease
the effective Q value. With the parasitic capacitance compensated
and Q value selected, the oscillation amplitude was adjusted to the
resonance frequency using an iterative algorithm that changes the
excitation voltage entering the QTF, according to the output volt-
age required (see Fig. 3b). To achieve the same dynamic response
in the devices, the driving voltage was selected in function of the
output amplitude desired. Thus if the Q value was changed was
detected, it was necessary to recalculate a new driving voltage to
obtain the desired oscillation amplitude, which corresponds with
a certain current Iyys flowing through the tuning fork. In this way,
these two parameters were controlled independently.

The Q value of the sensors differed depending on the fabrica-
tion process. Q factors between 1000 and 5000 were obtained.

Fix the driven
voltage
Frequency
sweep
C Compensation

R=1K
C=11p
Operational Amp. Model = OPA 4704

Transinductance Amp. Model = OPAGS6

(a)

Rs =1M
Cagi = 100n

Vmess To Lock-in
Amplifier

Change Q

No

No

(b)

Fig. 3. (a) Electrical circuit implemented with subcircuit to compensate the parasitic capacitor and a module to control the Q value. (b} Flow diagram of the A adjustment

algorithm.
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Fig. 4. (a) Frequency responses of a QTF driven at 50mV for Q= 1100 and Q= 1600 using a classical Q-control system where A is not adjusted when the Q-factor is modified.
(b) Frequency responses of a QTF driven at 20 mV before and after using the novel Q-control module where A is maintained constant.

The Q-control module is able to change the Q values in a limited
range: in our case, for a QTF which has a resonant frequency of
32.592 Hz and Q value of 2400 when the tip was glued, Q factors
from 500 to 10,600 were obtained by adjusting amplifier to maxi-
mum gainand phase shifter from 180" to 0°, respectively. This range
of Q values was wide enough to match different sensors with ini-
tial different parameters (Q and A) to obtain the same mechanical
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behavior. Using classical Q-control modules amplitude oscillation A
changes according with the selected Q value, higher A value when Q
increases and lower when Q decreases (Fig. 4a). Our implemented
electronic driver, with the developed novel Q-control method, was
able to change the quality factor of the device while maintaining
constant the oscillation amplitude as indicated in Fig. 4b. The vari-
ability in the output measured with the lock in amplifier was of

+ Interferometric Measurement - Q=9500
Fitted line - Q=9500

Interferometric Measurement - Q=5500
Fitted line - Q=5500

=48, \ . 4
39.73 32735 3274 32745 3275 32755
Frequency (kHz)
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Fig. 5. (a) Schematic measurement set-up of the system required for obtaining QTF voltage output and mechanical vibration by an interferometer. The interferometric
vibrometer equipment used was a Zoom Surf 3D from Fogale Nanotech, the lock-in amplifier was from Anfatech and the iterative algorithm software for controlling
oscillation amplitude was written in LabView code. (b) Oscillation amplitude (measured with the interferometer) of a QTF nanotool for excitation amplitude of 40 mV when
changing the quality factor from 9500 to 5500. (¢) Piezocurrent measured in the resonance frequency of a QTF with and without a fiber tip for a range of driving voltages.
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Fig. 6. (a) Frequency responses of QTF1. The blue line is the initial resonance curve before using the Q-control module presenting a nominal Q value=2800 and the red
line is the resonance curve when Q factor wais decreased to 2000 using the Q-control system and driving voltage is adjusted by software to have Iyms = 50 nA. (b) Frequency
responses of QTF2, Blue line is the initial resonance curve before using the Q-control module presenting a nominal Q@ value = 1200 and the red line is the resonance curve
when Qis increased to 2000 using the Q-control system and driving voltage is adjusted by software to have Iy, = 50 nA. (¢) The tip-sample distance relationship of amplitude
for two QTFs with different initial characteristics and adjusted by the Q-control module to have an identical response. Iy, (nA) is the measured output current through the
QTF and I (nA) is the output current when the tip is far from the sample in resonance frequency.

19.04 £ 0.49 mV, then the error in the amplitude control was below
2.5%.

3. Results
3.1. Interferometer based measurements

In this experiment, we checked that modification of the Q factor
value without changing the A value was not an electronic arti-
fact and that the mechanical oscillation at the resonance frequency
was maintained constant. The A of the QTF was calculated from
measuring the current passing through the device, following the
expression in Eq. (3); however, this is an indirect measurement.
When changing the amplitude and phase of the driving signal, it
was necessary to confirm that A could still be calculated from the
measurement of the current passing through the nanotool. The A
parameter was directly measured using an interferometric vibrom-
eter (ZoomSurf 3D from Fogale Nanotech [31]) to confirm that the
true oscillation amplitude had not changed when we obtained the
same current measurement.

The motion of the A was detected using the stroboscopic mode,
which is the most suitable approach for dynamic measurements.
The QTF was illuminated with a beam of coherent light that was
split into two by a grating mirror. The path difference between the
two beams was then related to a phase difference and the Z move-
ment of the QTF was calculated with nm accuracy in a range of A/2
[32].

The experimental setup is shown in Fig. 5a. Measurements were
performed on a QTF whose output current was kept constant and
Q value was changed with the Q-control module. Interferometric
measurements were fitted with a Lorentzian function, a charac-
teristic resonance curve for quartz resonators [33]. Fig. 5b shows
the mechanical oscillation amplitude frequency response of the
QTF sensor without a fiber tip, measured with the interferometer.
The QTF used showed an original Q value of 9500 when it was
biased at 40 mV. When using our electronic module, the Q value
was decreased to 5500 while keeping A constant. Both measure-
ments showed the same mechanical oscillation amplitude, in spite
of changing the effective Q value electronically (see Fig. 5b). Inter-
ferometric measurements were performed on a QTF without a fiber
tip because in the measurement setup described it was only pos-
sible to measure the oscillation of one prong. The assumption of
symmetrical movement of the two prongs was valid only with a
fiberless sensor. Since the relationship between measurements of
output current Iyms of the QTF with and without a fiber tip was pro-
portional, interferometric measurements of oscillation amplitude
were also assumed to be proportional. The piezocurrent measured
at resonance frequency for a range of driving voltages is shown in
Fig. 5¢ for a QTF with and without a tip. The relationship between
driving voltage and current measurement was linear to 100 mV, the
range we tested and used for this work. Exactly, oscillation ampli-
tude is linearly proportional to the driving amplitude until at least
100mV, which is the range usually used. Higher excitation ampli-
tudes are not practical in real applications because high mechanical
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oscillation amplitudes increase dissipation and interaction forces
between the probe and the sample surface.

3.2. Experimental dynamic response measurement

Sensor behavior depends mainly on Q and Ay parameters. By
adjusting these two parameters, the QTF sensor response can be
modified. As the electrical impedance of the device does not change,
if the same current through the QTF is measured at the resonance
frequency after modifying its Q electronically, it means the QTF
driving voltage Vims has not changed in resonance frequency (con-
firmed from interferometric measurements that the mechanical
oscillation remained the same).

According to expression of Eq. (3), for two nanosensors with a
certain value of oscillation amplitude A in resonance, we measure
the same Irs and considering K and fp constant parameters. If these
devices present different nominal Q values, then Vi in resonance
should be properly adjusted in each case to maintain the same A
value when the Q-control loop is switched on. The two nanosen-
sors, which presented initial different parameters, were modified
to exhibit the same response by adjusting the Q and Ap values. Each
QTF presented a different nominal Q (2800 for QTF1 and 1200 for
QTF2). These Q factors were modified using the Q-control module
by changing them in both cases to the final desired value of 2000.
The output current Iy in resonance frequency was adjusted to
50nA, setting the appropriate input voltage Vims for each QTF once
the Q-control loop was activated. The resulting frequency responses
for QTF1 and QTF2 are presented in Fig. 6a and b, respectively.

The dynamic response of a QTF sensor was characterized by
performing approach curves toward a gold substrate. The QTF was
driven at resonance frequency and Ag was constant when the tip
was far from the sample. When the interaction force between the
probe tip and the sample substrate appeared, A was reduced and
the sensor response Iips (NA) vs. Z (nm) was measured.

Amplitude vs. tip-sample distance curves were performed
measuring amplitude (equivalent to Imms) dependence when
approaching the QTF tip to the gold surface. Each nanosensor was
characterized for two Q factors, the nominal and the final desired
values. When the two QTFs were adjusted to have the same Ag and
Q, the response was the same (note green and blue lines in Fig. 6¢).
The devices presented the same slope in the characteristic curve,
thus indicating that we obtained two QTF nanosensors with the
identical dynamic behavior.

4. Conclusions

Here we developa Qand A control module to match the response
of QTF-based nanosensors for AFM applications. Our results show
that by electronically controlling the Q factor and A in the nanotool,
the response of the device can be modified to the requirements
of the experiments. First, by interferometric measurements, we
have shown that the effective Q of the QTF can be altered without
changing the mechanical vibration amplitude. Thus, the effective
Q factor can be increased or decreased independently of the out-
put current, thus maintaining the peak of resonance constant. This
result confirms a theoretical concept that has sometimes appeared
confusing in previous studies and confirms that we have not intro-
duced an artificial electronic trick in the measurements. In a second
step, we adjusted two hand-built nanosensors to obtain an identi-
cal dynamic response. These results validate our electronic driver
as a highly useful tool for working in AFM as it allows repeatable
measurement setup conditions throughout the experiment.

The novel driver described here allows adjustment of the char-
acteristic response (mV/nm) without changing the experimental
setup. This feature is an advantage over standard AFM systems,
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where the cantilever must be physically replaced to change the
response or sensitivity of the measurement sensor. In addition,
using our driver, the dynamic response of the QTF sensor can be
chosen to meet sample requirements, for instance, higher Qs for
imaging soft biological samples [34] or lower ones for harder sam-
ples.

As the probes are handmade, it is crucial to maintain identi-
cal sensor characteristics while performing the same experiment.
Even when an accurate micrometric setup was used for QTF sensor
production, the frequency response obtained for each sensor dif-
fered. QTF symmetry in frequency response was broken when the
fiber was attached and Q was reduced significantly as a result of
the mass added to one of the prongs. Moreover, as the QTF became
imbalanced, the oscillation amplitude of the two prongs differed
and the effective spring constant was increased [7]. Here the
implemented driver adjusted the electrical parameters Q and A to
counteract the effect of the imbalance. Since the tip mass loads were
very similar between the sensors, we succeeded in standardizing
their dynamic response, although the variation in effective spring
constant was not controlled. Nevertheless, the main contribution of
this study is that electronic adjustment of Q and the current through
the QTF achieves an equivalent response of sensors and thus allows
comparable results.

Our results show that the novel controller allows the operator
to adjust the variable capacitor to compensate the parasitic capac-
itance of the device and to tune the Q factor smoothly and adjust it
independently of A. In short, this is a simple and effective method
for overcoming the main drawback of handmade QTF sensors in
AFM applications. Moreover, our electronic module can be easily
integrated into commercial microscopes and reliably used in AFM
systems.
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Abstract

The use of quartz tuning fork sensors as probes for scanning probe microscopy is growing in
popularity. Working in shear mode, some methods achieve a lateral resolution comparable with that
obtained with standard cantilevered probes, but only in experiments conducted in air or vacuum.
Here, we report a method to produce and use commercial AFM tips in electrically driven quartz
tuning fork sensors operating in shear mode in a liquid environment. The process is based on
attaching a standard AFM tip to the end of a fiber probe which has previously been sharpened. Only
the end of the probe is immersed in the buffer solution during imaging. The lateral resolution
achieved is about 6 times higher than that of the micro etched fiber on its own.

Keywords: Atomic force microscopy; Scanning probe microscopy; Quartz tuning fork; Self-sensing
probe; Shear force microscopy; Nanotip

Introduction

In recent years, atomic force microscopy (AFM) based on a quartz tuning fork (QTF) has become
increasingly popular, especially due to the self-sensing detection it affords without the need for an
optical feedback system. Furthermore, QTF-based sensors present low internal dissipation, high
quality factors (Q) and high static spring constants (K); features that make these nanosensors very
attractive for use in liquid environments to study biomaterials and biological samples [1][2]. Such
properties allow stable low oscillation amplitudes to be achieved and thereby make it possible to
work in a non-contact regime, avoiding the drawback of the tip to jump to contact at small tip—
sample distances [3].

There are two common QTF configurations, depending on which spatial direction the oscillation is in:
parallel (shear mode) or perpendicular (tapping mode) to the sample surface. To work in liquid in
shear mode, only the fiber end of the QTF sensor isimmersed in the liquid; as illustrated in Figure 1.
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QTF —>
air

Fiber =2

Liquid cell

Fig. 1 Schematic of the QTF configuration working in shear mode in a liquid environment.

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
[4][5] to obtain a tip radius of 100-150 nm. The conventional etching method (Turner method) [6]
consists of immersing the optical fiber in hydrofluoric acid with a layer of an organic solvent over it.
At the interface between the two layers the meniscus height decreases and this is where the taper
forms. This process has been refined to optimize probe properties such as surface roughness, cone
angle and especially the tip geometry and radius. New techniques have also been appeared: tube-
etching [7], selective etching [8] and dynamic meniscus etching [9].

Different setups and additional production steps have been devised to achieve a similar tip radius to
that of commercial AFM tips; although it remains unclear how effective they are at imaging in liquid
media in shear force mode. Some of the different techniques employed to reduce the radius in QTF
probes are: etching different materials [10][11], incorporating microfabrication processes [12][13],
integrating non-commercial tips made of different materials such as diamond [14] or attaching
commercial AFM tips [15][16].

Different materials have been used as chemically or electrochemically sharpened probes for QTF
sensors and they have been employed in different scanning probe microscopy (SPM) setups, such as
near-field scanning optical microscopes (NSOM) and scanning tunneling microscope (STM)-AFM
hybrid systems: nickel in [17], polymethylmethacrylate (PMMA) in [10] and carbon fiber tips in [11].
Recently, Jung and co-workers [18] proposed a method to produce polymer tips on the cross-section
of optical fibers, capable of achieving a 45 nm radius tip. Other strategies based on different
microfabrication processes have been devised to integrate a sharp tip into the resonator for use in
tapping mode: lithography in [12], anisotropic wet etching and a focused ion beam (FIB) in [13] and
the commercially available Akiyama probe [19](20].

Attaching commercial AFM tips at the end of one of the prongs of a QTF has led to the same apex
radius as standard AFM tips. For tapping mode, [21] attaches silicon AFM tips to image biological
samples and [15] shows atomic resolution and magnetic contrast. However, the application of these
nanosensors is limited to air conditions. For shear mode, a cantilever segment is glued to the QTF for
noncontact mode in air in [16][22] or for shear-mode magnetic force microscopy in [23].

However, studies in liquid environments require the immersion of the attached AFM tip in buffer
solution, in both tapping and shear mode. If a larger amount of buffer is used, the surface tension
readily elevates the meniscus, thereby covering the electrodes and causing a short-circuit. Thus the
external electrodes of the QTF preclude its utilization in aqueous solutions unless the whole sensor is
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coated with an electrophoretic paint [24]; but as the whole sensor is immersed in liquid, the Q factor
decreases and sensitivity does too. This problem can be overcome by using such a small volume of
buffer that it only just covers the surface of interest; although the drop of liquid evaporates rapidly.
One way to resolve that problem is to use a liquid with a much lower evaporation rate than that of
water-based buffers [25]; but then the sample will not be under physiological conditions.

In this work we present a feasible technique to improve the lateral resolution of a QTF in shear mode
in a liquid medium, for studies of biological samples. Our method is based on attaching a standard
AFM tip to the end of a fiber that has previously been sharpened chemically. As the QTF can be
maintained oscillating in air while the tip is immersed in the buffer, our approach overcomes the
main limitation of previous work in liquid environments.

Material and Methods

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 SiO, fiber was attached to one of the prongs of the QTF. To taper the probes, a
125 pm optical fiber (ref: SM600 single mode fiber from Thorlabs, Germany) was dipped into 40% HF
solution with a layer of iso-octane (CsHis) on top to protect against the acid vapors, as proposed in
[26]. 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 tip radiuses were between 100 and
200 nm, but for our purpose this was not critical since we intended to reduce the fiber diameter until
just enough surface remained to maintain contact between the AFM tip and the probe.

