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Abstract

Cell surface receptors, often called transmembrane receptors, are key cellular components as they control and mediate cell
communication and signalling, converting extracellular signals into intracellular signals. Elucidating the molecular details of
ligand binding (cytokine, growth factors, hormones, pathogens,...) to cell surface receptors and how this binding triggers
conformational changes that initiate intracellular signalling is needed to improve our understanding of cellular processes and
for rational drug design. Unfortunately, the molecular complexity and high hydrophobicity of membrane proteins significantly
hamper their structural and functional characterization in conditions mimicking their native environment. With its piconewton
force sensitivity and (sub)nanometer spatial resolution, together with the capability of operating in liquid environment and at
physiological temperature, atomic force microscopy (AFM) has proven to be one of the most powerful tools to image and
quantify receptor-ligand bonds in situ under physiologically relevant conditions. In this article, a brief overview of the rapid
evolution of AFM towards quantitative biological mapping will be given, followed by selected examples highlighting the main
advances that AFM-based ligand-receptor studies have brought to the fields of cell biology, immunology, microbiology, and
virology, along with future prospects and challenges.
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Introduction

Since its invention in 1986 as technique to contour the to-
pography of solid state surfaces with atomic resolution [1],
atomic force microscopy (AFM) has quickly evolved into a
multifunctional nanoscopic platform with growing applica-
tions in diverse fields, ranging from physics, chemistry, and
material science to biology and medicine [2, 3]. In AFM
imaging, the interaction forces between a very sharp tip
and the surface of a sample are exploited to reconstruct to-
pographical information. A classical AFM setup consists of
a flexible cantilever ending with a sharp stylus, a laser diode
focused on the back of the cantilever and reflected onto a
position-sensitive photodiode, and a piezoelectric scanner,
which is connected to the photodiode through a feedback
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loop. Typically, during an image acquisition, the stylus of
the cantilever is raster scanned across a sample surface
through the piezoelectric scanner. Variations in interaction
forces between the tip and the sample, reflecting atomic-
scale differences in surface topography, will be sensed by
the tip and will cause a deflection of the cantilever, which
will be detected as change of the laser position on the pho-
todiode. The feedback loop will then re-adjust in real time
the relative height position of the sample and the tip in order
to keep their parameters of interaction constant (e.g. force of
interaction, oscillation amplitude, or frequency shift, de-
pending of the AFM imaging mode), thus enabling the re-
construction of the surface topography with sub-nanometer
precision. Alternatively, an atomic force microscope is used
as a force sensor, in what is commonly called force spectros-
copy mode. In this mode, the stylus is cyclically approached
and retracted from the surface while monitoring the varia-
tion of the force with respect to the tip-sample distance. This
enables the reconstruction of force-distance curves with
piconewton sensitivity, from which a plethora of mechani-
cal and physico-chemical sample properties, such as elastic-
ity, stiffness, and adhesion, can be extracted [3].
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Already in the first decade after the AFM invention, new
applications exploiting the potential of the technique to detect
properties other than surface topography started to emerge
(Fig. 1). In particular, taking advantage of its ability to detect
interaction forces, it was rapidly demonstrated that the canti-
lever tip could be functionalized to allow the detection of
specific forces for simultaneously mapping the topography
of the sample and to extract its physico-chemical properties
quantitatively. In 1994, Lieber’s group elegantly illustrated
this principle by functionalizing AFM tips with self-
assembled alkanethiol monolayers terminated with hydropho-
bic or hydrophilic groups (Fig. 1a). Those tips acting as chem-
ical sensors were used to evidence hydrophilic and hydropho-
bic domains on patterned surfaces otherwise topographically
smooth, setting the bases for chemical force spectroscopy
(CFS) and mapping applications [4]. Shortly afterwards, the
concept was transferred to biomolecular interactions, with the
widely explored avidin-biotin [5—7] and antibody-antigen sys-
tems [8] opening the doors to the sensing of specific biomo-
lecular interactions (Fig. 1b, c).

