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Abstract: A versatile and robust procedure is developed that allows the identification of individual
target molecules using antibodies bound to a DeepTip™ functionalized atomic-force microscopy
probe. The model system used for the validation of this process consists of a biotinylated anti-
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lactate dehydrogenase antibody immobilized on a streptavidin-decorated AFM probe. Lactate
dehydrogenase (LDH) is employed as target molecule and covalently immobilized on functionalized
MicroDeck™ substrates. The interaction between sensor and target molecules is explored by record-
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ing force-displacement (F-z) curves with an atomic-force microscope. F-z curves that correspond to
the genuine sensor-target molecule interaction are identified based on the following three criteria:
(i) number of peaks, (ii) value of the adhesion force, and (iii) presence or absence of the elastomeric

trait. The application of these criteria leads to establishing seven groups, ranging from no interaction
Individual Target Molecules Using

to multiple sensor-target molecule interactions, for which force-displacement curves are classified.
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_ ) The possibility of recording consistently single-molecule interaction events between an antibody
Atomic-Force Microscopy Probes.
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and its specific antigen, in combination with the high proportion of successful interaction events
obtained, increases remarkably the possibilities offered by affinity atomic-force microscopy for the
characterization of biological and biomimetic systems from the molecular to the tissue scales.
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1. Introduction

Since atomic-force microscopy was developed [1], it has been extensively used for
topographic and mechanical analyses of samples of the most varied nature. In particular, its
application to biological and biomimetic systems takes advantage of its unique combination
of a spatial resolution in the range of nanometers and a force resolution in the range of
piconewtons. Additionally, biological and biomimetic samples may be observed under
physiological conditions. As a consequence of this combination of singular features, the
Attribution (CC BY) license (https:// ~number of AFM studies on these systems has increased steadily. Thus, AFM has allowed,
creativecommons.org/licenses/by/ for instance, the measurement of the elastic and viscoelastic properties of various biological
4.0/). systems [2—4].
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The combination of this approach with the decoration of AFM probes through the
binding of specific molecules has led to a new dimension in the applications available
within the biological and biomimetic fields. This way, it has been possible to measure
interactions between cells and viruses [5-7] or between pairs of molecules [8,9], or even to
determine the forces that appear during the unfolding of a single macromolecule [10,11].

These experiments, however, sometimes overlook the importance of using functional-
ized AFM probes to which sensor molecules may be reliably bound through an efficient
crosslinking chemistry. Thus, the functionalization of the probes tends to rely on a series
of protocols that often lead to a relatively low reproducibility [12-15]. In particular, this
low reproducibility contributes to the small proportion of successful events in which a
genuine interaction between the target molecule and the sensor molecule is observed,
which is typically estimated to be between 1% and 0.1% of the total number of recorded
F-z curves [16,17]. In this context, the amine-functionalized DeepTip™ AFM probes have
shown their adequacy for the measurement of single-molecule recognition events in sys-
tems ranging from high [18] to low adhesion forces [19], while yielding percentages of
successful recognition events in excess of 30%.

In this work, a robust and versatile procedure is developed that allows the decoration
of DeepTip™ probes with biotinylated antibodies, opening an extremely broad field in
terms of the target molecules that can be identified. Antibodies are conventionally used as
sensor molecules in various analytical techniques, such as the ELISA [20], Western blot [21],
and affinity chromatography [22] techniques, for the specific detection of molecules of
interest. Additionally, antibodies are often used in biosensors, such as in lateral flow im-
munoassays for the detection of COVID-19 or flu infections [23]. The interest of employing
antibodies for the specific detection of target molecules with an atomic-force microscope
has been highlighted in some studies, including, for instance, the detection of ferritin
immobilized on gold substrates [24], the analysis of the formation of immune complexes
adsorbed on mica [25], or the interaction between human serum albumin and an anti-HAS
antibody [26]. In this work, a protocol is presented that allows the binding of biotinylated
antibodies to DeepTip™ probes. The efficiency of this process is validated with a model
system in which anti-LDH decorated probes are used to identify the presence of LDH on a
substrate through the recording of F—z curves.

