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A B S T R A C T   

Biomolecular interactions underpin most processes inside the cell. Hence, a precise and quantitative under
standing of molecular association and dissociation events is crucial, not only from a fundamental perspective, but 
also for the rational design of biomolecular platforms for state-of-the-art biomedical and industrial applications. 
In this context, atomic force microscopy (AFM) appears as an invaluable experimental technique, allowing the 
measurement of the mechanical strength of biomolecular complexes to provide a quantitative characterization of 
their interaction properties from a single molecule perspective. In the present review, the most recent meth
odological advances in this field are presented with special focus on bioconjugation, immobilization and AFM tip 
functionalization, dynamic force spectroscopy measurements, molecular recognition imaging and theoretical 
modeling. We expect this work to significantly aid in grasping the principles of AFM-based force spectroscopy 
(AFM-FS) technique and provide the necessary tools to acquaint the type of data that can be achieved from this 
type of experiments. Furthermore, a critical assessment is done with other nanotechnology techniques to better 
visualize the future prospects of AFM-FS.   

1. Introduction 

Adhesion forces are ubiquitous in nature. For this reason, under
standing how biomolecular complexes form and dissociate is a problem 
of intrinsic interest in biological sciences. The constituent entities which 
conform life are sugars [1], lipids [2], proteins [3] and nucleic acids, 
namely deoxyribonucleic/ribonucleic acids (DNA and RNA, respec
tively) [4,5]. Carbohydrate-carbohydrate and carbohydrate-protein in
teractions provide the functional attributes to food [6]. Due to this, food 
industry invests large amounts of funds to discern the above described 
biomolecular binding. Moreover, protein glycosylation is a post
translational modification (PTM) that accounts for the addition of gly
cans to proteins which impacts on their adhesion properties. Glycans 
play a pivotal role to control the protein folding inside eukaryotic cells 
[7]. PTM pathways in the biochemical pathogenesis affects cell-cell 
recognition [8] which could lead a panoply of human diseases like 
postnatal hearing loss [9], congenital muscular dystrophy [10] or 

cobblestone lissencephaly [11], among many others. The formation of 
lipid layers is of fundamental interest because their fluidity and polarity 
directly depends on how lipid chains are associated with membrane 
proteins and other lipids. Self-assembly properties of lipids to create 
lamellar organized systems enable the integration of these biomimetic 
membrane proteins for fundamental research. Industrial applications 
related to lipid membranes have been developed, such as the production 
of tailored transistor devices by integrating ion channels into gold 
nanowires [12]. Other illustrative example is the case of liposomal 
systems typically employed for nano-encapsulation of bioactive mole
cules for drug delivery treatments [13]. Then, the proper protein in
teractions inside cells underlie many scaffolds typically found for their 
homeostasis and organism survival. For instance, extracellular signal- 
regulated kinase (ERK) cascade is a signaling pathway for cell differ
entiation and proliferation [14]. Proteins are also targets for innovative 
industrial applications. Screen-printed chemiluminescence protein bio
chips for simultaneous monitoring of several point-of-care biomolecules 
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[15] or the design of next-generation of bioelectronical sensors based on 
redox proteins [16] evidence the promising perspectives in the use of 
proteins in technology markets. Furthermore, bioreactors coated with 
recombinant proteins can be manufactured to obtain high-value prod
ucts as therapeutic compounds [17]. Finally, the technology associated 
with nucleic acids is prolific. DNA microarrays consist of a solid-surface 
collection of exposed DNA strands that can be hybridized with other 
nucleic acid strands to evaluate the gene expression profiling levels [18], 
genotype multiple regions of the animal genome [19], or identify tran
scription factor binding locations linked to cell aging [20] which is one 
of the main fingerprints to succeed in the prognosis of malignancies 
[21]. Catalytic RNA sequences, also known as ribozymes [22], have 
been extensively engineered for genetic devices related to synthetic 
biology [23] or programmable sensor devices to detect a multitude of 
other biomolecules of trace metal concentrations [24,25]. These aspects 
underline the need to find out the mechanisms of how these bio
molecules interact with each other. To understand the molecular un
derpinnings of living systems, classical bulk techniques like surface 
plasmon resonance (SPR) [26], fluorescence cross-correlation spectros
copy (FCCS) [27], radiolabeling [28] or bioluminescence resonance 
energy transfer (BRET) [29] are typically employed. The main limita
tions of these approaches are the loss of data attributed to individual 
entities as the identification of molecular sub-populations, short-lived 
states, and rare molecular events [30] due to the ensemble averaging 
intrinsic to bulk techniques. To overcome the aforementioned con
straints, single molecule techniques have been developed. For bigger 
entities like bacteria and cells, there exists a broader range of force 
spectroscopy approaches like micropipette assays [31], reflection 
interference contrast microscopy (RICM) [32], and biomembrane force 
probe (BFP) [33] to measure cellular adhesion forces. In contrast, the 
number of available tools to decipher intra- or intermolecular in
teractions between small biomolecules is more limited. Here, we can 
find single molecule fluorescence resonance energy transfer (SM-FRET) 
[34,35] and nanoscience tools capable to measure the tiny forces 
involved at the single molecule level. In the last group we find optical 
tweezers (OT), based on a laser beam which provides attractive/repul
sive forces to physically hold and move typically one or two dielectric 
microbeads where biomolecules are attached on their respective ends 
[36]. It has been also reported cases where one end of the molecule was 
bound to the trapped bead while the other end remained immobilized on 
a solid surface [37]. This latest example is relevant to assess intra
molecular interactions like the existing on viral DNA loops where one of 
its ends is attached on the bead, whereas the other biotinylated extreme 
interacts with a streptavidin coated solid surface [38]. Thus, OT can 
stretch biomolecules by moving one of the beads to which it is attached, 
allowing the measurement of adhesion forces. Typically, OT has been 
successfully employed to determine intramolecular interactions like the 
unfolding of multidomain proteins [39], like the von Willebrand factor 
[40], or the stretching of DNA [41] and RNA [42] nucleic acids. 
Recently, it has been reported several works where OT addresses the 
intermolecular interactions involved between two biomolecules of 
different nature like the binding of glycoproteins and small protein 
domains [43], dendrimer ligands on telomeric G-quadruplex DNA [44], 
the strength of DNA conformation on microtubule composites [45], the 
interaction of DNA with DNA alkyltransferase enzyme [46], the stabi
lization of transfer RNA with 30S ribosomal subunits [47], and the 
transcriptional processes among RNA polymerase and supercoiled DNA 
under torsion [48]. It is remarkable to point out that OT can be com
bined with FRET measurements to gather simultaneously the binding 
strength and data on the molecular dynamics, respectively [49]. In the 
picoforce range measuring tools we can also find the magnetic tweezers 
(MT) that use magnetic microbeads which can be manipulated by 
external magnetic fields [50]. In the case of MT, the position of these 
microbeads is monitored in three dimensions by an inverted optical 
microscope integrated with a charge coupled device (CCD) or comple
mentary metal oxide semiconductor (CMOS) cameras. MT has shown to 

be one of the best techniques to manipulate ultra-low forces (<20 pN), 
being able to operate in constant force mode. MT offers unparalleled 
simplicity and versatility in the design of downstream applications for 
biological systems [51]. MT has achieved unprecedented force resolu
tion in the study of intramolecular forces of titin protein [52] or protein 
L [53] and intermolecular interactions of unzipping DNA strands [54], 
vinculin:talin focal adhesion proteins [55], and DNA:protein complexes 
[56], among others. The main disadvantage of OT and MT is the lack of 
capability to conduct topography or force mapping, to which it must be 
added that there are still no commercial MT systems. The last nano
technology tool capable to detect ultralow forces at the nanoscale is the 
atomic force microscope (AFM). AFM emerged as a powerful tool to 
address the physicochemical properties of soft matter at the nanometric 
scale since its discovery in 1986 [57]. The working principle of AFM is 
based on a flexible micro (canti)lever that approaches the sample sur
face with a sharp tip. The cantilever tip-sample interaction is followed 
through the deflection of the cantilever monitored by a laser beam re
flected off the back-side of the lever. The sample is attached typically on 
a substrate mounted on a piezoelectric actuator–in other systems is the 
lever that moves attached to the scanner-, capable to control its three- 
dimensional motions with angstrom accuracy as a response to the 
applied voltages. The beam is detected by a quadrant photodiode which 
measures the normal and torsional signals of the lever [58], while the 
voltage is recorded by the digital signal processing (DSP) electronic 
board, which provides a response depending on the feedback close-loop 
of the system [59]. AFM exhibits advantages over other techniques, 
including the ability to conduct experiments in aqueous media, 
mimicking intracellular conditions [60,61]. The structure and function 
of biological entities are highly dependent on their hydration state. For 
this reason, operating AFM in fluid allows studying the behavior of a 
broad range of biological systems in relevant conditions by addressing 
the topology of individual molecules or particles and also their associ
ation patterns giving insights on the interactions involved between in
dividual biomolecules with unprecedented spatial and temporal 
resolution. 

