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The first experiment showing the effects of specific interaction forces using lateral force microscopy (LFM) was demonstrated for

lectin—carbohydrate interactions some years ago. Such measurements are possible under the assumption that specific forces strongly

dominate over the non-specific ones. However, obtaining quantitative results requires the complex and tedious calibration of a

torsional force. Here, a new and relatively simple method for the calibration of the torsional force is presented. The proposed cali-

bration method is validated through the measurement of the interaction forces between human fibronectin and its monoclonal anti-

body. The results obtained using LFM and AFM-based classical force spectroscopies showed similar unbinding forces recorded at

similar loading rates. Our studies verify that the proposed lateral force calibration method can be applied to study single molecule

interactions.

Introduction

The invention of atomic force microscopy (AFM) opened up
new areas of research as it can probe various biological struc-
tures with nanometer resolution, including images of DNA [1],
proteins [2], and cellular surfaces [3,4]. Apart from the imaging

aspect, AFM can also be applied to probe molecular interac-
tions with a force resolution of tenths of pN. This method
enables the measurement of the strength of the interaction

forces between a single pair of molecules [5-7] such as
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biotin—avidin, biotin—streptavidin [8], or lectin—carbohydrate
[9]. Direct measurements of intermolecular forces for comple-

mentary DNA strands have been carried out as well [10].

Protein—antibody interactions are of particular interest in
immunochemical-based diagnosis [11]. Therefore, studies of the
interaction forces provide valuable insight into the mechanisms
behind biological interactions. AFM allows for a unique oppor-
tunity to probe the properties of individual ligand-receptor
complexes and provides details on the structure and behavior of
single molecules in conditions close to natural ones [6-9]. This
technique provides several advantages over traditional methods
including, for example, characterization of states that are unde-
tectable in ensemble approaches where the average value of a
property is monitored. Thus, any improvements in the
cantilevers or measurement methodologies leading to an
increase in speed, resolution, and/or force sensitivity are essen-

tial in nanotechnology development.

In the majority of AFMs, the cantilever deflection is recorded
by an optical detection system composed of a laser and a posi-
tion-sensitive photodiode having an active area divided into
four quadrants. The deflection (referred to here as the normal
deflection) and torsion (referred to here as the lateral deflection)
signals are determined as follows: the signal difference between
the two upper and lower quadrants is a measure of the normal
deflection, while torsion of the cantilever is represented as the
signal difference between the two left and two right quadrants.

For an AFM working in force spectroscopy mode (referred to
here as AFM-FS), the interactions forces are determined from
the analysis of force curves. A force curve represents the
dependence between the deflection of the AFM cantilever in the
direction perpendicular (normal) to the surface and a relative
position on a sample. In the AFM-FS measurement, force
curves are recorded point-by-point, requiring a precise but
tedious and very time consuming procedure.

Lateral force microscopy (LFM), also called friction force
microscopy (FFM) is another operational mode in a standard
AFM instrument working in contact mode [12]. In LFM, the
cantilever is moved laterally over the investigated surface. In
this case, the interaction forces cause cantilever torsion and
thus, instead of a perpendicular deflection, the torsion is
recorded as a function of the relative position on the sample. To
determine the magnitude of the interaction forces, the force
curves obtained for torsion can be processed in the same way as
force curves obtained in AFM-FS. The two main advantages of
the LFM mode are: a much higher unbinding speed applied to
bonds and faster measurements. The higher velocity that is used

during the LFM experiments to break the bonds enables deeper
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parts of the energy landscape of the studied molecular complex
to be probed. The use of LFM working in the “continuous” line
scan mode might help to more quickly probe molecular interac-
tions and should give quantitative estimates of interaction
forces.

Wider applications of the fast LFM method are hampered by
impediments in the quantitative determination of the force
value. In contrast to AFM-FS, this requires a reliable and repeti-
tive calibration procedure. Irrespective of the applied experi-
mental methodology (AFM-FS or LFM), the calibration
proceeds through similar steps: (1) determination of the photo-
diode sensitivity converting the measured signal (in V) into a
displacement of the cantilever (in nm) and (2) estimation of the
cantilever spring constant used to deliver force (in nN). The
calibration of normal deflection, typical for AFM-FS, poses no
problem and is based on a well-known procedure utilizing
thermal excitations of the cantilever. To date, there are only a
few methods that can be used for the lateral force calibration
[13,14], but unfortunately, none are fully reliable. For example,
recently, Dendzik et al. proposed that the stretching of a refer-
ence single molecule (e.g., dextran) could be used to determine
the normal and lateral AFM cantilever calibration [15].
Although this new method presents a clear improvement over
previous attempts to obtain a reliable calibration for lateral
measurements, it requires special hardware. Similarly, the
method proposed very recently by Wang and Gee requires an
additional calibration tool [16], which may be troublesome as
well.

In the presented work, we propose an alternative method for
torsion force calibration. It is based on the cantilever deflection
measurements carried out during the lateral scanning over a
rectangular, reference cantilever with a known normal spring
constant. Our method is relatively simple to use, fast, and it
does not require any special equipment. In order to verify the
extent to which the LFM is suitable for probing molecular inter-
actions, we have measured interaction forces between protein
fibronectin (FN) and monoclonal antibody against FN (FN-
Mab) using both AFM-FS and LFM techniques. The relation
between the unbinding force and the loading rate obtained by
AFM-FS was compared with the corresponding relation gath-
ered using LFM. Our results show that the new calibration
method has potential for applications in LFM quantitative

investigations of intermolecular interactions.

