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Abstract: The advent of atomic force microscopy (AFM) has provided a powerful tool for investigating
the behaviors of single native biological molecules under physiological conditions. AFM can not
only image the conformational changes of single biological molecules at work with sub-nanometer
resolution, but also sense the specific interactions of individual molecular pair with piconewton force
sensitivity. In the past decade, the performance of AFM has been greatly improved, which makes it
widely used in biology to address diverse biomedical issues. Characterizing the behaviors of single
molecules by AFM provides considerable novel insights into the underlying mechanisms guiding
life activities, contributing much to cell and molecular biology. In this article, we review the recent
developments of AFM studies in single-molecule assay. The related techniques involved in AFM
single-molecule assay were firstly presented, and then the progress in several aspects (including
molecular imaging, molecular mechanics, molecular recognition, and molecular activities on cell
surface) was summarized. The challenges and future directions were also discussed.
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1. Introduction

Cells are the structural and functional unit of living organisms. The cell is a hierarchically ordered
system, which is composed of mutually interdependent species of molecules, molecular groupings, and
supramolecular entities [1]. The diverse biological molecules residing on the cell surface or inside a cell
play an important role in cellular physiological activities. For example, the cell surface molecules (e.g.,
receptors [2], sensors [3]) regulates many essential cellular processes, including cell adhesion, tissue
development, cellular communication, inflammation, tumor metastasis, and microbial infection [4].
The malfunctions of membrane proteins often lead to the pathological changes in the cell (e.g., the B
cell receptor in lymphoid malignancies [5]), and so far more than 50% of the approved drugs target
human membrane proteins [6]. Inside the cell, the DNA methylation is involved in gene expression,
protein function, and human diseases [7]. In cancer treatment, DNA-damaging chemotherapies have
been the core for the past half-century [8]. Consequently, investigating the activities of biological
molecules involved in cellular behaviors is of great significance in improving our understanding of life
mysteries and related human diseases.

Traditional biochemical methods (e.g., X-ray crystallography [9], cryo-electron microscopy [10],
and photoactivated localization microscopy [11]) require various pretreatments on the target molecules
(e.g., purification, crystallization, and labeling), which inevitably cause damage to the natural structures
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of molecules. Besides, the obtained structures by X-ray crystallography and cryo-electron microscopy
are essentially static, while the results acquired by photoactivated localization microscopy only reflect
the behaviors of fluorescent spots rather than the target molecules. The advent of atomic force
microscopy (AFM) provides an exciting tool for investigating the behaviors of single molecules in
their native states, since AFM not only has sub-nanometer spatial resolution but also can work in
aqueous conditions [12,13]. Conventional AFM takes minutes to record an AFM image, which is
much greater than the time scale at which dynamic processes usually occur in biology [14]. In the
past decade, due to the rapid development of high-speed AFM, the acquisition time of an AFM image
was improved 1000-fold, and it is possible to take more than ten images per second, allowing us to
clearly watch the real-time conformational changes of single biological molecules in action [15,16].
Besides topography imaging, via attaching antibodies (or ligands) to the surface of AFM tip, AFM
can specifically recognize individual receptors on the cell surface by obtaining force curves on the cell
surface, and this technique is termed single-molecule force spectroscopy (SMFS). SMFS can quantify
the dynamic unbinding process of individual receptor-ligand pair, which is useful for reconstructing
the folding energy landscapes of single molecules [17]. In recent years, multiparametric AFM based on
peak force tapping (PFT) is also commercially available for simultaneously acquiring multiple physical
parameters of samples, providing novel opportunities for investigating the correlation between the
diverse properties of biological systems [18]. These developments greatly improve the performance
and functions of AFM, widening the applications of AFM in life sciences and contributing much to the
field of cell and molecular biology. There have been several in-depth review articles about applying
AFM to detect the behaviors of single molecules, such as imaging molecular activities by high-speed
AFM [19], characterizing cell membrane [20], studying membrane proteins and their interactions with
ligands [21]. In this article, we will focus on the diverse methods and recent developments of applying
AFM in single-molecule assay. Firstly the related techniques involved in AFM single-molecule assay
are presented, and then the recent achievements in representative applications are summarized. Finally
the challenges and future directions are discussed.

2. AFM Single-Molecule Techniques

AFM uses a sharp tip mounted at the end of a cantilever to raster scan the surface of a sample to
construct the topographical image of the sample, as shown in Figure 1A. The deflection of cantilever is
detected by a four-quadrant position sensitivity detector (PSD) that senses a beam of laser reflected
from the backside of the cantilever. According to Hooke’s law (F = kx, k is the spring constant of the
AFM cantilever and x is the deflection of the cantilever), the interaction force between AFM tip and
sample surface is acquired. During the contact mode scanning, according to the feedback control
system, the piezoelectric ceramic driver controls the cantilever to move vertically to maintain a constant
interaction force between AFM tip and sample surface by detecting the cantilever deflection. The forces
involved in tip-sample interactions include van der Waals attractive force and electronic repulsive
force. The contact mode scanning may cause damage to the sample due to the scratch. Tapping mode
scanning eliminates the influence of lateral force on the sample by intermittently touching the sample.
During tapping imaging, the amplitude of the vibrating cantilever is detected and the piezoelectric
driver moves vertically to main a constant amplitude. The displacements of the AFM cantilever
in vertical direction correspond to the topographical information of the sample surface. There are
diverse types of AFM probes which are commercially available. Using adequate probes is important
for single-molecule experiments, since it can influence the experimental results. The AFM probes
used in certain references are summarized in Table Al (see Appendix A). The unique advantage of
AFM is that it can image the topography of the sample with high quality in liquids, making it very
suited for observing biological samples, particularly the micro/nanostructures of living biological
samples. For example, AFM can clearly visualize the individual microvilli [22], lipid rafts [23] and
vesicles [24] on the surface of living cells. By attaching the native purple membrane onto mica, the
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detailed topography of individual bacteriorhodopsin molecules can be distinctly revealed by AFM
imaging in buffer solution [25].

Recently, a new AFM imaging mode, which is called PFT [26,27], became commercially available
for multiparametric imaging, as shown in Figure 1B. In the PFT mode, the vibrating tip indents the
samples to record an array of force curves for each sampling points on the specimens. By real-time
analyzing the different parts of the force curves, multiple parameters that reflect the physical properties
of the samples are obtained. The Young’s modulus and adhesion force are obtained from the retract
curve. The deformation is obtained from the approach curve. The energy dissipation is equal to
the area between the approach curve and the retract curve. We know that conventional tapping
mode reduces the influence of lateral force on the sample, but the vibration frequency of cantilever in
conventional tapping mode is near the resonant frequency of the cantilever, which results in the relative
large tapping force on the sample and thus may cause damage to fragile samples (such as living cells).
In PFT, the vibration frequency of the cantilever is much less than its resonant frequency (e.g., the
vibration frequency of cantilever in PFT in water is less than 2 kHz [28], while the resonant frequency
of the cantilever in water is often larger than 10 kHz [29]). Hence, compared with normal tapping
mode, PFT further decreases the tapping force between AFM tip and sample (the typical force ranges
in conventional tapping mode are 1~2 nN [30], while the force ranges in PFT are 75~250 pN [22,31]),
which is of active significance for probing living biological samples. For example, conventional tapping
mode cannot reveal the individual microvilli on living kidney cells [32], while with the use of low
force PFT (~100 pN) the single microvilli on living kidney cells have been clearly visualized for the
first time [22]. By PFT imaging, the structural information of single native membrane proteins can be
correlated to the mechanical properties [33], chemical properties [34], and electrostatic properties [35]
of the proteins, providing novel insights into the behaviors of single molecules.

The life activities are dynamic in essence. There are many different types of molecules on the
cell surface. These molecules do not work alone, but associate with each other in defined micro-and
nanometer-scale regions of the cell membrane to fulfill various cell functions, such as cell adhesion,
signaling, antigen presentation and cell-cell interactions [4]. Hence, visualizing the real-time molecular
activities on the cell surface is of important significance for understanding life mysteries. The developments
in high-speed AFM allow us to observe the behaviors of single molecules at work [15]. The basic
configuration of high-speed AFM is consistent with that of conventional AFM. The differences between
high-speed AFM and conventional AFM are that high-speed AFM achieves high-speed scanning by
optimizing a series of parts, including cantilevers, cantilever deflection detection system, amplitude
detector, high-speed scanner, dynamic PID control, drift compensator, and so on [36]. As shown
in Figure 1C, the cantilevers of high-speed AFM are much more miniaturized (6-12 pm long) than
conventional ones to achieve high resonant frequencies in water (400 kHz-1.2 MHz) and small spring
constant (0.1-0.2 N/m) [37]; the scan range of the AFM head is limited to approximately 1 um, 4 pm,
and 1 pm in the X, Y, and Z directions to build a compact scanner and thus attain higher resonant
frequencies and scan speeds [38]. With high-speed AFM, the dynamic activities of single myosin
V molecules [12], single rotary motor proteins [39], single IgGs on bacterial surface [40], and single
membrane proteins [41] were visualized, providing novel insights into molecular behaviors.

Besides isolated molecules on stiff substrates, in recent years applying high-speed AFM to
directly imaging the live cells at single-molecule level has produced great achievements. In 2013,
Colom et al. [42] investigated the activities of single proteins on lens cells using hybrid high-speed
AFM/ optical microscopy, clearly revealing the mobility of single proteins on cell membrane. In 2013,
Suzuki et al. [43] revealed the dynamic events on single living cells by combining high-speed AFM
with fluorescence microscopy, such as cell edge protrusion and membrane surface dynamics. In 2015,
combining high-speed AFM with fluorescence microscopy, Yoshida et al. [44] successfully visualized
the individual mitochondria and actin network structures on live cells and captured their dynamic
changes. In 2015, by attaching an extremely long (~3 pm) and thin (~5 nm) tip by amorphous carbon
to the cantilever, Shibata et al. [45] demonstrated the capability of high-speed AFM to observe the
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real-time changes of molecular activities on living cells, such as morphogenesis of filopodia, membrane
ruffles, pit formation, and endocytosis. These studies [42-45] were obtained with narrow-area
(<5 x 5 um?) high-speed AFM. In 2013, Watanabe et al. [46] developed wide-area scanner with a
maximum XY scan range of ~46 x 46 um? by magnifying the displacements of stack piezoelectric
actuators using a leverage mechanism, revealing the dynamic bacteriolysis of single bacterial cells and
the endocytosis occurring on HeLa cells.

