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ABSTRACT: The formation of a specific complex between
β2μglobulin and antiβ2μglobulin was investigated by analyzing
the force fluctuations recorded in an atomic force spectros-
copy biorecognition experiment. We found that a 1/f noise
appears in the power spectra of force fluctuations when the tip,
functionalized with β2μglobulin, reaches a distance of 0.50 nm
from the partner-charged substrate while a specific biorecognition process occurs. Concomitantly, in this active region, the
distribution of the times spent by the tip in the proximity of the substrate exhibits a power law trend characterized by a long-
time tail. All of these findings are put into relationship to a slowing down of the energy landscape exploration, consistent with a
restricted sampling dynamics of the conformational states driving to the final binding state. The hypothesis that a combination
of a conformational substrate and an induced fit hybrid binding mechanism controls the specific complex formation is put
forward and discussed also in connection with the fluctuations of the hydration water network.

1. INTRODUCTION

Biological functions proceed through appropriate molecular
interactions that take place by spanning a wide range of
temporal scales.1,2 These processes, collectively named
biorecognition, involve several steps, which promote and
regulate the approach and orientation of partners, giving rise to
a final biomolecular complex. From a physical point of view,
biorecognition can be seen as a diffusion along the hypersur-
face energy landscape, with trapping and escape from several
local minima and3 with such a picture being reminiscent of the
conformational substrate model describing protein dynam-
ics.4,5 In this framework, two different mechanisms of the
ligand−target binding have been proposed: conformational
selection (CS)3 and induced fit (IF).6 Both mechanisms
assume a two-step reaction in which a conformational
transition of the target either precedes (CS) or follows (IF)
the binding step with the ligand. In the former, the target exists
in distinct conformations (corresponding to nearly isoenergetic
local minima of the energy landscape) and the ligand selects
the one with an optimal fit. In the latter, the conformation of
the target changes after ligand binding to provide an optimal
fit. These two models have long been considered as mutually
exclusive, even if the possibility that they can coexist has
recently been taken into consideration.7 Sorting out the
contribution of these mechanisms to any binding interaction
remains a challenging task of general interest in biochemistry,
biology, and biophysics. On the other hand, understanding
biorecognition mechanisms deserves a high potentiality in
applicative fields, such as the development and control of
biosensors and drug designing.
Remarkable tools to investigate biorecognition rely on

single-molecule techniques, which make accessible the study of
even subtle biomolecular interaction details, usually hidden in

ensemble measurements.8,9 Among these techniques, atomic
force spectroscopy (AFS) allows one to follow, at nearly
physiological conditions, individual biomolecular partners
during their approach, eventually forming a specific com-
plex.10,11 Furthermore, careful analysis of the applied forces
causing unbinding of the complex provides information on a
number of important complex-related parameters, such as the
interaction strength, dissociation rate, affinity, and energy
landscape features.12 To this end, however, the forces should
be carefully scrutinized to be unambiguously attributed to
specific complex-unbinding events and not to unspecific ones,
such as adhesion, trapping, and so on. A preliminary
discrimination is generally achieved by analyzing the stretching
of molecular linkers suitably introduced in the functionaliza-
tion procedure.13 Recently, we have proposed an alternative
method to single out force curves corresponding to a specific
biorecognition event on the basis of the appearance of a 1/f
noise in the AFS force fluctuations recorded during the tip−
substrate approaching stage.14,15 This peculiar noise figure,
which has been observed also in the ultrasensitive detection of
biomolecules by a field-effect transistor,16 represents a
fingerprint of the occurrence of a specific complex formation.15