Results

Converting torsion into force units
The calibration of the force that acts perpendicular to the
investigated surface requires the knowledge of the normal

cantilever spring constant and normal photodetector sensitivity.
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The nominal, normal spring constant was controlled by moni-
toring the resonant frequency of a thermally excited cantilever
[17], carried out before functionalization with an antibody.
Since the resonance frequency of the cantilever was almost
constant (8.73 + 0.07 kHz), the nominal value of the spring
constant was used to measure the force value. The photode-
tector sensitivity (referred to here as normal PSD sensitivity)
was determined from the slope of the force curve in the region
of tip contact with the reference glass surface (for type C
cantilevers, the normal PSD sensitivity was 22.1 £ 3.5 nm/V).

Analogous to the normal force measurement, the lateral force
(inferred from the torsion of the cantilever) was determined by
multiplying the recorded signal (measured in V) by the torsional
spring constant and lateral photodetector sensitivity. Both para-
meters are difficult to estimate using known methods [14,18],
so here we propose a simple, alternative method that allows the
measured signal (in V) to be directly converted into force units.

A Scan direction

Scan direction
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The conversion factor is referred to here as the lateral PSD
sensitivity.

The calibration concept is presented in Figure 1. Two
cantilevers were used: a reference and a probe. The uncharacter-
ized probe cantilever scans over the rectangular reference
cantilever of known normal spring constant. The choice of the
rectangular shape of the reference cantilever was motivated by
the fact that it is easy to bend such a cantilever (one can easily
access the end of a cantilever mounted perpendicularly). In our
experiments, rectangular cantilevers (micro lever for contact
and tapping mode (MLCT), type B) with a nominal spring
constant of 0.02 N/m were used.

The lateral signal was recorded while scanning in both direc-
tions, as presented schematically in Figure 1A. The optical
images of the calibration steps are shown in Figure 1B,C. They
were recorded while scanning the reference cantilever with a
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Figure 1: The lateral force calibration concept. (A) An illustration of the calibration approach. (B,C) Images recorded during the scanning of a refer-
ence cantilever with a probe MLCT type C cantilever. (D) A calibration curve recorded using the proposed calibration approach. (E) The distribution of

the calibration factors (lateral PSD sensitivity) expressed in nN/V.
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triangular probe cantilever (MLCT type C, 0.01 N/m). The
contour of the LFM signal has a characteristic pyramidal shape
that reflects the signal recorded during bending of the reference
cantilever (Figure 1D). Each scan consists of 2048 points,
recorded over a distance of 6000 nm. From the slope, a lateral
calibration factor can be determined by fitting a straight line. A
linear regression gives a goodness of fit in the range of
0.992-0.998. The calculated slope was then converted into
nN/V by inverting it and multiplying by the known cantilever
spring constant of the reference cantilever. From the distribu-
tion of the calibration factors (Figure 1E), a mean value of
28.7 £ 5.5 nN/V was calculated, giving a ~19% accuracy. This
is also a measure of the reproducibility (33 cantilevers were
calibrated in this manner).

Surface topography

To verify whether the functionalization of a mica surface gave
an expected layer of fibronectin molecules, the surface topog-
raphy was recorded using a bare (non-functionalized)
cantilever. As shown in Figure 2, the fibronectin molecules had
a regular globular shape and were uniformly distributed over
the entire scanned area. The FN height ranged from 0.5 to
3.5 nm with a mean value of 2.4 + 0.9 nm.

Dependence of friction force on normal load

The frictional interaction between surfaces observed on the
macroscale is typically modelled using Amonton’s law, where a
frictional force is linearly dependent on a load force. The
proportionality factor is the constant friction coefficient. To
verify whether any friction force is observed between the
FN-coated surface and the FN-Mab-functionalized AFM probe,
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Figure 2: Topography image of FN deposited on a mica surface
recorded while scanning in contact mode AFM with a bare AFM tip.
Scale bar: 1 ym.

the LFM images were recorded as a function of the load force
from 0.1 to 4 nN.

The friction force value was determined by subtracting the
mean values calculated separately for scans running in two
opposite directions (i.c., trace and retrace) along the same path
(see Figure 3A). Thus, the mean value of the friction force was
calculated from the distribution of the friction force recorded
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Figure 3: (A) Friction loop determined for a load of 2 nN. The difference, D, between the lateral signal recorded for the trace and retrace modes
divided by 2 determines the friction force. (B) The dependence of the friction force on normal load (friction force given as the mean + standard devia-

tion).
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during such a scan in both directions. The width of the distribu-
tion represents the measurement error. In the presented
measurements, only a weak dependence of the friction force on
the normal load was observed (Figure 3B), therefore, all further
measurements of the FN-Mab interaction forces were carried
out at the set point of 0.1 nN.

Unbinding force determination

To study the unbinding process using both LFM and the AFM-
based classical force spectroscopies, the measurements of the
unbinding force between fibronectin and monoclonal antibody
were carried out. We assume that independent of the applied
unbinding direction (i.e., normal or lateral), both methods
(AFM-FS and LFM) provide similar values of the interaction

force at similar loading rates.

In the AFM-FS method, force curves (i.e., the dependence of
the cantilever normal deflection converted into force and dis-
placement in the perpendicular direction) were recorded
(Figure 4).