Moreover, AFM does not require the labelling or coating of the 
samples with contrast agents like other techniques do, such as FRET 
[35,62] or scanning electron microscopy (SEM) [63], respectively. 
Similarly, techniques such as immunocytochemistry approaches, SEM, 
and transmission electron microscopy (TEM) commonly require sample 
fixation with formaldehyde or glutaraldehyde agents [64], but these 
compounds are dangerous for human health and may induce chemical 
changes in the samples, losing their functionality. AFM circumvents 
these drawbacks and only requires the physical immobilization of the 
sample, as imaging entails scanning of the sample with the tip to obtain 
the topography and other property maps depending on the operational 
mode used [65]. The continuous development of technical improve
ments and different operational modes has turned AFM into a multi
parametric imaging toolbox providing maps on multitude of properties 
of the sample [66]. Nowadays, there exist commercially available AFM 
tips with a curvature final radius below 2 nm, which minimizes the non- 
desirable broadening effects during image acquisition [67]. AFM im
aging was successfully employed to probe from carbohydrates confor
mation [68], the integrity of lipid layers [69], the enzymatic 
oligomerization induced by ligand binding and catalysis [70–73], self- 
assembly of small peptides [74], the flexibility of the loops involved in 
glycosyltransferases catalysis [75], to resolve the DNA helix structure 
[76] and the A-form sub-helical pitch periodicity of dsRNA double he
lices [77]. Finally, AFM imaging has also been used to carry out ex
periments with biomolecules of different nature, like lipid domains with 
bovine intestinal alkaline phosphatase (BIAP) protein [78] or ferric 
uptake regulators (Fur) with DNA promoters [79,80]. Remarkably, there 
are other available modes less used but with great potential. Then, high- 
speed AFM (HS-AFM) is based on increasing the imaging rates by driving 
up the resonant frequencies of cantilevers with low spring constants by 
reducing the lever dimensions [81]. Currently, HS-AFM is mainly 
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applied to scan biomolecular transition or biomolecular interaction in 
fluid with high spatiotemporal resolution, in which it may be impossible 
for other techniques such as X-ray crystallography, cryoEM, and optical 
microscopy. For example, the application of HS-AFM on dynamic viral 
proteins such as fusion proteins [82–84] and capsid proteins [85] is 
useful to face devastating infectious diseases. The high scanning rate of 
HS-AFM is favorable for the characterization of the conformational 
properties of intrinsically disordered proteins (IDPs) [86]. Up to date, 
structural details of many IDPs remain poorly resolved using Cryo-EM. 
The advancement in computational biology has included deep- 
learning software tools for protein structure prediction. These tools 
include AlphaFold 2 [87] and RoseTTAFold [88] that can predict the 3D 
structure of proteins based on amino acid sequences with high accuracy. 
A combination of deep-learning algorithms and HS-AFM could produce 
promising research outputs, particularly for IDPs. Interaction between 
the intrinsically disordered regions (IDRs) of IDPs is prerequisite for 
liquid-liquid phase separation (LLPS). HS-AFM provides a nanoscopic 
platform to investigate the regulator factors of LLPS [89]. Besides bio
molecules, HS-AFM is applicable to elucidate the structural and func
tional properties of organelles. The real-time dynamic activity of 
intrinsically disordered FG filaments in nuclear pore complex (NPC), 
which regulates nucleocytoplasmic trafficking, can be measured using 
HS-AFM [90,91]. Extracellular organelles, exosomes for example, have 
been used as the docking sites for viral fusion proteins to study their 
entry mechanisms through HS-AFM imaging [82,84]. The near physio
logical scanning environment provided by HS-AFM system is also suit
able for living cells such as bacteria [92,93] and mammalian cells [94], 
or lipid layer dynamics in the presence of amyloidogenic proteins [95]. 
Technical improvement of HS-AFM is essential to enhance its capabil
ities. The nanoscale infrared AFM (AFM-nanoIR) technique is custom
ized with a second IR pulsed tunable beam focused on the same region of 
the scanned sample by the classical AFM tip. This fact results in a pho
tothermal expansion of the absorbing regions of the sample, inducing a 
cantilever oscillation proportional to the aforementioned IR absorption 
[96]. AFM-nanoIR provides direct correlation of topography images 
from local sample areas with chemical mapping. The location of protein 
receptors on carcinogenic cells [97] and the interactions of amyloido
genic proteins with lipid layers [98] or small molecule inhibitors [95] 
have been addressed by this technique. The monitoring of chemical 
reactions that take place between biomolecules is expected to be covered 
by AFM-nanoIR. AFM imaging is introduced for the reason that this 
operational mode is the most widely exploited which is available in all 
AFM setups, whereas AFM-nanoIR fine-contribute to grasp the surface 
chemical properties of the tested samples which is complementary 
respect to the topic of the present review. Other available operational 
modes to elicit physico-chemical properties of biomolecules, living cells 
or other type of nanomaterials are the following: AFM scanning elec
trochemical microscopy (AFM-SECM) [99], conductive AFM (C-AFM) 
[100], kelvin probe force microscopy (KPFM) [101], magnetic force 
microscopy (MFM) [102] and nanoindentation by AFM [103], where the 
faradaic current reactivity, electrical current transmission, sample sur
face potential, magnetic response and nanomechanical properties 
(elastic modulus, viscoelasticity, dissipation, …) are assessed, 
respectively. 

Finally, force spectroscopy by AFM (AFM-FS) allows probing, as 
optical and magnetic tweezers, biomolecular adhesion forces at the 
single molecule level [104]. AFM-FS measurements with biological en
tities are carried out in liquid media, mimicking nature, removing the 
unspecific capillarity tip-sample forces observed in air conditions [105]. 
AFM-FS can obtain information related to the intramolecular in
teractions of proteins and DNA/RNA strands by pulling or stretching one 
molecule, a fragment or a multidomain protein [106,107]. In the case of 
proteins, in addition to observing phenomena hidden in unfolding bulk 
measurements, force is the main unfolding agent in vivo. Furthermore, 
AFM-FS analyzes the molecular interactions of two single biomolecules 
attached on substrate surface and AFM tip like the displayed between 

single stranded DNA-protein [108] and RNA-protein [109], respec
tively, or on cellular membranes, having these experiments experienced 
great advances in the last years. Pioneering AFM-FS experiments using 
flexible tethers to covalently attach molecules on AFM tips date in the 
1990s focusing on ligand unbinding in (strept)avidin:biotin [110] and 
antibody:antigen [111] systems, due to their displayed strong in
teractions. First, (strept)avidin:biotin presents one of the strongest non- 
covalent complex known in biology. Then, the large number of 
hydrogen bonding established between epitope regions from antigens 
and the respective antibodies also render strong interactions. The 
continuous optimization, design, and development of AFM setups in 
parallel with softer AFM probes has allowed measuring lower rupture 
forces from transient biomolecular complexes. This work will discuss in 
detail these topics in the following sections: i) AFM-FS working princi
ples, ii) functionalization strategies to develop AFM-FS, iii) analysis and 
interpretation of AFM-FS experiments, iv) molecular recognition imag
ing, v) limitations of AFM and alternatives, and vi) conclusions and 
future perspectives. We expect that the present manuscript will 
contribute to better understand AFM-FS principles; serve as a ground
work to keep attention of the potentialities of AFM-FS to study biological 
systems; prevent flaws during the devise of AFM-FS experiments and 
properly interpret the obtained data in order to minimize data 
scattering. 

2. AFM-FS working principles 

An AFM setup is integrated with multiple components where the 
cantilever is the most important one (Fig. 1). The cantilever works as a 
force probe that allows sensing adhesions with a sample with high res
olution by measuring its deflection in real-time. Thus, the interactions 
between the sample and the end of the cantilever, which can be bare or 
carry a molecule linked onto the tip through covalent procedures, can be 
sensed and analyzed. The force that senses the cantilever is expressed in 
the linear-Hookean force relationship (Eq. (1)) [112]: 

F = − kΔx (1)  

where F is the force measured, k is the spring constant of the cantilever, 
and Δx is the deflection of the cantilever (Fig. 1). By measuring the 
cantilever deflection, the force that involves the AFM probe is inferred. 
Soft cantilevers with low spring constants exhibit greater sensitivity. For 
this purpose, the cantilever dimensions should be thin and long. 
Nevertheless, extremely high cantilever bending can generate greater 
instabilities during data acquisition in addition to the loss of force-range 
measurements [113]. For this reason, the choice of the cantilever probe 
is not trivial and must take into account the force range expected to be 
measured. The cantilever works as a harmonic oscillator when it is free 
of sensing external forces described thus, by its natural frequency (w0, 
Eq. (2)) and quality factor (Q factor, Eq. (3)): 

w0 =

̅̅̅̅
k
m

√

(2)  

Q =

̅̅̅̅̅̅̅
m k
γ

√

(3)  

where terms m and γ are the effective AFM cantilever mass and its 
damping coefficient, respectively. Q factor is the ratio established be
tween the energy stored to the energy lost in one radian of an oscillation 
cycle. For this reason, the Q factor is another key aspect to be considered 
in dynamic measurements [114]. Since AFM-FS works in static regime 
the Q factor is not a relevant aspect to contemplate. It is the opposite 
scenario for those molecular recognition studies based on the phase shift 
during the image acquisition. Lower Q factor values indicate that the 
cantilever oscillator loses a large amount of energy during its vibration. 
Lower Q factor values have a positive contribution for AFM-FS 
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measurements because significantly reduce the settling time. Commonly 
rectangular AFM levers exhibit a higher Q factor compared to triangular 
cantilevers. To conduct accurate AFM-FS measurements, the proper 
calibration of the deflection sensitivity and the spring constant of the 
used cantilever is required. The deflection sensitivity is calibrated to 
convert the measured volts to nanometers of motion (Fig. 1). 

Deflection sensitivity directly relies on the cantilever length and the 
material of its fabrication. The detector calibration is made by running 
force-distance (Fz) curves at different local areas of stiff surfaces and 
calculating the mean slope value of the recorded Fz curves. Freshly 
cleaved mica surfaces may be also employed for this purpose for AFM 
cantilevers with soft spring constants. The selected surface to carry out 
the deflection sensitivity calibration needs to preserve its integrity by 
preventing indentation by the AFM tip during Fz acquisition. Then, the 
calibration of the spring constant is done by measuring the motion of the 
AFM cantilever (assuming it behaves as a harmonic oscillator) in 
absence of external vibrational excitation. The AFM probe must be 
retracted from the sample surface when the frequency sweeps. The 
resonance frequency and Q factor are calculated from the thermal 
spectrum and the spring constant is obtained by the fitting this response 
to different models, depending on the specificities of the cantilever. In 
the case of soft cantilevers (with spring constants usually below of 1 N/ 
m) the most appropriate calculation approach is the thermal tune [115], 
whereas the Sader's method is commonly employed for cantilevers with 
larger spring constants (>1 N/m) [116]. 