Once the fiber was mounted onto the QTF, the sensor was placed in a micropositioner with a
magnetic base incorporating 3 DOF of movement (from SUSS Microtec, Germany). The cantilever
chip was attached with silver paint to a 100 Ohm resistor 30 W 5%, with the cantilever protruding
from the resistor. Figure 2 is a schematic representation of the setup for the tip attachment
procedure. The cantilever and QTF probe were aligned under an optical microscope with a 20X
objective. The fiber was placed at the very end of the cantilever on the opposite side from the tip
(see Fig. 3A). The tips used in this work were commercial chips (CONT model, NanoWorld,
Switzerland). The AFM probes were from made of Si without any coating, with 450 pm cantilevers
and a nominal spring constant of 0.2 N/m. The tips were 10 um high and presented a nominal radius
of 10 nm.

We used nural 26 glue (Henkel Ibérica S.A., Spain), as it has strong adhesive properties (100 kg/cm?
after six hours), to attach the AFM tip to the fiber. We were able to accelerate the hardening by
increasing the temperature to approximately 70°C. We needed rapid drying because the longer it
takes; the more easily the fiber becomes misaligned from the AFM tip. Thus, the resistor terminals
where DC polarized and the heat of the resistor dissipated accelerating the drying process. A
temperature of 85°C was reached in the resistor at 15 volts. As the amount of glue needed was very
small, the hardening took around 90 minutes.

After attaching the fiber to the cantilever, we removed the cantilever from the glued tip using a
tungsten probe (model 17680 from Cascade Microtech GmbH, Germany) placed in another
micropositioner. We also removed the leftover segment of the cantilever. The resistor to which the
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AFM chip was connected was then grounded and the STM probe connected to a DC voltage. The STM
probe was moved close to the cantilever just below the tip, a voltage of 15 - 20 volts was supplied to
create a short-circuit and the cantilever was broken off at the point of contact, as illustrated in Figure
3B. The most critical step was the last one: placing the tungsten tip in the correct position, close
enough to the cantilever to break it but without damaging the tip. Even so, the process was
successful around 80% of the time.

AFM tip Silicon fiber

Tungsten probe

Micropositioner Micropositioner

Cantilever xip attached to
100 Hz resistor with
conductive paint

@ DC voltage

Fig. 2 Schematic of the setup for the tip attachment procedure showing the resistor where the cantilever is
glued with silver paint and the two micrometer manipulators: one for the tungsten tip and one for the QTF
sensor with the fiber previously sharpened. The fiber end and cantilever tip are aligned under an optical
microscope (x10 Carl Zeiss lens). The objects in the figure are not to scale.

A B

Fig. 3 (A) AFM cantilever tip glued to a silicon fiber previously sharpened by chemical etching. (B) A tungsten tip
(1) is employed to break the leftover segment of the cantilever (2) when the glue is dry. (C) Magnification of
image B showing the AFM tip attached to the fiber probe (3).
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The sensor was mounted on an adapted STM head integrated into a commercial AFM microscope
(Nanotec Electrdnica, Spain). A fully custom-made electronics module was used to drive the QTF
electrically [27] to its resonance frequency. A transimpedance amplifier (TIA) (model OPA656, Texas
Instruments, USA) converted the current through the QTF into voltage with a 10° V/A gain. The
current losses due to parasitic capacitance related to the contacts and cables were compensated
with a subcircuit with the same capacitance but 180° phase shifted [28]. A driving signal was applied
to drive the QTF at its resonance frequency using an integrated generator in the lock-in amplifier. The
final resonance frequency after adding the extra mass of the fiber and AFM tip was shifted to 32,720
Hz and the resulting Q factor was 2,647.

Results and Discussion

Measurements on calibration grid

To evaluate the lateral resolution, a silicon test structure with a pyramidal calibration pattern was
scanned (model TGGO1, Mikromasch, Estonia). The image was registered in amplitude modulation
where the input of the main feedback is the amplitude of the QTF current signal, while the variable
phase is also recorded. We employed a low voltage-driven amplitude (3 mV) to minimize the
amplitude of oscillation of the probe and reduce the effective tip radius. A vibration amplitude of ~1
nm was derived as reported in [29]. The set point of the feedback was set to 83% of the maximum
free amplitude at the resonance frequency: Ase;/Afee = 0.83.

The calibration grating is characterized by the small curvature of the edges (less than 10 nm) and it
has a pitch of 3 um and a height of 1.8 um. The fiber probe with the AFM tip at the end was
immersed in the buffer solution where the sample was also submerged (see Fig. 4A). Figure 4 Band C
are images of the topography and profile, respectively, of the grating taken in shear force mode with
an AFM tip mounted on a QTF fiber probe in buffer solution using a liquid cell. The measurement
buffer was PBS with a pH of 7.4. As shown in Figure 4D, the scanning area was 7 um x 7 um and the

line scan speed was 0.28 line/s.
B

1.84 um

Oum
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Fig. 4 (A) Measurement set-up. The QTF probe is immersed in buffer solution to access the sample using a
liquid cell. (B) Shear force image of the TGGO01 3 um pyramidal calibration grating. Image size is 7 um x 7 um.
The topographic profile of 1024 p. and the same image rendered in 3D are shown in (C) and (D) respectively.

The resulting shape of the edges of the pyramids in the image is the dilation geometry of the tip and
the pattern [30] and it is difficult to quantify the tip radius exactly, as the two geometries are
unknown. Since the performance of the tip is related to the sharpness and acuteness of the line
profile [31], we imaged the same structure in a buffer solution with a QTF-based sensor with a fiber
probe, and with an AFM cantilever tip to compare the topographic profiles. The results are shown in
Figure 5, where the topographic profile of the previous image taken with the AFM tip attached to a
QTF (blue line) is superimposed over the profiles obtained with the other two sensors: QTF with a
fiber probe chemically tapered (black line) and a commercial AFM cantilever tip in tapping mode
(green line). In general terms, the profile obtained from the image taken with the QTF with a fiber
probe is of poor quality, and it is clearly distorted by the irregular shape of the fiber. The
improvement in lateral resolution of the tip apex through adding a commercial AFM tip to the fiber
probe (blue, Fig. 5) is approximately 6-fold, compared to that of the naked fiber (black, Fig. 5). In
contrast, similar image quality was obtained with the AFM tip attached to the QTF and with the
commercial tip, as expected. Both are capable of handling large variations in sample height and show
well-defined edges. Qualitatively, the AFM cantilever tip represents the triangular shape of the
pattern slightly better with smoother slopes. This could be due to the effect of the lateral oscillation
of the tip when working in shear mode with the QTF. Even though the driving amplitude is very small
(3 mV) to minimize the lateral oscillation and it is damped by the viscosity of the buffer, lateral
resolution could be affected by an extremely low increase of the effective tip radius. Nevertheless,
we cannot appreciate any significant difference between the two profiles amplified in Figure 5B.
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Fig. 5 (A) Direct comparison of the topographic profiles of one of the features of the imaged calibration pattern
with: QTF with fiber, QTF with AFM tip and with AFM cantilever tip. (B) Magnified image of the edge of the
pyramidal structure. Notice that about 6 blue peaks fit within the black naked fiber profile.

Measurements on soft samples

Once the resolution is determined with a calibration grid, a soft sample is imaged in liquid in order to
check the feasibility of the developed technique. The sample had bacteria Escherichia Coli in
stationary phase. In this approach the sterile loop was used to scrap a small quantity of bacteria from
the agar plate into 10ml of LB, which was left at 372C at 250 rpm for 15 hours (overnight culture).
600 pl were transferred into a micro-centrifuge tube and centrifuged at 3000 rpm for 3 min. The
pellet was re-suspended in 600 pl in milli-q water diluted 1/20. From the aliquot prepared, 40ul were
pipette onto the freshly cleaved HOPG substrate. Then, the sample was left to dry for 1 hour to
improve the fixation to the substrate and then rehydrated with milli-q to be placed in the fluid cell
and imaged with the tuning fork sensor.

The image was also taken in amplitude modulation applying low driven voltage to minimize the
oscillation amplitude. The set point of the feedback was set in this case to 87% of the maximum free
amplitude at the resonance frequency. As shown in Figure 6, the scanning area was 4.8 um x 4.8 um
and the line scan speed was 0.5 line/s. Compared, with the silicon test structure, in this case the tip-
sample interaction must be gentler avoiding sample damage while scanning.

Fig. 6 Shear force image of a single E. Coli bacteria. Image size is 4.8 um x 4.8 um.
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Conclusions

Here we report the first feasible technique to obtain a QTF-based sensor with the same tip radius as
commercial AFM tips, to work in shear mode in liquid environments. Previous works have
demonstrated that the attachment of commercially available AFM tips increases lateral resolution.
Nonetheless, in previous research 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. The work presented here (attaching the
AFM tip to the end of the silicon fiber tip) resolves these issues. The method for preparing and
joining the AFM tips to the QTF is easy and reliable. We notably improve the tip apex of the probe
compared to the chemically sharpened fiber, achieving the same performance as that of a
commercial AFM tip. A comparable topographic image of a specific patterned structure and a soft
sample are successfully obtained in a buffer solution. We show that with our sensors it is possible to
acquire high resolution images in liquid media, necessary to study biomaterials or biological samples
under physiological conditions. This process overcomes one of the limitations present in shear force
microscopy using QTF-based nanosensors to work in liquid media as the lateral resolution is
equivalent to that achieved with a commercial AFM tip.
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Abstract: Quartz Tuning Fork (QTF)-based Scanning Probe Microscopy (SPM) is an
important field of research. A suitable model for the QTF is important to obtain
quantitative measurements with these devices. Analytical models have the limitation of
being based on the double cantilever configuration. In this paper, we present an
electromechanical finite element model of the QTF electrically excited with two free
prongs. The model goes beyond the state-of-the-art of numerical simulations currently
found in the literature for this QTF configuration. We present the first numerical analysis
of both the electrical and mechanical behavior of QTF devices. Experimental
measurements obtained with 10 units of the same model of QTF validate the finite element
model with a good agreement.

Keywords: quartz tuning fork; finite element modeling; piezoelectric sensors

1. Introduction

In the past several decades, Atomic Force Microscopy (AFM) has been employed to measure the
nano-scale properties of both soft [1-3] and non-coated [4,5] samples due to the high resolution of the
technique. The ability to image, measure, and manipulate matter at the nano-and even atomic scale [6],
is the defining attribute which has led to AFM being considered such a valuable and successful tool in
nanotechnology. AFM techniques are based on the measurement of the interaction forces between a
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nanemeter-sized tip and the sample surface [7]. Commercial AFM nanosensors are based on the
fabrication of microcantilevers with a very sharp tip [8.9]. However, commercial AFMs are limited in
their functionality within certain scenarios. High stiffness of the canttlever is required in order fo
achieve small oscillation amplitudes and to prevent noisy measurements [6], which is not always
accomplished. Additionally, the quality factor is ofien diminished when AFMs are immersed in liquid
environmenis, and they are quite difficult to implement in multi-probe configurations {10].

As an alternative to classical AFM nancsensors, the use of Quartz Tuning Forks {Q7F¥Fs) has been
proposed. QTFs are piezoelectric devices that are commonly known for their application in customer
electronics. In 1989, QTTs started 1o be used in microscopy {11-141 One great advantage is the ability o
combine the Tunctions of a sensor and actuator, thus reducing the overall instrument complexity. In
addition, QTF offers a stable and & very narrew band {151 Moreover, higher quality factors (0} are
atributed to QTFs, as opposed to standard cantilevers, which make them suitable for applications in a
liguid environment. Different analytical models of QTFs have been developed in the Hterature [16-21],
but the dynamics response of the electrical and mechanical coupling of these devices remains unclear.
All of these models are based on the cantilever configuration for mechanical excitation, except in the case
described in [19], where an electrical circuit is introduced as a means to drive the QTT to the resonance
frequency leading to compensation between the electrical energy and the mechanical energy of the QTF.

Finite Element Analysis (FEA) has been widely used in sensor analysis and design [22-24] as an
alternative fo the analytical models. So far, only a few studies have been found {$8,25-291 with respect
to QTFs. In [18.26] a modal analysis and calculation of the static capacitance for an optimum design is
reported. In [25] the modal analysis of the sensor is reported. In study [28). the osciflator behavior of the
QTT prabe for different angles of the attached tip is studied for different vibrational modes. In [27,29]
experimental data and numerical simulations are reported to compare and quantify the spring constant
of the QTF. The main limitation of these models is that they do not consider the electromechanical
coupling for the dynamic response of the device. In order fo obtain accurate results, the complete
systern must be analyzed carefully: otherwise, uncertainties such as material properties, dimensions of the
sensor-—especially separation between the prongs and the base contribution of the QTF—and the electrode
definition, which can introduce shifts in parasitic contribution, will likely Iead to erroneous results.

We present herein a 3D finite-clement model of the QTF, which meodels 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. In the first section, the mechanical model is
presented. In the second section, the electromechanical model hightights the importance of acourately
defining the geometry of the two electrodes. Finally, experimental measuremenis. which validate our
finite element model, are shown.

2. Sensor Principles and Modeling
2.1 Theory

The tuning fork is a bimorph cantilever based on the piczoelectsic properties of the quartz. The
sensor consists of two prongs attached to a base, which normally is clamped to a holder. Each of the
prongs is coated with a thin layer of a conductor material, whicl permits the resonator to be driven
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either elecirically or mechanically, In the former case, a potential difference between the electrodes is
apphied, whereas in the second one a dither 1s attached to one of the prongs of the QTFE. Given the type of
driver employed, either the electrical current through the device—for electrical excitation—or the
generated piezoelectric voltage—for mechanical excitation—are related to the fork’s vibration amplitade.

In microscopy applications, the QTF is driven 1o its resonance frequency by either mechanical or
electrical excitation. There are two main vibrational modes for the same mechanical deformation:
in-phase and anti-phase modes. For electrical excitation, the generated current can just be measured in
the anti-phase mode because the current is only generated in the svstem when both prongs are
vibraling in opposite directions.

In order to properly characterize the QTF dynamics, analytical models have been proposed in the
literature {16211 Models from [16,19] have succeeded compared to the others by establishing a now
well-known formulation for the caleulation of those parameters, which are not straightforward to
obtain. The main two parameters that these models propose are the spring constant (K) and the
amplitude of oscillation (A4} of the sensor. The spring constant of the sensor can be expressed as [19k

TW3E .
K= 0.2575~——~Z§m {1
where T. W and L correspond to the dimensions of the thickness, width, and length of the prongs of the
QTF, respectively; and E is the Young’s modulus of the quartz.

It is worthwhile to mention that the calculation of the spring constant has led to great controversics
and discrepancies in the research comnumnity due to the lack of a generalized model. Although the
cantilever-based model for studying the dynamics of QTF is the most accepted model, a itwo-coupled
oscillator model has been utilized in [17,20,21]. The coupled-oscillator model discusses the necessity
to link the dynamics of the two prongs of the QTF. In [20,21] & is reported that the calculation of the
spring constant using the cantilever model underestimates its true value. In contrast, [27] it shows that
the cantilever model overestimates the spring constant value. Moreover, in studies [27.28] the
contribution of the QTF base in the caleulation of the spring constant is discussed. The diffcrences
seen in the literature [13,21,27], can play a crucial role it quantitative measurements are needed.

In the case of electrical excitation, the amplitude of oscillation can be calculated by using the
following [19]:

VrmSITTﬂSQ (2)
K2nf,

where Vi is the amplitude of the excitation signal, ., the measured cusrent, and the quality factor,
defined as:

b

Q aY; 3)

where fy is the resonance frequency and Af is the bandwidth of the QTF when the amplitude
decays 3 dB.
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2.2. Model of the Mechanical Structure Using Finite Element Model

In this work, a finite element model (FEM) of the QTF is proposed. In order to make an accurate
3D model, dimensions of the QTF are set in accordance to measurements carried out in an optical
microscope (B-353MET model, Euro-Microscopes). In contrast to commercial AFM sensors where
cantilevers present a rotation with respect to the X coordinate, the tuning fork model rotates with
respect to the Z coordinate; thus, the width (J7) and the thickness (7) are defined in a opposite ways
compared to AFM cantilevers, as seen in Figure 1.

