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Abstract: Single molecule interactions between biotin and streptavidin were characterized with func-
tionalized DeepTip™ probes and used as a model system to develop a comprehensive methodology
for the high-yield identification and analysis of single molecular events. The procedure comprises the
covalent binding of the target molecule to a surface and of the sensing molecule to the DeepTip™
probe, so that the interaction between both chemical species can be characterized by obtaining
force—displacement curves in an atomic force microscope. It is shown that molecular resolution is
consistently attained with a percentage of successful events higher than 90% of the total number of
recorded curves, and a very low level of unspecific interactions. The combination of both features is a
clear indication of the robustness and versatility of the proposed methodology.
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1. Introduction

In recent years, the number of studies that apply atomic force microscopy (AFM) [1] to
the study of biological systems has increased considerably. The interest in ascertaining the
behaviour and characteristics of biomolecular interactions under physiological conditions
makes this technique a great option due to the resolution it offers and the variety of tests it
is possible to develop [2-4]. Among these tests, those that imply measuring intermolecular
forces with a resolution of piconewtons, and those that perform a morphological charac-
terization with nanometer resolution are of singular relevance [5,6]. However, and albeit
sometimes overlooked, the study of these biological interactions and structures requires
the use of chemically-functionalized AFM tips. The functionalization of the tips must allow
the reliable attachment of the sensor molecules required in affinity (or chemical) atomic
force microscopy which include, among others, antibodies and DNA single strands [7-9].

Currently, the commercial offer of functionalized cantilevers is very restricted and
limited to a relatively reduced number of commercially available AFM tips in terms of ma-
terials, elastic constants, and resonance frequencies. Consequently, many research groups
prefer to functionalize the tips adapted to their intended experiments following some of the
available procedures developed to this end [10,11]. Several techniques are commonly used
for functionalizing AFM tips, that can be broadly divided into liquid [12-14] and vapour
functionalization techniques [12,15-17]. All these techniques employ molecules, such as
tiolated compounds [18-20] and organometallics [21]. In particular, a significant fraction of
the functionalization techniques relies on the molecule aminopropyltrietoxysilane (APTES)
for the functionalization of Si and Si3sN4 AFM tips [17,22-27].
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However, these functionalization processes are extremely dependent on the chemistry
of the surface [10] and, consequently, its implementation in the research laboratory tends
to be hampered by the poor reproducibility of the outcome [28], which represents a major
drawback for the performance of robust and reliable affinity atomic force spectroscopy
experiments. This reduced reproducibility is a significant contribution to the low yield
obtained in many studies, as reflected by percentages of successful events with respect
to the total number of interactions undertaken typically lower than 10% [29,30]. As a
consequence, it is customary to perform a number of experiments in the range of tens of
thousands in order to obtain a few hundreds of validated F-d curves [31,32]

In this work, the interaction between biotin and streptavidin is used as model system,
as commonly employed in affinity AFM studies [33-37], to show that DeepTip™ probes,
produced by the company Bioactive Surfaces S.L [38], can be easily decorated with sensor
molecules following well-established cross-linking chemistries, and allow the consistent
detection of single molecule events between biotin and streptavidin. It is shown that the
DeepTip™ probes may sustain repeated interactions between the sensor and the target
streptavidin molecules, while not observing any sign of degradation in the tip. Lastly, a
percentage of successful interactions of 90% with respect to the total number of interactions
in the model system is obtained, which indicates the adequacy of these commercial AFM
probes in combination with the developed methodology for high-yield applications in
affinity microscopy experiments.

2. Results and Discussion
2.1. Amino Group Reactivity

The presence of reactive amine groups on the surface of the DeepTip™ probes was
assessed by fluorescence microscopy with the use of a fluorophore that reacts specifically
with these groups. Figure 1 compares the fluorescence observed in functionalized probes
with that of a control (non-functionalized samples). The increase in fluorescence of the
functionalized samples indicates the presence of reactive amine groups on the surface of
the functionalized probes.

100 um

Figure 1. Fluorescent microscopy images of DeepTipTM (left) and control probes (right). Samples
were incubated with fluorescein isothiocyanate to assess the presence of amine groups at the surface.
Images are composed to show both sides of the cantilevers.

2.2. Resonance Frequency and Elastic Constant

The resonance frequency and the elastic constant are two intrinsic parameters of AFM
cantilevers, that depend both on the geometry and on the material of which the cantilevers
are made, and determine the type of experiments for which the cantilevers are suitable.

The elastic constant and resonance frequency of 12 DeepTip™ probes were character-
ized. Silicon nitride cantilevers with rectangular geometry and two different dimensions
(100 x 40 um and 200 x 40 um) were analysed. Table 1 shows the results of resonance
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frequency and the elastic constant of both types of cantilevers, and represents a quantitative
evidence of the high reproducibility in the properties of DeepTip™ probes. Table 1 also
compares the resonance frequency and elastic constant of the DeepTip probes with the
original cantilevers prior to being functionalized. As expected, the functionalization process
does not lead to any significant modification in the bulk properties of the probes.

Table 1. Resonance frequency and elastic constant values of the DeepTip™ probes with different
dimensions. The values corresponding to the probes before being functionalized are also shown to
allow comparison.

Dimensions Resonance Frequency (Hz) Elastic Constant (N/m)
100 x 40 um (DeepTip) 45,200 £ 400 0.18 +0.01
200 x 40 pum (DeepTip) 12,550 + 50 0.026 £ 0.001
100 x 40 um (Control) 46,700 £ 100 0.22 £0.01
200 x 40 pum (Control) 12,740 + 30 0.032 £ 0.002

2.3. Surface Topography and Roughness

The condition of the AFM tip is critical for the correct acquisition of the data and to
avoid experimental artefacts. Therefore, the condition of the tips must be preserved if
reproducible and reliable measurements are to be obtained. Figure 2A,C show, respectively,
SEM micrographs of the tip and AFM micrographs of the surface of the cantilever from
a functionalized cantilever and may be compared with those obtained from a control tip
before being functionalized (Figure 2B,D). Although more quantitative details might be
obtained by using a blind tip reconstruction technique [39], the images obtained with both
microscopies do not indicate any significant modification of the cantilever when compared
with the control, except for the appearance of small islands on the functionalized samples
at nanoscale resolution. The topography of the probe was characterized quantitatively
through the RMS parameter that yields a value of 2.8 nm for the DeepTip™ probe in
comparison with the 1.7 nm measured for the tip before being functionalized.