Mechanically unfolding single membrane proteins by AFM provides a novel way to understand
the dynamic processes of native proteins at the single-molecule level. Most proteins must fold into
unique three-dimensional structures to perform their biological functions [47]. If protein misfolding
occurs, and the misfolded proteins are not degraded, these proteins may form aggregated protofibrils
that can cause diseases, such as neurodegenerative diseases, non-neuropathic systemic amyloidoses,
and type II diabetes mellitus [6]. Mechanical forces are commonly employed for protein folding in
a number of diverse proteins, and thus investigating the mechanical behavior of these proteins is of
important significance for understanding protein folding [48]. AFM can mechanically unfold the single
native proteins by obtaining force extension curves on the protein-contained lipid bilayer [49], as shown
in Figure 1D. For mechanically unfolding membrane proteins, lipid bilayers containing reconstituted
membrane proteins are adsorbed to flat substrates (e.g., freshly cleaved mica). AFM imaging is first
performed to position the AFM tip over the membrane proteins of interest, and then the tip is pushed
to the membrane protein until reaching a force of about 1 nN for 1 s, which allows the exposed
polypeptide to adsorb to the AFM tip (with a probability about 15% [25]). Then the tip is retracted to
induce protein unfolding while recording a force extension curve. The tip-protein binding is strong
enough to allow the sequential unfolding of the membrane protein during retraction [50]. In the
protein unfolding experiments, there is no control of which part of the protein attaches to AFM tip,
and thus only those force extension curves reflecting the entire unfolding of the proteins (either the
C- or N-terminal end of the protein attaches to the AFM tip) are used for analysis [25]. The unfolding
of a membrane protein results in many sawtooth-like peaks in the force extension curve and each peak
corresponds to a specific section of the folded protein. The recorded force extension curves are fitted
by the worm-like chain (WLC) model to reveal the unfolding pathway of the protein [6,44]:

_ kpT |1 N\ x 1
p(x)—lp[4(1—Lc) +LC—4] M

where F(x) is the force, L is the contour length of the peptide, I, is the persistence length of the peptide
(usually 0.4 nm for protein [6]), x is the extension of peptide, kg is Boltzmann's constant, and T is the
temperature. Each sawtooth-like peak is fitted by the WLC model. From the fitting, the number of
amino acids is calculated from the contour length in WLC fitting (the contour length of an amino acid
is 0.36 nm [25]), and then the unfolding pathway is obtained.



Sensors 2017, 17,200 5 of 20

aser PSD A ’
& .
v
Piezoelectric N Blance weight 'ﬁ
ceramic

I
&
o
i
3
&
[=]
o
\ .J<
'i.w
Distance
[y
E = — "4
- ——_§
-—
: v

S f’qu Recognition
image

Oscillation
—

Pico

TREC Topography
'\U/\—— image

T T
50 100 150 200
Distance (nm)

m—
Scan direction

Figure 1. Typical AFM single-molecule techniques. (A) Principle of AFM. The tip raster scans the
sample surface, during which the cantilever move vertically to maintain a constant interaction force
between tip and sample. The force is detected by a laser reflected off the backside of the cantilever.
(B) PFT multiparametric AFM imaging. The AFM tip approaches the withdraws from the sample in
a pixel-for-pixel manner to record forces, F, over the tip-sample distance in force curves. The high
precision of the approach allows detection of pixel sizes <1 nm? with a positional accuracy of ~0.2 nm
and forces at piconewton sensitivity. Reprinted with permission from [18]. Copyright 2013 Macmillan
Publishers Limited. (C) Structure of a high-speed AFM scanner for narrow area (1 um x 4 um)
imaging and scanning electron micrograph of a small cantilever for high-speed AFM. Reprinted
with permission from [37]. Copyright 2014 Elsevier Ltd. (D) Mechanical unfolding of the membrane
protein FhuA embedded in a lipid bilayer. A single FhuA is nonspecifically attached to the AFM tip.
Increasing the distance of tip and membrane establishes a mechanical force that induces unfolding
of FhuA. Force extension curves recording during unfolding a single FhuA show force peaks that
measure the interactions established by unfolding intermediates of FhuA. Reprinted with permission
from [49]. Copyright 2012 Elsevier Ltd. (E) Probing single receptors on cell surface with functionalized
tip. A ligand is attached to the AFM tip and controlled to touch the receptor on the membrane.
The receptor-ligand interaction is detected by pulling the receptor, during which force curve is recorded.
The abrupt peak in the force curve corresponds to the receptor-ligand unbinding event. (F) TREC
imaging. Special electronic circuit in the TREC box separates the maxima and minima of the oscillation
amplitude during binding and generates the recognition and topographic image from them respectively.
Reprinted with permission from [51]. Copyright 2016 American Chemical Society.

By using a functionalized tip, AFM can also recognize the individual membrane proteins on the
cell surface and quantify the binding affinity of the proteins, as shown in Figure 1E. By performing
approach-retract cycles on the cell surface with tip carrying ligands, force curves are recorded.
If a ligand molecule binds to a receptor molecule during the contact between AFM tip and cell, the
receptor-ligand pair is then pulled by AFM tip during the retract process. The receptor-ligand pair
ruptures when the pulling force is larger than the binding energy, leading to a significant abrupt peak
in the retract curve [52]. By controlling the density of ligands attached to the AFM tip to a low level,
it can be confirmed that in each approach-retract cycle only one receptor-ligand pair forms [53], and
thus the magnitude of the specific unbinding peak in the retract curve corresponds to unbinding force
of a single receptor. Notably, for AFM force spectroscopy experiments, the spring constant of the
cantilever should be calibrated to precisely quantify the molecular interactions. First, force curves
are recorded on a stiff substrate (such as glass) to obtain the deflection sensitivity of the cantilever
(nm/v). Then the spring constant of the cantilever is calibrated by thermal noise method [27]. The force
resolution of AFM is determined by its spring constant. Hence, for single-molecule force measurements,
best results are generally obtained with cantilevers exhibiting small spring constants (in the range
of 0.01 to 0.1 N/m) and short lengths (<50 pm) [53]. By measuring the receptor-ligand unbinding
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force at different loading rates, the information about the dissociation dynamics of receptor-ligand
interaction (e.g., the dissociation rate constant) and the prominent barriers traversed in the energy
landscape along its force-drive dissociation pathways can be derived according to Bell model [54,55]:

kgT vx
F="B | 2 2
X n(koff(O)kBT> ( )

where 7 is the loading rate, k,(0) is off-rate constant for dissociation in the absence of external force
F, x is the position of the energy barrier that should be overcome during the dissociation, kg is the
Boltzmann's constant, T is temperature.

By obtaining arrays of force curves on the cell surface, the distributions of receptors can be
mapped [56,57]. However, this method is time-wasting with a low efficiency. Researchers have
developed a method to simultaneously obtain the topography and recognition information of the
receptors on cell surface using functionalized tip, and this technique is called simultaneous topography
and recognition (TREC) imaging [51], as shown in Figure 1F. When a ligand on the AFM tip binds to
a receptor on the cell surface, the vibrating cantilever cannot return to its original position due to the
pulling between AFM tip and the receptor-ligand pair, which causes the changes of the upper half of
the cantilever’s oscillation signal but the lower half of the oscillation signal is not influenced. Hence,
by separating the oscillation signal into the upper part (U.x) and the lower part (U,,;,,) with a special
electronic circuit, the recognition image and topography image can be simultaneously obtained.

3. Molecular Imaging

Imaging the topography of single native biological molecules under physiological conditions
is one of the most important applications of AFM in single-molecule assay. Antibodies are protein
molecules that play a critical role in humoral immunity. The antibody structure has been revealed by
electron microscopy and X-ray crystallography under non-physiological conditions, which cannot
faithfully reflect the real situation. In 2014, Ido et al. [58] acquired the high-resolution topography
of single IgG molecules in aqueous condition by AFM, as shown in Figure 2A. IgG molecules were
immobilized onto a freshly cleaved mica in 50 mM ZnCl, solution. In order to obtain high quality
AFM images of single molecules, the crucial prerequisite is to immobilize the molecules firmly to a
supporting surface so that the position of the probe with respect to the sample can be defined with
high precision during imaging. Mica is an idea supporting surface, since the surface of freshly cleaved
mica provides atomically flat surfaces over large areas [19]. Mica is negatively charged in aqueous
solution, and thus mica surface facilitates electrostatic adsorption of positively charged molecules.
For negatively charged molecules, they can adhere to the mica surface in cation solution. Hence the
buffer solution containing cations is a key to successful imaging. In [58], IgG molecules are anchored to
mica surface firmly in Zn?* solution. The obtained AFM image clearly showed the Y-shaped structure
of individual IgG molecule. Besides, monoclonal IgG molecules could self-assemble into well-ordered
hexamers in aqueous solution. The Fc regions formed a doughnut-like inner assembly area at the
center of the hexamer, and the outer petal-like structures were composed of six pairs of Fab regions.

Bacterial microcompartments (BMCs) are proteinaceous organelles that are widespread among
bacterial phyla. In 2016, Sutter et al. [59] revealed the detailed topography of native BMC shell
hexamers in solution by AFM, as shown in Figure 2B. BMC proteins from Haliangiumochraceum
were adsorbed to the mica in buffer (50 mM Tris-HCI, pH 7.8, 100 mM NaCl, 10 mM MgCl,).
Two distinct surface morphologies of the hexamer patches were discerned in AFM topography images,
corresponding to the concave and convex faces of the hexamers observed in crystal structure. Further,
the dynamics of BMC sheet formation were observed by time-lapse AFM imaging. Besides the
molecules on the cell surface, AFM can also visualize the intracellular structures by isolating
them from the cell. Nuclear pore complexes (NPCs) are biological nanomachines that mediate the
bidirectional traffic of macromolecules between the cytoplasm and nucleus in eukaryotic cells. In 2016,
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Sakiyama et al. [60] clearly visualized the NPC structure in buffer solution by AFM, as shown in
Figure 2C. Nuclei from Xenopuslaevis were adsorbed onto a poly-L-lysine-coated glass in low salt buffer
(LSB) (ImM KCI, 0.5 mM MgCl,, 10 mM Hepes, pH 7.5). Poly-L-lysine is positively charged and cells
are negatively charged. Hence substrate coated by poly-L-lysine can capture cells via electrostatic
adsorption. AFM images were obtained in LSB solution. Pore-to-pore variability was evidently observed
and about 40% of all NPCs showed large ‘plug-like” features which were the cargoes caught in transit.
By time-lapse imaging, the nanoscopic spatiotemporal dynamics of phenylalanine-glycine nucleoporins
(FG Nups) proteins inside individual NPCs were revealed, providing novel insights into the dynamics
of FGNups in NPC transport at the single-molecule level. In 2013, Ido et al. [61] clearly observed the
helix structures of single native DNA in water by AFM, as shown in Figure 2D. DNA was adsorbed
onto a freshly cleaved mica in 50 mM NiCl, solution. Two distinct types of grooves with different
widths appeared alternately, which corresponded to the major and minor grooves of B-form DNA.

Besides obtaining the static topography of single native biological molecules, the dynamic
conformational changes of single molecules can be captured with the use of high-speed AFM.
Fi-ATPase is an adenosine triphosphate (ATP)-driven motor in which three torque-generating 3
subunits in the a3 33 stator ring sequentially undergo conformational changes upon ATP hydrolysis to
rotate the central shaft y unidirectionally. In 2011, Uchihashi et al. [39] recorded the dynamic structural
changes of single F1-ATPase molecule, as shown in Figure 2E. The o333 subcomplex was covalently
immobilized on mica. Mica was treated by 3-aminopropyltriethoxysilane and glutaraldehyde.
Then a droplet containing o333 subcomplex was deposited on the surface. AFM images were recorded
in buffer solution (10 mM Tris-HCl, pH 8.0, 2 mM MgCl,). In the absence of nucleotide, the o333
showed a pseudo-sixfold symmetric ring in which three alternately arranged subunits were elevated
relative to the other three. When a non-hydrolyzable ATP was added, the ring became triangular and
the central hole was obscured. By obtaining successive AFM images, the dynamic conformational
changes of single o333 after the addition of ATP were clearly obtained. In 2010, researchers from the
same group [12] investigated the dynamic walking process of single myosin molecule. The mica surface
was firstly covered with biotin-containing lipid bilayers and then streptavidins were deposited on the
substrate. Biotinylated actin filaments were immobilized on the bilayer surface through streptavidin
molecules. Successive AFM images clearly showed that single myosin molecule moved processively
along the actin filaments with discrete 36-nm steps.