Figure 1. (a) Dimensions and geometry of QTF (in um) (b and ¢) Vibrational modes for
in-phase and anti-phase mode of QTF. Bar colors indicate arbitrary units of the displacements
along the X coordinate.
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As it was previously stated, the QTF is based on piezoelectric phenomena. Therefore, linear
piezoelectricity equations of elasticity have to be defined and coupled to the electrostatic charge by

means of piezoelectric constants [30]:

EP] _ [Spa
Dl dig

{Jp} =Stress vector

{D;} = Electric flux density vector
{Ex} = Elastic strain vector

{€4} = Electric field intensity vector
[YE ]| = Elasticity matrix

[epk] = Piezoelectric stress matrix

[€fi] = Dielectric matrix

dpk
a
Eik

€pq

1

€
Eik]

€q
il

(C))

(3)

The different physical properties of quartz have been widely studied [31,32]. However, elastic,

piezoelectric, and the dielectric permittivity matrices differ slightly among the various reported results.

In the present work, properties from [32] have been chosen because more sophisticated measurement

techniques—based on resonance ultrasound spectroscopy—are used to determine the values. The

piezoelectric coefficients can be seen as follows:

86.76 6.86 11.85
6.86 86.76 11.85
E 11.85 11.85 10546
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-18.02 18.02 0
0 0 0
0 0 0

-18.02
-18.02
0
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0
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0
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The piezoelectric constant matrix, which permits the structural and electrical behavior of the

material to be coupled., is defined as follows:

0.151
0
0.061
0
0

[epk] =

-0.151

0
0.

0
0
0
0

.061
151

o o o o o o

The piezoelectric behavior of the material is accomplished by using the element type SOLID226

in ANSYS.
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The model is defined in uMKS units according to ANSYS nomenclature. The model is composed
of 12,384 hexahedral elements with a size of 60 um, which is translated into 59,340 nodes. In addition,
the bottom of the base is constrained to emulate the clamped structure of the real device.

2.3. Electrodes Definition and Parasitic Capacitance Compensation

For the implementation of the electrical part and to couple it with the mechanical behavior of the
QTF, the loaded and the grounded electrodes needed to be defined. In addition, the electrodes also
define the way in which the deformation occurs when an electric field is applied, and hence the type of
acoustic wave generated [33].

As shown in Figure 2(a,b), the electrodes are placed in this particular alignment to obtain and
optimize the maximum charge transfer. The electrodes were defined on the surface nodes of the tuning
fork according to optical microscope measurements, thus simulating the thin layer of the conductor
material. The surface nodes of each electrode of the QTF are coupled together, which sets the same
amount of voltage for each node.

Figure 2. (a and b) Electrodes of the QTF are according to the optical microscope
measurements. (¢) The electrodes in ANSYS are defined at the bottom and top face of the
QTF symmetrically. Dimensions are in pm.

(b)
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Therefore, two groups of nodes are created. Each electrode is defined by 2,317 elements that are
translated into 6,390 nodes. An independent voltage source links one node from each of the two groups
together implemented by using the element CIRCU94. One group is defined as the loaded electrode
such that a symmetric sinusoidal voltage wave is supplied to it, while the other electrode is grounded.

The electrical part of the QTF is modeled by an equivalent circuit (Butterworth-Van Dyke model)
based on a serial RLC circuit with a parallel capacitor [34]. The resistor models the dissipation, the
capacitor and the inductor model the potential and the kinetic energy storage, and the parallel capacitor
models all the parasitic contributions due to contacts, cables, efc. (Figure 3(a)).

Figure 3. (a) Equivalent circuit of the QTF (Butterworth-Van Dyke model) (b) Electric
circuit composed of power supply and inductor. The power supply permits the QTF to be
driven electrically, and the inductor allows compensating for the parasitic capacitance.
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One of the main problems is that the current flowing through the QTF becomes dominant away
from the resonance frequency due to parasitic capacitance; this phenomenon is responsible for
asymmetries and shifts in the frequency response. Thus, it is required to compensate for the parasitic
current. In the proposed model, an inductor element with CIRCU94 is implemented within ANSYS for
this very reason, whereas a means to compensate in the experimental setup will be explained later.
Therefore, the voltage source and the inductor determine the final excitation circuit.

Parasitic capacitance can be obtained by doing harmonic simulation over a broad frequency range
by interpreting the contribution of this capacitance as the slope of a linear fit dependent on the
frequency response. Using Equation (8), the value of the inductor is modeled from the real part of the
impedance equal to the parasitic capacitance:

Xe =X, (6)
1
m = 2nfL @)
= 1
" @nprc ®

In order to perform the harmonic simulation, one more input parameter is needed: the quality
factor of the QTF. The quality factor is defined in numerical simulations through the damping ratio (&)
of the device:
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_ 1
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For our model. the inductance was calculated to be 26.5 H by using Equation (8).

Parasitic contribution in the finite element model is only due to the electrodes rather than contacts,
cables, efc. Therefore, the model is expected to have less parasitic capacitance than in the experimental
sctup. However, one must keep in mind that this compensation plays an important role in the
experimental configuration of the QTF probe.

Concerning the way in which the measurements are taken, the device is electrically driven, and the
amplitude of oscillation is obtained by measuring the current through the QTF. An AC voltage source
at the resonant frequency of the fork is applied, and the current is measured by a transimpedance
amplifier (TIA) with a gain Rg = 10° (V/A).

In the experimental setup, a capacitor-compensated circuit was implemented to drive the QTF [35].
This type of compensation circuit was chosen because of the high magnitude of inductor, which would
make it infeasible to implement practically. In that circuit (Figure 4). the parasitic current is
compensated with a sub-circuit with the same capacitance by using a tunable variable capacitor, but
with 180° phase.

Figure 4. Implemented circuit for parasitic capacitor compensation.

R

As a consequence, only the current through the nanosensor is amplified by the TIA, and it is
translated into voltage to measure the extent of oscillation with a lock-in amplifier [15].

3. Results and Discussion

The first objective in validating our model was to obtain the resonance frequency of the QTF, for
both the in-phase and anti-phase vibrational modes.

For the in-phase mode, when both prongs are vibrating in the same direction, our model
demonstrates a resonance frequency of 27433 Hz. However, we have not verified this value
experimentally due to the small readout signal that is not distinguishable from the intrinsic noise of the
equipment. Nevertheless, in study [21] the in-phase mode shows significant agreement with our model.

Regarding the anti-phase mode, when both prongs are vibrating in the opposite direction, the
resonance frequency is completely observed and well correlated with the nominal value of 32,768 Hz
provided by the manufacturer [36]. Table 1 summarizes the different vibrational modes seen below:
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Table 1, Resonance frequency for the in-phase and anti-phase vibrational modes.

En-Phase Mode [Hz] Anti-Phase Mede [Hz]
Castelfanos ¢f al, {217 27,800 32,766
Experimental Results - 32,768
FEM Results 27,433 32,768
Manufacturer [36] - 32,768

In order to validate the dynamics response of the model proposed, ten QTFs of the same model and
manufaciurer {Abracon AB38T) were electrically driven from 10 mV up to 100 mV. The quality factor
and the current through the devices were measured. In Table 2 the quality factor of the ten devices, and
the respective damping ratios, which are used in the simulations are shown. O factors of the
sensors were calculated by applying a psendo-Lorentzian fit [15] to the experimental current versus
frequency curve [16].

Table 2. Quality factor of the ten QTF. { values were experimentally measured, and
implemented in FEM through the damping ratio.

QTF Ouality Factor () Damping Ratio (£)
OTH 104542 4.78e-06
QTF2 112800 4.43e-06
QTF3 113077 4.42e-06
QTF4 102144 4.89-06
QTFS 110724 4.51e-06
QTFe 106778 4.55¢-06
QTF7 101471 4.922-00
QTFs 135054 3.70e-06
QTFS 107489 4.65e-00
QTFI0 120019 4. 16e-00

The first step to validate the model was fo compare experimental and simnlation data for one tuning
fork with several ¥aue. As shewn in Figure 3, the amplitude of the current is proportional to the Fane
as expected. The agreement of the model for all ten devices is between the 91% and 98%.

In order to properly validate the proposed model, several QTFs have to be characterized. Comparison
of the ten different QTFs was performed between measured and simulation data for a single Fee.

The amplitude of oscillation can be experimentally obtained by interferometric techniques [15,37],
which are difficult to practically carry out, or theoretically obtained from Equation (1), This parameter
is necessary to fully understanding the electromechanical behavior of the QTF; our model presents a
straightforward approach.

As shown in Figure 6, simulation data indicates a linear relationship, which may be attributed to the
fact that harmonic simulations in ANSYS resolve the time-dependent equations of metion for linear
structures undergoing steady-state vibration. However, this coalirms the aciual electromechanical
behavior of the QTF, which had been previcusty identified by examining the electrical current pesks
through the QTF for the chosen range of Fipne. Therefore, it can be asswed that the GTF behaves
linearly between 10 mV and 100 mV, which is well captured by the proposed model.
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Figure 5. (a) Amplitude of the current for two QTFs for Vg 30 mV and
respectively. (b) Current peaks at the resonance frequency and relative error

experimental and numerical data.
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Finally the validation of the QTF as a sensor was done by small-mass loading one of the prongs of
the device in the finite element model and measuring the shift in the resonant frequency produced by
the added mass. A small cube of solid material with a known mass was coupled to the left prong of the
QTF, in a similar way that the experiments conducted in [21] and [38]. Results are shown in Figure 7.
The sensitivity of the device as mass sensor was 57 ng/Hz, which was in good agreement with results
reported for the experimental measurements in [38]. For high added masses, the model shows a

non-linear behavior, as shown in the experiments in [21].

Figure 7. Results of the frequency shift produced by the added mass from the finite

element model.
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4. Conclusions

A new model of quartz tuning fork with two free prongs and electrically excited is presented based on
finite element analysis developed in ANSYS by incorporating the electrical part: excitation, compensation
circuit and the electrodes. The model has been validated by measuring ten separate quartz tuning forks at
different driving amplitudes—from 10 mV to 100 mV—which exhibit a strong agreement between
91% and 98%. The remaining error can be attributed to small geometric differences between the
electrodes of the model and the electrodes from the actual quartz tuning fork. In addition, the parasitic
capacitance cannot always be completely compensated in the experimental measurements.

Finally, the model proposed herein allows from the comparison between experimental and
simulation data, which is complicated to achieve from other models in the literature. These analytical
models are normally developed for mechanically excited quartz tuning forks implying that the dither
driving energy must be determined. However, this is no easy task due to the appearance of mechanical
losses and the coupling between the sensor and dither, which are difficult to quantify. Our developed
model also overcomes the difficulty of measuring certain parameters, such as the amplitude of
oscillation and the sensitivity. With the results obtained, the model could be used to calculate the

effective spring constant of the device as deeply discussed in [21].
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Abstract

Quartz tuning forks (QTFs) have become popular in nanotechnology applications, especially as
sensors for scanning probe microscopy. The sensor’s spring constant and the oscillation amplitude
are required parameters to evaluate the tip-sample forces; however, there is certain controversy
within the research community as to how to arrive at a value for the static spring constant of the
device when working in shear mode. Here, we present two different methods based on finite
element simulations, to determine the value of the spring constant of the sensors: the Amplitude and
Cleveland methods. The results obtained using these methods are compared to those using the
geometrical method, and show that the latter overestimates the spring constant of the device.

Keywords: Spring constant; Scanning probe microscopy; Quartz tuning fork; Self-sensing probe;
Shear force microscopy.

1. Introduction

Quartz tuning forks (QTFs) are commercially-available crystal oscillators based on the piezoelectric
properties of quartz. Originally used for time measurements due to their very precise oscillation
frequency, QTFs have become popular for use in scanning probe microscopy (SPM) since their first
reported SPM use in 1989 [1]. To use QTFs as force sensors they are modified by attaching a tapered
fiber to one of their prongs. They present certain benefits over the standard microfabricated
cantilevers [2]: high stiffness (> 10° N/m), high quality factor (Q) (> 10° at ambient conditions), and
the fact that they do not need optical detection systems. With QTFs it is possible to image a sample
with a high resolution (even atomic [3-4]) and to measure very low interaction forces (femtonewton-
range forces have been measured using these sensors in a vacuum environment [5-6]). The
resolution descends to the range of hundreds of piconewtons in air and liquid environments [7].
Different research describes the behavior and working principles of QTFs in the measurement of the
interaction forces between the tip and the sample. In [8-9], the basic operation of the QTF for shear
and friction force detection is studied. The fundamental limits of force detection are discussed in [10]
and the relationship between the frequency shift of the tuning fork and the force gradient acting on
the tip is reported in [11].

There are two main QTF working configurations, depending on which spatial direction the fork
oscillates in: parallel (shear mode, Figure 1(b)) or perpendicular (intermittent or tapping mode,
Figure 1(a)) to the sample surface. For the former mode, the two prongs oscillate freely; but for the
latter, the tipless prong is usually firmly fixed to a supported structure (Q-plus scheme) [12] whereby
the QTF is converted into a quartz cantilever. In Q-plus configuration, the force gradient can be
calculated easily from the frequency shift, as in standard cantilevers. However, the piezoelectric
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current is at least a factor of 2 lower than that of a QTF for a given oscillation amplitude. Moreover,
Q is about one order of magnitude lower and it is strongly dependent on the way the fixed prong is
attached [13]. When the tip is attached to one of the two free prongs to work in shear mode, the
extra added mass results in a loss of balance of the dynamics of the QTF that causes a reduction in Q.
However, it is possible to rebalance the sensor to take advantage of a higher Q.

@

(a) (b)
Figure 1. The two most common configurations for the QTF. Q-plus (a), where a dither piezo is used to oscillate
the device perpendicular to the sample surface, and the piezovoltage generated is measured. Shear mode (b),
where the device is electrically oscillated parallel to the sample surface and the current through the two prongs
is measured.

F

|

Many researchers have reported different analytical models that describe QTF dynamics [8, 13-18]
and different finite element analysis (FEA) models have been devised [19-21]. However, there are
many discrepancies in the literature regarding calculation of the effective spring constant due to the
lack of a generalized model. Furthermore, most of the models available have been established for
the tapping configuration and mechanical excitation. The QTF can be either electrically driven by a
voltage applied between the electrodes (while the current through the device is measured) or
mechanically excited by an external dithering piezo actuator (in which case, the piezovoltage
generated is measured). 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. In recent
work [21] we presented a new electromechanical model of the QTF with the two prongs free and
electrically excited based on FEA. The electrical part (electrical driving, compensation circuit,
electrodes and current measurement) is incorporated into the model and validated by comparing the
simulation results with data measured experimentally. The finite element model designed allows
certain important parameters to be determined which are hard to measure experimentally, such as
the in-phase resonant frequency, the oscillation amplitude (A) and the sensitivity (S). All of these
parameters are derived from data that is easily obtained in the experiments (Q, the anti-phase
resonant frequency and the current through the device for a given excitation voltage).

To obtain a quantitative value for the interaction forces, it is necessary to know the effective spring
constant (K.) of the QTF. In Q-plus configuration, the relationship between the force gradient acting
between the tip and the sample surface, and the frequency shift produced is given directly by K. As
the sensor is turned into a conventional cantilever when one arm is fixed, the formula for a
rectangular cross-sectioned cantilever can be applied to obtain the spring constant of the vibrating

68




Results

prong [22]. When the two prongs are freely oscillating, as they are in the present work, the process
of evaluating Kz is not so straightforward since the coupling between the two arms affects the global
dynamics of the QTF [19].