From a more general point of view, the presence of the 1/f
noise in biorecognition force fluctuations is indicative of the
physical complexity of the underlying mechanisms and
suggests that AFS data may encode a larger amount of
information on the biorecognition process.14 Indeed, the 1/f
noise can be put into relationship to the searching process of
the molecular partners in the multiminimum hypersurface
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energy landscape, allowing us to address the exploration of the
energy landscape and likely to discriminate between the CS or
IF binding mechanisms.
With this aim, we have revisited the force fluctuation data

recorded in an AFS biorecognition experiment during the
approaching of two biomolecular partners undergoing a
specific complex formation. We have used a closed-loop
AFM equipment, able to monitor the effective distance
between the tip and the substrate during the quasi-static
approach of the partners, to record the force fluctuations at
high sampling rate. We have chosen the complex formed
between β2μglobulin and antiβ2μglobulin, which had been
previously investigated by our group using AFM imaging and
AFS.17 β2μglobulin is involved in the human immune system,
and its level can be also used as a tumor marker.18,19 A
fluctuation-based analysis of force curves recorded in AFS
biorecognition experiments on the β2μglobulin−
antiβ2μglobulin complex has put into evidence that the 1/f
noise appears at a tip−substrate distance of about 0.50 nm.
Concomitantly, it is found that the distribution of the times
that the tip spends in the proximity of the substrate exhibits a
power law trend characterized by a long-time tail. These
results, which are a clear fingerprint of a complex behavior,
could be put into relationship to a slowing down of the energy
landscape exploration, consistent with a restricted sampling
dynamics of the conformational states driving to the final
binding state. The hypothesis that a combination of a
conformational substrate (CS) and an induced fit (IF) hybrid
binding mechanism is controlling the specific complex
formation is put forward and discussed also in connection
with the fluctuations of the hydration water network.

2. RESULTS AND DISCUSSION
The biorecognition experiment by AFS on the β2μglobulin/
antiβ2μglobulin complex has been carried out by vertically
approaching an atomic force microscopy tip, functionalized
with β2μglobulin and put at the end of a cantilever, toward a
substrate charged with antiβ2μglobulin. After reaching a fixed
value of the maximum contact force, FC, the approaching stage
is stopped and the tip is retracted from the substrate. The
force, which is proportional to the cantilever deflection, is
recorded as a function of the effective tip−substrate distance
(see Figure 1). The approaching curves have been acquired at
a very low speed, in quasi-static conditions, and at a very high
sampling rate. A representative approaching curve is shown in
Figure 1A and reveals the occurrence of wide force fluctuations
around a zero value up to the contact point (CP), at which a
physical contact between the functionalized tip and the
substrate is reached. Beyond that point, the repulsive forces
between the tip and the substrate yield an upward deflection of
the cantilever, whereas the fluctuations become much less
evident. As usually detected in AFS experiments, all of the
approaching curves appear very similar among them. At
variance, the retraction curves generally match the trace of the
approaching ones up to the contact point, but the curves may
exhibit different trends beyond the contact point, depending
on the specific features of the tip−substrate interaction. In
particular, they may follow the same trend as in the
approaching phase, as shown in the inset of Figure 1B, with
this being indicative that no significant interaction between the
tip and the substrate has occurred. Alternatively, they may
show a linear or nonlinear downward deflection, followed by a
jump-off to the baseline, corresponding to a detachment of the

tip from the substrate. A linear trend is generally attributed to
nonspecific adhesions between the tip and the substrate,
without any specific interaction between the biomolecules. At
variance, a nonlinear trend might be due to the unbinding of
the complex, eventually formed during the approaching stage.
In this case, the jump-off provides information on the
unbinding force of the specific complex, whose analysis, in
the framework of suitable theoretical models, allows us to
determine important complex-related parameters, such as
interaction strength, dissociation rate, etc. (for a wider
description of curves in AFS biorecognition experiments, see
ref 12). However, force curves showing a nonlinear trend in
the retraction stage might not be related to specific unbinding
events and further analyses are required to single out those
curves effectively corresponding to a specific biorecognition
event. A common procedure consists in the checking for the
stretching of the molecular linker (e.g., poly(ethylene glycol),
PEG) before unbinding.12,13 As already mentioned, we have
developed an alternative method on the basis of the
appearance of 1/f noise on force fluctuations.14,15 Here, we
have applied such a method to select 30 force curves related to
specific biorecognition events; for comparison, 30 curves
related to nonspecific events have been also taken into
consideration (see the Experimental Section).
Accordingly, we have focused our attention to the 10 nm

long region of the approaching curve, located (i) at the initial
part of the curve (azure circle in Figure 1A), named the FAR
region, and (ii) before the contact point (red circle in Figure
1A), named the CON region. Figure 2 shows an example of
both these regions related to specific (Figure 2A,B) and
nonspecific (Figure 2C,D) unbinding events. In all of the cases,
we note fast fluctuations overimposed on slower fluctuations,
with no significant differences at visual inspection.