DNAs have been widely imaged by AFM [62], and investigating the dynamic DNA-drug
interactions provides a new idea to understand drug actions at single-molecule level. In 2013,
Alonso-Sarduy et al. [63] investigated the dynamic conformational changes of single plasmid DNAs
after the stimulation of chemotherapy drug Dauin aqueous condition, as shown in Figure 2G.
For imaging DNA in liquids, the [Mg?*]/[Na*] ratio was crucial for the establishment of optimal
DNA-imaging conditions. DNA molecules were immobilized to mica surface via 2 mM MgCl, and
10 mM NaCl. Successive AFM images showed that the degree of negative supercoiling decreased
and then reversed to a positive supercoiling and local plectonemic strands formed. Notably,
for directly attaching DNAs onto mica in solution containing cation, DNAs form random shapes
on mica. Recently, Endo et al. [64] have developed an observation scaffold based on the DNA
origami structure. The scaffold can accommodate two DNA in its cavity to control the physical
properties of the DNA (such as tension). With the method, diverse DNA-related molecular interactions
(e.g., DNA methyltransferase, DNA repairenzymes) have been observed at single-molecule level,
providing a novel way to precisely investigate the molecular interactions. These experimental studies
demonstrated the unique capability of AFM in characterizing the topography of single native biological
molecules (e.g., antibody, membrane protein, nuclear protein, DNA) at work under near-physiological
conditions and monitoring their conformational changes, providing visual evidence for the behaviors
of single molecules. Besides, the studies offer outstanding templates for investigating the diverse other
types of biological samples and phenomena [37], which will be particularly useful for us to understand
the biological activities at the single-molecule level.
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Figure 2. Imaging the static and dynamic structures of individual biological molecules under
physiological conditions by AFM. (A-D) Static imaging. (A) IgG antibody molecule. High-resolution
AFM image of anti-HSA mouse monoclonal antibody (IgG) adsorbed on a mica and self-assembled
antibody hexamers composed of six IgG molecules. Images were recorded in 50 mM ZnCl, and
50 mM MgCl, solution respectively. Reprinted with permission from [58]. Copyright 2014 Macmillan
Publishers Limited. (B) Bacterial microcompartment protein. The concave face has a depression
diameter of 52.8 angstrom whereas the convex face has a diameter of 47.1 angstrom measured by AFM
cross-section analysis. Reprinted with permission from [59]. Copyright 2015 American Chemical Society.
(C) Nuclear pore complexes (NPCs). Numerous NPCs in the cytoplasm-facing outer nuclear membrane.
Average projected structure of a vacant NPC showing eight cytoplasmic filaments that surround a
central pore. Reprinted with permission from [60]. Copyright 2016 Macmillan Publishers Limited.
(D) DNA. The red and blue arrows indicate the positions of major and minor grooves of B-DNA,
respectively. Gray arrows indicate the local melting regions of the plasmid DNA. Reprinted with
permission from [61]. Copyright 2013 American Chemical Society. (E-G) Dynamic imaging. (E) Rotary
motor molecule. Successive AFM images showing the conformational change of 3 subunits in ATP.
The highest pixel in each image is indicated by the red circle. Frame rate, 12.5 frame/s. Reprinted with
permission from [39]. Copyright 2011 AAAS. (F) Walking myosin molecule. Successive AFM images
showing the processive movement M5-HMM in ATP. Arrows indicate coiled-coil tail of M5-HMM
tilted towards the minus end of actin. Reprinted with permission from [12]. Copyright 2010 Macmillan
Publishers Limited. (G) DNA after drug stimulation. AFM images of the conformational changes of
single DNA induced by the injection of Dau. Reprinted with permission from [63]. Copyright 2013
American Chemical Society.

4. Molecular Mechanics

Besides directly visualizing the topography structures of single proteins, AFM can also mechanically
reveal the dynamic information in the unfolding process of single protein. Protein molecules acquire their
functions by specifically folding their polypeptide chains into well-defined three dimensional structures,
and thus the unfolding information becomes a “molecular fingerprint” for indicating the proteins [65].
In 1997, Rief et al. [66] firstly used AFM to mechanically unfold single titin molecules, as shown
in Figure 3A. Titins were allowed to adsorb onto gold surface in phosphate buffered saline (PBS)
solution. The force extension curves evidently exhibited a sawtooth-like pattern, with a periodicity
that varied between 25 and 28 nm. Force extension curves of the same titin molecule were recorded
to examine the refolding of titin. After each extension, the molecule was allowed to relax completely.
A completely cycle took approximately 1 s. The subsequently recorded force extension curves also
exhibited sawtooth-like peaks, but the peaks were fewer. The results showed that titin refolded but
only a fraction of the domains refolded. During the process of unfolding a molecule, it was possible
that the molecule was fully unfolded but did not detach from the cantilever tip. Tension on the
protein might then be relaxed by returning the tip to the position before unfolding [67]. In this case,
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the domains of the protein might actually refold, allowing the protein to undergo forced unfolding
again. The research demonstrate that AFM could investigate the unfolding and refolding process of
single proteins.

Then researchers explored utilizing AFM to directly unfold single membrane proteins which
were trapped in the cytomembrane. In 2000, Oesterhelt et al. [25] used AFM to unfold single native
membrane protein molecules, as shown in Figure 3B. Purple membrane is a special patch of the cell
membrane of Halobacteriumsalinarum. In the purple membrane, there is only one type of protein
called bacteriorhodopsin (BR) [68]. Hence, BR in the purple membrane is an ideal sample for AFM
studies. The native purple membrane patches isolated from Halobacteriumsalinarum were allowed to
adsorb to mica surface. The well-pronounced single BRs in the purple membrane were visualized
by AFM imaging. Then AFM tip was located to single BR and unfold it. The force extension curve
showed specific sawtooth-like peaks, which corresponded to the unfolding of BR. For verification,
AFM imaging was performed at the same area again and the image showed a distinct hole in the
position of the unfolded BR.

AFM can not only mechanically unfold single proteins adsorbed on mica or reconstituted in the
membrane, but also can directly unfold single membrane proteins on the surface of live cells. In 2009,
Alsteens et al. [69] applied AFM to unfold single Als5p proteins directly on live cells, as shown in
Figure 3C. Single Saccharomyces cerevisiae cells (a species of yeast) expressing Als5p were mechanically
trapped in porous polycarbonate membranes (the pore size in the polycarbonate membranes was
similar to the cell size). Ig-T molecules were attached to the surface of AFM tip which was previously
coated by a layer of gold. Force extension curves were recorded when indenting the cell surface with
Ig-T-linked AFM tip. The force extension curves displayed distinctly sawtooth-like patterns, which
corresponded to the unfolding dynamics of Als5p proteins. By recording arrays of force extension
curves on the cell surface, the gray maps reflecting the unfolding force of Als5p were constructed.

The unfolding of single protein by conventional AFM had a slow pulling velocity (e.g.,
40 nm/s [25,70]), which was much smaller than the molecular dynamics simulations. In 2013,
Rico et al. [71] applied high-speed AFM to unfold single titin molecules at high pulling velocities,
as shown in Figure 3D. Force extension curves were acquired at pulling velocities ranging over six
orders of magnitude, from 0.0097 to 3870 um/s. At slow velocities, the force extension curves were
in agreement with the results by conventional AFM. But when the pulling velocities were higher
than 100 um/s, the unfolding forces followed a significantly steeper slope, which was consistent with
the results obtained by molecular simulations. The research enabled unfolding single proteins in
microsecond time resolution which was comparable to molecular simulations and thus allowed direct
comparison of experimental and simulated unfolding results.

These experimental results (Figure 3) demonstrate that AFM can mechanically unfold different
types of protein molecules (including isolated proteins adsorbed on mica [66], native proteins
reconstituted on membrane patch [25,49], native proteins on live cell [69]) in aqueous conditions
at the single-molecule level and the unfolding timescale can be comparable to that in molecular
dynamic simulations [71], providing an invaluable system for experimentally exploring the specific
mechanical behaviors of single proteins. With the established method, other types of proteins can be
investigated, which will be particularly useful in understanding fundamental mechanisms guiding the
behaviors of single molecules, e.g., proteins folding pathway, how proteins tune their functions by
different folding pathways, false folding and disease, and how to tune protein folding.
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Figure 3. Unfolding single proteins by AFM. (A) Titin molecule. Force extension curves obtained by
stretching titin proteins show periodic features that are consistent with their modular construction.
Repeated stretch-relaxation cycles of single titin fragments demonstrate refolding. Reprinted with
permission from [66]. Copyright 1997 AAAS. (B) Bacteriorhodopsin membrane protein. The tip
and protein surface was separated at a velocity of 40 nm/s while the force spectrum was recorded.
After the force extension curve was recorded, a topography of the same surface was taken to show
structural changes. Note that a single monomer is missing (white circle). Reprinted with permission
from [25]. Copyright 2000 AAAS. (C) Membrane protein on live cells. Force extension curves
recorded between an Ig-T tip and surface of yeast cells expressing Als5p. Cells are trapped in porous
membrane. Unfolding forces on cell surfaces were mapped by recording arrays of force extension
curves on 500 nm x 500 nm areas. Reprinted with permission from [69]. Copyright 2009 American
Chemical Society. (D) High-speed unfolding of titin molecule. Typical force extension curves are
recorded at different retraction velocities (1, 100, 1000 pm/s) and dynamic force spectrum of the
intermediate unfolding state. Solid red line is the theoretical fitting. Reprinted with permission
from [71]. Copyright 2013 AAAS.

5. Molecular Recognition

Using AFM to specifically probe the target molecules on the surface is an important and successful
application of AFM in single-molecule assay. In 1994, Florin et al. [72] firstly used AFM to measure
the unbinding force of individual molecular pair (biotin-avidin), as shown in Figure 4A. AFM tip
was firstly coated by a layer of biotinylated bovine serum albumin (BSA) and then incubated with
avidin molecules. The AFM tip was moved to biotinylated agarose beads to obtain force curves.
The obtained force curves clearly showed the adhesion peaks caused by the rupture of biotin-avidin
pair. After adding the avidins to block the biotins on the beads, there were no adhesion peaks in the
obtained force curves, demonstrating the specific biotin-avidin binding during force spectroscopy:.
But the adhesion peaks in the obtained force curves contained as many as 100 biotin-avidin pairs.
By blocking most of the biotin on the beads, the number of interacting molecules were significantly
reduced and the single binding events were measured.

In 1996, Hinterdorfer et al. [73] measured single antibody-antigen recognition events by linking
antibodies to the surface of AFM tip via a polyethylene glycol (PEG) spacer molecule, as shown in
Figure 4B. The length of the PEG molecule was about 8 nm. Antibodies were linked to the surface of
AFM tip. The antigen proteins were adsorbed onto mica by the same PEG spacer molecule. The density
of antibodies on tips was adjusted to best meet the expectation that only one antibody might interact
with the mica surface. From the force curve, there was a significant non-linear unbinding peak (denoted
by the red arrow in Figure 4B), which corresponded to the stretching of the PEG linker and the rupture
of the antigen-antibody bond. The unbinding peak vanished after adding free antibodies to block the
antigens on the mica surface, demonstrating the specificity of antibody-antigen interaction events.



