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1. Preface: Biological view of adhesion

Tissue assembly (development) and other biological functions (like identification and
removal of aien organisms in immune defense) involve complex adhesive interac-
tions. Biologists have identified and isolated many molecular ‘adhesins' responsible
for cellular adhesion processes [1]. Classification of receptors and ligands in cell
adhesion has become a major enterprise in mammalian biology. The list is long
and some of the evidence is circumstantial (e.g., ‘cell sticking versus nonsticking’ in
relation to competitive binding of ligands to putative sites of adhesive activity). Un-
fortunately, little is known about the microscopic bonding actions (physical-chemical)
between cell adhesion molecules. In any case, the present view of cell adhesion in bi-
ology is briefly outlined here to provide a comparative perspective for the discussion
of physical actions that will follow.

The collective dogma (for mammalian cells) is that cell adhesion molecules fall

into four groups.t

(i) Integrins. afamily of membrane glycoproteins composed of « and 8 subunits.
The ligand binding site is formed by both subunits; the cytoplasmic domains
are thought to be connected to the cell cytoskeleton. Integrins are receptors
for extracellular matrix proteins. In many instances, a specific amino acid
sequence (Arg-Gly-Asp=RGD) is believed to participate in recognition [2].
Subfamilies of integrins are distinguished by their 8 subunits: 51 (CD29) —
VLA proteins;, 52 (CD18) — leukocyte integrins;, and 53 (CD61) — cytoad-
hesins. The 81 subfamily binds to extracellular matrix proteins fibronectin,
collagen, and laminin. The 82 subfamily is unique to leukocytes [3] and is
thought to be important in converting circulating leukocytes to adherent tissue
cells. The best characterized molecule of the 33 subfamily is glycoprotein
lb/llla (allbs3) (CD41/CD61), found exclusively on platelets and megakary-
ocytes. Glycoprotein l1b/Illa plays a central role in platelet aggregation and
clotting.

(il) Selectins: another family of calcium-dependent membrane glycoproteins. To
date, selectins have been found only on circulating cells and endothelium.
LAM-1 (LECAM-1), expressed on neutrophils, monocytes and most lympho-
cytes, facilitates binding to endothelium during lymphocyte recirculation and
neutrophil emigration at inflammatory sites. ELAM-1 expressed on activated
endothelial cells promotes the adhesion of leukocytes. ‘Rolling’ attachment of

1 The author is grateful to his colleague and collaborator Dr. Susan Tha for providing the summary
paraphrased in this paragraph.
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leukocytes to endothelium seems to be mediated by selectins whereas * spread-
ing' adhesion appears to require 32 integrins LFA-1 and Mac-1 via ICAM-1
[4].

(iii) 1g superfamily: a diverse group of molecules whose structure resembles a
sandwich of §-pleated sheets with disulfide bonds. The prototypical molecule
isimmunoglobulin. N-CAM is aso a member of this superfamily [15]. Other
Ig superfamily molecules function in immune response [6]. Lastly,

(iv) Cadherins: a separate family of cell adhesion molecules without structural ho-
mology to other adhesion molecules [7]. Cellsin solid tissues express at least
some member of the cadherin family all of which exhibit calcium-dependent
homophilic binding. Even though the size of the cytoplasmic domains vary
greatly between these groups of cell adhesion molecules, all possess massive
extracellular domains that extend prominently from the bilayer core of the
membrane.

Other than for surface recognition, it is not clear why cells require a plethora of
‘sticky’ molecules (many types reside on the same cell) or what differences exist
in physical strength of attachment amongst these ‘adhesins'? One characteristic is
common to all specific adhesion sites on cells: i.e. the surface density is relatively
low. On the average, tens of nanometers separate adhesion sites (~ 10* lipids per
site). As will be discussed, the paucity of potential attachments leads to complex
mechanics of adhesion and often to catastrophic effects when adherent cells are
separated.

2. Introduction: Physical view of adhesion

Exposure of the underlying physics in biological adhesion is difficult because of
strong ‘coupling’ between cellular biochemistry, structure, and microscopic action.
Idealized concepts only provide a phenomenological characterization of adhesion
embodied in an ‘adhesion energy’ ws (energy/unit area of contact). The view is
predicated on the assumption that interfaces are smooth and adhere by intimate-
uniform contact. Furthermore, the incremental energy w, gained in contact forma-
tion is assumed to equal the mechanical energy wy required to separate (‘fracture’)
the contact: i.e. the process is energetically reversible (wa = wf). ldea adhesion
of smooth contacts is the physical metaphor for ‘wetting-like' adhesion originally
developed in the 19th century [8] to describe spreading and contact angle behavior
of liquid drops on solid substrates (or shapes of immiscible liquid interfaces). To
some extent, the classical concept can be useful to model adhesion of liquid-like
membranes that possess microscopically smooth surfaces. For instance, adhesion
of lipid bilayer vesicles driven by colloidal-type attractions can be represented by a
reversible adhesion energy related to microscopic physical forces between the sur-
faces. (But even for ‘smooth’ vesicle adhesion, the connection between macroscopic
adhesion energy and microscopic interactions is obscured by hidden thermal exci-
tations.) Situations of ‘ideal adhesion’ are easy to recognize since contacts spread
spontaneously without mechanical impingement (‘push’) and the spreading actions
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(‘wetting’) create membrane tensions. However, the nonspecific attractions that pro-
duce ideal adhesion between lipid bilayer vesicles do not drive cell adhesion in
biology!

The fluid-like property of cell interfaces has stimulated several kinetic and ther-
modynamic models for cell adhesion [9]. These elegant developments have been
extensively parameterized to represent a wide range of chemical features which
leads to a rich spectrum of predictions. As with the classica adhesion energy ap-
proach, the models are based on a smooth surface abstraction for contact; and the
kinetics are essentially near equilibrium processes. Consequently, the models must
be regarded as primarily phenomenological. An important conclusion from thermo-
dynamic models is that the spreading energy at full equilibrium is scaled by the
effective surface pressure of adhesion sites: i.e. wa ~ ngkT Where nyg is the surface
density (number/area) of adherent receptors [10]. The free energy of binding deter-
mines the fraction of bound adhesion sites at equilibrium; but the energy increment
gained as bonds form balances the energy increment lost as bonds dissociate. Only
entropy confinement is left to expand the contact. However, far from equilibrium,
the mechanical work to separate the contact w; approaches a limit characterized by
the binding energy [10]. The caveat for biological cell adhesion is that receptor
densities are usually very low (< 10%/cm?). Thus, the equilibrium energy scale for
spreading is weak (< 4 x 10~2 erg/lcm?) in comparison to mechanica energies for
deformation of the cell cortex.

Biological cells adhere to other cells or material substrates by completely nonideal
processes. Attraction appears to be short range and localized to molecular-focal
attachments (e.g., created by molecular bridges with agglutinins or direct bonds with
intrinsic cell adhesion molecules). Interfacial forces of attraction between cells are
not sufficient to pull the surfaces together. Clear evidence of this feature is that
cells normally do not spread spontaneously on a substrate unless pushed into contact
by external forces (mechanical impingement). Left alone, cells increase contact area
either slowly through structural relaxation or rapidly by active motility. The behavior
is simple: cells stick where they *crawl, flow, or are pushed’!