In the context of biomolecular interactions, the
functionalization of the AFM stylus is of key importance.
Unlike small chemicals, the direct grafting of biomolecules
onto the AFM tip could lead to steric effects, which de facto
result in a decrease of the lateral resolution. Furthermore, di-
rect contact between biomolecules and tip surface would re-
sult in a reduction of the molecule mobility and orientation
preventing the specific interaction. In addition, it could lead to
partial biomolecule denaturation and as a consequence to a
loss of its proper functional state, which makes the grafting
strategy particularly critical for AFM cantilever
functionalization. In 1996, Hinterdorfer et al. [8] developed
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a protocol for the controlled functionalization of AFM tips
with single biomolecules (Fig. 1c), enabling the study of mo-
lecular recognition processes at the level of single interaction
events by single-molecule force spectroscopy (SMFS). By
covalently coupling antibodies to AFM tips via a long flexible
polyethylene glycol (PEG) spacer at a sufficiently low con-
centration, single ligands were enabled to interact with their
antigen pair on the sample surface. The flexible linker in-
creases the binding probability thanks to the higher orientation
freedom of the antibody. Finally, the stretching of the long and
flexible PEG spacer during the unbinding process displays a
well-defined nonlinear pattern before bond rupture happens,
therefore providing a specific signature that allows a straight-
forward discrimination of the probed antibody-antigen inter-
actions from the unspecific adhesion events.

Biomolecular mapping along with the possibility to operate
AFM in liquid environment and at ambient temperature
opened the avenue to the development of AFM-based live cell
applications (Fig. 1d). In 2000, Gaub’s group exploited the
high specificity of Helix pomatia lectin for N-acetyl-galactos-
amine-terminated glycolipids present on the cellular mem-
brane of group A red blood cells to map and discriminate
between mixed red blood cell populations [9]. By
functionalizing the tip with the lectin through a PEG spacer,
they were able to correlate both topography- and affinity-
based maps of mixed group O and group A red blood cells
adsorbed on a glass surface, showing that AFM could be used
to probe affinity forces in situ on biologically relevant sam-
ples. In parallel, single-cell force spectroscopy applications
(SCFS) started to emerge [10] (Fig. le). These applications
are based on the immobilization of single living cells on a
tipless AFM cantilever, via specific receptor-ligand
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Fig. 1 Timeline of key AFM developments, starting from AFM invention in 1986 to the latest FD-based AFM modes and combination with optical
techniques to study receptor-ligand bonds under physiological conditions. Insets reproduced with permission from [4, 5, 8-11, 1315, 44]
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interactions or adhesive coatings, which are subsequently
used to record force-distance curves between the cell probe
and a substrate or the surface of another cell. This develop-
ment allowed novel biological parameters to be measured,
such as cell-cell adhesion directly, and at the high spatial and
force resolution characteristic for AFM [11].

In the last decade, AFM-based biological applications have
witnessed a new revolution thanks to a plethora of sophisti-
cated technological developments [12]. Key breakthroughs
towards biomolecular and live cell applications include the
development of environmental chambers to keep cells alive,
including mammalian cells, in physiological conditions for
extended periods of time; the development of faster and more
sophisticated force-distance curve—based AFM methodolo-
gies (FD-based AFM); and the coupling of AFM to optical
microscopy techniques (ranging from epifluorescence to con-
focal and super-resolution microscopes) (Fig. 1f). The evo-
lution of FD-based AFM has brought mapping of biomole-
cules and live cells to a new exciting level, allowing the si-
multaneous fast acquisition of topographical and quantitative
multiparametric information of biological samples at high res-
olution. In previously developed FD-based modes, such as
force-volume AFM (FV-AFM), the cantilever follows a two-
step rectangular trajectory in which for each pixel of the image
the tip is approached and retracted from the sample in the z-
direction and subsequently moved horizontally to the next
pixel to scan in the x-y direction while recording force-
distance curves. Although this approach allows the simulta-
neous recording of force-distance curves and the topography
reconstruction of the surface on a pixel-by pixel basis, the
slow acquisition time severely limits the number of pixel per
image that can be practically acquired. Recently, this limita-
tion has been partially overcome with the development of
triangular or sinusoidal modes, which greatly increased the
speed of image acquisition and hence the resolution of biomo-
lecular mapping and force-sensing. As a result, new applica-
tions, and in particular the simultaneous topographical and
quantitative analysis of receptors-ligand bonds, are now made
possible on living cells (Fig. 1f-h) or purified model mem-
branes (Fig. li, j), at molecular or even in some cases
submolecular resolution [13—15]. Furthermore, the instrumen-
tal developments allowing the coupling of AFM and optical
techniques, such as epifluorescence and confocal microscopy,
have opened up new exciting perspectives for the study of
biological processes in situ in biologically relevant contexts
through the combination of AFM and cell and molecular bi-
ology approaches [3, 12].