For each curve, an unbinding force, F, and the length, L, were
determined (Figure 4A). These two values were used to calcu-
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late the effective spring constant, which was used to calculate
the loading rate for a given retraction speed. The effective
spring constant varied from 0.0030 N/m to 0.0124 N/m for
0.1 um/s and 10 pm/s, respectively (MLCT type C and MLCT
type D cantilevers were used). Then, for each value of the
loading rate, a histogram was formed. Exemplary histograms
for loading rates of 360 pN/s and 6740 pN/s are presented in
Figure 4B,C together with the corresponding Gaussian fit. The
fit was used for the determination of the most probable force
leading to unbinding of the fibronectin—antibody complex. For
all loading rate values, the most probable rupture lengths varied
from 10 to 25 nm. The unbinding probability (defined as the
ratio between the number of force curves showing the
unbinding events and the total number of measured curves) was
20%. After blocking FN by adding free antibody molecules to
the solution, followed by 30 min of incubation, the unbinding
probability dropped to 5%.

A similar approach was applied within the LFM in order to
measure the unbinding forces. Each signal from the torsional
cantilever deflection (representing a trace or a retrace) was
analyzed in search for sharp peaks. Sharp peaks correspond to
unbinding events (ruptures) during a lateral movement of the
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Figure 4: Unbinding of a FN-Mab complex studied using AFM-FS. (A) For each force curve recorded at a given loading rate, the unbinding force, F,
and unbinding length, L, were determined. (B,C) Histograms of unbinding events obtained for two loading rates of 360 pN/s and 6737 pN/s.
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Figure 5: Unbinding of a FN-Mab complex measured by LFM. (A) An exemplary, single LFM signal showing peaks that were attributed to specific
interactions between FN-Mab molecules. The arrows indicate events that are suspected to show only the specific interaction. (B) For each spike, an
unbinding force, F, and an unbinding length, L, were determined. (C and D) Histograms of the unbinding force determined for two loading rates,

770 pN/s and 5740 pN/s.

probing tip functionalized with Mab molecules (Figure 5A). At
a higher magnification (each line contains 2048 data points) the
unbinding character similar to that observed in the previous
AFM-FS experiments (Figure 4A) was revealed.

The unbinding force, F, and length, L, were determined analo-
gous to the classical AFM-FS measurement (see Figure 5B,
where a base line was subtracted for simplicity). Next, F and L
were used to calculate the force required to laterally unbind a
single FN-Mab complex. The loading rate in LFM has a similar
effect on the most probable unbinding force as in AFM-FS, that
is, a higher loading rate value showed a wider distribution of the
unbinding force, with its center shifted towards larger force
values (Figure 5C). The unbinding probability was calculated as
a number of unbinding events divided by the number of points
recorded along a single scan line. The resulting unbinding prob-
ability was around 6% but less than 10%. Inhibition experi-
ments carried out after 30 min of incubation with a solution
containing free antibody molecules showed a remarkable

decrease in the unbinding events with a maximum of 1% (only

a few peaks were observed in the torsional cantilever deflection

signal).

Loading rate dependence

The effect of the loading rate on the unbinding force was
observed by AFM for many distinct pairs of molecules,
bringing deeper insight into the molecular mechanisms of the
bond breaking processes [19-22]. For fibronectin interacting
with its monoclonal antibody (Clone F-15), our AFM-FS exper-
iments revealed two regimes of loading rates (open dots in
Figure 6). A similar trend was observed for the unbinding deter-
mined from the torsional cantilever deflection (LFM, black

squares in Figure 6).

The experimental points obtained from LFM overlap with those
obtained using AFM-FS (Figure 6). Independent of the method
used to study the FN-Mab interaction, the presence of two
energy barriers can be noticed. Based on the Bell-Evans model,
the parameters describing the unbinding process were calcu-
lated (Table 1).
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Table 1: Kinetic parameters derived from the Bell-Evans model and
applied to the data obtained by both classical force spectroscopy and
lateral force microscopy.

AFM-FS - Classical force spectroscopy

Xp [nm]? Kot [s™'IP 1= 1/koft [8]°
region | 0.43 +0.11 1.18 £2.47 0.846
region Il 0.06 + 0.01 20.12+£11.52 0.050
LFM - Lateral force spectroscopy
Xp [nm]? Kot [s™'IP 7= ko [s]°
region | 0.60 +0.22 0.53+0.25 1.894
region Il 0.09 + 0.01 11.6 £5.51 0.086

xy, is the position of the energy barrier.
bk.¢ is the dissociation rate.
°1 is the bond lifetime.

Based on the data obtained from AFM-FS, we infer that region |
corresponds to the outermost energy barrier located at the posi-
tion of 0.43 £+ 0.11 nm, while region II (see Figure 6) is related
to an inner barrier situated at a distance of 0.06 £ 0.01 nm.
Qualitatively, similar positions of the energy barriers were
observed for the same unbinding process in this complex using
the LFM located at 0.60 + 0.22 nm (the outer barrier, region I)
and 0.09 + 0.01 nm (the inner barrier, region II). The “unphysi-
cally” low values of the energy position of the internal barrier
(region II) are perhaps related to the limitations of the
Bell-Evans phenomenological model. The dissociation rate
calculated using both applied methods shows systematically
lower dissociation rates in the LFM data for each energy barrier
observed (1.18 s! versus 0.53 s7! and 20.12 s7! versus

11.6 s71, respectively, Table 1).