Most receptors and molecular adhesion sites on cell surfaces are relatively mo-
bile; thus, it is expected that (given time) the focal character of intersurface bonding
should be dispersed by lateral diffusion. Eventualy, equilibrium should be reached
where regions of contact are uniformly bonded. Based on measurements [11] of
receptor diffusivity (> 10~ cm?/sec) and characteristic lengths of 10~4 cm, only
a few minutes should be required to reach this fully-bound state. In fact, receptor
diffusion does appear to promote large regions of adherent contact for fluid-like inter-
faces with high densities of adhesive ligands (e.g., agglutination of lymphocytes by
lectins — see Bongrand chapter and ref. [12]). On the other hand, unstimulated cells
often take many hours to spread on surfaces even though the cells adhere immedi-
ately at a few points or can be made to adhere strongly by mechanical impingement
of the cell against the substrate. Hence, biological cell adhesion seems to be ‘kinet-
ically trapped’ to a great extent, much more than can be accounted for by diffusive
limitations. Kinetic restrictions and strong focal bonding between cell membranes
show-up in physical studies of cellular adhesion as irreversible behavior: i.e. little
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(if any) detectable tendency (affinity) to spontaneously spread but strong force is
needed to subsequently detach an adherent cell (wy < wy). Indeed, the strength of
attachment after contact can be enormous — greater than the structural integrity of
the cell material; and separation often leads to material rupture of the interface [13].

This phenomenological scenario indicates that physical actions in cell adhesion
can be conceptualy partitioned into mechanisms that lead to ‘ideal’ and ‘nonidea’
behavior. However, significant aspects of adhesion in biology are peculiar to cellu-
lar biochemistry and specific types of substrates. These particular features will be
ignored here in order to focus on the general mechanisms involved in all biological
adhesion processes. Macroscopic energy densities for contact formation vis a vis
separation provide the physical diagnostics of adhesion; thus, a brief review of the
macroscopic mechanics of adhesion will be given first accompanied by examples of
adhesion experiments.

3. Mechanics of adhesion: Macroscopic view

Cell structure is heterogeneous and anatomically complex, but the interior is often
a soft liquid-like environment. Thus, mechanical stresses become distributed almost
uniformly as hydrostatic pressure. The major stress variation occurs within a layer
near the cell surface, i.e. the cell cortex, which can be as thin as a lipid bilayer
(~ 40 A) or as thick as an actin meshwork (> 10% A). Even so, the cortex thickness
is usually much smaller than the radii of curvature that characterize the macroscopic
cell shape. Because of this, stresses can be integrated through the cortex to create
macroscopic force cumulants or resultants called ‘tension’ (force/length) that balance
external forces to first order plus ‘moments of stress that contribute higher order
bending corrections [14]. These resultants embody the mechanical opposition to
deformation when cells adhere to surfaces or are forced to separate from contact.
In the mechanical sense, the cell cortex is reduced to a thin shell, labeled as a
‘membrane’ by mechanicians [14]. However, the mechanica membrane includes
the lipid bilayer, extrafacial glycocalyx, and subsurface cytoskeleton scaffolding —
i.e. everything (including microscopic ‘roughness’) from the liquid-like cytoplasm to
the external aqueous medium. Even though this region can exceed 107 x the thickness
of the lipid bilayer, it still behaves mechanically like a ‘membrane’ provided that
the principa radii of curvature (R1, R2) for the cell shape exceed the thickness by
an order of magnitude or more. Certainly, the mechanical membrane abstraction
oversimplifies the stress distribution in some cells; but the approach provides an
easily understood way to connect the macroscopic mechanics of cell deformation to
microscopic physics of adhesion.

At mechanical equilibrium (where a cell is stationary or moving very sowly),
adhesion is characterized macroscopically by the differential balance between me-
chanical work expended to deform the cell capsule vis a vis energy gained with
interfacial contact. In situations of strong adhesion (where high tensions are in-
volved), mechanical equilibrium of an adherent capsule is deceptively simple: i.e.
the energy either gained (wa) per unit area of contact formation or expended (ws)
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Fig. 1. Strong adhesion (adhesion energies wa > 10~3 erg/cm?) and spreading of a neutral lipid

bilayer vesicle onto a stiff pressurized vesicle (diameters ~ 20 pm). The adhesion process is ‘ided’ as

verified by the reversibility of bilayer tension versus apparent contact angle 6c; tension is controlled by
pipet suction pressure.

to separate a unit area of contact is directly proportional to the tension 7, in the
cortical shell or membrane,

Wa
= Tm(l — COSHC) (l)
wi

where (1 — cosé.) is a mechanical leverage factor that depends on the ‘apparent’
contact angle 6. between the capsule contour and substrate outside the perimeter of
the contact as shown in fig. 1. As indicated, the proportionality aso holds for both
formation and separation (fracture) of contact; but the ‘peeling’ tension may not
be the same as the ‘spreading’ tension. Also, it is important to note that the actual
contact angle at the substrate is very small since the capsule contour is nearly tangent
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Fig. 2. Results for contact angles and bilayer tensions derived from adhesion experiments (cf. fig. 1)

with neutral phospholipid vesicles in a 0.1 M NaCl solution. Attraction was driven by Van der Waals

forces with stronger adhesion between phosphatidylethanolamine bilayers (data on the | eft) than between

phosphatidylcholine bilayers (data on the right). Closed and open data symbols represent discrete

equilibrium steps in the process of contact formation and separation, respectively. The solid curves are

correlations predicted for uniform-fixed values of free energy reduction per unit area of contact (i.e.
adhesion energy wa).

to the surface within the contact region. The important features of adhesion for
membrane capsules are illustrated by the example in fig. 1 of lipid bilayer vesicles
drawn together by Van der Waals attraction. In fig. 1, the angle appears distinct
because cortical bending stiffness is overwhelmed by the tension force. Clearly,
if ‘bigger magnification’ were possible, we would see a continuous bend of the
contour to microscopic-tangential contact. The mechanical balance (eg. (1)) for
strong adhesion of fluid-like capsules (shown in fig. 1) is demonstrated in fig. 2.
These data were derived from measurements [15] of tension and contact geometry
for adhesion of lipid bilayer vesicles driven by colloidal attraction.? Unlike free
liquid interfaces, both bilayer tension and angle 6. are variable; but the adhesion
energy is uniform, constant, and reversible. The reason that the tension can vary
is because the lipid bilayer is a tightly condensed material [16]. The tension is a
stiff-elastic response to pressurization that arises when the vesicle area is required
to increase as the adhesive contact spreads. Hence, the vesicle area: volume ratio is
the principal determinant of the contact geometry (i.e. angle 6.).

2 The method for control of the adhesion process involved manipulation of vesicles by micropipets.
The vesicles were maneuvered into close proximity, allowed to adhere, and pressurized by pipet suctions.
The tension in each vesicle was regulated by suction pressure. One vesicle was stiffened by high tension
whereas the other vesicle was alowed to spread on the stiff vesicle to an extent limited by a low bilayer
tension (fig. 1a). Reversibility of adhesion was verified by measurements of tension versus contact angle
for both formation and separation of the contact. When released from the pipet, the adherent vesicle
spread to maximum contact limited by fixed surface area and volume as shown in fig. 1b.
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Fig. 3. Predictions of contact angle 0. in relation to adhesion energy wa for adhesion of amacroscopically

spherical cell to aflat substrate. The cortex of the cell is assumed to possess an initia cortical tension

with an elastic expansion modulus K so that the tension in the cortex is given by mm = 19+ K(AA/ A).