Figure 1. Representative force curves from an AFS experiment carried
out with a tip functionalized with β2μglobulin toward a glass substrate
covered with antiβ2μglobulin. (A) Approaching curve, recorded at a
speed of 10 nm/s; 10 nm long regions at the beginning (azure circle)
and just before the contact point (red circle) are marked. (B)
Retraction curve, recorded at a speed of 1000 nm/s related to a
specific biorecognition event. Inset: retraction force curve with no
event. CP: contact point; FC: maximum contact force.
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The histograms of the force amplitude detected in these
regions are representatively shown in Figure 3. All of the
histograms are characterized by a single-mode distribution
centered at about 0 and well-described by a Gaussian function
(see black lines in Figure 3). Slightly wider distributions, as
witnessed by the higher standard deviation values, are detected
for the CON region with respect to FAR regions; similar
trends have been observed for histograms from all of the
curves.
Generally, the force fluctuations in an AFS biorecognition

experiment can be ascribed to several causes, such as thermally
induced fluctuations, high-frequency fluctuations from the

force feedback system, mechanical vibrations, drift effects, etc.,
together with a possible contribution from the tip−substrate
interactions.14,20 The latter contribution is expected to become
progressively more significant as far as the tip approaches the
contact point, in agreement with that observed in our data.
The spectral content of FAR and CON regions has been

analyzed by calculating the power spectrum as described in the
Experimental Section; representative power spectra from
curves related to both specific and nonspecific events are
shown in Figure 4. In the log−log plot, all of the spectra are
characterized by two different linear regimes, separated by a
cutoff frequency of about 300 Hz. Accordingly, each regime

Figure 2. Zoom of the 10 nm long regions from the approaching curves, located at the beginning (A and C, azure curves) and just before the
contact point (B and D, red curves); data is related to both specific and nonspecific events (see also Figure 1).

Figure 3. Histograms of the force amplitude of the 10 nm long regions from the approaching curve at the beginning (A and C, azure columns) and
just before the contact point (B and D, red columns); data is related to both specific and nonspecific events. Continuous black lines are the fitting
curves by a Gaussian function; the corresponding standard deviation values are reported.

ACS Omega Article

DOI: 10.1021/acsomega.8b02993
ACS Omega 2019, 4, 3627−3634

3629

http://dx.doi.org/10.1021/acsomega.8b02993


can be fitted by an expression given as P ∼ 1/fα with the
corresponding α exponent providing information about the
system. At frequencies higher than the cutoff, all of the spectra
exhibit almost the same slope with an α value close to 2 (i.e., P
∼ 1/f 2), which is indicative of the so-called red noise,
corresponding to a constant correlation function. Red noise
can reflect thermally driven fluctuations, without any special
distinctive role in regulating processes. At frequencies below
the cutoff, the power spectra of all of the FAR and CON
regions from nonspecific events are almost flat (P ∼ constant)
and an α exponent close to 0 (α = 0.3 ± 0.2) has been
extracted. At variance, the power spectra of the CON regions
related to specific events are still linear but with an α exponent
close to 1 (α = 0.7 ± 0.2). These α values related to the low-
frequency power spectra from curves attributed to nonspecific
and specific events have been statistically compared by a
confidence test. We found that they are significantly different
at a level higher than 90%. Accordingly, the power spectra of
curves related to nonspecific events are characterized by white
noise, whereas curves attributed to specific biorecognition
events reveal the presence of 1/f noise.
The appearance of 1/f noise in the 10 nm long region before