Sensors 2017, 17,200 11 of 20

Linking proteins onto the AFM tip via PEG spacer molecules have several advantages. First,
the PEG is covalently bound to both the tip and the antibodies, and the covalent bond is much
stronger than the receptor-ligand bond [6]. During the retraction the receptor-ligand bond ruptures
first, which ensures that the unbinding peak is associated only with the receptor-ligand binding.
Second, the PEG linker allows the ligand to freely reorient to interact with receptors and avoids
compressing the receptors [53]. Third, the PEG linker allows a clear distinction between specific
and unspecific molecular binding because of the soft and non-linear elasticity of the PEG linker [74].
There are many types of PEG spacer molecules, such as NHS-PEG-pyridyldithiopropionyl (PDP) [73],
NHS-PEG-maleimide (MAL) [75], and NHS-PEG-aldehyde [76]. For tip functionalization, the AFM tip
was firstly coated by a layer of NH;. The NHS end of the PEG linker can covalently bind to the NH,
on the tip surface. The PDP (MAL) end of the PEG linker can covalently bind to the thiol groups of
the protein. Alternatively, the proteins can be linked to the aldehyde end of the PEG via the lysines
in the proteins [53]. Antibodies do not have thiol groups, and thus antibodies are often treated by
N-succinimidyl3-(acetylthio)propionate (SATP) to form thiol groups [76].
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Figure 4. Detecting and recognizing individual receptor-ligand events by AFM. (A) Biotin-avidin.
Force curves are recorded on biotinylated bead by avidin-functionalized tip. The specificity is
demonstrated by blocking with excess free avidins. Single unbinding event is measured by decreasing
the density of biotins on bead. Reprinted with permission from [72]. Copyright 1994 AAAS.
(B) Antibody-antigen. The antibody is linked to AFM tip via PEG molecule. Force curve recorded on
antigen-coated substrate exhibits a significant molecular unbinding peak. Reprinted with permission
from [73]. Copyright 1996 National Academy of Sciences. (C) TREC imaging of nucleosomes on mica.
Topography image and recognition image is recorded simultaneously by the antibody-functionalized
AFM tip. White pixels in topography image are the nucleosomes and black pixels in recognition
image are the recognition signals. Reprinted with permission from [77]. Copyright 2004 National
Academy of Sciences. (D) TREC imaging of proteins reconstituted in lipid bilayer. TREC imaging on
UCP1-reconstituted lipid bilayer is performed using ATP-functionalized tip. Reprinted with permission
from [78]. Copyright 2013 American Chemical Society.

By scanning the substrate coated by biological molecules with functionalized tip at TREC mode,
the specific recognition information of the biological molecules can be rapidly acquired. In 2014,
Stroh et al. [77] investigated the nucleosomes on mica by TREC imaging, as shown in Figure 4C.
Mica was treated by glutaraldehyde and 3-aminopropyltriethoxysilane. The nucleosomal arrays
adsorbed onto the surface of the treated mica. Polyclonal anti-histone H3 antibodies were thiolated
and linked to the surface of AFM tip via PEG linker. Images were acquired in PBS. The topography
image and recognition image was simultaneously recorded. The dark pixels in the recognition image
corresponded to the specific recognition information. The recognition patches and the pattern in
which they occurred clearly coincided with the positions of the nucleosomes in the topography image,
demonstrating the validity of TREC imaging in recognizing specific molecules. TREC imaging can
not only recognize the molecules on mica, but also can recognize the molecules in lipid bilayers.
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In 2013, Zhu et al. [78] investigated the proteins in lipid bilayer by TREC imaging, as shown in
Figure 4D. The uncoupling protein 1 (UCP1) was reconstituted in bilayers on mica. ATPs were
linked to AFM tip via NHS-PEG-aldehyde spacer molecule. Images were acquired in buffer solution.
The recognition information (dark pixels) in the recognition image was fully consistent with the
positions of proteins in the topography image. Compared with directly adsorbing proteins onto mica
surface, reconstituting proteins in lipid bilayer can better mimic the proteins in cytomembrane and
thus is useful in investigating the behaviors of single proteins.

6. Molecular Activities on Cell Surface

Compared with probing molecules immobilized on substrate, directly probing the single
molecules on the surface of cells can better reflect the real situations [79,80] and is useful in helping
us to understand the molecular behaviors on cell surface. In the past decades, researchers have used
AFM-based SMFS to widely probe the specific molecules on live cells at the single-molecule level,
such as the heat shock protein [81], transporter [82], growth factor receptor [83], glycoprotein on
glioblastoma cell [55], antigen on lymphocyte [84], fibrinogen receptor on erythrocyte [85], adhesion
molecules on microbial cell [86], Fc receptors on macrophage [87], and cell-cell adhesion molecules [88].
For probing the individual specific receptor molecules on the living cells, attaching the ligand
(or antibody) molecules that can specifically bind to the receptor molecules is crucial. The main
steps involved in SMFS studies on living cells include positioning AFM tip above cell monolayers,
cell imaging with uncoated tip, performing force curves on cell surface (force curves are obtained at
different positions on cell surface and many cells are tested), blocking (blocking the AFM tip or the
receptor molecules on cell surface), performing force curves again, and data analysis [89]. Figure 5A
is a typical force curve obtained on living G6D3 cell with antibody-functionalized tip. The antibody
on the AFM tip could specifically bind to the transporter molecule SGLT1 on cell surface. There was
a distinct unbinding peak in the force curve. After blocking, the specific unbinding peak vanished,
proving the specific transporter-antibody interactions.

In 2010, Alsteens et al. [90] investigated the single adhesion molecules on the surface of live
microbial cells, showing that pulling on single adhesins with AFM tips functionalized with specific
antibodies triggered the formation of adhesion domains of 100-500 nm and that the force-induced
nanodomains propagated over the entire cell surface, as shown in Figure 5B. Saccharomyces cerevisiae
cells were mechanically trapped in porous polycarbonate membranes whose pore size was similar to
the cell size. AFM tips were functionalized with anti-V5 antibodies via NHS-PEG-acetal linker. The first
adhesion force map (32 x 32 force curves on 1 x 1 um? area) obtained on the cell surface revealed
that the proteins were evenly distributed. The second adhesion force map obtained on the same area
exhibited that the proteins clustered. The adhesion force maps obtained on remote area localized several
hundred nanometer away also showed that proteins clustered. Further experiments showed that after
the formation of domains, the domains propagated at a speed of about 20 nm/min on the cell surface.

In 2014, Zhang et al. [91] applied TREC imaging to investigate the human gonadotropin-releasing
hormone receptor (GnRH-R) on chemically fixed T24 cells, as shown in Figure 5C. Ligands were
covalently bound onto AFM tips via NHS-PEG-acetal linker. By TREC imaging, topography image
and recognition image were simultaneously acquired. The imaging showed that the recognition
spots were irregularly distributed on the cell surface, and most of them were located on the high
features of the T24 cell surface. Statistical analysis of recognition images revealed that GnRH-Rs
mostly formed nanodomains with areas from about 100 to 28,000 nm?. By using PFT imaging with
functionalized tips, the structural, adhesion, and elasticity information can be correlated. In 2013,
Alsteens et al. [92] investigated the single bacteriophages extruding from living bacteria, as shown in
Figure 5D. Bacteriophages were genetically engineered to display His-tag groups and AFM tip was
functionalized with Ni?*-NTA groups to detect single bacteriophages. The real-time recorded force
curves showed the specific molecular interaction events. AFM topography image, adhesion image,
and elasticity image were simultaneously acquired, showing that bacteriophages were preferentially
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detected in soft nanodomain regions of the bacteria and these soft nanodomains were surrounded by
stiffer cell wall material.
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Figure 5. Detecting individual receptors on cell surface. (A) Recognition of SGLT1 on the surface of
intact cells by AFM tip coated with specific antibodies. Typical force curve shows specific interaction
between the antibody and SGLT1 upon tip-surface retraction. The specific interaction is blocked by
adding free antibodies to the solution (inset). Reprinted with permission from [89]. Copyright 2011
Macmillan Publishers Limited. (B) Formation and propagation of Als5p nanodomains. Blue andred
pixels correspond to forces smaller and larger than 150 pN, respectively, and thus to Als5p recognition
and unfolding. Reprinted with permission from [90]. Copyright 2010 National Academy of Sciences.
(C) Location of the GnRH-Rs on the T24 cell surface by TREC imaging. Overlays of recognition maps of
GnRH-Rs onto the corresponding topography images. Reprinted with permission from [91]. Copyright
2014 American Chemical Society. (D) Bacteriophage extrusion localizes into soft nanodomains detected
by PFT imaging. The force curves recorded during PFT imaging indicate that the phage-cell wall
complex behaves as a Hookean spring. Topography image, adhesion image and elasticity image is
recorded simultaneously. Reprinted with permission from [92]. Copyright 2014 Macmillan Publishers
Limited. (E) Molecular recognition on primary tumor cell from clinical lymphoma patients. Tumor cells
from bone marrow sample are recognized by ROR1 fluorescence labeling. CD20-rituximab interactions
are detected on tumor cell. There is a specific unbinding peak (green arrow) in the force curve recorded
on tumor cell but not in the force curve recorded on healthy cell. The distributions of CD20s on
tumor cells are mapped by obtaining arrays of force curves on 500 x 500 nm? areas. Reprinted with
permission from [93]. Copyright 2013 Elsevier Inc.

Currently, AFM-based SMFS studies are commonly performed on cell lines cultured in vitro,
which are quite different from the cells in the human body. Directly probing the molecular activities
on primary cancer cells from patients can better reflect the real situations. We have used AFM to
probe the CD20 molecules on the surface of primary lymphoma cells from clinical patients [93],
as shown in Figure 5E. For B-cell lymphoma patients with bone marrow invasion, the obtained
bone marrow biopsy contains both lymphoma cells and healthy cells. Hence, the prerequisite is
to recognize the lymphoma cells in the bone marrow sample. Recent studies have shown that the
receptor tyrosine kinase-like orphan receptor 1 (ROR1) is selectively expressed on the surface of B-cell
chronic lymphocytic leukemia and on some B-cell lymphomas (including mantle cell lymphoma,
marginal zone lymphoma, follicular lymphoma), whereas normal B cells and other normal cells do
not express ROR1 [94,95]. Hence, ROR1 is a suitable marker for distinguishing tumor B cells from
healthy cells. By ROR1 fluorescence labeling, tumor B cells were recognized and then the AFM tip
carrying rituximab (a monoclonal anti-CD20 antibody) was moved to tumor B cells to probe the
CD20s on cell surface. There were specific unbinding peaks in the retract curve (denoted by the green
arrow in Figure 5E) obtained on tumor B cells, while there were no specific unbinding peaks in the
retract curve obtained on normal cells. By obtaining arrays of (16 x 16) force curves on local areas
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(500 x 500 nm?), the distributions of CD20s on cell surface were mapped. The gray pixels in the maps
visually reflected the distribution of CD20s on lymphoma cell, whereas the maps on normal cells did
not exhibit recognition information. The distributions of CD20s on tumor B cells for three lymphoma
patients were measured and were combined with the clinical therapeutic outcomes, preliminarily
showing that to some extent the distributions of CD20s on tumor cell surface were related to the
clinical rituximab therapy outcomes [96]. The research established the procedure of detecting the target
proteins on tumor B cells from clinical B-cell lymphoma patients with bone marrow invasion and
demonstrated the capability of AFM-based SMFS in probing human primary tumor cells, providing
novel insights into molecular biophysical properties and behaviors in near-in vivo conditions and
offering a new way to explore potentially meaningful biomarkers for biomedical applications.