50 nm

0 nm

Figure 2. SEM images and AFM topography images of the DeepTip™ probes. (A,C) functionalized
tip, (B,D) non-functionalized tip (control).
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2.4. Biotin—Streptavidin Interaction Measured with the AFM

In order to assess the efficiency of the DeepTip'™ probes to perform experiments
that imply molecular interactions, the biotin-streptavidin system was used as model. A
schematic representation of the system is presented in Figure 3.
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Figure 3. Schematic representation of the silicon substrate functionalized with streptavidin and
of the AFM tip functionalized with the sensor molecule (biotin). (Left): non-blocked streptavidin.
(Right): sample after the streptavidin molecules are blocked with biotin-BSA.

Streptavidin-coated silicon substrates were prepared as explained below, and experi-
ments proceeded by recording 250 F-d curves with a single tip on a substrate. Supplementary
Figure 51 Subsequently, the sample was incubated with biotin-albumin to block the binding
sites of streptavidin, and 250 F-d additional curves were recorded in the blocked condition
with the same tip. Consequently, each couple tip-substrate was used to obtain 500 curves.
Since the obtaining of each curve takes approximately 15 s, the recording of the 250 curves
of each batch is completed in a time of approximately one hour. The experiment was du-
plicated, so that the results presented below were obtained from two different DeepTip™
probes on two different silicon substrates.

All the curves were analysed to obtain both the adhesion force and the number of
interactions (peaks). These parameters were used to classify the recorded curves into six
different groups as illustrated in Figure 4.
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Figure 4. Representative curves of each of the six groups in which the interactions were classi-
fied. A seventh group was established with those curves considered as anomalous resulting from
experimental artefacts.
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The curves were classified by the following two criteria: (i) the maximum value of
the adhesion force and (ii) the number of peaks present in the curve. Based on these
two criteria, the following six groups were defined: (1) no interaction curves, in which no
adhesion events are observed, (2) non-specific interaction curves, with low adhesion (upper
limit of the adhesion force F = 200 pN), (3) single interaction curves, with a high adhesion
event (upper limit of the adhesion force F = 650 pN), (4) multiple interactions-independent
detachment curves, with several consecutive high adhesion events (upper limit of the adhe-
sion force F = 650 pN), (5) multiple interactions—simultaneous detachment curves, with a
very high adhesion event (upper limit of the adhesion force F = 2000 pN), and (6) multiple
interactions—combined independent and simultaneous detachment curves, with a combina-
tion of multiple simultaneous and consecutive very high adhesion events (upper limit of
the adhesion force F = 2000 pN). In addition, a seventh group that includes those curves
that were discarded as experimental artefacts was also established. A representative curve
of each one of the six groups is shown in Figure 4. It is worth indicating that establishing a
quantitative criterium for the classification of the F-d curves allows the automatization of
the procedure, so that a much larger number of curves can be conveniently classified in
future works. However, the classification following this criterium of the curves indicated
below proceeded manually, since the implementation of a fully automatized process will
require a series of validation steps that were outside of the initial scope of this work.

Figure 5 shows the number of curves for each value of the adhesion force, and the
distribution of relative frequencies of each type of curves under the two experimental
conditions considered (pristine streptavidin and blocked streptavidin) is shown in Figure 6.
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Figure 5. Histogram with the number of curves grouped by the value of the adhesion force of
(A) pristine streptavidin and (B) blocked streptavidin. The range of forces that corresponds to each
type of curve is indicated in the Figure.

In order to assess the robustness of the procedure and, especially, of the repetitive
interaction between the functionalized tip and the substrate, the distribution of the curves
in the seven types with respect to the order of each curve along the temporal series is shown
in Figure 7. Figure 7 presents the difference in the percentage of a given type of curve in
an interval of 50 consecutive curves along the temporal series and the arithmetic mean
calculated for that type, considering the whole set of curves of a given experiment, either in
the pristine condition or after incubation with biotin-BSA. In this case, the absence of any
defined trend along the temporal series with respect to the number of curves belonging to
a given group points to the robustness of the procedure, since it precludes any significant
degradation of the tip as a result of the repetitive interaction with the sample.
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Figure 6. Chart with the percentages of each group of curves in both experimental conditions without
(pristine streptavidin) and with BSA (blocked streptavidin). Type 1: no interaction; Type 2: non-
specific interaction; Type 3: single interaction; Type 4: multiple interactions-independent detachment;
Type 5: multiple interactions-simultaneous detachment; Type 6: multiple interactions—combined
independent and simultaneous detachment; Type 7: discarded F-d curves.
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Figure 7. Difference of the percentage of curves that correspond to a given type as a function
of the number of experiments for (A) experiments without BSA and (B) experiments with BSA.
The % difference is calculated by subtracting the percentage of curves of a given type in an interval
(i-e., curves from 51 to 100) from the arithmetic mean calculated from all the curves obtained in a
given type of experiment.

The identification of a single molecular interaction between a sensor molecule and
its target is the essential objective of affinity atomic force microscopy. In order to reach
this objective, the experimental system must comply with three basic requirements: (a) no
interaction should be measured in the absence of the target molecule, but (b) it must provide
enough resolution to distinguish genuine molecular interactions between sensor and target
molecules, and, additionally, (c) it must allow the repetition of the experiment in a series
of at least hundreds (and probably thousands) of interaction events. As shown above,
DeepTip™ probes fulfil these three requirements when applied to the characterization of
the interaction between biotin and streptavidin.