For microfabricated cantilevers there are well-known methods to evaluate the spring constant; but
for QTF-based sensors there is no such standard calibration procedure. Some strategies used to
calibrate the normal spring constant for cantilevers have been modified so that they can be applied
to QTF devices. The most direct method is the measurement of the static deflection when a known
force is applied. Nevertheless, for stiff sensors which have high spring constants (of the order of
10,000 Nm™) compared to standard cantilevers (0.01 — 100 Nm™), the method does not seem to be
sufficiently accurate [23-25]. A version of the Cleveland method [26] for cantilevers is implemented
for QTFs in [13, 19, 20]. An additional mass is attached to one of the arms of the QTF and the spring
constant can then be determined from the resultant frequency shift. This method is not very user
friendly since an experienced operator is needed and the sensor is potentially highly destructive [23].
The noise spectrum method is employed in [13, 20]. However, the measurement requires equipment
with a very good signal-to-noise ratio (SNR) and good resolution in the range of interest. In [27-28]
the electronic analogy approximation is utilized, but accurate calibration of the mechanical oscillation
of the QTF sensor is required and that is not always easy since an interferometry set-up is needed
[28-31]. The theoretical approach derived from beam theory is widely used [32-36], but it is not
always suitable for the two free prongs configuration, as we mention above.

So, here we present a new method to quantify the effective spring constant from easily-measurable
parameters in combination with the simulation results of the QTF finite element model [21]. The
method is in agreement with the well-known Cleveland method modified for QTFs and corroborated
via two different commercial devices: 32 kHz and 100 kHz.

2. Finite element model and analysis

A complete electromechanical model of the QTF with the two prongs free and electrically excited
was devised and reported in [21]. Briefly, the excitation and the compensation circuits were
incorporated into the model as the electrical part and this was coupled with the mechanical behavior
of the QTF; the loaded and grounded electrodes were also incorporated into the model. The model
was devised for a 32 kHz (QTF-32) decapsulated commercial QTF (AB38T model, AbraconCorp., USA)
with a nominal resonance frequency of 32,768 Hz. A new model for a 100 kHz QTF (QTF-100)
(CFV206 model, Citizen Finetech Miyota Co., Japan) is implemented in the present work, following
the same procedure. The quartz structure and the electrode dimensions were measured using an
optical microscope (B-353MET model, Euro-Microscopes, Spain). The material properties of the
quartz (elastic, piezoelectric, and the dielectric permittivity matrices) were defined with the same
values as for the 32 kHz model [34]. Figure 2 shows the two QTF models with the electrode
configuration. The geometry of the electrodes is defined for the top and bottom parts symmetrically.
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QTF-32 (AB38T, Abracon) QTF-100 (CFV206, Citizen)

QTF-32 Dimensions [um]:  QTF-100 Dimensions [um]:

Length (L) = 5740 Length (L) = 2930
Width (W) = 248 Width (W) = 231
Base Thickness (T) = 585 Thickness (T) = 370
Length_tin (Tin) = 3588 Length_tin (Tin) = 1590
Base = 1374 Base = 1000

Figure 2. Electrode definitions and dimensions for the two different QTF models: 32 kHz (AB38T, Abracon) and
100 kHz (CFV2086, Citizen).

The mechanical behavior of QTF devices can be modeled by an equivalent electrical circuit
(Butterworth-Van Dyke model) [22] based on a serial LRC resonator with a parallel parasitic
capacitance. The capacitance and inductance model the potential and kinetic energy, respectively;
the resistor models dissipation and the parallel capacitance all the parasitic capacitors related to
contacts, cables, etc.

Far from the resonance frequency, the current through the parasitic capacitor dominates, inducing
asymmetries and shifts in the frequency response, and limiting the SNR. A shunt inductor element is
added in ANSYS models to compensate the parasitic current and maximize the SNR. From a harmonic
simulation over a broad frequency range, it is possible to obtain the contribution of the parasitic
current as a slope at the base of the frequency response. Using Equation 1, the value of the inductor
is modeled from the real part of the impedance which is equal to the parasitic capacitance. The
calculated value of the shunt inductor for the 32 kHz model was 26.5 H and for the 100 kHz model it
was 0.92 H.

1

L= @ .

In the experiments, a fully custom-made electronic module was used to drive the QTF at its
resonance frequency and the current through the device was measured using a transimpedance
amplifier (TIA) [31]. The parasitic current was also balanced by introducing a compensating circuit
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into the electronic driver. The compensation circuit was based on an adjustable capacitor instead of
an inductor, as there were no coils available with the values required [28].

As the device was excited electrically, the sensor was driven with a voltage signal at its resonance
frequency, and the current through the device was measured. The current is proportional to the
mechanical amplitude of vibration of the QTF [13, 29, 30], which is a key parameter for the
calibration of this kind of sensor. It can be obtained experimentally by optical methods [29, 37]
(which in general require complicated experimental setups) or theoretically from equation 2 [17].

VIQ
A= |[—— 2
27Tf0 keff ( )

Where A is the oscillation amplitude, V is the driving voltage, / the measured current, Q the quality
factor, k. the effective spring constant of the device and f, the resonant frequency in the anti-phase
mode. The expression is derived from the compensation of the loss of mechanical energy in each
oscillation cycle with the electrical energy from the driving circuit.

There are two main vibrational modes of the QTF: in-phase and anti-phase modes. During the in-
phase mode, the two prongs of the device oscillate in the same direction; whereas during the anti-
phase mode they oscillate in opposite directions. Only the anti-phase mode can be detected
electrically owing to the symmetrical electrode design. In in-phase mode, the electrical signals cancel
out. Table 1 summarizes the resonance frequencies for the two vibrational modes for the two
devices modeled: QTF-32 and QTF-100.

QTF-32 [21] QTF-100
In-Phase [Hz]  Anti-Phase [Hz] | In-Phase [Hz] Anti-Phase [Hz]
FEM Simulations 27 433 32768 81280 99999
Experimental 32768 99 999.5
Manufacturer
38,39] 32768 100 000

Table 1 Comparison of resonance frequencies from FEM simulation results and experimental measurements for
the in-phase and anti-phase modes, for the QTF-32 and QTF-100.

The input parameters for the harmonic simulations were Q and the resonant frequency in the anti-
phase mode (fy). They were easily obtained experimentally by fitting the frequency response to a
Lorentzian curve. Figure 3 shows the current amplitude plotted against frequency for a driving
voltage of 10 mV for the two QTFs. There was 93.5% and 99.0% agreement between the simulated
and experimental values of the curves for QTF-32 and QTF-100 respectively.
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QTF-32 Current Amplitud (pA) for vV, =10 mV QTF-100  Current Amplitud (uA) for vV, =10 mV
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Figure 3. Piezoelectric current amplitude plotted against frequency for V4. = 10 mV for two different QTFs
with different resonance frequencies. The simulated and experimental peak values of the curves agree to
within 93.5% and 99% for the QTF-32 and QTF-100 respectively.

Different devices with different Qs were measured and simulated for different driving voltages. Peak
current values from simulations were compared with experimental measurements for five different
devices of each type of QTF, as illustrated in Figure 4A. Figure 4B shows the oscillation amplitude of
the models for the driving voltage range selected. Table 2 shows the computed and experimental
results for a driving voltage of 10 mV.
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Figure 4. (a) Current peaks at the resonance frequency for five different devices of each type of tuning fork
modeled (black lines for QTF-32; blue for QTF-100). Solid lines are the average tendency of the measured
piezoelectric current and dashed lines the average of the current results from finite element models. (b)
Oscillation amplitudes from simulations for both models.
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QTF-100
Q lexp (NA) | Lsim (nA) | Agimy (nm) Q lexp (NA) | Lsim (nA) | Agjm (nm)
QTF1 | 104 542 572 505 282 202 612 1247 1200 213
QTF2 | 112 800 593 545 305 210 290 1280 1246 221
QTF3 | 113077 574 546 305 204 300 1280 1210 215
QTF4 | 102 144 549 493 276 214 620 1346 1271 226
QTF5 | 110724 618 535 299 213 492 1313 1264 225

Table 2 Comparison of experimental results for the current peak values for five QTFs of each type of device
modeled, with simulations by FEM for a driving voltage of 10 mV. Q is measured and implemented as an input
in the FEM simulations. The oscillation amplitude of each QTF obtained from the simulations is also shown in
the fifth and ninth columns.

3. Effective spring constant

The effective spring constant was quantified by a new method from easily measurable parameters
along with FEM simulations. The so-called “Amplitude method” is based on applying equation 2 to
the experimental data and the mechanical oscillation obtained from the simulations in ANSYS. Below
we present a simple procedure to calibrate the effective spring constant of the device which we
validate with the Cleveland method and compare to the geometrical method.

3.1 Amplitude Method

From equation 3, it was possible to obtain the value of the effective spring constant, K.y, once the
other parameters were known. Q, the driving voltage (V), the piezoelectric current through the fork
(/) and the resonance frequency (fy) were all known parameters, or they were easily measurable
experimentally for each device. The mechanical oscillation amplitude (A,) was obtained after
inputting the measured parameters (V, Q, fy) into the FEM simulations. The two QTFs modeled (32
kHz and 100 kHz) were calibrated using this method. Five different devices of each type were
measured at different driving voltages and their Q and f, were introduced as input parameters into
FEM simulations. Hence, the oscillation amplitudes at the peak resonance were obtained for the
different driving voltages. Figure 5 shows the results. The product V * | * Q (V*A) is shown against w
* A% (m’rad/s), where the expected linear relationship can be seen. From a linear regression, the
effective spring constant was calculated (grey line for QTF-100 and black line for QTF-32). From the
data acquired, it was also possible to calibrate the piezoelectric coupling constant, a (um/V), which is
the ratio of the input voltage and the deflection of one prong of the QTF. In terms of the current, it
can be written as: B=a*Zy, (m/A), since the charge induced by the piezoelectric effect is
proportional to the deflection; and the current is the parameter measured directly [10, 13, 19]. In
addition, the relationship between the driving voltage and the oscillation amplitude was observed to
be linear, in agreement with interferometric measurements reported in [29-31].
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Figure 5. Representation of the two terms of the expression 3 with experimental data and the resulting

oscillation amplitude from FEM models. Five different devices of each type of modeled tuning forks have been
plotted and two regression lines (black line for QTF-32 and grey line for QTF-100) have been fitted to obtain the
effective spring constant.

QTF-100

Kett [N/m] 34167 + 476 85219 + 1 260
o [um/V] 0.46 +0.01 0.18 +0.01
B [m/A] 0.52+0.01 0.20+0.01

Table 3. A linear regression is applied to the data from Figure 5 and the effective spring constant (slope) is
extracted. An estimation of the piezoelectric constants (@, B) is also obtained taking into account that the I-V
gains (Z-gain) have been calibrated: 1,117,314 and 906,330 for QTF-32 and QTF-100 respectively.

3.2 Cleveland Method

A commonly accepted way to calculate the effective spring constant of microfabricated cantilevers is
the Cleveland method. It is based on the measurement of the resonance frequency of the cantilever
before and after adding a small mass at the end of the cantilever [26]. Using the coupled oscillator
model, the method can be adapted to QTF sensors and the relationship between the change in the
resonance frequency and the added mass can be obtained [13]. The anti-phase resonance frequency
is measured while one prong is loaded with a small mass; since the relationship between the added
mass and the inverse of the anti-phase frequency squared is linear when the added mass is much
smaller than the effective mass of the prong:

Kery
" @mpr "

(4)

where Am is the added mass and m.y is the effective mass of the device. The spring constant of the
QTF was then calculated by loading a small mass onto one of the prongs of the device in the FEM
simulations, while the frequency shift produced was obtained. Small cubes of solid material (gold)
with known masses were coupled to the end of the right prong of the QTF, as described in [13] and
[40]. The frequency shift was obtained in both modes (in-phase and anti-phase) from the FEM
simulation output. The sensitivity of the device as a mass sensor was 49.5 ng/Hz and 4.5 ng/Hz for
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the QTF-32 and QTF-100 respectively; in good agreement with previous results reported for
experimental measurements in [40]. When the added mass became appreciable (with respect to the
effective mass of one arm of the QTF) the relationship departed from linearity. From modal
simulations, it was possible to extract the results from the in-phase mode; whereas it was not
possible to obtain them from the experimental data. Moreover, the mass of the added particles was
known perfectly and there was no influence of the glue used to attach them to the QTF arm. Figure 6
shows the expected linear relationship between f Z and the added mass, Am. Adjusting a linear fit to
this data, the effective spring constant and the effective mass of the QTF were extracted from the
slope and the interception with the y-axis of the linear regression respectively (see Table 4). Insets in
Figure 6 show the nonlinear behavior when the added mass, Am, becomes large, loading the prong
of the QTF in accordance with the coupled oscillators model [13].

A B

®  Anti-phase mode - 32K ®  Anti-phase mode - 100K7
8 ® In-phase mode - 27K ® In-phase mode - 81K

©
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Figure 6. Plots of the mass added at the end of one prong against f  for (A) QTF-32 and (B) QTF-100, for in-
phase (red circles) and anti-phase (blue squares) mode. Both insets show the nonlinear behavior when Am
becomes larger as the coupled oscillator model predicts.

QTF-32 QTF-100
In-Phase Anti-Phase In-Phase Anti-Phase
Kett [N/m] 26122 +49 34122 +251 65 896 + 551 89525+ 1267
Mess [kg) 8.79¢” 8.05¢” 2.53¢” 2.27¢”

Table 4. A simple linear regression is applied to the data from Figure 6 and the effective spring constant (slope)
and effective mass (interception) are extracted with a correlation coefficient of 0.999.

3.3 Geometrical Method

If a single harmonic oscillator model is used, each prong of the tuning fork can be considered as a
cantilever. Hence, beam theory has been widely applied to estimate the spring constant of one prong
of a QTF [8, 10, 41]. Equation X describes the relationship between the stiffness of one prong of the
QTF and its physical properties, where T, W and L correspond to the thickness, width, and length of
the prong respectively; and E (=78.7 GPa for quartz) is the Young’s modulus. In addition, the
fundamental eigenfrequency is given by equation 6 [28, 42], where m is the effective mass of one
prong and p (=2 644 kg/m® for quartz) is the mass density.
tw3E

k= 0.2575[—3 (5)
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=—J7 omzfl2 (6)

k' =383 -w-(Ep®) - (tfy)*/ (7)

The elastic constant of one prong (k) for the two QTFs modeled following expression X1 was 21,811
N/m and 58,990 N/m for QTF-32 and QTF-100 respectively. Nevertheless, other expressions for the
elastic constant can be used by rearranging the previous ones. The length, /, is isolated in eq. 6 and
introduced into eq. 5, leading to equation 7; which is frequency dependent and the variable, /,
corresponding to length is eliminated [43].

In Table 5, the three different methods are compared. Note that the Amplitude method devised here
and the commonly used Cleveland method agree (0.1% and 4.8% discrepancy). As expected, the
geometrical method gives a distinct value, as it treats the QTF as a simple structure consisting of two
independent cantilevers. The value is underestimated, but it improves when eq. 7 is used, which is
not length dependent (8.7% and 13% discrepancy with the Cleveland method). When eq. 5 is used,
the spring constant value is overestimated and it leads to 27.8% and 31.8% deviation for QTF-32 and
QTF-100 respectively.

QTF-100
In-Phase Anti-Phase In-Phase Anti-Phase
Amplitude 34 167 £ 476 85219+ 1260
Cleveland 26122 +49 34 122 + 251 65896 + 551 89525+ 1267
Geometry (2*k) 43 622 117 980
Geometry (2*k’) 31163 77 788

Table 5. Comparison of the effective spring constant obtained by adopting three different approaches: the
Amplitude method, the Cleveland method and geometrical expressions.

4. Discussion and Conclusions

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 [13, 18]. Some studies report that
the cantilever model underestimates the spring constant [13, 18]; whereas [19] shows that the
calculated value of the spring constant overestimates its true value. Another uncertainty resides in
the contribution of the base of the QTF to the spring constant; this is discussed in [44]. [42] indicates
that the total stiffness of the QTF is twice the stiffness of one prong: in contrast, [13] estimates it to
be more than twice. This discrepancy emerges from the coupling between the two prongs, which is
still unclear.

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,
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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.