Thermal tune is a commonly applied option for those experiments 
carried out in liquid media where soft cantilevers need to be employed 
to gain force sensitivity taking advantage to the non-existence of capil
larity forces typically exerted in air conditions. It is necessary to point 
out that there exists an estimation error associated to the determination 
of the deflection sensitivity based on the fact it is correlated with the 
spring constant of the lever which in turn is calculated by the free- 
resonance cantilever thermal spectrum. If the spring constant is accu
rately calculated by alternative methods like using a vibrometer a 
correction factor (λ) is estimated to recalibrate the deflection sensitivity. 
This approach named standardized nanomechanical atomic force 

microscopy procedure (SNAP) has been successfully devoted to discern 
the elastic modulus of polyacrylamide gels minimizing the standard 
error from 30 % down to 1 % [117]. This methodology is fully suitable 
for AFM-FS measurements. AFM-FS measurements are ready to be per
formed once all the above described prerequisites are met. For it, the 
strong attachment of the two biomolecules that form the complex on a 
nanoflat surface (typically cleaved mica or gold) and into the AFM tip, 
respectively, is mandatory –generally covalently- (Fig. 2a). AFM-FS re
quires the collection of Fz curves where tip-sample interactions are 
registered in function of piezo displacement for different scanned areas 
(Fig. 2b). As the formation of complexes is of stochastic nature, only 
those encounters with a proper orientation of the binding surfaces of the 
partners will produce successful binding and thus rupture events, so 
hundreds or thousands Fz require to be taken. Fig. 2b represents a 
typical force-extension curve for a specific AFM tip-sample interaction. 
At the start of the cycle, the functionalized tip is far away from the 
biomolecule-decorated flat surface (Fig. 2b, point 1). The functionalized 
AFM tip is approached to the sample surface until the van der Waals 
attractive forces start acting (Fig. 2b, point 2) [118]. This event is also 
called jump-to-contact [119]. Then, the flexible cantilever bends away 
from the sample due to repulsive forces until the functionalized tip apex 
taps the biomolecular-coated surface (Fig. 2b, point 3). These in
teractions are due to Pauli repulsion and electrostatic repulsive forces. 
Afterwards, if both molecules specifically recognize each other, they 
undergo the formation of the complex. In this scenario, the cantilever 
starts to bend, pulling out both molecules tethered at the AFM tip and on 
the surface, respectively, until the rupture of the complex (Fig. 2b, point 
4). 

This unbinding force (F) is directly related to the bonds established 
and their respective strength. Rupture forces below about 10 pN are 
hidden by the detection limit of current AFM setups [120]. The length of 
the stretched crosslinker molecule, used to attach the ligand to the tip, 
(lc) coincides with the separation between the extrapolation of the Fz 
slope and the point when the rupture of the complex takes place. At the 
end of the cycle, the functionalized tip is at the same position with 
respect to the beginning of the Fz curve (Fig. 2b, point 5). Successive 

Fig. 1. Schematic diagram of an AFM set-up, where the sample is located on the piezoelectric scanner and based on an optical beam deflection system. In the case of 
the scanning probe type, it is the tip that is scanning instead of the sample. The scanner is the positioning element allowing 3-D movement with sub-angstrom 
accuracy: it works by applying voltages to ±X and ±Y sectors to move the sample in X and Y directions, respectively; a Z sector moves the sample in the vertical 
direction. A laser beam strikes on the back-side face of the lever and deflects toward a segmented photodiode. The resulting electrical signal is proportional to the 
lever deflection and fed into a signal processor, and compared with the desired deflection (set point or feedback parameter). If needed, the voltage applied to the z- 
piezo is changed to correct the tip-sample distance. Z-piezo can be composed by one or more tubes vertically stacked. The cantilever acts as a small spring, and the 
deflection can be converted into a force F acting on the cantilever using Hooke's law. As signals are measured in volts, estimation of cantilever deflection sensitivity 
is required. 
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cycles can be taken to different local surface areas following these steps. 
Fig. 2c illustrates different Fz profiles that can be found during AFM-FS 
measurements. I) the trace and retrace of the cantilever matches when 
no events take place. II) Unspecific AFM tip-sample adhesion peaks take 
place when the retrace displays a linear-shape profile before the rupture 
point. These Fz curves are discarded for further data analysis. III) the 
above-described steps are common for single events between both 
immobilized molecules when the retrace renders a parabolic-shape 
profile. IV) multiple events can be observed if several biomolecules 
tethered onto the tip bind to their partners on the surface simulta
neously. AFM-FS experiments require to record a large number of Fz 
curves for each studied condition to conduct reliable statistical analysis 
since the formation/dissociation of a chemical bond is a stochastic event 
[121]. Two parameters are required to be checked during force data 
analysis to unequivocally discern the specific unbinding force events 
from unspecific tip-sample adhesion forces. First, the length of the fully 
stretched tether (lc), which binds the ligand to the tip, should correspond 
to the theoretical value calculated as the sum of bond distances involved 
in this linker molecule. 

Second, the shape of the Fz observed during the lever retraction 
before the complex rupture event that, for example, in case the tether 
used is a polyethylene glycol (PEG) derivative must follow the Worm- 
like Chain (WLC) model [122]. These two parameters serve as a 
fingerprint to identify specific rupture events that will be selected to 
form part in the further force data analysis. Afterward, all the force 
peaks attributed to specific rupture events from the collected Fz curves 
are taken into consideration. Then, histograms are plotted to represent 
the relative occurrence vs. the gained unbinding force values (Fig. 2d). 

At this point, it is necessary to introduce that to analyze the forced 
dissociation of a complex to obtain kinetic parameters, the measuring of 
force at different loading rates (rF) is required, and this method is called 
dynamic force spectroscopy (DFS). Thus, rupture force distributions for 
different rF whose fits provide with the most probable rupture forces in a 

wide range of rF will be needed (see Section 4 for more detail). There
fore, this approach enables the identification of the most probable 
rupture forces for each type of complex formed at specific rF. Commonly, 
the leftmost distribution is associated with the rupture force of a single 
complex (Fun). Typically, higher pulling velocity values render broader 
unbinding force distributions caused by the deformation of the dissoci
ation energy landscapes of the biomolecular complexes analyzed [123]. 
Blocking experiments are desirable to be conducted to verify if the lower 
force distribution can be associated to the rupture of a single complex 
[124]. In a blocking experiment, the AFM-FS measurements are con
ducted with an excess of free-molecules in solution of the same nature 
respect to the attached to the AFM tip or at the sample surface. The 
competition prevents the binding of a part of molecules at the tip or at 
the surface reducing the number of observed specific events giving the 
same values but lowering the ratio of successful events and maximizing 
the ratio of single complex formation respect to multievents. In the last 
years, it has been evidenced the crucial importance for the proper 
immobilization of the two partners involved in the process on tip and 
surface, respectively. For this reason, the following section is based on 
the discussion of several chemical strategies that have been successfully 
exploited in previous AFM-FS studies. 

3. Functionalization strategies to develop AFM-FS 

As for imaging studies it is recommended that the molecules or cells/ 
bacteria particles are separated enough on the sample to be scanned and 
analyzed individually, AFM-FS require samples that almost completely 
cover the substrates to increase the probability of meeting and estab
lishing specific interactions with the immobilized ligand at the tip. 
Additionally, AFM-FS experiments require the strong attachment of the 
two molecules that form the complex on the tip and surface, respec
tively. This is based on the weak interactions made when electrostatic 
forces govern the linkages between biomolecules and solid surfaces. 

Fig. 2. (a) Schematic representation of AFM-FS for 
biological studies. (b) Diagram of a typical Fz curve 
showing a specific biorecognition event between one 
biomolecule attached to a nanoflat surface and the 
molecular partner linked onto the AFM tip. Brown 
arrow indicates the cantilever approach cycle (1–3), 
whereas the blue arrow depicts the withdrawal from 
the sample surface (3–5). F and lc are the unbinding 
force of the molecular complex and the length of the 
stretched flexible linker molecule, respectively. Cir
cles representing molecules appear oversized with 
respect to the lever for a better understanding of the 
process. (c) Examples of classical Fz curves that can 
be found in AFM-FS experiments. (d) Conventional 
statistical analysis of the gathered rupture forces of a 
complex under a particular experimental condition. 
Blue, red, and green bars represent the rupture forces 
when one, two, and three complexes break at the 
same cycle, respectively. Fun is the most probable 
unbinding force provided by a Gaussian fitting of a 
distribution of the rupture forces involved in one 
single complex.   
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Biomolecules can be swept when they sense external load forces [125]. 
To overcome this drawback, covalent functionalization procedures must 
be developed. 

First, the chemical surface modification of the employed materials at 
the tip and sample is discussed. Nanoflat mica and gold (Au) are today 
the main suitable substrates to carry out AFM-FS experiments. Musco
vite mica is a non-expensive material easy to exfoliate, rendering 
atomically rough surfaces. Gold substrates have excellent electrical 
conductivity. For this reason, they are recommended when the AFM-FS 
measurements are coupled with AFM-SECM or other electrochemical 
analysis. The most exploited chemical reactivity of gold surfaces is based 
on the covalent Au-thiol bonds formed when linker molecules ended by 
sulfhydryl (-SH) moieties are incubated on gold. The most common 
chemical procedure is the generation of self-assembled monolayers 
(SAMs) by the reaction between the thiol group from one end of the 
crosslinker molecule and the gold surface. A vast range of terminal 
chemical groups could be used at the other end of the linker molecule 
that will react with the biomolecule of interest. Some examples of 
appropriate linker molecules dedicated to producing SAMs on gold 
surfaces to the attachment of carbohydrates (D-Galactosamine) by pol
yhydroxyethyl acrylamide [126], lipid layers (1-palmitoyl-2-oleoyl- 
glycero-3-phosphocholine, POPC and 1,2-dileoyl-sn-glycero-3-phospho
choline, DOPC) mediated with citrate molecules [127] and proteins 
(human thyroid microsome antibodies, Tmab) by N-Hydrox
ysuccinimide-polyethylene glycol-SH linker molecules [128] on gold 
nanoparticles. Then, it has been reported chemical modification of gold 
electrodes by 1,6-hexanedithiol to covalent tether single-stranded DNA 
and RNA (aptamers) [129]. These functionalization procedures to attach 
biomolecules could be perfectly extended up to flat gold surfaces. In 
addition, gold surfaces have the capability to bind directly to those 
proteins that contain cysteine residues exposed at their outer surface. 
Nevertheless, it is recommended to design strategies involving linker 
molecules to increase the distance between the biomolecule of interest 
and the gold surface and its motion flexibility which enhances the bio
recognition processes with the partner linked into the tip. It is important 
to avoid hoods or other environments in which silanes or poly(dime
thylsiloxane) (PDMS) compounds have been previously used because 
they can interfere with SAMs formation on gold surfaces [130]. Gold 
also yields higher quality nanoflat surfaces by flame annealing [131]. In 
addition to gold, silver (Ag) and copper (Cu) surfaces can be also 
employed based on the excellent electrical performance being more 
cost-effective compared to those golden-coated. One of the main draw
backs to use these (Ag/Cu) surfaces is the limited chemical reactivity 
that can display to covalently attach the biomolecules of interest on 
them. Alternatively, highly ordered pyrolytic graphite (HOPG) also 
drives exceptional quality surfaces for conductive studies. HOPG con
tains uniform structural layers with minimal steps and easily cleaved on 
smooth surfaces. Recently, HOPG has successfully used to assess the 
time-lapse DNA mobility in presence of enzymatic proteins [132]. This 
research could positively contribute on the knowledge of the underlying 
mechanisms of transcription processes. Other illustrative example is 
based on the study of amyloidogenic peptide self-aggregation and its 
orientation [133], which can have strong impact on the early prognosis 
and clinical treatment of patients with neurodegenerative diseases. 
Finally, mica surfaces can be also employed for the same purpose. 
Muscovite mica is a hydrated phyllosilicate mineral of aluminum and 
potassium (KAl2(AlSi3O10)(OH)2). Thus, mica chemistry is analogous 
compared to spontaneous oxidized silicon nitride (Si3N4) AFM tips 
which face silicon oxide (SiO2) chemical moieties. 