In this context, an event is considered to be successful if a sufficient adhesion force
is recorded when there is sufficient certainty about the presence of the target molecule
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on the substrate. In the particular case of this work, a successful event is defined by the
identification of an interaction event between, at least, a biotin and a streptavidin molecule.
Consequently, the curves of the Types 3, 4, 5, and 6 are considered as successful events. On
the contrary, an unsuccessful event corresponds to the recording of no or very low adhesion
force when the presence on the ligand is expected. Thus, curves of Type 7 are always
considered as unsuccessful events. With respect to the definition of successful events, a
difference may be established between the experiments on the pristine streptavidin-coated
surface and those performed after incubation with BSA. In the first set of experiments the
surface is assumed to be coated with streptavidin, so that any event of Type 1 may be
considered as an unsuccessful event. In contrast, blocking the streptavidin surface with
BSA implies a significant reduction in the number of accessible streptavidin (ideally no
accessible streptavidin molecules should be available after blocking with BSA, but this
process does not have a 100% yield), so that Type 1 curves in this set of experiments do not
necessarily correspond to an unsuccessful event.

Although it might be argued that some information may be retrieved from curves of
Type 2, their analysis would require a much more detailed study that is beyond the scope
of this work, so that these curves were not counted among the successful events.

With regard to the first requirement established above, the absence of any apparent
interaction in a percentage of curves that reach a 37% after blocking the streptavidin on
the substrate with biotin—albumin is a clear indication of the absence of a strong unspecific
interaction between the functionalized tip and the substrate. Such an unspecific interaction
would represent a serious experimental drawback for the analysis of streptavidin-biotin
interactions, especially when single interactions are considered, since it would limit the
resolution of the measurement. In all other curves (except for those excluded as experimen-
tal artefacts that amount to a proportion of approximately 1%) the interaction between the
probe and the substrate may be identified and quantified by the adhesion force measured
during the backward step of the F-d curve. It is also shown that the curves that reflect an
interaction between the AFM tip and the substrate may be classified in five groups based
on two experimental magnitudes—the maximum adhesion force, and the number of adhesion
events (peaks) recorded during the backward movement.

The interpretation of each of these types may rely on both theoretical considerations
and on the statistics of the experiments performed. The adhesion force in the streptavidin-
biotin system has been characterized in previous works, and is assumed to range from
values of F ~ 200 pN to values of F ~ 1000 pN [40], with an average value of approx.
400 pN for the interaction of one biotin with one of the streptavidin subunits, and was
obtained from the comparison of experimental and molecular dynamics simulations [30].
Values in the range of 100 pN may result from defined pulling geometries of a given biotin—
streptavidin interaction [30], but might also result from a reduced mechanical stability of
the binding of the biotin to the tip [41]. In this regard, values in the range of 200 pN and
below are consistently found when the functionalization with biotin of the AFM proceeds
through non-covalent interactions [29,42], for example, when the cantilevers are coated
with biotinylated bovine serum albumin (biotin-BSA) [31]. In addition, the influence of the
loading rate on the quantitative values of the adhesion forces obtained in one experiment
cannot be overlooked [30,32,43]. In contrast, a number of studies report adhesion forces in
the range of 600 pN-1000 pN [33,40] and even as high as F = 2000 pN [44]. These values
are consistent with the simulation of the maximum force required to desorb a streptavidin
molecule from a solid substrate in an aqueous environment, estimated in F,45 =~ 500 pN [45],
which implies that the adhesion force between biotin and streptavidin should be, at least,
of the order of this value.

With regard to the number of interaction events, some of the works that report the
highest values of the adhesion force also present F-d curves in which the presence of
several biotin—streptavidin interaction events that detach independently from one another
may be recognized [33,40]. This kind of multiple events is to be expected for sufficiently
high densities of biotin molecules on the tip and of streptavidin protein on the substrate.
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Besides, the independence of the detachment events also indicates that the different biotin
(or equivalently, streptavidin) molecules involved in these interactions must be located
at sufficient distance to justify this independence. It might be argued that the highest
value of F = 2000 pN [44] may be the consequence of two biotin—streptavidin interactions
sufficiently close to one another, so as to allow the simultaneous detachment of both pairs
of interacting molecules. It is remarkable that the streptavidin-biotin interaction can be
characterized with such precision with the experimental setup used in this work, since
those data would be probably refined with the use of an elastic linker between the biotin
and the AFM tip [46,47].

The results presented above, with respect to the classification of the interaction events
in six groups and the proportion of each group found for each experiment, are consistent
with the previous discussion. Thus, it may be argued that the single high adhesion events
(Type 3) correspond to the single molecular interaction of one biotin molecule with one
streptavidin molecule. Correspondingly, those curves classified as multiple high adhesion
events—independent detachment (Type 4) would correspond to the interaction between
two or more biotin molecules with two or more streptavidin molecules, separated by a
sufficient distance, so that the detachment events may be observed individually. Those
curves characterized by very high adhesion forces, i.e., adhesion forces in excess of 1000 pN
(Type 5) would correspond to the interaction between more than one biotin-streptavidin
pair, but with molecules located so close, that the detachment occurs simultaneously. Lastly,
Type 6 curves would imply a combination of independent (Type 4) and simultaneous (Type
5) detachments of several biotin-streptavidin pairs in a single F-d curve.

This interpretation of the F-d curves is also consistent with the frequency with which
each type appears depending on the substrate used; either pristine streptavidin-coated
substrate, or streptavidin-blocked with biotin—albumin. In the initial experiment on the pris-
tine streptavidin the most frequent type of curves corresponds to the multiple interaction
with independent detachment (Type 4), consistently with the high density of immobilized
molecules expected on both the AFM tip and the substrate. This type is followed in terms of
frequency by the single interaction (Type 3), and then by multiple interactions, either with
simultaneous detachment (Type 5) or with a combination of simultaneous and independent
detachments (Type 6). It is also worth mentioning that the number of curves that do not
show any interaction event (Type 1) and those that show an unspecific event (applying the
definition used in this work) with an adhesion force below 200 pN just represent 10% of the
total number of curves. Consequently, the usage of DeepTip™ probes leads to a success
rate of 90% when considered with respect to the total number of F-d curves recorded.