2. Materials and Methods
2.1. Materials

The following materials were used in this study: sulfo-LC-SPDP (sulfosuccinimidyl
6-(3'-(2-pyridyldithio)propionamido)hexanoate; ThermoScientific, Waltham, MA, USA,
21650), TCEP-HC (Tris(2-carboxyethyl)phosphine hydrochloride Thermo Scientific, Waltham,
MA, USA, 20490), EDTA (ethylenediaminetetraacetic acid; Sigma Aldrich, Burlington, MA,
USA, E9884), MicroDeck™-G-150 surfaces (Bioactive Surfaces, Galapagar, Madrid, Spain),
lactate dehydrogenase (LDH; Sigma Aldrich, Burlington, MA, USA, L1006-12.5KU), bi-
otinylated anti-lactate dehydrogenase (anti-LDH) antibodies (IgG polyclonal antibody; Ori-
gene, Rockville, MD, USA, AP21329BT-N), poly(ethylene glycol)-(N-hydroxysuccinimide
5-pentanoate) ether 2-(biotinylamino)ethane (NHS-PEG-biotin; Sigma Aldrich, Burlington,
MA, USA, 757799-100py), streptavidin (Sigma Aldrich, Burlington, MA, USA, 54762-5 mg),
DeepTip™ SiN R11 atomic-force microscopy probes (Bioactive Surfaces, Galapagar, Madrid,
Spain), Goat Anti-Rabbit IgG H&L Alexa Fluor® 488 (Abcam, Cambridge, UK, ab150077),
5-iodoacetamidofluorescein (5-IAF; Thermo Scientific, Waltham, MA, USA, 62246), sodium
pyruvate (P2256 Sigma-Aldrich, Burlington, MA, USA,), 3-nicotinamide adenine dinu-
cleotide (NADH; N8129-500 mg), and glutaraldehyde (50 wt. % in H,O, Sigma Aldrich,
Burlington, MA, USA, 340855).

2.2. Functionalization of MicroDeck™ Substrates with Sulfo-LC-SPDP

MicroDeck™-G-150 substrates functionalized with amine groups were supplied by
Bioactive Surfaces. In order to bind LDH to the substrates covalently, the crosslinking agent
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sulfo-LC-SPDP was used. This compound reacts with the amino groups on the surface
of the substrates through the NHS (N-hydroxysuccinimide) group, leaving free pyridyl
thiol groups capable of reacting with the free thiols of the cysteines. For this purpose, the
following protocol adapted from [27] was used: First, the MicroDeck™ substrates were
incubated for 30 min in 0.1 M carbonate-bicarbonate buffer (12.5 mM NaHCOj3, 87.5 mM
NayCOs3; pH 9.1) at room temperature in order to deprotonate the amino groups. The
carbonate-bicarbonate buffer was then removed, and the surfaces were incubated in a
2.5 mg/mL solution of sulfo-LC-SPDP in PBS-EDTA (8 mM Na;HPO, and 2 mM KH,POy,
137 mM NaCl and 2.7 mM KCl, 1 mM EDTA; pH 7.4) for 1 h at room temperature. At the
end of the incubation time, the surfaces were washed extensively with PBS-EDTA.

The functionality of the piridyl groups was assessed through fluorescence microscopy
using 5IAF as the specific fluorophore. MicroDeck™ substrates decorated with sulfo-LC-
SPDP were incubated in a 3 mg/mL solution of TCEP in PBS-EDTA at pH 7.4 for 15 min at
room temperature in order to release the pyridyl thiol group. Subsequently, the substrates
were washed thoroughly with PBS-EDTA at a pH of 7.4 and incubated in a solution of
1 mg/mL 5IAF (a fluorophore specific for the thiol groups) in PBS-EDTA at pH 7.4 for
1 h at RT. Finally, the surfaces were washed with 10% SDS for 5 min, then washed three
times with PBS-EDTA for 5 min each time, and finally rinsed with mQ water. Samples were
observed using an inverted fluorescence microscope (Leica DFC340FX) with the following
acquisition parameters: exposition time 598 ms, gain 2, gamma 0.60, and magnification x20.
Functionalized (but not decorated) MicroDeck™ surfaces, either as received or after being
immersed in 1 mL of a glutaraldehyde solution, were used as controls.