Discussion

The unbinding measurements realized by the conventional
AFM-FS method are one of the most tedious experiments due to
the necessity of high statistics and the low number of unbinding
events corresponding to single molecule interactions in a single
experimental run [23]. LFM has high potential for performing
such experiments in a much more effective way. The first
attempt showing that specific interaction forces can be observed
in the LFM signal has been applied to lectin—carbohydrate
systems [24]. In that work, the specific interactions based on
considerations of the frictional forces between a glycoprotein-
functionalized AFM probe and a surface modified with lectins
were investigated. Such measurements were possible under the
assumption that specific forces strongly dominate over non-
specific (friction) forces. Moreover, the lack of a reliable and
accurate calibration method precluded a comparison of the
obtained results with other works carried out for lectin interac-
tions. In our work, we present the direct comparison between
the FN-Mab unbinding process measured using LFM and AFM-
based force spectroscopies under the assumption that unbinding
of molecular complexes is independent of the direction (normal
vs lateral [25]). Such a comparison enables the validation of the
proposed LFM calibration method and the verification of
whether it is possible to obtain similar unbinding characteris-
tics when AFM-FS and LFM methods are applied to study the
same type of molecular complex.

To obtain reliable results from the LFM method, the torsion
force calibration issue was addressed and a new method was
proposed in this paper. Typically, there are two approaches that
would deliver either (i) a lateral photodetector sensitivity and a
torsional spring constant (in two steps) or (ii) a factor that corre-
lates the raw, uncalibrated signal of the torsional cantilever

deflection with the calibrated force value (one step procedure).
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The two-step calibration procedure requires separate calibra-
tions of the lateral detector sensitivity and the lateral (or
torsional) spring constant. In one approach, a mirrored sub-
strate was tilted and the output voltage was measured as a func-
tion of the tilt angle [26]. Alternatively, the lateral sensitivity
can be calculated from geometrical considerations or from the
initial slope of a friction loop [27]. The angle of the cantilever
twist can be estimated assuming that the tip is pinned to the sub-
strate and that the lateral movement has been accurately cali-
brated. The calibration (determination) of the torsional spring
constant is also not an easy task. This can be estimated from an
analytical equation in which the cantilever thickness is an
essential parameter, usually leading to large errors. Alvarez-
Asencio et al. [28] recently proposed a hybrid model to deter-
mine the torsional spring constant under the assumption that the
normal spring constant can be calibrated using the Sader
method [17].

The one-step calibration seems to be much easier to perform
since it is based on the direct determination of the friction force
without the troublesome separate calibrations of both the lateral
photodiode sensitivity and the torsional spring constant [29].
The example of a one-step calibration method has been already
presented by Ruan and Bhushan [30]. Here, the cantilever was
moved in the direction parallel to its long axis. The friction
force was estimated as a product of the vertical spring constant
multiplied by the vertical piezoelectric scanner displacement
necessary to hold the cantilever deflection constant. The fric-
tion measured in this way was later used to calibrate the lateral
friction measurements. Unfortunately, this method of calibra-
tion, when applied to the FN-Mab system investigated here,
delivered unrealistic forces of the order of nN. The method-
ology of translating a lateral/torsional signal calibration into
force units proposed in the current work is similar to that
recently developed by Dendzik et al. [15]. However, our
method is even more simple and does not require the use of
special equipment.

The molecular interactions targeted in this study are between a
human FN and monoclonal antibody against FN. An atomic
detail basis of a typical model protein—IgG antibody interaction
is shown in previous work [25]. The FN is present in the extra-
cellular matrix (ECM) that surrounds living cells in organisms
[31]. FN consists of two almost identical monomers linked
together by disulphide bridges located close to the carboxyl
termini of the monomer [22,32]. The knowledge of the surface
topography of the FN molecules deposited on a mica surface
enables verification of the quality of protein deposition by
direct estimation of single molecule dimensions. Depending on
the experimental conditions, fibronectin can be visible either in

an elongated or a compact form [22]. Its elongated structure can

Beilstein J. Nanotechnol. 2015, 6, 1164—1175.

result in a diameter of about 2.3 nm and a contour length in the
range of 120—160 nm, determined for a dimeric FN molecule
[33]. Under our conditions, FN was present in a compact, glob-
ular form with a mean height of 2.4 £ 0.9 nm. This indicates
that after deposition on a mica surface, a layer composed of
single molecules was formed. The compact form of FN may be
rationalized by considering the electrostatic interaction occur-
ring between different parts of the molecule. Also, the alter-
ation of a protein conformation can be induced by a mechanical
deformation during scanning in a contact mode. Interestingly,
the average height of 2.4 nm determined by LFM corresponds
well with the theoretical value of 2.3 nm estimated by Erickson
et al. [34].

Both experimental methods, AFM-FS and LFM, applied here to
study the FN—antibody interactions, detected specific unbinding
events that were further characterized by two parameters, the
unbinding force and rupture length. The inhibition experiments
show a significant reduction in the unbinding probability (from
20% to 6%), which indicates the specificity of the interactions.
Apparently, when two molecules are pulled apart in the normal
direction, they presumably unbind along a different reaction co-
ordinate from the pull in the lateral (inclined) direction. In such
a case, one may expect that the energy landscape (and hence the
dissociation rate and width of the energy barrier) should be very
different. However, it has been theoretically shown that the
unbinding of a protein—antibody complex can have a similar
character for both modes of enforced “dissociation” [25], illus-
trating that at initial stages the unbinding proceeds perhaps
along the same global reaction pathway, independent of the
applied relative pulling force direction.