In the following sections, an overview of the most recent
applications concerning the AFM-based quantitative study of
cell receptor-ligand interactions in physiologically relevant
conditions will be addressed, providing examples in the fields
of cellular biology, immunology, microbiology, and virology,
which have especially benefited from the most recent

developments. An outlook discussing present and possible
future contributions of AFM to the molecular understanding
of cell surface phenomena will follow, to highlight future di-
rections and perspectives this exciting field is able to offer.

Probing receptor-ligand bonds in situ
by AFM: state of the art

Cell biology and immunology applications

Imaging and quantifying cell receptor-ligand binding dynam-
ics in biologically relevant conditions are critical steps to un-
derstand and modulate cell surface receptors with biomedical
perspectives. In addition to inherent difficulties in structural
characterization associated with receptor size and hydropho-
bicity, crystal structures, where available, are still not fully
representative of the ensemble of conformations explored by
the receptor within its cellular environment. It is well known
that their dynamic assembly on the membrane modulates the
functional state of many receptors and that often receptors are
able to interact with multiple ligands with different levels of
affinity and binding-related conformational changes.

Classical SMFS and FV-AFM have been extensively used
to characterize the binding free energy landscape of receptor-
ligand pairs both on supported lipid bilayers and on living
cells [16, 17]. Typically, ligands of interest are covalently
immobilized on the AFM tips that are subsequently used to
probe and quantify forces and kinetic parameters of ligand-
receptor binding. The main limitations of these approaches are
the acquisition time and the absence of high-resolution topo-
graphical information, which hampers a molecular attribution
of the quantified forces as well as the detection of dynamical
changes in receptor conformation or spatial distribution upon
ligand binding. This can be particularly problematic when
studying receptor-ligand binding on living cells, due to the
intrinsic complexity and heterogeneity of cell membranes.
Simultaneous acquisition of topographical and qualitative li-
gand binding information has been achieved with the inven-
tion of the AFM-based topography and recognition imaging
(TREC), which has been extensively used to map the organi-
zation and binding of several ligand-receptor pairs, such as the
human gonadotropin—releasing hormone receptor and the dis-
tribution of Hsp70 on the surface of cancer cells [18].
Although TREC does not allow the quantitative extraction
of binding parameters from the ligand-receptor recognition,
it can be coupled to SMFS to retrieve the quantitative param-
eters of binding on selected receptors [19].

Recently, a major breakthrough in AFM-based ligand-re-
ceptor studies came from the advances in multiparametric FD-
based AFM, which has proved to be a powerful approach to
image cell surface receptors at the single-molecule level and to
simultaneously quantifying the biophysical parameters
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describing the receptor binding process to a variety of ligands.
Some of the most significant advances regard G protein—
coupled receptors (GPCRs), which are the largest membrane
receptor family and cover essential roles in cell homeostasis
and responses to hormones and neurotransmitters [20]. In a
recent study, FD-based AFM was used to reconstruct free
energy landscapes of ligand binding of purified protease-
activated receptor-1 (PAR1) dispersed in supported lipid bi-
layers (Fig. 2a—e). By functionalizing the AFM tip with its
endogenous ligand, the thrombin receptor—activating peptide
(TRAP), it was possible to image single human PAR1 mole-
cules at nanometric resolution and simultaneously reconstruct
the energy landscape of the ligand-receptor interaction under
physiological conditions [21] (Fig. 2a). The FD-based AFM
mode allows the reconstruction of the topographical informa-
tion in a pixel-by-pixel manner, while simultaneously record-
ing the interaction forces in force-distance curves between the
ligand on the tip and the receptor on the surface over a wide
range of loading rates (i.e. speed at which the force is applied)
(Fig. 2b—d). Practically, the application of an external force on
a ligand-receptor bond results in a loading rate-dependent
deformation of the energy barrier separating the bound and
unbound states, with a consequent reduction of the bond life-
time. This in turn leads to processes occurring at shorter time
scales than in the absence of force, which enables the study of
slow dissociation processes by SMFS, otherwise inaccessible
by other techniques. Well-established biophysical models,
such as the Bell-Evans model [22] and the Friddle-Noy-De
Yoreo model [23], allow the extrapolation of the kinetic rate of
bond dissociation (which is related to the bond lifetime) and of
the free energy of unbinding at equilibrium (i.e. at zero applied
force) respectively, leading to the reconstruction of the free
energy landscape of the ligand-receptor bond interaction
(Fig. 2e). The method was also applied in presence of a
PARI inhibitor, and to a variety of ligands having slightly
higher or lower affinity compared with TRAP, revealing sub-
tle differences in the energy landscape of ligand-receptor bind-
ing and therefore proving itself as an effective approach to
characterize accurate ligand binding profiles and potentially
assist in drug testing and design. In a similar work, the same
receptor was analyzed with bifunctionalized AFM tips, onto
which the TRAP sequence and a #7is-NTA group were used to
detect either the extracellular binding site or the intracellular
C-terminal end [24].