Putting all this together, a method to calculate the spring constant of a QTF from easily measurable
parameters is presented in this work. The use of an 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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Quartz tuning fork devices are increasingly being used as nanosensors in Scanning Probe Microscopy.
They offer some benefits with respect to standard microfabricated cantilevers in certain experimental
setups including the study of biomolecules under physiological conditions. In this work, we compare
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working in the jumping mode, due to the reduction of the interaction forces.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Since 1989, when [ 1] used an atomic force microscope (AFM) to
study crystals, polymers, and processes in water, scanning probe
microscopy (SPM) techniques have been widely used to image soft
samples in a buffer solution. The capacity to study biological
samples in their native conditions with nanometric resolution,
together with the many aspects that can be studied via accurate
measurements (morphology, electrochemical properties, binding
forces, surface characteristics, etc.; [2,3,4]) make SPM a valuable
tool for experimental research in molecular and cell biology [5].
Lipids [6], proteins [7], DNA [8] and antibodies [9] are just some
examples of the wide range of samples that have been studied in
molecular biology [10]. Of special interest is the study of these
biomolecules when they are microstructured into patterns [11]:
printing the molecules with periodic structures on the surfaces has
several applications in the development of biosensors [12], the
production of molecular switches [13], cell attachment studies [14],
and measurement of the interaction forces using chemical force
microscopy |15,16]. Moreover, in a buffer, the interaction between
substrate and biomolecules is less stable than in air and therefore
the strategies adopted to bind the molecules to different substrates

* Corresponding author. Tel.: +34 934039161.
E-mail address: manel.puig@ub.edu (M. Puig-Vidal).

0304-3991/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ultramic.2013.09.008

are continually being reviewed and improved. Under certain condi-
tions, molecules assemble themselves into self-assembled monolayers
(SAMs). SAMs provide a monolayer of immobilized biomolecules,
each with the same orientation, which is very useful for ligand-
receptor binding studies [17]. For instance, adhesion forces between
different protein SAMs on a gold substrate and Staphylococcus
epidermidis bacteria are measured in [18] to assess coatings for
biomaterials. In [19], anti-Escherichia coli antibodies immobilized on
an indium-tin oxide surface are characterized by AFM to develop an
immunosensor. Microcontact printing is one of the most successful
techniques [20] for the formation of SAMs on surfaces of different
material. Polymeric stamps, usually molded from polydimethylsilox-
ane (PDMS), are used to transfer the molecular inks onto the surface
while reproducing the stamp features. Patterned SAMs are commonly
analyzed with SPM due to the high resolution required to measure
the thickness and roughness of the biomolecule monolayers
accurately [21] and the need to conduct the experiments in a
buffer solution.

AFM functions through measurement of the interaction forces
between a nanometric tip (usually placed at the end of a micro-
fabricated cantilever) and the sample surface. These small forces
are usually detected by means of the reflection of a laser beam
from the upper surface of the cantilever, which is measured using
a position-sensitive photodiode. The use of nanosensors based on
a quartz tuning fork (QTF) is an alternative to the conventional
optical detection system and it has been widely used for sample
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imaging [22] and nanocharacterization [23,24]. To form such
sensors, a sharpened tip is attached to one of the prongs of a
piezoelectric resonator and oscillated parallel to the sample sur-
face in shear force mode [25], or perpendicular to the surface in
tapping mode [26]. A change in the oscillation amplitude and
resonance frequency of the nanosensor is observed when an
interaction force appears between the tip and the sample surface.
Thanks to the piezoelectric properties of quartz, QTFs can be
driven to resonance acoustically (direct piezoelectric effect) and
electrically (inverse piezoelectric effect). If the excitation is
mechanical, a dither is used to oscillate the device and the
piezoelectric-generated charge is measured [27]; if the excitation
is electrical, the sensor is driven with a voltage signal at the resonance
frequency, and the current through the device is measured [28].

Unlike standard microfabricated cantilevers, QTF probes pre-
sent high quality factors (Q) and high static spring constants (K)
due to the piezoelectric properties of quartz and the mechanical
structure of the resonators. These properties allow stable low
oscillation amplitudes to be achieved and thereby make it possible
to work in a non-contact regime avoiding the tendency of the tip
to jump to contact at small tip-sample distances [29]. The fact that
the laser-photodiode detection setup is not needed in QTF-based
SPM, makes it easy to work in liquid environments to study
biomaterials and biological samples [30]. Other examples of
situations in which a non-optical detection method is required
are those in which samples are sensitive to light or heat [31] and in
AFM studies under cryogenic conditions [32]. Furthermore, it is
easier to integrate an optical microscope into the QTF-based
system and to implement a multi-probe system [33].

One of the critical points in the study of biomolecules with SPM
is that the interaction forces often damage the sample [34].
Different dynamic techniques [35-37] have been implemented to
achieve intermittent or non-contact imaging thereby avoiding
continuous contact with the sample surface during scanning.
The two most commonly used working modes in dynamic AFM
are amplitude modulation (AM) and frequency modulation (FM).
The AM mode allows high resolution imaging, but is not suitable
for working with certain biological samples due to the difficulties
in applying low forces [38,39]. FM mode is less destructive because
it is often possible to maintain the tip in the non-contact regime.
However, the tip is often contaminated, which can cause transi-
tions between the non-contact and contact regimes [40]; fortu-
nately, in liquid media this unstable situation is less likely because
long range forces are weaker than in air [41]. To overcome these
problems, other techniques such as force volume [42], peak force [43],
and jumping mode (JM) [44] are becoming more common. These
techniques use a lateral scanning motion with the tip maintained
out of contact with the sample. Previous reports demonstrate the
success of JM in imaging soft biological samples without damaging
them, due to the reduction of lateral and normal forces [45,46].

Only a few studies have reported nanocharacterization of
biological samples with QTF probes [24,27,28,47| and there is no
comparative study of the different imaging modes in the literature.
However, the use of QTFs to image soft matter has great potential
as they present a high static spring constant and Q value [48]
which allow low oscillation amplitudes to be achieved. The Q
values obtained in air (1000-2500) and in liquid (around 300) for
QTFs are very high compared to the values obtained with standard
silicon cantilevers in air (~400) [49] and liquid (~30). Even when
working with a small oscillation amplitude and imaging in the
repulsive regime with a cantilever, some sort of sample damage is
usually produced [50]. The use of low-amplitude oscillations with
QTF probes avoids the undesirable tendency of the tip to jump to
contact [51]. The idea of vertical displacement of the sensor for
shear force imaging of soft samples was introduced in [52]: the Z
position is modulated while scanning to reduce the interaction

forces. In this work we go one step further by using the scheme of
the Jumping Mode with tuning fork sensors. On this way, the
lateral displacement of the probe is always done when there is no
interaction between the tip and the sample. We then study three
different methods for imaging biomolecules with QTF sensors.
We compare the performance of AM, FM and JM AFM when
imaging a microcontact-printed pattern of antibodies under phy-
siological conditions.

2. Materials and methods
2.1. Sample preparation

For the surface activation, several 1x 1cm? pieces of high-
grade silicon oxide wafer (NTB, Buchs, Switzerland) were rinsed
with absolute ethanol (Panreac, Barcelona, Spain), blown dry with
N, and activated by sonication in 1M NaOH solution (Panreac,
Barcelona, Spain) for 15 min. Then, the silicon oxide substrates
were rinsed with Milli-Q water (Millipore, Billerica, MA, USA) and
soaked in 1 M HCI solution (Panreac, Barcelona, Spain) for 15 min.
Finally, the substrates were rinsed with Milli-Q water, blown dry
with N, and stored in a dust-free environment. This process
creates SiOH functional groups on the surface for future modifica-
tion. The activated substrates were immersed in a 2 mM ethanolic
solution of 3-Glycidoxypropyldimethoxymethylsilane (3-GOPDTS)
(Sigma-Aldrich, St. Louis, MO, USA) for 30 min, rinsed with
absolute ethanol, dried under N,, and baked for 1h at 80 °C.
The modified substrates were rinsed with copious amounts of
absolute ethanol, blown dry with N5 and stored in an inert atmo-
sphere until further use.

A PDMS stamp was produced by pouring a degassed 10:1 (w/
w) mixture of PDMS pre-polymer and curing agent (Sylgard 184,
Dow Corning, MI, USA) onto a clean silicon master. The master
comprised a regular array of square holes measuring 3 x 3 pm?
with a separation of 3 um between holes. After curing overnight at
room temperature and subsequently for 1 h at 65 °C, the PDMS
replica was peeled from the master.

To produce a patterned antibody layer on the silicon substrate,
the PDMS stamp was inked with a 40 pg/mL solution of mouse
monoclonal antibody 5C3 of the IgG class and ~ 150 kDa (Leitat,
Barcelona, Spain) which recognizes the S100A4 protein, in phos-
phate buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA) for
15 min and then blown dry with N». The inked stamp was placed
in contact with the modified surface for 5 min.

After printing, the patterned antibody was left to react with the
3-GOPDTS modified substrates for 1 h in a humid atmosphere at
room temperature. Afterwards, the patterned substrates were
immersed in a 100 mM 2-(2-aminoethoxy)ethanol (AEE) solution
(Sigma-Aldrich, St. Louis, MO, USA) in 100 mM sodium hydrogen
carbonate buffer (Panreac, Barcelona, Spain) for 30 min, rinsed with
carbonate buffer and PBS, and stored in PBS at 4 °C until further use.

To take a fluorescence image of the microcontact patterned
antibodies, the entire substrate was incubated with 2 ug/mL of
rhu-S100A4 (Leitat, Barcelona, Spain) diluted in PBS for 60 min at
room temperature. Afterwards, unbound protein was removed by
five washes in PBS containing 0.1% Tween 20 (PBST) and incubated
for 30 min with 4 pg/mL of rabbit polyclonal antibody anti-S100A4
(Dako, Glostrup, Denmark, cat:A5114) diluted in PBS. After wash-
ing 5 times, the substrate was incubated with Alexa Fluor™ 488
goat anti-rabbit IgG (H+L) (Life Technologies, CA, USA, cat:
A11088). To characterize the pattern, an upright microscope
(E1000, Nikon, Japan) equipped with a CCD camera was used to
record the fluorescence of the Alexa Fluor™ 488 conjugated goat
anti-rabbit. The images obtained were processed with Image]
(NIH, USA). Fig. 1 shows the sandwich structure obtained with
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Fig. 1. Fluorescence microscopy images of antibody 5C3 patterned onto the 3-GOPDTS
modified silicon surface probed with conjugated Alexa Fluor™ 488.

the patterned antibody, antigen and fluorescence-labeled second-
ary antibody.

2.2. Sensors production and operation

The QTF probes were custom made by attaching a chemically
sharpened optical fiber (SiO) to one of the prongs of a previously
decapsulated commercial AB38T (Abracon Corp., CA, USA) QTF
with a nominal resonant frequency of 32,768 Hz. To sharpen the
probes [53], a 125 um optical fiber was immersed in a 40% HF
solution, with an organic solvent on top to act as a protective layer
(CgHys); then, at the interface between the acid and the solvent, a
meniscus formed thereby creating a reaction gradient. The radius
of the fiber decreased due to HF etching until the process
automatically stopped, resulting in a 150-200 nm tip radius.

The length of the part of the fiber protruding from the fork was
between 3 and 4 mm, which was the minimum length necessary
to work within the microscope liquid cell, while maintaining the
QTF resonating in air. The longer the fiber, the lower of the Q-value
(due to the extra mass added and the sensor becoming unba-
lanced). However, the decrease in Q-value is more dependent on
the depth of immersion of the end of the fiber in the liquid.

The QTFs were operated in shear mode: oscillating parallel to
the sample surface. The probes were electrically driven to reso-
nance and the amplitude of oscillation was obtained by measuring
the current flowing through the sensor. For the experiments
presented in this work, a QTF with a quality factor, Q, of 235 and
resonance frequency, f, of 31780 Hz was used (once the fiber was
attached and immersed in the buffer solution). Driving amplitude
of 10 mV was selected and the measured current at resonance was
2.3 nA.

2.3. QTF imaging

The QTF sensors were driven electrically by an integrated
generator in the Dulcinea Dynamic Board of the Nanotec commer-
cial AFM (Nanotec Electrénica, Madrid, Spain). A fully-custom-
made electronic module was used to drive the QTF and control
nanocharacterization [54]. A transimpedance amplifier (TIA) trans-
lated the current through the QTF into a voltage, to allow
measurement of the oscillation amplitude with a lock-in amplifier.
As in all dynamic working modes, we obtained information about
the interaction between the tip and the sample by reading the
amplitude and the phase of the QTF current signal (see Fig. 2A).
Three different imaging modes were employed depending on the
main feedback signal:

Electronic Driver
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Fig. 2. (A) Scheme of the electronic driver; (B) image of the measurement set-up.
The QTF probe is immersed in buffer solution to access the sample using a
liquid cell.

amplitude modulation (AM)
frequency modulation (FM)
jumping mode (JM)

In AM mode, an excitation signal with constant amplitude was
used to drive the QTF at the resonance frequency and the amplitude
of the current was the input of the main feedback. A lower amplitude
than the free oscillation amplitude was imposed on the system and
the sample was moved in the Z-direction to reach the set point value,
while the variable phase was also recorded.

In FM mode, the main feedback input signal was the resonant
frequency shift of the QTF sensor when a tip-sample interaction
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occurred. Another feedback loop was used with a phase-locked
loop (PLL) to track the effective resonance frequency of the sensor.
The PLL changed the frequency of the excitation signal to maintain
a constant 0 phase. A third parallel feedback loop was used to
control the amplitude of the driving signal and maintain the
amplitude of oscillation, Ao, constant. This method is suitable for
working in liquids, as the resonance frequency of the sensor
changes with the evaporation of the buffer. This low-frequency
drift was followed by the PLL tracking of the resonance frequency.

Jumping mode (JM) operation was originally designed for
measuring the deflection of the cantilever at each point of the
image [44]. The sensor operates in a closed loop when tip is in
contact with the sample, to measure the topography; and in an
open loop when the tip is moving away from or approaching the
sample, to evaluate the tip-sample interaction as given by the
force-distance curves. The sample was moved from one point
image to another when it was far from the tip. This system reduces
friction forces and damage to the sample, since lateral displace-
ment between the tip and sample only takes place when they are
not in contact. In classical AFM, where the sensor is the standard
cantilever, the feedback channel is usually the normal force signal.
In the present application, it was possible to operate in JM with
QTF-based nanosensors working in AM by using the amplitude
signal for the topography feedback. A cycle started in closed loop
operation and, after a few ms of tip-sample contact, the feedback
loop was opened and the jump step began. First, the Z-piezo is
withdrawn and the tip could oscillate freely up to the maximum
Z-distance set in the jump-off parameter. At the furthest Z-
distance, the lateral position of the sample was changed to that
of the next point image. Then the tip was moved close to the
sample and the feedback was closed again to begin a new cycle.
One cycle was executed at every image point.

3. Results and discussion

The sample was imaged in the three operation modes described
above: AM-AFM, FM-AFM, and JM-AFM. All the measurements
presented were obtained in buffer solution using a liquid cell (see
Fig. 2B). The tip of the QTF probe was immersed in the buffer
solution where the sample was also submerged. The measurement
buffer was PBS with a pH of 7.4.

3.1. Sensor response as a function of the tip-sample distance

To characterize the dynamic sensor response, amplitude versus
tip-sample distance curves were performed by measuring the
current, I, through the QTF when it was approaching the bare
substrate. The QTF was driven at the resonance frequency; I,,s was
constant when the probe was far from the sample surface and
diminished as the QTF approached the sample, as illustrated in
Fig. 3A. In AM mode, the set point parameter was adjusted to
Iser=1.64 nA (see blue line in Fig. 3A), this value corresponds to an
oscillation amplitude reduction of 78% with respect to the free
oscillation amplitude. In FM mode, the set point was chosen to be
3.04 Hz, corresponding to the frequency shift with respect to the
free resonance frequency (f-fy) (see Fig. 3B).