The potential AFM tip functionalization strategies are described 
hereunder. One of the requirements to find suitable crosslinker mole
cules is their flexibility properties. In this framework, polyethylene 
glycol (PEG) (H-[O-CH2-CH2]n-O-H) arised as a powerful option due to 
its modular properties [134]. PEG chains do not only undergo stretching 
under external exerted forces but also are chemically inert, which is 
highly desirable to prevent unspecific AFM tip-sample interactions 

during AFM-FS running experiments [135]. Furthermore, PEG linker 
molecules exhibit exceptional stability in liquid media, an aspect that 
aids to lower the tendency of biomolecular aggregation during AFM tip 
functionalization steps, and remarkably PEG spacers constitute an 
excellent fingerprint to identify peak forces corresponding to the specific 
unbinding of the complexes, as explained above. Table 1 recaps the PEG 
molecules commercially available with their molecular weights (MW) 
and contour lengths. The reactivity of PEG chains depends on the 
chemical moieties located at both ends of the crosslinker molecule. 

Table 2 depicts the versatile functional groups of different PEG de
rivatives and their reactivity. It is remarkable to point out that PEG 
molecules can be synthesized following multitude of alternative geom
etries (linear, branched, multi-arm, …) which confer them an enormous 
richness in terms of crosslinking and conjugation strategies to func
tionalize AFM tips. 

The target groups of carbohydrates, lipids, proteins and DNA/RNA 
strands are –COOH/-CHO/–OH, -COOH/-OH/-NH2, -COOH/-CHO/- 
OH/-NH2/-SH and –CHO/–OH/-NH2, respectively. Then, maleimide can 
serve as intermediate reactive groups to bond biomolecules which 
expose –SH moieties like cysteine residues via thioether linkages. 
Finally, the molecular bioconjugation strategies are addressed. In 
addition to PEG linker chains, a wide variety of short-length hetero
bifunctional linkers are available to exploit the diverse chemistry pre
sent in biomolecular surfaces (Fig. 3). 

Carboxylic acid (R1-COOH) based molecular targets can be coupled 
with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) linker 
agent to aminated mica surfaces generated by a mixture of N,N- 
Diisopropylethylamine (Hünnig's base) and (3-Aminopropyl)triethox
ylane (APTES) in vapor phase forming a sub-monolayer as reported 
elsewhere [136] forming covalent amide conjugates (R1-CO-NH-R2) 
(Fig. 3a). In addition, EDC can be also employed to label DNA and RNA 
oligonucleotides through their 5′-phosphate groups creating phosphor
amide linkages (Fig. 3b). EDC has fulfilled the prospects to functionalize 
AFM tips with factor H proteins [137] or DNA/RNA aptamers [138]. 
Furthermore, strategies involving EDC as crosslinker molecule for bio
molecular conjugation have been also developed for liposomes (lipids) 
[139], Fibronectin (proteins) [140], DNA [141] or RNA constructs 
[142]. 

Aldehyde (R1-CHO) groups created by periodate oxidation of car
bohydrates and proteins can react with hydrazide linker molecules 
forming hydrazone bonds (Fig. 3c). DNA and RNA strands are suscep
tible to be also conjugated with hydrazide reagents by reacting their 
cytosine residues with bisulfite to form reactive sulfone intermediates. 
The linker reagent more convenient for biological applications is the 3- 
(2-Pyridyldithio)propionyl hydrazide (PDPH) due to its double reac
tivity toward the –CHO of the biomolecule of interest and thiolated mica 
surfaces by terminal hydrazide and pyridyldithio groups, respectively. 
AFM tip functionalization strategies with hydrazide have rendered 
promising results with DNA polymerase [143] and maltose binding 
protein (MBP)/chitin binding protein (CBP) antibodies [144] (proteins) 
or DNA [145] and RNA strands [146], among others. To our knowledge, 
there are no studies to date where carbohydrates are covalently 

Table 1 
PEG models with their respective molecular weight and maximum molecular 
length when PEG chains are fully extended.  

Model MW (Da) Contour length (nm) 

PEG 200  200  1.3 
PEG 400  400  2.5 
PEG 1000  1000  6.4 
PEG 2000  2000  12.7 
PEG 3000  3000  19.1 
PEG 4000  4000  25.5 
PEG 8000  5000  50.9 
PEG 12000  12,000  76.4 
PEG 30000  30,000  190.9  
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immobilized to AFM tips through hydrazide functionalization protocols. 
Nevertheless, several works have reported decorated solid surfaces 

with carbohydrates [147] or yielding sugar bioconjugation [148], both 
by exploiting the reactivity of hydrazide linker molecules. Linkers like 
sulfo-succinimidyl 6-[3′-(2-pyridyldithio)-propionamido] hexanoate 
(Sulfo-LC-SPDP) rely on excellent bioconjugation results with those 
proteins which exhibit lysine (R1-NH2) or cysteine (R1-SH2) superficial 
residues based on the double reactivity of both ends. The N-hydrox
ysuccinimide (linker-NHS) terminal group is reactive with primary 
amines forming amide bonds (R1-CO-NH-Linker) (Fig. 3d), while the 
pyridoldythiopropionate (Linker-PDP) after the reduction by agents 
such as dithiothreitol (DTT) exposes active sulfhydryl groups (Linker- 
SH) which react with protein cysteine residues forming stable disulfide 
bonds (Linker-S-S-R1) (Fig. 3e). NHS moieties from Sulfo-LC-SPDP can 
also chemically modify mica surfaces after subsequent amination, as 
above described. Sulfo-LC-SPDP was used to functionalize mica with 
enzymes and tips with flavoproteins [149]; or covalently attach strept 
(avidin) protein molecules on mica surfaces [150] or linked into AFM 
tips [151]. Sometimes, a new procedure has to be design to attach 
organic molecules, e.g. a coenzyme, as for the covalent attachment of 
NADP+ to AFM tips, where 2-iminothiolane was made to react with the 

primary amine of the adenine, creating an amidine derivative carrying a 
reactive sulfhydryl group in the nanomechanical studies with the 
enzyme ferredoxin-NADP+ reductase [152]. Moreover, it exists many 
bioconjugation strategies to exploit the –NH2 target reactivity of lipo
somes (lipids) [153], salmonella [154] and human epidermal growth 
factor receptor 2 (HER-2) antibodies (proteins) [155], and DNA/RNA 
oligos [156]. 

Another chemical alternative is the use of isocyanate (R1-N=C=O) 
moieties with alcohol groups (R2-OH) to form stable urethane bonds (R1- 
NH-COO-R2) (Fig. 3f). Recently, it has been reported that the use of the 
heterobifunctional p-maleimidophenyl isocyanate (p-PMPI) linker 
molecule to attach cellulose nanocrystals (CNCs) on AFM tip-less levers 
[157]. This approach has been successfully devoted to addressing the 
intermolecular interactions of lignocellulosic polymers with CNCs under 
controlled relative humidity conditions [158] and evaluating the 
adhesion properties of nanocomposites at different temperatures with 
these CNCs levers [159]. This technology could aid evolve the next 
generation of plant-based biofilms with antioxidant [160] or antimi
crobial properties [161]. The present functionalization methodology 
with isocyanate linkers is highly promising to be implemented for bio
logical purposes since many biomolecules are fully covered by external 
alcohol groups. 

The functionalization procedures previously described must be car
ried out in Teflon (PFTE) beakers protected with a coverslip. This aspect 
is due to Teflon is a chemically inert material which avoids potential 
contamination effects during the chemical labeling reactions. To 
conclude, it is remarkable that although the use of flexible linkers in
creases the encounter probability, a low percentage of rupture events is 
generated during AFM-FS experiments, which is caused by a low yield in 
biorecognition. Typically, the immobilization of biomolecules on tips 
and solid surfaces is performed randomly. This fact leads to many of the 
immobilized protein molecules are unable to interact with their partners 
because their interacting surfaces have been used to anchor them to the 
substrate, which could negatively interfere in AFM-FS data interpreta
tion rendering small percentages of successful binding events between 
the biomolecules of interest. Nevertheless, it is possible to introduce the 

Table 2 
Chemistry of the terminal functional groups of PEG molecules and their target 
moieties.  