2.3. Decoration of Sulfo-LC-SPDP Functionalized Substrates with LDH

Sulfo-LC-SPDP functionalized substrates were incubated in an LDH solution in PBS
at two different concentrations: 400 pg/mL and 125 pg/mL overnight at 4 °C. At the
end of the incubation time, the surfaces were washed with PBS-Tween 20 0.05% under
gentle agitation 5 times, for 1 min each time, changing the washing solution each time. The
prepared surfaces were used either for enzymatic assays or for affinity microscopy assays.
In particular, to assess the activity of the LDH bound to the substrate, an enzymatic assay
was performed. LDH-decorated substrates were immersed in 1 mL of a solution containing
180 uM NADH and 2.9 mM sodium pyruvate in PBS at pH 7.4. The absorbance of the
supernatant at 340 nm was measured at the beginning of the assay and after an incubation
of 8 h at RT, using a variation of the procedure used for assessing the presence of LDH on
solid substrates [28] through the decrease in the concentration of NADH in the solution.
Apart from assessing the functionality of LDH, no specific attempt was undertaken to
identify the quaternary structure of the immobilized protein as either a monomer or in its
common homotetrameric structure.

2.4. Functionalization of DeepTip™ AFM Probes with Anti-LDH Antibodies

The DeepTip SiN R11 probes were decorated with biotinylated polyclonal anti-LDH
antibodies. Firstly, the chips were incubated in 0.1 M of carbonate buffer at pH 9.1 for
30 min at RT. Then, they were incubated in a 2.7 mg/mL solution of NHS-PEG-biotin in
PBS with a pH of 7.4 for 30 min at RT. The chips were then washed extensively with the
PBS at pH 7.4 and incubated again in a 500 pug/mL solution of streptavidin in PBS at pH
7.4. The samples were then washed with PBS at pH 7.4 extensively to remove any unbound
streptavidin and subsequently incubated with a biotinylated polyclonal anti-LDH antibody
solution at a concentration of 0.25 mg/mL in PBS at pH 7.4 for 1 h at room temperature.
Finally, the samples were washed extensively to remove any unbound antibody.

To determine the presence of anti-LDH antibodies bound to the AFM probes, an
anti-anti-LDH secondary antibody (Goat Anti-Rabbit Alexa Fluor 488) was used. The
chips decorated with the anti-LDH antibody were incubated in a 1:800 secondary antibody
solution in 0.1% BSA-PBS at pH 7.4 for 1 h at room temperature. Samples were then washed
abundantly with PBS at pH 7.4. An inverted fluorescence microscope (Leica DFC340FX)
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was used for image acquisition with the following observation parameters: exposition time
1s, gain 2.1, gamma 0.83, and magnification X20. Probes not decorated with the anti-LDH
antibody were employed as controls.

2.5. Affinity Microscopy Assays

To measure the presence of LDH in the sample, a Nanolife atomic-force microscope
(Nanotec Electronica S.L., Madrid, Spain) operated in the lithography mode was used and
DeepTip™ SiN R11 tips (k = 0.01 N/m; resonance frequency = 11 kHz) decorated with
anti-LDH antibodies were prepared as mentioned above. Measurements were carried out in
PBS with a pH of 7.4 and a total of 1040 F-z curves were acquired across three independent
experiments using the following parameters: contact force: 600-800 pN, contact time 1 s,
approach speed 1000 nm/s, retraction speed 500 nm/s. The curves obtained were analyzed
using WSxM 5.0 software [29] and a Matlab routine developed in the group.