Very recently, a similar FD-based AFM approach has been
used to elucidate interactions between endogenous molecules
and receptors of the innate immune system involved in inflam-
matory responses [25]. In response to infections and tissue
damage, the innate immune system triggers inflammatory pro-
cesses that aim to restore tissue homeostasis. Key receptors
involved in this process are membrane-bound pattern recog-
nition receptors (PRRs), such as Toll-like receptors, NOD-like
receptors, and RIG-I-like receptors, which promote
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inflammation through their interaction with pathogen-
associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs). Knoops et al. [25]
focused on the DAMP acting function of the antioxidant en-
zyme peroxiredoxin 5 (PRDXS5) and on its specific recogni-
tion by Toll-like receptor 4 (TLR4) (Fig. 2f—j). After having
proven the specificity of the interaction and reconstructed the
kinetics of PRDXS and TLR4 interaction by SMFS, the au-
thors investigated this interaction on living CHO cells over-
expressing TLR4 (Fig. 2f, g) and on macrophage-
differentiated THP-1 cells, as a physiologically relevant model
of immune system cells (Fig. 2h). Not only the role of PRDXS5
to act as DAMP for TLR4 was confirmed on both cell models,
but also, surprisingly, macrophage-differentiated THP1 cells
also went through a significant increase of stiffness upon stim-
ulation with PRDXS5, suggesting that the interaction between
PRDXS5 and TLR4 induces a cellular mechano-response (Fig.
2i, j). FD-based AFM presents itself as very promising ap-
proach not only to map and characterize specific inflammation
related interactions under physiological conditions but also to
trigger and unveil in a temporally resolved manner-specific
cellular responses connected with the innate immune system.

Microbiology applications

Since its invention and application to address biological ques-
tion, a great deal of AFM research focused on the imaging and
elucidation of pathogen-host interactions, both in terms of
structural dynamics of cell walls and response to drugs and
in terms of localization, adhesion, and mechanics of their in-
dividual components [26]. Pathogen infections are initiated by