Another question regarding on the competition between FN
unfolding and the unbinding of FN from the antibody arises.
Since the whole human FN was used, one can expect that forced
unbinding will be also associated with the unfolding (i.e.,
unfolding may occur when the interaction with the antibody is
stronger than the unfolding of the FN domains). Since a
sawtooth pattern was not observed in either of the experiments
(AFM-FM and FFM), the FN-Mab unbinding in our experi-
ment was weaker than the unfolding of FN domains. The
rupture length, at which the unbinding occurred, varied from 10
to 25 nm. This rather high value is probably due to the use of
whole, long FN molecules (and not fragments) in our experi-
ments, which could lead to a low-force stretching phase before
the unbinding. On the other hand, the calculated rupture length
corresponds well to that reported for a similar type of inter-
action between an antigen and an antibody (i.e., bovine serum
albumin and its monoclonal antibody) [35]. Our experiments do
not allow for determination of which region (module) of FN

interacts with Mab.
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As the bond dissociation is a nonequilibrium, dynamic process,
accordingly, the rupture force of an isolated bond is not a
constant value. Instead, the bond strength is expected to display
both a time- and loading-rate-dependent behavior. This has
been shown in several experiments where the applied
force—loading rate extends over a few orders of magnitude [19-
23,35-38]. Figure 5 summarizes the dynamic response of the
FN-Mab complex to loading rates between 200 to 70,000 pN/s.
Within this range, the unbinding force showed an initial
increase of 9.2 £ 3.2 pN and 6.7 + 5.2 pN for AFM-FS and
LFM, respectively. Such a gradual increase is followed by a
steep rise starting from a loading rate of about 4000 pN/s.
Independent of the loading rate region, the dynamic response
curves of the FN-Mab complex overlapped, which may
indicate that the activation enthalpy is independent from
how the unbinding force is applied. A more detailed analysis of
the unbinding of the FN-Mab complex was performed in terms
of the Bell model. This analysis shows that both the dissocia-
tion rate constant (in the absence of the applied force) and the
parameter that characterizes the relative position of the
energy barrier are dependent on the mode of rupture (i.e.,
classical force spectroscopy or lateral force spectroscopy).
This likely indicates some differences in the vertical and lateral
unbinding scenarios. The computer modelling of a similar
unbinding event in an MCP1-IgG antibody complex showed
that lateral unbinding forces are about 30% lower than those
characteristic of a normal rupture [38]. Regardless of this fact,
the loading rate dependence shows two regions within the range
of the experimental loading rates. Such observed changes in the
slope are usually attributed to the suppression of an outer
energy barrier of the energy landscape [19,39]. This suggests
that during the unbinding, the single FN-Mab complex goes
through a transition state, separating the inner and outer energy
barriers. In nearly all molecular complexes studied to date, the
dependence of the unbinding force on the logarithm of the
loading rate was described by a linear line, indicating the
presence of only one energy barrier in the interaction energy
landscape. However, in the case of complex molecules, such
as proteins, the kinetic processes can be characterized by
multiple local maxima and minima in the interaction potential
along the reaction coordinate. In these situations, the plot of
the most probable unbinding force versus the logarithm of
the loading rate displays a sequence of lines with different
slopes, each corresponding to the position of a particular energy

barrier.

Conclusion

The force measurements carried out for a fibronectin—antibody
complex showed similarity in the unbinding process, inde-
pendent of how the rupture force was applied by the AFM
cantilever movement: either normal (AFM-FS) or lateral
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(LFM). The relation between the measured unbinding force and
the loading rate applied overlapped for the AFM-FS and LFM
methods. These findings demonstrate that the detection of
specific protein—protein forces using lateral force microscopy
(LFM) is possible. However, the appropriate calibration suit-
able for LFM must be performed and the assumption that
specific forces dominate over non-specific must be fulfilled. In
this work we presented an effective variant of the calibration of
the cantilevers for the LFM measurements. Our findings on the
FN-Mab antibody protein complex validate the proposed novel
and simple method of a lateral signal calibration. Thus, it can be
foreseen that the lateral scanning of the sample could accelerate
an unbinding measurement as compared to the conventional
AFM molecular recognition study. We anticipate that the LFM
technique will be useful since it is not limited to proteins or bio-
logical samples; however, more experiments are needed to
better understand the limitations/advantages of the use of LFM
in molecular recognition processes.

Experimental

Proteins

Fibronectin from human plasma (M, = 450 kDa, Sigma) was
used in all experiments. The fibronectin was detected by the use
of monoclonal antibody against human fibronectin (Mab, Clone
FN-15, Sigma), produced in mouse ascites fluid after immu-
nization of the mice with fibronectin isolated from human

plasma.

Other reagents

Other reagents used in the experiments were: (a) phosphate
buffered saline (PBS, ICN Biomedicals, pH 7.4, containing
10 mM of PO4%~, 137 mM of NaCl and 27 mM of KCI) was
used to prepare all protein solutions; (b) 3-aminopropyltri-
ethoxysilane (APTES, Sigma) was used for the silanization of
the mica and cantilever surfaces; (¢) 2.5% glutaraldehyde
aqueous solution, prepared from a 25% solution of glutaralde-
hyde was purchased from Sigma. All solutions were prepared
using deionized water (Cobrabid water purification system,
0.08 uSs).

Cantilevers

Commercially available cantilevers (MLCT-AUHW, gold
coated, not sharpened) purchased from Veeco were used. For all
experiments, the cantilever type C was chosen. It is character-
ized by the nominal spring constant of 0.01 N/m, a resonant
frequency of 7.0 kHz, and geometrical dimensions of 320 pm
(length), 22 pm (width) and 0.6 um (thickness). The open angle
of a tip pyramid was 35° while the radius of curvature was
50 nm. As a reference, the cantilever type B was used. It is a
rectangular-shaped cantilever with geometrical dimensions of
210 pm (length), 20 pm (width) and 0.6 pm (thickness). It is
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characterized by a nominal cantilever spring constant of
0.02 N/m and a resonant frequency of 10 kHz.