3. Results and Discussions
3.1. Fluorescence Assays

3.1.1. MicroDeck™ Decorated with Sulfo-LC-SPDP

The efficiency of the decoration of MicroDeck™ substrates with sulfo-LC-SPDP was
assessed through fluorescence microscopy. Substrates decorated with sulfo-LC-SPDP were
incubated with TCEP to release the piridyl group, leaving a reactive thiol group. The
reactive thiol group, in turn, may bind the thiol-specific fluorophore 5IAF. MicroDeck™
substrates not decorated with sulfo-LC-SPDP and MicroDeck™ substrates decorated with
glutaraldehyde were used as controls (Figure 1a and Figure 1b, respectively). Fluorescence
intensity was measured with the ImageJ] program and a statistical test was performed
to corroborate whether the difference between the sulfo-LC-SPDP-decorated and control
substrates was significant. As displayed in Figure 1, a clear difference between the sulfo-
LC-SPDP-decorated (Figure 1c) substrate and both controls was observed. A quantification
of the fluorescence intensity from these micrographs with Image]J supports a significant
statistical difference (p < 0.01) between them (Figure 1d).
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Figure 1. Florescence images of MicroDeck™ surfaces: (a) Control substrate functionalized with amine
groups. (b) Control substrate decorated with aldehyde groups. (c) Substrate decorated with thiol groups
after incubation of a sulfo-LC-SPDP-decorated sample with TCEP. (d) Bar chart comparing the mean
fluorescence intensities of the decorated and control samples. Statistical significance: p < 0.01 (**).
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3.1.2. DeepTip™ AFM Probes Decorated with anti-LDH Antibodies

Figure 2 compares the fluorescence images of a DeepTip'™ AFM probe decorated with
anti-LDH antibodies (Figure 2a) and a control probe (Figure 2b). The control (not decorated
with anti-LDH antibodies) probe was subjected to the same protocol as the decorated
DeepTip™ probe, including incubation with the secondary anti-anti-LDH antibody.
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Figure 2. Florescence images of DeepTip™ probes: (a) Probes decorated with an anti-LDH antibody

o

Mean fluorescent intensity (a.u.)

and incubated with a fluorescent anti-anti-LDH antibody. (b) Control probes not decorated with
an anti-LDH antibody, but incubated with a fluorescent anti-anti-LDH antibody. The broken lines
correspond to the silhouette of the cantilevers (c¢) Bar chart comparing the mean fluorescent intensity
of the decorated and non-decorated samples. Statistical significance: p < 0.01 (**).

The difference in fluorescence between both samples is apparent from Figure 2. This
difference was further quantified by measuring the fluorescence intensity with the Image]
program and the results showed a statistical difference of p < 0.01 as estimated with the
t-Student test.

3.2. Enzymatic Assay

The results of the enzymatic assay used to assess the activity of the LDH immobilized
on the MicroDeck™ substrates are summarized in Figure 3. As can be seen in this figure,
there is significant variation in the 340 nm absorption between the control sample (in
which LDH may appear as a result of its physical adsorption to the surface) and the
samples in which the enzyme was immobilized using the sulfo-LC-SPDP crosslinker. The
sample incubated with a higher concentration of LDH (400 pg/mL) shows an increase in
absorbance compared with the lowest concentration (125 pug/mL), and both samples, in
turn, show a significantly higher absorbance than the control sample. This result confirms
the covalent binding of the enzyme to the substrate and, in addition, shows that covalent
immobilization to the substrate does not lead to the loss of its enzymatic activity. No
attempt was pursued to obtain a monolayer of LDH on the surface or to produce a proper
calibration curve in terms of the immobilized LDH as a function of the LDH concentration
in the solution. In this regard, a comparison of this study’s measured values at 340 nm
absorption with those presented in a previous work [28] on the detection of LDH on solid
surfaces through enzymatic tests indicated that a significant fraction of the surface was
decorated with LDH proteins with both concentrations. It is worth highlighting that the
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utilization of the enzymatic test is more discriminating for the assessment of the presence of
functional LDH on the substrate than an atomic-force microscopy topographic micrograph,
such as the one shown in Supplementary Figure S1.
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Figure 3. Comparison of the mean 340 nm absorbance variation of non-decorated (physical adsorp-
tion) and LDH-decorated surfaces. Statistical significance: p < 0.05 (*), p < 0.01 (**).