the contact point can be then put into relationship to the
occurrence of a specific biorecognition process, as demon-
strated in our previous works.14,15 We remark that the 1/f
noise, or flickering noise, generally reflects a complex temporal
behavior,21 in systems characterized by multiple time scale
processes. Indeed, the 1/f noise has been traced back to the
trapping/escaping in/from local minima of a rough energy
landscape explored by the system.22 In this respect, we note
that a cutoff frequency of about 300 Hz indicates that the
biorecognition process involves temporal processes whose
characteristic times are lower than about 3 ms (see below). On
the other hand, the cutoff frequency is lower than that
previously found (∼3−5 kHz),14,15 likely due to the much

lower approaching speed, allowing a much higher temporal
resolution.
To localize the region where the 1/f noise is established, we

have calculated the power spectra using 0.25 nm long intervals,
progressively sampled along the 10 nm long region and
globally exhibiting 1/f noise. Again, we have found that all of
the spectra are characterized by two linear regimes, separated
by a cutoff frequency of about 300 Hz; above the cutoff, the 1/
f 2 noise has been detected in all of the spectra. Below the
cutoff, we found a slope higher than 0, with an α exponent
close to 1, for regions whose distance from the contact point
ranges from 0.25 to 0.75 nm. For higher distances, the power
spectra have been found to be practically flat. An example is
shown in Figure 5, in which the establishment of 1/f noise

appears at a distance of about 0.50 nm from the contact point.
The difference between the α values has also been assessed by
a confidence test with a significance level higher than 90%.
By taking into consideration the results from all of the

collected regions, we found that 1/f noise takes place at an
average distance of 0.55 nm with a standard deviation of 0.20
nm. It should be remarked that such a value represents the
effective tip−substrate distance because of the use of an AFM
equipment with a closed-loop scanner (see the Experimental
Section).
By taking into consideration that 1/f noise directly reflects a

specific biorecognition event, these results indicate the distance
between the partners at which biorecognition starts, with this
deserving some interest in the perspective to elucidate the
involved mechanisms. Under the assumption that the tip
switches between a state closer or farther to the substrate, we
have analyzed the force fluctuations in the region where
biorecognition is active, in terms of a two-state, binary process.
In particular, we have defined τclose as the time during which
the tip is closer to the substrate with respect to a threshold
chosen as the standard deviation of the force in the analyzed
interval, roughly corresponding to the baseline. The distribu-
tion of τclose, as derived from 30 collected regions
corresponding to specific (red circles) and nonspecific (black
squares) events, is shown in the semilog plot in Figure 6. The

Figure 4. Power spectra of 10 nm long regions from the approaching
curves located at the beginning (azure curves) and just before the
contact point (red curves), for both specific (A) and nonspecific (B)
events. Dashed black lines are the best fit through the expression S( f)
∼ 1/fα, below and above the cutoff frequency detected at about 300
Hz. The reported α exponents are the average and the corresponding
standard deviation as obtained from a collection of 30 curves.

Figure 5. Power spectra of 0.25 nm long regions from the
approaching curve located at different distances from the contact
point (see the inset); only regions from force curves related to specific
events (i.e., showing 1/f noise in the 10 nm long regions) have been
analyzed. Dashed black lines indicate the best fit through the
expression S( f) ∼ 1/fα, below and above the cutoff frequency of about
300 Hz. The reported α exponents are the average and the
corresponding standard deviation as obtained from a collection of
30 curves.
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distribution of τclose related to nonspecific events follows a
linear trend, which can be well described by an exponential
decay with a characteristic time of about 1.9 ms (see the
dashed black line). A linear trend, with almost the same slope,
has been also detected for the distribution related to specific
events for τclose shorter than 2 ms. At variance, for longer times,
the distribution of τclose related to specific events exhibits a tail
at long times whose trend significantly deviates from the linear
one. Indeed, the distribution for time values longer than 2 ms
can be well described by a power law distribution P ∼ 1/(tβ+1)
with β ∼ 0.9 ms (see the continuous red line). These results
are reminiscent of those obtained for the biotin−avidin
complex, by following a slightly different procedure, from
which a slightly lower value (β ∼ 0.7) was obtained.14