Fibronectin deposition on mica surface

As a support for the deposition of fibronectin, a modified mica
surface was used. First, freshly cleaved mica was silanized with
APTES. The APTES was deposited on the mica surface from
gas phase for 2 h in a desiccator. Next, the sample was
immersed in 2.5% glutaraldehyde aqueous solution for 20 min
and afterwards rinsed with 10 mM PBS buffer. Then, the
prepared sample was completely immersed in 0.1 mg/mL FN
solution in PBS for 60 min, which prevented drying. Then, it
was gently rinsed with PBS and immediately measured by
AFM-FS or LFM.

Cantilever functionalization with Mab

The cantilevers (MLCT, type C, Veeco) used for both the AFM-
FS and LFM measurements were modified using the same
protocol as for the mica surface. Similar to mica surface, the
cantilevers were silanized using APTES from the gas phase,
then their surface was activated using a 1.5% aqueous
glutaraldehyde solution and rinsed with PBS buffer. Then, the
cantilevers were immersed in a drop (=50 uL) of PBS solution
0f 0.05 mg/mL Mab for 30 min, and afterwards rinsed with PBS
buffer. These prepared cantilevers were immediately used in the
measurements.

Atomic force microscope

All measurements were carried out using commercially avail-
able devices (PSIA XE100 and XE120, Park Systems, Korea)
equipped with a “liquid cell” setup, in 10 mM PBS buffer. The
surface topography of a fibronectin-coated mica surface was
measured in contact mode over an area of 10 x 10 um, with set

point of 0.2 nN and scan rate of 0.8 Hz.

Unbinding experiments

In AFM-based classical force spectroscopy, the unbinding
forces of the interaction between fibronectin (FN) and mono-
clonal antibody against FN (FN-Mab) were measured using a
fibronectin-coated surface and antibody-modified cantilevers
always prepared in the same way. The measurements were
carried out seven times, each time with a fresh AFM probe and
a new sample (newly Mab-coated cantilever and freshly
deposited fibronectin on the mica surface). These experiments
were carried out using two cantilever types, MLCT-C and
MLCT-D, characterized by nominal spring constants of
0.01 N/m and 0.03 N/m, respectively.

In lateral force microscopy, the cantilever (MLCT-C; nominal
spring constant of 0.01 N/m) was moved laterally over the mica

surface covered with fibronectin. The friction images always
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contained 2048 points per line. Three scan sizes from 1 to 6 um
were recorded at a scan rate from 0.1 Hz to 10 Hz (the scan
velocity varied from 0.1 to 60 pm/s). In the classical AFM-FS
experiment, the cantilever, localized in one selected point over
the sample surface, was moved perpendicularly towards the
FN-functionalized mica surface, followed by retraction. During
this movement, the normal cantilever deflection was recorded
as a function of relative scan position (i.e., force curves were
collected). The force curves (2048 points per cycle, for ap-
proach and retract) were recorded as a function of retraction
speed. The velocity was in a typical range of AFM retraction
velocity and varied from 0.1 to 10 pm/s.

Specificity of the interaction

To assure the specificity of the interaction, the fibronectin was
blocked using monoclonal antibody, same as that used for the
cantilever functionalization. The inhibition experiments were
carried out after 30 min of incubation with the PBS solution
containing free antibody molecules. Afterwards, samples were
rinsed with PBS buffer and immediately measured. The same
protocol for the interaction inhibition was used in both types of
experiments (AFM-FS and LFM).

Bell-Evans model

During the AFM unbinding, the external forces applied to a
protein—ligand complex pull the ligand off of its initial position
in the binding pocket. If the transition from bound to unbound
states over the energy barrier is associated with a displacement
in the direction of the acting force, the height of the energy
barrier is lowered by the term F-xp, where xy, is the difference
between the bound and unbound states [38-40]. In 1997, Evans
and Ritchie introduced a model describing the bond rupture
under an external force [41] for the case when the applied force
F changes linearly in time ¢ according to:

F(@)=keg-v-t, 1)

where kq¢r is the effective spring constant accounting for the
AFM cantilever and the single bond spring constants, and v is
the tip velocity. The dependence of the unbinding force on the
loading rate is given as [41]:

F:kB'Tln(rf)+kB'T~1n al @)
Xp Xp kO'kB'T

where kg is Boltzmann’s constant, 7 is the temperature, xy, is the
difference between the maximum of the energy barrier from the
potential minimum, kg is the dissociation rate of the unbinding
process, and r¢ is the loading rate defining how fast an external

force changes as a function of time.

1173



Acknowledgements

This work was supported by Polish Funds for Science, Grant
No. N202 262038 (W. N., M. L.). The study was (partly)
supported by a research fellowship (M. L.) within the project
“Enhancing Educational Potential of Nicolaus Copernicus
University in the Disciplines of Mathematical and Natural
Sciences” (Project No. POKL.04.01.01-00-081/10).