Fig.2 FD-based AFM for cell biology and immunology applications. (a— P>
e) Multiparametric FD-based AFM is used to study TRAP binding to
PART1 receptor (panels adapted with permission from [21]). (a) AFM
tip is functionalized with the TRAP peptide via a PEG linker and cycli-
cally approached and retracted from PARI receptors reconstituted in a
lipid bilayer. (b) Height AFM image (left) and corresponding adhesion
image (right) of PARI receptors reconstituted in liposomes. (¢) Overlay
of height and adhesion image of PAR1, highlighting the specific interac-
tion of TRAP with the receptors on the surface. (d) Representative force-
distance curves. (e) Quantification of the TRAP-PAR1 binding free ener-
gy landscape from the fitting of the interaction forces vs loading rate plot.
(f—j) FD-based AFM and its combination with optical and fluorescence
microscopy is used to measure specific interactions between PRDXS5 and
TLR4 on living cells (panels adapted with permission from [25]). (f)
PRDXS5-functionalized tips are used to probe cocultures of living CHO
cells overexpressing YFP-labelled TLR4 and control cells. (g) Height
(left) and adhesion (right) images of CHO cells. The inset shows the
corresponding overlay of phase and fluorescence images. Most of the
adhesive events are observed on CHO cells overexpressing TLR4, indi-
cating a specific interaction with PRDXS. (h) Macrophage-differentiated
THP-1 cells are used as relevant model of innate immunity. (i) Variation
of cell stiffness over time, indicating a PRDXS5-induced mechano-re-
sponse. (j) Extraction of biophysical parameters of PRDXS-TLR4 inter-
action from the force vs loading rate plot
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the strong microbial adhesion to host tissues and host protein—
coated implanted devices and still represent a major global
safety concern, which is increasing due to the growing emer-
gence of multidrug-resistant strains. This process is largely
controlled by microbial adhesins, which specifically interact
with host proteins and tissues, through relatively poorly un-
derstood molecular mechanisms. AFM represents therefore an
exceptional opportunity to gain insights into the
mechanostability and molecular details of adhesin-mediated
pathogen interactions, both at the single-molecule and the
single-cell levels, and for the design of antiadhesion drugs that
block cell adhesion and biofilm development. Over the years,
several studies focused on the AFM-based characterization of
the binding properties of fibronectin-binding proteins (FnBPs)
from Staphylococcus aureus. By functionalizing the AFM tip
with fibronectin, the molecular strength of fibronectin-
S. aureus interaction was quantified on living bacteria [27,
28]. Interestingly, studies conducted on clinical isolates from
patients with cardiovascular implants have shown a distinct
force signature and a bond lifetime two times longer for blood-
stream isolated bacteria from patients with infected devices,
which were found to be associated with polymorphisms in
FnBPA [29, 30]. Another adhesin that recently gained a lot
of attention is SD-repeat protein G (SdrG) from
Staphylococcus epidermidis. This adhesin binds the host tar-
get, a peptide of about 15 residues from human fibrinogen,
through the “dock, lock, and latch” (DLL) mechanism, in
which the peptide is first bound, then buried between two
immunoglobulin-like domains N2 and N3, and finally
“latched” with a strand connecting N3 to N2 [31]. In 2014,
by using a combination of SMFS with fibrinogen-
functionalized tips on living S. epidermis cells and SCFS on
fibrinogen-coated surfaces, Dufréne’s group identified in the
single SdrG-fibrinogen interaction the strongest non-covalent
bond known so far, in the order of 2 nN [32]. Later studies
have shown similar forces for related adhesin-host protein
interactions, such as clumping factors A and B [33, 34]
(Fig. 3a—c). By combining SMFS and all-atom steered molec-
ular dynamics simulations, Milles et al. elucidated the molec-
ular mechanisms of this extreme mechanostability, which re-
lies mainly on multiple hydrogen bonds with the peptide back-
bone and is further stabilized by calcium ions [35, 36]. Very
recently, another extremely strong interaction has been iden-
tified to mediate the binding between the S. aureus surface
protein A (SpA) and the plasma glycoprotein von
Willebrand factor (vWF). During endovascular infections,
S. aureus binds to endothelium under flow via vVWF [37].
Using SMFS, the authors demonstrated that vWF binds to
SpA with a =2 nN force and that these strong bonds are acti-
vated by mechanical stress. Interestingly, as opposed to previ-
ously studied adhesins, SpA is not interacting via the DLL
mechanism. Instead the strong binding is seemingly ascribed
to a force-induced conformational changes of the vWF,
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suggesting a new molecular mechanism of bacterial adhesion,
which needs to be further elucidated in detail.