For biologica cells, the increase AA in macroscopic area is provided by smoothing of bilayer wrinkles
as illustrated in the sketches.

For microscopically ‘rough’ cells, the effective area of the cell cortex can be
increased by smoothing roughness which enables formation of large macroscopic
contacts at low stress. The expansion of the cell cortex usually requires tensions
that increase dightly with area, i.e. 7 = 70 + K(AA/A) where A represents the
macroscopic-scale (apparent) area of the cortex. The elastic constant K for lipid bi-
layers s very large (10°-10° dyn/cm) and the ‘natural’ (reference) tension r is zero.
Thus, the area of lipid bilayer vesicles remains essentially constant throughout the
adhesion process. By comparison, the elastic constant for expansion of the cell cor-
tex is usually much smaller (< 10-2-10-2 dyn/cm for cells like blood phagocytes).
Thus, by unwrinkling the superficial bilayer, the cortex area can easily be enlarged
to allow adhesive contact. In living cells, these properties appear to be regulated
by contractile processes in the cortex. The relationship between adhesion energy,
cortical tension, and apparent contact angle 6. is modeled in fig. 3 for adhesion of
a macroscopically spherical cell to aflat substrate. This relation shows why smooth
lipid bilayer spheres (K > wy) only adhere with small contact areas (6; < 30°).

For simple membrane capsules with excess surface area, a subtle feature of strong
adhesion is that the membrane may ‘self adhere’ as well as spread on another sub-
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Fig. 4. lllustration of the competition between substrate adhesion and ‘self’ adhesion for a flexible

membrane capsule with excess surface area. (&) Equilibrium shape of the capsule in the regime dominated

by substrate attraction. (b) Equilibrium shape when membrane ‘self’ adhesion energy wm is comparable

to substrate adhesion energy wa. (c) Equilibrium shape driven by ‘self’ adhesion without contact to the
substrate.

strate. This situation is shown schematically in fig. 4. For strong adhesion (where
bending rigidity is negligible), there is a critical angle 63 beyond which the mem-
brane can ‘lap onto itself’ driven by a self attraction energy wny. Simple energetics
for fluid membranes predict that the transition illustrated in fig. 4a—b should occur
when,

c0S0c < (wm/wa — 1)/(wm/wa + 1) @)

governed by the ratio wn/w, Of self attraction to substrate attraction energies. An
obvious corollary to the situation depicted in fig. 4b is self adhesion without contact
to a substrate (fig. 4c). Clearly, this type of behavior is possible when the membrane
tension (determined by pressurization of the capsule) falls to the level of the self
attraction energy (i.e. 7m ~ wm). There are many geometric variations on this self
adhesion theme. Because biological membranes are optically invisible, self adhesion
is most easily recognized when a capsule appears to stop spreading on a substrate
even though additional contact area is made available by reduction in volume. Self
adhesion behavior is frequently observed in experiments with lipid bilayer vesicles.
For example, it is difficult to achieve adhesion between weakly attracting vesicles
of different compositions when self attraction of each membrane is stronger. Self
adhesion requires that elastic energies of deformation be small compared with the
attraction energies. As such, fluid membrane interfaces with weak bending rigidities
are most susceptible to self adhesion — especially when membrane attractions are
strong.

As membrane attraction weakens, bending rigidity as well as other *stiffnesses
in the capsule shell lead to significant deviation from the classical energetics for a
‘fluid interface’ represented by the Young—Dupre relation (eg. (1)). When adhesion
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Fig. 5. Weak adhesion (adhesion energies wa < 103 erg/cm?) of a lipid bilayer vesicle to a dtiff

pressurized vesicle (diameters ~ 20 um) in 0.1 M NaCl. (Here, the neutra lipid bilayers were doped

with asmall percentage (~ 5%) of negatively charged lipid to reduce attraction.) The continuous bend of

membrane to the contact zone demonstrates the bilayer bending rigidity and exposes the parallel contact
between the membrane surfaces.

is weak, the small region of membrane bending can reach macroscopic dimensions.
The weak regime of adhesion is demonstrated in fig. 5. Here, bending rigidity
(higher order ‘“moments’ of stress in the membrane or cell cortex) becomes compa-
rable to the mechanical action of the tension force. Precise mechanical analysis of
this situation is not trivial; major numerical computations are required to calculate
the capsule geometry and energetic balance [17, 18]. However, a good first-order
approximation [15] to the analysis is given by,

Wy — (UJa . 60)1/2 ~ Tm(l — COS@C) (3)

where 4. is the effective contact angle indicated by the flattened capsule shape
(cf. fig. 5). The constant ¢g is the elastic bending energy threshold that must be
overcome to initiate contact, i.e. eg = k¢/2R? with R as the characteristic capsule
radius, kc is the elastic modulus for bending. For smooth cell-size capsules, the
threshold is extremely small when the rigidity is dominated only by the lipid bilayer
ke ~ 10712 erg [16] and R > 104 cm (ep < 10~* erg/cm?); but the effect of bending
stiffness remains important even when wa/eq ~ 10 (as indicated by the ‘geometric
mean’ of adhesion energy and bending energy threshold). (Note: the size of the
bending-dominated contour follows from the mechanical boundary condition at the
perimeter of the contact where tension, bending stiffness, adhesion, and membrane
curvature are related by 1/Rc = \/2wa/ ke, refs [17-18].)

The macroscopic relations for mechanical equilibrium, egs (1) and (3), demonstrate
that discrimination between ideal and nonideal adhesion behavior lies in observation
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of both the tension induced by contact spreading and the tension required to peel
the contact apart. Thus, if a cell is not stressed by natural contact spreading, the
adhesion energy must be negligible. On the other hand, if large stresses are produced
in the cell under mechanical detachment, the fracture energy is large. Turning now
to the microscopic features of physical actions in adhesion, we begin with ideal
processes driven by classical ‘colloid forces. These forces act ubiquitously on
particles suspended in liquid media. As we will see, colloid forces only govern
adhesion for the simplest membrane structures (e.g., smooth lipid bilayers) or in
unusual situations where large attractions persist at long range from the surfaces.

4, Membranes; Macrocolloids

Membranes are supermolecular assemblies of organic molecules localized to a thin
interfacial layer — from 30 A to > 500 A in thickness. Thus, membranes are macro-
colloids that act on each other nonspecifically through the classical interactions well-
established from the study of particle suspensions (e.g., ink, milk, clays, etc.). The
prominent attribute of colloid interactionsis that they essentially superpose (neglect-
ing subtle effects). The net interaction can be expressed by aforce o, per unit surface
area that depends only on separation ‘2’ between surfaces. Thus, adhesion is driven
by a physical potential that cumulates the action of all the forces from macroscopic
separations to microscopic contact. The reversible potential (adhesion energy wa)
represents the energetic balance between attractive and repulsive interactions, i.e.