Type End functional group Target groups 

Aldehyde-PEG CH2-CH2-CHO -NH2 

Amine-PEG CH2-CH2-NH2 -COOH 
Aminoxy-PEG CH2-CH2ONH2 -CHO 
Iodoacetamide-PEG CH2-CH2-NHCO-CH2I -SH 
Maleimide-PEG CH2-CH2-Maleimide -SH 
N-hydroxisuccinimide (NHS)- 

PEG 
PEG-COO-NHS -OH, -NH2, -SH2 

p-Nitrophenyl carbonate-PEG CH2-CH2-COO-p- 
Nitrophenyl 

-NH2 

Thiol-PEG CH2-CH2-SH -COOH, -Maleimide, 
-SH  

Fig. 3. Schematic representation of chemical func
tionalization strategies using crosslinker molecules 
and their reactivity (a) 1-Ethyl-3-(3-dimethylamino
propyl)carbodiimide (EDC) with –COOH target moi
eties (carbohydrates/lipids/proteins). (b) EDC respect 
to 5′ phosphate groups (DNA/RNA strands). (c) 3-(2- 
Pyridyldithio)propionyl hydrazide (PDPH) through 
–CHO groups (carbohydrates/proteins/DNA/RNA). 
(d) sulfo-succinimidyl 6-[3′-(2-pyridyldithio)-propio
namido] hexanoate (Sulfo-LC-SPDP) linker compound 
conjugation to –NH2 target groups (lipids/proteins/ 
DNA/RNA). (e) Sulfo-LC-SPDP reactivity to –SH 
moieties (proteins). p-Maleimidophenyl isocyanate 
(p-PMPI) upon –OH target groups (from all types of 
biomolecules). Red and blue colors indicate the 
reactivity of the linker molecules toward the solid 
surface/AFM tip and the biomolecule of interest, 
respectively. Green circles depict the nature of the 
formed bonds between the crosslinker molecule and 
the biomolecule of interest.   

A. Lostao et al.                                                                                                                                                                                                                                  



International Journal of Biological Macromolecules 238 (2023) 124089

8

factor of protein orientation to measure intermolecular forces and in
crease thus, the percentage of successful events and then, the quality of 
AFM-FS. This aim can be achieved for example protecting the binding 
pocket by forming the transient complex between both biomolecules 
before the labeling chemical step with the linker molecules. Then, the 
tagged biomolecules will be isolated by running conventional fast- 
performance liquid chromatography (FPLC) [136,149]. This imple
mentation can, not only increase notably the percentage of successful 
events, but also provide some information regarding the specificity in 
the recognition when different ligands bind to the same binding site of 
the receptor [149]. The percentage of specific events found in AFM-FS 
measurements can reach up to 90 % of the total recorded Fz curves 
when proteins with multivalent binding pockets like the case of the 
streptavidin protein interacts with its respective biotin ligand [162]. 

Recently, novel photocleavable linker molecules have been designed 
and evolved for AFM-FS studies. They are capable to control the release 
of biomolecules from AFM cantilevers and thus, directly assess molec
ular binding specificity [163]. In addition, robust molecular fingerprints 
are required to accurate force spectroscopy data acquisition. Some 
previous efforts have been devoted in this field like the recent imple
mentation of molecular tethers that incorporate protein domains as the 
domain 4 from Dictyostelium discoideum filamin (ddFLN4) or metal
loenzyme polymer chains [164] whose unfolding pattern acts as mo
lecular fingerprint. Albeit this approach is particularly suited to 
extremely stable molecular complexes that unbind at forces of hun
dredths or thousands of pN (such as the bacterial adhesins) [165]. 
Therefore, the study of molecular complexes with lower mechanost
abilities (such as the classic biotin:streptavidin interaction) still largely 

Fig. 4. Schematic illustration of the 
application of the Bell-Evans model for 
analysis and interpretation of dynamic 
force spectroscopy (DFS) results. (a), 
(c), (e) – representative plots of DFS 
data and fits with the Bell-Evans model. 
(b), (d), (f) – conceptual interaction 
potentials: one-barrier, two-barriers, 
and multi-barriers, respectively. E(x) – 
the force-free interaction potential 
(black solid line), E(x) - Fx – the po
tential deformed by external force F 
(black dotted line); xβ – the distance 
between the bound state and the 
maximum of an activation barrier, ΔE21 
– the difference between the height of 
the barriers: outer and inner one.   
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relies on simple elastic tethers. This approach can be combined with 
steered molecular dynamic simulation studies in order to elicit the 
unfolding pathway followed after the stretching [166]. The optimization 
of suitable protocols for covalent chemical functionalization of flat 
surfaces and AFM tips with the biomolecule and partner of interest, 
respectively, enables to conduct AFM-FS measurements properly and 
gather data with the required quality to discern the adhesion properties 
of biomolecular systems with the required accuracy. 

4. Analysis and interpretation of AFM-FS experimental results 

The unbinding force that can be extracted from a force-extension 
curve (Fig. 2b) expresses the strength of a physical connection (bond) 
between the AFM tip and the biomolecule of interest in the pulling di
rection. Although interactions between biomolecules are usually com
plex, since they result from a combination of several noncovalent 
interactions, such as electrostatic, van der Waals and hydrophobic in
teractions, as well as hydrogen bonds, they can be treated as a single 
(specific) binding in force spectroscopy experiments. A commonly 
applied model describing a force-induced dissociation of biomolecular 
complexes is the Bell model [167]. The model assumes that the force 
applied to the bond lowers the activation barrier and hence facilitates 
the thermally activated escape from the energy well (Fig. 4b). Thus, the 
dissociation rate of the biomolecular complex in the presence of loading 
force (F) is expressed as: 

koff(F) = k0
offe

Fxβ
kB T (4)  

where koff
0 is the dissociation rate at zero force, xβ is the distance between 

the bound state and the transition state along the direction of the 
external pulling force (i.e. the reaction coordinate), kB is the Boltzmann 
constant, and T is the absolute temperature. 

However, a simple measurement of force curves does not deliver 
sufficient information on energy landscape of two interacting bio
molecules. To deliver thermodynamic and kinetic measures of specific 
biomolecular interactions, the so-called dynamic force spectroscopy 
(DFS) is usually applied as above introduced. DFS is based on unbinding 
force measurements carried out as a function of the loading rate (rF), a 
parameter that describes how fast the applied force (F) changes with 
time (t) during molecular complex unbinding (rF ≡ dF/dt). Evans and 
Ritchie [168] theoretically explained the observed relationship between 
the unbinding force and the loading rate. Assuming that rF is constant, 
they derived from Eq. (4) the following formula for the most probable 
unbinding force: 

Fun =
kBT
xβ

ln

(
xβ

k0
off kBT

rF

)

(5) 

Fitting Eq. (5) to DFS data (Fig. 4a), one can easily extract the values 
xβ and koff

0 . Therefore, the Bell-Evans model has been widely applied to 
study specific interactions between biomolecules, including the 
receptor-ligand complexes [169,170]. Table 3 summarizes the unbind
ing forces and force-free dissociation rates from some relevant biomol
ecular complexes obtained applying the Bell-Evans model for DFS data 
[171–197]. 

The problem arises with more complex DFS data, such as in Fig. 4c. 
Applying the Bell-Evans model to the entire DFS range (all Fun(rF) 
points) results in a low quality fit (low coefficient of determination and 
high standard deviations of the fitting parameters). Therefore, the DFS 
range is often divided into two subranges, which are fitted with the 
model separately [175,176,182,198,199]. This approach results in 
higher quality fits and is based on the assumption that the molecular 
complex goes through two activation barriers during unbinding 
(Fig. 4d): the outer one, which determines the dependency at low 
loading rates (Fig. 4c, range 1), and the inner one, which determines the 
dependency at higher loading rates (Fig. 4c, range 2). The inner barrier 

can be revealed at high loading rates because the outer one is lowered by 
external force at the moment of force-induced unbinding (Fig. 4d). As a 
result of the application of the Bell-Evans model to two ranges, xβ and 
koff

0 for each of the barriers as well as the difference between the heights 
of the barriers (ΔE21) can be obtained (Fig. 4d) [199,200]. 

It is important to note that the height of the barriers (in relation to 
the bound state) cannot be determined with this model. The weakness of 
this approach is the arbitrary way of dividing DFS data into subranges. A 
larger number of separate subranges, e.g. three instead of two, usually 
results in a better fitting of the model to experimental data (Fig. 4e). 
Inference of two, three or more barriers on this basis is highly debatable. 
In addition, the applicability of the Bell-Evans model is limited for the 

Table 3 
The unbinding force (Fun) of a single complex at a specific loading rate (rF), the 
dissociation rate at zero force (koff

0 ), and the number of fitting regimes for various 
biomolecular complexes presented in alphabetical order. The values of koff

0 apply 
to the outer dissociation barrier for those cases with two fitting regimes. N.L. 
refers to “non-logarithmic” trend.  

