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Abstract.
Cells sense physical properties of their environment including substratum rigidity, roughness, and
topography of recognition sites. The cell surface displays continuous deformations of nanometer-scale
amplitude and Hz frequency. Recent results support a hypothesis whereby these surface undulations
represent a powerful strategy for the rapid acquisition of environmental cues: transient contact with
surroundings generate forces of piconewton intensity due to rapid formation and dissociation of
intermolecular bonds. The combination of binding and steric forces is expected to drive
conformational changes and lateral reorganization of membrane biomolecules, thus generating
signaling cascades. We propose that spontaneous membrane mobility shapes the initial information
generated by cell-to-surface contacts and thereby biases later consequences of these interactions.

Introduction.
Cells continually take decisions concerning survival, proliferation, differentiation, migration or
secretion based upon information relative to the cellular environment. A major challenge for cell
biologists is to understand what kind of data cells extract from their environment and how this
information is processed to select a particular outcome.
Until recently, the most general explanation for experimental observations is that cells use
hundreds of membrane receptors to detect specific ligands either in soluble phase or bound to surfaces.
For example integrins detect specific ligands on extracellular matrices, which triggers different
responses, ranging from short-term spreading to differentiation [1]. Numerous examples of receptor
cross-talk show that cells can integrate responses to a combination of ligands [2]. Finally, cells can
respond to the surface density of these ligands as exemplified by the guided migration along
haptotactic gradients [3].
In addition to biochemical cues, living cells sense the physical properties of their environment.
Many cells need sufficiently rigid substrata to survive, while other cell species preferentially migrate
toward stiffer rather than softer surfaces, a phenomenon dubbed durotaxis [4]. Cell differentiation may
also be dramatically influenced by surface stiffness: mesenchymal cells deposited on fibronectincoated polymers of varying degree of crosslinking undergo osteoblastic, myoblastic or neuronal
differentiation depending on substratum stiffness [5]. Topography is also important, as substrateadherent cells orient along grooves of micrometer width and scale, and were recently found to detect
nanoscale topography [6,7]. The macrophage capacity to phagocytize is dependent on particle shape
[8]. The homogeneity and spacing of specific ligands and membrane receptors can also influence cell
behaviour, murine fibroblast migration on surfaces coated with integrin ligands require a minimum
amount of clustering [9] and efficient spreading require ligand spacing of less than 50-100 nm [10]. T
lymphocyte activation on surfaces coated with nanopatterned stimulatory molecules are also
influenced by topography [11].
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One way of identifying the information perceived by a cell approaching a surface consists of
examining the sequence of events generated by this interaction at a molecular scale, within the first
seconds of contact.
Cell membranes display continuous deformations on a wide range of timescales.
The molecular interactions generated by cell-to-surface approach are shaped by membrane dynamics.
Numerous reports yield a detailed description of typical deformation patterns on a timescale of several
tens of seconds. Several interesting reports also demonstrate the occurrence of rapid membrane
undulations in various cell types.
“Conventional” membrane deformation (10s-1minute time-scale).
Cell membranes continously generate different kinds of protrusions. Recent data have improved our
understanding of the physical properties of each type of protrusion.
Finger-like structures such as filopodia or microvilli are cylindrical protrusions with a typical
diameter of 0.1-0.2 µm and a length ranging between a few tenths of a micrometer and several
micrometers [12]. Their core is made of a bundle of typically 10-30 actin filaments and they have
often been ascribed an exploratory function [13] due to the presence of membrane receptors on their
tip and continuous protrusion-retraction cycles. The characteristic timescale of these cycles is on the
order of tens of seconds [14]. The characteristic pushing force they may resist to is estimated at several
tens of piconewtons [15], with a traction force on the order of 10 pN [16].
Sheet-like structures such as lamellipodia have a typical thickness of 100-200 nm [12] and several
micrometer width. The leading edge is underlined with a network of branched microfilaments.
Lamellipodia display protrusion and retraction phases with a duration of several tens of seconds [17].
The force required to stall or markedly reduce lamellipodial expansion is estimated at a few tens of
piconewtons per micrometer of leading edge [18,19].
Blebbing. In addition to aforementioned modes of cell deformation, cell membranes can display
transient bulges that were interpreted as a consequence of detachment of the plasma membrane from
underlying cortical microfilaments and existence of an intracellular pressure in excess of the outer
medium pressure [20]. Blebs may protrude up to 2 µm height and they display a cycle of rapid
expansion followed by a slower retraction, on the time-scale of 1 minute. While blebbing has often
been ascribed to some sort of cellular damage, it may be involved in nonapoptotic cell migration and
tissue invasion by cancer cells [20].