U)a:_/cO'ndZ. (4)

oo

Colloid interactions are commonly classified according to their range of action:
Long range forces include electrostatic forces that decay exponentialy (ces ~ — Pes x
e~*/*=) in electrolyte solutions (e.g., the decay length \es ~ 10 Aand0.1M NaCl)
and an inverse power-law (Van der Waals) attraction (oygw ~ An/2%) that extends
effectively to macroscopic distances [19-21]. Van der Waals forces emanate mainly
from the hydrocarbon core of the lipid bilayer [20]. In addition, steric exclusion
of macromolecules from interfacial regions leads to long range ‘ depletion’ attraction
(aM ~ ITye*/¢) that also decays exponentially with distance [22]. The decay length
¢ is established by the correlation length for the macromolecular concentration field
(typically the ‘size’ of the molecule, e.g., ~ 10-100 A) Of the long range forces,
Van der Waals attraction should dominate at large separations to draw membranes
into adherent contact. For ‘atomically-smooth’ surfaces, the attraction creates large
adhesion energies characteristic of liquid interfacial energies, e.g., ~ 50 ergs/cm?
or more. However, as shown by the results in fig. 2, adhesion of ‘smooth’, neutral
bilayers yields adhesion energies [23] that are orders of magnitude smaller (~ 0.01—
0.1 erg/cm?).

Weak adhesion of neutral bilayers exposes the existence of a strong short range
repulsion that prevents direct atomic contact. The short range force is often referred
to as a‘hydration’ force because it opposes condensation of all *hydrated” molecular



Physical actions in biological adhesion 735

interfaces, e.g., DNA, proteins, and surfactant lipid molecules (ref. [24]; see Rand
and Parsegian chapter for elaboration). At small separations, repulsion between lipid
bilayers becomes enormous! Several hundred atmospheres of pressure are required
to push bilayer surfacesto < 10 A; but the repulsion decays rapidly with exponential-

like character (o, ~ —Phe %/, decay length Ay ~ 2-3 A). The major consequence
of the ‘hydration’ forceis to stab|I|ze neutral bilayer adhesion at separations between
10-30A. Since Van der Waals forces decrease as ~ 1/distance?, increasing separation
from ‘atomic’ (1 A) distances to 10-30 A diminishes the potential for adhesion by
1/100-1/1000! Clearly, the ‘hydration’ force is essential for biological existence!
Without it, bilayers (DNA and many proteins in solution as well) would collapse
to condensed (dehydrated) states — destroying membrane structure and prohibiting
biological function. Surprisingly, the physical origin of this force remains obscure
at present. Several actions probably contribute to repulsion at short range: steric
forces, solvent structure forces, electrostatic forces, etc., al of which are supported
to some degree by experimental evidence. General study of colloid forces at short
and long range is a major scientific activity which need not be reviewed here. The
important question is. what roles do these ever-present actions play in biological
adhesion processes?

4.1. Van der Waals attraction

The impact of colloid attraction depends strongly on the structure of the interface,
principally topographical ‘roughness and electrical charge distribution. For exam-
ple, smooth bilayer vesicles composed of electrically-neutral species (e.g., phos-
phatidylcholine PC and phosphatidylethalamine PE) adhere spontaneously in salt
buffer (> 10~3 M NaCl) as shown in fig. 1. However, the values of adhesion en-
ergy differ by an order of magnitude for the two lipids (PC~ 0.01 erg/lcm? and
PE~ 0.1 erg/lcm?). The reason is that the ‘hydration’ force is larger in PC bilay-
ers; the bilayer separation is increased from ~ 12 A for PE to ~ 27 A for PC
(as measured by X-ray diffraction methods — see Rand and Parsegian chapter). In
contrast to lipid bilayers, biological membranes (even macroscopically smooth red
blood cells) show no tendency to spontaneously spread on one ancther in 0.1 M
NaCl! The diminished attraction is not surprising since large extrafacial peptidogly-
can moieties limit bilayer separationsto > 100 A. Hence, the adhesion potential due
to Van der Waals forces should be extremely small (below 10-3 erg/lcm? since the
attraction diminishes as 1/distance” at large separations). Therefore, macromolecular
and other steric ‘roughnes’ essentially quench Van der Waals forces so that they can
usually be neglected in biological adhesion. However, this colloid action persists as
a background attraction.

4.2. Electric double layer repulsion

Even though Van der Waals attraction can be neglected, electrostatic forces (mainly
repulsive between cell surfaces because of the preponderance of negative charge) can
play an important regulatory role in biological cell adhesion. Electrostatic repulsion
in electrolyte solutions originates from osmotic pressure between surfaces created by
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Fig. 6. Free energy potentials (adhesion energies) for adhesion of neutra lipid vesicles with small

admixtures (0-6%) of electrically charged lipids in 0.1 M NaCl plotted as a function of the prefactor

Pes for electric double layer repulsion. Solid triangles represent the strong adhesion regime where

behavior is consistent with classical double layer predictions (dotted curve). Open triangles demonstrate

the precipitous departure from classical digoining that results from confinement of thermally excited

fluctuations in membrane conformation. No attraction is observed between lipid bilayers that contain
more than 1 charged lipid per 15-20 neutra lipids.

an excess of counterions drawn into the gap to neutralize the electric field created
by surface charges. In 0.1 M monovalent salt solutions, the repulsion decreases
rapidly with separation; the exponential decay length \es is about 10 A. Because
of the limited range, the principal effect of surface electrical charge is to reduce
the adhesion potential near contact. This consequence is clearly shown by adhesion
of lipid bilayer vesicles that contain small admixtures of negatively charged lipids
(e.g., phosphatidylserine PS). Although weakened, the adhesion process remains
‘ideal’ — consistent with the direct dependence of electrostatic interaction on distance.
Adhesion energies diminish rapidly with small increases in bilayer charge content
[28] as shown in fig. 6 (e.g., aratio of PC:PS of only 20 : 1 reduces the potential
for adhesion by an order of magnitude from 102 to 10~3 erg/cm?). Biological cell
surfaces possess much higher charge densities; but the charges are distributed over
a thick glycocalyx outside the bilayer core. Because of ‘screening’ by ions in the
electrolyte environment, repulsion acts primarily at short distances within about a
decay length \es from the outer end of the glycocalyx and only chargesthat lie within
a decay length from the end of the glycocalyx will contribute to the repulsion. Given
avolumetric charge density p (i.e. charge/volume) in the glycocalyx, repulsion can be
approximated by an interaction between surface charge densities of pies ‘pinned’ to
the periphery of each glycocalyx. (The magnitude of the prefactor Pes for repulsion
ranges between 1-10 Atm (105-107 dyn/cm?) for surface charge densities in the
range of 10'2-10'3/cm? characteristic of cell interfaces.)
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4.3. Entropy-driven repulsion between flexible membranes

A subtle feature of highly flexible membrane structures (e.g., lipid bilayers and red
blood cell membranes) is that repulsionis greatly extended by confinement of thermal
fluctuations [25—-27]. Random microscopic variations in surface contour establish a
significant configurational entropy for the membrane. The thermal-bending excita-
tions are collective modes with a continuous spectrum of wavelengths from micro-
scopic to macroscopic dimensions visible to an observer. For instance, red blood cell
‘flicker’ is the long wavelength manifestation of this ‘Brownian’ behavior. When
membranes are forced into close proximity by attractive fields or mechanical im-
pingement, entropy is confined (i.e. ‘heat’ is forced out) which requires mechanical
work. For unstructured and noninteracting surfaces, the entropy reduction leads to a
simple inverse-square law of steric repulsion (predicted many years ago by Helfrich
— ref. [25]). However, of even greater consequence for interacting surfaces, the
superposed action of all fields is altered to extend repulsion and diminish attraction
[28-29]. The nonclassical effect is clearly evident in the precipitous quench of attrac-
tion between weakly charged vesicles (cf. fig. 6). In general, nontrivial calculations
are required to predict steric effects when fields are presented; but qualitatively, there
is a threshold-like behavior for flexible membrane capsules where the potential for
adhesion is cut-off at alow level (e.g. ~ 10~* erg/lcm?). Thermal fluctuations mod-
erate adhesion of synthetic surfactant membranes and even highly flexible surfaces
of mammalian red blood cells. However, in most cases, the effect can be neglected
in the adhesion of cellular organisms. The cell cortex and cytostructure are too rigid
to be displaced significantly by thermal excitations.