Biomolecular complex Fun 

(pN) 
rF 

(nN/s) 
koff

0 

(s− 1) 
Number of 
trends [Ref] 

Aβ:Aβ ~110  10 12.5 N.L. [171] 
Aggrecan:Aggrecan 114 ±

11  
10 0.1 One [172] 

αvβ3 integrin receptor: RGD 
peptide 

50 ±
18  

1 4.6 
10− 2 

One [173] 

α-Synuclein71-82:α-Syn71-82 ~50  10 0.2 One [174] 
Antilysozyme:Lysozyme 55 ±

10  
10 1.0 

10− 3 
Two [175] 

Avidin:Biotin ~55  1 0.35 Two [176] 
2Azo-1 DNA strands (Cis) ~30  10 2.2 

10− 1 
One [177] 

2Azo-1 DNA strands (Trans) ~45  10 3.3 
10− 2 

One [177] 

Azurin:Cytochrome c551 95 ± 1  10 14.0 One [178] 
4-Heptad coiled coil (CC-A4B4): 

CC-A4B4 motifs 
~55  10 3.2 

10− 4 
One [179] 

Colicin:IM9 protein ~70  10 4.9 Two [180] 
Concavalin A:Carboxypeptidase 

A 
~145  10 0.2 One [181] 

DNA duplex strands ~35  10 1.2 Two [182] 
E-cadherin:E-Cadherin 35 ±

16  
10 1.8 One [183] 

Epidermal growth factor 
receptor:GE11 

40 ±
10  

1 1.3 
10− 2 

One [173] 

Ferredoxin NADP+ Reductase 
(FNR):Ferredoxin 

57 ±
16  

10 21.2 One [149] 

FNR:Flavodoxin 21 ± 8  10 55.7 Two [149] 
FNR:NADP+ 136 ±

36  
10 2.0 

10− 2 
One [152] 

G-quadruple DNA strands 53 ± 3  10 1.6 Two [184] 
Hemagglutinin:Sialic acid ~60  10 0.7 Two [185] 
Human serum albumin (HSA): 

HSA 
~650  10 0.1 One [186] 

Lactose:Bovine heart (BHL) ~40  10 9.0 
10− 2 

One [187] 

Lectin:α-GalNac residues ~245  10 0.8 One [188] 
mRNA:HSA ~125  10 0.3 One [189] 
Neuraminidase:Sialic acid ~60  10 1.3 One [185] 
Oligorotaxanes foldamers 108 ±

1  
10 4.6 N.L. [190] 

P53:Azurin 75 ±
15  

10 9.0 
10− 2 

One [191] 

PDZ domain:Peptide ~120  10 3.0 
10− 2 

One [192] 

Peptidoglycan:Lysin motif 75 ±
17  

10 0.2 One [193] 

RNA strands ~48  10 0.4 One [194] 
Streptavidin:Biotin ~170  1 0.6 Two [195] 
Transferritin receptor (TfR):T7 

peptide 
55 ±
14  

1 6.8 
10− 4 

One [173] 

Vancomycin:D-Ala-D-Ala ~130  10 2.0 
10− 3 

One [196] 

Von Willebrand Factor A1:A2 ~125  10 2.0 One [197]  
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following reasons: i) the model reduces all the information about the 
interaction potential shape to a single parameter – xβ; ii) it assumes 
unbinding of a single biomolecular complex; and iii) it ignores rebinding 
processes. Therefore, more complex theoretical models were developed 
and applied. 

Dudko et al. [201] showed that the phenomenological approach by 
Evans and Ritchie [168] as well as the microscopic models by Hummer 
and Szabo [202], and Dudko et al. [203] are particular cases of the more 
general approach. This unified model, called the Dudko-Hummer-Szabo 
model, indicates that deviations from the logarithmic nature of the 
Fun(rF) dependence seen in Fig. 5a (the same in Fig. 4c and e) may result 
from the force-dependent energy profile of the transition state. The 
formula for the unbinding rate constant koff (F), derived from Kramers' 
theory [121] under the assumption of a stochastic character of the 
escape process from the potential well (Eq. (6)) is much more complex 
than the one proposed by Bell (Eq. (4)): 

koff(F) = k0
off

∫

well
e

E(x)− Fx
kB T dx

∫

barrier
e
− E(x)− Fx

kBT dx

∫

well
e

E(x)
kBT dx

∫

barrier
e
− E(x)
kB T dx

(6) 

The authors specified the free-energy potential shape and obtained 
the following expression for the most probable unbinding force: 

Fun =
ΔGβ

v xβ

⎧
⎪⎪⎨

⎪⎪⎩

1 −

⎡

⎢
⎢
⎣

kBT
ΔGβ

ln
k0

offkBT exp
(

ΔGβ
kBT

)

xβrF

⎤

⎥
⎥
⎦

ν⎫
⎪⎪⎬

⎪⎪⎭

(7)  

Here, ΔGβ is the free (Gibbs) energy of activation at zero force and ν is 
the parameter related to the shape of the free-energy potential. Dudko 
et al. suggest to use ν = 2/3, appropriate to the linear-cubic free-energy 
potential, as a universal value in their model [201,204]. 

The application of this model to the whole range of loading rates 
results in a high quality fit to the DFS data (Fig. 5a). It is not necessary to 
distinguish subranges associated with separate activation barriers to 
justify a course of Fun(rF) deviating from the logarithmic. The transition 
through a single barrier (Fig. 5b) can result in the Fun(rF) dependence as 
in Fig. 5a. Eq. (7) reduces to Eq. (5) (the Bell-Evans model) for ν = 1 
describing an unrealistic case for intermolecular interactions. The 
Dudko–Hummer–Szabo model, besides its better accuracy, has another 
advantage over the Bell-Evans model – it enables to extract ΔGβ in 
addition to koff

0 and xβ. The Dudko–Hummer–Szabo model has been 
successfully applied to analysis of experimental as well as simulation 
data for biomolecular interactions [205–207]. However, like the Bell- 
Evans model, it ignores rebinding processes. 

Friddle et al. have considered the contribution of rebinding in the 
unbinding process [208]. They proposed a model based on Bell's theory, 
introducing an additional parameter – the equilibrium force (Feq): 

Feq =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2keffΔGbu

√
(8)  

Here, keff is the effective spring constant of the system (the cantilever 
and the molecular complex) and ΔGbu is the free energy of the unbound 
state in relation to the bound one. Feq can be interpreted as the force at 
which the system passes from the near-equilibrium regime to the kinetic 
one. The most probable unbinding force is approximated by the 
following formula: 

Fun ≅ Feq +Fβ ln

(

1+ e− γ rF

Fβkoff
(
Feq
)

)

(9)  

where koff(Feq) is the dissociation rate at the equilibrium force and γ =
0.577 is the Euler− Mascheroni constant. The parameters: koff(Feq), xβ, 
and Feq, which can be recalculated to ΔGbu (Eq. (8)), describe the 

Fig. 5. Schematic illustration of the applica
tion of advanced theoretical models for anal
ysis and interpretation of dynamic force 
spectroscopy (DFS) results. (a), (c) – represen
tative plots of DFS data (the same as in Fig. 4C 
and D) and fits with the Dud
ko–Hummer–Szabo (DHS) and the 
Friddle–Noy–De Yoreo (FNDY) models respec
tively. (b), (d) – conceptual one-barrier inter
action potential: force-free E(x) (black solid 
line) and deformed by external force E(x) - Fx 
(black dotted line) with unbinding and 
rebinding transitions (burgundy arrows). Feq – 
the equilibrium force (FNDY model), xβ – the 
distance between the bound state and the 
maximum of an activation barrier, ΔGβ – the 
free energy of activation in the absence of 
external forces, ΔGbu – the free energy of the 
unbound state relative to the bound state.   
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kinetics and strength of a bond. The Friddle–Noy–De Yoreo model has 
been successfully applied to analyze the unfolding process of titin [205], 
the unbinding of the amyloid-β dimer [209], and the rupture of a single 
hydrogen bond in the α-helix peptide [210]. 

In addition to various theoretical models, a methodological frame
work containing the theoretical models have been proposed to identify 
possible reasons for the deviations from the logarithmic dependence 
like: the existence of an inner activation barrier or barriers, the influence 
of the interaction potential shape, and the contribution of rebinding. The 
methodology is based on systematic analysis of DFS data for different 
loading rate ranges with various theoretical models of force induced 
unbinding [199,203]. Therefore, extending the range of loading rates in 
particular for high values is a very important issue and several tech
niques have been proposed [205,211,212]. 

Beside the methodology based on DFS experiments and the appli
cation of theoretical models of force-induced unbinding, another 
method has been proposed to reconstruct the free energy profile directly 
from force curves. In AFM-FS experiments, the external force drives the 
molecular system out of equilibrium, and transitions between bound and 
unbound states are directly observed as the system settles to a new 
equilibrium. Such a process can be described by the Jarzynski theorem 
[213], which is commonly formulated as: 

e− ΔGbu/kBT =
〈
e− Wi/kBT〉 (10)  

Here, ΔGbu is the free energy difference between two equilibrium states – 
bound and unbound, Wi refers to the non-equilibrium work performed 
for each individual experimental trajectory which interconnects both 
states, and the angular brackets denote an average over an ensemble of 
realizations of the process. For example, Harris et al. applied Jarzynski's 
equality to analyze their single-molecule AFM-FS data and as a result, 
they reconstructed the free energy surface of mechanical stretching and 
unfolding of the I27 domain of human cardiac titin [214]. 

5. Molecular recognition imaging 

Biomolecular identification has received considerable attention in 
recent years due to the increasing interest in identifying or locating in
dividual entities under physiologically relevant conditions. Molecular 
recognition underlies key biological processes like signaling, immune 
recognition, and catalysis. Molecular recognition imaging methods rely 
on scanning with ligand functionalized cantilevers affine to the mole
cules to be detected on a substrate or directly on cellular/bacterial 
membranes. Pioneering work was developed in this field by using 
Topography RECognition imaging (TREC) [215] and tuning-fork-based 
Transverse Dynamic Force Microscopy (TDFM) [216], albeit both 
methods lack the ability to provide quantitative information. TREC uses 
a dynamic mode and feedback loop-based electronics that relates the 
reduction of the oscillation amplitude with specific interactions between 
a receptor on the sample and a ligand attached to the AFM tip. Numerous 
biological systems have been interrogated by TREC, such as avidin: 
biotin [217], human ether-à-go-go related (hERG) K+ channels:antibody 
Kv 11.1 [218], human clusterin:anti-clusterin [219], lipid bilayers 
[220], among others. TDFM operation consists of oscillating the func
tionalized AFM tip with tuning forks which are made of quartz materials. 
TDFM enables the detection of small changes in both the lever oscilla
tion amplitude and the phase contrast between the driving and detected 
signals. To overcome the aforementioned limitations, force-volume 
(F–V) [221] emerged as a promising alternative, but the extremely 
large data acquisition times can lead to drifting effects during image 
recording. This fact is due to the acquisition and recording of the entire 
force-curve data for each pixel which composes the image of the scanned 
surfaces. Recently, disrupted-in-schizophrenia 1 (DISC1) neurological 
proteins were visualized with anti-DISC1 antibody functionalized tips 
through molecular recognition maps by F–V [222]. In this framework, 
the Jumping intermittent force Mode (JM) was presented as a suitable 

approach to gather simultaneous topography and adhesion maps at local 
areas of the scanned biomolecular samples with fast-acquisition times in 
fluid, as an alternative to dynamic modes [223]. JM takes an Fz curve at 
each pixel of the image, but collects the height and the maximum tip- 
sample adhesion force discarding the rest of the Fz data. Using this 
operational mode by applying very low forces, it is possible to work 
under the repulsive electrical double layer (REDL) regime. It has been 
previously demonstrated that REDL induces repulsive interactions be
tween the AFM tip and the external surface of the biomolecule of interest 
minimizing the non-desirable unspecific tip-sample forces [135,224]. 
The Debye length (λD, nm) is defined by the following equation for 1:1 
electrolyte solutions, where the term c defined as the buffer concentra
tion (mol/l) (Eq. (11)) [225,226]: 