Rapid membrane undulations (1 second timescale).
While the three modes of cell deformation we have just described are familiar to cell biologists, their
characteristic time-scale of several tens of seconds may not be sufficient per se to allow cells to
fathom their environment with sufficient rapidity. Pathogen ingestion by blood neutrophils is
completed within a few seconds [21] and the arrest of flowing leukocytes on inflamed endothelia
involves subsecond activation of their membrane integrins [22]. A clue to solving this difficulty may
come from reports demonstrating the existence of transverse membrane undulations with a frequency
of 1 Hz or more. While the erythrocyte membrane displays high frequency undulations (the frequency
of this « flickering » could be as high as 1,000 Hz with an amplitude ranging between a few tens and
hundreds of nanometers [23,24]), plasma membrane undulations of nucleated cells were first thought
to be absent because of excessive surface tension and bending rigidity (Box 1). However, it was later
shown using dark field illumination [25] that blood lymphocytes or monocytes displayed transverse
surface undulations with 0.2-30 Hz frequency, and 20-30 nm amplitude. More recently, monitoring the
surface of human [26] or murine [27] fibroblasts with atomic force microscopy revealed force
fluctuations with a frequency between 0.5 and 0.01 Hz and amplitude between 20 and 80 pN,
corresponding to 1-4 nm displacement. Interestingly, these undulations were not impaired by drugs
depolymerizing microfilaments or microtubules, in accordance with a passive Helfrich-type
mechanism (Box 1).
Atomic force microscopy gives direct information on the opposing face of adherent cells,
while interference reflection microscopy / reflection interference contrast microscopy (IRM / RICM)
allows direct monitoring of the underside of cells approaching a surface. Murine J774 macrophages
[28] displayed undulations of about 5 nm amplitude. This amplitude was increased twofold when cells
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were treated with latrunculin for microfilament inhibition, thus decreasing membrane bending rigidity.
Interestingly, measured parameters were consistent with predictions from Helfrich theory about
passive thermal oscillations (Box1). Human THP-1 monocytic cells deposited on fibronectin-coated
surfaces [29] display transverse fluctuations with an amplitude of 2-10 nm in the Hz frequency range.
Some discrepancies with predictions from Helfrich theory suggested an active cell participation: while
the undulation amplitude of a passive sheet is expected to decrease when it approaches a surface, this
expected behaviour was found when THP-1 cells were separated from the surface by more than about
60 nm, but amplitude increased when the distance was further decreased. Also, short-distance
undulations increased 2-3 minutes after contact initiation. Thus, cells might perceive an approaching
surface at 60 nm distance.
In conclusion living cells display continual membrane undulations with a time-scale of 1-10s.
These movements can generate forces of several tens of piconewtons. Our hypothesis is that these
deformations have the capacity to initiate and modulate substantial signaling events occurring during
the initial cell-surface contact. This is supported by a number of recent reports aimed at determining
the influence of piconewton forces on signaling cascades. It is therefore important to assess evidence
that these forces can initiate or modulate known mechanisms of signal generation.
Box 1. A theoretical framework for analyzing spontaneous membrane undulations. It has been amply
demonstrated that "passive" membranes such as envelopes of large unilamellar vesicles or erythrocytes
displayed spontaneous undulations [23,76]. Recently, the membranes of eukaryotic cells were also found to
display continuous pulsating deformations [25-29]. The theoretical model built by Helfrich [77] remains the
main basis of current thinking [76]: a flexible and flaccid sheet may undergo a number of conformations
involving the formation of various bulges. If the boundaries of the sheet are fixed, any departure from the
simplest planar shape will involve an increase of total area and curvature. This will result in energy increase
proportional to the surface tension σ and bending rigidity κ. A quantitative way of dealing with these
deformations relies on Fourier analysis. Any shape is described as a combination of sinusoïdal
deformations. The contribution of each sinusoidal deformation is estimated on the basis of Boltzmann's law.
Thus, the mean squared amplitude of a deformation of wavelength λ is estimated at kBT/A(σ q2 + κ q4),
where kB is Boltzmann's constant, T is the absolute temperature, A is the sheet area, and q = 2π/λ. A
noticeable consequence of this model is that these undulations should generate a repulsive pressure on the
order of (kBT)2/κd3 between surfaces separated by a distance d, thus inhibiting adhesive interactions.