These proportions are consistently modified after blocking the streptavidin molecules
with biotinylated albumin. In these experiments the major fraction of curves is consistent
with Type 1 (no interaction) and the combination of Type 1 and Type 2 (unspecific interac-
tion) amounts to more than 50% of the total number of curves. The next largest fraction
of curves corresponds to the single molecular interaction (Type 3), as expected from the
existence of some streptavidin molecules that are not adequately blocked after treating
the substrate with biotinylated albumin. In this case, the inversion in the proportion of
single events (Type 3) and multiple events with independent detachment (Type 4) may be
explained by the presence of streptavidin molecules that remain isolated after blocking the
substrate with albumin. A similar reduction in the proportion of curves that correspond to
multiple events (Types 5 and 6) is observed in the substrates after blocking the streptavidin
molecules. Additionally, it should be stressed that no systematic evolution on the number
of curves of each type was found with the increasing number of tests, as shown in Figure 7,
which hints to the robustness of the functionalization process employed to decorate the
AFM tips with biotin molecules.

3. Materials and Methods

DeepTip™ probes (silicon nitride, nominal resonance frequency 67 kHz-17 kHz;
k = 0.48-0.06 N/m) were produced and supplied by the company Bioactive Surfaces S.L. [38].
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3-Aminopropyltriethoxysilane, (purity 99%), and AcroSeal® was obtained from Acros Or-
ganics (Thermo Scientific Chemicals, Beerse, Geel, Belgium). Fluorescein 5(6)-isothiocyanate,
30% hydrogen peroxide solution, 50% glutaraldehyde solution in water, Streptavidin from
Streptomyces avidinii, albumin biotinamidocaproyl-labeled bovine lyophilized powder, and
poly(ethylene glycol)-(N-hydroxysuccinimide 5-pentanoate)-ether 2-(biotinylamino)ethane
(MW = 10,000 Da, which corresponds to an approximate length for the spacer of 50 nm)
were provided by Sigma-Aldrich (Maria de Molina, Madrid, Spain). An amount of 32%
w/w ammonia solution was obtained from Scharlau (Sentmenat, Barcelona, Spain). Sodium
dodecyl sulfate (SDS) was provided by Fisher Scientific (Maria de Molina, Madrid, Spain).

3.1. Sample Cleaning

Silicon samples (one side polished) were cut in squares of 5 X 5 mm samples and
cleaned by immersion for 10 min in an HF:isopropanol (1:9) solution. Subsequently, silicon
samples were sonicated at 50 °C in isopropanol for 15 min and, again, at 50 °C in acetone
for 15 min. After being cleaned, silicon samples were dried with argon and stored in a
p24 multiwell until being functionalized. Silicon samples were functionalized as described
in [28] resulting in a high density of amine groups at the surface.

3.2. Characterization of Amino Groups on the Surface of the Cantilever

Functionalized cantilevers were incubated in 1 mL of a 0.25 mg/mL FITC solution
in PBS (8 mM Nap,HPOy, and 2 mM KH;POy, 137 mM NaCl and 2.7 mM KCI pH 7.4) for
20 min. The samples were then immersed in a 10% SDS solution in PBS for 5 min, followed
by immersion in PBS three times, 5 min each. Finally, the cantilevers were rinsed with
deionized water and mounted on a glass slide for observation under the microscope.

A fluorescence microscope Leica DFC340FX was used to verify the presence of amine
groups on the surface of the functionalized cantilevers. The parameters used for the
observation were as follows: exposition time 1-5 s, gain 2.1, gamma 0.83, and magnification
x20. Nonfunctionalized cantilevers were used as a control. Fluorescence intensity was
quantified using the Image] software (Windows 64-bit Java 8, NIH, USA).

3.3. Topography of the Surface

The functionalized cantilevers were characterised by scanning electron microscopy
(SEM) and atomic force microscopy (AFM). A FESEM Auriga Zeiss operated at V = 5.0 kV
was used to acquire the images. Before observation in the SEM, the samples were metalized
with an EMITEC SC7620 (Quorum Tech, Laughton, East Sussex, U.K.) sputter coater
(metallization parameters: 60 s and 18 mA).

The topography of the functionalized cantilevers, 3 samples for each functionalization
condition, was characterized by a CERVANTES AFM (NANOTEC S.L., Tres Cantos, Madrid,
Spain). The following scanning parameters were used: scan velocity 1 line/s, resolution
512 points, and image size 15 um. The average height and the RMS value were calculated
using the WSxN software [48].

3.4. Characterization of the Resonance Frequency and Elastic Constant

The resonance frequency and elastic constant of the DeepTip™ probes were also
measured with a CERVANTES AFM. Both the resonance frequency and the elastic constant
were measured in air, and the elastic constant was estimated by applying the Sader’s
method [49], which requires determining the resonance curve and the geometry and
dimensions of the cantilever.

3.5. Affinity Microscopy Measurements with a Biotin-Streptavidin Model System

The interaction between biotin-decorated DeepTip™ probes and streptavidin-coated
silicon substrates was characterized through Force-distance (F-d) curves. Streptavidin-
coated silicon substrates were prepared by covalently binding streptavidin to substrates
functionalized as explained elsewhere [50]. Briefly, streptavidin was immobilized to the
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amine groups of the functionalized silicon by immersing the samples initially in 500 pL
of a 25% glutaraldehyde (GA) solution for 30 min and, subsequently, adding 500 pL of a
0.5 mg/mL solution of streptavidin in PBS (8 mM Na,HPO,, 2 mM KH;PO4 137 mM NaCl,
2.7 mM KCl pH 7.4) Samples were incubated with the streptavidin solution for 30 min.
After completing the incubation step, the silicon substrates were rinsed several times with
PBS to remove non-immobilized streptavidin.