Generally, the concomitant presence of both the 1/f noise
and a power law in force fluctuations can be explained in terms
of a superposition of independent stochastic signals arising
from the diffusive process of the rough energy landscape
theory.23,24 In this connection, it is interesting to note that
both the cutoff frequency of the power spectrum and the
change of the regime in the τclose distribution indicate that the
characteristic times of biorecognition fall in the range of
milliseconds, with this also corresponding to the estimated
transition times among conformations of biomolecules as
emerging from different works.25,26 On such a basis, our results
about the 1/f noise and the τclose distribution can be analyzed
and discussed in connection with the models describing the
biomolecular binding process in terms of the energy landscape
exploration. As already mentioned, two main models, CS and
IF, are usually invoked to describe the mechanisms underlying
the formation of a complex. In the CS model, each
biomolecule continuously undergoes transitions between
different conformational substrates, binding to the partner
when it assumes the most appropriate conformation. In other
words, the complex is formed through an optimized fit based
on the selection from pre-existing ensemble of conformations.
Accordingly, during the approach, the biomolecules are
expected to explore different conformations by establishing a
biorecognition when appropriate conformations are assumed.
On the other hand, in the framework of the IF model, the
biomolecule first binds to the partner and then it undergoes
conformational changes for optimizing the structure of the
complex.

Our results show that β2μglobulin and antiβ2μglobulin
molecules start to recognize each other at a distance of about
0.50 nm, which is well before their effective binding state. The
capability of two partners to recognize each other before
reaching a physical contact suggests a rather high affinity
between the molecules. This suggests that the biorecognition
occurs in correspondence to specific molecular conformations
as well as to particular relative arrangements, with a better
matching with the CS model. A further support to such a
hypothesis comes also from the rather low probability to form
a specific complex usually observed in AFS biorecognition
experiments.27 Indeed, even if the formation of a complex in
AFS could depend on several factors, such as functionalization,
orientation, linker length, etc., a further contribution from the
selection of molecules assuming conformations well matching
the partner structure could also be invoked.
On the other hand, the appearance of a long tail in the τclose

distribution is consistent with a slowing down of the energy
landscape exploration during the molecular approaching. This
could be due to a conformational reassessment of the
biomolecules to optimize the binding to the partner. Such a
picture is in correspondence with the IF model in which the
biorecognition process guides the biomolecules through a
restricted exploration of the energy landscape. On such a basis,
the possibility that biorecognition could be a combination of
CS and IF binding mechanisms could be speculated, leading to
a sort of hybrid CS−IF model. In other words, biorecognition
could take place when the biomolecules assume particular
molecular conformations and arrangements; some structural
refinements may occur successively, even upon binding. Such a
picture could also find a correspondence with recent theories
for which both the CS and IF mechanisms are active in
biorecognition, with the prevalence of one or the other
depending on the particular conditions of measurements even
in connection with the investigated system.26,28

Finally, we discuss the result for the process in which the
biorecognition starts when the biomolecules are at a distance
of about 0.50 nm, in connection with the properties of
surrounding water. We remark that a protein molecule in
solution is surrounded by water molecules organized in layers,
whose structural and dynamical properties vary with the
distance from the molecular surface. The first hydration layer,
extending up to about 0.25−0.30 nm from the molecular
surface, exhibits peculiar properties, such as anomalous
diffusion, power law distribution, etc.29−31 In particular, the
1/f noise has been detected in the energy fluctuations of both a
protein (plastocyanin) and its hydration water by molecular
dynamics (MD) simulations.32,33 On such a basis, at a distance
of 0.50 nm between the two partners, the corresponding
hydration layers are expected to come in contact, with some
possible effects on the related protein dynamics and then on
the binding process. In this respect, the role played by the
hydration water network in biorecognition should be further
investigated by performing ad hoc experiments and simu-
lations. For example, it could be proposed to carry out AFS
biorecognition experiments using different environmental
conditions able to modulate the hydration layer extension
(e.g., using different polar solvents or by varying the
concentrations of ions). In such a way, possible effects on
the distance at which the biomolecular partners start to
recognize each other could be evaluated. These results could
be integrated with MD simulations to investigate, at the atomic