3.2. Imaging results

The results obtained in AM mode are shown in Fig. 4. Micron-
sized images show the pattern of antibodies anchored on the
surface without well-defined edges. It is known that AM-AFM
images of biomolecules are highly dependent on operational
parameters. The set point Ay, was tuned to 78% of the free
oscillation amplitude: Ase/Afee=0.78, the minimum value for
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stable operation, in an attempt to apply the minimum force
needed to keep the tip in range of the sample surface. In order
to minimize the tip-sample interaction, we employed small
voltage-driven amplitude: 10 mV. Even so, lateral oscillation of
the QTF and the scanning motion produced irreversible damage to
the sample; part of the sample was removed. The sample was
progressively degraded with successive scans. Two consecutive
images were taken, while maintaining the same working para-
meters. The second image is of worse quality and lower contrast
than the first, resulting from the high shear forces applied.
The boundaries of the features are undefined and the height is
highly uneven and different from the real size (see the profile in
Fig. 4C). The height histogram shows a peak at 3.90 + 1.78 nm in
the lower region of the sample, which corresponds to the
functionalized substrate. It was not possible to fit a Gaussian
function to the upper values of the histogram corresponding to
the antibody height, due to the broad spread of values. The
histogram presents a tail towards higher values, corresponding
to antibody features reaching values up to 17 nm without any
characteristic peak. The value obtained for the height of the
antibodies is far from the theoretical value, which is approximately
4 nm, as all the IgG molecules adopt the classic Y-shape [55].
The FM results are summarized in Fig. 5. In general terms,
image quality was slightly better than in AM although the FM
mode was noisier because of the added parallel feedback loops.
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Fig. 4. (A) and (B): Two consecutive images of SAM of 5C3 antibody patterns obtained with QTF probes in the AM mode. The quality and contrast of both images are poor
and sample degradation is evident while scanning. The topographic profiles and histogram of the first image are shown in (C) and (D) respectively.

It was not so evident that sample suffered irreversible damage as
in the previous case during the scanning process. The distribution
of the antibodies showed patterns with better defined edges, but
the two consecutive images were still blurred. Sample degradation
is less than in the case of the AM mode, so lateral forces were
smaller in the FM than in the AM mode, as expected. The set point
fser Was tuned to 3.04 Hz, the minimum frequency shift value for
produce the image. The FM feedback maintained the frequency
shift, which is highly dependent to the force gradient, to recon-
struct the topography of the sample. Having a high Q value in FM
mode is advantageous, especially in liquid conditions [56] and
hence control over the interaction was greater than in AM mode.
A profile of the topography image can be seen in Fig. 5C, which
illustrates the irregular heights of the antibody features. The
histogram of the same image is shown in Fig. 5D and it is possible
to distinguish two different peaks corresponding to the two
different regions of the sample; a Gaussian function was fitted to
both. The highest peak is at 3.53+ 1.9 nm and the lowest at
8.87 + 717 nm, corresponding to non-patterned and antibody-
patterned regions respectively. In comparison with AM, better
contrast is obtained in the images but the height of the features is
still far from the theoretical value.

The results obtained in JM are shown in Fig. 6. In contrast to the
other two methods, the images present well-defined edges of the
antibody features, and the results are both reproducible and
repeatable after consecutive images. The amplitude set point Ase
was fixed to 91.5% of the free oscillation amplitude: Ase(/Afee=0.91.
The set-up parameters were adjusted to produce minimum tip-
sample interactions. Time excursion along the Z-direction of the
tip from the sample between one point and the following was:
Jumpoy=40 nm (the tip jump needed to be large enough to
overcome adhesion forces, even though in a liquid environment).
The contact time was set to 4.8 ms (10 cycles). JM-AFM consecu-
tive images of the same region of the sample did not show any

visible damage to the sample. The height histogram presents two
very clear distinct peaks, so the image contrast was substantially
increased with respect to the other two methods. The topography
height of the area outside the antibody pattern was 1.41 + 0.67 nm
and the height of the antibody features was 4.41 + 1.55 nm, which
is in good agreement with the theoretical height of the antibody
monolayer (see profile in Fig. 6C).

3.3. Comparison between AM, FM and JM AFM

The results show that lateral forces in AM and FM modes are
higher than in JM and tip-sample contact causes irreversible
damage on the sample. This is mainly because the lateral and
vertical displacements of the tip are not synchronized in either the
AM or the FM mode. In JM, tip-sample interaction time is reduced
with respect to the other two dynamic techniques, thereby
minimizing the induced lateral tip-sample interaction. Moreover,
when the tip and the sample are immersed in liquid, there are no
capillary forces and Van der Waals forces are highly reduced.
Therefore, the set point is difficult to maintain due to the
inhomogeneity of the antibody features. It could be that some
antibodies adopt a Y-shaped distribution and others a T-shape, and
moreover the molecules might not be equally distributed across
the features. Fig. 3A shows that the current versus distance curve
decreases monotonically as the tip approaches the sample. The
reduction of the current through the fork corresponds to the
reduction in the oscillation amplitude; the parameter used for
primary feedback control in AM. In contrast, Fig. 3B shows that the
resonance frequency increases while tip-sample distance
decreases. Although it is noisier, it is known that frequency shift
is fairly sensitive, particularly when the tip is close to the sample
[57,58]; there is greater variation in frequency than in amplitude.
Hence, the use of FM allows better control of the set point and the
feedback conditions. However, the lack of significant Van der
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Fig. 5. (A) and (B): Two consecutive images of SAM of 5C3 antibody patterns obtained with QTF probes in the FM mode. The quality and contrast of both images are slightly
better than those taken in the AM mode. The topographic profiles and histogram of the first image are shown in (C) and (D) respectively.

Waals forces in liquids means that feedback control is more stable
in both AM and FM modes under liquid conditions and indeed is
similar in the two modes. In addition, working with biological
samples, the tip easily becomes contaminated thereby changing
the attractive/repulsive regimes and leading to instabilities in
control, especially when the adhesion surface changes signifi-
cantly; as in our case, where the sample has two different regions
with different adhesion properties of the surface.

In AM, the amplitude and phase variations in the current
through the QTF, with respect to the signal driving the voltage,
are used as the feedback control. The system responds with a step-
like change in amplitude, on a time scale of Q/fy [59]. The higher is
the quality factor, the lower the system response and therefore the
image acquisition time. In FM, the frequency shift with respect to
the resonance frequency without interaction is measured via the
PLL and this value is used as the feedback signal in the closed-loop
system. The system responds with a step-like change in frequency,
on a time scale of 1/fy [59]. Scan rates can thus be higher in FM
than in AM, even taking into account that the QTF quality factor is
substantially higher than that of standard cantilevers, even in
liquid environments. However, when the QTF probe is immersed
in a buffer solution, Q is greatly reduced due to the viscosity of the
liquid inducing overdamped hydrodynamics due to friction forces
and making it difficult to apply the low forces required in AM.

We have shown that JM-AFM is a suitable technique for
imaging a self-assembled monolayer of patterned antibodies with
QTF nanosensors under liquid conditions. JM-AFM images are
well-defined and reproducible. Using this technique we measured
the height of the antibodies to be 4.41 + 1.55 nm, which is in good
agreement with the theoretical height of 4 nm and other recent
studies in liquid with standard AFM [55]. Fig. 7 exhibits a direct
comparison of the histograms of the images taken with the three

studied imaging modes and their topographical profiles showing
the clear performance improvement in results going from AM to
JM. These results demonstrate the effectiveness of QTF probes
working in JM which minimizes the shear and friction forces
exerted on the sample. One drawback of using the JM is the low
scan rate. All the images in this study were of 512 x 512 points and
taken at a scan rate of 1Hz with the three different imaging
modes. Acquisition time for the AM and FM images was about
10 min, whereas the total acquisition time for one image in the |M
was about 55 min. Acquisition time depends on the control
parameters, but the measurement cycle in the JM is longer due
to the time-consuming process of approach to and withdrawal
from the sample of the tip at each image point. This slow scan rate
makes it difficult to study dynamic processes of biomolecules, but
the images obtained are of significantly better quality than those
obtained with other dynamic scanning methods. Table 1 sum-
marizes the performance of the three different imaging modes
implemented in this study.

4. Conclusions

In this work, we have compared the performances of three
different imaging modes applied to micropatterned antibodies
characterization using QTF-based nanosensors. We have observed
that micropatterned biomolecules can be imaged with QTF with-
out damaging the sample when working in the JM of AFM. The
other modes tested, AM-AFM and FM-AFM, produce serious
alterations that are irreversible. Tip-sample forces are lower in
JM since the lateral scanning and QTF oscillation are desynchro-
nized, thereby minimizing the lateral forces during interaction.
Although the modulation of the vertical displacement has shown
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Fig. 6. (A) and (B): Two consecutive images of SAM of 5C3 antibodies obtained with QTF probes in JM. The quality and contrast of both images were clearly better than those
taken in the AM and FM modes. The topographic profiles and histogram of the first image are shown in (C) and (D) respectively.

Table 1
Summary of the performance of the three working modes implemented.

>

— AM

10 J y :
3x10 Fm Mode Time (s) for 512 x 512 image Contrast Real height Sample damage
—JI

AM 512 Very low NO YES
FM 512 Low NO SOME
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to be useful in shear force imaging of soft samples, this improve-
—— ment alone shows a reduction of the resolution by a factor of 4 [52].
; ; : : In contrast, if using a more complex setup for the control system
(Jumping Mode, where the tip is always moved laterally when no
interaction occurs) and Quartz Tuning Fork sensors for the detec-
tion of the shear force, our results show that there is no loss in the
B 20 resolution of the images. Besides, there is a good correspondence
:‘F\x between the experimental height of the sample and the theore-
—IM tical value. We can therefore conclude that QTFs are good nanop-
robes for imaging soft biological samples because the applied
forces are very low due to the weak interactions present in the
liquid when working in JM. Nevertheless, one of the drawbacks of
JM is the low scanning rate, which makes it difficult to monitor
fast processes.

Some studies in the literature report SPM measurements with
QTF for different samples, but there is no standard procedure to
perform such measurements. Here, we have compared three
different techniques for measuring the same sample as an impor-
tant step forward in the use of QTF nanosensors. This work

X(um) therefore contributes to the standardization of QTF probes as a
Fig. 7. Direct comparison of the histograms of the images taken with the three tool for dynamic SPM to image soft biological samples as pat-
studied imaging modes and their topographical profiles. terned molecules in liquid.

Z(nm)
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Abstract

The quantitative measurement of biomolecular interactions is of high interest in molecular
biology. Atomic Force Microscopy (AFM) acting as a biosensor has proof its ability to
determine the affinity between biomolecules of interest. Nevertheless, the detection scheme
presents certain limitations to develop a compact biosensor. Recently, piezoelectric Quartz
Tuning Forks are being used as laser-free detection sensors for AFM. However, only a few
studies have been done in soft biological samples, especially in quantified molecular
recognition experiments. In this work, we show the ability of the QTF probes to perform
specific interaction measurements between biotin-streptavidin complex in buffer solution. For
the first time, a variant of dynamic force spectroscopy based on adhesion energies E (aJ)
representation versus pulling rates v (nm/s) is presented. Results are compared with
conventional atomic force microscopy (AFM) measurements and show the great potential of
these sensors to realize molecular interaction studies.

Keywords

Atomic force microscopy; Quartz tuning fork; Self-sensing probe; Force Spectroscopy; Protein-
protein interactions; Molecular recognition

1. Introduction

The quantitative measurement of the interactions between biomolecules is currently a hot
topic in molecular biology research [1[4]. About 60% of all pharmaceuticals have membrane
proteins as main target [5[7], so of special interest is the measurement of protein-protein
interactions: results can give a crucial insight on how receptors in the cell membrane react to
different molecules. Several techniques are being successfully used to measure protein-protein
interactions (see [8[9] for further details); among them, Atomic Force Microscopy (AFM) is of
special interest because it can be employed to obtain high resolution molecular images and
directly measure the unbinding force of individual ligand-receptor complexes [10]. For
instance, glucagon/anti-glucagon pairs are studied in [11] under different pH values
demonstrating that the pH dependence of antigen-antibody bond forces can be measured with
an AFM sensor. In [12], the spatial organization of the peptidoglycan on the cell walls of living
bacteria is investigated and in [13] antigen-antibody binding forces on lymphoma patient
cancer cells are measured to find potential effective targets for cancer. AFM functions through
the measurement of the interaction forces between a nanometric tip, placed at the end of a
micro-fabricated cantilever, and the sample surface. The forces are detected by means of the
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reflection of a laser beam on the rear side of the cantilever which is measured using a position-
sensitive photodiode. Beyond its use as an imaging tool, AFM can measure the interaction
forces between the tip and the sample, in the so-called force spectroscopy mode. The
streptavidin-biotin system was one of the first to be studied at the single molecule level using
force spectroscopy due to its high affinity and specificity of interaction [14[16]. The basics of
these measurements is certainly straightforward: one of the biomolecules is linked on the tip,
the other one is immobilized on the surface, and the interaction force vs. the tip-sample
distance is recorded in a series of experiments. After data analysis, some parameters of the
interaction can be quantified. The dissociation rate k, can be determined after a dynamic study
over different pulling speeds between the ligand-receptor pair and parameters related to
binding potential can be obtained which are related to energy landscape of the studied bond
[17[18].

One of the main applications of the measurement of protein interactions is the molecular
recognition: the AFM is used as a biosensor to determine the degree of affinity between the
biomolecules [19[20]. In recent years, efforts have been made to incorporate the AFM’s force
detection scheme into compact biosensors. The reported solution have been focused on
developing chips compatible with the optical readout [21[22] or in the integration of laser-free
sensors, mainly cantilevers with piezoresistive readout [23]. Nevertheless, the development of
these cantilever-based biosensors requires specific microfabrication facilities, usually involving
non-standard fabrications steps, which is a huge drawback for the growth of this research,
being limited to a few research groups around the world [24[25]. On the other hand, the use of
nanosensors based on a quartz tuning fork (QTF) is a promising alternative to the conventional
silicon cantilevers [26[29] and it has been widely used for sample imaging and
nanocharacterization [30[32]. Instead the optical detection system used in conventional AFM,
the mechanical oscillation of the QTF is transduced to a piezoelectric current and detected by a
transimpedance amplifier. Moreover, tuning forks show additional advantages as low stable
amplitude A, high quality factor Q and high spring constant K which permits the forces in the
pico-range [33]. Also, QTFs do not present one of the main problems of cantilevers: thermal
drift (due to the heat dissipation of the laser diode or due to the intrinsic properties of
piezoresistive materials). To build QTF-based sensors, a sharpened tip is attached to one of the
prongs of a piezoelectric resonator and oscillated parallel to the sample surface in shear force
mode [34], or perpendicular to the surface in perpendicular mode [35]. When a force acts on
the tip, there is a change in the resonant frequency of the sensors (which can be measured as
a change in the vibration amplitude if working at constant excitation frequency) [36].

QTF-based nanosensors have been used to image cells [30], bacteria [37] and biomolecules
[38]. Sub-molecular resolution in air has also been obtained in [39] and qualitative recognition
has been performed between avidin and lysozyme antibody in [40] in shear mode.
Nevertheless, there are few works on quantitative molecular interaction forces with such a
probe in solution. In [41], the specific interaction between a ligand and its receptor in aqueous
media is studied with the QTF sensors quantifying the withdrawal forces. The latter employs
the piezoelectric oscillating perpendicular to the sample surface. Small non-linear jumps in the
phase curve are observed when an unbinding event between ligand-receptor is produced.
After a series of assumptions, the phase variations are translated to a force gradient curve, but
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the measurements are not quantified in energy terms, so they cannot be compared with
results obtained with alternative methods.

Herein, we present the application of quartz tuning fork probes for molecular interaction
analysis 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. DFS consists on measurements of the needed force to unbind individual
receptor-ligand systems. Nevertheless, 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. Adhesion
energy [42[43] was the parameter that it was possible to measure directly from the amplitude-
distance curves obtained with QTF sensors. In this work, it is demonstrated the effectiveness
of the piezoelectric quartz tuning fork sensors in shear mode to perform specific interaction
measurements between a ligand and its receptor in liquid media.

2. Materials and Methods

2.1 Sensors production and operation

In our experiments we used QTFs with a resonance frequency of 32,768 Hz (model AB38T,
Abracon Corp., USA). The nanosensors were custom made by attaching the functionalized
probe to one of the prongs of the QTF decapsulated. The quality factor (Q) of these devices
arrives up to 100,000 when packaged in vacuum. The device is then decapsulated and the
probe is glued to one tine. The Q factor falls because the quartz structure is resonating in air
instead of vacuum and due to the added mass of the fiber. Around 3-4 mm probe length is
enough to work with the fiber tip inside the liquid cell but the fork resonating in the air.