7. Challenges and Outlook

AFM has achieved great success in detecting the behaviors of single molecules in diverse fields,
including molecular imaging, molecular mechanics, molecular recognition, and molecular activities on
cell surface, considerably contributing to cell and molecular biology. However, there are still many
challenges needing to be addressed.

The first challenge is how to detect individual molecules on living cells. Current AFM-based
single-molecule studies are commonly performed on purified molecules [12,39,58,78,97] or on
chemically fixed cells [91,93]. Though high-speed AFM and multiparametric AFM significantly
improves the performance of AFM, these two techniques are mainly suited for samples with flat (such
as molecules adsorbed on mica [12,39]) and rigid (such as microbial cell [92] which has stiff cell wall
and some specific types of eukaryotic cells [26,42]) surface. Currently, the individual molecules on
the surface of living mammalian cells cannot be observed [14]. This is mainly due to the soft and
dynamic nature of the cell membrane, which causes the deformation of the membrane when AFM tip
contacts cell membrane and then results in the decrease of imaging resolution. Recently, researchers
have investigated AFM imaging with adaptive contact mode, which could acquire AFM image with
smaller probe-cell interaction force [98], providing a new idea to realize the high-resolution imaging
on living cells. Conventionally the contact mode imaging uses a fixed set-point of cantilever deflection.
In this situation, the force applied may be exceedingly large for areas where the sample is relatively
flat, whereas not large enough to maintain the image quality at areas where the sample topography
variation is large. By integrating a gradient-based optimization scheme which could adaptively adjust
the cantilever deflection set-point line-by-line to the feedback control system, the normal force was
maintained around the minimal level throughout the entire imaging process and thus scanning at
near-minimum-force was realized.

In order to probe the individual target molecules on cell surface, AFM tips are functionalized with
antibodies that can specifically bind to the target molecules on cell surface. However, it is often difficult
to differentiate the nonspecific binding events from specific interactions owing to the multiple types of
molecules on cell surface [99]. Besides, when performing SMFS experiments on living cells, studies
have shown that the target molecules can be unfolded by the pulling tip [69]. Hence, several concerns
may appear, such as whether pulling the target molecule can cause the conformational changes of
the target molecule and the possible influence on cellular activities. Information about these concerns
is still scarce. The distributions of target molecules on the cell surface can be mapped by obtaining
arrays of force curves [93] or TREC mode [91]. However, because the PEG linkers can orient freely,
there may be some target molecules that are ignored by the antibodies on AFM tips and also some
target molecules that are repeatedly detected. Besides, the curvature radius of AFM tip (~10 nm) is
much larger than the size of individual molecule (<2 nm [25]). Hence, it is challenging to locate the
exact positions of individual molecules on cell surface by AFM. Further studies are needed to address
these issues. For example, we can combine AFM force spectroscopy with single-molecule fluorescence
technology [11] to examine whether pulling the fluorescein-labeled target molecules on the living
cells can result in the conformation changes of target molecules (the conformational changes can be
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detected via fluorescence). In addition, the detailed distribution of target molecules on cell surface can
be visualized by single-molecule fluorescence microscopy [100], which can then be compared with the
results detected by AFM.

The second challenge is the correlation between AFM detected information and molecular/cellular
behaviors. AFM can acquire multiple types of information about the physical properties of individual
molecules, such as morphology, unfolding/refolding mechanics, binding affinity, and distributions
on cell surface, whereas knowledge about molecular activities is commonly deduced from ensemble
measurements by biochemical experiments. Hence, the challenge is to determine which parameters
acquired by AFM contain meaningful information about biological functions. At the single-cell
level, information obtained by AFM such as cell mechanical properties has been shown to be
potential biomarkers for indicating cell states [101]. Whether the acquired information by AFM
at the single-molecule level can serve as a potential biomarker for indicating the states of molecules or
diseases is still to be investigated. For further studies, AFM should be combined with complementary
tools such as fluorescence microscopy [37] to make it possible to correlate the AFM-obtained
information and functions of molecules.

The third challenge is the standardization of AFM single-molecule experiments. The outcome of
an AFM experiment is related to several factors, e.g., sample preparation, tip preparation, data collection
and interpretation [97], and the experience of the experimenter. Especially in force spectroscopy, current
procedures for linking biological molecules to AFM cantilevers are often complex [53]. Besides, the
functionalized tip may lose activities due to tip damage or contamination, especially when performing
experiments on living cells in culture medium [97]. For example, the conformation of ligands on AFM
tip may be changed due to the frequently mechanical touching between AFM tip and sample surface,
which may then result in that the ligands do not bind to the receptors on cell surface. Controlling the
contact force between AFM tip and sample to a low level (such as less than 100 pN [18]) may reduce the
risk of tip contamination. For molecular imaging, often mica is treated to adsorb target molecules, such
as proteins and DNAs. Especially when imaging molecules in water, molecules need to be immobilized
on the mica surface and this immobilization should not be too strong to inhibit the changes of molecular
conformations. Especially in some cases, specific substrates (such as mica-supported lipid bilayers and
streptavidin 2D crystals) [102] are used for observing the dynamics of single molecules by high-speed
AFM. Consequently, defining standardized protocols for AFM single-molecule experiments will make
AFM more appealing to researchers.

In summary, the applications of AFM single-molecule assay have made significant contributions
in understanding the behaviors of individual molecules. Addressing the challenges facing AFM-based
single-molecule techniques will require the efforts of researchers from different disciplines. As AFM is
utilized to investigate more biological systems, we have much to look forward to.
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Appendix A
Table A1. AFM probes for single-molecule sensing.

Typical Applications Tip Material Tip Radius Cantilever Spring Constant References
Antibody imaging on mica Silicon <10 nm 42N/m [58]
Membrane protein imaging on mica Silicon nitride <20 nm 0.09 N/m [59]
High-speed imaging of molecules Silicon nitride ~4 nm 0.1-0.2N/m [12]
High-speed imaging of living cell Silicon nitride <10 nm 0.1N/m [44]
Imaging DNA dynamics in water Silicon nitride <10 nm 0.32N/m [63]
Unfolding single proteins on cells Silicon nitride <10 nm 0.01-0.025 N/m [69]
High-speed unfolding proteins Silicon nitride <10 nm ~0.1N/m [71]
SMEFS on cell surface Silicon nitride ~10 nm 0.008-0.021 N/m [90]
TREC imaging on cell surface Silicon 8 nm 0.14N/m [91]

PFT multiparametric imaging Silicon nitride ~20 nm 0.45-0.77 N/m [92]




Sensors 2017, 17,200 16 of 20

References

1. Fletcher, D.A.; Mullins, R.D. Cell mechanics and the cytoskeleton. Nature 2010, 463, 485-492. [CrossRef]
[PubMed]

2. Xu, L, Josan, J.S.; Vagner, ].; Caplan, M.R.; Hruby, V.J.; Mash, E.A.; Lynch, R.M.; Morse, D.L.; Gillies, R.]J.
Heterobivalent ligands target cell-surface receptor combinations in vivo. Proc. Natl. Acad. Sci. USA 2012,
109, 21295-21300. [CrossRef] [PubMed]

3. Dupres, V.; Alsteens, D.; Wilk, S.; Hansen, B.; Heinisch, J.J.; Dufrene, Y.F. The yeast Wsc1 cell surface sensor
behaves like a nanospring in vivo. Nat. Chem. Biol. 2009, 5, 857-862. [CrossRef] [PubMed]

4. Hinterdorfer, P; Garcia-Parajo, M.F,; Dufrene, Y.F. Single-molecule imaging of cell surfaces using near-field
nanoscopy. Acc. Chem. Res. 2012, 45, 327-336. [CrossRef] [PubMed]

5. Young, RM,; Staudt, L. M. Targeting pathological B cell receptor signaling in lymphoid malignancies. Nat. Rev.
Drug Discov. 2013, 12, 229-243. [CrossRef] [PubMed]

6. Li, M, Liu, L,; Xi, N.; Wang, Y. Progress in measuring biophysical properties of membrane proteins with
AFM single-molecule force spectroscopy. Chin. Sci. Bull. 2014, 59, 2717-2725. [CrossRef]

7. Schubeler, D. Function and information content of DNA methylation. Nature 2015, 517, 321-326. [CrossRef]
[PubMed]

8. Lord, CJ.; Ashworth, A. The DNA damage response and cancer therapy. Nature 2012, 481, 287-294.
[CrossRef] [PubMed]

9. Rambo, R.P; Tainer, J.A. Super-resolution in solution x-ray scattering and its applications to structural
systems biology. Ann. Rev. Biophys. 2013, 42, 415-441. [CrossRef] [PubMed]

10. Fernandez-Leiro, R.; Scheres, S.H.W. Unravelling biological macromolecules with cryo-electron microscopy.
Nature 2016, 537, 339-346. [CrossRef] [PubMed]

11. Betzig, E.; Patterson, G.H.; Sougrat, R.; Lindwasser, O.W.; Olenych, S.; Bonifacino, J.S.; Davidson, M.W.;
Lippincott-Schwartz, ].; Hess, H.F. Imaging intracellular fluorescent proteins at nanometer resolution. Science
2006, 313, 1642-1645. [CrossRef] [PubMed]

12.  Kodera, N.; Yamamoto, D.; Ishikawa, R.; Ando, T. Video imaging of walking myosin V by high-speed atomic
force microscopy. Nature 2010, 468, 72-76. [CrossRef] [PubMed]

13. Heinisch, J.].; Lipke, PN.; Beaussart, A.; El KiratChatel, S.; Dupres, V.; Alsteens, D.; Dufrene, Y.F. Atomic force
microscopy—looking at mechanosensors on the cell surface. J. Cell Sci. 2012, 125, 4189-4195. [CrossRef]
[PubMed]

14. Muller, D.J.; Dufrene, Y.F. Atomic force microscopy: A nanoscopic window on the cell surface. Trends. Cell Biol.
2011, 21, 461-469. [CrossRef] [PubMed]

15.  Ando, T. High-speed atomic force microscopy coming of age. Nanotechnology 2012, 23, 062001. [CrossRef]
[PubMed]

16. Katan, A.J.; Dekker, C. High-speed AFM reveals the dynamics of single biomolecules at the nanometer scale.
Cell 2011, 147, 979-982. [CrossRef] [PubMed]

17. Woodside, M.T.; Block, S.M. Reconstructing folding energy landscapes by single-molecule force spectroscopy.
Ann. Rev. Biophys. 2014, 43, 19-39. [CrossRef] [PubMed]

18. Dufrene, Y.F; Martinez-Martin, D.; Medalsy, I.; Alsteens, D.; Muller, D.]. Multiparametric imaging of
biological systems by force-distance curve-based AFM. Nat. Methods 2013, 10, 847-854. [CrossRef] [PubMed]

19. Ando, T.; Uchihashi, T.; Scheuring, S. Filming biomolecular processes by high-speed atomic force microscopy.
Chem. Rev. 2014, 114, 3120-3188. [CrossRef] [PubMed]

20. Shan, Y.; Wang, H. The structure and function of cell membranes examined by atomic force microscopy and
single-molecule force spectroscopy. Chem. Soc. Rev. 2015, 44, 3617-3638. [CrossRef] [PubMed]