Biotin—-PEG-NHS molecules with an approximate molecular weight of Mw =~ 10,000 Da
were covalently immobilized to the amine groups of the DeepTip™ probes. The cantilevers
were initially immersed in 150 puL of PBS (8 mM Na, HPO4, 2 mM KH,PO4 8 mM NapyHPOy,
and 2 mM KH,PO,, 137 mM NaCl, 2.7 mM KCl, pH 8.5) as described in [51] for 1 h.
Subsequently, AFM cantilevers were incubated in 100 pL of a 5.5 mg/mL biotin-PEG-NHS
solution in DMSO for 30 min. Finally, the cantilevers were rinsed with ultrapure water and
stored in PBS pH 7.4 at 4 °C until use (maximum 24 h).

Force—distance (F-d) curves were acquired in PBS (2 mL; 8§ mM Na,HPO,, 2 mM
KH,POy, 137 mM NaCl, 2.7 mM KCL; pH 7.4) with a NANOLIFE AFM (NANOTEC S.L,,
Madrid, Spain). The conditions of the experiments were as follows: forward velocity
1000 nm/s, backward velocity 2600 nm/s, force relative limit 0.25 V (equivalent to approxi-
mately 500 pN), contact time 1 s, and time between curves 2 s. A total of 250 F-d curves
were acquired initially on the streptavidin-coated Si substrates. Subsequently, the silicon
substrates were incubated for 30 min with 1 mL of 0.5 mg/mL solution of biotin—albumin
in PBS (8 mM Nap;HPOy, 2 mM KH,POy, 137 mM NaCl, 2.7 mM KCl; pH 7.4) to block the
binding sites of the streptavidin molecules, and 250 additional F-d curves were obtained
with the same AFM tip. The experiment was duplicated with a different Si substrate and
functionalized AFM tip for each duplicate.

4. Conclusions

Functionalized DeepTip™ probes produced by the company Bioactive Surfaces S.L.
have shown their ability to covalently bind sensor molecules that can be employed in affinity
atomic force microscopy for the recognition of their target molecules, as demonstrated by
its application to the characterization of the biotin-streptavidin interaction system. Biotin-
functionalized tips can sustain up to 500 repetitive interactions with a substrate without
exhibiting any sign of degradation of the tip itself, or of the sensor molecules. In addition,
it is shown that biotinylated tips show a negligible interaction with substrates that do not
contain any exposed streptavidin molecules. In contrast, the biotin-streptavidin interaction
is clearly measured from the F-d curves.

The analysis of the F-d curves led to the classification of the curves in six different
groups (and a seventh group that includes the small number of curves that are considered
as experimental artefacts): Type 1 (no interaction), Type 2 (unspecific interaction), Type 3
(single molecular interaction), Type 4 (multiple molecular interaction with independent
detachment), Type 5 (multiple molecular interaction with simultaneous detachment), and
Type 6 (multiple molecular interaction with both simultaneous and independent detach-
ments). The analysis of the frequency of each type of curves indicates that 90% of the total
number of interactions leads to F-d curves that can be used to characterize the properties of
the system. This large proportion of successful interaction events indicates that DeepTip™
probes are extremely suitable candidates for a wide range of techniques in the framework
of affinity microscopy. Since the reproducibility and stability of AFM singlemolecule F-d
studies has long been questioned, the availability of a commercial probe that can sustain
this remarkable success rate may represent a significant thrust for the application of this
promising technique to various fields in biology, biomedicine, and materials science.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28010226/s1, Figure S1: Example of a curve discarded
from the analysis as anomalous.


https://www.mdpi.com/article/10.3390/molecules28010226/s1
https://www.mdpi.com/article/10.3390/molecules28010226/s1

Molecules 2023, 28, 226 11 of 13

Author Contributions: D.C. performed the measurement of the biotin—streptavidin interactions in
the AFM, supported by R.T., L.C. and R.D.; M.E. and G.V.G. discussed the results and contributed to
the data analysis. ].P.-R. coordinated the work and wrote the first draft. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was partially funded by the Ministerio de Ciencia e Innovacién (Spain)
(Grant MCIN/AEI/10.13039/501100011033 PID2020-116403RB-100), Comunidad de Madrid (MINA-
CM P2022-BMD-7236 and Tec4Bio-CM/P2018/NMT-4443), and by the agreement COVITECH-CM
between the Comunidad de Madrid (Spain) and the Universidad Politécnica de Madrid through the
REACT-UE funds of the European Regional Development Fund (ERDEF), as a part of the response of
the European Union to the SARS-CoV2 and COVID-19 pandemic.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available upon request to the corresponding author.

Acknowledgments: The authors of this work wish to thank the support offered by the “Programa
Propio de I + D + I para contratos predoctorales” by Universidad Politécnica de Madrid in association
with Santander Universidades by Santander Bank.

Conflicts of Interest: This study was partially funded by the company Bioactive Surfaces S.L. that
provided the DeepTip™ probes. DeepTip™ probes are commercially available from the company,
and free trial batches of DeepTip™ probes may be available upon request to the company or after
contacting the corresponding author.

Sample Availability: Samples of the compounds may be available upon request to the corresponding

author.

References

1. Binnig, G.; Quate, C.E; Gerber, C. Atomic Force Microscope. Phys. Rev. Lett. 1986, 56, 930-933. [CrossRef] [PubMed]

2. Hinterdorfer, P.; Baumgartner, W.; Gruber, H.J.; Schilcher, K.; Schindler, H. Detection and localization of individual antibody-
antigen recognition events by atomic force microscopy. Proc. Natl. Acad. Sci. USA 1996, 93, 3477-3481. [CrossRef] [PubMed]

3. Dumitru, A.C.; Conrard, L.; Giudice, C.L.; Henriet, P,; Veiga-Da-Cunha, M.; Derclaye, S.; Tyteca, D.; Alsteens, D. High-resolution
mapping and recognition of lipid domains using AFM with toxin-derivatized probes. Chem. Commun. 2018, 54, 6903-6906.
[CrossRef] [PubMed]

4. Delguste, M.; Zeippen, C.; Machiels, B.; Mast, J.; Gillet, L.; Alsteens, D. Multivalent binding of herpesvirus to living cells is tightly
regulated during infection. Sci. Adv. 2018, 4, eaat1273. [CrossRef]