Figure 6. Distribution of the τclose times (see the text) as extracted
from the 0.25 nm long regions of the approaching curves, located just
before the contact point and related to specific biorecognition events
(red squares) or to nonspecific events (black circle). Each distribution
has been obtained by taking into consideration data from a collection
of 30 regions. Lines are bestfits by the given expressions; the extracted
fitting parameters have been reported.
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level, the molecular mechanisms regulating the interplay
between local dynamics and biorecognition.

3. CONCLUSIONS

The analysis of the force fluctuations in an AFS experiment
between β2μglobulin and antiβ2μglobulin has shown the
appearance of 1/f noise when the biomolecules are at a
distance of about 0.50 nm, before forming a specific complex.
Such a finding has allowed us to localize the extension of the
region (active region) where the biorecognition process starts
to occur. In this region, the distribution of the times that the
tip spends close to the substrate exhibits, besides the 1/f noise,
a power law trend characterized by a long tail. These results,
which are clear fingerprints of a complex temporal behavior,
can be put into relationship to a slowing down of the energy
landscape exploration, consistent with a restricted sampling
dynamics of the conformational states driving to the final
biding state. Accordingly, the formation of the specific complex
during the biomolecular approaching could be described in
terms of a sort of hybrid CS−IF model that combines CS and
IF binding mechanisms. Furthermore, the dynamics of
hydration water network surrounding the biomolecules,
whose energy fluctuations were found to exhibit 1/f noise,
could be hypothesized to play some role in regulating the
biorecognition process. Finally, our results from the AFS
biorecognition experiment between individual biomolecules
confirm that atomic force fluctuations encode a large amount
of information, whose decoding could deserve a high interest
for a deeper investigation of the mechanisms underlying the
formation of a specific complex between biological partners.

4. EXPERIMENTAL SECTION

4.1. Sample Preparation. The substrate and the tip were
prepared by following the procedure reported in ref 15. Briefly,
the glass slides were cleaned for 5 min in acetone, dried with
nitrogen, and then UV-irradiated for 30 min. They were then
immersed in a solution of 2% (v/v) 3-aminopropyl-
triethoxysilane (APTES) (Acros Organics) in chloroform,
incubated for 3 min at room temperature, rinsed in
chloroform, and dried with nitrogen.
The slides were subsequently incubated with a solution of

1% glutaraldehyde (Sigma-Aldrich) in Milli-Q water for 3 min
at room temperature, rinsed with Milli-Q water, and dried with
nitrogen. Fifty microliter of a 1 mg/mL solution of
antiβ2μglobulin in 50 mM phosphate-buffered saline (PBS),
pH 7.5, was poured onto this amine-reactive surface and
incubated overnight at 4 °C. The slides were incubated with 1
M ethanolamine to cap nonreacted N-hydroxysuccinimide
(NHS) groups for 30 min. Finally, they were gently washed
with PBS and stored in buffer at 4 °C.
Rectangular silicon nitride cantilevers (Bruker, MSCT-B)

were cleaned in acetone for 10 min, dried with a gentle
nitrogen flow, and UV-irradiated for 30 min to expose hydroxyl
groups. Tips were then immersed in a solution of 2% (v/v) 3-
aminopropyl-triethoxysilane (APTES) in chloroform, incu-
bated for 2 h at room temperature, rinsed in chloroform, and
dried with nitrogen. Silanized tips were immersed in 1 mM N-
hydroxysuccinimide−poly(ethylene glycol)−maleimide
(NHS−PEG−MAL, MW 1395 Da, 9.5 nm length; Thermo
Scientific Inc.) and dissolved in dimethylsulfoxide (DMSO) for
3 h at room temperature. The NHS-ester group at one end of
the PEG linker reacts with the amino-silane molecule to form