3.3. Affinity Microscopy Assay

The critical point in any affinity atomic-force microscopy experiment is the assign-
ment of any given F—z curve as resulting from either a genuine sensor molecule—target
molecule interaction or from an unspecific event. In addition, this assignment should
be self-contained and not require additional validation through a second experimental
technique. In this regard, as discussed below, genuine LDH-anti-LDH interactions were
established by considering three criteria: (i) the number of peaks, (ii) the value of the
adhesion force (defined by the minimum of the F-z curve), and (iii) the presence or absence
of the elastomeric trait in the region prior to the peak(s). Following these three criteria, the
F-z curves recorded from the affinity microscopy tests using LDH-decorated MicroDeck™
surfaces and anti-LDH antibody-decorated DeepTip™ probes were classified into seven
types, of which six are illustrated in Figure 4: Type 1 (no interaction), Type 2 (elastomeric,
one peak), Type 3 (non-elastomeric, one peak), Type 4 (double peak, elastomeric), Type 5
(double peak, combined elastomeric/non-elastomeric), Type 6 (threefold or fourfold peaks),
and Type 7 (discarded curves due to their abnormal shape; not shown in Figure 4).

Based on this classification, the statistics that reflect the number of curves observed for
each type of curve are shown in Figure 5. As seen in this figure, 47% corresponded to Type
1 (no interaction) and 7% corresponded to Type 7 (discarded curves). Correspondingly, a
percentage slightly lower than 50% of the curves corresponded to events that might contain
information on the interaction between a target molecule and a sensor molecule (antibody).
Consequently, at this point, it is critical to identify those F—z curves that contain information
on the genuine LDH-anti-LDH interactions. In this regard, it is worth highlighting the
importance of the curves with multiple peaks and the elastomeric trait, corresponding to
Types 4, 5, and 6. The elastomeric trait is identified in these curves by an increasing value of
stiffness, i.e., an increasing value of the absolute value of the F-z slope in the region prior to
the peak at increasing values of z. This fingerprint in the F-z curve is assumed to be related
with the unfolding of the polyethyleneglycol (PEG) spacer through which the antibody is
attached to the AFM probe, and corresponds to the characteristic mechanical behavior of
polymer chains with a large conformational freedom (elastomeric behavior) [30].

In combination with the elastomeric trait, the variation in the value of the force after
post-peak unloading is also a criterium for the proper identification of a genuine interaction,
since it corresponds to the magnitude of the force lost when one or more bonds break.
The curves in Figure 4 show that these values are close to 50 pN (Figures 4ii,iv—vi and S1)
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and its multiples (e.g., 150 pN; Figures 4iv,vi and S1). The presence in the same curve
of two peaks with a maximum force of approx. 100 pN and it exhibiting the elastomeric
trait expected from the unfolding of the PEG spacer is difficult to assign to two unrelated
unspecific interaction events between the probe and the substrate. Following a previous
work [19], this combination of features is taken as a reference to identify the genuine sensor—
target interactions in a given F-z curve. Consistently with this discussion, the one-peak
elastomeric curves are also considered as genuine sensor—target molecule interactions,
taking advantage of the similarity of these peaks with those found in double- and multiple-
peak curves, so that the percentage of F-z curves that reflect genuine interactions reaches
at least 18% (Type 2 + Type 4 + Type 6) of the total number of curves.
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Figure 4. Representative force—displacement (F-z) curves obtained from the interaction between
anti-LDH antibodies and LDH. In this figure, six types are shown: (i) no—interaction curve;
(ii) elastomeric curve; (iii) non—elastomeric curve; (iv) elastomeric curve—two peaks; (v) double-
peak curve—combined; (vi) three- or four-peak curve. An additional 7% of the curves were discarded
due to them exhibiting an abnormal shape. Compression forces are positive and positive displacement
corresponds to the retraction of the AFM probe from the substrate.
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Figure 5. Percentages of each type of force-distance curve. (Type 1: 47%—no-interaction curves;
Type 2: 10%—elastomeric curves; Type 3: 26%—non-elastomeric curves; Type 4: 2%—elastomeric—
two-peak curves; Type 5: 7%—combined curves; Type 6: 1%—curves with threefold or fourfold
elastomeric peaks; Type 7: 7%—discarded curves).