λD =

(
0.304
̅̅̅
c

√

)

(11) 

In these operational terms, the AFM measurements are under the 
“Derjaguin, Landau, Verwey and Overbeed” (DLVO) conditions (Eq. 
(12)) [227,228]: 

F0

λD
e
− d/λD −

2 H R
3d3 < k (12)  

where F0 is the electrostatic double-layer force amplitude, λD the Debye 
length, H the Hamaker constant, R the radius of the AFM tip apex, d the 
distance between the tip and the sample surface, and k the spring con
stant of the cantilever. JM operating in a repulsive regime may solve the 
three main limitations existing to conduct unequivocal molecular 
recognition studies, as it avoids unspecific forces allowing to directly 
obtain the specific unbinding force as the maximum adhesion in the Fz 
taken at each surface point: I) the lack of quantitative information 
regarding the studied biomolecular samples; II) long data acquisition 
times and, III) the potential presence of unspecific tip-sample adhesion 
forces. JM when applying very low forces has fulfilled high-quality 
qualitative and quantitative molecular recognition images for avidin 
by biotinylated probes [135], and FNR scanned using functionalized 
levers with its redox partners that rendered stronger rupture forces 
scanned with ferredoxin [136] than for flavodoxin [149]. 

Recently, JM was probed to discriminate among similar proteins in 
hybrid strept(avidin) equimolecular samples with a biotinylated AFM 
tip sensor capable of distinguishing between them in the adhesion maps 
[150] (Fig. 6). It is expected that the different developed methodologies 
can be extended up to other biomolecular systems or bacterial/living 
cell membranes scanned with affine ligand-functionalized AFM tips. The 
implementation of quantitative molecular recognition good practice 
protocols may pave the way to go further and contribute to the design 
and development of high-throughput analytical devices based on force 
[229], detection signal amplifiers [230], or ultra-sensitive protein 
tunable biosensors [231], among others. 

6. Limitations of AFM and alternatives 

Researchers still do not routinely use AFM instrumentation because 
until recently, such equipment was not easy to employ without expert 
knowledge, something that it was fixed quite a bit on newer systems. 
This has been even more difficult when it comes to AFM-FS. Further
more, the need of functionalization skills, the suitable collection of 
measurements, a correct data treatment, and finally an understanding of 
the results, require certain prior knowledge, such as that described here. 
The present review intends to bring the potentialities of force spec
troscopy closer to novice users from biochemistry and biophysics, single- 
molecule experience researchers and also to potential industrial stake
holders. Moreover, during the different sections that compose this work 
further details about molecular labeling, AFM tip and substrate func
tionalization procedures, AFM-FS measurements, analysis with theo
retical models of force-induced unbinding, molecular recognition 
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imaging and are provided for more advanced users. The described in
formation aims to update, in an understandable way, the procedures and 
data that involve FS to measure and understand the forces that govern 
the interactions between molecules in the cellular life. AFM-FS has been 
presented as suitable technique to gain information on this regard and 
aid thus, to better understand the underlying mechanical processes that 
take place during the transient formation/dissociation of biomolecular 
complexes. 

The parameters this technique can provide are mechanical strength, 
free energy of activation, dissociation rate constant at zero force, dis
tance to the transition state, lifetime of the complex, and number of 
transitions in the dissociation process. These data allow not only a 
quantitative comparison with other complexes but also can give an idea 
of the specificity of the interactions. A single dissociation event is 
thought to indicate that the complex binds more specifically, and a 
unique relative orientation is needed to form the complex, while two or 
more steps indicate a less-specific or more promiscuous binding. These 
can be seen clearly e.g., in the more specific binding of the enzyme FNR 
for its physiological partner ferredoxin, than for its replacement in iron- 
depleting conditions, flavodoxin. Flavodoxin binds to the same inter
acting surface with a lower strength in a less durable complex, sug
gesting a dynamic ensemble model [149]. A high mechanical strength 
and a longer lifetime also relate to a higher molecular affinity. The first 
nanomechanical study of an enzyme:coenzyme complex reported fol
lows this idea, presenting 136 pN at rF 10 nNs− 1 and a lifetime of 49 s 
(Table 3) [152]. Generally, the measured unbinding force values re
ported in the bibliography, for a loading rate of 10 nNs− 1, span a wide 
range, but there are some established relations between data and the 
character of the complexes. Complexes with dissociation rates higher 
than 10− 1 s− 1, and lifetimes shorter than 10 s, are consistent with a 
relatively high turnover conferring a transient character to these systems 
[232]. A small distance to the transition state, xB ≤ 0.1 nm, likely in
volves the rupture of hydrogen bonds or salt bridges from a rigid ligand 
or can be also derived from the simultaneous rupture of several bonds 
during a single Fz. In this second case, the true value of xB per single 
bond is determined by its multiplication by the number of bonds. 
Whereas, higher xB ≥ 1 nm values, presumably implies a deformation of 
one or both partners before the unbinding [176]. 

Furthermore, a two-event dissociation process can be assigned to the 
dissociation of two different parts of the ligand from their corresponding 
receptor binding sites, as was proposed recently for the 2′-P-AMP and 
nicotinamide moieties of NADP from their corresponding enzyme 
bipartite binding sites thanks to using three variants and the wild-type 
FNR [152]. These data not only show how the binding mechanism oc
curs but also provide the mechanical parameters at each of these sites. 

This could be similar to the proposed existence of two binding sites 
related to two linear regimes for the interaction between holo- 
transferrin and its receptor and a single site for the apo-form that cor
responds to a single loading rate regime, observing the preference for 
holo-transferrin, as the average unbinding force was found to be higher 
than for the complex involving the apo-form [233]. Finally, as we 
described above, it is possible to obtain the free energy of a complex 
from the work done by the applied force along several non-equilibrium 
paths connecting the initial and the final states of a reaction, breaking 
the gap between non-equilibrium and equilibrium experiments [204]. 

Currently, the main drawbacks of AFM-FS are I) the inability to 
accurately measure forces below 10 pN due to its detection limit, II) the 
inability to discern ultra-fast dissociation processes in nature due to the 
intrinsic limitations to reach high cantilever velocities and III) the 
inability to measure at different environmental conditions, e.g. in 
anaerobiosis. II is especially relevant for those biomolecular transient 
complexes where their intrinsic reversible binding/unbinding events do 
not allow the accurate force data acquisition by AFM-FS. Some im
provements have been built up in the past years to exceed I and II 
weaknesses. To overcome the first point, force feedback microscopy 
(FFM) was designed in the University of Grenoble [234]. FFM employs a 
force sensor based on a fiber-optic interferometric displacement trans
ducer instead of a laser beam detection system as in commercial AFMs. 
The advantage of interferometers is the no requirement of mechanical 
contact with the surface under test. FFM allows to have the full control of 
the tip-sample interaction avoiding the jump-to-contact between both 
surfaces. This fact increases the stability and force sensitivity of this 
technique. Nevertheless, even if FFM has been previously employed to 
gather information of biological systems in liquid media by pouring a 
liquid drop on the scanned surface area, it stills requires further devel
opment of liquid components like special customized fluid cells and 
probe holders suitable for liquid operation. It will significantly aid to 
prevent liquid evaporation during data acquisition and increasing thus, 
the measurement stability. It is important to remark that AFM has 
achieved excellent results in air conditions like the measurement of 
spontaneous water bridges formation between the bare AFM tip apex 
and freshly cleaved mica surfaces [235]. More research must be devoted 
in this field to optimize the acquisition of force data in liquid environ
ments which will gain interest to be further exploited for biological 
purposes. For these reasons, FFM and the previously described optical 
and magnetic tweezers are complementary methods to AFM. Regarding 
III, potential technical improvements to control atmosphere, tempera
ture, humidity, and other conditions in sealed chambers will allow to 
follow interactions under different relevant conditions. For example, 
operation in anaerobiosis will be relevant for the study of redox 

Fig. 6. Topography (a) and adhesion maps (b) of representative molecular recognition AFM images of hybrid strept(avidin) samples with biotinylated tips in 
buffered conditions. Red, white and black circles represent to streptavidin, avidin and non-identified protein features, respectively. The adhesion events in (b) not 
only provide the location of the molecules undistinguishable in (a) but also give the unbinding force data at the working loading force. Scan size 200 nm × 200 nm. 
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complexes when each partner remains in a specific redox state 
mimicking nature. Till now this only applied in some cases in a certain 
state when chemical reductive or oxidants agents kept the specimen of 
the samples [236] or through the application of an external light with 
specific excitation wavelengths [237]. 