References

1. Hamon, L.; Pastré, D.; Dupaigne, P.; Le Breton, C.; Le Cam, E.;
Piétrement, O. Nucleic Acids Res. 2007, 35, e58.
doi:10.1093/nar/gkm147

2. Miller, D.; Janovjak, H.; Lehto, T.; Kuerschner, L.; Anderson, K.
Prog. Biophys. Mol. Biol. 2002, 79, 1-43.
doi:10.1016/S0079-6107(02)00009-3

3. Rotsch, C.; Radmacher, M. Biophys. J. 2000, 78, 520-535.
doi:10.1016/S0006-3495(00)76614-8

4. Francis, L. W.; Lewis, P. D.; Wright, C. J.; Conlan, R. S. Biol. Cell 2010,
102, 133—-143. doi:10.1042/BC20090127

5. Zhang, J.; Wu, G.; Song, C.; Li, Y.; Qiao, H.; Zhu, P.; Hinterdorfer, P;
Zhang, B.; Tang, J. J. Phys. Chem. B 2012, 116, 13331-13337.
doi:10.1021/jp306882r

6. Wildling, L.; Rankl, C.; Haselgribler, T.; Gruber, H. J.; Holy, M.;
Newman, A. H.; Zou, M.-F.; Zhu, R.; Freissmuth, M.; Sitte, H. H.;
Hinterdorfer, P. J. Biol. Chem. 2012, 287, 105-113.
doi:10.1074/jbc.M111.304873

7. Zhu, R.; Rupprecht, A.; Ebner, A.; Haselgrubler, A.; Gruber, H. J.;
Hinterdorfer, P.; Pohl, E. E. J. Am. Chem. Soc. 2013, 135, 3640-3646.
doi:10.1021/ja312550k

8. Teulon, J.-M.; Delcuze, Y.; Odorico, M.; Chen, S. W.; Parot, P.;
Pellequer, J.-L. J. Mol. Recognit. 2011, 24, 490-502.
doi:10.1002/jmr.1109

9. Senkara-Barwijuk, E.; Kobiela, T.; Lebed, K.; Lekka, M.

Biosens. Bioelectron. 2012, 36, 103—-109.
doi:10.1016/j.bios.2012.04.014

10. Jiang, Y.; Marszatek, P. E. EMBO J. 2011, 30, 2881-2893.
doi:10.1038/emboj.2011.180

11.McCourt, C. M.; Boyle, D.; James, J.; Salto-Tellez, M. J. Clin. Pathol.
2013, 66, 58—-61. doi:10.1136/jclinpath-2012-201140

12.Labuda, A.; Paul, W.; Pietrobon, B.; Lennox, R. B.; Gritter, P. H.;
Bennewitz, R. Rev. Sci. Instrum. 2010, 81, 083701.
doi:10.1063/1.3470107

13.Munz, M. J. Phys. D: Appl. Phys. 2010, 43, 063001.
doi:10.1088/0022-3727/43/6/063001

14.Schwarz, U. D.; Késter, P.; Wiesendanger, R. Rev. Sci. Instrum. 1996,
67, 2560-2567. doi:10.1063/1.1147214

15. Dendzik, M.; Kulik, A. J.; Benedetti, F.; Marszalek, P. E.; Dietler, G.
Nanotechnology 2013, 24, 365703.
doi:10.1088/0957-4484/24/36/365703

16.Wang, H.; Gee, M. L. Ultramicroscopy 2014, 136, 193-200.
doi:10.1016/j.ultramic.2013.10.012

17.Sader, J. E.; Larson, |.; Mulvaney, P.; White, L. R. Rev. Sci. Instrum.
1995, 66, 3789-3798. doi:10.1063/1.1145439

18.Cannara, R. J.; Eglin, M.; Carpick, R. W. Rev. Sci. Instrum. 2006, 77,
053701. doi:10.1063/1.2198768

19.Evans, E. Biophys. Chem. 1999, 82, 83-97.
doi:10.1016/S0301-4622(99)00108-8

Beilstein J. Nanotechnol. 2015, 6, 1164—1175.

20. Neuert, G.; Albrecht, C.; Pamir, E.; Gaub, H. E. FEBS Lett. 2006, 580,
505-509. doi:10.1016/j.febslet.2005.12.052

21.Puntheeranurak, T.; Wildling, L.; Gruber, H. J.; Kinne, R. H. K;;
Hinterdorfer, P. J. Cell Sci. 2006, 119, 2960-2967.
doi:10.1242/jcs.03035

22.Taubenberger, A.; Cisneros, D. A.; Friedrichs, J.; Puech, P.-H.;
Muller, D. J.; Franz, C. M. Mol. Cell. Biol. 2007, 18, 1634—1644.
doi:10.1091/mbc.E06-09-0777

23.Scholl, Z. N.; Marszalek, P. E. Ultramicroscopy 2014, 136, 7-14.
doi:10.1016/j.ultramic.2013.07.020

24.Lekka, M.; Kulik, A. J.; Jeney, S.; Raczkowska, J.; Lekki, J.;
Budkowski, A.; Forro, L. J. Chem. Phys. 2005, 123, 014702.
doi:10.1063/1.1949187

25. Gogolinska, A.; Nowak, W. J. Mol. Model. 2013, 19, 4773-4780.
doi:10.1007/s00894-013-1972-z

26.Feiler, A.; Attard, P.; Larson, |. Rev. Sci. Instrum. 2000, 71,
2746-2750. doi:10.1063/1.1150686

27.Liu, E.; Blanpain, B.; Celis, J. P. Wear 1996, 192, 141-150.
doi:10.1016/0043-1648(95)06784-1

28. Alvarez-Asencio, R.; Thormann, E.; Rutland, W. M. Rev. Sci. Instrum.
2013, 84, 079901. doi:10.1063/1.4820345

29. Ogletree, D. F.; Carpick, R. W.; Salmeron, M. Rev. Sci. Instrum. 1996,
67, 3298-3306. doi:10.1063/1.1147411

30.Ruan, J.-A.; Bhushan, B. J. Tribol. 1994, 116, 378-388.
doi:10.1115/1.2927240

31.Kim, M.-C.; Neal, D. M.; Kamm, R. D.; Asada, H. H.
PLoS Comput. Biol. 2013, 9, €1002926.
doi:10.1371/journal.pcbi.1002926