Before starting the analysis of the non-elastomeric peaks, it is worth considering
some general aspects of force-displacement curves in greater detail. To begin with, the
importance of recording a sufficient number of no-interaction curves should be highlighted.
In effect, no-interaction curves provide a self-consistency test to the whole experimental
procedure. Thus, the observance of no-interaction curves distributed homogeneously
during the recording of the F—z curves precludes the existence of a systematic bias of
the data that might be related, for instance, to the contamination of the probe or to its
interaction with the unquenched thiol sites on the substrate.

When antibodies are used as sensor molecules, the existence of curves with single,
double, or multiple peaks exhibiting the elastomeric trait may be correlated to the structure
of an antibody [31] in which two Fab regions are present that may bind the correspond-
ing antigen independently. In this regard, single-peak curves can be interpreted as the
binding of one Fab region of the anti-LDH antibody to the LDH protein. Following this
interpretation, double, threefold, and fourfold peaks would correspond to the binding to
the antigen of two, three, or four Fabs, respectively. This interpretation is coherent with the
distribution of curves of each elastomeric type: one peak—Type 2 (10%) > two peaks—Type
4 (7%) > three and four peaks—Type 6 (1%), which reflects the decreasing probability of
more than one Fab binding to the antigen. In this case, the interaction of both Fabs from
two independent antibodies that may be bound to different sites of the same streptavidin
molecule might account for a significant proportion of the four-peak/Type 6 curves.

At this point, it is worth mentioning that the proposed experimental procedure is
designed to test the robustness of the whole scheme under favorable, but not optimal, con-
ditions in terms of the interactions established between sensor and target molecules. Thus,
no attempt was performed to control the orientation of the LDH while being immobilized,
so there is no guarantee that some proteins would not present accessible epitopes that
could be recognized by the antibody. In addition, as mentioned above, the conditions for
the decoration of the substrates with LDH were selected to obtain a significant coverage of
the surface, but were not intended for depositing a monolayer of protein on the material.
In addition, it might possible to consider an alternative procedure based on the usage of
individual Fabs instead of complete antibodies as sensor molecules. This latter approach
may lead to a reduction in the variability of the adhesion peaks, but it might imply a de-
crease in the number of curves with double or multiple peaks, which are extremely helpful
for distinguishing genuine from unspecific interactions. Lastly, it should be acknowledged
that the usage of a polyclonal anti-LDH antibody presents certain limitations in terms of
the reproducibility of the measured values of the adhesion forces, since the scattering of
these values is likely to be larger than that found with the use of a monoclonal antibody.
However, the possibility of obtaining reliable results in terms of the number of genuine
sensor—target interactions recorded, in spite of using these non-fully optimized procedures,
is a strong support to the robustness of the whole experimental approach.
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Even if just those curves that present at least one elastomeric peak are considered,
the ratio of successful interaction events reaches a value of 13%, significantly larger than
the usual percentages of successful interaction events reported in other works, which
are typically in the range of 0.1-1% [16,17]. This successful ratio is even higher (20%) if
Type 5 curves (with one elastomeric/one non-elastomeric peak) are considered.