Microbiology has also greatly benefited from the most
recent advances of multiparametric FD-based AFM and its
combination with optical microscopic techniques. While
this approach has been extensively used to simultaneously
image the topography and map physico-chemical, mechan-
ical, and adhesive properties of bacterial proteins and cells,
more recently the combination with functionalized tips al-
lows to localize and force-probe specific surface biomole-
cules, providing more insights into ligand binding events at
nanometric and sub-nanometric resolution [15, 38] and
bacteriophage infection [13]. In one of the most significant
examples on isolated proteins [15], the well-characterized
bacteriorhodopsin (BR) from Halobacterium salinarum
has been engineered to carry a C-terminal Hiss-tag, which
is located at the cytoplasmic surface of BR trimers self-
assembled in purple membrane. By functionalizing AFM
tips with sris-nickel-nitriloacetate (Ni**-z7isNTA) groups
as ligands, the authors managed to image and to simulta-
neously localize and quantify the Ni**-frisNTA-Hiss-tag
binding events with sub-nanometric precision, thus show-
ing the applicability of FD-based AFM for epitope map-
ping and ligand-receptor binding studies at submolecular
resolution. In a closely related work, the combination be-
tween confocal microscopy and AFM was exploited to
sequentially localize extracellular and cytoplasmic surface
of BR trimers by fluorescent labelling and to epitope map
the Hiss-tag-carrying C-terminal by multiparametric AFM
at submolecular resolution [14]. A similar strategy has
been used to map the distribution of single bacteriophages
on living Escherichia coli cells [13] (Fig. 3d-h).
Filamentous bacteriophages were genetically engineered
to express Hisg-tag on their pIX tail and subsequently used
to infect the E. coli cells, while their escaping from the
cells was blocked by deletion of plll, causing the assem-
bled phages to remain anchored to the bacterial cell wall
(Fig. 3d). FD-based AFM with Ni**-NTA functionalized
tips enabled the multiparametric mapping of structure, ad-
hesion, and elasticity of the cells (Fig. 3e—g), revealing that
the sites of phage assembly form soft nanodomains at the
bacterial septum (Fig. 3h), thus increasing our understand-
ing of the infection process and its dynamics.

Virology applications

Viral infections are multistep processes initiated by the bind-
ing of viruses to host cell membrane moieties, comprising
proteins, carbohydrates, and lipids, which ultimately triggers
virus endocytosis, followed by the release of the viral genetic
content into the cytoplasm, and progeny viral production and
escape. Since viral replication cannot take place without a
susceptible host cell, elucidating the first steps of virus-host
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Fig. 3 Overview of AFM-based receptor-ligand mapping for microbiol-
ogy applications. (a—¢) The combination of SCFS and SMFS is used to
probe strong interactions between bacterial adhesins and host proteins
(panels adapted with permission from [34]). (a) Schematics of SCFS
and SMFS experimental setup to probe the DLL mechanism—guided
interaction between clumping factor B (CIfB) from S. aureus and loricrin.
(b) Adhesion force histogram from the interaction between S.aureus cells
and loricrin measured by SCFS. The immobilization of single cells on the
cantilever is followed by optical and fluorescence microscopy (inset). (c)
Adhesion force histogram and map (inset) of loricrin-CL{B interaction
recorded on living bacteria by SMFS. (d—h) Multiparametric FD-based
AFM is used to localize phages on the surface of infected bacteria and to

cell binding is key to the design of effective antiviral mea-
sures. Although ensemble techniques, such as surface plas-
mon resonance and microscale electrophoresis, provide infor-
mation of average thermodynamic and kinetic properties of
the binding, single-molecule techniques are required to uncov-
er the molecular properties of inhomogeneous systems and to

simultaneously map bacterial mechanical properties (panels adapted with
permission from [13]). (d) Filamentous bacteriophages were engineered
to expose a Hisg tag on their pIX tail to facilitate their localization using
Ni”*-NTA functionalized AFM tips. (¢) Height image of E. coli cell
infected with bacteriophages. The infection was followed by staining with
Ni?*-NTA fluorescent conjugates (inse?). (f) Simultaneously acquired ad-
hesion image of the area in (e). The same area scanned in presence of
EDTA is shown in the upper inset. (g) Representative force-distance
curves. (h) Comparison between adhesion image (left) and elasticity
map (right) of a zoomed area of an infected E. coli cell, showing the
organization of the bacteriophages into soft domains surrounded by stiff
material

obtain dynamic and statistical information, thus defining the
detailed mechanism of virus-host cell binding steps under
physiological conditions.