5. Yu, H.; Siewny, M.G.W.; Edwards, D.T.; Sanders, A.W.; Perkins, T.T. Hidden dynamics in the unfolding of individual bacteri-
orhodopsin proteins. Science 2017, 355, 945-950. [CrossRef]

6.  Pfreundschuh, M.; Alsteens, D.; Wieneke, R.; Zhang, C.; Coughlin, S.R.; Tampé, R.; Kobilka, B.K.; Miiller, D.J. Identifying and
quantifying two ligand-binding sites while imaging native human membrane receptors by AFM. Nat. Commun. 2015, 6, 8857.
[CrossRef]

7. Puntheeranurak, T.; Wildling, L.; Gruber, H.J.; Kinne, R.K.H.; Hinterdorfer, P. Ligands on the string: Single-molecule AFM studies
on the interaction of antibodies and substrates with the Na+-glucose co-transporter SGLT1 in living cells. . Cell Sci. 2006, 119,
2960-2967. [CrossRef]

8. Dumitru, A.C,; Herruzo, E.T.; Rausell, E.; Cefia, V.; Garcia, R. Unbinding forces and energies between a siRNA molecule and a
dendrimer measured by force spectroscopy. Nanoscale 2015, 7, 20267-20276. [CrossRef]

9.  Wang, D,; Stuart, ].D.; Jones, A.A.; Snow, C.D.; Kipper, M.]. Measuring interactions of DNA with nanoporous protein crystals by
atomic force microscopy. Nanoscale 2021, 13, 10871-10881. [CrossRef]

10. Bergkvist, M.; Cady, N.C. Chemical Functionalization and Bioconjugation Strategies for Atomic Force Microscope Cantilevers. In
Bioconjugation Protocols: Strategies and Methods; Mark, S.S., Ed.; Humana Press: Totowa, NJ, USA, 2011; Volume 751, pp. 381-400.
[CrossRef]

11.  Wildling, L.; Unterauer, B.; Zhu, R.; Rupprecht, A.; Haselgriibler, T.; Rankl, C.; Ebner, A.; Vater, D.; Pollheimer, P; Pohl, E.E.; et al.
Linking of Sensor Molecules with Amino Groups to Amino-Functionalized AFM Tips. Bioconjug. Chem. 2011, 22, 1239-1248.
[CrossRef]

12.  Riener, C.K,; Stroh, C.M.; Ebner, A.; Klampfl, C.; Gall, A.A.; Romanin, C.; Lyubchenko, Y.L.; Hinterdorfer, P.; Gruber, H.J. Simple
test system for single molecule recognition force microscopy. Anal. Chim. Acta 2003, 479, 59-75. [CrossRef]

13. Kienberger, F.; Ebner, A.; Gruber, A.H.]J.; Hinterdorfer, P. Molecular Recognition Imaging and Force Spectroscopy of Single

Biomolecules. Acc. Chem. Res. 2006, 39, 29-36. [CrossRef] [PubMed]


http://doi.org/10.1103/PhysRevLett.56.930
http://www.ncbi.nlm.nih.gov/pubmed/10033323
http://doi.org/10.1073/pnas.93.8.3477
http://www.ncbi.nlm.nih.gov/pubmed/8622961
http://doi.org/10.1039/C8CC02201A
http://www.ncbi.nlm.nih.gov/pubmed/29808215
http://doi.org/10.1126/sciadv.aat1273
http://doi.org/10.1126/science.aah7124
http://doi.org/10.1038/ncomms9857
http://doi.org/10.1242/jcs.03035
http://doi.org/10.1039/C5NR04906G
http://doi.org/10.1039/D1NR01703A
http://doi.org/10.1007/978-1-61779-151-2_24
http://doi.org/10.1021/bc200099t
http://doi.org/10.1016/S0003-2670(02)01373-9
http://doi.org/10.1021/ar050084m
http://www.ncbi.nlm.nih.gov/pubmed/16411737

Molecules 2023, 28, 226 12 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

Ditzler, L.R.; Sen, A.; Gannon, M.].; Kohen, A.; Tivanski, A.V. Self-Assembled Enzymatic Monolayer Directly Bound to a Gold
Surface: Activity and Molecular Recognition Force Spectroscopy Studies. J. Am. Chem. Soc. 2011, 133, 13284-13287. [CrossRef]
Ebner, A.; Hinterdorfer, P.; Gruber, H.J]. Comparison of different aminofunctionalization strategies for attachment of single
antibodies to AFM cantilevers. Ultramicroscopy 2007, 107, 922-927. [CrossRef] [PubMed]

Wang, H.; Bash, R.; Yodh, ].G.; Hager, G.L.; Lohr, D.; Lindsay, S.M. Glutaraldehyde Modified Mica: A New Surface for Atomic
Force Microscopy of Chromatin. Biophys. . 2002, 83, 3619-3625. [CrossRef] [PubMed]

Mori, T.; Asakura, M.; Okahata, Y. Single-Molecule Force Spectroscopy for Studying Kinetics of Enzymatic Dextran Elongations. J.
Am. Chem. Soc. 2011, 133, 5701-5703. [CrossRef]

Barattin, R.; Voyer, N. Chemical modifications of AFM tips for the study of molecular recognition events. Chem. Commun. 2008,
1513-1532. [CrossRef]

Dupres, V.; Menozzi, ED.; Locht, C.; Clare, B.H.; Abbott, N.L.; Cuenot, S.; Bompard, C.; Raze, D.; Dufréne, Y.F. Nanoscale
mapping and functional analysis of individual adhesins on living bacteria. Nat. Methods 2005, 2, 515-520. [CrossRef]

Schmitt, L.; Ludwig, M.; Gaub, H.E.; Tampé, R. A Metal-Chelating Microscopy Tip as a New Toolbox for Single-Molecule
Experiments by Atomic Force Microscopy. Biophys. J. 2000, 78, 3275-3285. [CrossRef]

Zhang, F,; Srinivasan, M.P. Self-Assembled Molecular Films of Aminosilanes and Their Immobilization Capacities. Langmuir 2004,
20, 2309-2314. [CrossRef]