As a previous step to the functionalization, the optical fiber (SiO,) was chemically sharpened
[44]. In brief, a 125 um optical fiber was immersed in a 40% HF solution, with an organic
solvent (iso-octane CgHyg) on top to protect against the acid vapors; then, a meniscus is formed
creating a reaction gradient at the interface between the acid and the solvent, being a self-
terminating process after 90 minutes. After the etching stops, the fibers are rinsed with
ethanol and water, functionalized with biotin and mounted to the resonator with
cyanoacrylate glue (see figure 1A).

The sensor was mounted on an adapted STM head integrated in a commercial AFM
microscope (Nanotec Electrdnica, Spain). A fully custom-made electronic module was used to
drive the nanosensor electrically [45] to its resonance frequency. A transimpedance amplifier
(TIA) (model OPA656, Texas Instruments, USA) converts the current flowing through the QTF
into voltage with a 10° V/A gain. The QTFs were operated in shear mode and in amplitude
modulation: oscillating parallel to the sample surface at constant frequency excitation and
reading the ampltiude and phase variations when an interaction between the tip and the
sample is produced (see fig. 1B). When there is a tip-sample interaction force, the frequency
response is shifted and a lower amplitude than the free oscillation amplitude is measured (see
fig. 1C).
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Figure 1. (A) QTF sensor decapsulated with a fiber probe attached to one of the prongs. (B) Scheme of
the QTF measurement setup. The QTF probe is excited electrically with an AC signal by setting the
resonance frequency. The current through the device is measured by a lock-in amplifier (C) Principle of
operation in amplitude mode.

For the experiments presented in this work, a QTF with a quality factor, Q, of 1500 and
resonance frequency, f, of 34,830 Hz was used (once the fiber was attached and immersed in
the buffer solution). Driving amplitude of 20 mV was selected and the measured current at
resonance was 5.2 nA corresponding to a free oscillation amplitude of 3.88 nm (see eq. 2).
Spring constant value has been determined by finite element simulations using a model
developed in our group resulting in k=34.000 [46[47].

2.2 Functionalization of the biosensors and the test samples

For the surface activation, several 1x1 cm pieces of glass coverslips and optical fibers (SiO,)
previously sharpened were immersed in a piranha solution (3:1 concentrated H,SO, and 30%
H,0, solution) for 1 hour, rinsed with MilliQ water and dried under nitrogen. After that, the
substrates and fibers were placed in a mixture of NH,/H,0,/H,0 (1:1:5) for 30 min. Then, they
were rinsed with Milli-Q water, blown dry with N, and stored in a dust-free environment. This
process created SiOH functional hydroxyl groups on the surface for future modification.

For the functionalization of the fibers with biotin, the aminosilanization process was done by
immersing the activated fibers overnight in a solution of 3-aminopropyltriethoxysilane (APTES)
(Sigma-Aldrich, St. Louis, MO, USA) 2% in acetone. Then, the fibers were rinsed with acetone
three times, dried under N, and baked for 20 min. at 90°C. Then, fibers were incubated in a
solution of 20 pug/mL biotin N-hydroxysuccinimide ester in DMSO 1% (Sigma-Aldrich, St. Louis,
MO, USA) in PBS (100 mM, pH 7.4) for 6 h. After that, the functionalized probes were rinsed
twice in a PBS solution with EDTA 0.1% and triton x-100 1% for 15 min., twice in PBS for
another 15 min. and stored in PBS at 4°C until further use. The same procedure was followed
to functionalize the AFM tips.

For the functionalization of the substrates with estreptavidin (Sigma-Aldrich, St. Louis, MO,
USA), the activated substrates were immersed overnight in a 2 % solution in ethanol of
Triethoxysilylundecanal (TESUD) (ABCR, Germany) and (6-{2-[2-(2-Methoxy-ethoxy)-ethoxy]-
ethoxy}-hexyl)trimethoxysilane (MTMS) (Sikemia, France) corresponding to TESUD/MTMS
(1:100). Then, the samples were washed three times with ethanol, dried under N, and baked
for 20 min. at 90°C. After that, substrates were incubated in a solution of 20 pg/mL
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streptavidin (Sigma-Aldrich, St. Louis, MO, USA) in PBS (100 mM, pH 7.4) with 5mM of sodium
cianoborohydride for 6 h. Finally, the functionalized probes were rinsed twice in a PBS solution
with EDTA 0.1% and triton x-100 1% for 15 min., twice in PBS for another 15 min. and stored in
PBS at 4°C until further use.

To take a fluorescence image of the functionalized fibers with biotin, they were immersed for
30 min. in a solution (20 pg/mL) of avidin labeled with Texas Red. After that, the functionalized
probes were rinsed twice in a PBS solution with EDTA 0.1% and triton x-100 1% for 15 min. Fig.
2 shows the optical images of the QTF probe functionalized with biotin and conjugated with
Avidin — TR (DMIRB wide-field transmitted light and fluorescence microscope, Leica
Microsystems, Germany).

Figure 2. Tuning Fork tip functionalized with biotin and conjugated with Avidin - Texas Red. Optical

microscopy images with normal light (left) and fluorescence filters (right).

2.3 Data acquisition and analysis

Experiments with standard AFM tips were performed using an AFM microscope (MFP-3D,
Asylum Research, USA). Cantilevers used were made of silicon nitride with a nominal spring
constant K=0.06 N/m (PNP-DB type cant.B, NanoAndMore GmbH, Germany). Independently,
we calibrated the spring constant using the thermal fluctuation analysis according to [48]
obtaining a value of K=0.025 N/m.

Force measurements were acquired bringing the biotin-coated AFM tip or QTF probe into
contact with the substrate functionalized with immobilized estreptavidin in phosphate-
buffered saline (PBS) at room temperature. The retraction speed was varied from 200 to 1000
nm/s whereas the approaching velocity was kept constant. The respective molecular loading
rates were calculated by multiplying the experimental velocities by the measured molecular
elasticities that were determined from the force curve graphs [49]. All data were consecutively
analyzed according to the stochastic Bell-Evans model of a forced dissociation under an
external load [50[51].

The maximum indentation was controlled in both cases to minimize the contact area. Force-
distance curves were acquired under identical conditions and individually analyzed with
custom-made MATLAB-based analysis software (The MathWorks, Natick, MA) to calculate
molecular adhesion forces and adhesion energies.

99




Results

For AFM measurements, the adhesion energy was computed as the area under the force-
distance retraction curve with the baseline taken at zero force. For QTF measurements, the
first step is to translate the amplitude-distance curves into force-distance curves by eq. 1 [52].

(. IyksAg
F= (1 - E) o (1)
Vi
Agi= Fowg (2)

The force curves are obtained following eq. 1 where / is the measured through the QTF, I, is
the current when the probe is far from the sample, k; is the spring constant, Q is the quality
factor and A, is the free oscillation amplitude. The mechanical vibration amplitude was
calculated using the expression given by eq. 2 [53], where V is the excitation voltage, /y is the
measured current through the QTF, and f; is the free resonance frequency. Then, the area
confined between approach and withdrawal lines is calculated to obtain the adhesion energy.
In general, force and energy are correlated such as [54]:

h,
E=- J F dh (3)
hy
Where E is the adhesion energy, F is the pull-off force, and h is the separation distance. To
calculate the adhesion energy, the integral in eq. 3 was evaluated using the Trapezoidal rule
[54].

3. Results

Amplitude versus tip—sample distance curves were performed by measuring the current, /s,
through the QTF when the functionalized biotin QTF probe was approaching onto the
immobilized avidin on the sample surface at different retraction speeds. The QTF was driven at
the resonance frequency; I,,s was constant when the probe was far from the sample surface
and diminished as the QTF approached the sample. Fig. 3 b and c, show two representative
graphs of an amplitude-displacement curve for the biotin-streptavidin system for two
retraction speeds: 300 and 440 nm/s, respectively. We checked the specificity of the
interaction adding free biotin which cancels the adhesion forces. The approach and withdrawal
curves are almost identical without showing any distinct nonlinear jump. Interestingly,
however, we observed hysteresis between the approach and the retraction curves, indicating
there is an interaction between the biotin-streptavidin system. The area confined between
approach and withdrawal curves is related to bond energy and it is increased with retraction
speed. Control curves over a non-functionalized bare glass surface were performed to confirm
that the measured hysteresis was due to the specific interaction between biotin-streptavidin
system and no hysteresis is observed in this case (see Fig. 3).
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Figure 3. (A) Amplitude versus tip—sample distance control curve over a non-functionalized bare glass
surface. (B)(C) Representative amplitude-distance curves of the interaction between biotin
functionalyzed QTF probe over streptavidin immovilized on the sample surface at retraction speeds of
300 and 400 nm/s respectively (D) Amplitude-distance curve at 300 nm/s translated into force-distance
curve by using eq. 1 and 2.

The amplitude-distance curves which presented hysteresis (~¥65% of trials) are translated to
force-curves for each retraction speed using eq. 1 as illustrated in fig. 3D. The area confined
between approach and retraction curves is calculated to obtain the energy. Histograms of
adhesion energies from about 100 interactions for each speed are presented in fig. 4 where a
Gaussian function is fitted in each one to extract the mean adhesion energy for each retraction
velocity (see table in fig. 4). Adhesion energy values can be represented versus the pulling
velocity in logarithmic scale as illustrated in fig. 5.
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Figure 4. (A) Histograms Histograms of the adhesion energy between a biotin QTF probe and avidin
surface at retraction speeds of (A) 200 nm/s (B) 300 nm/s (C) 440 nm/s and (D) 890 nm/s. All histograms
were fitted to a Gaussian function. The centers of the energy distribution were (A) 83+12 aJ (B) 135+36
al (C) 228+23 aJ and (D) 369143 aJ, respectively.

500 -
369 £43
400
-
S -
3 300 228 +23 s
~ 2 -
> -
o
5 2004 135436 ,{'
w
83:12 '{' y = 430-log(x) - 909
1004 & - 5
0 T T T T T
200 400 600 800 1000

Speed (nm/s)

Figure 5. (A) Summary results of adhesion energy between a biotin QTF probe and avidin surface for
different retraction speeds obtained by applying a gaussian fit on the histograms. (B) Representation of
the adhesion energy versus retraction speed within logarithmic scale.

Same measurements were performed with a standard AFM tip and several force-distance
curves were acquired at same conditions. Figure 6 show a representative force-curve of the
interaction of the biotin-avidin system at pulling speed of 500 nm/s, corresponding to a
loading rate of 5200 pN/s. The adhesion energy E was determined by integrating the area
under a single-molecule force-versus-distance curve. We found typical single-molecule
adhesion energies of £ = 1.2 - 4 aJ at a binding probability of > 60%. These energies are about
two orders of magnitude smaller than those observed by QTF force spectroscopy and reflect
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the fact that fewer molecules are probed in AFM experiments. In this case, it was possible to

obtain the unbinding forces F of each single event. Mean rupture forces F for each pulling
velocity are summarized in fig. 6. Adhesion energy values can be represented versus the
pulling velocity in logarithmic scale as illustrated in fig. 7.
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Figure 6. Representative force-distance curve of the interaction between biotin functionalyzed AFM tip

over avidin immovilized on the sample surface at retraction speed of 500 nm/s.
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Figure 7. (A) Summary results of adhesion energy and unbinding forces between a biotin functionalized
AFM tip and streptavidin surface for different pull-off speeds. (B) Representation of the adhesion energy
versus retraction speed within logarithmic scale.
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4. Discussion

As another technology, QTF based nanosensors for nanocharacterization is constantly
improving through different advances in instrumentation level and the emergence of new
applications. In spite of the great potential of the technique to detect specific interactions
between ligand and receptor, the capacity to measure discrete interaction is compromised.
Because the binding force of an individual molecular pair is not known, the number of
interacting molecules cannot be exactly determined. The total number of streptavidin-biotin
bonds formed in an experiment depends on receptor density, the duration of contact, and the
area of contact. Moreover, it is difficult to quantify the unbinding force because there is not a
complete mechanical model of the QTF sensor to obtain the magnitude of the measured forces
when working in shear mode. However, following the same procedure than [55], it is possible
to arrive to an approximation of the number of bonds presented in a given measurement.
From the adhesion energy value from measurements of the QTF at speed of 300 nm/s, the
binding force can be approximated as adhesion energy divided by the binding length, about
0.8 nm [56], resulting in 175 nN. We can also consider the estimated binding force per
estreptavidin-biotin pair measured with the standard AFM tip, being 137 pN at the same
pulling speed of 300 nm/s. Under this assumption, the adhesion between the biotin tip and the
estreptavidin surface in our experiments with QTF corresponds to a contribution from about
1275 molecular pairs. Furthermore, if we assume a dense coverage of the surface with
estreptavidin (30 nm” per molecule of estreptavidin) then, the interaction area is equivalent to
half the area of a sphere with a radius of 78 nm. This value is close to the obtained probe
radius of the etched fibers which is around 100 nm. This would mean that in our experiment,
80% of the entire curvature of the tip contributes to the adhesion. Taking account this
assumption, we can estimate that the difference between the adhesion energies obtained with
the QTF probe and the AFM tip is basically due to the contact area since the tip radius in the
QTF probe is approximately 10 times higher than the AFM tip radius (nominal radius
considered as ~10nm). This means a relation of 100 times in terms of contact area. Figure 8
show the results obtained of adhesion energies measured with both QTF and AFM sensors and
can be compared. Interestingly, however, the magnitude of the measured energies are
different in 2 orders of magnitude, the tendency of both results is equivalent showing a great
proportionality between them in a factor of 100. We think that this proportionality constant
could be related with the difference in the contact area between both sensors due to the
different tip radius.
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Figure 8. Representation of the adhesion energy of biotin-streptavidin complex versus retraction speed
within logarithmic scale measured with conventional AFM tips and QTF probes.

5. Conclusions

The main purpose of this work is to proof that the QTF biosensors are able to quantitatively
measure the interaction between proteins. On this way, we have been able to quantify the
results and compare them with the ones obtained with a conventional AFM microscope. We
have presented a new procedure based on AFM dynamic force spectroscopy applied to QTF-
based nanosensors for molecular interaction studies. By using this procedure, the adhesion
energy of the biotin-streptavidin complex has been analyzed obtaining comparable results to
those measured with conventional AFM tip. Nevertheless, tapered glass fibers apexes should
be improved for the purpose of achieving single-molecule measurements. The obtained results
show good agreement between QTF and AFM experiments, so they open the door to the use
of QTF as biosensors in biomolecular measurements in liquid conditions, in compact solutions
where a laser-free detection scheme is needed.

Appendix: consistency of the results by the calculation of the dissociation rate constant

In standard AFM measurements, it is possible to obtain the common dynamic spectrum from
unbinding forces and loading rates to extract the dissociation kinetics of the streptavidin-biotin
complex. The rupture force of these linkages was determined from the magnitude of the
measured force peaks and was measured at different force loading rates. Variation in the
loading rate Lr of the AFM measurements was achieved with different cantilever retraction
rates v. Lr is the product of the system spring constant, ks and v: Lr = Ks x v. The system spring
constant depends on the elastic properties of both the cantilever and the substrate to which
estreptavidin is attached. The measured system spring constants were in the range of 8.6-12
mN/m and were obtained from the slope of the force vs displacement relationship of each
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single event. Consequently, the loading rate of the force measurements was varied from 2600
to 12000 pN/s to cover only one energy barrier. According to Bell-Evans theory [50,[57], the
dependence of the unbinding force F on the force loading rate Lr follows the relationship of eq.
4. Here, kg is Boltzmann’s constant, k, is the dissociation rate constant in the absence of
applied force and xg is the reaction length.