In order to interpret the significance of non-elastomeric curves, and following a
previous work [19], Figure 6 shows the distribution of peaks with either the elastomeric or
non-elastomeric trait in the range of forces between 50 pN and 200 pN. Although it may
be argued that peaks with lower values of adhesion force may also correspond to specific
interactions, while reflecting different pulling geometries [16], it cannot be completely
discarded that these low-intensity peaks might result from other events different to a
genuine LDH-anti-LDH interaction. This uncertainty led to the exclusion of the curves
with low-intensity peaks from the ensuing statistical analysis. Alternatively, it might be also
argued that peaks with higher adhesion forces do correspond to this specific interaction for
single or multiple events. However, the justification of these high values of adhesion forces
will require an additional analysis that is outside the scope of this work. In addition, high
adhesion forces are scattered from the chosen upper limit at 200 pN up to values in excess
of 1000 pN, which severely limits the reliable application of the goodness-of-fit test.
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0.12 B Non-elastomeric

0.1

0.08

0.06

0.04

Normalized number of curves

0.02

50 70 90 110 130 150 170 190

Force (pN)

Figure 6. Statistical distribution of the force-distance curves corresponding to elastomeric and
non-elastomeric peaks as a function of the measured adhesion force.

In this context, an interpretation of the non-elastomeric peaks (Type 2 and Type 5 curves)
can be established by comparing the distribution of both types of peaks normalized to
the total number of curves of each type. It can be assumed that the concurrence of both
distributions supports the genuine character of the non-elastomeric peaks as resulting
from the LDH-anti-LDH antibody interaction, since otherwise it would be implied that
two unrelated events (specific target-sensor molecule interactions and other unspecific
interactions) would yield a common statistical distribution. As described elsewhere, [19],
the distribution of the non-elastomeric curves may be taken as a reference and compared
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with that of the elastomeric curves. The choice of the distribution of non-elastomeric curves
as a reference distribution is suggested by the larger number of this type of curves (by over
three times) with respect to the elastomeric ones. The comparison of both distributions
follows the x? test of goodness of fit and starts by dividing the range of adhesion forces
between 50 pN and 200 pN in 10 pN intervals. The value of the X? parameter for the
distribution of elastomeric curves using the distribution of non-elastomeric curves as a
reference is X? = 9.9, which is to be compared with the value x?(f = 15) = 25.0 for the
15 degrees of freedom considered (the number of intervals in which the range of forces
is divided minus one). Since x2(f = 15) = 25.0 > X2 (=9.9), it is concluded that both sets
of events correspond to the same statistical distribution. This concurrence of statistical
distributions supports the assignment of non-elastomeric peaks to genuine LDH-anti-LDH
antibody interactions, which implies that there is a percentage of almost 50% of successful
events for the experimental procedure presented in this work.

4. Conclusions

In this study, a robust procedure for the decoration of DeepTip'™ AFM probes with
biotinylated antibodies is presented and validated using LDH and an anti-LDH antibody
as a model system. The crosslinking chemistries used for the immobilization of both
molecules to the corresponding surfaces are presented in detail, and shown to be compati-
ble with a wide range of biological and biomimetic systems. The interaction between the
antibody (sensor molecule) and the LDH protein (target molecule) is analyzed by means of
force-displacement (F-z) curves, and it is found that single-molecule interaction events can
be efficiently recorded. F-z curves that correspond to a genuine sensor-target molecule
interaction are identified from three basic criteria: the number of peaks, the magnitude
of the adhesion forces, and the presence of the elastomeric trait. Following these crite-
ria, the curves are classified into seven different types. A complete statistical analysis
of the F-z curves yields that approximately 50% of the curves show events that reflect
a genuine interaction between the sensor and target molecules. The high proportion of
force—displacement curves that reflect genuine interactions between the sensor and target
molecules, in combination with a versatile procedure that allows the covalent immobi-
lization of antibodies to the AFM probe, increase considerably the number of systems
that may be explored through affinity microscopy. In effect, this high yield of successful
events decreases proportionally the number of force—displacement curves that need to be
recorded to explore a given area of the sample in a typical affinity atomic-force microscopy
experiment. The usage of biotinylated antibodies implies that the whole procedure can be
implemented with minimum variations to a vast number of target molecules.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390 /biomimetics9040192 /s1: Figure S1: Topographic micrograph of a
substrate after being incubated with an LDH solution. Figure S2: Example of an F-z curve with three
peaks exhibiting the elastomeric trait in the region adjacent to the peak.
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