Casalini, S.; Dumitru, A.C.; Leonardi, F,; Bortolotti, C.A.; Herruzo, E.T.; Campana, A.; de Oliveira, R.F,; Cramer, T.; Garcia, R ;
Biscarini, F. Multiscale Sensing of Antibody—Antigen Interactions by Organic Transistors and Single-Molecule Force Spectroscopy.
ACS Nano 2015, 9, 5051-5062. [CrossRef] [PubMed]

Shan, Y.; Huang, J.; Tan, J.; Gao, G.; Liu, S.; Wang, H.; Chen, Y. The study of single anticancer peptides interacting with HeLa cell
membranes by single molecule force spectroscopy. Nanoscale 2012, 4, 1283-1286. [CrossRef] [PubMed]

Shan, Y.; Ma, S.; Nie, L.; Shang, X.; Hao, X.; Tang, Z.; Wang, H. Size-dependent endocytosis of single gold nanoparticles. Chem.
Commun. 2011, 47, 8091-8093. [CrossRef]

Kao, F.-S.; Ger, W.; Pan, Y.-R.; Yu, H.-C.; Hsu, R.-Q.; Chen, H.-M. Chip-based protein-protein interaction studied by atomic force
microscopy. Biotechnol. Bioeng. 2012, 109, 2460-2467. [CrossRef] [PubMed]

Zhang, L.; Yang, E; Cai, ].-Y.; Yang, P.-H.; Liang, Z.-H. In-situ detection of resveratrol inhibition effect on epidermal growth factor
receptor of living MCF-7 cells by Atomic Force Microscopy. Biosens. Bioelectron. 2014, 56, 271-277. [CrossRef] [PubMed]
Neundlinger, I.; Poturnayova, A.; Karpisova, I.; Rankl, C.; Hinterdorfer, P.; Snejdarkova, M.; Hianik, T.; Ebner, A. Characterization
of Enhanced Monovalent and Bivalent Thrombin DNA Aptamer Binding Using Single Molecule Force Spectroscopy. Biophys. |.
2011, 101, 1781-1787. [CrossRef]

Calvo, ].N.-M; Elices, M.; Guinea, G.V.; Pérez-Rigueiro, J.; Arroyo-Hernandez, M. Stability and activity of lactate dehydrogenase
on biofunctional layers deposited by activated vapor silanization (AVS) and immersion silanization (IS). Appl. Surf. Sci. 2017, 416,
965-970. [CrossRef]

Guo, S.; Ray, C.; Kirkpatrick, A.; Lad, N.; Akhremitchev, B.B. Effects of Multiple-Bond Ruptures on Kinetic Parameters Extracted
from Force Spectroscopy Measurements: Revisiting Biotin-Streptavidin Interactions. Biophys. J. 2008, 95, 3964-3976. [CrossRef]
Sedlak, S.M.; Schendel, L.C.; Gaub, H.E.; Bernardi, R.C. Streptavidin/biotin: Tethering geometry defines unbinding mechanics.
Sci. Adv. 2020, 6, eaay5999. [CrossRef]

Rico, F;; Moy, V.T. Energy landscape roughness of the streptavidin-biotin interaction. J. Mol. Recognit. 2007, 20, 495-501. [CrossRef]
Rico, F; Russek, A.; Gonzaélez, L.; Grubmtiller, H.; Scheuring, S. Heterogeneous and rate-dependent streptavidin-biotin unbinding
revealed by high-speed force spectroscopy and atomistic simulations. Proc. Natl. Acad. Sci. USA 2019, 116, 6594—6601. [CrossRef]
[PubMed]

Ludwig, M.; Dettmann, W.; Gaub, H. Atomic force microscope imaging contrast based on molecular recognition. Biophys. J. 1997,
72,445-448. [CrossRef] [PubMed]

Moy, V.T; Florin, E.-L.; Gaub, H.E. Intermolecular Forces and Energies Between Ligands and Receptors. Science 1994, 266, 257-259.
[CrossRef] [PubMed]

Lee, C.-K.; Wang, Y.-M.; Huang, L.-S.; Lin, S. Atomic force microscopy: Determination of unbinding force, off rate and energy
barrier for protein-ligand interaction. Micron 2007, 38, 446—461. [CrossRef] [PubMed]

Sedlak, S.; Bauer, M.; Kluger, C.; Schendel, L.C.; Milles, L.E,; Pippig, D.A.; Gaub, H.E. Monodisperse measurement of the
biotin-streptavidin interaction strength in a well-defined pulling geometry. PLoS ONE 2017, 12, e0188722. [CrossRef]
Grubmtdiller, H.; Heymann, B.; Tavan, P. Ligand Binding: Molecular Mechanics Calculation of the Streptavidin-Biotin Rupture
Force. Science 1996, 271, 997-999. [CrossRef]

Bioactive Surfaces S.L. Available online: www.bioactivesurfaces.com (accessed on 30 November 2022).

Flater, E.E.; Zacharakis-Jutz, G.E.; Dumba, B.G.; White, L A,; Clifford, C.A. Towards easy and reliable AFM tip shape determination
using blind tip reconstruction. Ultramicroscopy 2014, 146, 130-143. [CrossRef]

Wong, J.; Chilkoti, A.; Moy, V.T. Direct force measurements of the streptavidin-biotin interaction. Biomol. Eng. 1999, 16, 45-55.
[CrossRef]