Single-molecule and single-virus AFM-based force spec-
troscopy approaches have been used to characterize the bind-
ing forces and kinetics of a variety of viruses, such as human
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immunodeficiency virus type 1 (HIV-1), rhinovirus (HRV),
influenza virus (HA), and herpes simplex virus type (HSV)
to some of their cognate ligands both on isolated molecules
and on living cells [39-43], highlighting the dynamical nature,
multivalency, and complexity of the first virus-host interac-
tions. In two closely related studies, the interactions of the
HIV-1 glycoprotein gpl120 with the cellular receptor CD4
and the co-receptor CCRS5 have been elucidated. First,
gp120-functionalized AFM tips were used to study the bind-
ing to CD4 and CCRS on both model surfaces and genetically
engineered living cells, showing that a first unstable associa-
tion of gp120 to CD4 is required for the subsequent and much
more stable binding to CCRS5 [39]. Then, by immobilizing
HIV-1 viruses directly on the AFM tips, they showed this
dynamic binding to be critically regulated by the interaction
time with the cell, with the gp120-CD4 bonds undergoing
rapid destabilization within 0.3 s, which is enhanced by
CCRS5, suggesting a co-receptor-induced conformational
change in the gp120-CD4 bond [40]. Multivalency is one of
the main features of virus binding to the host cell. Multiple
weak interactions can add up to provide virus binding with
nanomolar affinities. Using single-virus force spectroscopy,
Rankl et al. [41] have probed the binding of HRV2 to very-
low-density lipoprotein receptor, demonstrating a time-
dependent transition of single to multiple parallel uncorrelated
virus-receptor bonds. Multivalent virus attachment can also be
very complex in both dynamics and molecular nature of the
bonds established. Sieben et al. [42] elegantly combined op-
tical tweezers, AFM-based single-virus force spectroscopy,
and molecular dynamics simulations to study the binding of
HA to cells presenting a different surface distribution of 2,3-
and 2,6-x-linked sialic acid. The results uncovered a broad
spectrum of multiple unbinding pathways and no clear prefer-
ence for the different cell lines, indicating a complex energy
landscape of the underlying interactions, which needs to be
clarified in detail. Virus attachment to the cell surface needs to
be tightly regulated, in relation to the contextual needs of the
virus to form bonds that are strong enough to ensure the bind-
ing and entry, but at the same time the necessity of being able
to migrate on the cell surface both during entry, to find its
ligands, and during progeny escape. Using a combination of
single-virus AFM—based force spectroscopy and single parti-
cle-tracking, Delguste et al. [43] identified in the mucin-like
region of the HSV-1 glycoprotein gC an essential regulator of
HSV binding to chondroitin sulfate and of virus diffusive
behaviour.

Although AFM alone has proved to be an effective tool
to quantitatively characterize the forces involved in virus-
cell interaction, it lacks the capacity of identifying the
biomolecules and receptors taking part in the process. In
this context, combination of optical and fluorescence mi-
croscopy techniques with AFM has recently brought sig-
nificant advances in the elucidation of the first binding
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steps of viruses to human cells. Recently, Alsteens et al.
developed an approach to measure virus-cell interactions
by FD-based multiparametric AFM while benefitting from
confocal live cell microscopy [44, 45]. To illustrate the
potential of this approach, the authors studied the interac-
tion between an engineered rabies virus carrying the en-
velope protein of avian sarcoma leucosis virus (EnvA-
RABYV) and living cells expressing the cognate avian tu-
mour virus receptor A (TVA). By coculturing control cells
and cells expressing fluorescently labelled TVA that were
visualized by confocal microscopy during the AFM
multiparametric acquisition, they were able to correlate
the specific binding behaviour of the virus to TVA at high
spatial resolution in situ on living cells. Furthermore, they
developed a theoretical framework to extract mechanical,
kinetic, and thermodynamic parameters controlling virus-
receptor interactions, thus enabling the straightforward re-
construction of the free energy landscape of virus binding.
The same approach has been very recently used to eluci-
date important aspects of the multivalent binding of hu-
man gammaherpesvirus to living cells during infection,
unravelling a tight viral glycoprotein-controlled regulation
of binding valency during attachment and release steps
(Fig. 4a—f) [46]. As illustrated from the above-
mentioned examples, although at its infancy
multiparametric FD-based AFM in combination with fluo-
rescence microscopy has already brought new important
insights into the dynamics and regulation of the first steps
of viral infections, with more outstanding applications
foreseen in the near future.