an amide bond; the maleimide group at the other end reacts
with the sulfhydryl group of the cysteine residue linked to the
NH2 terminus of proteins. The tips were washed in DMSO to
remove the unbound linkers, rinsed with Milli-Q water, dried
with nitrogen, and incubated with 50 μL of a 10 μM solution
of β2μglobulin in 50 mM PBS, pH 7.5, overnight at 4 °C. The
tips were then incubated with 1 M ethanolamine to cap
nonreacted NHS groups for 3 min. Finally, they were gently
rinsed and stored in buffer at 4 °C. The functionalization of the
AFM tip with β2μglobulin without the PEG linker was done by
following the same procedure as used for glass slides.

4.2. Atomic Force Spectroscopy Measurements. Force
measurements were performed with an Asylum Research MFP-
3D atomic force microscope using a closed-loop nano-
positioning scanner on all three axes, which allowed us to
measure the cantilever deflection without artifacts. Experi-
ments were carried out in buffer using a liquid cell. The
effective cantilever spring constants, keff, whose nominal value
was knom = 0.02 N/m, were determined by the thermal noise
method and found in the 0.0183−0.0196 N/m range.34,35 Two
hundred force curves were acquired as a function of the
piezodisplacement by setting: (i) an approaching speed, v, of
10 nm/s; (ii) a retraction speed of 1000 nm/s; (iii) a relative
trigger of 15 nm to limit at 0.3 nN the maximum contact force
exerted by the tip on the protein monolayer; (iv) a ramp size of
150 nm; and (v) an encounter time (the interval between the
approaching and retraction stages) of 100 ms. The spatial
resolution, Δx, of the approaching stage was about 4 × 10−4

nm, corresponding to a temporal resolution Δt = 4 × 10−5 s, as
derived from the relationship Δx = vΔt, where v is the above-
mentioned approaching speed. Force curves showing, in the
retraction stage, a nonlinear trend before the jump-off were
further analyzed by following the procedure reported in ref 15.
In particular, the nonlinear trend of these curves was fitted to
eventually find out the characteristic stretching of the PEG
linker, which is assumed to be indicative of a specific
interaction.12,13 Accordingly, 30 force curves over the total
curves were attributed to specific events. An unbinding
frequency (i.e., the ratio of the number of curves attributed
to specific events to that of total curves) of about 15% was
registered; such a value is very close to that previously detected
for the same system.17 To further assess that the selected force
curves were reliably ascribed to specific unbinding events,
blocking experiments were performed by incubating the
antiβ2μglobulin-functionalized substrate with a solution of
free β2μglobulin (30 μM in PBS buffer). After blocking, we
found a reduction of the unbinding frequency by about 65%,
confirming the specificity of the β2μglobulin and antiβ2βglo-
bulin interaction. For comparison, 30 force curves not
attributed to specific events were extracted. All of the curves
from these two sets were analyzed by the 1/f noise-based
procedure described below.

4.3. Power Spectrum Analysis. The spectral content of
the cantilever fluctuations, detected by the position-sensitive
photodetector and arising from the fluctuating forces acting on
the cantilever, was analyzed by determining the power
spectrum by the Fourier transform of the correlation function
according to

S f F F t
f

t( ) (0) ( ) e
1

d
T

ift

0
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where the brackets ⟨ ⟩ indicate the correlation function, f is the
frequency, T is the integration time interval, and F(t) is the
force expressed as a function of time. More specifically, the
force is registered as a function of the piezodisplacement, z,
which depends on time through the relationship z = vt, where v
is the approaching speed. According to the procedure followed
in previous works, the power spectrum was calculated by the
maximum entropy method through the expression36,37
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where M is the number of poles, set to 128. The power
spectrum analysis was carried out on force curve regions
extending up to 10 nm and located at different parts of the
approaching force curves. Force curves exhibiting the 1/f noise
in the low-frequency portion of the power spectra from the 10
nm long region were attributed to specific biorecognition
events and were selected for further analysis. Power spectrum
analysis was also performed on 0.25 nm long regions, sampled
from the 10 nm long regions.
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