21. Whited, A.M,; Park, P.S. Atomic force microscopy: A multifaceted tool to study membrane proteins and
their interactions with ligands. Biochim. Biophys. Acta 2014, 1838, 56—68. [CrossRef] [PubMed]

22.  Schillers, H.; Medalsy, I.; Hu, S.; Slade, A.L.; Shaw, J.E. Peakforce tapping resolves individual microvilli on
living cells. ]. Mol. Recognit. 2016, 29, 95-101. [CrossRef] [PubMed]

23. Cai, M.; Zhao, W,; Shang, X.; Jiang, J.; Ji, H.; Tang, Z.; Wang, H. Direct evidence of lipid rafts by in situ atomic

force microscopy. Small 2012, 8, 1243-1250. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature08908
http://www.ncbi.nlm.nih.gov/pubmed/20110992
http://dx.doi.org/10.1073/pnas.1211762109
http://www.ncbi.nlm.nih.gov/pubmed/23236171
http://dx.doi.org/10.1038/nchembio.220
http://www.ncbi.nlm.nih.gov/pubmed/19767735
http://dx.doi.org/10.1021/ar2001167
http://www.ncbi.nlm.nih.gov/pubmed/21992025
http://dx.doi.org/10.1038/nrd3937
http://www.ncbi.nlm.nih.gov/pubmed/23449308
http://dx.doi.org/10.1007/s11434-014-0290-x
http://dx.doi.org/10.1038/nature14192
http://www.ncbi.nlm.nih.gov/pubmed/25592537
http://dx.doi.org/10.1038/nature10760
http://www.ncbi.nlm.nih.gov/pubmed/22258607
http://dx.doi.org/10.1146/annurev-biophys-083012-130301
http://www.ncbi.nlm.nih.gov/pubmed/23495971
http://dx.doi.org/10.1038/nature19948
http://www.ncbi.nlm.nih.gov/pubmed/27629640
http://dx.doi.org/10.1126/science.1127344
http://www.ncbi.nlm.nih.gov/pubmed/16902090
http://dx.doi.org/10.1038/nature09450
http://www.ncbi.nlm.nih.gov/pubmed/20935627
http://dx.doi.org/10.1242/jcs.106005
http://www.ncbi.nlm.nih.gov/pubmed/23077172
http://dx.doi.org/10.1016/j.tcb.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21664134
http://dx.doi.org/10.1088/0957-4484/23/6/062001
http://www.ncbi.nlm.nih.gov/pubmed/22248867
http://dx.doi.org/10.1016/j.cell.2011.11.017
http://www.ncbi.nlm.nih.gov/pubmed/22118456
http://dx.doi.org/10.1146/annurev-biophys-051013-022754
http://www.ncbi.nlm.nih.gov/pubmed/24895850
http://dx.doi.org/10.1038/nmeth.2602
http://www.ncbi.nlm.nih.gov/pubmed/23985731
http://dx.doi.org/10.1021/cr4003837
http://www.ncbi.nlm.nih.gov/pubmed/24476364
http://dx.doi.org/10.1039/C4CS00508B
http://www.ncbi.nlm.nih.gov/pubmed/25893228
http://dx.doi.org/10.1016/j.bbamem.2013.04.011
http://www.ncbi.nlm.nih.gov/pubmed/23603221
http://dx.doi.org/10.1002/jmr.2510
http://www.ncbi.nlm.nih.gov/pubmed/26414320
http://dx.doi.org/10.1002/smll.201102183
http://www.ncbi.nlm.nih.gov/pubmed/22351491

Sensors 2017, 17,200 17 of 20

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hecht, E.; Thompson, K; Frick, M.; Wittekindt, O.H.; Dietl, P.; Mizaikoff, B.; Kranz, C. Combined atomic
force microscopy-fluorescence microscopy: Analyzing exocytosis in alveolar type II cells. Anal. Chem. 2012,
84,5716-5722. [CrossRef] [PubMed]

Oesterhelt, F.; Osterhelt, D.; Pfeiffer, M.; Engel, A.; Gaub, H.E.; Muller, D.J. Unfolding pathways of individual
bacteriorhodopsins. Science 2000, 288, 143-146. [CrossRef] [PubMed]

Heu, C.; Berquand, A.; Elie-Caille, C.; Nicod, L. Glyphosate-induced stiffening of HaCaT keratinocytes,
a peak force tapping study on living cells. J. Struct. Biol. 2012, 178, 1-7. [CrossRef] [PubMed]

Li, M,; Xiao, X,; Liu, L.; Xi, N.; Wang, Y. Rapid recognition and functional analysis of membrane proteins
on human cancer cells using atomic force microscopy. J. Immunol. Methods 2016, 436, 41-49. [CrossRef]
[PubMed]

Pfeundschuh, M.; Martinez-Martin, D.; Mulvihill, E.; Wegmann, S.; Muller, D.J. Multiparametric high-resolution
imaging of native proteins by force-distance curve-based AFM. Nat. Protoc. 2014, 9, 1113-1130. [CrossRef]
[PubMed]

Li, M,; Liu, L.; Xi, N.; Wang, Y.; Dong, Z.; Tabata, O.; Xiao, X.; Zhang, W. Imaging and measuring the
rituximab-induced changes of mechanical properties in B-lymphoma cells using atomic force microscopy.
Biochem. Biophys. Res. Commun. 2011, 404, 689-694. [CrossRef] [PubMed]

Sharma, S.; Rasool, H.I.; Palanisamy, V.; Mathiesen, C.; Schmidt, M.; Wong, D.T.; Gimzewski, J.K.
Structural-mechanical characterization of nanoparticle exosomes in human saliva, using correlative AFM,
FESEM, and force spectroscopy. ACS Nano 2010, 4, 1921-1926. [CrossRef] [PubMed]

Walczyk, W.; Schon, PM.; Schonherr, H. The effect of peakforce tapping mode AFM imaging on the apparent
shape of surface nanobubbles. . Phys. Condens. Matter 2013, 25, 184005. [CrossRef] [PubMed]

Hoh, J.H.; Schoenenberger, C.A. Surface morphology and mechanical properties of MDCK monolayers by
atomic force microscopy. J. Cell Sci. 1994, 107, 1105-1114. [PubMed]

Rico, F; Su, C.; Scheuring, S. Mechanical mapping of single membrane proteins at submolecular resolution.
Nano Lett. 2011, 11, 3983-3986. [CrossRef] [PubMed]

Medalsy, L; Hensen, U.; Muller, D.J. Imaging and quantifying chemical and physical properties of native
proteins at molecular resolution by force-volume AFM. Angew. Chem. Int. Ed. 2011, 50, 12103-12108. [CrossRef]
[PubMed]

Pfreundschuh, M.; Hensen, U.; Muller, D.J. Quantitative imaging of the electrostatic field and potential
generated by a transmembrane protein pore at subnanometer resolution. Nano Lett. 2013, 13, 5585-5593.
[CrossRef] [PubMed]

Ando, T.; Uchihashi, T.; Kodera, N.; Yamamoto, D.; Miyagi, A.; Taniguchi, M.; Yamashita, H. High-speed
AFM and nano-visualization of biomolecular processes. Eur. ]. Physiol. 2008, 456, 211-225. [CrossRef]
[PubMed]

Ando, T. High-speed AFM imaging. Curr. Opin. Struct. Biol. 2014, 28, 63-68. [CrossRef] [PubMed]

Ando, T.; Uchihashi, T.; Fukuma, T. High-speed atomic force microscopy for nano-visualization of dynamic
biomolecular processes. Prog. Surf. Sci. 2008, 83, 337-437. [CrossRef]

Uchihashi, T.; lino, R.; Ando, T.; Noji, H. High-speed atomic force microscopy reveals rotary catalysis of
rotorless F1-ATPase. Science 2011, 333, 755-758. [CrossRef] [PubMed]

Preiner, ].; Kodera, N.; Tang, J.; Ebner, A.; Brameshuber, M.; Blaas, D.; Gelbmann, N.; Gruber, H].; Ando, T.;
Hinterdorfer, P. IgGs are made for walking on bacterial and viral surfaces. Nat. Commun. 2014, 5, 4394.
[CrossRef] [PubMed]

Casuso, I.; Khao, J.; Chami, M.; Paul-Gilloteaux, P.; Husain, M.; Duneau, ].P.; Stahlberg, H.; Sturgis, ] N.;
Scheuring, S. Characterization of the motion of membrane proteins using high-speed atomic force microscopy.
Nat. Nanotechnol. 2012, 7, 525-529. [CrossRef] [PubMed]

Colom, A.; Casuso, I.; Rico, E; Scheuring, S. A hybrid high-speed atomic force-optical microscope for
visualizing single membrane proteins on eukaryotic cells. Nat. Commun. 2013, 4, 2155. [CrossRef] [PubMed]
Suzuki, Y,; Sakai, N.; Yoshida, A.; Uekusa, Y.; Yagi, A.; Imaoka, Y.; Ito, S.; Karaki, K.; Takeyasu, K. High-speed
atomic force microscopy combined with inverted optical microscopy for studying cellular events. Sci. Rep.
2013, 3, 213. [CrossRef] [PubMed]

Yoshida, A.; Sakai, N.; Uekusa, Y.; Deguchi, K.; Gilmore, J.L.; Kumeta, M.; Ito, S.; Takeyasu, K. Probing in vivo
dynamics of mitochondria and cortical actin networks using high-speed atomic force/fluorescence microscopy.
Genes Cells 2015, 20, 85-94. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/ac300775j
http://www.ncbi.nlm.nih.gov/pubmed/22694258
http://dx.doi.org/10.1126/science.288.5463.143
http://www.ncbi.nlm.nih.gov/pubmed/10753119
http://dx.doi.org/10.1016/j.jsb.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22369932
http://dx.doi.org/10.1016/j.jim.2016.06.006
http://www.ncbi.nlm.nih.gov/pubmed/27374866
http://dx.doi.org/10.1038/nprot.2014.070
http://www.ncbi.nlm.nih.gov/pubmed/24743419
http://dx.doi.org/10.1016/j.bbrc.2010.12.043
http://www.ncbi.nlm.nih.gov/pubmed/21156157
http://dx.doi.org/10.1021/nn901824n
http://www.ncbi.nlm.nih.gov/pubmed/20218655
http://dx.doi.org/10.1088/0953-8984/25/18/184005
http://www.ncbi.nlm.nih.gov/pubmed/23598774
http://www.ncbi.nlm.nih.gov/pubmed/7929621
http://dx.doi.org/10.1021/nl202351t
http://www.ncbi.nlm.nih.gov/pubmed/21800925
http://dx.doi.org/10.1002/anie.201103991
http://www.ncbi.nlm.nih.gov/pubmed/22006839
http://dx.doi.org/10.1021/nl403232z
http://www.ncbi.nlm.nih.gov/pubmed/24079830
http://dx.doi.org/10.1007/s00424-007-0406-0
http://www.ncbi.nlm.nih.gov/pubmed/18157545
http://dx.doi.org/10.1016/j.sbi.2014.07.011
http://www.ncbi.nlm.nih.gov/pubmed/25126765
http://dx.doi.org/10.1016/j.progsurf.2008.09.001
http://dx.doi.org/10.1126/science.1205510
http://www.ncbi.nlm.nih.gov/pubmed/21817054
http://dx.doi.org/10.1038/ncomms5394
http://www.ncbi.nlm.nih.gov/pubmed/25008037
http://dx.doi.org/10.1038/nnano.2012.109
http://www.ncbi.nlm.nih.gov/pubmed/22772862
http://dx.doi.org/10.1038/ncomms3155
http://www.ncbi.nlm.nih.gov/pubmed/23857417
http://dx.doi.org/10.1038/srep02131
http://www.ncbi.nlm.nih.gov/pubmed/23823461
http://dx.doi.org/10.1111/gtc.12204
http://www.ncbi.nlm.nih.gov/pubmed/25440894