4.4. Depletion driven attraction

One type of colloid attraction can be significant in biological adhesion: i.e. macro-
molecular ‘depletion’ forces. The attraction is similar in origin and functional form —
but opposite in sign — to electric double layer repulsion. Depletion forces are driven
by reductions in osmoatic pressure at the midpoint between surfaces which accom-
pany steric exclusion of macromolecular solutes from nonadsorbant interfaces [22].
Because of random molecular motion, the exclusion fields interact at long range
to attenuate the concentration in the gap even when separations exceed molecu-
lar dimensions. The correlation length ¢ of the concentration field establishes the
decay length for the depletion force and the osmotic pressure ITy contributed by
the macromolecular constituents sets the magnitude of the interaction. (Note: for
nonpolymeric macromolecules, molecular size essentially determines the correlation
length £. However, for large flexible polymers in solution, the decay length is estab-
lished by volume fraction and ‘ quality’ of the solvent — refs [22] and [30].) Because
of the exponential dependence on separation, the potential contributed by depletion
forces scales as IIyé. Hence, concentrated solutions of large polymers can produce
strong aggregation of membrane capsules and cells. For example, adhesion of lipid
bilayer vesicles in concentrated solutions of dextran and polyethylene oxide poly-
mers demonstrates an enormous increase in potential for aggregation with smooth
surfaces (fig. 7). Although much weaker than polymer-driven adhesion, the potential
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Fig. 7. Free energy potentials (adhesion energies) for adhesion of neutrd lipid bilayer vesicles in
concentrated solutions of nonadsorbing polymers (dextran and polyethylene oxide PEO). Curves are
predictions for the ‘depletion’ interaction derived from Self Consistent Mean-Field SCMF theory [22].
The intercept at zero volume fraction is the level of adhesion energy produced by Van der Waals forces
between the neutral vesicle surfaces. Note: there is no dependence on the size Np (number of monomer
segments) of the soluble polymer as expected for this ‘semi-dilute’ regime in good solvent conditions.

for lipid bilayer vesicle adhesion in plasma proteins (albumin and fibrinogen) also
increases in direct proportion to osmotic pressure of the protein solution and protein
dimension [22].

In contrast with smooth lipid bilayers, aggregation of red blood cells in concen-
trated polymer and fibrinogen solutions is characterized by much lower adhesion
energies (~ 10~3-10-2 erg/cm?); no aggregation is seen in monomeric albumin so-
lutions. Clearly, the important factor is interfacial structure. For cell surfaces, small
molecules like albumin easily penetrate into the glycocalyx to greatly diminish de-
pletion whereas larger species like fibrinogen are excluded from the glycocalyx to
extend depletion. This explains why aggregation occurs when polymers of albumin
are present. For cell surfaces, the potential for adhesion is reduced both by penetra-
tion of the solute into the glycocalyx and electrostatic repulsion between superficial
charges. In relation to biology, the important feature is that environments of con-
centrated proteins in sera and connective tissue gels can contribute ‘pressures to
draw surfaces closer together when protein solutes are excluded from contact zones.
For example, agglutination of cells by antibodies is strongly enhanced in concen-
trated solutions of nonadsorbing polymers [31]. Similarly, ineffective agglutinins
and viruses are often ‘potentiated’ by polymer solutions [32].
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A universal feature of depletion forces is that they lead to ideal adhesion where
adhesion energy matches separation (fracture) energy. For example, red cells are
elastically deformed by contact spreading in polymer solutions (fig. 8); tension builds-
up in the membrane to oppose the adhesion potential. Spontaneity of spreading
and cell body deformation is an obvious ‘signature’ of ideal adhesion which — if
observed — immediately points to the long range nature of attraction between the
surfaces. Unfortunately, this behavior is seldom (almost never!) seen in biological

Fig. 8. Spontaneous adhesion and spreading of a red blood cell onto a sphered red cell surface in

a concentrated solution of high molecular weight dextran polymer. Note: the ‘idea’ character of the

adhesion process is demonstrated by the elastic deformation of the cell where the membrane ‘ spreading’
tension is on the order of the adhesion energy (10—3-10-2 erg/cm?).
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cell adhesion.

5. Biological adhesion: Contact formation

For biological functions that involve interactions between cells, nature has chosen
to suppress the labile-spontaneous action of colloid forces. Attraction is restricted
to focal-molecular bonding with no apparent long range contribution from Van der
Waals forces. As such, cells seem well stabilized against nonspecific adhesion. The
universal presence of athick (~ 100 A) extrafacial ‘forest’ of sugar peptides estab-
lishes a significant steric barrier — enhanced by electrostatic repulsion local to the
periphery. In addition to molecular roughness, cells usually exhibit large contour
roughness in the form or wrinkles — folds — spikes. The contour or ‘topographi-
cal’ roughness is driven by tectonic contraction of the cytoskeletal structure in the
cell cortex. The strong steric impedance to adhesion is augmented by mechanical
rigidity of the cortex which enables cells to easily avoid adhesion except at very
localized promontories. To form large contact areas, a smoothing processis required
to achieve high densities of molecular attachments. Here, nature has developed cell
motility as the mechanism to spread contact and to smooth-out interfacial asperities
(examples shown in fig. 9). Even so, adhesive contacts between biological cells of-
ten appear irregular with many unbound (defect) regions and infrequent attachments
between surfaces. Irregular contacts should compromise the strength of adhesion.
However, cell-cell contacts are usually strong and difficult to separate. Since initial
contact formation originates primarily from active cell motility or external mechan-
ical impingement, the central question is what determines the strength of adhesion
in biology?

5.1. Spreading by cytoskeletal contraction

More subtle than cell motility (amoeboid ‘crawling’), receptor-cytoskeletal ‘cou-
pling’ in cells provides another mechanism to spread contact. The action requires
that contractile stresses (tensions) in the subsurface cortical network be transmitted
to the intersurface attachments through receptor linkages and that cortical contrac-
tion outside of the contact region be much stronger than inside the contact. This
differential contraction in the cortex creates a mechanical spreading energy given by
excess contractile tension Ar in the network. As such, mechanical equilibrium is
again approximated by a ‘ Young-Dupre' relation,

Aty = (15, + 7y )(1 — cosbe) 5)

where T = 75, + 7 IS the total tension contributed by bilayer and network forces,
respectively. In this way, binding of cell surface receptors can signal a mechanical
transduction to spread contact and stress the adherent cell. To a casual observer, the
response would seem like ideal ‘wetting’ (as if driven by a true adhesion energy);
but actually the process is driven by cytoskeletal action. An amplifying feature is
that surface roughness is diminished to simultaneously promote recruitment of new
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Fig. 9. Examples of the ‘universal’ mechanism that drives biological cell contact formation: video
micrographs of a blood granulocyte actively (a) spreading on an endothelial cell surface and (b) engulfing
ayeast pathogen.

adhesive attachments and strengthen adhesive contact. Differential contraction in
membrane cytoskeletal structures may be an essential mechanism for separation of
different cell types in tissue development. Such a mechanism could account for
the ‘apparent’ surface energy driven organization of mixed-cell aggregates that was
observed many years ago [36]. A major ‘clue’ isthat the *apparent’ surface energies
deduced from measurements of interfacial tension [36] were quite large ~ 1 erg/cm?,
too large (by at least 10°!) to have been created by equilibrium attachments between
cell surface receptors. On the other hand, differential contraction in the cytoskeletal
structure of cells can easily produce mechanical energies of ~ 1 erg/cm?.