However, it was also emphasized that these undulations might favor local encounters between ligands and
receptors, even if the average separation between surfaces was wider than the size of ligands and receptors,
due to the presence of bulky repellers [28]. A last point is that it was long thought that the surface tension
and bending rigidity of nucleated cells were too high to allow significant undulations, following
aforementioned Helfrich formula. However, when a quantitative analysis of membrane shape and
fluctuations near a surface was used to derive numerical estimates for the surface tension and bending
rigidity, estimates of 10-4N/m and about 1,000 kBT were obtained for monocytic cell lines. While the
bending rigidity was at least twentyfold higher than that of red blood cells or lipid bilayers, this was shown
to be consistent with the occurence of passive, thermal nanometer-scale undulations [28], although the
involvement of other active mechanisms could not be ruled out.

Forces generated by membrane undulations can influence early signaling cascades triggered by
membrane receptors.
The engagement of cell membrane receptors usually triggers a complex set of intracellular events
resulting from the multiple occurrence of two basic molecular processes: a) The structure of a given
molecule may be altered, either through a conformational change or by chemical modification of a
surface group, e.g. tyrosine phosphorylation. This may result in exposition of new recognition sites or
enzymatic site activation. The simplest case may be the opening of a membrane-embedded ionic
channel [30]. b) Two molecules may bind to each other, which requires both the exposition of new
recognition sites and that they encounter each other. The importance of the latter condition must be
considered in view of the high number of potential interactions between biomolecules: over 250,000
interactions between about 22,000 proteins were compiled in the Unified Human Interactome database
[31]. A remarkable example is the formation of focal adhesions : these molecular scaffolds involve
over 150 molecular species and may appear a few minutes after integrin-mediated adhesion between
cells and cellular matrices [32]. As described in several recent reviews [33,34], focal adhesions
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respond to forces of several tens to hundreds of piconewton by contact extension and signaling events
such as tyrosine phosphorylation, small G protein activation or intracellular calcium rise. Cadherinmediated adhesions share similar properties [35]. However, other evidence described below suggests
that piconewton forces applied during a few second to a single molecule on the cell membrane can
generate significant signals.
i) Conformation. While a ligand with a highly specific molecular shape may allosterically change
receptor conformation [36], mechanical forces can also alter the conformation of different molecules.
The mechanosensitive MscL channel found in E coli membrane can be opened with a surface tension
on the order of 0.01 newton/m. Forces applied to extracellular matrices by cultured myofibroblasts
were found to expose active mediators such as TGFbeta [37]. A force of 2 pN may partially unfold the
integrin-linked talin molecule, thus disclosing vinculin binding sites [38]. Recent studies suggest that
piconewton forces can facilitate a subsecond conformational change of leukocyte integrins interacting
with endothelial cells under flow [39]. These findings were often interpreted as a direct consequence
of Boltzmann's law [40]. A force is expected to influence a conformational change if the product of
the force (in piconewtons) times the displacement (in nanometers) is comparable to or higher than ≈4.
A force of 10 pN generated by membrane pulsations [26] may thus significantly alter the frequency of
a conformational change involving a molecular deformation of order of 0.7 nm (Fig. 1B) such as were
reported in recent studies of integrin structure [41].

Figure 1. Expected influence of membrane dynamics on signaling. The interaction of a static receptorbearing membrane and free or attached ligands may generate signaling cascades through a combination of at
least three mechanisms: A receptor conformational change may expose activating sites or open ionic chanels, B
receptor cross-linking by a ligand cluster may result in mutual interaction between intracytoplasmic molecules,
C active sites may nucleate clusters of intracytoplasmic molecules and/or membrane microdomains (broken
arrow) resulting in signalosome formation.
Membrane fluctuations may initiate similar phenomena: D Pulling at a membrane receptors may
generate/stabilize a new conformation and increase the lifetime of interaction with their ligands if they form
catch bonds . E Membrane retraction may result in clustering of attached molecules on the tip of a protrusion. F
Membrane local curvature as a consequence of shape fluctuations or pulling forces may result in local clustering
of membrane associated molecules.
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ii) Clustering of membrane-associated molecules. Another major mechanism of signal generation
involves receptor clustering or even multimerization [42]. Many receptors are associated with a
tyrosine kinase. Facilitating encounters between a kinase and its target tyrosine will allow
phosphorylation and recruitement of adapter proteins (containing SH2 or PTB domains specific for the
newly phosphorylated tyrosine) thus leading to the formation of a multimolecular signaling complex.