Senapati, S.; Biswas, S.; Manna, S.; Ros, R,; Lindsay, S.; Zhang, P. A Y-Shaped Three-Arm Structure for Probing Bivalent
Interactions between Protein Receptor-Ligand Using AFM and SPR. Langmuir 2018, 34, 6930-6940. [CrossRef]


http://doi.org/10.1021/ja205409v
http://doi.org/10.1016/j.ultramic.2007.02.035
http://www.ncbi.nlm.nih.gov/pubmed/17560033
http://doi.org/10.1016/S0006-3495(02)75362-9
http://www.ncbi.nlm.nih.gov/pubmed/12496129
http://doi.org/10.1021/ja200094f
http://doi.org/10.1039/b614328h
http://doi.org/10.1038/nmeth769
http://doi.org/10.1016/S0006-3495(00)76863-9
http://doi.org/10.1021/la0354638
http://doi.org/10.1021/acsnano.5b00136
http://www.ncbi.nlm.nih.gov/pubmed/25868724
http://doi.org/10.1039/c2nr11541g
http://www.ncbi.nlm.nih.gov/pubmed/22215262
http://doi.org/10.1039/c1cc11453k
http://doi.org/10.1002/bit.24521
http://www.ncbi.nlm.nih.gov/pubmed/22511236
http://doi.org/10.1016/j.bios.2014.01.024
http://www.ncbi.nlm.nih.gov/pubmed/24514079
http://doi.org/10.1016/j.bpj.2011.07.054
http://doi.org/10.1016/j.apsusc.2017.04.123
http://doi.org/10.1529/biophysj.108.133900
http://doi.org/10.1126/sciadv.aay5999
http://doi.org/10.1002/jmr.841
http://doi.org/10.1073/pnas.1816909116
http://www.ncbi.nlm.nih.gov/pubmed/30890636
http://doi.org/10.1016/S0006-3495(97)78685-5
http://www.ncbi.nlm.nih.gov/pubmed/8994631
http://doi.org/10.1126/science.7939660
http://www.ncbi.nlm.nih.gov/pubmed/7939660
http://doi.org/10.1016/j.micron.2006.06.014
http://www.ncbi.nlm.nih.gov/pubmed/17015017
http://doi.org/10.1371/journal.pone.0188722
http://doi.org/10.1126/science.271.5251.997
www.bioactivesurfaces.com
http://doi.org/10.1016/j.ultramic.2013.06.022
http://doi.org/10.1016/S1050-3862(99)00035-2
http://doi.org/10.1021/acs.langmuir.8b00735

Molecules 2023, 28, 226 13 of 13

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Yuan, C.; Chen, A.; Kolb, A.P; Moy, V.T. Energy Landscape of Streptavidin—Biotin Complexes Measured by Atomic Force
Microscopy. Biochemistry 2000, 39, 10219-10223. [CrossRef]

Teulon, J.-M.; Delcuze, Y.; Odorico, M.; Chen, S.-w.W.; Parot, P.; Pellequer, J.-L. Single and multiple bonds in (strept)avidin-biotin
interactions. J. Mol. Recognit. 2011, 24, 490-502. [CrossRef] [PubMed]

Piramowicz, M.D.; Czuba, P.; Targosz, M.; Burda, K.; Szymonski, M. Dynamic force measurements of avidin-biotin and strep-
tavdin-biotin interactions using AFM. Acta Biochim. Pol. 2006, 53, 93—-100. [CrossRef]

Lecot, S.; Chevolot, Y.; Phaner-Goutorbe, M.; Yeromonahos, C. Impact of Silane Monolayers on the Adsorption of Streptavidin on
Silica and Its Subsequent Interactions with Biotin: Molecular Dynamics and Steered Molecular Dynamics Simulations. J. Phys.
Chem. B 2020, 124, 6786—6796. [CrossRef] [PubMed]

Puntheeranurak, T.; Neundlinger, I.; Kinne, R.K.H.; Hinterdorfer, P. Single-molecule recognition force spectroscopy of transmem-
brane transporters on living cells. Nat. Protoc. 2011, 6, 1443-1452. [CrossRef] [PubMed]

Yang, B.; Liu, Z.; Liu, H.; Nash, M.A. Next Generation Methods for Single-Molecule Force Spectroscopy on Polyproteins and
Receptor-Ligand Complexes. Front. Mol. Biosci. 2020, 7, 85. [CrossRef]

Horcas, I.; Fernandez, R.; Gomez-Rodriguez, ].M.; Colchero, J.; Gomez-Herrero, J.; Baro, A.M. WSXM: A software for scanning
probe microscopy and a tool for nanotechnology. Rev. Sci. Instrum. 2007, 78, 13705. [CrossRef] [PubMed]

Sader, J.E.; Chon, J.; Mulvaney, P. Calibration of rectangular atomic force microscope cantilevers. Rev. Sci. Instrum. 1999, 70,
3967-3969. [CrossRef]

Arroyo-Herndndez, M.; Daza, R.; Pérez-Rigueiro, J.; Elices, M.; Nieto-Marquez, J.; Guinea, G.V. Optimization of functionalization
conditions for protein analysis by AFM. Appl. Surf. Sci. 2014, 317, 462—-468. [CrossRef]

Zimmermann, ].L.; Nicolaus, T.; Neuert, G.; Blank, K.G. Thiol-based, site-specific and covalent immobilization of biomolecules
for single-molecule experiments. Nat. Protoc. 2010, 5, 975-985. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/bi992715o
http://doi.org/10.1002/jmr.1109
http://www.ncbi.nlm.nih.gov/pubmed/21504028
http://doi.org/10.18388/abp.2006_3367
http://doi.org/10.1021/acs.jpcb.0c04382
http://www.ncbi.nlm.nih.gov/pubmed/32663028
http://doi.org/10.1038/nprot.2011.370
http://www.ncbi.nlm.nih.gov/pubmed/21886107
http://doi.org/10.3389/fmolb.2020.00085
http://doi.org/10.1063/1.2432410
http://www.ncbi.nlm.nih.gov/pubmed/17503926
http://doi.org/10.1063/1.1150021
http://doi.org/10.1016/j.apsusc.2014.07.201
http://doi.org/10.1038/nprot.2010.49

	Introduction 
	Results and Discussion 
	Amino Group Reactivity 
	Resonance Frequency and Elastic Constant 
	Surface Topography and Roughness 
	Biotin–Streptavidin Interaction Measured with the AFM 

	Materials and Methods 
	Sample Cleaning 
	Characterization of Amino Groups on the Surface of the Cantilever 
	Topography of the Surface 
	Characterization of the Resonance Frequency and Elastic Constant 
	Affinity Microscopy Measurements with a Biotin-Streptavidin Model System 

	Conclusions 
	References