Sensors 2017, 17,200 18 of 20

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Shibata, M.; Uchihashi, T.; Ando, T.; Yasuda, R. Long-tip high-speed atomic force microscopy for
nanometer-scale imaging in live cells. Sci. Rep. 2015, 5, 8724. [CrossRef] [PubMed]

Watanabe, H.; Uchihashi, T.; Kobashi, T.; Shibata, M.; Nishiyama, J.; Yasuda, R.; Ando, T. Wide-area scanner
for high-speed atomic force microscopy. Rev. Sci. Instrum. 2013, 84, 053702. [CrossRef] [PubMed]

Balchin, D.; Hayer-Hartl, M.; Hartl, FU. In vivo aspects of protein folding and quality control. Science
2016, 353. [CrossRef] [PubMed]

Carvalho, FA.; Martins, I.C.; Santos, N.C. Atomic force microscopy and force spectroscopy on the assessment
of protein folding and functionality. Arch. Biochem. Biophys. 2013, 531, 116-127. [CrossRef] [PubMed]
Thoma, J.; Bosshart, P.; Pfreundschuh, M.; Muller, D.J. Out but not in: The large transmembrane 3-barrel
protein fhua unfolds but cannot refold via 3-hairpins. Structure 2012, 20, 2185-2190. [CrossRef] [PubMed]
Muller, D.J.; Engel, A. Atomic force microscopy and spectroscopy of native membrane proteins. Nat. Protoc.
2007, 2,2191-2197. [CrossRef] [PubMed]

Senapati, S.; Lindsay, S. Recent progress in molecular recognition imaging using atomic force microscopy:.
Acc. Chem. Res. 2016, 49, 503-510. [CrossRef] [PubMed]

Li, M,; Liu, L,; Xi, N.; Wang, Y. Nanoscale monitoring of drug actions on cell membrane using atomic
force microscopy. Acta Pharmacol. Sin. 2015, 36, 769-782. [CrossRef] [PubMed]

Hinterdorfer, P.; Dufrene, Y.F. Detection and localization of single molecular recognition events using atomic
force microscopy. Nat. Methods 2006, 3, 347-355. [CrossRef] [PubMed]

Shi, X.; Zhang, X.; Xia, T.; Fang, X. Living cell study at the single-molecule and single-cell levels by atomic
force microscopy. Nanomedicine 2012, 7, 1625-1637. [CrossRef] [PubMed]

Lee, CK;; Wang, YM.; Huang, L.S.; Lin, S. Atomic force microscopy: Determination of unbinding force,
off rate and energy barrier for protein-ligand interaction. Micron 2007, 38, 446—461. [CrossRef] [PubMed]
Li, M,; Liu, L.; Xi, N.; Wang, Y.; Dong, Z.; Xiao, X.; Zhang, W. Mapping CD20 molecules on the lymphoma
cell surface using atomic force microscopy. Chin. Sci. Bull. 2013, 58, 1516-1519. [CrossRef]

Li, M,; Xiao, X.; Zhang, W,; Liu, L.; Xi, N.; Wang, Y. AFM analysis of the multiple types of molecular
interactions involved in rituximab lymphoma therapy on patient tumor cells and NK cells. Cell. Immunol.
2014, 290, 233-244. [CrossRef] [PubMed]

Ido, S.; Kimiya, H.; Kobayashi, K.; Kominami, H.; Matsushige, K.; Yamada, H. Immunoactive two-dimensional
self-assembly of monoclonal antibodies in aqueous solution revealed by atomic force microscopy. Nat. Mater.
2014, 13, 264-270. [CrossRef] [PubMed]

Sutter, M.; Faulkner, M.; Aussignargues, C.; Paasch, B.C.; Barrett, S.; Kerfeld, C.A.; Liu, L.N. Visualization of
bacterial microcompartment facet assembly using high-speed atomic force microscopy. Nano Lett. 2016, 16,
1590-1595. [CrossRef] [PubMed]

Sakiyama, Y.; Mazur, A.; Kapinos, L.E.; Lim, R.Y.H. Spatiotemporal dynamics of the nuclear pore complex
transport barrier resolved by high-speed atomic force microscopy. Nat. Nanotechnol. 2016, 11, 719-723.
[CrossRef] [PubMed]

Ido, S.; Kimura, K.; Oyabu, N.; Kobayashi, K.; Tsukada, M.; Matsushige, K.; Yamada, H. Beyond the helix
pitch: Direct visualization of native DNA in aqueous solution. ACS Nano 2013, 7, 1817-1822. [CrossRef]
[PubMed]

Lyubchenko, Y.L.; Shlyakhtenko, L.S.; Ando, T. Imaging of nucleic acids with atomic force microscopy.
Methods 2011, 54, 274-283. [CrossRef] [PubMed]

Alonso-Sarduy, L.; Longo, G.; Dietler, G.; Kasas, S. Time-lapse AFM imaging of DNA conformational changes
induced by daunorubicin. Nano Lett. 2013, 13, 5679-5684. [CrossRef] [PubMed]

Endo, M.; Sugiyama, H. Single-molecule imaging of dynamic motions of biomolecules in DNA origami
nanostructures using high-speed atomic force microscopy. Acc. Chem. Res. 2014, 47, 1645-1653. [CrossRef]
[PubMed]

Bujalowski, PJ.; Oberhauser, A.F. Tracking unfolding and refolding reactions of single proteins using atomic
force microscopy methods. Methods 2013, 60, 151-160. [CrossRef] [PubMed]

Rief, M.; Gautel, M.; Oesterhelt, F.; Fernandez, ].M.; Gaub, H.E. Reversible unfolding of individual titin
immunoglobulin domains by AFM. Science 1997, 276, 1109-1112. [CrossRef] [PubMed]

Fisher, T.E.; Marszalek, P.E.; Fernandez, ].M. Stretching single molecules into novel conformations using the
atomic force microscope. Nat. Struct. Biol. 2000, 7, 719-724. [PubMed]


http://dx.doi.org/10.1038/srep08724
http://www.ncbi.nlm.nih.gov/pubmed/25735540
http://dx.doi.org/10.1063/1.4803449
http://www.ncbi.nlm.nih.gov/pubmed/23742553
http://dx.doi.org/10.1126/science.aac4354
http://www.ncbi.nlm.nih.gov/pubmed/27365453
http://dx.doi.org/10.1016/j.abb.2012.11.007
http://www.ncbi.nlm.nih.gov/pubmed/23228596
http://dx.doi.org/10.1016/j.str.2012.10.006
http://www.ncbi.nlm.nih.gov/pubmed/23159125
http://dx.doi.org/10.1038/nprot.2007.309
http://www.ncbi.nlm.nih.gov/pubmed/17853875
http://dx.doi.org/10.1021/acs.accounts.5b00533
http://www.ncbi.nlm.nih.gov/pubmed/26934674
http://dx.doi.org/10.1038/aps.2015.28
http://www.ncbi.nlm.nih.gov/pubmed/26027658
http://dx.doi.org/10.1038/nmeth871
http://www.ncbi.nlm.nih.gov/pubmed/16628204
http://dx.doi.org/10.2217/nnm.12.130
http://www.ncbi.nlm.nih.gov/pubmed/23148543
http://dx.doi.org/10.1016/j.micron.2006.06.014
http://www.ncbi.nlm.nih.gov/pubmed/17015017
http://dx.doi.org/10.1007/s11434-012-5658-1
http://dx.doi.org/10.1016/j.cellimm.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25117605
http://dx.doi.org/10.1038/nmat3847
http://www.ncbi.nlm.nih.gov/pubmed/24441879
http://dx.doi.org/10.1021/acs.nanolett.5b04259
http://www.ncbi.nlm.nih.gov/pubmed/26617073
http://dx.doi.org/10.1038/nnano.2016.62
http://www.ncbi.nlm.nih.gov/pubmed/27136131
http://dx.doi.org/10.1021/nn400071n
http://www.ncbi.nlm.nih.gov/pubmed/23350676
http://dx.doi.org/10.1016/j.ymeth.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21310240
http://dx.doi.org/10.1021/nl403361f
http://www.ncbi.nlm.nih.gov/pubmed/24125039
http://dx.doi.org/10.1021/ar400299m
http://www.ncbi.nlm.nih.gov/pubmed/24601497
http://dx.doi.org/10.1016/j.ymeth.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23523554
http://dx.doi.org/10.1126/science.276.5315.1109
http://www.ncbi.nlm.nih.gov/pubmed/9148804
http://www.ncbi.nlm.nih.gov/pubmed/10966637

Sensors 2017, 17,200 19 of 20

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Li, M,; Liu, L.; Xi, N.; Wang, Y;; Dong, Z.; Xiao, X.; Zhang, W. Progress of AFM single-cell and single-molecule
morphology imaging. Chin. Sci. Bull. 2013, 58, 3177-3182. [CrossRef]

Alsteens, D.; Dupres, V.; Klotz, S.A.; Gaur, N.K,; Lipke, PN.; Dufrene, Y.F. Unfolding individual als5p
adhesion proteins on live cells. ACS Nano 2009, 3, 1677-1682. [CrossRef] [PubMed]

He, C.; Hu, C.; Hu, X,; Hu, X.; Xiao, A.; Perkins, T.T.; Li, H. Direct observation of the reversible two-state
unfolding and refolding of an «/ 3 protein by single-molecule atomic force microscopy. Angew. Chem. 2015,
127, 10059-10063. [CrossRef]

Rico, F; Gonzalez, L.; Casuso, I.; Puig-Vidal, M.; Scheuring, S. High-speed force spectroscopy unfolds titin at
the velocity of molecular dynamics simulations. Science 2013, 342, 741-743. [CrossRef] [PubMed]

Florin, E.L.; Moy, V.T.; Gaub, H.E. Adhesion forces between individual ligand-receptor pairs. Science 1994,
264, 415-417. [CrossRef] [PubMed]

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

Carvalho, F.A.; Santos, N.C. Atomic force microscopy-based force spectroscopy-biological and biomedical
applications. IUBMB Life 2012, 64, 465-472. [CrossRef] [PubMed]

Fuhrmann, A.; Ros, R. Single-molecule force spectroscopy: A method for quantitative analysis of
ligand-receptor interactions. Nanomedicine 2010, 5, 657—-666. [CrossRef] [PubMed]

Ebner, A.; Wildling, L.; Kamruzzahan, A.S.M.; Rankl, C.; Wruss, J.; Hahn, C.D.; Holzl, M.; Zhu, R;;
Kienberger, F,; Blaas, D.; Hinterdorfer, P.; Gruber, H.]. A new, simple method for linking of antibodies
to atomic force microscopy tips. Bioconjug. Chem. 2007, 18, 1176-1184. [CrossRef] [PubMed]

Stroh, C.; Wang, H.; Bash, R.; Ashcroft, B.; Nelson, J.; Gruber, H.; Lohr, D.; Lindsay, S.M.; Hinterdorfer, P.
Single-molecule recognition imaging microscopy. Proc. Natl. Acad. Sci. USA 2004, 101, 12503-12507.
[CrossRef] [PubMed]