6. Biological adhesion: Focal bonding

Unlike long range colloid forces that are distributed uniformly over surfaces, specific
bonding between cell surface receptors is localized to microscopic sites (either by
soluble ligand bridges or direct receptor-receptor bonds). Most likely, the range
of the direct bonding force is only ‘atomic’ in scale. However, conformational
flexibility and thermal motion combine to extend the range of bonding force. Even
s0, the attachment remains focal in character where attraction is perhaps active only
over distances of a few nanometers. Again different from colloid interactions, the
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‘physics’ of specific molecular bonding cannot be expressed in terms of a universal
potential of mean force. Conceptually, local atomic structure of the binding domain
governs the direct interaction which is most easily represented by a short range
contact potential. On the other hand, it is the conformational stiffness of the receptor
and ligand that regulate the actual range of action. As such, unpredictable variations
in strength and range easily arise in specific adhesive interactions. Thus, bonding is
principally characterized by a thermodynamic affinity for bond formation at contact
and a phenomenologica rupture force that represents the strength of attachment.
Conceptually, the rupture force should be the maximum gradient in the effective
bonding potential. However, attachments may fail by several possible mechanisms:
i.e. bond dissociation, internal ‘fracture’ of molecules, extraction of receptors from
the membrane, etc. The question is what microscopic actions govern the strength of
attachment?

6.1. Srength of attachment

A significant ‘clue’ to microscopic determinants of adhesive strength has come from
measurements [13] of discrete forces required to rupture focal attachments between
red blood cells as demonstrated in fig. 10.3 As shown in fig. 11, the rupture forces

Fig. 10. Video micrograph of a micromechanical measurement of rupture strength for a molecular-point

attachment between red blood cell surfaces (formed by an agglutinin cross bridge). Displacement Az of

the pressurized cell on the left provides a direct measure of the force applied to the focal attachment site.

Note: the force at detachment was order 10-6 dyn (10~ N) and was determined from the membrane
tension T plus the displacement Az (i.e. f ~ TmAxz).

3 To isolate microscopic attachments, a pressurized-spherical red cell was ‘touched’ to a chemically-
fixed test cell surface prebound with agglutinin. By significantly reducing the level of agglutinin bound
to the test cell, touching at a point only resulted in adhesion in about half of the attempts. This statistic
implied that focal adhesion involved only 1 or 2 microscopic agglutinin bridges. When the pressurized



Physical actions in biological adhesion

40+
HPA
30
(a,) 20+
10+
0
0 2 3 4 5

a0t

anti-A Ab

(b)

40
RIO
30+
(C) 20+
10+
o
[0} 2 3 4 5

f
(IOfadyn)

743

Fig. 11. Summary of forces measured for rapid detachment (< 1-5 sec) of red blood cells bonded at
microscopic points by three different agglutinins. The cells were retracted at a steady rate of 0.4 pm/sec.
The histograms cumulate results from tests with cells attached by the following agglutinins: (a) the snail
lectin HPA and (b) anti-A serum both of which bind to blood type A antigens (thought to be mostly
glycoalipids); (c) R10 monoclonal antibody to red cell glycophorin A (a membrane integral protein).

cell was retracted by the pipet (fig. 10), the small attachment force deformed the cell until rupture
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grouped around a common value of 1-2x 106 dyn (106 dyn= 10-** N) for severa
agglutinins (lectin, monoclonal antibody, polyclona sera) with no obvious depen-
dence on bond chemistry. Surprisingly, this magnitude of rupture force (~ pdyn) is
an order of magnitude below values expected for weak hydrogen bonds and well be-
low stronger types of chemical forces! What type of failure process could be so weak
and nonspecific in character? The evidence strongly indicated that single molecular
attachments (receptors) were extracted from the lipid bilayer core of the membrane.
To examine this hypothesis, a comparative fluorescence assay was devised in which
either the agglutinin was prepared in advance with a fluorescent label or the proteins
in a native cell membrane were chemically conjugated with a fluorescent label. Then
with each type of label preparation, large contact areas were produced by mechanical
impingement of the native red cell against a chemically-rigidified test cell studded
with agglutinin. The contacts were separated and the fluorescent *footprints' left by
the labelled constituents were examined to determine the locus of ‘fracture’. The
results clearly demonstrated that the agglutinin remained bound to receptors and that
receptors were extracted from the native cell membrane [13, 31]. In engineering
language, fracture of the adherent contact was obviously cohesive material failure
not adhesive failure! Interestingly, the appropriate magnitude for the force (to pull a
receptor out of a lipid bilayer) was predicted many years ago from simple consider-
ations [33]. Based on theoretical concepts, the force should scale with the perimeter
of the attachment (the sgquare root of the number of hydrophobic membrane spanning
sequences that form the attachment site) which is relatively insensitive to receptor
structure. The lipid bilayer anchoring force establishes a universal threshold for
rupture of the focal attachments between cell membranes unless adhesive bonds are
extremely weak. Most likely, the major determinant of attachment strength is the
presence or absence of linkage to the cortical cytoskeleton underneath the membrane.
Because of the low value of the lipid bilayer anchoring force, it is likely that transient
encounters between cells of the immune system and other cells may involve transfer
of microscopic components from the weakest cell interface to the strongest. This
could be a direct mechanism for cellular communication and perhaps important in
‘recognition’.

occurred. The observed displacement Az at the time of rupture provided a direct measure of the peak
force for the microscopic contact as readily determined from a simple mechanical proportionality,

fn = kRBCAw'

The eastic *spring constant’ kgg for red cell extension is approximated by,

krac = 27 - Tm/{In(2Ro/ Rp) + IN(Ro+/ 7m/kc)},

Tm = AP . Rp/2[1— Rp/Ro],

where P is the pipet suction applied to pressurize the deformable cell; Rp, Rp are radii of the pipet
lumen and outer spherical portion of the cell, respectively.
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6.2. Microscopic dynamics of rupture

Dynamics enters into the mechanics of contact fracture in two ways:. First, forcesthat
separate cell contacts act through the viscous materials of cell structure. Second, the
microscopic failure of focal attachments involves time-dependent random processes.
Cell materials often dominate the time response when adherent cells are separated.
In many situations, cell compliance and dissipation compromise mechanical analysis
of cell adhesion experiments and lead to unfounded conclusions. However, cell
material response is peculiar to cell structure and method of mechanical loading.
Thus, these particular features will not be addressed here in order to focus on the
more general impact of microscopic processes on dynamic behavior.