Although current AFMs allow studying the conformational changes 
of biomolecules under certain conditions, for example, weakly immo
bilized by electrostatic adsorption to provide them with degrees of 
freedom and movement, if they are molecules that undergo important 
changes upon ligand binding, these can be observed; thus, enzymatic 
mechanisms of glycosyltransferases [35,75] or flavoenzymes [73] have 
been reported supported on these observations. In this sense, the 
development of high-speed AFM has implemented these capabilities. 
Smaller z-piezo actuators provide access to high frequencies (up to 130 
kHz) to probe the rheological properties of biological samples at high 
rates [238]. The temporal resolution of HS-AFM can be further increased 
by designing an ultrafast HS-AFM scanner, as recently showcased in an 
ultrafast piezoelectric Z-scanner with a record response time two-fold 
faster than a conventional piezoelectric-based Z-scanner [239]. This 
type of scanner is capable of scanning different biomolecules such as 
actin filaments and biological polymers for more than five times faster 
than conventional Z-scanners. HS-AFM is integrated with an optical 
beam deflection (OBD) detector for small cantilevers [240]. The AFM 
image time acquisition is defined by Eq. (13) [241]: 

t =
(

2 N2

fc

)

(13)  

where t is the acquisition time of the AFM image, fc is the resonant 
frequency of the AFM cantilever, and N is the number of pixels per line. 
Big efforts have been made to design and customize ultrashort cantile
vers for HS-AFM measurements [242]. These ultrashort AFM levers 
enable to break the frontiers of single molecule biophysics and structural 
biology by enabling the fast performance of Fz curves with μs resolution. 
All the above-mentioned improvements enable to capture conforma
tional transitions in various biomolecules that occur at infinitesimal 
time-scales and also the fast collection of Fzs. This aspect is relevant to 
achieving the required temporal resolution to assess those biological 
complexes with fast dissociation kinetics. HS-AFM has recently been 
applied to address the intermolecular adhesion properties of biological 
systems such as streptavidin:biotin [243,244], or avidin:biotin [245] 
and intramolecular unfolding events of immunoglobulin titin [205], 
bacteriorhodopsin proteins [246] or the α-helix unwinding of spectrins 
[247]. The excellent temporal resolution of HS-AFM enables to visualize 
those force events related to many still hidden intermediate biomole
cular states by classical AFM. Thus, HS-AFM has been employed to 
determine the molecular dynamics of biomolecular complexes by im
aging but has only been demonstrated to serve as proof-of-concept to 
decipher the nanomechanical properties of biological dissociation pro
cesses, while still far from routinely application on this regard, and many 
efforts are underway to further standardize HS-AFM protocols for force 
spectroscopy measurements. 

7. Conclusions and perspectives 

In summary, AFM is one of the most versatile tools currently used in 
nanoscience. AFM allows performing non-destructive imaging of almost 
any sample in either air or liquid, regardless of its nature. It can provide 
topography, mechanical, magnetic, and conductive maps for very 
different types of samples [248]. This is particularly outstanding in 
biology as it is the only microscopy technique providing images in 
aqueous media with nanometric resolution. It also allows for measuring 
interaction forces between a sharp probe and a sample surface, allowing 
to probe of the nanomechanical properties of the sample by either 
applying a controlled force or pulling the sample. Here, we focus on the 
biological applications of AFM in the FS mode, which go from exerting 

high loaded forces to study the nanomechanical properties of a sample 
through nanoindentation, to the collection of Fzs between ligand func
tionalized probes and immobilized receptors to form and rupture bonds, 
or even the simultaneous scanning while taking Fzs to detect molecules 
at the single level. The fast development of AFM-FS technique and the 
related functionalization procedures can allow the intermolecular force 
detection between biomolecules that are part of living cells [249]. The 
findings obtained by this pioneer approach can open new avenues in the 
design of more efficient drug carriers or the better knowledge of the 
underlying mechanisms involved in the cellular uptake mediated pino
cytosis. We have shown different modalities of the AFM family that 
complement AFM-FS data, single-molecule approaches capable of 
providing data on biomolecule dynamics, and others dedicated to 
measuring tiny forces without mapping capabilities. AFM-FS provides 
kinetic parameters, data on the dissociation landscape, and the me
chanical forces that maintain biomolecular complexes, which can be 
determinant in understanding the molecular recognition pathway, 
binding mechanism and the degree of specificity of the complexes in 
nature. These data together with those given through imaging as the 
association pattern or the conformational changes suffered by bio
molecules upon ligand binding may be very useful to unravel associa
tion/dissociation mechanisms, enzymatic steps, or even the 
identification of physiological partners or ligands, and its location on 
natural membranes. 

These capabilities together with the promising technical improve
ments, such as the ones expected from HS-AFM, make AFM-FS a unique 
tool in nanobiology and other fields. The single-molecule detection 
capability of AFM-FS together with the possibility to use small amount of 
samples to perform reliable experiments is promising for the develop
ment of FS-based innovative nanobiosensors. Finally, researchers and 
stakeholders have put a lot of hope in the development of HS-AFM 
methodologies to obtain very accurate dissociation parameters of tran
sient biological complexes with extremely high unbinding rates in the 
near future. 
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[152] S. Pérez-Domínguez, S. Caballero-Mancebo, C. Marcuello, M. Martínez-Júlvez, 
M. Medina, A. Lostao, Nanomechanical study of enzyme: coenzyme complexes: 
bipartite sites in plastidic ferredoxin-NADP+ reductase for the interaction with 
NADP, Antioxidants 11 (3) (2022) 537, https://doi.org/10.3390/ 
antiox11030537. 

[153] B. Almeida, O.K. Nag, K.E. Rogers, J.B. Delehanty, Recent progress in 
bioconjugation strategies for liposome-mediated drug delivery, Molecules 25 (23) 
(2020) 672, https://doi.org/10.3390/molecules25235672. 

[154] I. Jasim, Z. Shen, Z. Mlaji, N.S. Yuksek, A. Abdullah, J. Liu, S.G. Dastider, M. El- 
Dweik, S. Zhang, M. Almasri, An impedance biosensor for simultaneous detection 
of low concentration of Salmonella serogroups in poultry and fresh produce 
samples, Biosens. Bioelectron. 126 (2019) 292–300, https://doi.org/10.1016/j. 
bios.2018.10.065. 

[155] S. Lee, S. Park, M.T. Nguyen, E. Lee, L. Kim, S. Baek, C.J. Kim, Y.J. Jang, H. 
A. Choe, A chemical conjugate between HER2-targeting antibody fragment and 
Pseudomonas exotoxin a fragment demonstrates cytotoxic effects on HER2- 
expressing breast cancer cells, BMB Rep. 52 (8) (2019) 496–501, https://doi.org/ 
10.5483/BMBRep.2019.52.8.250. 

[156] J. Lin, Y. Hu, J.-J. Zhao, Repression of multiple myeloma cell growth in vivo by 
single-wall carbon nanotube (SWCNT)-delivered MALAT1 antisense oligos, J. Vis. 
Exp. 142 (2018), https://doi.org/10.3791/58598. 

[157] C. Marcuello, L. Foulon, B. Chabbert, M. Molinari, V. Aguié-Béguin, Langmuir- 
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Rigueiro, High-yield characterization of single molecule interactions with 
DeepTipTM atomic force microscopy probes, Molecules 28 (1) (2022) 226, 
https://doi.org/10.3390/molecules28010226. 

[163] M. Koehler, C. Lo Giudice, P. Vogl, A. Ebner, P. Hinterdorfer, H.J. Gruber, 
D. Alsteens, Control of ligand-binding specificity using photocleavable linkers in 
AFM force spectroscopy, Nano Lett. 20 (5) (2020) 4038–4042, https://doi.org/ 
10.1021/acs.nanolett.0c01426. 

[164] R.-X. Yao, J.-J. Shei, K.-H. Li, X. Liu, H.-Y. Zhang, M. Wang, W.-K. Zhang, 
Exploring the nanomechanical properties of a coordination-bond based 
supramolecular polymer, Chin. J. Polym. Sci. 40 (2022) 1613–1622, https://doi. 
org/10.1007/s10118-022-2797-y. 

[165] L.F. Milles, K. Schulten, H.E. Gaub, R.C. Bernardi, Molecular mechanism of 
extreme mechanostability in a pathogen adhesion, Science 359 (6383) (2018) 
1527–1533, https://doi.org/10.1126/science.aar2094. 

[166] C. He, G.Z. Genchev, H. Lu, H. Li, Mechanically untying a protein slipknot: 
multiple pathways revealed be force spectroscopy and steered molecular 
dynamics simulations, J. Am. Chem. Soc. 134 (25) (2012) 10428–10435, https:// 
doi.org/10.1021/ja3003205. 

[167] G.I. Bell, Models for the specific adhesion of cells to cells: a theoretical framework 
for adhesion mediated by reversible bonds between cell surface molecules, 
Science 200 (4342) (1978) 618–627, https://doi.org/10.1126/science.347575. 

[168] E. Evans, K. Ritchie, Dynamic strength of molecular adhesion bonds, Biophys. J. 
72 (4) (1997) 1541–1555, https://doi.org/10.1016/S0006-3495(97)78802-7. 

[169] R. Merkel, P. Nassoy, A. Leung, K. Ritchie, E. Evans, Energy landscapes of 
receptor-ligand bonds explored with dynamic force spectroscopy, Nature 397 
(6714) (1999) 50–53, https://doi.org/10.1038/16219. 

[170] C.-K. Lee, Y.-M. Wang, L.-S. Huang, S. Lin, Atomic force microscopy: 
determination of unbinding force, off rate and energy barrier for protein-ligand 
interaction, Micron 38 (5) (2007) 446–461, https://doi.org/10.1016/j. 
micron.2006.06.014. 

[171] F.T. Hane, R. Hayes, B.Y. Lee, Z. Leonenko, Effect of copper and zinc on the single 
molecule self-affinity of Alzheimer's amyloid-β peptides, PLoS One 11 (1) (2016), 
e0147488, https://doi.org/10.1371/journal.pone.0147488. 

[172] A. Harder, V. Walhorn, T. Dierks, X. Fernández-Busquets, D. Anselmetti, Single- 
molecule force spectroscopy of cartilage aggrecan self-adhesion, Biophys. J. 99 
(10) (2010) 3498–3504, https://doi.org/10.1016/j.bpj.2010.09.002. 

[173] S. Li, X. Pang, J. Zhao, Q. Zhang, Y. Shan, Evaluation the single-molecule 
interactions between targeted peptides and the receptors on living cell membrane, 
Nanoscale 13 (2021) 17318–17324, https://doi.org/10.1039/D1NR05547J. 

[174] C.P.A. Doherty, L.M. Young, T.K. Karamanos, H.I. Smith, M.P. Jackson, S. 
E. Radford, D.J.A. Brockwell, A peptide-display protein scaffold to facilitate single 
molecule force studies of aggregation-prone peptides, Protein Sci. 27 (7) (2018) 
1205–1217, https://doi.org/10.1002/pro.3386. 

[175] A. Berquand, N. Xia, D.G. Castner, B.H. Clare, N.L. Abbott, V. Dupres, 
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