Zhu, R.; Rupprecht, A.; Ebner, A.; Haselgrubler, T.; Gruber, H.J.; Hinterdorfer, P.; Pohl, E.E. Mapping the
nucleotide binding site of uncoupling protein 1 using atomic force microscopy. J. Am. Chem. Soc. 2013, 135,
3640-3646. [CrossRef] [PubMed]

Oddershede, L.B. Force probing of individual molecules inside the living cell is now a reality. Nat. Chem. Biol.
2012, 8, 879-886. [CrossRef] [PubMed]

Taatjes, D.J.; Quinn, A.S.; Rand, ].H.; Jena, B.P. Atomic force microscopy: High resolution dynamic imaging
of cellular and molecular structure in health and disease. J. Cell. Physiol. 2013, 228, 1949-1955. [CrossRef]
[PubMed]

Pfister, G.; Stroh, C.M.; Perschinka, H.; Kind, M.; Knoflach, M.; Hinterdorfer, P.; Wick, G. Detection of HSP60
on the membrane surface of stressed human endothelial cells by atomic force and confocal microscopy.
J. Cell Sci. 2005, 118, 1587-1594. [CrossRef]

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

Yu, J.; Wang, Q.; Shi, X.; Ma, X,; Yang, H.; Chen, Y.G.; Fang, X. Single-molecule force spectroscopy study of
interaction between transforming growth factor 31 and its receptor in living cells. J. Phys. Chem. B 2007, 111,
13619-13625. [CrossRef] [PubMed]

Hosseini, B.H.; Louban, I.; Djandji, D.; Wabnitz, G.H.; Deeg, J.; Bulbuc, N.; Samstag, Y.; Gunzer, M.;
Spatz, ].P.; Hammerling, G.J. Inmune synapse formation determines interaction forces between T cells
and antigen-presenting cells measured by atomic force microscopy. Proc. Natl. Acad. Sci. USA 2009, 106,
17852-17857. [CrossRef] [PubMed]

Carvalho, EA.; Connell, S.; Miltenberger-Miltenyi, G.; Pereira, S.V.; Tavares, A.; Ariens, R.A.S.; Santos, N.C.
Atomic force microscopy-based molecular recognition of a fibrinogen receptor on human erythrocytes.
ACS Nano 2010, 4, 4609—4620. [CrossRef] [PubMed]

Beaussart, A.; Alsteens, D.; El-Kirat-Chatel, S.; Lipke, PN.; Kucharikova, S.; Dijck, PV.; Dufrene, Y.F. Single-molecule
imaging and functional analysis of alsadhesins and mannans during candida albicans morphogenesis.
ACS Nano 2012, 6, 10950-10964. [PubMed ]


http://dx.doi.org/10.1007/s11434-013-5906-z
http://dx.doi.org/10.1021/nn900078p
http://www.ncbi.nlm.nih.gov/pubmed/19534503
http://dx.doi.org/10.1002/ange.201502938
http://dx.doi.org/10.1126/science.1239764
http://www.ncbi.nlm.nih.gov/pubmed/24202172
http://dx.doi.org/10.1126/science.8153628
http://www.ncbi.nlm.nih.gov/pubmed/8153628
http://dx.doi.org/10.1073/pnas.93.8.3477
http://www.ncbi.nlm.nih.gov/pubmed/8622961
http://dx.doi.org/10.1002/iub.1037
http://www.ncbi.nlm.nih.gov/pubmed/22550017
http://dx.doi.org/10.2217/nnm.10.26
http://www.ncbi.nlm.nih.gov/pubmed/20528459
http://dx.doi.org/10.1021/bc070030s
http://www.ncbi.nlm.nih.gov/pubmed/17516625
http://dx.doi.org/10.1073/pnas.0403538101
http://www.ncbi.nlm.nih.gov/pubmed/15314231
http://dx.doi.org/10.1021/ja312550k
http://www.ncbi.nlm.nih.gov/pubmed/23414455
http://dx.doi.org/10.1038/nchembio.1082
http://www.ncbi.nlm.nih.gov/pubmed/23076067
http://dx.doi.org/10.1002/jcp.24363
http://www.ncbi.nlm.nih.gov/pubmed/23526453
http://dx.doi.org/10.1242/jcs.02292
http://dx.doi.org/10.1242/jcs.03035
http://www.ncbi.nlm.nih.gov/pubmed/16787940
http://dx.doi.org/10.1021/jp0758667
http://www.ncbi.nlm.nih.gov/pubmed/17997544
http://dx.doi.org/10.1073/pnas.0905384106
http://www.ncbi.nlm.nih.gov/pubmed/19822763
http://dx.doi.org/10.1021/nn1009648
http://www.ncbi.nlm.nih.gov/pubmed/20731444
http://www.ncbi.nlm.nih.gov/pubmed/23145462

Sensors 2017, 17,200 20 of 20

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Li, M; Liu, L,; Xi, N.; Wang, Y.; Xiao, X.; Zhang, W. Imaging and measuring the biophysical properties of Fc
gamma receptors on single macrophages using atomic force microscopy. Biochem. Biophys. Res. Commun.
2013, 438, 709-714. [CrossRef] [PubMed]

Beckmann, J.; Schubert, R.; Chiquet-Ehrismann, R.; Muller, D.J. Deciphering teneurin domains that
facilitate cellular recognition, cell-cell adhesion, and neurite outgrowth using atomic force microscopy-based
single-cell force spectroscopy. Nano Lett. 2013, 13, 2937-2946. [CrossRef] [PubMed]

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

Alsteens, D.; Garcia, M.C.; Lipke, PN.; Dufrene, Y.F. Force-induced formation and propagation of adhesion
nanodomains in living fungal cells. Proc. Natl. Acad. Sci. USA 2010, 107, 20744-20749. [CrossRef] [PubMed]
Zhang, J.; Chtcheglova, L.A.; Zhu, R.; Hinterdorfer, P; Zhang, B.; Tang, ]. Nanoscale organization of human
GnRH-R on human bladder cancer cells. Anal. Chem. 2014, 86, 2458-2464. [CrossRef] [PubMed]

Alsteens, D.; Trabelsi, H.; Soumillion, P.; Dufrene, Y.F. Multiparametric atomic force microscopy imaging of
single bacteriophages extruding from living bacteria. Nat. Commun. 2013, 4, 2926. [CrossRef] [PubMed]

Li, M,; Xiao, X.; Liu, L.; Xi, N.; Wang, Y.; Dong, Z.; Zhang, W. Nanoscale mapping and organization analysis
of target proteins on cancer cells from B-cell lymphoma patients. Exp. Cell Res. 2013, 319, 2812-2821.
[CrossRef] [PubMed]

Baskar, S.; Kwong, K.Y.; Hofer, T.; Levy, ] M.; Kennedy, M.G.; Lee, E.; Staudt, L.M.; Wilson, W.H.; Wiestner, A.;
Rader, C. Unique cell surface expression of receptor tyrosine kinase ROR1 in human B-cell chronic
lymphocytic leukamia. Clin. Cancer Res. 2008, 14, 396-404. [CrossRef] [PubMed]

Bicocca, V.T.; Chang, B.H.; Masouleh, B.K.; Muschen, M.; Loriaux, M.M.; Druker, B.J.; Tyner, ].W. Crosstalk
between ROR1 and the pre-B cell receptor promotes survival of t(1;19) acute lymphoblastic leukemia.
Cancer Cell 2012, 22, 656—667. [CrossRef] [PubMed]

Li, M,; Xiao, X.; Zhang, W,; Liu, L.; Xi, N.; Wang, Y. Nanoscale distribution of CD20 on B-cell lymphoma
tumour cells and its potential role in the clinical efficacy of rituximab. J. Microsc. 2014, 254, 19-30. [CrossRef]
[PubMed]

Dufrene, Y.F; Evans, E.; Engel, A.; Helenius, J.; Gaub, H.E.; Muller, D.]. Five challenges to bringing
single-molecule force spectroscopy into living cells. Nat. Methods 2011, 8, 123-127. [CrossRef] [PubMed]
Ren, J.; Zou, Q. High-speed adaptive contact-mode atomic force microscopy imaging with near-minimum-force.
Rev. Sci. Instrum. 2014, 85, 073706. [CrossRef] [PubMed]

Wang, C.; Yadavalli, VK. Investigating biomolecular recognition at the cell surface using atomic force microscopy.
Micron 2014, 60, 5-17. [CrossRef] [PubMed]

Leduc, C;; Si, S.; Gautier, J.; Soto-Ribeiro, M.; Wehrle-Haller, B.; Gautreau, A.; Giannone, G.; Gognet, L.;
Lounis, B. A highly specific gold nanoprobe for live-cell single-molecule imaging. Nano Lett. 2013, 13,
1489-1494. [CrossRef] [PubMed]

Lekka, M. Discrimination between normal and cancerous cells using AFM. Bionanoscience 2016, 6, 65-80.
[CrossRef] [PubMed]

Yamamoto, D.; Uchihashi, T.; Kodera, N.; Yamashita, H.; Nishikori, S.; Ogura, T.; Shibata, M.; Ando, T. High-speed
atomic force microscopy techniques for observing dynamic biomolecular processes. Methods Enzymol. 2010, 475,
541-563. [PubMed]

@ © 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.bbrc.2013.07.114
http://www.ncbi.nlm.nih.gov/pubmed/23916706
http://dx.doi.org/10.1021/nl4013248
http://www.ncbi.nlm.nih.gov/pubmed/23688238
http://dx.doi.org/10.1038/nprot.2011.370
http://www.ncbi.nlm.nih.gov/pubmed/21886107
http://dx.doi.org/10.1073/pnas.1013893107
http://www.ncbi.nlm.nih.gov/pubmed/21059927
http://dx.doi.org/10.1021/ac403304g
http://www.ncbi.nlm.nih.gov/pubmed/24484180
http://dx.doi.org/10.1038/ncomms3926
http://www.ncbi.nlm.nih.gov/pubmed/24336094
http://dx.doi.org/10.1016/j.yexcr.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/23896027
http://dx.doi.org/10.1158/1078-0432.CCR-07-1823
http://www.ncbi.nlm.nih.gov/pubmed/18223214
http://dx.doi.org/10.1016/j.ccr.2012.08.027
http://www.ncbi.nlm.nih.gov/pubmed/23153538
http://dx.doi.org/10.1111/jmi.12112
http://www.ncbi.nlm.nih.gov/pubmed/24499016
http://dx.doi.org/10.1038/nmeth0211-123
http://www.ncbi.nlm.nih.gov/pubmed/21278722
http://dx.doi.org/10.1063/1.4884343
http://www.ncbi.nlm.nih.gov/pubmed/25085145
http://dx.doi.org/10.1016/j.micron.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24602267
http://dx.doi.org/10.1021/nl304561g
http://www.ncbi.nlm.nih.gov/pubmed/23458263
http://dx.doi.org/10.1007/s12668-016-0191-3
http://www.ncbi.nlm.nih.gov/pubmed/27014560
http://www.ncbi.nlm.nih.gov/pubmed/20627170
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	AFM Single-Molecule Techniques 
	Molecular Imaging 
	Molecular Mechanics 
	Molecular Recognition 
	Molecular Activities on Cell Surface 
	Challenges and Outlook 
	