When considering microscopic actions, we must keep in mind that biological
membranes are ‘soft’ — amost liquid like interfaces — where thermal excitations
play a mgjor role in al events. Consequently, the forces observed to rupture focal
contacts represent the macroscopic outcome of stochastic events (evident from the
spread of forces in fig. 11). A random process for failure of focal attachments is
expected to depend on the number of molecular connections within the attachment,
magnitude and duration of the externally-applied force, etc. Even for three variables
(number of molecular connections, magnitude of the applied force, and time), the-
oretical description of the random process may not be trivial. However, a smple
abstraction provides a rich venue for demonstrating major features of failure. In the
simple model, failure is represented by a frequency v or rate of failure (number of
events/time) which is an average over a large ensemble of times to reach failure for
single attachments exposed to a specific level of force f [13]. Conceptually, the fre-
guency should increase as the applied force increases; but the dependence on force
may be very complicated. Phenomenologically, ‘weak’ versus ‘strong’ dependence
on force can be approximated by a power law [13],

v = vo(f/ fo)* (6)

which involves three parameters. intrinsic rate vy and force fq for failure, and an
exponent ‘a’. For a stationary random process, the probability density for failure
(the fraction of molecular attachments that fail within a small increment of time)
should decay exponentially with time, i.e.

pt, f)~v- e vt = 1/0< i)ae—Vo(f/fo)at @
fo

following an instantaneous application of force. However, the force can never be ap-
plied instantly so thisis not the appropriate statistical density to predict experimental
observations. In experiments, the force always builds-up at a finite rate, f = f - ¢,
which implies that the probability density for failure of single molecular attachments
will be peaked, i.e.

plt, f) ~ Vob(Vot)“e‘b(l’ot)““/aH’ ©
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b = a(f/vofo)”.

The likelihood of failure increases initially with time and then decays exponentially.
For constant rate of force increase, the forces at rupture in experiments should group
around a ‘most frequent’ force f that is derived from the time ¢’ where the probability
density is maximal (i.e. f=f-t),

f ~ fo(f/avofo)/**. )

The ‘most frequent’ force is scaled by the intrinsic microscopic force fy that underlies
the failure process; but the dynamics shows up in the statistics of failure. If the force
gradient is steep near failure (a > 1), the rupture force will depend weakly on the
rate of loading f. Aswill be discussed, predictions of the simple microscopic rupture
process are qualitatively consistent with the macroscopic dynamics of separation for
large agglutinin-bonded regions between red blood cells.

7. Biological adhesion: Macroscopic contacts

As aready noted, formation of large contact regions in biological adhesion is driven
mainly by external processes (either cell motility or mechanical impingement). The
localized action of bonding is obscured by the macroscopic dynamics of cell defor-
mation as contact spreads. The principal resultant of bonding affinity is to establish
the surface density ng (number/area) of binding sites for intersurface attachments.
However, the actual density 4 of attachments depends on several mesoscopic factors:
(i) contour roughness and local mechanical stiffness of the membrane cortex;
(i) receptor diffusion and convective transport;
(iii) receptor-cytoskeletal linkage and cytochemical ‘induction’ (e.g., active inser-
tion and deletion of membrane receptors);

(iv) steric hindrance by large surface moieties; etc!

Any of these factors can significantly alter the density of attachments. However,
one physical factor will be emphasized because it clearly regulates the patency and
strength of all cell adhesive contacts: mesoscal e roughness and mechanical stiffness.

7.1. Contour roughness, mechanical stiffness and impingement

Topographical roughness is a prominent characteristic of al cell surfaces (even the
seemingly-smooth red blood cell) since wrinkles and other irregularities are pro-
duced in the plasma bilayer as a consequence of cortical contraction and structure.
These mesoscale contour variations lead to geometric frustration of intersurface at-
tachments. The frustration is compounded by local mechanical rigidity which can
prevent the surface from being smoothed by adhesion at promontories. Ideally, the
surface pressure of bound receptors should promote contact spreading. For typical
values of receptor density on the order of < 10'/cm?, the maximum spreading pres-
sure is of order < 4 x 103 erg/lcm?. The spreading action must exceed the local
mechanical opposition to deformation in order to smooth the surface. Even in the ab-
sence of stiffness from the cytoskeletal cortex, the mechanical energy threshold will
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be at least the order of membrane bending energy, i.e. kc/R2, where 1/ R isthe char-
acteristic curvature for asmall promontory (> 10° cm~1). Given that k. > 10~ erg,
the bending energy kc/R2 ~ 10~2 erglcm? will exceed the equilibrium potential for
contact spreading. (Similarly, fluctuationsin local curvature driven by thermal bend-
ing excitations can only advance contact when figkT > k¢/R2.) Hence, roughness
becomes trapped by mechanical stiffness — not restricted by lateral mobility of re-
ceptors — and is frozen by bonding at the promontories.

Mesoscale roughness and mechanical stiffness clearly impede contact formation
and moderate strength of adhesion when red cells are agglutinated by multivalent
(bridging) antibodies and lectins [31]. These features are demonstrated in the video
microscope images shown in fig. 12. Here, driven by mechanical impingement, large
contact regions were agglutinated between red blood cells by monoclona antibodies

Fig. 12. Video micrographs of micromechanical assembly and detachment of a normal red blood cell
to/from a chemically-rigidified red cell prebound with agglutinin molecules (monoclona antibodies or
lectins). The cells were maneuvered to touch and adhered focally but did not spread spontaneously.
Subsequent to mechanical impingement (a), the flaccid red cell was detached (b) from the rigid cell by
pipet suction. Note the tenacious attachment as evidenced by extreme deformation of the flaccid cell.
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and then separated.* As the cells were separated, the peeling tension had to be in-
creased progressively to reduce the contact dimension as shown in fig. 13. Because
the detachment angle 6. remained close to 90°, the peeling tension at the perimeter
provided a direct measure of the fracture energy w. Consistent with the absence of
spontaneous spreading, the initial level of tension was very low (< 10~? dyn/cm);
but tensions of ~ 1 dyn/cm were necessary to fully detach the cell. The first sur-
prise was that over the thirty-fold range of separation rates accessible to experiment
(detachment from seconds to minutes), there was no detectable change in fracture
energy! The other surprise was the absence of specific dependence on the type of
agglutinin!  Progressive strengthening of adhesion with separation appeared to be
nonspecific (governed only by the amount of agglutinin prebound to the test cell and
magnitude of impingement pressure) and insensitive to peeling rate. There was a
clear phenomenological message: an important physical mechanism amplifies adhe-
sive strength as biological cell contacts are separated!