While ligand binding can trigger receptor dimerization [42], the retraction of a membrane region
exposing several receptors bound to a surface might concentrate receptors in the shrinking contact
zone (Fig. 1D). Indeed, when lipid vesicles bound to planar surfaces through mobile integrins were
subjected to a vertical pull of a few piconewtons, integrin concentration increased in the contact area
[43]. Similar results were reported when disruptive forces were exerted on conjugates made between
cytotoxic lymphocytes and target cells [44].
iii) Formation of multimolecular signaling complexes (“signalosomes”). Signal generation might be
dramatically facilitated by the formation of microdomains concentrating desirable molecules. This is
best illustrated by a recently suggested model for T lymphocyte activation [45]. When a T lymphocyte
encountered ligands of its specific receptor (TCR) on an antigen-presenting cells, a region of tight
intercellular contact is formed, with local trapping of TCRs (that are retained by specific interactions
with their antigen) and steric exclusion of some membrane associated phosphatases with bulky
extracellular domains. This might change the balance between phosphorylation and dephosphorylation
events, thus triggering a signaling cascade. Interestingly, a number of recent theoretical and
experimental studies demonstrate that the kinetic, mechanical and geometrical changes imposed on
cell-surface contact by membrane undulations have the capacity to influence the lateral redistribution
of membrane molecules through the following mechanisms:
a) Steric effects. The formation of a region of tight contact between membranes and other surfaces may
require the exclusion of bulky molecules otherwise responsible for steric stabilization. Membrane
undulations might influence this redistribution in three different ways:
- First, intermembrane repulsion depends on the kinetics of contact formation [46,47].
- Second, local protrusions resulting from undulations may overcome a repulsive barrier [28].
- Third, transverse membrane undulations should greatly enhance lateral redistribution of membrane
molecules [48]. The potential importance of enhancing lateral diffusion of membrane molecules is
supported by the (opposite) finding that signaling could be strongly altered by impairing lateral
mobility of membrane molecules with nanobarriers [49].
b) Membrane curvature. An intriguing possibility would be that the lateral reorganization of
membrane molecules be influenced by the curvature changes related to membrane deformation. First,
membrane lipids may have a particular affinity for regions whose curvature matches the size and shape
of hydrophobic tails. Second, intrinsic membrane proteins may be excluded from or attracted by high
curvature regions [50]. Third, intracellular molecules with a potential signaling activity could bind to
membrane regions with a particular curvature [51] through specific interactions between molecular
domains of these molecules and membrane regions with a matching curvature. It is therefore
interesting to recall that forces of several tens of piconewtons imposed with micropipette aspiration
can readily alter membrane curvature [52], and, more recently, similar forces applied through adhesive
points were found to form membrane tubes [53]. Similar deformations may thus be generated by
undulations of membraned pinned to solid surfaces through ligand-receptor interactions.
An important point is that the forces generated by interactions between undulating membranes
and foreign surfaces are dependent on molecular properties of ligand-receptor interactions that have
long been ignored when molecular interactions were studied with conventional methods (Box 2).
Firstly, the forces that can be sustained by bonds formed between surfaces and undulating membranes
are incompletely correlated to binding affinity [54]. Secondly, recently evidenced catch bonds, the
lifetime of which is increased by forces [55-57], may be revealed by dynamic interactions between a
fluctuating membrane and a surfaces. Thirdly, recent results [58] suggest that bond formation between
two mobile surfaces bearing adhesion molecules requires a minimum contact time, thus, transient
interactions between membranes may select a few receptors with particular binding parameters, length
and flexibility out of a number of potential interactions.
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Box 2. Molecular interactions between surface-attached molecule. A new theoretical framework. Conventional
studies made on interactions between soluble molecules led to a fairly simple conceptual framework that has been
considered fairly satisfactory for decades [78]: two molecules A and B may be clearly viewed as bound or separated.