_ kBT erB
=y (kOkBT) )

Plotting the rupture force F vs. In(Lr) it is possible to estimate the reaction length, xs, for a
given regime of applied external forces from the slope of the fitted line to experimental data in
the force spectrum plot. The dissociation rate constant, ko, can be deduced by linearly
extrapolating the data to zero external force (F=0). The obtained results were ko= 3.74 s™ and
xp = 0.08 nm which were in agreement with the values founded in the literature. For instance,
a value of k;=2.98+2.61 s and Xg = 0.024 nm for Lr between 1700 and 9600 pN/s and ko= 2.09
stand xg = 0.05 nm for Lr of 1000-5000 pN/s were reported respectively in [58] and [59].
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High-Speed Force Spectroscopy
Unfolds Titin at the Velocity of
Molecular Dynamics Simulations

Felix Rico,* Laura Gonzalez,? Ignacio Casuso,* Manel Puig-Vidal,? Simon Scheuring™*

The mechanical unfolding of the muscle protein titin by atomic force microscopy was a landmark
in our understanding of single-biomolecule mechanics. Molecular dynamics simulations offered
atomic-level descriptions of the forced unfolding. However, experiment and simulation could

not be directly compared because they differed in pulling velocity by orders of magnitude.

We have developed high-speed force spectroscopy to unfold titin at velocities reached by
simulation (~4 millimeters per second). We found that a small B-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. The ability to directly compare experiment and simulation
is likely to be important in studies of biomechanical processes.

itin, a molecular spring in muscle sarco-
I meres, is important in striated muscle func-
tion and has been implicated in diseases
such as heart failure (/). Titin consists of ~300
modules including immunoglobulin (Ig)-type,
fibronectin I1I-type, and Pro-Glu-Val-Lys (PEVK)
domains (2). Force spectroscopy (FS) unfolding
of individual titin molecules, using optical tweezers
(3, 4) and atomic force microscopy (AFM) (5),
opened a new research field relating protein me-
chanics, structure, and folding. AFM force-extension
curves revealed sawtooth-like patterns (periodicity
25 to 28 nm) that indicated unfolding of indi-
vidual Ig-like domains (5). Combinations of AFM
experiments with steered molecular dynamics
(SMD) simulations enriched atomic-level descrip-
tions (6-8) of receptor-ligand binding (9, /0) and
forced protein unfolding (35). Forced unfolding (pull-
ing speed 0.3 to 0.5 pmys) of titin 191 concatemers
(8, 11, 12) resulted in extension of each domain
by ~0.7 nm, which correlated with the separation
of antiparallel B strands A and B observed in
SMD simulations (8, /7). Subsequent rupture
of the A’-G B-strand pair led to complete domain
unfolding (71, 13, 14). However, a velocity dif-
ference of about six orders of magnitude pre-
vented direct comparison of SMD with FS. Indeed,
simulations resulted in unfolding forces of ~I nN,
nearly an order of magnitude greater than exper-
imental values (71, 12). Improved computational
abilities have allowed simulations that unfolded
191 at 2800 pmy/s (still faster than experiment by
~2.5 orders of magnitude), reporting forces of
~500 pN (75).

High-speed AFM [HS-AFM (/6)] allows im-
aging biomolecules at video rate (/7-19) through
miniaturization of piezoelectric elements and
the cantilever (20). We developed an analogous
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technique, high-speed FS (HS-FS), with short
cantilevers (27) that allowed titin molecules to
be pulled at speeds up to ~4000 um/s. This is
faster than conventional AFM by ~2.5 orders of
magnitude and reaches current limits for SMD
simulations.

Our HS-FS setup consists of a miniature
piezoelectric actuator and a short cantilever with
small viscous damping (0.035 pN um' s7")
(Fig. 1A and figs. S1 and S2). Titin 191 concatemers
were unfolded by HS-FS at pulling velocities
ranging over six orders of magnitude, from
0.0097 to 3870 um/s. Only force curves with at
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least three sawtooth-like unfolding peaks were
analyzed (22) (Fig. 1B and fig. S3). As reported
in (5, 23), unfolding forces increased with
pulling velocity (Fig. 2A). At slow velocities,
HS-FS unfolding forces were in excellent agree-
ment with conventional FS (Fig. 2B). At pulling
velocities higher than previously (>100 pm/s),
unfolding forces followed a steeper slope that
reached values greater than 500 pN and over-
lapped those obtained by simulations (Fig. 2B).
Variations in the slope of the plot of mean rup-
ture forces versus the logarithm of the velocity
(force spectrum) have been observed for receptor-
ligand interactions (24-26) but have rarely been
documented for protein unfolding (27), prob-
ably because of the limited range of accessible
pulling rates.

The microscopic model developed by Hummer
and Szabo (26, 28) allowed us to fit the wide
range of pulling velocities and describes well
the nonlinear upturn in the dynamic force spec-
trum (26, 28) (Fig. 2B and supplementary ma-
terials). According to this theory, at moderate
velocities, unfolding is dominated by the pull-
ing rate and stochastic fluctuations (i.e., spon-
taneous unfolding of the domain under a given
force). At high velocities, stochastic fluctuations
of the protein along the unfolding pathway be-
come irrelevant and the unfolding process be-
comes deterministic (28), because the protein is
pulled so fast that it has no time to explore its
energy landscape.

The slope in the dynamic force spectrum is
related to the position of the energy barrier;
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Fig. 1. High-speed force spectroscopy (HS-FS).
(R) HS-FS setup. An objective focuses the beam of the
superluminescent light-emitting diode (SLED) and col-
lects the light reflected by the cantilever, finally detected
by a segmented photodiode. Titin 191 concatemers of
eight domains are immobilized on a tilted gold-coated surface via C-terminal cysteines. They are pulled by
their N-terminal histidine tag with a nickel-coated tip at the end of a short cantilever. Tilting the sample
surface further reduces hydrodynamic forces. Top inset shows a titin 191 domain (PDB ID: 1TIT) with
relevant P strands colored in blue (A), yellow (A"), green (B), and red (G). Bottom inset shows a scanning
electron micrograph of a short cantilever. (B) Force-extension curves acquired at three different retraction
velocities: 1, 100, and 1000 um/s. The 1 um/s curve is moving average—filtered (red trace, 65-us time
window). Times to unfold a single 191 domain are indicated by arrows.

photodiode Lcantilever
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therefore, the slope upturn at high velocities
corresponds to a shift of the barrier closer to the
native state. From our data, the regime transition
occurs at experimental velocities of ~1000 um/s
and a critical force of ~350 pN (supplementary
materials). Our fastest experiment at 3870 pum/s
is situated at the beginning of the determi-
nistic regime, whereas most of the HS-FS data
points characterize the transition from the sto-
chastic regime to the deterministic regime (Fig.
2B). SMD simulations at much higher veloc-
ities (>>1000 pum/s) have generally been carried
out in this deterministic regime. Although SMD
simulation-derived forces are in agreement with
our fastest pulling data, the theoretically pre-
dicted trend deviates from simulations at ve-
locities of >10* um/s. These deviations may be

Fig. 2. High-speed dynamic force spectrum
of titin 191. (A) Unfolding force histograms of the
1, 100, and 1000 um/s retraction velocity exper-
iments. (B) Average unfolding forces versus re-
traction velocity obtained using HS-FS, conventional
FS (error bars denote SD), and steered molecular dy-
namics simulations [data from Lee et al. (15)]. Solid
red line is the fit to the entire dynamic range of HS-FS
with the full microscopic model (26) with fitting pa-
rameters (+SD) of x = 0.89 + 0.05 nm, D = 3925 +
183 nm?s, and k,, = 376 + 28 pN/nm.

explained by slight differences in the simulated
conditions (e.g., temperature) or by the simple
cusp shape of the potential in the theory. More
refined theories may be necessary to describe
the unfolding at very high velocities. The model
fit results in an energy landscape where the un-
folding transition barrier (xp) is located at 0.89 nm
and the molecular elasticity (k,,) is 376 pN/nm,
leading to an unfolding barrier height (AG) of
36k T and a spontaneous unfolding rate &, of
2% 10757 (fig. S4). Similar values were ob-
tained by fitting a unified model valid for dif-
ferent potential shapes (28) to the unfolding
forces at velocities of <100 pumy/s; this suggested
that the reported parameters are independent
of the potential shape (fig. S6). Our barrier po-
sition (0.89 nm) is larger than previous experi-

mental estimates [0.25 nm (23); 0.30 nm (5)]
but is in better agreement with the distance (1.1
to 1.4 nm) at which the secondary structure
of 191 breaks in simulations (8, 75). The rela-
tively narrow range of experimental velocities in
former FS experiments did not show an uptumn
in the force spectra and hence justified the Bell-
Evans assumption of a fixed distance to the
transition barrier under force. Our experiments
at higher velocities show that this assumption is
not valid. Furthermore, the data allowed us to
estimate a diffusion coefficient of the protein
along the reaction coordinate of the free energy
landscape D = 4 x 10° nm/s (supplementary
materials). This is orders of magnitude slower
than diffusion coefficients of proteins in solution
(~10® nm?/s) (29).

2000 pm/s

A
800 @ experiment (HS-FS) A
O experiment (conventional FS)
1 um/s A simulation (Lee et al. 2009)
600 A
z
100 ym/s =
@ 400
=
dlln S
1000 pm/s 200
: o
200 400 600 L r 1 T T, 3 T
10 10 10 10 10
Force (pN) Velocity (um/s)
1000 pm/s
50— T T
102 10" 10° 10’ 102 108 10*
Velocity (um/s)

Fig. 3. High-speed force spectroscopy of unfolding intermediate. (A)
Left: Force-extension trace at 1 um/s (moving average—filtered with 65-us time

window) showing the intermediate unfolding state “hump” (arrow) separating

antiparallel B strands A and B. Cantilever fluctuations above the noise level of

the trace are interpreted as hopping between intermediate states of the re-
maining folded domains (see fig. S5). Colored lines are worm-like chain (WLC) model fits. Right: Force-extension trace (black line) at 1000 pm/s showing the
intermediate unfolding state “hump” (arrow). Red lines are the best fits of the WLC model to the hump and complete unfolding peaks. The difference between
the contour lengths is consistent with a separation of n x 0.7 nm of each A-B B-strand pair of the remaining folded domains (11). (B) Force-extension curve at
2000 pm/s showing unfolding of four 191 domains. Red lines are WLC fits to the “hump” and complete unfolding peaks. The contour length distance difference
between the “hump” and the complete unfolding decreases with the decreasing number of remaining folded domains. (C) Dynamic force spectrum of the
intermediate unfolding state. Solid red line is the best fit of the model developed by Friddle et al. (33) to the experimental data with fitting parameters (+SD) x, =
0.060 + 0.004 nm, fuq = 113 + 1 pN, and ky; = 6959 5a7° s~
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Slow diffusion has been interpreted as a result
of cantilever viscous damping (30) or by local
minima along the unfolding pathway (37). Given
the much smaller damping coefficient of the
cantilevers used here, our data support the hy-
pothesis that roughness in the free energy land-
scape slows unfolding. Although our estimated
barrier height (36.4kgT) is similar to that mea-
sured from chemical unfolding (374g7), the in-
trinsic unfolding rate (2 x 107 57" is much
slower than estimates from FS at slow pulling
velocity (3.3 x 10 *s ') and chemical unfolding
(4.9 x 10 s7") (23). The fast intrinsic dissoci-
ation rate from slow FS and Bell-Evans analysis
suggests an oversimplified view of forced unfold-
ing, whereas chemical unfolding explores unre-
stricted unfolding pathways different from the
physiologically relevant directional unfolding dur-
ing muscle relaxation. Indeed, our slow 4y sug-
gests that the titin 191 domains unfold only very
rarely at the estimated physiological forces (~5 pN)
acting on distal titin Ig domains (32).

The use of short cantilevers with fast response
(response time 1. = 0.7 us; Fig. 1) allowed us not
only to pull fast but also at conventional veloc-
ities (10 to 1000 nm/s) with microsecond time
resolution. This response time is almost three
orders of magnitude shorter than that of con-
ventional cantilevers and allowed estimation of a
lower limit for the relaxation time of the unfolded
polypeptide chain (<2 ps; fig. S3). Before com-
plete domain unfolding, an intermediate state has
previously been documented by the so-called
“hump” in force curves (Fig. 3A, arrows). This
intermediate state is characterized by a force
drop in the stretching regime (Fig. 3A, arrows),
caused by the separation of the A-B B-strand pair
as revealed by simulations (//, 12). HS-FS mea-
surements show separation of the A-B B-strand
pair in several domains within 1 ps (Fig. 3B, first
peak). Additionally, at high retraction speeds
(>1 mm/s), the first domain as well as consec-
utive domains presented a “hump” before un-
folding. The percentage of domains displaying
intermediate unfolding decreased from ~95%
at the lowest velocities to ~40% at the highest
velocities. At 2 mm/s, the time between domain
unfolding was ~10 ps (Fig. 3B). Thus, this short
time lapse after the unfolding of the preceding
domain is sufficient for domains to refold into
their native state. This result allows us to set the
lower limit for the refolding rate from the inter-
mediate to the native state to at least ~10° s ',
much faster than previous estimates (25 s . )(I1).

We analyzed the intermediate unfolding state
up to 2000 um/s; beyond this velocity, it is diffi-
cult to assess an accurate measurement (Fig. 3
and fig. S3). At conventional pulling velocities,
the average unfolding forces to the intermediate
state are independent of pulling rate. At velocities
faster than ~100 pmy/s, average “hump” forces in-
crease drastically, reaching values up to ~300 pN
(Fig. 3C), consistent with “hump” forces observed
in simulations (/5). The slow pulling regime
(<100 um/s) is dominated by near-equilibrium

unfolding and refolding of the A-B B-strand pair
and defines the equilibrium force (Fig. 3A). At
higher velocities, refolding of the A-B B-strand
pair is negligible and the structure unfolds sto-
chastically at forces that increase with the log-
arithm of the pulling rate (33) (Fig. 3C and
supplementary materials). The model fitted our
results with an unfolding rate at zero force from
native to intermediate (kx;”) of 7 x 10° s™', an
even faster folding rate at zero force from in-
termediate to native (k") of 4 x 10° s ', a dis-
tance x, to the transition barrier of only 0.06 nm,
and an equilibrium force f;q of 113 pN where
o = kin” = 2.8 x 10% s~'. This results in an
equilibrium free energy difference between the
native and intermediate states of ~4.1kg7, in
agreement with the expected energy of three
hydrogen bonds.

Although the absolute values of the calcu-
lated rates should be interpreted with care, the
refolding rate of 4 x 10° s is in excellent agree-
ment with the lower limit (~I(J5 s_') determined
directly through observation of reformed A-B
B-strand pairs in high-velocity unfolding traces
(fig. S3). This suggests fast dynamic equilib-
rium of unfolding and refolding of B strand
pair A and B at pulling forces up to ~100 pN,
probably maintained by the antiparallel struc-
ture. This behavior has been observed in SMD
runs (/2, 15). Furthermore, a recent computa-
tional small protein folding study reported that
an antiparallel three-B-strand domain required
an average of 21 ps to fold (34). This suggests
a novel insight into the A-B B-strand pair and
perhaps into short f folds in general: unfolding
at fast rates, and refolding at even faster rates, as
a feature of their structural equilibrium.

The combination of SMD with experimental
FS has been important in understanding protein
unfolding and mechanical stability. Our HS-FS
methodology provides pulling velocities over six
orders of magnitude and provides microsecond
time resolution, achieving rates comparable to
SMD simulations and thus allowing direct com-
parison of experimental and simulated unfolding
forces. We expect that the now accessible dy-
namic range of HS-FS will stimulate the de-
velopment of novel theories. Our results imply
detailed mechanisms of the various steps during
titin 191 unfolding: At zero and moderate forces,
the protein fluctuates between the native and
intermediate states. Under increasing force, only
the intermediate state is populated. Thus, the
tethered molecule reveals slow diffusion along
the unfolding pathway, which, in combination
with a high energy barrier, results in high me-
chanical stability. Direct comparison of FS and
SMD simulations will likely provide new insights
into other important biological processes such
as lipid membrane dynamics (35) and receptor-
ligand unbinding (7, 9).
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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 (B-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 Si0; 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 (Keg) 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
(~1ps) and reaching pulling velocities over mm/s. This allows studying protein
unfolding at ps-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:
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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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6.1 Acronyms

Appendix

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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