Discussed earlier, the microscopic origin of strength for these agglutinin attach-
ments appeared to be lipid bilayer ‘anchoring’ with a common magnitude for rupture
force. Taking the rupture force for a single attachment site as constant and of order
~ 1-2 pdyn, it was deduced that the maximum level of peeling tension (~ 1 dyn/cm)
corresponded to complete bonding of al agglutinin sites local to the contact perime-
ter. This follows from the maximum number of agglutinin receptors per length of
contact given by the square root of surface density; the surface density 7ig ~ 10%/red
blood cell implies the maximum number per length of 10°/um. By comparison,
the number of attachments per length of perimeter consistent with the low values of
tension at the beginning of contact separation (~ 0.01 dyn/cm) would be only a few
attachments (< 10) per um! The comparison shows that amplification of fracture
strength arises from major recruitment of microscopic attachments. What immedi-
ately comes to mind is accumulation of receptors driven by lateral forces tangent
to the membrane (i.e. drag of receptors into the contact zone). Indeed, this often
happens when adherent cells are separated [35]. However, for the tests illustrated in
fig. 12 (and the results in fig. 13), proteins in the substrate cell had been chemically
cross-linked [31]. Thus, the amplification of adhesive strength resulted from a dif-
ferent mechanism. Most likely, attachments were recruited by smoothing interfacial
roughness interior to the contact as the cells were separated. Compelling evidence
for this hypothesis is the frequent macroscopic observation that large-trapped fluid
pockets (‘blisters’) disappear from a contact zone during separation. Similarly, nu-
merous mesoscopic defects (irregular attachment) have been seen along adhesive

4 In these tests, a chemically rigidified red blood cell (preswollen to form a sphere) was used as an
adhesive substrate for attachment of a normal red blood cell. To maximize the availability of attachment
sites, monoclonal antibodies or lectins were bound at saturation only to the test particle surface in
advance of the experiment. The normal red cell was not exposed to the agglutinin until surface contact.
The normal red cell was maneuvered by micropipet to touch the agglutinin studded cell, but the cell only
adhered to the test cell at afocal site without spreading. To produce large regions of contact, mechanical
impingement was required as shown in fig. 12a. Finaly, the flaccid cell was separated from the test
cell by mechanical suction into the pipet (fig. 12b). The peeling tension at the perimeter of contact was
derived from the suction pressure by straightforward mechanical analysis [34].
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Fig. 13. Fracture energies (given by peeling tension mm) plotted versus separation (reduction in contact

dimension) for red cell pairs agglutinated by monoclonal antibodies (R10) and snail lectin (HPA) which

bind to different membrane receptors. The agglutinin concentrations used to precoat each test cell are

given for both sets of experiments. () The fracture process appears to be insensitive to the rate of cell

detachment. (b) The fracture process appears to be ‘nonspecific’ with no recognizable dependence on
the chemically different agglutinins.

contacts in electron micrographic sections of agglutinated cells [37]. Consistently,
mechanical analysis (to be described next) shows that a local mechanical pressure
exists to push the surfaces together inside the contact region. Furthermore, the local
compression of the contact is accompanied by lateral shear of the membrane relative
to the substrate. Clearly, local impingement and tangential smoothing of interfacial
roughness will lead to new attachments. The important lesson is that mechanical
impingement and interfacial smoothing are inherent to the mechanical process of
separation for flexible membranes.
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Fig. 14. Schematic of ‘mesoscale’ fracture for membranes bonded by foca-molecular attachments

(symbolized by ‘Y in the upper sketch). Membrane bending stress Qm at the perimeter of the contact

creates the force f to detach the focal bond and a tangentia force fi acts to drag the attachments into the

contact. Bending about the focal bond leads to a normal-compressive stress on (pressure) that pushes
the surfaces together.

7.2. Mesoscale mechanics of fracture

The mechanics of fracture couples macroscopic peeling tension to microscopic at-
tachment forces. The macroscopic consequence of focal bonding is that mechanical
stresses (tension and stresses normal to the surface) appear to be discontinuous at
the perimeter of the contact region [10]. However, in a conceptually magnified view
(as illustrated in fig. 14), membrane tension remains continuous along the contour;
the detachment force f is produced by local bending stress derived from gradients
(dem/ds) of membrane curvature, i.e.

aCm

Qm~ ke —— ~ f\/Tia. (10)

The attachment force per length of perimeter is /74 f given the surface attachment
density na. In turn, local bending stresses are coupled to the macroscopic peeling
tension =, through a leverage factor siné.; again 6. is the ‘apparent’ contact angle
observed macroscopically. As such, the peeling tension becomes proportiona to the
average bond force aong the perimeter, i.e.
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Two mechanical corollaries accompany the relation between tension and attach-
ment force. First of al, the peeling tension creates small lateral forces f; on attach-
ments (as well as direct extensional forces f). The lateral force is produced by a
small deviation of the detachment force from the local membrane normal (i.e. the
surfaces are not exactly parallel at the perimeter of the contact). From mechanical
analysis [10], the deviation angle 8* and the lateral force f; ~ f - 6* are predicted
to depend on membrane bending stiffness and the effective range i for action of
single attachments. The result is that the deviation angle is a very weak function of
peeling tension,

0% ~ 1/ (7m ) V4.

Hence, the lateral force is essentially proportional to peeling tension but small in
magnitude. In the absence of cytoskeletal restrictions, these lateral forces drive
receptors to accumulate at the contact perimeter.

Second, peeling produces a normal-compressive pressure on the membrane interior
to the contact. Attachments along the perimeter form a ‘fulcrum’ around which
membrane bending forces create an impingement pressure inside the contact. This
pressure pushes the membrane surface towards the substrate surface over a narrow
region d. (governed by the bond extension /5 and local radius of curvature — Rc)
with a magnitude o, that scales as,

de ~ lé/z(kc/Tm)lMy

1/4
On ~ —Qm/dc ~ —Tm(Tm/k'clé) / .

The impingement pressure easily reaches the level of 1 Atm (10° dyn/cm?) when
tensions are large (~ 1 dyn/cm). Importantly, impingement locally smoothes the
irregular membrane contour and promotes recruitment of new attachments inside the
contact zone.

The mesoscale mechanics predicts that peeling tensions should lie between specific
bounds: i.e. a minimum level of tension below which the membrane contact can
spread by local bonding and a maximum level of tension above which the membrane
is detached from the substrate. The *adiabatic’ (kinetically-trapped) mechanical limits
expose the nonideal character of the adhesion process and are expressed by the
following inequality (neglecting trigonometric factors of contact angle):

kelgid < o < fr/Tia:

Therefore, the membrane tension ranges between a lower value governed by the
paucity of attachments and an upper value established by the peak force f required
to rupture attachments. The lower bound is dictated simply by the requirement
that the curvature of the membrane contour proximal to the contact perimeter must
be ‘flattened’ sufficiently to allow formation of new attachments at a distance of
(1/7a)Y/2 beyond the perimeter and within the range Iy of bonding action. When
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practical values are introduced for these parameters, the level of tension compatible
with contact spreading is less than 10~3 dyn/cm. By comparison, the level of tension
necessary to peel the contact apart can easily reach 1 dyn/cm when microscopic
rupture forces are on the order of 10-¢ dyn or more. Phenomenologicaly, the
strength of adhesion is determined by both the rupture force f and the density 74
of attachment sites. If the attachment strength remains constant throughout contact
separation, the level of tension required to separate an adhesive contact will be
governed primarily by the local density of attachments. As already emphasized, the
subtle aspect is that the rupture force f may be unrelated to the chemistry of the
bond that initiated attachment. The rupture force measures the failure of the weakest
component in the adhesion complex!

8. Summary comment

Asdescribed in the text, biological cell adhesion isacomplex situation which (except
in rare cases) cannot be treated as an ideal ‘wetting-like' process. Consequently, it
is not possible to write down a set of universal ‘laws that explicitly cover all cell
adhesion phenomena. The objective here has been to expose unconventional features
of biological cell adhesion and to relate microscopic actions to macroscopic behavior.
Although important aspects have been overlooked, major physical determinants have
been identified which are expected to be involved in every cell adhesion process.
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