The probability that two molecules A and B bumping again each other will form a complex is simply related to the
kinetic association constant kon. The rate of spontaneous dissociation of a complex is proportional to the kinetic
dissociation rate koff. Thus, two simple parameters are sufficient to account for all interactions between molecules A
and B. Recently, this conventional framework was found insufficient to account for interactions between surfaceattached molecules, based on experimental studies performed on single ligand-receptor pairs [78]. The dissociation
rate of a complex is modified when a disruptive force is applied. In many cases, this modification follows Bell's law
: koff = koff(0) exp(F/F°), where F° ranges between several piconewtons and several tens of piconewtons. In several
cases, a pulling force was even shown to increase the lifetime of molecular bonds that were dubbed "catch bonds"
[55-57]. The association or separation of molecules A and B follows a complex reaction path with multiple
intermediate binding steps and barriers. The property of a complex thus depends on its history that determines the
number of barriers that were passed after initial ligand-receptor association [79-80]. The association rate of surfaceattached molecules is highly dependent on the distance between surfaces, and the length or flexibility of the linker
between binding sites and surfaces. It is difficult to relate the quantitative properties of multivalent attachment
between surfaces to single bond properties due to geometrical and rebinding effects. As a consequence, the
probability of bond formation between an undulating membrane and a foreign surface cannot be derived from the
densities of ligands and receptors, and kinetic parameters kon and koff that would be intrinsic properties of binding
sites. Rather, the forces generated between undulating membranes and surfaces is dependent on complex functions
koff(F) (i.e. dissociation rate as a function of applied force) and kon(d) (i.e. association rate as a function of
intermolecular distance) that depend on the structure of binding sites, length and flexibility of membrane receptors,
and properties of surrounding molecules.

All aforementioned data and models are a strong incentive to further explore the hypothesis
that early signals generated by cell interactions with foreign surfaces are shaped by dynamic contacts
whose properties are a consequence of membrane dynamics. Many experimental tools are currently
available to explore this possibility. A reasonable strategy would consist of altering membrane
undulations by modifying membrane tension (as might be achieved with inhibitors of myosin or small
G proteins) or bending rigidity (e.g. by acting on lipid composition or underlying microfilaments), or
linkage between the plasma membrane and underlying cytoskeleton [59]. Early intracellular signals
can now detected by an increasing number of tools such as fluorescent calcium probes, FRET-based
reporters of kinase [60-61] or G-protein [62] activity, or redistribution of fluorescent fusion proteins
[63]. The major problem will be to make sense of experimental data and improve our understanding of
cell response to signals. It is abundantly clear that new theoretical tools will be needed to interpret the
growing amount of experimental results.
The next challenge will be to understand how cells process entering information flow modulated
by membrane undulations to take decisions.
While it is well recognized that the initial cell-cell or cell-substratum interaction and mechanosensing
events occur on the subsecond to second timescale [64], the current challenge consists firstly of
detecting, and secondly of interpreting these events. Building a coherent framework to achieve this
interpretation will require the reexamination of basic terms and the address of simple questions as
follows :
i) what is the meaning of currently used words such as cell decision [65], cell state [65] or cell fate
[66] ? Indeed, after identifying a sequence of early intracellular biochemical events following cell
encounter with a surface, it is important to determine to what extent and how long these events will
influence cell behaviour. Clearly, the view of a rugged epigenetic landscape with valleys representing
preprogrammed attractor states [67] may provide an interesting way of formulating the underlying
concept and deserves being analyzed.
ii) What is a signal, which may be considered as a unit message considered by cells to take a decision
? This is a key question to take advantage of information theory, whose relevance to biological
systems was plagued by the recognized difficulty of defining information in this domain, an enterprise
that was deemed "difficult and often contentious" [68], with a possible exception for genetics and
neuroscience. An interesting formulation would be a local production of second messengers or
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enzyme activation, leading to the spatial segregation of signal flow and formation of microdomains of
activated signaling components [69]
iii) when these concepts have been clearly defined, there will remain to determine how signals are
processed by cells, which already generated interesting problems : a) is signal processing local or
global ? in view of somewhat opposite results [70-72], it is likely that different signals may behave in
opposite ways. b) what is the duration of the period of time used for signal integration ? time
integration is indeed necessary to deal with noise, and it was recognized as a requirement to achieve
excellent spatial accuracy [34]. A related problem is the elucidation of mechanisms used by cells to
account for signal duration [73] and decode signal frequency [74]. c) Are cells endowed with specific
means of disregarding undesirable noise [75].
Conclusion. Cell membranes display continuous deformations with a timescale ranging between less
than a second and several seconds. These deformations have the capacity to strongly influence the
signals generated by cell interaction with foreign surfaces. We suggest that it would be highly
rewarding i) to record as exhaustively as possible the earliest signals generated by cell-surface
interactions, ii) to look for causal relationships between these signals and cell membrane movements,
and iii) to analyze the way these signals are processed. In addition to a general theoretical interest, a
better understanding of cell reaction at interfaces should be of practical use in different domains such
as biomaterial design.
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