32.Midwood, K. S.; Williams, L. V.; Schwarzbauer, J. E.
Int. J. Biochem. Cell Biol. 2004, 36, 1031-1037.
doi:10.1016/j.biocel.2003.12.003

33.Lai, C.-S.; Wolff, C. E.; Novello, D.; Griffone, L.; Cuniberti, C;
Molina, F.; Rocco, M. J. Mol. Biol. 1993, 230, 625-640.
doi:10.1006/jmbi.1993.1174

34.Erickson, H. P.; Carrel, N. J. Biol. Chem. 1983, 258, 14539—-14544.

35. Chtcheglova, L. A.; Dietler, G. Acta Phys. Pol., A 2003, 104, 321-326.

36. Fritz, J.; Katopodis, A. G.; Kolbinger, F.; Anselmetti, D.
Proc. Natl. Acad. Sci. U. S. A. 1998, 95, 12283-12288.
doi:10.1073/pnas.95.21.12283

37.Nishizaka, T.; Seo, R.; Tadakuma, H.; Kinosita, K., Jr.; Ischiwata, S.
Biophys. J. 2000, 79, 962—-974. doi:10.1016/S0006-3495(00)76350-8

38.Kienberger, F.; Kada, G.; Mueller, H.; Hinterdorfer, P. J. Mol. Biol.
2005, 347, 597-606. doi:10.1016/j.jmb.2005.01.042

39.Hanggi, P.; Talkner, P.; Borkovec, M. Rev. Mod. Phys. 1990, 62,
251-393. doi:10.1103/RevModPhys.62.251

40.Zhang, X.; Bogorin, D. F.; Moy, V. T. ChemPhysChem 2004, 5,
175-182. doi:10.1002/cphc.200300813

41.Evans, E.; Ritchie, K. Biophys. J. 1997, 72, 1541-1555.
doi:10.1016/S0006-3495(97)78802-7

1174


http://dx.doi.org/10.1093%2Fnar%2Fgkm147
http://dx.doi.org/10.1016%2FS0079-6107%2802%2900009-3
http://dx.doi.org/10.1016%2FS0006-3495%2800%2976614-8
http://dx.doi.org/10.1042%2FBC20090127
http://dx.doi.org/10.1021%2Fjp306882r
http://dx.doi.org/10.1074%2Fjbc.M111.304873
http://dx.doi.org/10.1021%2Fja312550k
http://dx.doi.org/10.1002%2Fjmr.1109
http://dx.doi.org/10.1016%2Fj.bios.2012.04.014
http://dx.doi.org/10.1038%2Femboj.2011.180
http://dx.doi.org/10.1136%2Fjclinpath-2012-201140
http://dx.doi.org/10.1063%2F1.3470107
http://dx.doi.org/10.1088%2F0022-3727%2F43%2F6%2F063001
http://dx.doi.org/10.1063%2F1.1147214
http://dx.doi.org/10.1088%2F0957-4484%2F24%2F36%2F365703
http://dx.doi.org/10.1016%2Fj.ultramic.2013.10.012
http://dx.doi.org/10.1063%2F1.1145439
http://dx.doi.org/10.1063%2F1.2198768
http://dx.doi.org/10.1016%2FS0301-4622%2899%2900108-8
http://dx.doi.org/10.1016%2Fj.febslet.2005.12.052
http://dx.doi.org/10.1242%2Fjcs.03035
http://dx.doi.org/10.1091%2Fmbc.E06-09-0777
http://dx.doi.org/10.1016%2Fj.ultramic.2013.07.020
http://dx.doi.org/10.1063%2F1.1949187
http://dx.doi.org/10.1007%2Fs00894-013-1972-z
http://dx.doi.org/10.1063%2F1.1150686
http://dx.doi.org/10.1016%2F0043-1648%2895%2906784-1
http://dx.doi.org/10.1063%2F1.4820345
http://dx.doi.org/10.1063%2F1.1147411
http://dx.doi.org/10.1115%2F1.2927240
http://dx.doi.org/10.1371%2Fjournal.pcbi.1002926
http://dx.doi.org/10.1016%2Fj.biocel.2003.12.003
http://dx.doi.org/10.1006%2Fjmbi.1993.1174
http://dx.doi.org/10.1073%2Fpnas.95.21.12283
http://dx.doi.org/10.1016%2FS0006-3495%2800%2976350-8
http://dx.doi.org/10.1016%2Fj.jmb.2005.01.042
http://dx.doi.org/10.1103%2FRevModPhys.62.251
http://dx.doi.org/10.1002%2Fcphc.200300813
http://dx.doi.org/10.1016%2FS0006-3495%2897%2978802-7

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.6.118

Beilstein J. Nanotechnol. 2015, 6, 1164—1175.

1175


http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.6.118

	Abstract
	Introduction
	Results
	Converting torsion into force units
	Surface topography
	Dependence of friction force on normal load
	Unbinding force determination
	Loading rate dependence

	Discussion
	Conclusion
	Experimental
	Proteins
	Other reagents
	Cantilevers
	Fibronectin deposition on mica surface
	Cantilever functionalization with Mab
	Atomic force microscope
	Unbinding experiments
	Specificity of the interaction
	Bell–Evans model

	Acknowledgements
	References