Outlook

In recent years AFM has assumed a prominent role in life
sciences and in particular has revealed itself as an invaluable
tool to study the dynamics and biophysics underlying
receptor-ligand bonds at the single-molecule level under con-
ditions that closely resemble the in vivo scenario. Advanced
FD-based AFM methodologies enable the high-resolution im-
aging of cell membrane proteins, while simultaneously map-
ping the mechanical, kinetics, and thermodynamic properties
of binding sites and binding free energy landscape of ligand-
receptor bonds. The combination of AFM with fluorescence
microscopy techniques, nowadays routinely implemented in a
variety of commercial instruments, has offered new insights
regarding the direct visualization of the investigated cellular
components, while simultaneously quantifying their binding
properties, leading to an increased understanding of cell mem-
brane regulated processes and dynamics. Few examples have
been presented here, but they nevertheless testify the signifi-
cant contribution of AFM-based approaches to a wide variety
of fields, spanning from cell biology and immunological re-
actions to pathogen-host and virus-host interactions.
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Fig.4 Multiparametric FD-based AFM to probe the first binding steps of
viruses to mammalian cells. (a) Single-virus functionalized tips are used
to investigate specific interactions on model surfaces or living cells. (b)
Comparison between forces of interaction of wild-type herpes virus and a
mutant lacking the viral glycoprotein gp150 (gp150~) with heparin. (c—f)
Funtional role of gp150 on herpes virus attachment to living cells. (c)
AFM height image of a mCherry CHO cell (GAG") and a CHO cell
deficient of surface glycosaminoglycans (GAG ) and corresponding ad-
hesion image acquired with the wild-type virus. The related fluorescence

In this frame, important drawbacks that still limit the
resolution capabilities of the technique are force sensitiv-
ity, temporal resolution, and thermal stability. The last in
particular is responsible for the stability of the AFM mea-
surement to vary over tip and is therefore especially
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image is shown in the inset. (d) Zoom of the GAG™ cell adhesion map,
highlighting the prevalence of interaction forces in the low range (100—
200 pN). (e) AFM height image of a GAG* and a GAG™ cell and corre-
sponding adhesion image acquired with the gp150~ virus. The corre-
sponding fluorescence image is shown in the inset. (f) Zoom of the
GAG" cell adhesion map, highlighting an increased abundance of inter-
action forces in the high range (200-300 pN) compared with the wild
type, indicating a possible regulating role of gp150 for virus attachment
and diffusion (panels reproduced with permission from [46])

critical to probe the very first steps of cellular receptor
interactions in a dynamical manner. Thereby, recently de-
veloped ultrastable AFMs possessing sub-piconewton
force resolution, high positional stability, and extremely
low lateral thermal drift could be highly beneficial to
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ligand-receptor studies, particularly for time-resolved cel-
lular processes [47].

Major breakthroughs in biomedical research will also arise
from the systematic coupling of FD-based multiparametric
AFM approaches with super-resolution microscopy tech-
niques, such as STED and PALM/STORM [48]. Few innova-
tive studies have already started to show the potential of this
combined techniques for the field of mechanobiology, for in-
stance to unveil the detailed correlation between membrane
properties and cytoskeleton organization on living cells [49,
50]. The application of these combined approaches to the
study of ligand-receptor interactions will enable to resolve
the lateral organization of cellular receptors, such as cluster-
ing, and their impact on ligand binding at the level of single
molecule. Furthermore, while mapping membrane biophysi-
cal properties, it will be possible to monitor cellular responses
to controlled extracellular stimuli in a dynamical manner, get-
ting precise insights into for example ligand binding-triggered
intracellular cascades in real time.

In summary, AFM is now a well-established technique to
monitor and study biological processes under physiological
conditions with (sub)-nanometric resolution. Ultimately, on-
going technological developments and the further coupling of
AFM with other biophysical and imaging platforms are ex-
pected to greatly enlarge the number of AFM biological ap-
plications, enabling to tackle unsolved biological questions
from multiple angles simultaneously, thus greatly advancing
our mechanistic understanding of biological phenomena.
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